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ing, building sectors. Research activities target the production productivity, novel shaping 

technologies and ensuring their multifunctionality. Major aims of this work were to pro-

duce natural fiber reinforced thermoplastics and determine their structure-property rela-

tionships. Binary and hybrid composites composed of polyethylene (PE), polypropylene 

(PP) and polylactide (PLA), poly (hydroxybutyrate-co-hydroxyvalerate) (PHBV) with nat-

ural fibers were produced by different techniques. The dispersion of natural fibers and 

particles were inspected in SEM and μCT. The thermal and mechanical properties of the 

related composites were determined and discussed. It was found that natural fiber 

worked as reinforcement in respect to most of the mechanical characteristics. 
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Abstract 

Biocomposites made from biodegradable polymer as matrix and natural fiber as rein-

forcement are certainly environmentally friendly materials. Both constituent materials are 

fully biodegradable and do not leave any noxious components on Earth. The natural 

fibers have been used as reinforcement due to their advantages compared to glass fibers 

such as low cost, high specific strength and modulus, low density, renewability and bio-

degradability. Major aims of this work were to produce natural fibers and/or nanoparticles 

with polyethylene (PE), polypropylene (PP) and polylactide (PLA), poly(hydroxybutyrate-

co-hydroxyvalerate)(PHBV) matrices and determine their structure-property relation-

ships. Following abstracts of the present research work are manifold: 

 

Binary composites 

Polylactide (PLA)/flax mat composites  

The polylactide (PLA)/flax mat and modified PLA/flax mat composites were produced by 

hot press technique. Two additives of non-regulated wax/ethylene acrylate copoly-

mer/butyl acrylate and acrylic were used as modifier for PLA. The dispersion of the flax 

mat in the composites was studied by scanning electron microscopy (SEM). The PLA 

composites were subjected to instrumented falling weight impact test. The mechanical 

and thermal properties of the composites were determined in tensile test, thermogravi-

metric analysis (TGA) and dynamic-mechanical thermal analysis (DMTA), respectively. 

It was found that the PLA based composites increased the impact resistance. The tensile 

strength value of modified PLA/flax mat composite decreased slightly compared to the 

PLA. The elongation at break data indicated that an improvement in ductility of modified 

PLA and its composites. Moreover, addition of thermal modifier enhanced thermal re-

sistance below processing temperature of PLA and had a marginal effect on the glass 

transition temperature of PLA. The storage modulus master curves were constructed by 

applying the time-temperature superposition (TTS) principle. The principle of linear vis-

coelastic material was fairly applicable to convert from the modulus to the creep compli-

ance for all systems studied. 

 

Polylactide (PLA)/woven flax textiles composites 

The polylactide (PLA)/woven flax textiles 2x2 twill and 4x4 hopsack composites were 

produced by interval hot press technique. Two weave styles of flax used to reinforce in 

PLA. The dispersion of the flax composite structures in the composites was inspected in 

scanning electron microscopy (SEM). The PLA composites were subjected to instru-

mented falling weight impact test. The mechanical properties (tensile, stiffness and 
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strength) of the composites were determined in tensile and dynamic-mechanical thermal 

analysis (DMTA) tests, respectively. SEM observed that the interfacial gaps around 

pulled-out fibers were improved when produced by the interval hot press. It was also 

found that the both styles of flax composites increased the impact resistance compared 

to the neat PLA. The tensile strength and stiffness value of PLA/flax composites were 

markedly higher than that of the neat PLA and reflect the effects of composite structures. 

The calculated storage creep compliance was constructed by applying the time-temper-

ature superposition (TTS) principle. The calculated creep response of these flax compo-

sites was much lower than that of the neat PLA. 

 

Polyethylene and polypropylene/nano-silicon dioxide/flax composites 

Composites composed of polylactide (PLA), modified PLA and woven flax fiber textiles 

(Flax weave style of 2x2 twill and 4x4 hopsack) were produced by hot press technique. 

Two structurally different additives used to modify PLA. The dispersion of the flax com-

posite structures in the composites was studied by scanning electron microscopy (SEM) 

and computed microtomography system (µCT). The PLA composites were subjected to 

water absorption and instrumented falling weight impact tests. The thermomechanical 

and creep properties of the composites were determined in thermogravimetric analysis 

(TGA), dynamic-mechanical thermal analysis (DMTA) and short-time creep tests, re-

spectively. It was found that the modified PLA and its composite increased the impact 

resistance compared to the unmodified PLA. Incorporation of flax decreased resistance 

to thermal degradation and increased water uptake. The impact energy and stiffness 

value of PLA/flax composites was markedly higher than that of PLA but reflect the effects 

of composite structures and flax content. The storage modulus master curves were con-

structed by applying the time-temperature superposition (TTS) principle. From the mas-

ter curve data, the effect of modified PLA on the storage modulus was more pronounced 

in the low frequencies range. 

 

Polylactide (PLA)/woven flax fiber textiles/boehmite alumina (BA) composites 

The textile biocomposites made from woven and non-woven flax fibre reinforced poly(bu-

tylene adipate-co-terephthalate) (PBAT) were prepared by compression moulding using 

film stacking method. The mechanical properties (such as tensile strength and stiffness, 

flexural strength and modulus, and impact strength) of textile biocomposites were deter-

mined in tensile, flexural and impact tests, respectively. The PBAT-based composites 

were subjected to water absorption. The comparison of the mechanical properties was 

made between pure PBAT and textile composites. The influence of flax weave styles on 

the mechanical properties was also evaluated. The results showed that the strength of 
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the textile biocomposites was increased according to weave types of fibers, especially in 

the stiffness was significantly increased with the higher densification of the fibers. The 

4x4-plain woven fibers (4-yard-wrap and 4-yard-weft weave direction) reinforced biocom-

posite indicated the highest strength and stiffness compared to the other textile biocom-

posites and pure PBAT. This was considered to be as the result of the character of weave 

style of 4x4-plain woven fibers. The aminopropyltriethoxysilane affected the mechanical 

properties and water absorption of the resulting composites laminates due to the surface 

compatibility between flax fiber and PBAT. 

 

Hybrid composites 

Polyethylene/nanoparticle, natural and animal composites 

Binary and ternary composites composed of high-density polyethylene (HDPE), boehm-

ite alumina (BA) and different kinds of natural-, animal fibers, like flax, sponge gourd 

(SG), palm and pig hair (PH) were produced by hot press technique. Aqueous BA sus-

pensions were sprayed on the HDPE/flax mat to prepare nanoparticle/natural fiber rein-

forced ternary polymer composites followed by drying. The dispersion of the natural-, 

animal fibers and BA particles in the composites was studied by scanning electron mi-

croscopy (SEM) and discussed. The thermomechanical and stress relaxation properties 

of the composites were determined in thermogravimetric analysis (TGA), dynamic-me-

chanical thermal analysis (DMTA) and short-time stress relaxation tests (performed at 

various temperatures), respectively. The HDPE based composites were subjected to wa-

ter absorption and instrumented falling weight impact tests. It was found that the all com-

posites systems increased the stiffness, stress relaxation and reduced the impact tough-

ness. The stress relaxation modulus of natural-, animal fiber composites were higher 

compared to that of the neat HDPE. This modulus increased greatly with in coorporation 

of BA. The relaxation master curves were constructed by applying the time-temperature 

superposition (TTS) principle. The inverse of Findley power law could fairly applicable to 

describe the relaxation modulus vs. time traces for all systems studied. Incorporation of 

BA particles enhanced the thermal resistance which started to degrade at higher tem-

perature compared to the HDPE/flax mat composite. The HDPE/flax mat/BA composite 

could reduce the water uptake. 
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Polyethylene/Flax/SiO2 Composites 

Composites composed of high-density polyethylene (HDPE), woven flax fiber textiles 

(Flax weave style of 2x2 twill and 4x4 hopsack) and silicon dioxide (SiO2) were produced 

by hot press with nano spraying technique. The SiO2 slurries were sprayed by a hand 

onto the both surface of the woven flax fiber. The HDPE /woven flax fibers composites 

with and without used nano-spraying technique were produced by hot pressing in a la-

boratory press. The dispersion of SiO2 particles and flax in the composites was studied 

by scanning electron microscopy (SEM). The related HDPE based composites were sub-

jected to instrumented falling weight impact test. The thermal resistance, stiffness and 

tensile strength properties of the composites were determined in thermogravimetric anal-

ysis (TGA), dynamic-mechanical thermal analysis (DMTA) and tensile tests, respec-

tively. It was found that the impact energy and stiffness value of HDPE/flax composites 

was markedly higher than that of HDPE but reflect the effects of composite structures 

and flax content. Incorporation of SiO2 particles enhanced resistance to thermal degra-

dation. It was established that the linear viscoelastic material principle are fairly applica-

ble to convert from the modulus to the creep compliance results. 

 

Un- and Modified Polylactide (PLA) /woven Flax Fiber composites 

Hybrid composites composed of polypropylene (PP) or high-density polyethylene 

(HDPE), different flax fibers (unidirectional-, biaxial and twill2x2) and silicon dioxide (SiO2) 

were produced by hot press technique. The ternary polymer composite was effectively 

fabricated by spraying SiO2 solvents onto the surface of flax fiber. The dispersion of SiO2 

particles and flax in the composites was studied by scanning electron microscopy (SEM). 

The related PP and HDPE based composites were subjected to instrumented falling 

weight impact test. The thermal and mechanical properties of the composites were de-

termined by thermogravimetric analysis (TGA), dynamic-mechanical thermal analysis 

(DMTA), creep and stress relaxation tests, respectively. It was found that thermal de-

composition temperature of the PP or HDPE/flax composites increased by the addition 

of SiO2 particles. The impact energy, stiffness, creep resistance and relaxation modulus 

value of all flax composites increased markedly compared to the PP and HDPE matrix. 

Time–temperature superposition (TTS) was applied to estimate the creep and relaxation 

modulus of the composites as a function of time in the form of a master curve. The acti-

vation energies for the all PP and HDPE composites systems studied were also calcu-

lated by using the Arrhenius equation. The generalized Maxwell model was fairly appli-

cable to the stress relaxation results. 
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Polylactide (PLA)/woven flax fiber textiles/boehmite alumina (BA) composites 

Composites composed of polylactide (PLA), woven flax fiber textiles (weave style of 2x2 

twill and 4x4 hopsack) and boehmite alumina (BA) were produced by hot press. The 

spraying technique served for the pre-dispersion of the alumina nanoparticles. The aque-

ous alumina slurry was produced by mixing the water with water dispersible alumina. 

The dispersion of the flax structures and alumina particles in the composites was studied 

by scanning electron microscopy (SEM). The PLA composites were subjected to water 

absorption and instrumented falling weight impact tests. The creep and thermomechan-

ical properties of the composites were determined in short-time creep tests (performed 

at various temperatures), thermogravimetric analysis (TGA) and dynamic-mechanical 

thermal analysis (DMTA), re 

spectively. It was found that the incorporation of alumina particles reduced the water 

uptake compared to the PLA/flax blends. The impact energy and stiffness value of 

PLA/flax blends was markedly higher than that of PLA but reflected the effects of com-

posite structures. Incorporation of alumina particles enhanced storage modulus and the 

creep resistance compared to the PLA/flax blends but slightly incremented thermal re-

sistance at high temperature. No clear trend in the flax weave style- effect was found in 

the thermal behaviour. The creep master curves were constructed by applying the time-

temperature superposition (TTS) principle. The Findley power law could satisfactorily 

describe the creep compliance vs. time traces for all systems studied. 

 

Poly (hydroxybutyrate-co-hydroxyvalerate)/sisal natural fiber/clay composites 

Poly(hydroxybutyrate-co-hydroxyvalerate)(PHBV) biocomposites different sisal contain-

ing with the fiber length of 0.25 and 5 mm, and addition of clay particles were prepared 

by hot compression technique. Silane (Bis(triethoxysilylpropyl)tetrasulfide) treatment has 

been used to modify in order to enhance the properties of related hybrid composites. 

The all composites were subject to water absorption test. The mechanical properties of 

hybrid composites such as tensile stiffness and strength, toughness and hardness de-

termined in tensile, impact and hardness tests, respectively. It was found that tensile 

strength, stiffness and impact strength of long sisal fiber improved with increasing fiber 

content. Hardness of short sisal fiber improved with increasing fiber content. Treated 

Silane of long fibers at 20 wt.% loading was found to enhance the tensile strength fiber 

by 10% and impact strength by 750% as compared to the neat PHBV. Note that this 

feature was also confirmed by the appearance of a scanning electron microscopy. More-

over, the hardness and water resistance of the PHBV/sisal composites increased by the 

addition of clay particles. The diffusion coefficient for the PHBV and hybrid composites 

systems studied were also calculated. 
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1 Motivation 

 

Biocomposite materials have been developed from biodegradable polymers as matrix and 

natural fiber as reinforcement, which have been a good alternative interest in the com-

posite sciences because of their degradation in soil or regard to environmental condition 

and do not leave any pollution on the earth. In the last few years, biocomposite materials 

have gained a major issue that is to develop biopolymer materials reinforced with natural 

fibers for various applications such as marine, medical and especially automotive indus-

tries by completely considered on their mechanical properties, biodegradability and en-

vironmental impact.  

For all thermoplastics, fossil fuel was used as feedstock for the thermoplastics, while 

plastics wasted generated each year which concern about the effects of petrochemical 

plastics on the environment and the increased dependence on oil and gas imports. Pol-

ymeric materials from renewable resources could become an important of solution. Over 

the last century, polymer matrices from renewable resources are gaining ground over 

conventional petroleum based matrices (e.g. polypropylene, polyethylene) because of 

environmental problems related to their disposal as well as concerns over petroleum 

availability. The raising environmental consciousness and awareness increase the using 

of natural fibers as reinforcements in polymer composites in order to replace synthetic 

fibers and reduce matrix content. The advantages of using natural fiber composite ma-

terials are lightweight, high strength, -stiffness, corrosion resistance, lower impact on the 

environment, and low abrasive wear for processing machinery. However, the main limi-

tations of related composites are the most of natural fibers cannot disperse easily in 

thermoplastic, as well as, low compatibility between fibers and matrix polymer, which 

leads to lower mechanical and thermal properties of the final products, therefore the im-

provement of the interfacial adhesion is considered. In order to improve moisture re-

sistance of natural fibers and interfacial adhesion between natural fibers and polymer 

matrices, chemical modifications of natural fibers were carried out to improve mechanical 

properties and interfacial adhesion of the natural fiber reinforced polymer composites. 

The action of a silane treatment is to create a chemical link between a reinforcement and 

matrix, as well as creating high fiber surface area that is necessary for optimization of 

fiber-matrix reinforcement and improvement of fiber-matrix-interfacial adhesion. Moreo-

ver, it is worthy note that a variety of composite structures is also associated with an 

increase in mechanical properties of composites. The mechanical behaviors of compo-

site materials have a strong impact on the composite structures of the reinforcing phase. 
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This research work is mainly focused on the development of bio- and polymer compo-

sites using different types of natural fiber and/or nanoparticle including fiber composite 

structure as reinforcement and different thermoplastic and biopolymer as a matrix mate-

rial. In this work the influence of the addition of natural fibers on the properties of different 

polyethylene (PE), polypropylene (PP) and polylactide (PLA), poly(hydroxybutyrate-co-

hydroxyvalerate)(PHBV) are investigated. Based on this work the following state of art 

and conclusion can be drawn in separated chapters of related binary and hybrid compo-

sites. 
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2  Theoretical Background 

2.1  Classification of composites 

There are various ways of classifying composite materials the simplest may be classified 

as natural, and synthetic or man-made composite. The composites that occur in the na-

ture are called naturally occurring composites. Typical examples of such composites in-

clude wood composed of cellulose and lignin, human or animal body composed of bones 

and tissues or even rocks and minerals. Sea shells and elephant tusk are also the ex-

amples composites provided by nature. Majority of composites materials used today are 

man-made. The microstructure of the man-made composites provides a convenient ba-

sis for classifying them for the purpose of study, processing and analysis. Generally com-

posites are composed of two distinct materials. The two component materials can be 

combined by two ways, by inserting one material into the other called phase composition 

and another one is bonding them layer by layer called layered composition. The sche-

matic of classes of composites is shown in figure 1. 

Figure 1: Schematic illustration of classes of composites. 

In the phase composition, material that receives the insert is of continuous nature and is 

called matrix. The insert of discrete nature may be called reinforcement or filler. The mul-

tiphase composites are classed into subgroup as. 
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Filled composites 

The primary function of insert phase is to reduce cost. In addition, the filler also alters 

some physical properties and even the mechanical properties in some instances for ex-

ample carbon black filled natural rubber. 

 

Reinforced composites  

The primary function of insert is to improve the mechanical properties. If more than one 

type of material is inserted, the composite is called hybrid composite. The matrix may be 

a single phase or multiphase material. 

 

2.2  Composite materials 

A composite material is a combination of two or more materials that results in better 

properties that those of the individual components used alone. For each material retains 

its separate chemical, physical, and mechanical properties. The main advantages of 

composite materials are their high strength and stiffness. Both the matrix and reinforce-

ment phase play an important role in the strength of composite. The matrix performs the 

fallowing functions. 

a) Take the load and transfers to reinforcement. 

b) Binds or holds the reinforcement and protects the same from mechanical or 

chemical damage that might occur by abrasion their surface and from chem-

ical attack by some extraneous source.  

c) Matrix also separates the individual fibers and prevents brittle crack from 

passing completely across the section of the composite. 

 

The reinforcing phase is usually of low density, strong, stiff and thermally stable. The 

major load on composite is born by reinforcing phase. It impedes the motion of disloca-

tions if it is in the form of dispersoids. The most common fibers are high strength, high 

modulus. 

 

2.2.1  Two main constituents of composite materials 

Matrices: there are three main types of man-made matrices, which are polymer, metal 

and ceramic. Matrices hold and protect the fibers from environmental and physical dam-

age. Keeping the fibers separated decreases cracking and redistributes the load equally 

among all fibers. Therefore, the matrix contributes greatly to the properties of the com-
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posites. The ability of composites to withstand heat or to conduct heat or electricity de-

pends primarily on the matrix properties sine this is the continuous phase. Thus, the 

matrix selection depends on the desired properties of the composite being constructed. 

Reinforcements: the strength, stiffness and density of the composite materials are very 

dependent on the reinforcing material. The ultimate tensile strength of a composite is a 

result of the synergy between the reinforcement and the matrix. The matrix forces load 

sharing among all the fibers, strengthening the material. Furthermore, the efficiency of 

reinforcing materials depends on size and morphology of reinforcing materials that pos-

sibly have lump, particle or fiber form such as long, short, woven fibers. 

 

2.2.2  Dispersion strengthened composites 

Dispersion strengthened composites consist of a uniform dispersion of ultrafine refrac-

tory of oxides in a high melting metal or alloy matrix. The size of dispersion-strengthened 

material is containing particles 10 nm to 250 nm in a diameter as particulate composites. 

The concentration of particles varies from 1 to 15% by volume. The main effect of dis-

persoids is that it increases the work hardening of the matrix which is the major load 

bearing phase. Dispersoids strengthen the composite by impending the motion of dislo-

cations caused by the external stress. Strengthening primarily depends on the interpar-

ticle spacings in accordance with the following relationship (equation 1): 

 

Gb

l
  (1) 

 

Where G is the shear modulus of the matrix, b is the Burger’s vector of dislocations, l is 

the interparticle spacing and  is the shear stress required to yield and cause dislocations 

to move. For effective strengthening, spacing of particle must be less than 0.1 µm. 

 

2.2.3  Particle strengthened composites 

Particle strengthened composites or large-particle composites are unlike dispersion 

strengthened composites. The particles in particulate composites are larger in size 1 to 

50 µm and their concentrations usually range from 15-40% by volume. The load is carried 

by both the matrix and particles. Because of their size, particles cannot impede the mo-

tion of dislocations. They enhance the strength of composites by hydrostatically restrain-

ing the movement of the matrix in their neighborhood is restricted from following freely, 

resulting in an increased in shear stress required to produce further deformation.  
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Normally the elastic modulus of the particulate composite follows the rule of mixture. Its 

value falls between the higher value given by equation 2 and the lower value given by 

equation 3 [1]. 

 

c m m p pE V E V E   (2) 

m p
c

p m m p

E E
E

E V E V


  (3) 

 

Where Ec ,Em ,Ep are represent the elastic modulus of composites, matrix and particle 

respectively and Vm,, Vp are represent the volume fraction of matrix and particle respec-

tively.  

 

2.2.4  Fiber strengthened composites 

The basic principle used in fiber reinforced composites (FRCs) is that materials are gen-

erally stronger in fiber form than in bulk form due to minimum number of defects contain 

by them. Most fiber reinforced composites provide improved strength, fatigue resistance, 

stiffness and strength to weight ratio by incorporating strong, stiff, but the brittle fibers 

into a softer, more ductile matrix.  The matrix material transmits the force to the fibers, 

which carry most of the applied force. To achieve significant strengthening effect in the 

composite system, the fibers must possess not only greater elastic modulus but also 

greater tensile strength than the matrix. The strength of the FRCs is therefore primarily 

determined by the strength of fibers. The nature and type of the interfacial bond is also 

important. A weak interfacial bond may result in interfacial separation or fiber pull-out 

under applied tensile loads. In case of excessive fibers the matrix is unable to coat the 

fibers properly, leading to poor bonding and voids development at the interface. 
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2.2.5  Characteristics of fiber-reinforced composites  

Many factors must be considered when designing a fiber-reinforced composite, including 

the length, diameter, orientation, amount, and properties of fiber.  

 

a) Fiber length and diameter 

Fiber can be short, long or even continuous. Their dimensions are often characterized 

by aspect ratio ( /l d ), where l is fiber length and d is diameter. Typical fibers have diam-

eters varying from 10 microns to 150 microns. The strength of composite improves when 

the aspect ratio is large. Fibers often fracture because of surface imperfections. In many 

fiber-reinforced systems, discontinuous fibers with an aspect ratio are greater than some 

critical value used to provide and acceptable compromise between processing ease and 

properties. A critical fiber length (lc) for any given fiber diameter (d), can be determined 

by equation 4 [2]. 

 

2
f

c
i

d
l




  (4) 

 

Where f is the strength of the fiber and i is related to the stress which the matrix begins 

to deform. If the fiber length (l) is smaller than lc, little reinforcing effect is observed, if l is 

greater than about 15lc, the fiber behaves almost as if it were continuous. The strength 

of the composite can be estimated from equation 5. 

 

1
2
c

c f f m m
l

f f
l

       
 

 (5) 

 

Where m is the stress on the matrix when the fibers break. 

 

b) Amount of fiber 

A greater volume fraction of fibers increase the strength and stiffness of the composite, 

as expect from the rule of mixtures. However, the maximum volume fraction is about 

80% beyond which fibers can no longer be completely surrounded by the matrix. 
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c) Orientation of fiber 

The reinforcing fiber may be introduced into the matrix in a number of orientations. Short, 

randomly oriented fibers are having a small aspect ratio. Long or even continuous, uni-

directional arrangements of fiber produce anisotropic properties, with particularly good 

strength and stiffness parallel to the fibers. One of the unique characteristics of fiber-

reinforced composites is that their properties can be tailored to meet the different types 

of loading conditions. Long and continuous fibers can be introduced in several directions 

within the matrix and more complicated arrangements such as 0°/45°/90° piles provide 

reinforcement in multiple directions. 

 

d) Fiber properties 

In most fiber-reinforced composites, the fibers are strong, stiff and lightweight. If the com-

posite is to be used at elevated temperatures, the fibers should also have a high melting 

temperature. Therefore, the specific strength and specific modulus of the fiber are im-

portant characteristics. The specific strength and specific modulus of fiber can be esti-

mated by equation 6 and 7 respectively. 

 


  (6) 

E

  (7) 

 

Where  is tensile strength,  is density and E is modulus of elasticity. 

There are two types of fiber reinforcement are used, continuous fibers and discontinuous 

fibers. 

 

2.2.6  Continuous fibers reinforcement 

In order to express the elastic properties of the composites in terms of the matrix and the 

fiber properties it is desirable to consider the two extreme cases of tensile loading, lon-

gitudinal loading (isostrain) and transverse loading (isostress). In case of isostrain con-

dition the load applied on the composite is parallel to the orientation of fibers both the 

components are strained equally provided there is no slippage between the fibers and 

matrix.  
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The elastic modulus of the composite is given as rule of mixture as equation 8. 

c m f f mE E V E V   (8) 

 

Where Ec, Ef, Em are elastic modulus of composite, fiber and matrix respectively. Vf, Vm 

are the volume fraction of fibers and matrix respectively. 

Under transverse loading, under isostress condition the rule of mixtures expressed in the 

same way as equation 8. Thus, 

 

m f
c

f m m f

E E
E

E V E V


  (9) 

 

A comparison of equation 8 and 9 shows the tensile failure in composites loaded trans-

versely occur at very low stresses approximated to half that of the matrix strength. This 

may be due to the stress concentrations at the fiber-matrix interface. In the case of con-

tinuous fiber reinforced composites maximum strengthening effect is realized only if the 

load applied is parallel to the orientation of fiber while it is the lowest in the normal direc-

tion. Thus, the properties of continuously aligned fibers are anisotropic in nature. If fibers 

are aligned in multi directions such as 0°/45°/90° one can obtain more isotropic compo-

site [1]. 

 

2.2.7  Discontinuous fibers reinforcement 

The discontinuous fibers behave like broken fibers and their ends carry fewer loads than 

their middle part. Because of the bonds between the matrix and fibers are broken at their 

ends. Therefore the stress in a discontinuous fiber will vary along its length. The tensile 

stress is zero at the ends and increases along the length and reaches a maximum at a 

critical length from either end. The length of the discontinuous fibers must be larger than 

critical length (lc). The critical fiber aspect ratio (lc/d) which is more important term than 

simply critical fiber length.  
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It is given as equations 10 and 11  

 

2
fcl

d




  (10) 

2 c
f

l

d

   (11) 

 

Thus, for the effective strengthening, the critical aspect ratio must be high enough (a 

minimum of 10) or else the matrix will continue to flow around the fibers and will be 

unable to transfer load to them. 

 

2.2.8  Layered composites 

Layered composites are composed of two or more different layers or sheets bonding 

together. The layers can differ in material, form and orientation. By proper combination 

of constituting layers one can achieve a balance of such properties as light weight, high 

strength, high stiffness, wear resistance, unusual thermal expansion characteristics, etc. 

Properties of layered composites tend to be anisotropic and may vary from one side of 

the composite to other. Each layer may perform separate and distinct function. The indi-

vidual itself can be a reinforced composite which is bonded by another resin. Layered 

composites are broadly grouped into two categories, a) laminated or laminar, b) sand-

wich composites 

 

Laminar composites: Laminar composite materials also include very thin coatings, 

thicker protective surfaces, claddings, and many others. Laminated are generally pro-

duced by joining sheets or layers through and adhesive. 

 

Sandwich composites: Sandwich composites generally consist of a thick low density 

core between thin facing layers of comparatively higher density. The primary aim of pro-

ducing sandwich composite is to improve structural performance by improving strength-

to-weight ratio.  
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2.2.9  Factors influencing the performance of biocomposites 

There are two basic factors influencing the properties of composite materials: 

 

Fiber architecture  

Fiber architecture, which includes fiber geometry, fiber orientation, packing arrangement 

and fiber volume fraction, is responsible for many composite properties, especially me-

chanical properties. The fiber volume fraction (Vf) is probably one of the most important 

factor. Most of the mechanical properties are increased with increasing Vf up to a certain 

point. 

 

Fiber-matrix interface 

The interface between fiber and matrix is crucial in terms of composite performance. The 

interface serves to transfer externally applied loads to the reinforcement via shear 

stresses over the interface. Controlling the strength of the interface is necessary. Clearly, 

good adhesion is essential to adequately transfer stresses to the reinforcement and pro-

vide a true reinforcing function. Another important mechanical property is toughness; 

resist the propagation of cracks, which occurs in composites due to their heterogeneous 

structure. It is important that under certain circumstances interfacial adhesion breaks 

down as to allow various toughening mechanisms to become operative. 

 

2.3 Biocomposites 

Biocomposites are composite materials comprising one or more phase(s) derived from 

biological origin. Matrices may be polymers, ideally derived from renewable resources 

such as vegetable oils or starches. They are also called biopolymer. In terms of the re-

inforcement, this could include plant fibers (or natural fibers) such as cotton, flax, hemp 

or fibers from recycled wood or even by-products from food crops. Cellulose is also in-

cluded, since it comes from a renewable resource. 
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Figure 2: Fiber-reinforced plastic composites used [3].  

 

 

Figure 3: Classification of bio-based polymer composites [3]. 
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2.3.1  Biodegradable polymers 

Biodegradable polymers can be degradable by biological system. They can be degraded 

by such as microbial degradation. Biodegradable polymers can be distinguished: syn-

thetic and natural polymers. The synthetic polymers derived from petroleum resources 

(non renewable resources) and the natural polymers derived from biological resources 

(renewable esources). Therefore, biodegradable polymers can be completely biode-

gradable, renewable and environment-friendly. 

 

Figure 4: Life cycle of biodegradable polymers can maintain CO2 balance in the environ-

ment [3]. 

 

Biodegradable polymers derived from Petroleum Resources 

These are synthetic polymers with hydrolysable functions, such as ester, amide and ure-

thane, or polymer with carbon backbones, in which additives like antioxidants are added. 

Some example of synthesis, properties and biodegradability of main classes are dis-

cussed below [4]. 

 

Aliphatic polyesters 

This is most extensively studied class of biodegradable polymers, because of their im-

portant diversity and its synthetic versatility. A large variety of monomer can be used. 

The aliphatic polyesters are almost the only high molecular weight biodegradable com-

pounds. Their hydrolysable ester bonds make them biodegradable. Aliphatic polyesters 

can be classified into two types according to the bonding of constituent monomers. The 
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first class consists of the polyhydroxyalkanoates. These are polymers synthesized from 

hydroxyacids, HO-R-COOH. For instance, poly(glycolic acid) (PGA) and poly(lacticacid) 

(PLA). Poly(alkene dicarboxylate) represent the second class. They are prepared by pol-

ycondensation of diols and dicarboxylic acids. For instance, poly(butylene succinate) 

(PBS) and poly(ethylene succinate) (PES). 

 

Aromatic copolyesters 

Aromatic polyesters are insensitive to hydrolytic degradation and to enzymatic or micro-

bial attack. However, mechanical properties of such polyesters are lower than those of 

non-biodegradable polymers. To improve them, aliphatic-aromatic copolyesters were 

made. Aliphatic-aromatic copolyesters consist in mixture of aliphatic and aromatic mon-

omers. They are often based on terephatalic acid. For instance, poly(butylene adipate-

co-terephtalate) (PBAT). 

 

Biodegradable polyesters or bacterial polymers 

They are polyesters obtained by polymerization of monomers prepared by fermentation 

process or produced by a range of microorganisms, cultured under nutrient and envi-

ronmental conditions (microbial polymer). These materials are accumulated in microor-

ganisms as storage materials  

  

Polyhydroxyalkanoates 

Polyhydroxyalkanoates (PHAs) are a family of intracellular biopolymers synthesized by 

many bacteria as intracellular carbon and energy storage granules. PHAs are mainly 

produced from renewable resources by fermentation. PHAs are generally classified into 

short-chain-length PHA (sCL-PHA) and medium-chain-length PHA (mCL-PHA) by differ-

ent number of carbons in their repeating units. For instance, sCL-PHAs contain 4 or 5 

carbons in their repeating units, while mCL-PHAs contain 6 or more carbons in their 

repeating units. The term mCL is coined because the number of carbons in the mono-

mers roughly corresponds to those of medium-chain-length carboxylic acids. PHA no-

menclature and classification may still evolve as new structures continue to be discov-

ered. The main biopolymer of the PHA family is the polyhydroxybutyrate homopolymer 

(PHB), but also different poly(hydroxybutyrate-co-hydroxyalkanoates) copolyes-

ters exist such as poly(hydroxybutyrate-co-hydroxyvalerate) etc. 

   

Poly(hydroxybutyrate-co-hydroxyvalerate) 

Poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) is the most common members 

in the PHA family. Depending on the monomer units, PHAs can be homopolymers or 
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copolymers, and exhibit behavior varying from rubbery to rigid plastic. When composed, 

bacteria that naturally occur in the soil grow on PHA and turn into water and carbon 

dioxide. PHBVs can be used to produce a wide range of products from grocery bags, 

biomedical applications, but the major problem in applications are brittleness and lack of 

superior mechanical properties. Therefore, several modifications have been proposed to 

improve their mechanical properties.  

 

2.3.2  Natural fibers 

Plant based natural fibers are lignocelluloses in nature and are composed of cellulose, 

hemicelluloses, lignin, pectin and waxy substances. The chemical compositions of fibers 

are presented in table 1. Cellulose is considered the major framework component of the 

fiber structure. It provides strength, stiffness and structural stability of the fiber. 

 

Table 1: Chemical composition of some of natural fibers [5]. 

 

Fiber Cellulose (wt%)
Hemicellulose 

(wt%) 

Lignin 

(wt%) 
Waxes (wt%)

Bagasse 55.2 16.8 25.3 - 

Bamboo 26-43 30 21-31 - 

Flax 71 18.6-20.6 2.2 1.5 

Kenaf 72 20.3 9 - 

Jute 61-71 14-20 12-13 0.5 

Hemp 68 15 10 0.8 

Sisal 65 12 9.9 2 

Ramie 68.6-76.2 13-16 0.6-0.7 0.3 

Abaca 56-63 20-25 7-9 3 

 

The chemical structure of cellulose (cf. figure 5a) consists of three hydroxyl groups (OH). 

Two of them form hydrogen bonds within the cellulose macromolecules (intramolecular) 

at the same time as the rest of the group forms hydrogen bond with other cellulose mac-

romolecule. Hemicelulose occurs mainly in the primary cell wall and has branched poly-

mers containing five and six carbon sugars (cf. figure 5b) of varied chemical structures. 

Lignin is amorphous and has an aromatic structure (cf. figure 5c). Pectin comprises of 

complex polysaccharides. Their side chains are cross-linked with the calcium ions and 

arabinose sugars. In addition to small amounts of organic (extractives) and inorganic 

(ash) components are present in the fiber structure. Organic extractives are responsible for 
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color, odor and decay resistance whilst inorganic constituents enhance the abrasive nature 

of the fiber. Figure 6 shows a schematic structure of a natural fiber and figure 7 presents 

the model of the structural organization of the three major structural constituents of the 

fiber cell wall. In accordance with a specific type of fiber, cellulose microfibrils have their 

own cell geometry which is a factor responsible for the properties of the fiber. Each fiber 

cell wall consists of primary and secondary layers of cellulose microfibrils. The fiber struc-

ture develops in the primary cell wall and is deposited during its growth. The secondary 

wall consists of three layers and each layer has a long chain of helical cellulose microfi-

brils. The cellulose content increases steadily from primary to secondary layers and the 

hemicelluloses amount are similar in each layer. However, lignin content decreases in 

this sequence. Hemicellulose molecules are hydrogen bonded with cellulose fibrils and 

they form cementing materials for the fiber structure. Lignin and pectin are coupled with 

the cellulose–hemicellulose network and provides an adhesive quality to hold the mole-

cules together. 

 

 

 

Figure 5: Chemical structure of (a) cellulose (b) hemicelluloses and (c) lignin [5]. 
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Figure 6: Structure of natural fiber [5]. 
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Table 2: Compare between natural fiber and glass fiber [8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This adhesive quality is the cause for the strength and stiffness properties of the fiber. 

Secondary thick layer (S2) determines the mechanical properties of the fiber. Generally, 

fibers with a higher cellulose content and a lower microfibrillar angle (the angle between 

the fiber axis and cellulose microfibrils) have better strength properties. Mechanical prop-

erties of natural fiber over synthetic fiber are presented in table 2. Although natural fibers 

have relatively lower strength properties compared to the synthetic fibers, the specific 

modulus and elongation at break signifies the potentiality of these fibers to replace syn-

thetic fibers in engineering polymer composites. 

 

 

Figure 7: Structural organization of the three major constituents in the fiber cell wall [5]. 

  

There has been growing interest in the use of natural fibers as reinforcements for biode-

gradable polymers because natural fibers have the functional capability to substitute 

glass fibers that are currently being used in the industry today and also have advantages 

such as low cost, high specific strength and modulus, low density, ease of fiber surface 

modification, relative non-abrasiveness and wide is availability. Note that natural fibers 

 Natural fibers Glass fibers 

Density Low Twice that of natural fibers 

Cost Low 

Low, but higher than natural fi-

ber 

Renewability Yes No 

Recyclability Yes No 

Energy consumption Low High 

Distribution Wide Wide 

CO2 neutral Yes No 

Abrasion to machines No Yes 

Health risk when inha-

led No Yes 

Disposal Biodegradable Not biodegradable 
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are subdivided based on their origins, coming from plants, animals or minerals. All plant 

fibers are composed of cellulose while animal fibers consist of proteins (hair, silk, and 

wool). Plant fibers include bast (or stem or soft sclerenchyma) fibers, leaf or hard fibers, 

seed, fruit, wood, cereal straw, and other grass fibers. The reinforcing efficiency of nat-

ural fiber is related to the nature of cellulose and its crystallinity. The main components 

of natural fibers are cellulose (α-cellulose), hemicelluloses, lignin, pectin and waxes [6-

7]. 

 

Textile fiber composites  

The development of textile technologies such as weaving, knitting and braiding has re-

sulted in the formation of composites that have superior mechanical properties, as con-

tinuous orientation of fibers is not restricted at any point. In applications where more than 

one fiber orientation is required, a fabric combining 0º and 90º fiber orientations is useful. 

Woven fabrics are produced by the interlacing of warp (0º) fibers and weft (90º) fibers in 

a regular pattern or weave style. The fabric’s integrity is maintained by the mechanical 

interlocking of the fibers. Drape (theability of a fabric to conform to a complex surface), 

surface smoothness and stability of a fabric are controlled primarily by the weave style 

[7]. The following is a description of some of the more commonly weaves styles: 

 

Plain 

Each warp fiber passes alternately under and over each weft fiber. The fabric is symmet-

rical, with good stability and reasonable porosity. However, it is the most difficult weaves 

for draping, and the high level of fiber crimp imparts relatively low mechanical properties 

compared with the other weave styles. With large fiber, this weave style gives excessive 

crimp and therefore it is not generally used for very heavy fabrics. 

 

Figure 8: Plain weave structure. 
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Twill  

One or more warp fibers alternately weave over and under two or more weft fibers in a 

regular repeated manner. This produces the visual effect of a straight or broken diagonal 

“rib” to the fabric. Superior wet out and drape is seen in the twill weave over the plain 

weave  

with only a small reduction in stability. With reduced crimp, the fabric also has a smoother 

surface and slightly higher mechanical properties. 

 

 

Figure 9: Twill weave structure. 

 

Satin 

Satin weaves are fundamentally twill weaves modified to produce fewer intersections of 

warp and weft. The “harness” number used in the designation (typically 4, 5 and 8) is the 

total number of fibers crossed and passed under, before the fiber repeats the pattern. A 

“crowfoots” weave is a form of satin weave with a different stagger in the repeat pattern. 

Satin weaves are very flat, have god wet out and a high degree of drape. The low crimp 

gives good mechanical properties. Satin weaves allow fibers to be woven in the closest 

proximity and can produce fabrics with a close “tight” weave. However, the style’s low 

stability and asymmetry needs to be considered. The asymmetry causes one face of the 

fabric to have fiber running predominantly in the wrap direction while the other face has 

fibers running predominantly in the weft direction. 
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Figure 10: Satin weave structure. 

 

2.3.3  Chemical modifications of natural fiber surfaces 

Natural fibers are suitable reinforcement materials for composites due to a combination 

of good mechanical properties and environment advantages such as renewability, eco-

friendliness and biodegradability. Due to natural hydrophilic character resulting in high 

water absorption that leads to low compatibility with hydrophobic polymer matrices, poor 

dimension stability as water absorption swells fibers and poor adhesion between fibers 

and matrices. Chemical treatments on reinforcing fiber can reduce its hydrophilic ten-

dency and thus improve compatibility with the matrix. The improvement of matrix/fibers 

composite adhesion leads to increase the mechanical properties. Many research activi-

ties have been conducted to improve the interfacial adhesion of composites by treating 

fibers by chemical treatments such as sodium hydroxide (NaOH) and silane [9]. Chemi-

cal treatments on reinforcing fiber can reduce its hydrophilic tendency and thus improve 

compatibility with the matrix. The improvement of matrix/fibers composite adhesion leads 

to increase the mechanical properties. Many research activities have been conducted to 

improve the interfacial adhesion of composites by treating fibers by chemical treatments 

such as sodium hydroxide (NaOH) and silane. 

 

Silane treatment 

Silane is a chemical compound with chemical formula SiH4. Silane is used as coupling 

agents to let fibers adhere to a polymer matrix, stabilizing the composite material. Silane 

coupling agents may reduce a number of cellulose hydroxyl group in the fiber matrix 

interface. In the presence of moisture, hydrolysable alkoxy group leads to the formation 

of silanols. The silanol then reacts with the hydroxyl group of the fiber. The formed stable 

covalent bonds to the cell wall that are chemisorbed onto the fiber surface. Therefore, 

the hydrocarbon chains provided by the application of silane restrain the swelling of the 
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fiber by creating a crosslink network due to covalent bonding between the matrix and the 

fiber. The reaction schemes are given as in figure 11. 

 

 H O2
2 2 5 3 2 3 2 5CH CHSi(OC H ) CH CHSi(OH) 3C H OH  


2 3

2 2 2

CH CHSi(OH)  + Fiber - OH

CH CHSi(OH) O - Fiber + H O
 

 

Figure 11: The reaction schemes between silane and fiber [10]. 

 

Note that the composition of silane forms a chemical link between the fibre surface and 

the matrix through a siloxane bridge. It undergoes several stages of hydrolysis, conden-

sation and bond formation during the treatment process of the fibre. Silanols form in the 

presence of moisture and hydrolysable alkoxy groups. During condensation process, 

one end of silanol reacts with the cellulose hydroxyl group (Si–O–cellulose and other end 

reacts (bond formation) with the matrix (Si-Matrix) functional group. This co-reactivity 

provides molecular continuity across the interface of the composite. It also provides the 

hydrocarbon chain that restrains the fibre swelling into the matrix. As a result, fibre matrix 

adhesion improves and stabilizes the composite properties. 
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3  Binary composites 

3.1  Polylactide (PLA)/flax mat composites 

 

State of the Art  

Research on the most promising polylactide (PLA) became under spot of interest and 

has increased substantially using in medical and automotive applications [11-12], due to 

its high mechanical strength, biodegradability and simple process ability compared to 

other biopolymers [13-14]. However, the insufficient impact strength and low thermal sta-

bility of PLA are the limiting factors of its applications. In order to improve the mechanical 

and thermal properties of PLA are considered an addition of fibers or filler materials [15-

16]. In the related area of PLA -based natural composites have attracted considerable 

interest because they often exhibit remarkable property improvements when compared 

to the neat PLA. Kumar et al. [16] reported that mandelic acid and dicumyl peroxide 

(DCP) acted as efficient additives for flax fabric reinforced PLA composites and introduc-

tion of DCP in composites can be improved the mechanical properties. A variety of nat-

ural fibers, such as flax fabric, cellulose, kenaf and abaca [16-19] have already been 

checked as possible reinforcements in PLA. Roussière et al. [20] studied the mechanical 

properties of poly l-lactide acid (PLLA) matrix biocomposites that were reinforced with 

randomly scattered flax fibers in the lamination plane. They reported an improved tensile 

strength as well as elastic modulus of PLLA/flax composites at the cost of the elongation 

at break. Siengchin et al. [21] reported the mechanical properties of flax/PLA composites 

depend on the weave style which plays an important role with respect to reinforcing effi-

ciency. They observed a marked improvement in stiffness and impact energy value of 

PLA/ woven flax fiber textiles It was also reported that the impact and tensile properties 

of cordenka 30 wt.% containing PLA composites increased markedly when compared to 

the neat PLA. [22]. Moreover, Das et al. [23] investigated the thermal properties of 

PLA/clay nanocomposite films. They found that the glass transition temperature of the 

composite films increased markedly compare with unreinforced PLA film. This is associ-

ated with hindered chain mobility in presence of dispersed clay platelets. In order to en-

hance the interactions between the components with preformed natural fibers, various 

strategies have been recommended. The benefit based on the knowledge gained with 

traditional natural fiber (e.g. surface treatment by zirconium oxychloride and alkali [24-

25]. The use of conventional compounding techniques to modify thermoplastics matrix 

is a promising route compared and usually more practical and economical than surface 

modification of natural fibers. The advantage of direct modified polymers is an effective 

process being simple and cost efficient for producing natural fiber composite with an 
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additional toughness. A further beauty of this approach is that a modification of matrix 

polymer may guarantee the compatibility with the selected commercial additives. The 

present work addresses the toughening and thermal reinforcing polylactide (PLA) via a 

modification of PLA matrix using compounding technique. Flax mat was used as rein-

forcement. A further aim of this work was to demonstrate the feasibility of the production 

of un- and modified PLA/flax mat composites and compare the structures impact, thermal 

and mechanical properties of the related composites. One of the criteria for selecting this 

flax fiber was that the automotive industry is leading in the development use of composite 

materials based on flax and undergone comprehensive researches for new fiber rein-

forced composites. Note that due to its excellent strength and toughness. Flax is one of 

most interesting plants that have long been produced in useful structural composite ma-

terials. Numerous studies have confirmed that flax is a promising reinforcement widely 

used in commercial and biodegradable polymer matrices [16, 20-21, 26]. Arbelaiz et al. 

[26] reported that flax fiber reinforced polypropylene with maleic anhydride treatments 

resulted in an increment of about 8% the interfacial shear strength value and displayed 

the optimum tensile properties. 

 

Materials and preparation of composites 

Non-woven flax fibers (flax mat; 220 gm-2) were supplied by Dittrich Vliesstoffe GmbH 

(Ramstein-Miesenbach, Germany). The nonwoven textile was made of individual fibers. 

One can observe the randomly orientation of flax fiber which had diameter in between 

15-25 µm and displayed fiber lumina in the cross section corresponding section SEM 

analysis (cf. Figure 12a-b). PLA (Polylactide 2002 D, NatureWorks, Minnetonka, MN, 

USA) was utilized as polymeric matrix for composite systems. Its melt flow rate (MFI at 

210 °C/2.16 kg) was 6 g/10min). Two commercial additives were used as modifier for 

PLA. Biomax Thermal 300 (composition of non-regulated wax/ethylene acrylate copoly-

mer/butyl acrylate) and Palaroid BPM-500 served as thermal and acrylic impact modifier, 

respectively.  
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a) b) 

  

Figure 12: SEM pictures taken from PLA/flax a) and modified/PLA b) composites. 

PLA and modified PLA sheets were prepared by twin-screw extruder (Leistritz, Nürnberg, 

Germany). The modified PLA was compounded by setting the barrel temperatures be-

tween 100 (zone 1) and 190-200 °C (from zone 2 to 9), rotor speed of 225 rpm and 

pressure of 50 bar. The thermal and impact modifier - contents in the PLA systems in-

vestigated were set for 5 and 3 wt.%, respectively (according to suppliers’ recommenda-

tion). The additives and PLA granulates were charged in feeder in the first zone of the 

extruder using the above conditions. The PLA composite sheets were produced by hot 

press methods. The flax mat was set for 20 wt.%. The PLA and modified PLA containing 

flax mat composites were placed by hand laying-up a layer of flax mat and then by a 

layer of PLA sheet. The composites based on PLA were compression molded into 1-mm 

thick sheets at T = 210 °C using the hot press (P/O/Weber, Maschinen und Apparatebau, 

Remshalden, Germany).  

 

          (12) 

 

A complex Young’s modulus (E*) reflects the contribution of both storage (E’) and loss 

(E’’) components to the stiffness of material, as follows: 

 

     (13) 
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According to schematic of DMA, the stress and modulus at these two points can be cal-

culated from equations 13 and 14, respectively. The storage modulus (E’) gives directly: 

 

cos*' EE 
      (14) 

 

Figure 13: Schematic of the DMA experiment [20]. 

 

Figure 14: E’ vs. T traces for the PLA, modified PLA and its composites. 
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Figure 14 shows the storage modulus as function of temperature for the PLA, modified 

PLA and its composites. It is clearly seen that the storage modulus of un- and modified 

PLA/flax mat composites was higher than that of the neat PLA. It denotes that the mobi-

lization of PLA macromolecules was restricted due to the addition of flax. However, the 

modified PLA and its composite resulted a decrease in the storage modulus below glass 

transition temperature (Tg at ca. 60 °C), compared to the based on unmodified one. An 

addition with flax mat was marginal on the effect of Tg. A rapid increasing region of E’ at 

higher temperature can be seen for PLA systems studied, due to the cold crystallization 

of the amorphous PLA [27, 31]. Figure 15 shows the variation of storage modulus in the 

range of temperatures between -100 and 130 °C for the modified PLA and modified 

PLA/flax mat composite tested at 0.1, 1 and 10 Hz, respectively. A remarkable of fre-

quency - influence was observed for the stiffness. An increase of frequency shifted the 

position of the E’ to higher temperatures at whole temperature range. 

 

Figure 15: Storage modulus versus temperature for a range of frequencies. 

 

Master curves in the form of storage modulus versus frequency were produced by su-

perimposing the storage modulus versus frequency traces using the time-temperature 

superposition (TTS) principle. A reference temperature (Tref = 25 °C) was used for this 

superposition (shifting) process. The related shift factor (aT) used for the generation of 

storage modulus master curve is aT = E’(T)/(E’(Tref). Master curves of the storage mod-

ulus against frequencies created at a reference temperature of 25 °C are shown in figure 
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16 for the PLA systems studied. From E’ master curves have been shown that the stor-

age modulus data approached a similar plateau value at high frequency, but applying 

the modified PLA for composite was reflected in shifting the curve position horizontally, 

along the frequency axis (terminal region at lower frequencies). One can conclude that 

the structure of the modified PLA and its composites were more strong on the thermal 

effect. Note that the master curve provided a useful prediction of the storage modulus 

for large time scales (from 10-14to 1026 Hz). Furthermore, use of an Arrhenius function fit 

[32], the activation energies are calculated for the PLA systems studied. These two acti-

vation energies of PLA and modified PLA were obtained 165.7 and 195.5 kJ/mole, re-

spectively. The activation energy for the composites was found to be higher than un- and 

modified PLA. It is likely that this activation energy can be described a complex combi-

nation of effects, since the TTS is only directly applicable to the restricted with amor-

phous PLA. 

Generally, simple rule of linear viscoelastic material (LVM) principle can be very useful 

in helping to understand the effect of creep properties on the frequency. The conversion 

method from the modulus to the creep compliance based on the correspondence LVM 

principle [33] can then be shown simply to be given by equation 15.    

 

       (15) 

 

where D’ is storage creep compliance.  

Figure 16: Storage modulus master curves (E’ vs. f) constructed by considering the 

TTS and selecting Tref= 25 °C the PLA, modified PLA and its composites. Ea was cal-

culated by the Arrgenius equation, i.e.: aT = Er (t, T)/(E(t, Tref.). 
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An influence of flax mat and modified PLA on the storage creep compliance is demon-

strated in figure 17. As expected to the flax mat reinforcement, the storage creep re-

sistance of PLA/flax mat and modified PLA/flax mat composites increased markedly 

compared to the PLA for all over loading frequencies. A convert model was fairly appli-

cable to the modulus results and offers good insight into the nature of changes of creep 

response with frequency decrease. It can be seen that the slope of composites curves 

changed at below 10-4 Hz. The flax mat/modified PLA composite was accompanied with 

a shift in the slope of PLA towards lower frequency and delayed the creep rate. The 

related composite may fail even subsequent to that of the PLA matrix. This can be con-

firmed to the effects of the modified PLA with enhanced creep stability at the low fre-

quencies. 

Figure 17: Conversion from the modulus to creep compliance for the PLA system stud-

ied. 

 

Conclusion  

In this work has examined the effect of thermal and acrylic impact modifier, in a PLA/flax 

mat composites. The work devoted to study the morphology, impact, thermal and me-

chanical properties of the PLA system studied. Toughened PLA and its composites have 

been successfully produced by direct modified matrix. The modified PLA based compo-

site hints for smooth fracture surface in which indicated a ductile deformation. This was 

demonstrated by SEM investigation. The impact resistance of PLA was highly enhanced 

by the addition of flax mat and acrylic impact modifier. The tensile strength and storage 

modulus value of modified PLA were slight lower than the neat PLA. Incorporation of flax 



  30 
   

mat increased markedly the stiffness of PLA. The modified PLA was associated with a 

considerable increase in the thermal resistance of TGA test. The storage modulus mas-

ter curves were constructed by applying the time-temperature superposition (TTS) prin-

ciple.  

 

The linear viscoelastic material principle was fairly applicable to convert from the modu-

lus to the creep compliance results which could describe on the thermal effect of modified 

PLA. The proposed of direct modified PLA was an effective way being simple and cost 

efficient for producing PLA/flax mat composite. 

 

3.2  Polylactide (PLA)/woven flax textiles composites 

 

State of the Art  

Nowadays, an increase of plastic demand, coupled with awareness in economics and 

evironment which are tremendous stimulants in procuring materials to replace polymer 

of petroleum dase. Therefore, the materials ranging from general thermoplastic to 

spectific thermosetting resin are developed from bio-polymer and they are already used 

in various in medica and automative applications. Note that research on biopolymer such 

poly(lactic acid) (PLA) became under spot of interest due to its good biocompatibility, 

biodegradability and mechanical properties (tensile strength and stiffness) [34]. Consid-

erable efforts are being made to increase the thermal and mechanical properties of PLA 

by reinforcing it with natural fibers [18, 31]. Moreover, PLA renforced with natural fiber is 

another eco-friendly material with its and poteniality to be adequately used in automative 

industry with significance. For industry application, Toyota has proposed to apply bio 

composites such PLA/jute in its manufacturing of spare wheel cover and transparent 

sunroof. However, the end properties of natural reinforced composites depends on an 

adhesion of fiber-matrix which play an important role with respect to reinforcing 

efficiency. The problem of weak interfacial adhesion is insufficient wetting of natural 

fibers by the non-polar polymer matrices, resulted in stress transfer efficiency from the 

matrix to the reinforcing fibers is reduced. Diffrent surface chemical modifications such 

as silane and isocyanate treatment [35-36], have achieved tremendous sucess in 

improving the interfical properties in natural fibre composites. Out of these methods, 

composite structure has attracted considerable attention in the recent years due to the 

achieved improvements in mechanical characteristics of PLA. This is a most preferred 

method because of its simple and cost effectiveness. Recently reported, the composite 

structures are associated to an increase in mechanical properties of composites. Liu and 
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Hughes [37] investigated the fracture behaviour and toughness of epoxy matrix 

composites reinforced with woven flax fibre textiles. They found that the addition of 

woven textile resulted improvement in fracture toughness. However, toughness is 

dominated by the fibre volume fraction, rather than the reinforcement structure. 

The processing of thermoplastic composite materials is characterized by a wide variety 

of distinct methods or techniques (Vacuum bagging-, consolidation and compression 

moulding). The process selection depends on many factors including: the quantity and 

production rate, the form and details of the product, the size of final product, the 

dimensional accuracy and surface finishing, the nature of material and the process costs. 

According to the defined structural applications and the use of large fabrics, the most 

suitable processing techniques will be in continuous compression moulding. It is feasible 

to use the continuous compression moulding press for small and medium-sized 

production series. Thermoforming continuous fibre reinforced thermoplastic composite 

sheets can be shaped into complex structures as it can be seen in figure 18. In order to 

do such material is heated in a heating field. After reaching the desired thermoforming 

temperature the sheet is transported into the press. The press is then closed applying a 

pressing force during a fixed time. The continuous system operates always in a 

sequential manner. The system is closed during the compression moulding phase, and 

a surface pressure that varies with the component’s dimensions is applied on the 

materials to be manufactured.  

 

 

Figure 18: Interval hot press technique. 

 

The main objective of this project is to promote the utilization of natural fibres in structural 

applications where traditionally glass fibres have been used until now. A further aim of 

this work was to demonstrate the feasibility of the production of PLA/flax composites with 

various flax structures using the interval hot press technique. As a result, aligned textiles 

from flax fibres that are suitable for use as high-strength reinforcing fabrics will be studied 

in order to obtain structural composite materials and infuenced of composite structures. 
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These flax textiles with greater added-value from completely renewable sources will 

comprise all the possibilities for a broad range of applications and components.  

 

Materials and preparation of composites 

Two types of the woven flax fiber textiles (weave style of 2x2 twill and 4x4 hopsack) were 

used as reinforcement. The flax had a yarn size of 250 tex. Biotex Flax was supplied by 

Composites Evolution (Chesterfield, UK). The density was 1.24 g/cm3 (according to sup-

pliers’ information). Figure 19 shows the example of woven flax textiles. Note the undu-

lation of corresponding composites was assumed to follow it crosses over. PLA (Polylac-

tide 2002 D, NatureWorks, Minnetonka, MN, USA) was utilized as polymeric matrix for 

composite systems. Its melt flow rate (MFI at 210 °C/2.16 kg) was 6 g/10min.  

 

 

 

Figure 19: Schematic representation of woven flax textiles 2x2 twill and 4x4 hopsack. 

 

PLA/twill2x2 and PLA/hopsack4x4 composites were produced by interval hot press (Ad-

vanced Composites Machines, PLA 1500 S, Markdorf, Germany). The woven flax fiber 

textiles were dried for 6 h at 80 °C in an oven. The layer of woven flax fibers and then by 

layer of PLA sheet were compressed at an infeed of 10 m/hour (h). The heating section 

of the interval hot press machine was set at 200 °C and the compression pressure was 

20 bar. The interval hot press was performed as follows. First, The composite material 

transport phase taked place before the pressing phase. During the transport phase the 

press was opened quickly (no pressure was applied on the layers to be laminated). Thus, 

the complete of press cycle comprised the following steps: closing, pressing, opening, 

and transporting. A schematic view of a continuous compression unit system and 

pressure/ temperature were showed in figure 20.  
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Figure 20: Schematic description of the interval hot press and representative 

temperature/pressure vs. time curves [43]. 

 

The density of the composites was calculated according to the obtained total volume Vc 

and the initial weights of flax fiber and PLA matrix components Wf and Wm, respectively. 

However, due to the same condition of compression force in the mould, it can be as-

sumed that a void volume (Vv) of those composites is similar.  

 

 Vc = Vf + Vm +Vv       (16) 

 

The density equation of composites ( c ) using the obtained total volume Vc is: 

 

 
c

mf
c V

WW 
         (17) 

 

So that the calculated densities of the PLA/flax4x4 and PLA/flax2x2 composites were 1.12 

and 1.09 g/cm3, respectively and used to compare the mechanical and impact behaviors 

of related composites. 
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Characterization and testing 

Morphology detection 

The fracture surface was subjected to scanning electron microscopy (SEM) inspection 

in a JSM 5400 device of Jeol (Tokyo, Japan). The surface was gold coated prior to SEM 

inspection performed at low acceleration voltage.  

 

Instrumented Falling Dart Impact 

Instrumented falling weight impact (IFWI) test was performed on a Fractovis 6785 

(Ceast, Pianezza, Italy) using the following settings: incident impact energy, 20 J; diam-

eter of the dart, 20 mm; diameter of the support rig, 40 mm; weight of the dart, 10.357 

kg; drop velocity, 1.97 m/s. IFWI tests were performed on quadratic specimens of 60x60 

mm2 at room temperature. 

 

Tensile response 

Tensile test was performed on dumbbell-shaped specimens (DIN-ISO-527) on a Zwick 

1474 (Ulm, Germany) universal testing machine. Tests were run at room temperature at 

v=2 mm/min crosshead speed and the related stress-strain curves were registered. 

 

Thermomechanical response 

Dynamic mechanical thermal analysis (DMTA) was performed in tensile mode at fre-

quencies of 0.1, 1 10 Hz at all isothermal temperatures, using a DMA Q800 apparatus 

(TA Instruments, New Castle, NJ). The storage modulus (E’) was determined as a func-

tion of the temperature (T = -100°C . . . +130°C). The strain applied was 0.1%. The 

specimens were cooled to -100 °C. The temperature was allowed to stabilize and then 

increased by 5 °C, kept 2 min isothermal until 130 °C.  

 

Result and Discussion 

Impact weight test  

Figure 21 shows the force as functions of the time for the neat PLA, PLA/flax4x4 and 

PLA/flax2x2 composites. For the neat PLA a value of 97 N was determined for the peak 

force. One can recognize that in all cases the addition of fabric resulted in an improve-

ment of impact resistance fracture over the unreinforced PLA. In those composites with 

a fiber waviness would tend to be suppressed and it has an effect of inhibiting the ability 

of flax fibers to pullout from the PLA matrix. The abrupt rise from initial to maximum force 

was believed that this was due to the flax fabric debonding from the PLA matrix. Note 

that closer to the maximum force, the macro-crack growth could be observed. After this 

point, the main crack continued to propagate and the force was decreased. Moreover, 
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the crack growth was sudden extension producing a gradual failure (in case of the com-

posites only). It could also clearly demonstrate for advantage of composite4x4 with fewer 

undulations, the maximum peak force of flax4x4 composites increased markedly com-

pared to the composite of flax2x2 and PLA. As pointed out by schuermann [38], this could 

be the effects of fiber waviness due to the fiber crossing (weft crossover points) lead to 

a reduction of the in-plane properties of a cross-ply composite laminate. Since the den-

sity and the properties of the reinforcing fiber both composites were similar, the results 

suggested that the impact resistance of PLA was related to the organization of the mi-

crostructure. The temperature dependence on the force versus time curves is demon-

strated on example of the PLA/flax4x4 and PLA/flax2x2 composites in figure 22. It is clear 

from this figure that a decrease of temperature, the fracture time was decreased, and 

paralleled to reduce of the peak force. For the flax composite4x4, the peak force was 

reduced by approx. 38 % when evaluated at -30 °C. The largest change in the fracture 

time occurred in the flax composite4x4. This is probably due to the fact that the lower fiber 

waviness of flax composite has been surpassed at the low testing temperature. Whether 

the related change may be traced to the weave type of the corresponding flax requires 

further investigations. 

Figure 21: Representative force vs. time curves for the PLA, PLA/flax4x4 hopsack and 

PLA/flax2x2 twill. 
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Figure 22: Effect of temperature on the force vs. time of the PLA/flax4x4 hopsack and 

PLA/flax2x2 twill. 

 

The photographs of typical failure behavior of the related composites after the falling dart 

impact tests are shown in figures 23a and b for PLA/flax4x4 and PLA/flax2x2 composites, 

respectively. As shown in figure 23, the brittle fracture was rough and the whitened zone 

could be clearly discerned around the crack zone. The degree of stress whitening ap-

peared to be dependent upon the type of fiber weave and evaluated temperature. Note 

that the stress whitened region for the samples with low temperature tested was lost from 

crack growth. A further decrease in the temperature of -30 °C, the impact resistance was 

found to decrease markedly and the crack did not propagate along the fabric direction 

but it was occurred suddenly fracture. Failure of flax2x2 composite, debonding of flax fi-

bres from the PLA matrix (cf. Figure 23b) and brittle fracture of matrix were the main 

fracture mechanisms. Although it was clear that micro-cracking extends some way into 

the laminate from the crack face.  

It was recognized in the literature that the failure mechanisms for natural fiber-reinforced 

polymers have been identified such as matrix failure, fiber fracture, and fiber–matrix in-

terfacial failure [39]. The latter grouping has a strong impact on the interface character-

istics between fiber and the bio-based matrix. SEM pictures taken from the PLA/flax4x4 

and PLA/flax2x2 composites are shown in figures 24a and b, respectively. It was observed 

that the interfacial gaps around pulled-out fibers were smaller when produced by the 

interval hot press (as previous studies by conventional compression molded technique 
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[21]). The pressure step of interval hot press technique used to open slightly the tool 

which was supported to reduce a void content of related composites. This also allowed 

concluding that the flax fiber pull-out enables dissipation of high energy along the inter-

face, which was consistent with further related properties. Note that the interface gap for 

composite4x4 revealed a similar interface gap as its composite2x2. Furthermore, it can be 

seen that the holes and roughness of a fracture surface were visible in both composites.  

 

a)             b) 

 

Figure 23: Typical failure of the specimens of PLA/flax4x4 a) and PLA/flax2x2 b) compo-

sites after IFWI. 

 

a)             b) 

 

Figure 24: SEM pictures taken from PLA/flax4x4 a) and PLA/flax2x2 composites b). 

 

Tensile response 

It has been reported that the stiffness and strength properties of composites are de-

pended on weave architecture and fiber undulation [40]. Note that the interlacing of fibers 

in fabric leads to fiber undulation. This is in accordance with tensile test - observations. 

Results of the tensile strength, modulus and elongation at break are given in figure 25. 
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It is clearly seen that the incorporation of different weave types strongly affected the 

tensile mechanical behavior of PLA. For the both woven composites, the tensile stiffness 

and strength of the corresponding composites increased at the cost of elongation at 

break (slightly reduction) compared to the neat PLA. The increase of the tensile strength 

with adding flax weave textiles was largely due to an increase the axial stiffness of the 

composites. For example, the stiffness of the flax4x4 and flax2x2 composites was improved 

by approx. 118 % and 102 %, respectively, compared to the neat PLA. It is interesting to 

note that the flax4x4 composite exhibited higher tensile modulus and strength than the 

composite2x2. The decrease of the tensile mechanical data has to be attributed to the 

undulation effect of woven flax textile2x2. An increase in flax undulation of composite2x2 

led to a decrease strength and stiffness during tension loading, thus accounting for some 

of drop in impact strength when compared to flax composite4x4. This observation is in 

accord with experimental result of impact weight test (cf.-figure 21). Similar conclusion 

was drawn also for the mechanical behavior of flax reinforced HDPE in former work [41]. 

 

Figure 25: Tensile mechanical characteristics of the systems studied. 

 

Dynamic mechanical response 

Figure 26 demonstrates the effect of increased frequencies on the storage modulus as 

a function of temperature for the PLA, PLA/flax2x2 and flax4x4 composites. It is clear from 

figure 26 in whole temperatures investigated that the storage modulus decreased mark-

edly with increasing temperature and decreasing frequency. Due to the cold crystalliza-
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tion of the amorphous chains which was typical of PLA [31], increased the storage mod-

ulus above 100 °C. Surprised, the reinforcing effect of the weave textiles was increased 

stiffness of cold crystallization phenomenon backwards lower temperature. The compo-

site with flax4x4 exhibited the highest stiffness at the whole evaluated frequency range. It 

can be attributed to the reinforcing effect of this weave structure4x4 in the PLA matrix. 

This is in harmony with the tensile test results which increased tensile stiffness of com-

posite4x4.  

It is also striking for PLA that, the course of the modulus as a function of temperature 

was quite similar with increasing frequency, i.e. the related traces are running more or 

less parallel to one another. Note that the modification with flax weave textiles affected 

the storage modulus but its change with the frequency was governed by the PLA/flax 

composites itself. 

 

The relationship between the storage modulus and the creep compliance was proved to 

be capable of predicting the nonlinear viscoelastic behaviors of the system studied. 

Creep compliance is defined as the inverse quantity of modulus by the following equation 

which was already successfully adapted to estimate the storage creep behavior of a nat-

ural reinforced PLA [21]. 
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        (18) 

 

where D’ and E’ are the real parts of the creep compliance and modulus, respectively. 

E’’ is the imaginary part of the modulus. 
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Figure 26: E’ vs. T trace at different frequencies for the PLA, PLA/flax4x4 hopsack and 

PLA/flax2x2 twill. 

 

The storage creep compliance as a function of temperature for PLA, PLA/flax2x2 and 

PLA/flax4x4 composites are depicted in figure 27. It can be clearly seen that an increase 

of temperature, the calculated creep compliance increased for the PLA. The creep com-

pliance indicated the temperature active softening of the PLA as a result of the highly 

increased mobility of polymer chains at the glass transition of PLA (approx. 60 °C). Ob-

servations of temperature clearly indicate that the creep response of these flax compo-

sites was much lower than that of neat PLA. Strikingly, the results showed that the time-

temperature superposition (TTS) method is superior to the existing methods (aT=f0/fT) 

[42], by normalizing the effects of the frequency on the calculated creep behaviors. Since 

the creep value of PLA at closer to Tg dramatically increased, when the temperature 

above Tg, the flax composites had less softer rubbery properties which dependent 

greatly on the loading frequency from low to high scanning range. Note that the molecular 

chains of flax composites4x4 had a very limited freedom of movement and its free volume 

decreases slower with the frequency, when compared to the PLA and flax composite2x2. 

This finding is agreed with the impact resistance test. The lower temperature as well as 

lower frequency showed less rubbery properties, due to slow chain mobility, likely in the 

interphase regions. The stretching of the amorphous and entangled chains PLA occurs 

with considerable time delay under the high frequency in presence of low undulation of 

flax4x4 composite. 
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Figure 27: Conversion from the modulus to creep compliance for the PLA, PLA/flax4x4 

hopsack and PLA/flax2x2 twill. 

 

Conclusion  

This work devoted to study the morphology, falling weight impact and mechanical prop-

erties of a PLA (Polylactide) and its flax2x2 and flax4x4 reinforced composites. SEM results 

have shown that the interfacial gaps between flax and PLA matrix became small when 

using the interval hot press. Flax reinforcement in PLA matrix increased markedly the 

impact resistance. The impact value of PLA/flax4x4 composite was higher than that of 

PLA/flax2x2 composite. A decrease in temperature reduced the peak force. The degree 

of stress whitening appeared to be dependent upon the types of fiber weave according 

to photograph observations. The presence of flax was associated with an increase stiff-

ness and slightly tensile strength of related composites. Clear trend in the effect of com-

posite structures was found in the stiffness at the whole evaluated frequency range. The 

calculated storage creep compliance could be well described by an applicability of the 

conversion method from the modulus. Observations of temperature clearly indicated that 

the calculated creep response of these flax composites was much lower than that of the 

neat PLA. A benefit of this proposed interval hot press technique is a very effective pro-

cess for the production of flax reinforced PLA composite. 
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3.3  Un- and Modified Polylactide (PLA) /Woven Flax Fiber Compo 

sites 

 

State of the Art  

Natural fibers have been receiving considerable attention as substitutes for synthetic fi-

ber reinforcement. Their advantageous properties compared to other materials are low 

cost and density, acceptable specific strength, good thermal insulation properties and 

renewable resources [44]. The expanded use of natural thermoplastic composites has 

attracted considerable attention in R&D activities due to the promise of simultaneous 

improvements in stiffness and toughness characteristics of the corresponding thermo-

plastic composites [41, 45]. Poly(lactic acid) (PLA) has been widely used in medical and 

automotive applications, due to its good biocompatibility, biodegradability and mechani-

cal properties, PLA is often modified with natural fibers, such as cellulose, kenaf and 

abaca fibers to improve the thermal and physical–mechanical properties [18-19, 31, 46] 

(e.g. impact, stiffness at a high temperature and strength properties). Although natural 

fibers have outstanding properties, major problem of using them with PLA is the poor 

interracial bonding between the natural fiber and thermoplastic. However, though the 

modification of PLA with natural fibers results in enhanced strength and stiffness [47-48]. 

It was shown recently that rice straw fiber (RSF) coated with poly(methyl methacrylate) 

thin film showed better compatibility with the PLA matrix [48]. The significantly improved 

thermal and mechanical properties were attributed to the interfacial adhesion improve-

ment between treated RSF and PLA. The tensile strength and thermal stability of treated 

RSF-PLA was improved compared with untreated RSF-PLA composite. 

Flax fibers are tough and are found to be a potential reinforcement in PLA because they 

are inexpensive and environmentally friendly. The flax reinforcement indicated a better 

improvement of the modulus of PLA [22]. PLA/flax composite became an ecologically 

beneficial alternative to natural reinforced composites with petrochemical matrices in the 

future. It is worthy note that a variety of composite structures is also associated with an 

increase in mechanical properties of composites [37]. The mechanical behaviors of com-

posite materials have a strong impact on the composite structures of the reinforcing 

phase. The goal of this study was to demonstrate the feasibility of the production of un-

and modified PLA with different flax composite structures and compare the morphology, 

water absorption, impact, thermal and mechanical properties of the related composites. 

The woven flax fiber was used as reinforcement. The dispersion of woven flax fiber in 
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PLA was assessed by scanning electron microscopy (SEM) and computed microtomog-

raphy system (µCT). The un- and modified PLA/flax composites were compression 

molded and compare the structure-property relationships of the resulting composites. 

 

Materials and preparation of composites 

Woven flax fiber textiles (weave style of 2x2 twill and 4x4 hopsack) were used as rein-

forcement which had a yarn size of 250 tex. Biotex flax was supplied by Composites 

Evolution (Chesterfield, UK). Figure 28 shows the two woven flax textiles that were used 

to study the effect of weave type. The density was 1.24 g/cm3 (according to suppliers’ 

information). PLA (Polylactide 2002 D, NatureWorks, Minnetonka, MN, USA) was utilized 

as polymeric matrix for composite systems. Its melt flow rate (MFI at 210 °C/2.16 kg) 

was 6 g/10min). Two commercial additives were used as modifier for PLA. Biomax Ther-

mal 300 (composition of non-regulated wax/ethylene acrylate copolymer/butyl acrylate) 

and Palaroid BPM-500 served as thermal and acrylic impact modifier, respectively.  

 

Figure 28: Schematic representation of weave style 2x2 twill and 4x4 hopsack. 

 

PLA and modified PLA sheets were prepared by twin-screw extruder (Leistritz, Nürnberg, 

Germany). The modified PLA was compounded by setting the barrel temperatures be-

tween 100 (zone 1) and 190-200 °C (from zone 2 to 9), rotor speed of 225 rpm and 

pressure of 50 bar. The thermal and impact modifier contents in the PLA system inves-

tigated were set for 5 and 3 wt.%, respectively (according to suppliers’ recommendation). 

The additives and PLA granulates were charged in feeder in the first zone of the extruder 
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using the above conditions. The PLA composites were produced by hot press methods. 

The PLA composites placed by hand laying-up a layer of woven flax fibers and then by 

a layer of PLA or modified PLA sheet. The PLA /woven flax fibers composites were pro-

duced into 1-mm thick sheets by hot pressing in a laboratory press (P/O/Weber, Maschi-

nen und Apparatebau, Remshalden, Germany) at a temperature of 200 °C with a fixed 

holding time of 7 min. under a pressure of 10 MPa. The composites produced are listed 

in table 3. 

 

Table 3: Recipe and designation of the un- and modified PLA-based systems studied. 

 

Sample Designation Flax2x2 twill (wt.%) Flax4x4 hopsack 

(wt.%) 

PLA - - 

modified PLA - - 

PLA/flax2x2 twill (l) 35 - 

PLA/flax2x2 twill (h) 65 - 

PLA/flax4x4 hopsack (l) - 35 

PLA/flax4x4 hopsack (h) - 65 

modified PLA/flax2x2 twill (l) 35 - 

modified PLA/flax4x4 hopsack (l) - 35 

 

Characterization and testing 

Morphology detection 

The fracture surface was subjected to scanning electron microscopy (SEM) inspection 

in a JSM 5400 device of Jeol (Tokyo, Japan). The surface was gold coated prior to SEM 

inspection performed at low acceleration voltage.  

 

Water absorption 

Water absorption of the composites was investigated over a period of 30 days. The com-

posites were cut into specimens (20x20 mm2) and then, they were immersed in water in 

a bath at room temperature. Weight gains were recorded by periodic removal of the 

specimens from the water bath and weighing on a balance. The percentage gain at any 

time t (Mt) as a result of moisture absorption was calculated from the following equation: 
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       (19) 

 

where Wd and Ww denote the weight of dry material (initial weight of materials) and weight 

of materials after exposure to water absorption, respectively. 

 

Instrumented Falling Dart Impact 

Instrumented falling weight impact (IFWI) test was performed on a Fractovis 6785 

(Ceast, Pianezza, Italy) using the following settings: incident impact energy, 20 J; diam-

eter of the dart, 20 mm; diameter of the support rig, 40 mm; weight of the dart, 10.357 

kg; drop velocity, 1.97 m/s. IFWI tests were performed on quadratic specimens of 60x60 

mm2 at room temperature. 

 

Thermal and thermomechanical response 

Thermogravimetric analysis (TGA) was performed on a DTG-60 SHIMADAZU device 

(Kyoto, Japan). TGA experiments were conducted in the temperature range from 30 to 

500 °C under nitrogen at a heating rate of 10 °C/min. 

Dynamic mechanical thermal analysis (DMTA) was performed in tensile mode at fre-

quencies of 0.1, 1 10 Hz at all isothermal temperatures, using a DMA Q800 apparatus 

(TA Instruments, New Castle, NJ). The storage modulus (E’) was determined as a func-

tion of the temperature (T = -100°C . . . +130°C). The strain applied was 0.1%. The 

specimens were cooled to -100 °C. The temperature was allowed to stabilize and then 

increased by 5 °C, kept 2 min isothermal until 130 °C.  

 

Creep response  

Short time creep test was made in tensile mode at different temperatures using the above 

DMA apparatus. The applied stress was 3 MPa. The temperature dependence of the 

creep response of the composites was studied in the range from 15 to 50°C. Isothermal 

tests were run on the same specimen in the above temperature range by increasing the 

temperature stepwise by 5°C and equilibrating the specimen at each temperature for 2 

min. During the isothermal tests the duration of the creep testing was 15 min.  

 

Result and Discussion 

Morphology 

The SEM pictures in figures 29 a-b present the morphological characteristics of the 

PLA/flax2x2 and PLA/flax4x4 composites. One can see that composites containing flax2x2 
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and flax4x4 displayed slightly different fracture surface appearances. While the flax struc-

tures prevented from spreading out of the molted PLA during hot pressing. The molten 

PLA could spread out uniformly in the related composites. Note that the flax had diameter 

of 15-25 µm. The cross-section of the flax fibers displayed clear lumina which were not 

filled with PLA. The µCT micrographs of the unmodified PLA/flax4x4 and modified 

PLA/flax4x4 composites are shown in figure 30. It can be seen that the impregnation qual-

ity of PLA and modified PLA composites were similar due to their small difference in 

voids. The porosities of unmodified and modified PLA composites were between 8-9 %, 

and there was no obvious dependence on the type of the matrices modification. This was 

a fairly to compare the observed change in the thermal and mechanical properties of 

both un- and modified PLA composites in further investigations. 

 

a)                b) 

 

Figure 29: SEM pictures taken from PLA/flax2x2 a) and PLA/flax4x4 b) composites. 
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Figure 30: µCT scans of the PLA/flax4x4 and modified PLA/flax4x4 composites. 

 

Falling dart impact response  

Results of the falling dart impact tests and data are given in figure 31 and table 4, re-

spectively. One can recognize that the impact resistance of the modified PLA increased 

markedly compared to the PLA. This toughness modification of PLA was accompanied 

with a shift of the force peak toward higher force and longer time (cf. table 4). It is clearly 

seen that the incorporation of flax structures strongly affected the impact behavior of 

PLA. Note that the resistance to impact increased with increasing amount of flax content. 

The reinforcing effect of the structures of PLA containing 65 wt.% of flax2x2 and flax4x4 

indicated an increase impact energy by approx. 9.7 % and 39.7 %, respectively, com-

pared to the neat PLA. The related change suggested enhanced energy absorption in 

the fiber orientation but indicated for the character of flax fiber weave style. It is also well 

resolved that the impact resistance of the modified PLA composites in both flax struc-

tures was always inferior to that of the PLA composites. The modified PLA/flax2x2 com-

posite specimen recorded the peak force value at ca. 232 N upon 2.2 msec. This peak 

force was increased by approx. 23 % compared to the unmodified PLA/ flax2x2 composite. 

This can be explained by the consideration of the highly increased mobility of the flexible 

chains in the modified PLA matrix. The photograph of typical failure behavior of the re-

lated composites after the falling dart impact tests is clearly shown in figure 32 that the 

change in the matrix failure occurred in the modified PLA/flax composites compared to 

the unmodified PLA/flax composites. This is the typical feature of tough fracture in the 
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modified PLA/flax composites. The fracture surface became a whitened zone around the 

crack. 

 

 

Figure 31: Characteristic force-time curves for the un- and modified PLA-based systems. 

 

Table 4: Impact characteristic of the un- and modified PLA-based systems studied. 

 

Sample Designation Force (N) Time (ms) Energy (J) 

PLA 85.6 1.1 0.075 

modified PLA 250 2.4 0.49 

PLA/flax2x2 twill (l) 190.2 2.3 0.36 

PLA/flax2x2 twill (h) 316.7 2.2 0.77 

PLA/flax4x4 hopsack (l) 204.6 1.4 0.29 

PLA/flax4x4 hopsack (h) 422 3.9 1.94 

modified PLA/flax2x2 twill (l) 231.9 2.2 0.36 

modified PLA/flax4x4 hopsack (l) 220.5 2.1 0.3 
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Figure 32: Failure of the specimens of the un- and modified PLA composite systems 

studied after IFWI. 

 

Water uptake 

The water uptake as a function of time for the PLA, modified PLA and its composites, 

are demonstrated in figure 33. It is interesting to note that the PLA recorded water ab-

sorption value at 0.8 % upon 30 days while the modified PLA did not absorb water within 

a month. The flax composites exhibited remarkably large amount of water absorption 

within in first 3 days. This is attributed due to the chemical nature of cellulose content in 

flax composites. The water sorption behavior was considered to depend on the flax con-

tent. The water uptake of composites increased with increasing flax content in PLA. The 

water uptake of the PLA/flax2x2 65 wt.% composite was 14 % whereas the composite 

containing 35 wt.% flax2x2 was 9% after 30 days of immersion. Other studies also have 

reported a similar trend for pineapple-leaf fiber reinforced low density polyethylene 

(LDPE) composites. It was found that the moisture absorption increases linearly with the 

fiber loading [49]. On other hand, the effect of modified PLA in composites on the water 

uptake value was marginal. 
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Figure 33: Water uptake on the un- and modified PLA systems studied. 

 

Thermogravimetric analysis 

Figure 34 presents the overall of the thermogravimetric decomposition process for the 

PLA, modified PLA, flax and its composites at a heating rate of 10 °C/min. The TGA data 

are listed in table 5. It is well known that the thermal stability effects in natural fiber and 

the natural composites exhibited three stages from its TGA spectra. Initially stage at low 

temperature is usually due to the removal of absorbed moisture. The second and third 

stages observed at high temperature are usually attributed to the degradation of hemi-

celluloses and non-cellulosic materials [50]. This is in accordance with flax - TGA obser-

vation. It is clearly seen in figure 33 that that thermal decomposition process of all PLA 

composites had similar characteristics as a result of one step procedure representing 

depolymerization. Due to the thermal decomposition of hemicelluloses and the degrada-

tion of lignin, the weight loss of flax composites decreased markedly. As shown in table 

5, resulted mainly from the thermal decomposition of modified PLA and its composites, 

was observed with an improve slightly in thermal resistance at least below 250 °C, com-

pared to PLA and PLA composites, respectively. This is indicate that the effect of thermal 

mo 

difier in PLA. One can conclude in figure 33 that the thermal stability of composites de-

creased with increasing amount of flax content. The resistance of thermal effect was 

better with the modified PLA. 
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Figure 34: Weight loss versus temperature for the un- and modified PLA systems stud-

ied. 

 

Table 5: TGA characteristic of the un- and modified PLA-based systems studied. 

 

Sample Designation Td 150 °C 

(%) 

Td 250 °C 

(%) 

Td 350 °C 

(%) 

PLA 98.71 98.49 83.30 

modified PLA 99.28 99.02 80.89 

PLA/flax2x2 twill (l) 98.63 98.21 48.18 

PLA/flax2x2 twill (h) 98.08 97.15 50.23 

PLA/flax4x4 hopsack (l) 98.66 98.03 49.01 

PLA/flax4x4 hopsack (h) 97.99 97.24 54.24 

modified PLA/flax2x2 twill (l) 98.93 98.35 53.12 

modified PLA/flax4x4 hopsack (l) 98.69 97.93 51.54 

Flax 95.29 94.01 68.62 

 

  



  52 
   

Creep response 

Figure 35a and 35b demonstrates the effects of increased temperature on the creep 

compliance of PLA and modified PLA. One can recognize that the modified PLA exhib-

ited higher creep compliance than the PLA one, especially at high temperature. This was 

due to the enhancement of the mobility of PLA chains with the toughness agent, which 

would make the PLA softer and the orientation movement of amorphous chains easier. 

Note that a tertiary range of modified PLA (fracture creep) has been achieved at temper-

ature of 50 °C. In practical term, the creep compliance is generally expressed as con-

sisting of two components, the elastic (De, instantaneous, time- independent) and the 

viscoelastic (Dv, reversible, time-dependent) [51]. 

 

        (20) 

 

where  is the applied stress, T is the temperature and t is the time. 

 

a) 
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b) 

 

Figure 35: Effect of temperature on the creep compliance of the PLA a) and modified 

PLA b). 

 

The results of the elastic (De) and viscoelastic (Dv) parts of creep compliance data with 

increased temperature are listen in table 6. The De and Dv have been associated with 

the stiffness and flow of amorphous polymer chains in the short term creep, respectively. 

The results in table 6 for the PLA and modified flax composites system studied showed 

that De and Dv increased with an increase in temperature. This was due to the softening 

of the bulk materials at elevated temperature. With the introduction of flax, it was ob-

served that De and Dv decreased under each condition. One can notice that the effect 

of flax reinforcing structures on the De and Dv value was marginal. However, the both 

De and Dv of creep compliance were enhanced markedly with an increase amount of 

reinforcing flax. 
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Table 6: Elastic (De) and viscoelastic (Dv) parts of the creep response of the un- and 

modified PLA-based systems studied. 

 

 

 

The time temperature superposition (TTS) method can be used in order to obtain the 

polymeric material lifetime. This method can be used to shift in a short time results under 

normal application conditions and the results obtained can be extrapolated to longer 

times. According to the TTS principle, the response time (t) or frequency (f) as function 

of creep (D) or storage modulus (E’) at one temperature T0, is similar in shape to the 

same functions at neighbouring temperatures (T). The curve of D or E’ at one tempera-

ture, can be horizontally shifted along the t or f axis then overlapped on the curves at 

neighbouring temperatures. 
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The Arrhenius equation is generally acknowledged as suitable to describe the relation-

ship between the shift factors using TTS of master curve and the reference temperature. 

The Arrhenius equation generally used to calculate the activation energy (∆H) via [32]: 

 














0

11
ln

TTR

H
aT       (22) 

 

where R is the universal gas constant. 

 

In Figure 36, the creep master curves of the PLA, modified PLA and its composites at 

the reference temperature of 25 °C, are plotted as a function of the creep time, t. One 

can see in figure 36 that the creep master curves of PLA and modified PLA covered only 

a period of 14 h and 8 h, respectively. However, the curve of the flax composites reached 

duration of 50 h. The creep behavior of flax composites increased sharply at first, and 

then almost kept constant. For pure PLA and modified PLA, the creep also increased 

sharply at first, and then the rapid creep was observed with the increase of time. For the 

master curves from short-term creep TTS in figure 36, the PLA and modified PLA exhib-

ited the primary, secondary and tertiary stages of creep (initial, steady state and fracture 

creep respectively) whereas only primary and secondary creep stages were observed 

for flax composites. Recall, the onset of the tertiary creep stage of PLA and modified PLA 

was detected at approximately 14 h and 8 h, respectively, of creep time. 

Figure 36: Creep master curves (compliance vs. time) constructed by considering the 

TTS and selecting Tref= 25 °C. 
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Dynamic mechanical thermal response 

Figure 37 displays the traces of storage modulus (E’) as function of temperature for the 

PLA, modified PLA and its composites. One can notice that the modified PLA showed a 

lower storage modulus in the whole temperature range investigated compared to the 

unmodified PLA. The presence of flax increased the storage modulus and with a shift in 

the Tg of PLA towards higher temperature. The storage modulus of PLA/flax4x4 65 wt.% 

composite was increased by approx. 150% at least below the Tg compared to the neat 

PLA. On the other hand, the E’ decreased with increasing temperature. Note that due to 

the cold crystallization of the amorphous PLA, the E’ of composites was increased above 

100 °C, as expected. Regarding to the effect of composite structures, the incorporation 

of flax4x4 leaded to enhance in the E’ compared to the composite containing flax2x2, while 

the E’ also increased by increasing the flax content. Difference change in the stiffness 

occurred between the PLA/flax2x2 and PLA/flax4x4 composites due to the effect of fiber 

undulation. According to the literature and reported by Paessler et al. that the effects of 

fiber waviness due to the fiber crossing such as warp and weft crossover points, lead to 

a reduction of the in-plane properties of such a laminate. Clear differences regarding 

strength and stiffness of the laminates without and with undulations could be observed 

for carbon fiber/epoxy composites [38, 52]. 

 

Figure 37: E’ and tan δ vs. T traces for the un- and modified PLA systems studied. 

A remarkable difference influence of frequencies is observed for the storage modulus of 

the PLA and its composites. An increase in frequency was accompanied with a shift on 

the E‘ towards higher temperature (not reported here). DMA master curves were per-

formed to study how the stiffness of PLA/flax composites and modified PLA are affected 
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by exposure at elevated frequencies. The shift factor (aT) using the time temperature 

superposition (TTS) principle for the generation of storage modulus master curve is ac-

cording to equation 21. A reference temperature (Tref = 25 °C) was used for this shifting 

process. The values of storage modulus (E’) for the PLA, modified PLA and flax compo-

sites are compared in figure 38. It is seen from this figure that pure PLA had a lower E’ 

than PLA/flax composites at whole over loading frequencies. It was also demonstrated 

that the addition of flax improved the stiffness of PLA and modified PLA. Note that in the 

terminal region at lower frequencies, the storage modulus master curve was more de-

pendent on the reinforcement effect of the flax. In this analysis, the stress can be trans-

ferred from PLA matrix to flax, so the chain mobility of the matrix is reduced. From the 

master curve data, the effect of modified PLA on the storage modulus was more pro-

nounced in frequencies range from 10-4 to 10-13 Hz. The E’ shifted to lower frequencies 

when the modified PLA was used. This can be attributed to the heat-stabilizing effect of 

the modified PLA. The combined thermal modifier PLA which was formed relative steady-

free radicals produced in low frequency process, could improve the progression of ther-

mal resistance. By comparing the activation energies (cf. Figure 38), one may conclude 

that the Ea increased with modified PLA. This result suggests that Ea may be sensitive 

to the thermal modifier. Incorporation of flax into the PLA matrix yielded also an increase 

in Ea that can be traced to the restricted PLA chains. 

Figure 38: Storage modulus master curves were constructed by considering the TTS and 

selecting Tref. = 25 °C. Ea was calculated by the Arrgenius equation, i.e.: aT = Er (t, 

T)/(E(t, Tref.). 
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Conclusion 

This work devoted to study the morphology, water absorption, falling weight impact, ther-

mal and mechanical properties of a PLA (Polylactide) and its flax2x2 and flax4x4 reinforced 

composites. Toughened PLA and composite have been successfully produced by direct 

modified matrix. The flax fibers displayed clear lumina which were not filled with PLA. 

This was demonstrated by SEM investigation. The impact resistance of PLA was highly 

enhanced by the addition of flax composite structures and acrylic impact modifier. The 

storage modulus value of modified PLA was slight lower than that of neat PLA. Incorpo-

ration of flax increased markedly the stiffness and water uptake of PLA. However, in-

crease in storage modulus had a strong impact on the composite structures. The thermal 

degradation of PLA/flax composites decreased markedly compared to the neat PLA. The 

creep and storage modulus master curves were constructed by applying the time-tem-

perature superposition (TTS) principle. The calculated data indicated that an improve-

ment in the creep compliance and stiffness can be achieved with incorporation of flax. 

From the master curve data, the effect of modified PLA on the storage modulus was 

more pronounced in the low frequencies range. The proposed of direct modified PLA is 

an effective way being simple and cost efficient for producing PLA/flax composite. 

 

3.4  Poly(butylene adipate-co-terephthalate) (PBAT)/woven flax  

composites 

 

State of the Art  

Eco-friendly biocomposite materials have been developed from biodegradable polymers 

as matrices and natural fibers as reinforcement, which have been a good alternative 

interest in the composite science because of their degradation in soil or regard to 

environmental condition and do not emit and leave any noxious components on the 

earth. Great research efforts are undertaken to produce lightweight, easy reprocessable, 

especially biocomposites, which may compete with traditional composites in various ap-

plication fields based on their favored recycling and beneficial performance/cost balance 

[53]. Although biopolymer can offer the resulting composites many advantages. A large 

body of research works was already dealing with different bio-based polymers such as 

polylactide (PLA) and poly(butylene adipate-co-terephthalate) (PBAT), and the related 

knowegde is well summerized in recent reviews (e.g. [54-55]). Because PLA is highly 

brittle, PBAT has been a commercially interested polymer because of its high toughness 

(strain at break ~ 710%) and complete biodegradability. However, the commercial large 

scale applications of this biodegradable polymer are limited. This is because of its 
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relatively high cost and certain limitations in mechanical properties, like low tensile 

strength and modulus due to its low crystallization [56]. To date a large body of research 

& development works was denoted to clarify the process-structure-property relationships 

in reinforced polymers with natural fibers in order to be applied for various applications, 

especially in buliding and automotive industries by completely considered on their 

mechanical properties, biodegradability and environmental friendliness. Note that natural 

fibers have been used as reinforcement for biodegradable polymers due to their 

advantages compared to glass fibers, such as low cost (lower than glass fibers), high 

specific strength and modulus, low density, renewability and biodegradability [57]. Many 

researchers have reported the use of flax fibers, which is in form of short fibers, non-

woven mat or woven fabric in order to reinforce thermoplastic polymers [16]. Note that 

flax is a high quality plant fiber, flexible and strong, can adapt to the changing 

environment as well. Bodros et al. [39] investigated the mechanical properties of 

biopolymers reinforced flax fiber composites. They found that the tensile strength and 

modulus increased with the increased in flax fiber content. The investigation of the 

mechanical properties of biopolymer and flax fiber composites was also made by 

Oksman et al. [58]. It was found that the composite strength and stiffness were improved 

by adding flax fiber up to 40 wt%. Anyway, only few works used to study their structures 

of woven fibers, which can behave as better reinforcement in term of mechanical 

behavior than short or unidirectional fibers [59]. From literaures, the incompatibility 

between polymer and natural fiber has to be mentioned. Incorporation of silane coupling 

agents could improve the compatibility of natural fiber/polymer compsoites [35]. 

In this research work was mainly focused on the development of textile biocomposites 

by using different types of flax fibers as a reinforcement and biodegradable polymer 

PBAT as a matrix material. A further aim of this work was to check the effects of the 

silane coupling agent and composite structure of the flax fiber. The mechanical 

properties such as tensile strength and modulus, impact strength, flexural strength and 

flexural modulus of these composites laminates were investigated.  

 

Materials and preparation of composites 

Poly(butylene adipate-co-terephthalate) (PBAT) pellets were purchased from Ecoflex-

FBX7011-BASF. PBAT has a density of 1.25-1.27 g/cm3, a melting temperature of 110-

120 °C and transparency of 82% (according to suppliers’ information). Woven and non-

woven flax fibers used as reinforcement were supplied by Composites Evolution (Ches-

terfield, UK) and Tilsatec Advanced Materials, Tilsatec Ltd., (Wakefield, UK), respec-

tively. 
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To prevent void formation, the PBAT pellets and flax fibers were dried at 60 °C for 24 h 

before processing to remove all absorbed moisture. The granulated PBAT was first con-

verted into a film approximately 0.2 mm in thickness using a chill-roll cast film extruder 

(LE 25-30/C model, Labtech Engineering, Thailand). The temperature of the six extruder 

barrel zones was set at 160, 160, 170, 180, 190 and 200 °C, respectively, and the tem-

perature of the die was set at 200 °C. The PBAT film was collected on rolls and stored 

in the laboratory under ambient conditions prior to use to manufacture the laminated 

biocomposites. The surface of flax fibers was modified with a 3-Aminopropyltriethox-

ysilane (APS) coupling agent (Dynasylan® AMEO, Evonik Industries AG, Germany). 

Surface modification of flax fibers with APS coupling agents was carried out in solution. 

The solution consisted of 3 wt% three-aminopropyltriethoxysilane (compared to the 

weight of flax fibers) added in 100 wt% ethanol. The solution was continuously stirred for 

30 min to let silane hydrolysis. Afterwards, the fibers were immerged in the solution for 

4 h followed by drying in an oven at 60 C° for about 24 h.  

 

The technique of film stacking for woven fabrics reinforcing thermoplastics is necessary 

when need to bonded different entities. The films are formed from thermoplastic with 

quenching in order to guarantee the necessary temperature window during hot pressing 

[2]. As reinforcing fabrics usually woven flax and PBAT are used. PBAT composites lam-

inates containing different weave types of woven flax fibers which are 2x2 twill and 4x4 

plain woven, and non-woven mat as shown in Fig. 39. The laminates were produced by 

a compression molding using film stacking method. The composites laminates were pre-

pared in which two layers of fibers were placed alternately between three layers of PBAT 

films in parallel arrays shown in Fig. 40. The composites were subjected to compressed 

consolidation at the specified temperature of 150 °C with constant pressure of 1500 psi 

for 5 min followed by cooling under pressure. When the mold temperature reached 60 

°C, the composites samples were removed and cut to desired shapes for mechanical 

properties testing. The density of the composite laminates is shown in Table 5. 
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Figure 39: Used of different woven flax fibers; (a) non-woven flax, (b) 2x2 twill woven 

flax, and (c) 4x4 plain woven flax. 

 

Table 7: Density of composite laminates. 

 

Composites Density (g/cm3) 

PBAT/non-woven flax  1.29 

PBAT/2x2 twill woven flax 1.31 

PBAT/4x4 plain woven flax 1.32 

 

  



  62 
   

Figure 40: Schematic representation of fabrication procedure of the laminated biocom-

posite. 

 

Characterization and testing 

Morphology detection 

The fracture surface was subjected to scanning electron microscopy (SEM) inspection 

in a JSM 5400 device of Jeol (Tokyo, Japan). The surface was gold coated prior to SEM 

inspection performed at low acceleration voltage.  

 

Tensile response 

Tensile test was performed on dumbbell-shaped specimens (DIN-ISO-527) on a Zwick 

1474 (Ulm, Germany) universal testing machine. Tests were run at room temperature at 

v=2 mm/min crosshead speed and the related stress-strain curves were registered. 

 

Impact response 

The impact resistance was determined on notched Charpy test specimens according to 

EN ISO 179-1 and using a universal testing machine with a single swing of a pendulum 

energy of 25 J. Five specimens were tested and at least three replicate specimens were 

presented as an average of tested specimens. The Charpy impact strength of notched 

specimens, , was calculated with the following equation: 

 

        (23) 

 

where;  is the corrected energy absorbed by the specimen in joules,  is the thickness 

of the test specimen in millimeters,  is the remaining width at the notch base of the test 

specimen in millimeters. 
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Flexural response 

A three-point flexural test was carried out according to ASTM D790. Flexural samples 

were performed on universal testing machine QC-506M1 (Cometech, Taiwan) at a cross-

head speed of 4 mm/min and span length of 74 mm. At least five specimens were tested 

and the averaged value was analyzed. 

 

Water absorption 

Water absorption of the composites was investigated over a period of 30 days. The com-

posites were cut into specimens (20x20 mm2) and then, they were immersed in water in 

a bath at room temperature. Weight gains were recorded by periodic removal of the 

specimens from the water bath and weighing on a balance. The percentage gain at any 

time t (Mt) as a result of moisture absorption was calculated from the following equation: 

 

       (24) 

 

where Wd and Ww denote the weight of dry material (initial weight of materials) and weight 

of materials after exposure to water absorption, respectively. 

 

Result and discussion 

Tensile properties 

Figures 41a and b show the tensile strength and modulus of PBAT/2x2 twill, 4x4 plain 

woven flax, and PBAT/non-woven flax composites compared to pure PBAT. It can be 

observed that textile composites of 2x2 twill and 4x4 plain woven fibers provided a better 

tensile strength than that of pure PBAT. This is due to the reinforced character of woven-

flax structure and a higher densification of fibers. However, the PBAT/non-woven flax 

composite has the lowest tensile strength of 6.16 MPa compared to 17.91 MPa of pure 

PBAT. This can be observed that the matrix is impermeable into the structure of non-

woven flax fiber contributing to poor adhesion between the matrix and fiber. Note that 

Fig. 42 (a) demonstrates the impermeability of PBAT into the non-woven flax structure.  
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a) 

b) 

 

 

 

Figure 41: Tensile properties of biocomposites laminates: (a) Tensile strength and (b) 

Tensile modulus. 
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The tensile modulus value of the textile biocomposites compared to pure PBAT can be 

also seen in figure 41b. All the textile biocomposite showed a great increase in tensile 

stiffness compared to pure PBAT. This suggested that the low stiffness character of 

PBAT is improved by adding the relatively high stiffness character of the flax fibers. Sim-

ilar result was observed by John et al. for flax fiber/biopolymer composites [60]. The 

stiffness of the composite increases due to the addition of fibers allows effective stress 

transfer at the interface, which consequently increases the modulus. In contrary, figure 

42 (b) and (c) shows the agglomeration of the PBAT/2x2 twill and 4x4 plain flax structure 

contributing to good adhesion between matrix and fiber. It is mainly attributable to the 

reinforcing effect imparted by the combination of the flax/entangled molecular chains of 

PBAT, which allows for a greater degree of stress transfer from the PBAT matrix to the 

flax fiber. This is the results of better tensile strength and modulus of 2x2 twill and 4x4 

plain flax /PBAT composites than that of non-woven flax /PBAT composite. From Figures 

41a and b, it can be observed that the tensile properties of PBAT/all flax composites was 

affected by the incorporation of APS. For 3% of APS treated-fiber composites showed a 

reactive coupling effect that resulted in higher tensile strength and modulus compared to 

the untreated ones. The enhancement of tensile strength and modulus with APS treat-

ment can be attributed to the better adhesion between fibers and matrix. 
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Figure 42: Cross section of (a) non-woven flax, (b) 2x2 twill woven flax, and (c) 4x4 

plain woven flax/PBAT biocomposite laminates. 

 

Impact response 

The results of impact strength of pure PBAT and textile/PBAT composites laminates are 

shown in figure 43. It can be found that the pure PBAT has the highest impact strength. 

This is probably due to a high toughness character of PBAT matrix. The addition of fibers 

in the PBAT matrices composites decreased the impact strength compared to pure 

PBAT. Note that the mobility of PBAT chains decreased with the addition of flax fiber. 

This can be also explained by the addition of fibers which have the brittle behavior can 

reduce the toughness of PBAT. Sdrobis et al. [61] investigated composite containing 

cellulose pulp fibers. The result recorded a decrease in impact strength of neat LDPE 

from 75.1 kJ/m2 to 52.8 KJ/m2 for LDPE/pulp fibers. However, 4x4 plain woven flax/PBAT 

composites have the highest impact strength compared to non-woven and 2x2 twill 

flax/PBAT composites. This enhancement is likely to be the higher densification of the 

fibers. The main factor to improve the impact strength of 2x2 twill and 4x4 plain woven 
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flax was sufficient flow of the molten PBAT which caused bigger diffusion at the interface 

(cf. figures 42b and c) and obtained higher impact strength compared to non-woven. 

Observed lower undulation in 4x4 plain woven structure indicated an increase in the im-

pact strength by approximately 15% compared with the laminates PBAT/2x2 twill flax. 

This is an indication that the undulation changed for an effect of the flax reinforcement 

in the corresponding composites laminates. Note that the undulation of composites lam-

inates was higher in the shear stress, and it would produce extra a stress concentration 

which decreased the impact strength of laminates. The effect of the APS addition on the 

impact strength is also reported in figure 43 for the PBAT/2x2 twill, 4x4 plain woven flax, 

and PBAT/non-woven flax composites. One can recognize that the impact strength of 

2x2 twill, 4x4 plain flax and non-woven flax biocomposites increased markedly with ad-

ditional of 3% APS treated flax composite compared to the untreated all flax composites 

laminates. Recall that an increase of impact strength for all flax composites is due to the 

improved compatibility and interfacial bonding of the phases.  

 

Figure 43: Impact resistance properties of biocomposites laminates. 
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Flexural properties 

The flexural strength and modulus of pure PBAT and PBAT/textile composites laminates 

are shown in Figures 44a-b. It can be found that adding fibers in the PBAT decreased 

the flexural strength compared to pure PBAT. This can be explained by the addition of 

fibers reduced the toughness of PBAT. Besides, [62] the brittle behavior of fibers limited 

the plasticity of the composites. Note that the same statement holds for the PBAT/flax 

laminates system studied with tensile test. The flexural modulus of pure PBAT and 

PBAT/textile biocomposite was also made a comparison. It can be observed that the 

textile biocomposites greatly enhanced the flexural modulus, particularly in the 

PBAT/2x2 twill and PBAT/4x4 plain flax/PBAT composites compared to pure PBAT. The 

addition of 2x2 twill and 4x4 plain woven flax fibers in PBAT biocomposite provided a 

significantly better improvement in flexural modulus than did non-woven flax fibers. This 

means that the weave structures and densification of fibers gives positive effect to the 

flexural modulus of the PBAT based composites. Due to the effect of fiber undulation in 

ref. [52] observed clear differences in strength and stiffness of the laminates. For 3% 

APS treated flax of whole composites, it was found to increase the flexural strength and 

modulus compared to the untreated ones. This is attributed to the better adhesion be-

tween matrix and fiber. On the other hand, the APS treated flax composites is still lower 

strength than that of pure PBAT, while flexural strength decrease, showing a stiffening 

effect.  

 

a) 
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b) 

 

Figure 44: Flexural Properties of biocomposites laminates: (a) Flexural strength and (b) 

Flexural modulus. 

 

Water absorption 

Figure 45 shows the water absorption of pure PBAT and PBAT/textile composites lami-

nates as a function of time. It is obvious that adding flax fiber into PBAT increased water 

absorption. The rapid water absorption was observed for all woven flax laminates within 

a few hours of immersion. The high water absorption occurred in PBAT/woven flax lam-

inates. This is attributed to the hydrophilic character of flax fibers. Recently reported by 

Wu [63] also indicated that the water uptake of PBAT/Peanut husk fibers increased with 

increasing the PH content. The highest water uptake was found in the PBAT/non-woven 

flax laminates. This could explained that the non-woven flax fibers weakly adheres to the 

hydrophobic PBAT. The neat PBAT exhibited the highest resistance to water absorption 

because the hydrophobic nature of PBAT, which demonstrated weak interaction with 

water. One could also recognize that low resistance to water uptake was due to poor 

adhesion between the matrix and fiber. This suggestion is in accord with demonstrated 

on examples of the flax/furan bio-composites in ref. [64] which had negative influence in 

the water absorption. The reduction of water uptake is due to the improved interfacial 

bonding of the phases. Poor adhesion between fiber and matrix also causes cracks and 

voids between them. This causes easy penetration and storage of water through the 

voids. After the treatment of flax fiber with 3% APS, it obviously reduced the water ab-

sorption of the composites. It is considered to be due to the APS coupling agents form 
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hydrogen or covalent bonds with some of free hydroxyl group of cellulose, which reduce 

the water absorption capacity of cellulose. Another reason for the decrease in water ab-

sorption capacity of composites would be the enhancement of adhesion between fiber 

and matrix resulting in a decrease in voids between fiber and polymer matrix. 

 

 

Figure 45: Water absorption of pure PBAT and PBAT/woven flax laminates biocompo-

sites. 

 

Morphology 

SEM micrographs of the fracture surface of the untreated and treated flax composites 

are shown in figures 46a-f. SEM micrographs of figures 46(a), (c) and (e) indicates that 

there are voids between fiber and matrix which is an evidence of poor adhesion. Poor 

adhesion seems to facilitate debonding of the fiber. This was also confirmed by the mode 

of fracture in the untreated composites. SEM micrographs of the 3% APS treated flax 

composite clearly indicated that the treatment facilitates better adhesion between fiber 

and matrix than that of untreated one. This is evident that the treatment of flax fiber with 

APS improves the interfacial adhesion attributing to better strength and stiffness. Note 

that for selected spots of specimen, an elemental analysis was performed. EDS revealed 

the major constituents of silane (Si), as indicated in figure 46b. This finding confirms that 

the APS emerged from the flax fiber. 
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a) b) 

  

c) d) 

  

e) f) 

  

Figure 46: SEM micrographs of the fracture surface of PBAT-flax fiber composites:  

(a) Untreated and (b) 3% APS treated non-woven flax; (c) Untreated and (d) 3% APS 

treated 2x2 twill weave flax; (e) Untreated and (f) 3% APS treated 4x4 plain weave flax. 
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Conclusion  

This work investigated the effects of 3-Aminopropyltriethoxysilane (APS) coupling agent 

on the mechanical properties and water absorption of the composites laminates made of 

PBAT and woven flax fibers. The textile composites exhibit promising mechanical prop-

erties, especially in the tensile strength and modulus, and flexural modulus. The PBAT 

biocomposites reinforced with two types of woven flax fibers and the higher fiber densi-

fication can improve the tensile and flexural modulus of the laminates. Incorporation of 

all flax decreased the water resistance of the PBAT based composites. However, in-

crease in mechanical properties and water resistance had a strong impact on the APS 

which improved an interface of the reinforcement and PBAT matrix. This was demon-

strated by SEM investigation. The PBAT/woven flax fiber biocomposites laminates have 

potential to become an ecologically beneficial alternative to glass fibers reinforced com-

posite with petrochemical polymer matrices in the future. Possible fields of application 

could be the automotive parts, food packaging and agricultural applications. But a devel-

opment of modeling of the structure-property relationships in this biocomposite is a fur-

ther task to be solved.  
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4  Hybrid composites 

4.1  Polyethylene/nanoparticle, natural and animal composites 

 

State of the Art  

The use of polymer composites has increased substantially used in engineering applica-

tions due to the outstanding properties compared to pure polymers. Polyethylene (PE) 

is one of the most widely used polyolefin polymers. High density polyethylene (HDPE) 

was used as the matrix for nano and natural composite materials, has attracted increas-

ing interest recently due to its excellent chemical resistance, high impact strength, good 

thermal and mechanical properties [65-67]. The utilizing of the good thermal and me-

chanical properties of boehmite alumina (BA) nanoparticles in the HDPE composites has 

been studied [68-69]. BA incorporation increased in thermal stability and stiffness of 

HDPE and enhanced the elongation at a break obviously at the same time, while impact 

resistance of the HDPE/BA systems was reduced with increasing BA content. To achieve 

a fine nano-scale dispersion of the fillers is a great challenge. Beside of traditional nano-

composite techniques, for thermoplastics the water-mediated dispersion of suitable nan-

ofillers has been recommended [70]. It was early noticed that this preparation technique 

of the nanocomposites has a strong impact on the remarkable property improvements 

[32].  

A variety of natural fibers such as rice husk [71], jute [28], flax [72] and banana [73] fibers 

have been tested for use in HDPE/fiber composites. Natural fiber is straightforward not 

only from the viewpoint of the offer significant cost advantages and benefits associated 

with processing compared to synthetic fibers but also in respect to the reduction of the 

dependency on foreign and domestic petroleum oil. Several research papers deal with 

the optimization of natural fiber-reinforced HDPE composites. Some investigations look 

for ways to improve the interactions between polymer matrix and natural fibers. The use 

of HDPE based maleated coupling agents was helpful to increase the strength properties 

of HDPE-wood-flour composites, due to the increased interaction between the wood flour 

and HDPE matrix [74]. Choudhury [75] demonstrated that the tensile and flexural prop-

erties of ionomer-treated sisal/HDPE composites were strongly improved compared to 

neat HDPE. Mulinari et al. [24] studied the effect of modification of sugarcane bagasse 

cellulose with zirconium oxychloride/HDPE composites. The modified bagasse reduced 

the composites elongation. The increase in stiffness is associated to fibers reinforcement 

at the cost of the tensile strength and ductility. This reduction is associated to defects 

generated in the material after cellulose fibers insertion. The plant- and animal-based 

fibres were attracted much attention to the engineering, and bioengineering industries 
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such automotive and medical applications and undergone comprehensive researches 

for new composites. The goal of this study was to explore the potential of the water-

mediated technique using nanospraying to disperse suitable fillers on nanoscale and 

investigate the potential of flax, sponge gourd (SG), palm and pig hair (PH) fibers pro-

duced reinforced HDPE composites. A further aim of this work was to demonstrate the 

feasibility of the production of HDPE/flax mat/BA composites. Accordingly, binary and 

ternary composites composed of high-density polyethylene (HDPE), boehmite alumina 

(BA) and different kinds of natural-, animal fibers were produced by hot press technique 

and the structure–property relationships of the resulting compounds were evaluated. 

 

Materials and preparation of composites 

Non-woven flax fibers (flax mat; 220 gm-2) were supplied by Dittrich Vliesstoffe GmbH 

(Ramstein-Miesenbach, Germany). The flax fibers in the non-woven textile are randomly 

orientated. The nonwoven textile is made of individual fibers. Pig hair (PH) and oil palm 

empty fruit bunch fiber are the by products obtained from 2 food processing plants in 

Thailand, Batagro Safety Meat Packing Co., Ltd. and Asian Palm Oil Co., Ltd. Sponge 

gourd (SG) fibers are commercially available in Thailand. The natural and animal fibers 

were used as reinforcing fillers. The water dispersible boehmite alumina (BA; AlO(OH); 

Dispal®11N7-80 of Sasol GmbH, Hamburg, Germany) served as filler for all composite 

systems. The nominal particle size of alumina in water was 220 nm though that of the 

alumina powder as delivered was 40 µm. Alumina has Al2O3 content of 80 wt.% and 

specific surface area is 100 m2/g. High-density polyethylene sheet (HDPE) (Finck&Co, 

Krefeld, Germany) was used as polymeric matrix for all composite systems. Its density 

was 0.95 g/cm3. 

 

The HDPE binary and ternary composites were prepared by nano-spraying and/or hot 

press methods, respectively. First, the HDPE/flax mat/BA ternary composites were pro-

duced by a hot press using nano-spraying technique. The BA particles were dispersed 

in water at ambient temperature under continuous mechanical stirring for 30 minutes to 

obtain aqueous BA slurry. The BA slurry was sprayed into the non-woven flax fibers by 

a hand spraying-up and dried for 48 h at room temperature (RT) and then for 24 h at 80 

°C in oven. The flax mat contents in the binary composites were set for 20 and 40 wt.%. 

The flax mat and alumina/or pork, SG, palm contents in the ternary composites were set 

for 20 and 10 wt.%, respectively. The composites produced are listed in Table 8. The 

HDPE containing flax mat or, pork/bob and palm followed by hand laying-up a layer of 

natural –or animal fibers and then by a layer of HDPE sheet.The binary and ternary 

composites based on HDPE, after the BA particles spraying on the flax mat and dried, 
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were compression molded into 1-mm thick sheets at T = 190 °C using the hot press 

(P/O/Weber, Maschinen und Apparatebau, Remshalden, Germany).  

 

Table 8: Recipe and designation of the HDPE-based systems. 

 

Sample Designa-

tion 

Flax mat 

(wt.-%) 

Boehmite alu-

mina (BA) 

(wt.-%) 

Pig hair 

(PH) 

(wt.-%) 

Palm 

(wt.-%) 

Sponge-

gourd (SG) 

(wt.-%) 

HDPE - - - - - 

HDPE/flax mat(l) 20 - - - - 

HDPE/flax mat(h) 40 - - - - 

HDPE/flax 

mat/BA 

20 10 - - - 

HDPE/flax 

mat/PH 

20 - 10 - - 

HDPE/flax 

mat/Palm 

20 - - 10 - 

HDPE/flax 

mat/SG 

20 - - - 10 

 

Characterization and testing 

Morphology detection 

The fracture surface was subjected to scanning electron microscopy (SEM) inspection 

in a JSM 5400 device of Jeol (Tokyo, Japan). The surface was gold coated prior to SEM 

inspection performed at low acceleration voltage.  

 

Thermal and thermomechanical response 

Thermogravimetric analysis (TGA) was performed on a DTG-60 SHIMADAZU device 

(Kyoto, Japan). TGA experiments were conducted in the temperature range from 30 to 

500 °C under nitrogen at a heating rate of 10 °C/min. 

Dynamic mechanical thermal analysis (DMTA) was performed in tensile mode at fre-

quencies of 0.1, 1 10 Hz at all isothermal temperatures, using a DMA Q800 apparatus 

(TA Instruments, New Castle, NJ). The storage modulus (E’) was determined as a func-

tion of the temperature (T = -100°C . . . +130°C). The strain applied was 0.1%. The 

specimens were cooled to -100 °C. The temperature was allowed to stabilize and then 

increased by 5 °C, kept 2 min isothermal until 130 °C.  



  76 
   

Stress relaxation response 

Short-time (duration 30 min) stress relaxation tests were made in single cantilever mode 

at different temperatures, ranging from 5 to 45 °C, using above DMA apparatus. The 

strain applied was 0.5%. In the temperature range 5–45 °C isothermal tests were run on 

the same specimen by increasing its temperature stepwise by 5 °C. Prior to the stress 

relaxation measurement, the specimen was equilibrated for 3 min at each temperature 

step. The specimen dimensions were 30x10x1 mm3 (length x width x thickness). 

 

Water absorption 

Water absorption of the composites was investigated over a period of 30 days. The com-

posites were cut into specimens (20x20 mm2) and then, they were immersed in water in 

a bath at room temperature. Weight gains were recorded by periodic removal of the 

specimens from the water bath and weighing on a balance. The percentage gain at any 

time t (Mt) as a result of moisture absorption was calculated from the following equation: 

 

       (25) 

 

Instrumented Falling Dart Impact 

Instrumented falling weight impact (IFWI) test was performed on a Fractovis 6785 

(Ceast, Pianezza, Italy) using the following settings: incident impact energy, 20 J; diam-

eter of the dart, 20 mm; diameter of the support rig, 40 mm; weight of the dart, 10.357 

kg; drop velocity, 1.97 m/s. IFWI tests were performed on quadratic specimens of 60x60 

mm2 at room temperature. 

 

Result and discussion 

Morphology 

The SEM pictures in figures 47a-e present the morphological characteristics of the 

HDPE-based systems studied. It can be seen in figures 47a-b, that the BA particles were 

homogeneously dispersed in the HDPE/flax mat composite. The individual flax fiber had 

diameter in the range of 30-60 µm and displayed clear fiber lumina. However, the lumina 

were not filled with HDPE matrix. Considering the present image of figure (47c), it can 

be concluded that due to the very smooth surface was present a poor adhesion between 

the HDPE matrix and pig hair. The latter was present in the form of large fibers and broad 

fibers size distribution. Furthermore, one may conclude in figures 47d-47e that fiber sur-

faces of palm and SG were rough. This seems to be better stacked with the related 
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HDPE composites which may indicate an enhanced adhesion of HDPE/flax mat/palm 

and HDPE/flax mat/SG ternary composites. It was the first hint for an upgrade property 

in the corresponding composites. 

 

a) b) 

  

c) d) 

  

e)  

 

 

 

Figure 47: SEM picture from the fracture surfaces of HDPE/flax mat (a), HDPE/flax 

mat/BA (b), HDPE/flax mat/PH (c), HDPE/flax mat/Palm (d) and HDPE/flax mat/SG (e), 

composites. 
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Thermogravimetric analysis 

The effects of BA particles and natural-, animal fibers on the thermal stability of HDPE 

systems are displayed in figure 48. One can be recognized that thermal degradation of 

HDPE was a one-step procedure representing depolymerization. The binary and ternary 

composite systems exhibited two-step-like transitions. Due to the dehydration from cel-

lulose unit and thermal cleavage of glycosidic, the decomposition temperature of 

HDPE/fibers composites was comparatively lower than that of the HDPE as reported for 

jute/HDPE composites [9]. One can recognize that the thermal stability decreased re-

markably with increasing of flax mat content in the HDPE at whole temperature range. 

For the composites contain 20 wt.% flax mat, the weight loss as reaching 370 °C, was 

enhanced by approx. 15 % compared to the HDPE/flax mat 40 wt.%. The incorporation 

of BA particles strongly improved the thermal degradation of the HDPE/flax mat compo-

site. It has also to be mentioned that BA for improving the thermooxidative stability has 

been reported for PEs and POM [68, 76]. The HDPE/flax mat/BA composite started to 

degrade at higher temperature compared to the HDPE/flax mat composite. Note that the 

resistance to thermal degradation of the HDPE/flax mat/PH composite was slightly higher 

than those of composites containing palm and SG. One possible explanation is that the 

high moisture content of natural fibers also caused a great problem for thermal proper-

ties. The change in the TGA values shows the moisture difference between pig hair- and 

natural composites. This finding is in agreement with reported by Cheung et al. that com-

posite with animal fibre provided also better thermal properties [77]. 

 

Figure 48: Weight loss versus temperature for the HDPE systems studied. 
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Dynamic mechanical response 

Figures 49a and b depict the storage modulus (E’) and loss factor (tan δ) as functions of 

the temperature for the binary and ternary composites systems containing different 

amounts of flax mat. It can be observed in figure 49a that the all composites exhibited 

markedly higher stiffness than the neat HDPE. This can well be explained by the rein-

forcing effect of the natural fibers leading to increased stiffness. The storage modulus 

increased remarkably with increasing the flax mat content. For the binary composites 

contain 40 wt.% flax mat, the E’ is improved by approx. 25 % compared to the HDPE/flax 

mat 20 wt.%. The incorporation of BA into HDPE/flax mat resulted in a pronounced stiff-

ness enhancement at the whole temperature range. Poorly adhesion of large PH fibers 

in the HDPE/flax mat matrix act as stress concentrations (cf. figure 47c) and cause prem-

ature interfacial debonding which accompanied by low storage modulus. It is also well 

resolved that the stiffness of those composites containing palm and SG was always in-

ferior to that of HDPE/flax mat composite. This can be explained by the consideration of 

the surface roughness of the natural fibers in the related composites, as discussed ear-

lier. Concerning, previous studies on the relaxation processes in pure HDPE describe 

three transitions, namely α-, β- and γ -relaxations from higher to lower temperature [78-

79]. The relaxation transition (γ) located at -110 °C was assigned to the glass transition 

temperature. The β transition of HDPE was invisibly because its absence the chain 

branches. The latter peak in HDPE (α -relaxation at approx. 80 °C) was usually attributed 

the chain segment mobility in the crystalline phases and reoriented defect in crystalline 

phases. One can notice that the γ relaxation peak of HDPE also exhibited a shift to high 

temperature regions with the incorporation of BA particles. The shift of this peak toward 

higher temperatures due to alumina indicates for the reinforcing effect. On the other 

hand, the effect of natural and animal fibers on the relaxation transitions was marginal. 
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a) 

Figure 49: E’ (a) and tan δ (b) vs. T traces for the HDPE systems studied. 

  

 

b) 
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Stress relaxation response 

Theoretical background 

Stress relaxation phenomenological models, which provide another route to study the 

time dependence and gain understanding on viscoelastic behavior of reinforcing compo-

site materials. For stress relaxation under applied constant strain (0) the material re-

sponse is given by: 

 

    
0

 t
tE r           (26) 

 

where Er(t) is the stress relaxation modulus, and (t) is stress, both as a function of time 

(t). 

 

In the nonlinear range the dependence upon the level of the applied deformation can be 

expressed by multiplying the linear parameters by so-called nonlinearity factors, which 

are deformation-, time- and temperature-dependent. The nonlinear stress relaxation 

modulus is given by: 

 

       
0
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TttE r        (27) 

 

Generally, the basis of the conversion method from the modulus to the creep compliance 

can be determined by using a linear viscoelastic material principle [33]. Relaxation mod-

ulus is defined as the inverse quantity of creep compliance (D) by the following equation: 

 

D
E r

1


        (28) 

 

Accordingly, the stress relaxation and creep behaviors of material are predicted by em-

pirical model, such the Findley power law can well describe the creep compliance vs. 

time traces. Therefore, in order to obtain a deeper insight into the effect of the natural 

fiber and nanoreinforced HDPE systems on the temperature and the long-term stress 

relaxation behavior, the applicability of the inverse of the Findley equation has been in-

vestigated following the correspondence relationship.  
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Accordingly, for the time dependency of the relaxation modulus, the inverse of the Find-

ley power law equation is given by [80]: 

 

  1

10 *


 n
rFrFrF tEEE       (29) 

 

where the subscript F indicates that the parameters are linked with the Findley power 

law, n is a constant independent of strain, ErF0 is the time-independent relaxation modu-

lus and ErF1 is coefficient of the time-dependent term. 

Figures 50a-b displays the stress relaxation modulus (Er) as a function of time for the 

binary and ternary composites systems containing different amounts of flax mat at tem-

perature of 5 °C and 45 °C, respectively. The solid lines appearing in each curve repre-

sents the calculated data using the inverse of the Findley power law model. It is clear 

from figure 50 that the relaxation modulus decreased with increasing temperature. The 

Er values of the all composites systems were higher compared to the HDPE. For the 

relaxation modulus of HDPE/flax mat/BA ternary composite after the relaxation time of 

1800 s was increased by 25% and 40% at T = 5 and 45 °C, respectively, compared to 

the HDPE/flax mat binary composite. This relaxation modulus increased greatly with in-

corporation of BA particles due to the development of a restricted molecular mobility. 

This phenomenon, observed also in DMA test and reported in PS [81], is associated with 

a pronounced increase in the stiffness. One can also recognize that the HDPE/flax mat/ 

SG composite exhibited higher relaxation modulus value than the composites containing 

PH and palm. The DMA corroborated this fact by indicating that the storage modulus of 

roughness surface SG was shifted towards higher values (cf. figure 49a). However, the 

difference in the relaxation modulus between natural and animal fibers diminishes with 

increasing temperature. Figure 51 demonstrates the effect of increased temperature on 

the relaxation modulus response of HDPE/flax mat composite. One can recognize that 

the shape of relaxation curves of the composites was similar at all test temperature. The 

time-independent relaxation modulus (ErF0) increased remarkably with increasing tem-

perature. 
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a) 

 

 

Figure 50: Characteristic relaxation modulus -time curves registered for the HDPE sys-

tems studied at testing temperature of 5 °C (a) and 45 °C (b). 

 

b) 
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Figure 51: Characteristic relaxation modulus -time curves registered on HDPE/flax mat 

composite at different testing temperatures. 

 

Master curves of the relaxation modulus produced by superimposing the relaxation mod-

ulus versus time traces using the time-temperature superposition (TTS) principle. A ref-

erence temperature (Tref = 25 °C) was used for this superposition (shifting) process. The 

related shift factor (aT) used for the generation of relaxation modulus master curve is aT 

= Er(T)/(Er(Tref). Master curves of the relaxation modulus against time created and simu-

lated fits according to the inverse of the Findley power law at a reference temperature of 

25 °C are shown in figure 52 for the HDPE, HDPE/flax mat and HDPE/flax mat/BA com-

posite. The shift factors are linked with TTS via the Arrhenius function. From the shift 

factors for the relaxation modulus of the HDPE, the activation energy of 200 kJ/mole can 

be calculated. The activation energy of the HDPE/flax mat and HDPE/flax mat/BA binary-

, and ternary composites was calculated as 157 and 153 kJ/mole, respectively. One can 

notice that the relaxation modulus increased with decreasing activation energy and ad-

dition of flax and BA reinforcements. On other hand that the related curves show a good 

fit between the experimental and the simulated results according to the Findley power 

law. This power law fits very well to the relaxation modulus data for all systems up to 

approx. 1333 min.  
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Figure 52: Relaxation modulus master curves constructed by considering the TTS and 

selecting Tref= 25 °C and their fitting by the Findley power law equation (inverse). 

 

Water absorption 

Figure 53 depicts the water uptake as a function of time for the binary and ternary com-

posites systems containing different amounts of flax mat. Due to the light interaction with 

water of HDPE was present a low diffusion of water about 0.93 % of the water uptake 

after subjected to water absorption for 30 days. A rapid water uptake was observed for 

all binary and ternary composites within the first 7 days of immersion. The water absorp-

tion of composite systems was reached quasi-equilibrium state after 18 days. One can 

also recognize that the penetration of water increased markedly with increasing flax mat 

content in HDPE matrix. Note that the incorporation of BA particles in the HDPE/flax mat 

composite could reduce the water uptake. The HDPE/flax mat/BA composite, recorded 

water absorption value at 4.87 % upon 30 days. This is in accordance with recent reports 

claiming that the water absorption was reduced by adding nanofillers. For polyester and 

polyesterimide with SiO2, TiO2 and ZnO composites when compared to standard com-

pounds, showed better water resistance [82]. On the other hand, the water sorption be-

havior was slightly considered to depend on the types of reinforcing fibers. The water 

uptake of HDPE/flax mat/PH composite was reduced by approx. 33 and 14 % as reach-

ing 30 days compared to the composites containing SG and palm, respectively. Fick’s 

law was adopted to calculate the diffusion coefficient (D) of water absorption values. It is 



  86 
   

well resolved that there is a fair agreement between the water uptake and those calcu-

lated by the Fick’s law. By comparing the diffusion coefficient (cf. Figure 53), one may 

conclude that the D of HDPE/flax mat composite decreased with incorporation of BA. 

This result suggests that D may be sensitive to the nanparticles barrier effect. It has also 

been observed that these nanofillers reacted with water lead to decrease the rate of 

diffusion [83-84]. Additional of SG and palm fibers into the HDPE/flax mat yielded also 

an increase in diffusion coefficient of water absorption. 

Figure 53: Water uptake on the binary and ternary composites systems containing dif-

ferent amounts of flax mat. Fick’s law was used to calculate the diffusion coefficient of 

water absorption (D) after 30 days immersed in water, i.e.: D= (kb/40)^2. 

 

Falling dart impact response 

The reinforcing effects of the BA particles and natural-, animal fibers on the force versus 

time curves are demonstrated on the HDPE systems in figure 54. Observation of impact 

energy indicates that the natural- and animal fibers enhanced the stiffness and reduced 

the toughness of the related composites at the same time. With addition of the BA in 

HDPE/flax mat composite was accompanied with a shift of the force peak toward higher 

force and longer time. This is due to the nanoparticle character of the reinforcing effects. 

Note that the BA reinforcing the matrix in HDPE/flax mat system leads to increased stiff-

ness and accompanied with reduced ductility. This is in qualitative agreement in accord-

ance with the DMA results (cf. figure 49a) and the reduction of impact toughness of 

HDPE by BA particles was also discussed in Ref. [69].The presence of SG fibers was 
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associated with a reduction in the maximum force peak compared to the PH and palm 

reinforcements. Accordingly, the observed impact resistance is likely less due to the BA 

particles themselves, but more due to their amount of flax fibers. 

Figure 54: Characteristic force-time curves for the HDPE systems studied. 

 

Conclusion 

This work devoted to study the morphology, thermal, mechanical, stress relaxation, wa-

ter absorption and falling weight impact properties of a high-density polyethylene (HDPE) 

and its pig hair (PH), palm, sponge gourd (SG) fibers and boehmite alumina (BA) rein-

forced binary and ternary composites. The BA was introduced in the HDPE/flax mat in 

10 wt.% via spraying method. Based on this work the following conclusions can be 

drawn: 

 

 Nanospraying technique resulted in homogeneously BA dispersed in the 

HDPE/flax mat composite. The flax mat, palm and SG fibers seem to be better 

stacked with the related composites compared to the PH. 

 Incorporation of BA particles improved the thermal degradation and water uptake 

of the HDPE/flax mat composite.  

 The storage modulus of the all composites was higher than the neat HDPE at the 

cost of the ductility (impact toughness). The stiffness increased with increasing 

the flax mat content. Poorly, adhesion of PH fibers in the HDPE/flax mat matrix 

accompanied by low stiffness.  

 The stress relaxation values of the all composites systems were higher compared 

to the HDPE. This relaxation modulus increased greatly with incorporation of BA 
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particles due to the development of a restricted the molecular mobility. With ad-

dition SG exhibited higher relaxation modulus value than the composites contain-

ing PH and palm. Based on isothermal short-term stress relaxation experiments 

master curves in form of stress relaxation modulus vs. time were constructed by 

time-temperature superposition (TTS) principle. The related master curves could 

be well described by the inverse of the Findley power law.  

 

4.2  Polyethylene/Flax/SiO2 Composites 

 

State of the Art  

Nowadays, the R&D on polymer composites has particularly focus on natural fibers re-

inforcements. It is known that natural fibers display a low density, and yielding relatively 

lightweight with high specific properties. Natural fiber is becoming more and more im-

portant because of a cost advantages and benefits associated with processing compared 

to synthetic fibers. The use of the natural fiber is considered more practical and econom-

ical with great application potential than others tradition micro-scale reinforced polymer 

composites. The special attention focused on natural composites is due to their excellent 

physical and mechanical properties [85-88]. High density polyethylene (HDPE) is one of 

the most widely used plastic materials. The highly crystalline nature of HDPE is respon-

sible for its higher density and stiffness, as well as its low permeability and high chemical 

resistance. HDPE was already used as the matrix for natural composite materials, with 

a range of interesting properties. The natural composites show potential to be used in a 

variety of structural and technological applications. Many works indicated that with add-

ing the natural fibers, such as jute, flax and sisal fibers [28, 72, 75] into HDPE matrix 

exhibited an effective approach to improving the impact strengths, tensile and flexural of 

HDPE. The tensile and flexural properties of ionomer-treated sisal/HDPE composites 

were strongly improved compared to neat HDPE [75]. Liu et al. [73] investigated the 

mechanical properties of banana fiber filled composites based on HDPE/PA-6 blends. 

They found that the modulus and flexural strength increased with the increase in banana 

fiber loading up to 48.2 wt.%, while impact toughness was lowered gradually. For the 

nanoclay/wood/HDPE combinations were used to obtain a ternary composite [67]. It was 

found that the flexural properties of HDPE/wood composites could be significantly im-

proved with a combination of the coupling agent content and nanoclay. The reinforce-

ment of recycled HDPE with bagasse and pine fibers has been done by Lei et al. [89]. 

The mechanical properties of the fiber reinforced recycled HDPE compared well with 

those of virgin HDPE/fiber composites and the coupling agents had slightly influence on 
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the thermal degradation but enhanced the modulus and impact strength of the related 

composites.  

Generally, incorporation of silicon dioxide (SiO2) particles in polymers resulted in excel-

lent mechanical, thermal, and other properties. Note that SiO2 particles have been al-

ready checked as possible reinforcements in polymer matrices. Rosso et al. [90] em-

ployed the dispersed silica in the epoxy resin for tensile and fracture tests, indicated that 

the addition of 5 vol.% silica nanoparticles could improve the stiffness and facture en-

ergy. Tsai et al. demonstrated that the compressive strengths of the glass/epoxy com-

posites can be improved with the silica contents [91]. The enhancement in compressive 

strength could be attributed to the enhanced interfacial bonding modified by the dis-

persed silica nanoparticles. However, only few investigations have been carried out the 

influence of composite structures and importance of SiO2 particles on the properties of 

flax fiber composites based on HDPE. The goal of this study was to demonstrate the 

feasibility of the production of HDPE/flax/SiO2 composites with various flax structures 

using the nanospraying technique and compare the structures impact, thermal and me-

chanical properties of the different flax reinforced HDPE composites. One of the criteria 

for selecting this nano-spraying technique was that many nanoparticles are available in 

solvent form and this technique is very simple and more economical compared to con-

ventional nanostructuring technologies such as in situ polymerization. 

 

Materials and preparation of composites 

The solubility of silicon dioxide (SiO2) with 40 wt.% SiO2 concentration (Nanopol XP of 

Nanoresins AG, Geesthacht, Germany) served as filler. Figures 55a-b shows the SEM 

images of the SiO2 particles and HDPE/flax2x2 composite, respectively. It can be seen in 

figure 55a that the SiO2 nanoparticles were spherically shape with diameter of approx. 

20 nm . Two types of the woven flax fiber textiles (weave style of 2x2 twill and 4x4 hop-

sack) were used as reinforcement which had a yarn size of 250 tex. Biotex Flax was 

supplied by Composites Evolution (Chesterfield, UK). The density was 1.24 g/cm3 (ac-

cording to suppliers’ information). Characteristic SEM picture taken from the 

HDPE/flax2x2 composite in figure 55b shows the flax fiber had diameter in the range of 

15-25 µm and displayed fiber lumina in the cross section. High-density polyethylene 

sheet (HDPE) (Finck&Co, Krefeld, Germany) was used as polymeric matrix for all com-

posite systems. Its density was 0.95 g/cm3. 
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a) 

 

b) 

 

c) 

 

 

 

 

 

 

 

Figure 55: SEM picture of silicon dioxide particles (a), from the fracture surfaces of 

HDPE/flax2x2 (b) and HDPE/flax4x4/SiO2 (c), composites. 

 

The HDPE binary and ternary composites were prepared by nano-spraying and/or hot 

press methods, respectively. First, the HDPE/flax4x4 hopsack /SiO2 ternary composites 

were produced by a hot press using nano-spraying technique. For the SiO2 spray tech-

nique, the woven flax fiber was positioned on a dish and the SiO2 slurries were sprayed 

by a hand onto the both surface of the woven flax fiber. The distance between the sample 

and the nozzle was approx. 10 cm. The amount of SiO2 was set for 8 wt.% by weight 

control. After the nano-spray system, the samples were dried for 48 h at room tempera-

ture (RT) and then for 24 h at 80 °C in oven. The HDPE binary and ternary composites 

placed by hand laying-up a layer of woven flax fibers and then by a layer of HDPE sheet. 

The HDPE /woven flax fibers composites with and without used nano-spraying were pro-

duced into 1-mm thick sheets by hot pressing in a laboratory press (P/O/Weber, Maschi-

nen und Apparatebau, Remshalden, Germany) at a temperature of 190 °C with a fixed 

holding time of 8 min. under a pressure of 10 MPa. The composites produced are listed 

in Table 9. 
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Table 9: Recipe and designation of the HDPE-based systems. 

 

Sample Designation  Flax2x2 twill  

 (wt.%) 

Flax4x4 hopsack 

 (wt.%) 

 Silicon dioxide (SiO2) 

(wt.%) 

HDPE - - - 

HDPE/flax2x2 twill (l) 35 - - 

HDPE/flax2x2 twill (h) 60 - - 

HDPE/flax4x4 hopsack (l) - 35 - 

HDPE/flax4x4 hopsack (h) - 60 - 

HDPE/flax4x4 hop-

sack/SiO2 

- 35 8 

 

Characterization and testing 

Morphology detection 

The fracture surface was subjected to scanning electron microscopy (SEM) inspection 

in a JSM 5400 device of Jeol (Tokyo, Japan). The surface was gold coated prior to SEM 

inspection performed at low acceleration voltage.  

 

Instrumented Falling Dart Impact 

Instrumented falling weight impact (IFWI) test was performed on a Fractovis 6785 

(Ceast, Pianezza, Italy) using the following settings: incident impact energy, 20 J; diam-

eter of the dart, 20 mm; diameter of the support rig, 40 mm; weight of the dart, 10.357 

kg; drop velocity, 1.97 m/s. IFWI tests were performed on quadratic specimens of 60x60 

mm2 at room temperature. 

 

Thermal and thermomechanical response 

Thermogravimetric analysis (TGA) was performed on a DTG-60 SHIMADAZU device 

(Kyoto, Japan). TGA experiments were conducted in the temperature range from 30 to 

500 °C under nitrogen at a heating rate of 10 °C/min. 

Dynamic mechanical thermal analysis (DMTA) was performed in tensile mode at fre-

quencies of 0.1, 1 10 Hz at all isothermal temperatures, using a DMA Q800 apparatus 

(TA Instruments, New Castle, NJ). The storage modulus (E’) was determined as a func-

tion of the temperature (T = -100°C . . .+130°C). The strain applied was 0.1%. The spec-

imens were cooled to -100 °C. The temperature was allowed to stabilize and then in-

creased by 5 °C, kept 2 min isothermal until 130 °C.  
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Tensile response 

Tensile test was performed on dumbbell-shaped specimens (DIN-ISO-527) on a Zwick 

1474 (Ulm, Germany) universal testing machine. Tests were run at room temperature at 

v=2 mm/min crosshead speed and the related stress-strain curves were registered. 

 

Result and discussion 

Falling dart impact response  

Figure 56 depicts the force as functions of the time for the HDPE, HDPE/Flax binary 

composites and PLA/flax/SiO2 ternary composite. It can be seen that the peak force of 

all binary and ternary composites increased markedly compared to the HDPE. One can 

recognize that the impact resistance enhanced with increasing flax content in HDPE ma-

trix. With increase of woven flax fibers in HDPE was accompanied with a shift of the force 

peak toward higher force and longer time. For example, the peak force of HDPE contain-

ing 60 wt.% flax4x4 was improved by 95 % compared to the same composite structure 

containing 35 wt.%. The difference in the impact energy occurs between the 

HDPE/flax2x2 and HDPE/flax4x4 composites due to the fact that the impact resistance in-

creased in the flax fiber orientation but reduced in the fiber undulation of flax2x2. The 

addition of SiO2 particles into HDPE/flax matrix exhibited two-step-like fracture transi-

tions and resulted in a considerable decrease in the fracture toughness. The reinforcing 

effect of SiO2 was act a localized crack growth accompanied with reduced ductility. The 

outcome is reduced impact energy, as schematically illustrated in figure 57. Note that 

the matrix related crazing and shear yielding deformations are suppressed by the pres-

ence of SiO2 particles. The failure mechanisms, the occurrence of which depends on the 

dispersion state of the particles in respect to the loading. The SiO2 particles may act as 

induced void formation via internal cavitations debonding that supports a final fracture 

plane. A similar trend has been reported for PA-6/HNBR/ FH or BA nanoparticles 

[92].The photographs of typical failure behavior of the related composites after the falling 

dart impact tests are shown in figure 58. One can see that Incorporation of SiO2 in 

HDPE/flax4x4, the specimen was able to crack sideways during impact, allowing the dart 

to pass through the large opening of the specimen holder. With additional of composite 

structure of flax2x2 and flax4x4, the delamination became less pronounced when the spec-

imens break. 
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Figure 56: Characteristic force-time curves for the HDPE systems studied. 

 

Figure 57: Schemes of the failure mechanisms in HDPE/flax4x4/SiO2 composite. 
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Figure 58: Typical failure of the specimens of HDPE/flax2x2, HDPE/flax4x4 and 

HDPE/flax4x4/SiO2 composites after IFWI. 

 

Dynamic mechanical thermal response 

DMTA spectra in form of storage- (E’) and loss modulus (E’’) as function of temperature 

are demonstrated in figure 59. It is clear from figure 59a that the storage modulus of 

composite system studied increased with increasing the flax content at the whole tem-

perature range and exhibited markedly higher stiffness than the neat HDPE. It is inter-

esting to note that the stiffness of composites was considered to depend on the flax 

composite structures. For the HDPE/60 wt.% flax4x4 composite, the storage modulus was 

enhanced by approx. 70 % compared to the HDPE at the same amount of flax2x2 content. 

This can be well explained by reinforcing effect of composite structure of flax weave style 

4x4 leading to an increased stiffness. The incorporation of SiO2 into HDPE/flax4x4 re-

sulted in a pronounced stiffness enhancement only in the low temperature range (below 

-15 °C). The plots of loss modulus vs. temperature in figure 59b reveal the E’’ at -110 °C 

(transition) which was assigned to the glass transition temperature of HDPE. The loss 

modulus peak at approx. 60 °C ( transition) was usually attributed the chain segment 

mobility in the crystalline phases and reoriented defect in crystalline phases [78-79]. One 

can notice that the  peak of HDPE exhibited a shift to high temperature regions and no 

clear change with the incorporation of flax fiber was found in the  transition. The invisible 

 peak of HDPE/flax4x4/SiO2 composite at low temperature maybe due to SiO2 indicates 

for the reinforcing effect. Whether the related change may be traced to the corresponding 

SiO2 requires further investigations. 
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a) 

Figure 59: E’ (a) and E’’ (b) vs. T traces for the HDPE systems studied. 

 

b) 
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Creep behavior is of interest in materials science and engineering. A linear viscoelastic 

material (LVM) principle is causally linked to a basis of the conversion method from the 

modulus and can be used as an experimental probe [33]. LVM is generally assumed that 

the material does not change its structure. Therefor the applicability of the conversion 

method from the modulus to the creep compliance can be adopted. Creep compliance 

is defined as the inverse quantity of modulus by the following equation: 
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where D’ and E’ are the real, and D’’, E’’ the imaginary parts of creep compliance and 

modulus, respectively. 

 

For the following relationship between storage creep compliance and the modulus is 

given by: 

 

   2''2'

'
'

EE

E
D


        (31) 

 

Figure 60 demonstrates that the simple converted method adequately describes the tem-

perature dependence of the storage creep compliance of the HDPE systems studied. 

The general trend was that the storage creep compliance increased with increasing tem-

perature. As expected owing to this woven flax fiber reinforcement, the creep resistance 

of the all composites increased markedly compared to the HDPE. The most interesting 

result was that the D’ curves of binary and ternary composites lay parallel to one another, 

at least until a given threshold. This means that the creep response in this stable tem-

perature range was matrix dominated. The major effect of the flax reinforcement struc-

ture of flax4x4 was the reduction of the storage creep compliance. The increase of the 

creep resistance with increasing flax content was because of the development of an in-

terphase of the reduced molecular mobility. 
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Figure 60: Conversion from the modulus to storage creep compliance for the HDPE sys-

tems studied. 

 

Thermogravimetric analysis 

Figure 61 shows the traces of the weight loss as a function of temperature for the HDPE, 

flax, HDPE/Flax binary composites and PLA/flax/SiO2 ternary composite. It is clear from 

figure 61 that TGA curves were clearly two step thermal degradation of weight loss be-

tween 300 and 500 °C of binary and ternary composites. The decomposition temperature 

of all-HDPE/flax composites was comparatively lower than that of the HDPE as reported 

for jute/HDPE composites [28], due to the dehydration from cellulose unit and thermal 

cleavage of glycosidic. The second decomposition in between 450 and 500 °C was at-

tributed to aromatization, involving dehydration reactions [93]. The thermal stability de-

creased remarkably with increasing the flax content. Note that the resistance to thermal 

degradation of the HDPE/flax2x2 composite was slightly higher than that of composite 

containing flax4x4. The incorporation of SiO2 resulted in a pronounced thermal stability 

enhancement at the whole temperature range. This can well be explained by the rein-

forcing effect of the SiO2 particles leading to increased thermal resistance, due to restrict 

of SiO2 particles with partly amorphous polymer segments and stack flax fiber surface 

(cf. figure 57). This fact can be enabling act a delay heat transfer between the SiO2 and 

the PS matrix. The phenomenon, often observed in polymer nanocomposites, was as-

sociated with a pronounced increase in the thermal stability. 
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Figure 61: Weight loss versus temperature for the HDPE systems studied. 

 

Tensile response 

Results of the tensile mechanical tests are given in figure 62. One can notice that the 

tensile strength of the composites was strongly enhanced by adding woven flax fiber. 

The strength of the composites was more than 100% higher than that of the reference 

HDPE. Adding SiO2 particles slightly reduced the tensile strength and elongation at break 

compared to the HDPE/flax4x4 composite. This is due to the partly aggregated SiO2 par-

ticles act as stress concentrations. It is in accordance with our SEM observation (cf. 

figure 55c). On the other hand, the SiO2 particles were nano-scale dispersed but still in 

smaller aggregates in the related nanocomposites. The weave style of woven flax had 

also a great impact on the tensile strength. The strength value was more than 15% higher 

for the flax4x4 than for the flax2x2 composites at the same flax content. The elongation at 

break was less sensitive for the composite structures than the strength. Nevertheless the 

flax fibrous and SiO2 particles reinforcements enhanced the strength and reduced the 

ductility loss of the related nanocomposites at the same time. 
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Figure 62: Tensile mechanical characteristics of the systems studied. 

 

Conclusion 

This work devoted to study the morphology, falling weight impact, thermal and mechan-

ical properties of a high-density polyethylene (HDPE) and its flax2x2, flax4x4 and silicon 

dioxide (SiO2) reinforced binary and ternary composites. The SiO2 was introduced in the 

HDPE/flax in 8 wt.% via spraying method. Nanospraying technique resulted in nano-

scale dispersed but partly aggregation of SiO2 dispersed in the HDPE/flax. This was 

demonstrated by SEM investigation. The stiffness value of HDPE/flax composites in-

creased markedly compared to the neat HDPE. However, increase in storage modulus 

had a strong impact on the composite structures. The presence of SiO2 particles was 

associated with a reduction in the maximum force peak of impact test. The stiffness and 

tensile strength increased with increasing the flax content at the cost of the ductility. 

Incorporation of SiO2 particles increased the thermal stability which was considered to 

depend on the flax content and weave style. The applicability of the conversion method 

from the modulus to the creep compliance could be well adopted. The calculated data 

indicated that an improvement in the storage creep compliance can be achieved with 

increased flax content and depended on the reinforcement composite structure. 
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4.3  Polyethylene and polypropylene/nano-silicon dioxide/flax 

composites 

 

State of the Art  

Polypropylene (PP) and high density polyethylene (HDPE) have attracted interest of the 

most industrially successful thermoplastic polymers, due to its excellent cost-to-perfor-

mance of mechanical properties. Nowadays great effects are undertaken to improve the 

mechanical and thermal properties of thermoplastic polymer further, particularly through 

reinforcement with using natural fibers of various shape factors. HDPE and PP based on 

natural fiber composites have received great interest in academic and automotive indus-

try sectors to make parts such as body panels, underbody structures, dashboards, front 

ends, and bumpers. For example, the door panels of the FordMondeo are manufactured 

by kenaf/PP composites [94-95]. The study of Zampaloni et al. [96] concluded that the 

kenaf/PP composites manufactured had a higher ratio of modulus/cost and a higher spe-

cific modulus than E-glass. Wambua et al. [97] demonstrated an overview of several 

different natural fiber–polypropylene composites in order to evaluate as replacements 

for glass fiber–reinforced materials. They found that the natural fiber composites have a 

potential to replace glass in many applications. The tensile strengths of most natural fiber 

composites compared well with glass fiber ones. An increase of fiber weight fraction in-

creased the impact strength and stiffness. Note that the natural fibers have been receiv-

ing considerable attention as substitutes for synthetic fiber reinforcement. Their advan-

tageous properties compared to other materials are low cost and density, acceptable 

specific strength, good thermal insulation properties, reduced tool wears, thermal and 

respiratory irritation and renewable resources. Although natural fibers have outstanding 

properties, major problem of using them with thermoplastic is the poor interfacial bonding 

between the natural fiber and thermoplastic. The reinforcing action is given when good 

adhesion between the natural fiber surface and matrix exists. Džalto et al. [64] demon-

strated that the porosity of flax/furan bio-composites had negative influence in the stiff-

ness and strength as well as the impact resistance and water absorption. The improve-

ment of the mechanical properties such as impact strength to prepare toughened PP and 

HDPE have been widely studied both in R&D, e.g. chemical functionalization and modi-

fication, addition of synthetic fiber and filler, blending with both PP and HDPE etc. [98-

100]. Haque et al. [101] studied a chemically treatment with several fiber types and ob-

served an improvement in mechanical properties of polypropylene (PP) composites. 

Palm and coir fibers were chemically treated with benzene diazonium salt to increase 



  101 
   

their compatibility with PP matrix. Chemically treated palm/coir composites yielded im-

proved impact, flexural and hardness properties compared to the raw ones while coir 

fiber composites yielded better mechanical properties, except tensile strength increased 

with fiber loading. They also suggested that the 30% palm and coir fiber reinforced com-

posites had the optimum set of mechanical properties. van de Velde and Kiekens used 

treated or untreated flax fibers for maleic acid anhydride modified polypropylene (MAA-

PP). It was observed that the apparent shear stress of treated flax with MAA-PP compo-

sites were higher than that of untreated fiber composites [102]. A similar method was 

also applied to improve the composite properties of flax fiber and MAA-PP matrix [103]. 

Moreover, hybridization of fiber with fillers often exhibited better physical and mechanical 

properties compared to that of PP and HDPE. Example of plastic hybrid composites in-

cludes HDPE/wood flour/organoclay [104], PP/hemp fiber/nanoparticles [105] and 

PP/reed flour/nanoclay [106].  

Flax fibers are tough and found to be a potential reinforcement in polymer. Flax fiber was 

used as the reinforcing material since they are abundant in nature and have minimal 

effect on the environment because of their biodegradable properties. Many researchers 

have reported the use of flax fibers, which is in form of short fibers in order to reinforce 

polymers [35, 107]. Arbelaiz et al. [107] indicated that the mechanical strength for un-

modified flax fiber bundle/PP composites decreased with flax fiber bundle, due to a poor 

interfacial adhesion. However, while the modified with maleic anhydride-polypropylene 

copolymer as compatibilizer in related composites, the opposite trend was observed. 

Only few works used continuous flax fibers, which can behave as better reinforcement 

than short fibers. Recently, the addition of flax structures reinforcement is being given 

more attention because of their cost effectiveness for producing thermoplastic compo-

sites compared to the chemical modification method and can dramatically improve se-

lected properties of the related composites. The potential of using continuous natural 

fiber for composites to improve the toughness of natural flax reinforced HDPE was 

demonstrated by Siengchin [41]. Previous work has shown that the impact energy and 

stiffness value of woven flax fiber composites increased markedly compared with HDPE 

matrix but reflect to the weave styles. The goal of this study was to demonstrate the 

feasibility of the production of various flax reinforcing PP and HDPE composites with 

silicon dioxide (SiO2) using the hot press technique and compare the structures, impact, 

thermal and mechanical properties of the related composites. It can be noticed that SiO2 

became under spot of interest and has increased substantially used for binary and ter-

nary composites in construction and automotive applications, due to its high stiffness 

facture energy and compressive strengths [90-91]. 
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Materials and preparation of composites 

Silicon dioxide (SiO2) solubility with 40 wt.% SiO2 concentration (Nanopol XP of 

Nanoresins AG, Geesthacht, Germany) was used as the filler. Two types of the flax fiber 

structures (unidirectional-, +/- 45o biaxial and twill2x2 flax) were supplied by Composites 

Evolution (Chesterfield, UK), used as reinforcement which had a yarn size of 250 tex. 

The density of unidirectional (UD)- and biaxial flax was 1.5 g/cm3 and 1.24 g/cm3 for 

twill2x2 flax (according to suppliers’ information). High-density polyethylene (HDPE - 

Finck&Co, Krefeld, Germany) and polypropylene (PP - Borealis AG, Vienna, Austria) 

sheets were used as polymeric matrix for all composite systems which had the density 

of 0.95 g/cm3. 

There are many possibilities to produce polymer composites. Accordingly, the reinforce-

ment composites can be introduced into polymer films with quenching in order to guar-

antee the necessary temperature window during hot press process, as demonstrated in 

ref [54].This is the principle of hot press technique has been practiced so far. Therefore, 

the PP and HDPE binary and ternary composites were prepared by nano-spraying and 

hot press technique. For the SiO2 spray technique, the flax fiber structures were posi-

tioned on a dish and the SiO2 slurries were sprayed by a hand onto the both surface of 

the flax fiber. The distance between the sample and the nozzle was approx. 10 cm. The 

amount of SiO2 was set for 8 wt.% by weight control. After the nano-spray system, the 

samples were dried for 48 h at room temperature (RT) and then for 24 h at 80 °C in oven. 

PP or HDPE/flax/SiO2 composites were prepared by using hand-layup technique. The 

binary and ternary composites placed by hand lay-up a layer of flax fibers and then by a 

layer of PP or HDPE sheet. The laminates were then produced into 1-mm thick sheets 

by hot pressing in a laboratory press (P/O/Weber, Maschinen und Apparatebau, 

Remshalden, Germany) at a temperature of 190 °C with a fixed holding time of 8 min. 

under a pressure of 10 MPa. The composites produced are listed in Table 10. 
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Table 10: Recipe and designation of the PP and HDPE-based flax composites systems 

studied. 

 

  

Sample Designation Unidirectional 

flax 

(wt.%) 

 

Biaxial flax 

(wt.%) 

Flax2x2 twill 

(wt.%) 

Silicon dioxide 

(SiO2) - (wt.%) 

HDPE - - - - 

HDPE/unidirectional 38 - - - 

HDPE/unidirectio-

nal/SiO2 

38 - - 8 

HDPE/biaxial - 40 - - 

HDPE/biaxial/SiO2 - 40 - 8 

HDPE/twill2x2 - - 35 - 

HDPE/twill2x2/SiO2 - - 35 8 

PP - - - - 

PP/unidirectional 38 - - - 

PP/unidirectional/SiO2 38 - - 8 

PP/biaxial - 40 - - 

PP/biaxial/SiO2 - 40 - 8 

PP/twill2x2 - - 35 - 

PP/twill2x2/SiO2 - - 35 8 
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Characterization and testing 

Morphology detection 

The fracture surface was subjected to scanning electron microscopy (SEM) inspection 

in a JSM 5400 device of Jeol (Tokyo, Japan). The surface was gold coated prior to SEM 

inspection performed at low acceleration voltage.  

 

Impact response 

The impact resistance was determined on notched Charpy test specimens according to 

EN ISO 179-1 and using a universal testing machine with a single swing of a pendulum 

energy of 25 J. Five specimens were tested and at least three replicate specimens were 

presented as an average of tested specimens. The Charpy impact strength of notched 

specimens, , was calculated with the following equation: 

 

       (32) 

 

where;  is the corrected energy absorbed by the specimen in joules,  is the thickness 

of the test specimen in millimeters,  is the remaining width at the notch base of the test 

specimen in millimeters. 

 

Thermal and thermomechanical response 

Thermogravimetric analysis (TGA) was performed on a DTG-60 SHIMADAZU device 

(Kyoto, Japan). TGA experiments were conducted in the temperature range from 30 to 

500 °C under nitrogen at a heating rate of 10 °C/min. 

Dynamic mechanical thermal analysis (DMTA) was performed in tensile mode at fre-

quencies of 0.1, 1 10 Hz at all isothermal temperatures, using a DMA Q800 apparatus 

(TA Instruments, New Castle, NJ). The storage modulus (E’) was determined as a func-

tion of the temperature (T = -100°C . . .+130°C). The strain applied was 0.1%. The spec-

imens were cooled to -100 °C. The temperature was allowed to stabilize and then in-

creased by 5 °C, kept 2 min isothermal until 130 °C.  

 

Creep response  

Short time creep test was made in tensile mode at different temperatures using the above 

DMA apparatus. The applied stress was 3 MPa. The temperature dependence of the 

creep response of the composites was studied in the range from 15 to 50°C. Isothermal 

tests were run on the same specimen in the above temperature range by increasing the 
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temperature stepwise by 5°C and equilibrating the specimen at each temperature for 2 

min. During the isothermal tests the duration of the creep testing was 15 min.  

 

Stress relaxation response 

Short-time (duration 30 min) stress relaxation tests were made in single cantilever mode 

at different temperatures, ranging from 5 to 45 °C, using above DMA apparatus. The 

strain applied was 0.5%. In the temperature range 5–45 °C isothermal tests were run on 

the same specimen by increasing its temperature stepwise by 5 °C. Prior to the stress 

relaxation measurement, the specimen was equilibrated for 3 min at each temperature 

step. The specimen dimensions were 30x10x1 mm3 (length x width x thickness).  

 

Result and discussion 

Morphology 

SEM pictures taken of the HDPE/UD-flax, HDPE/UD-flax/SiO2, PP/UD-flax and PP/UD-

flax/SiO2 composites are shown in figures 63a-63d, respectively. One can observe from 

figures 63a and 63c that the flax fibers were better embedded in the PP matrix compared 

to the HDPE matrix. This well boding can be supported the enhancement of mechanical 

and thermal properties. The SEM images permit also the evaluation of the quality of the 

SiO2-dispersion, and this was apparently better for PP than for HDPE. For the PP com-

posites, there appeared to be a more uniform distribution of SiO2. Note that the location 

and its dispersion of the SiO2 is mostly controlled by their surface energetics and the 

driving force for the migration of the particles during preparation. However, this aspect 

was not addressed in this work and requires further investigations. 
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Figure 63: SEM pictures taken from HDPE/UD-flax a), HDPE/UD-flax/SiO2 b), PP/UD-

flax c), PP/UD-flax/SiO2 composites d). 

 

TGA response  

TGA spectra in form of weight loss as function of temperature for the PP and HDPE-

based flax composites systems studied are demonstrated in figure 64a and 64b, respec-

tively. It can be seen from the figures 64a-b that the thermal degradation of the neat PP 

and HDPE started at 356 oC and 455 oC, and 100% degradation was noticed at 487 oC 

and 500 oC, respectively. Note that degrade of neat PP and HDPE was in only one step 

without residue. Clearly, two-step thermal degradation of weight loss for flax composites 

resulted in the temperature range of 300 oC-500 oC. The all flax composites showed 

lower onset temperature for the thermal degradation than that of even the neat PP. It is 

well known that the thermal stability of flax composites exhibited three stages from its 

TGA spectra, with an initial degradation decomposition peak was due to the moisture 

removal and further decompositions at high temperature was usually attributed to the 

degradation of hemicelluloses and non-cellulosic materials, respectively [93]. It can be 

noticed that all the investigated flax composites showed reduced thermal stabilities as 

the flax content increased. This was the result of low thermal stability of the flax com-

pared to that of the PP and HDPE matrixes. However, there was no direct relation be-

tween the thermal stability and flax structures, as similar to our previous work on flax 
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structures based on PLA composites [21] However, incorporation of SiO2 was substantial 

enhancement in the thermal stability of the all flax/PP and HDPE composites. The in-

crease in the thermal stability of ternary composites was attributed to an interaction be-

tween the polymer and silica, where the SiO2 delays volatilizations of the products gen-

erated at the temperature of –C-C- scission of the polymer matrix. This indication of 

physical interaction between polymers and silica is probably related to the increase of 

the cross-linking density. Recall, these SiO2 particles serve as a bridge to make more 

molecules of PP and HDPE interconnected. The overall melting temperature of PP and 

HDPE in the related systems is shown in figure 65. One can see that the melting point 

of the PP/UD/SiO2 composite was about 3 oC higher than that of the neat PP while the 

melting point of HDPE/UD binary- and HDPE/UD/SiO2 ternary composites showed 

slightly reduction compared with that of the neat HDPE. This change in the melting point 

may be assigned to some SiO2 composite effect which was expected from the quality of 

nano-dispersion. Recall, that SiO2 was mostly better dispersed in the PP matrix cf. figure 

63d. 

 

a) 
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b) 

Figure 64: Weight loss versus temperature for the PP- a) and HDPE-based flax Figure 

sites systems studied b). 

 



  109 
   

 

 

Figure 65: Characteristic DSC curves for the PP and HDPE-based flax composites sys-

tems studied. 

 

Impact performance 

Figures 66a-b display characteristic fractograms (force as a function of time) for the PP- 

and HDPE-based flax composites systems studied, respectively. One can recognize that 

incorporation of bia. flax showed a dramatic increase in the force peak and toward higher 

the fracture time of the neat PP and HDPE. The maximum load for the bia. flax binary 

composites increased by approximately 50% and 80% as compared PP and HDPE ma-

trix, respectively. This can be assigned to the higher flexible deformation of bia. flax 

which was able to diffuse into the matrix contributing to the mechanical impact continuity 

of the composites system. Note that in comparison with the PP-and HDPE/UD flax com-

posites, this maximum of force peak of PP- and HDPE/bia. composites indicated a mar-

ginal decrease from 539 to 504 N and 850 to 769 N, respectively. The slightly reduction 

can be assigned to some containing of the flax in related composites (cf. table 10). The 

impact strength were directly influenced by the weight fraction of related composites. 
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This suggestion is in accord with previous experimental result, as recently demonstrated 

on examples of the HDPE/flax mat and PLA/woven flax composites in ref. [108-109]. 

Moreover, the force peak of twill2x2 flax/ PP and HDPE composites was 445 N and 580 

N, respectively, which were nearly comparable to the force peak of PP and HDPE matrix. 

An increment in the fracture time revealed that flax fibers had the capability to support 

effective mechanical loading transformation in the matrix. This relative increment of force 

peak and fracture time should be traced to the difference in the flax structure character-

istics of bia., UD and twill2x2 flax (cf. figures 66a-b). Additional SiO2, the fracture tough-

ness decreased for all PP and HDPE flax composites systems. A decrease in peak force 

and fracture time at SiO2 loading could be a reflection of decreased segmental motion in 

the boundary amorphous layers of the crystals between SiO2 and matrix as well as SiO2 

agglomeration. Meanwhile, numerous cavitation sites can be created at the interface 

between the SiO2 particles and the amorphous layers which promoted micro-crack for-

mation. Similar investigations have also been our early reported in Ref. [41]. 

 

a) 

 

 

 



  111 
   

b) 

 

Figure 66: Characteristic force-time curves for the PP- a) and HDPE-based flax compo-

sites systems studied b). 

 

Dynamic mechanical thermal response 

Figures 67a-b depict the storage modulus (E’) as a function of temperature for the PP- 

and HDPE based flax composites systems studied. It is clear from figures 67a-b that PP 

and HDPE showed the lowest storage modulus. The storage modulus increased with 

addition of flax in PP and HDPE at all evaluated temperatures. The reinforcing effect of 

composite structure twill2x2 and bia.-flax resulted in a pronounced stiffness slightly en-

hancement compared to the matrix. Interestingly, the storage modulus of the PP- and 

HDPE/UD flax composites at the between temperature -100 oC to 60 oC was in the range 

of 5–25 GPa. This was due to the preferential reinforced direction of unidirectional flax. 

Note that this stiffness value was very high for any meaningful structural applications of 

the bio-composites. Incorporation of SiO2 particles in PP/bia.-, PP/UD-, HDPE/bia.- and 

HDPE/twill2x2 composites resulted in increase the stiffness, while PP/twill2x2 and 

HDPE/UD composites showed an SiO2 influence slightly in the storage modulus. This 

improvement of modulus was probably due to the reduction of chain mobility and defor-

mation within the polymer matrix. It can be notice that the addition of SiO2 showed the 

highest increase in storage modulus for PP/UD flax composite. Unlike the incorporation 

of all flax and flax/SiO2 had a marginal effect on the overall primary and secondary glass 
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transitions and reoriented defect in crystalline phases of PP and HDPE in the related 

systems (tan delta - not reported here). 

 

a) 

 

b) 

 

Figure 67: E’ vs. T traces for the PP- a) and HDPE-based flax composites systems 

studied b). 
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Creep and stress relaxation response  

Creep behavior is one of the most fundamental considerations of the physical properties 

critical to product acceptance in many engineering applications. Generally, viscoelastic 

properties of creep and stress relaxation response depend on the composite structure 

and applying temperature. The mobility of the chains of polymer decreases with decreas-

ing the temperature [110]. Figure 68 displays the creep compliance values at 30 oC for 

the PP based flax composites. One can notice that the presence of flax fiber and SiO2 

particles decrease the creep compliance compared to the neat PP. The principle of the 

total creep compliance of a polymer composite is expressed as the sum of elastic- (De) 

and viscoelastic (Dv) components [111]. The total creep compliance (D) is: 

 

D(t , T ) = De (,T ) + Dv (t ,T )     (33) 

 

where  is the applied stress, T is the temperature, and t is time. 

 

 

Figure 68: Compliance vs. time for the PP based flax composites systems studied. 

 

With the addition of flax, it was observed that both De and Dv were lower than neat PP. 

For the flax composites containing SiO2, the enhancement of the Dv was observed at all 

flax structure composites. Note that with the PP/UD-flax/SiO2 composite resulted the 

most beneficial effect on De and Dv decreased. It can be also observed in figure 68 that 

the result of creep resistance was a suitable indicator for the flax fiber orientation. The 
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fiber orientation such as twill2x2 flax resulting in early force-deformation may increase 

substantially the creep resistance of PP composites previously subjected to bia.flax fiber. 

The ternary composite of PP/UD/SiO2 showed lower creep compliance in the whole time 

investigated compared to the neat PP and all flax/PP with additional SiO2. This suggests, 

which was as expected, whatever their geometry of unidirectional flax, had some effect 

in hindering the early viscoelastic deformation of the flax fiber reinforced composites. 

Moreover the SiO2 particles can act as several aspects like to delay the stretching of 

molecular chain segments and enhanced friction polymer chains. This observation 

agrees with Siengchin et al [110] who reviewed that the nanoparticles influence was 

more significant on the instantaneous creep. This became more pronounced with in-

creasing temperature. 

The effect of testing temperature on the creep compliance, this is in accordance with our 

creep response observation that the creep resistance in the neat PP and its composites 

increased with increasing testing temperature and parallel to that also the De and Dv 

(not reported here). It is well know that according to the shift factors (aT) are linked with 

time-temperature superposition (TTS) via the Arrhenius and Williams-Landel-Ferry 

(WLF) functions. Temperature dependence of the shift factor is corrected by using the 

WLF or the Arrhenius equations [33]. The WLF former equation follows: 
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where C1 and C2 are constants and T0 is the reference temperature in this case is 50 

°C. 

For the Arrhenius equation is: 
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where Ea is an activation energy, R is universal gas constant and T0 is the reference 

temperature (= 50 °C). 

 

Figure 69 displays the course of the experimentally determined aT values as a function 

of the temperature. One can recognize that the experimental aT data and their slop de-

creased with increasing temperature and addition of flax fiber. Note that this may be 

linked with the difference in flax structures. The decrease in slope of aT was mostly due 
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to the reinforcing effect of SiO2 particles. The parameters of the Arrhenius (Ea) and WLF 

(c1, c2) equations are listed in Table 11. One can observe that the practically results of 

activation energy (Ea) influenced by the structures of the flax composites. The most strik-

ing finding is that the unidirectional structure of the flax fiber likely affected the shift fac-

tors. Note that the Ea, C1 and C2 of PP/UD-flax composite decreased when compared 

to the bia. and twill2x2 composites. Moreover, the SiO2 reinforcing effect was accompa-

nied with a reduction in the experimentally determined Ea, C1 and C2 values. The creep 

master (followed by TTS - principle) as a function of time, selecting Tref. = 50 oC as refer-

ence temperature is depicted in figure 70. The aforementioned difference in the flax 

structures was well reflected and confirmed in the creep master curves. The same state-

ment holds for the PP/UD/SiO2 composite with most increasing creep resistance. For 

example, the creep compliance of PP/UD/SiO2 ternary composite at 1800 sec. was re-

duced by approx. 5 time and 3 time compared to the PP/bia. and PP/twill2x2 composites, 

respectively. Recall, studies on binary and ternary PP composites show that creep com-

pliance at short term and calculated master curve was believed to be controlled by the 

deformation of the flax fiber phase. 

 

Figure 69: Experimental shift factors along with the related Arrhenius fits in the creep 

temperature. 
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Table 11: Fitting parameters of the generalized Maxwell model. 

 

Sample Designa-

tion 

Creep ref. 50 C Stress relaxation ref. 50 C 

Arrhenius WLF Arrhenius WLF 

Ea (kJ/mol) C1 C2 Ea (kJ/mol) C1 C2 

PP 225.3 36.58 324.5 237 25.18 221.4 

PP/unidirectional 134.2 10.79 174 157.8 17.21 226.7 

PP/unidirectio-

nal/SiO2 
106.9 11.67 226.8 125.1 7.414 135.2 

PP/biaxial 183.3 16.96 196.1 194.5 22.49 238.7 

PP/biaxial/SiO2 140.1 4.953 91.37 138.6 8.44 138.2 

PP/twill2x2 160.2 7.109 107.9 179.4 13.67 166.2 

PP/twill2x2/SiO2 157.1 10.21 145.7 169.7 10.34 138.2 

 

 

 

Figure 70: Creep master curves constructed by considering the TTS - selecting Tref.= 

50 °C. 
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Similar to the creep response, the total stress relaxation used to gain deeper insight of 

PP and HDPE composites systems studied. The principle of the total relaxation modulus 

(Er) is expressed as the sum of elastic- (Ere) and viscoelastic (Erv) components. The 

stress relaxation of composite materials is separated in two stages. In the first stage of 

instantaneous relaxation, this starts at time closer to zero. In the next stage is time-de-

pendent relaxation. Therefore, the total relaxation modulus can be followed:  

 

Er(t ,,T ) = Ere (,T ) + Erv (t ,T )     (36) 

 

where  is the applied stress, T is the temperature, and t is time. 

In additional, to describe the relaxation modulus versus time traces the generalized 

Maxwell model can well be used [80]. Consisting of an elastic spring and a viscous 

dashpot in series representing the generalized Maxwell model is 

 

 rkt
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       (37) 

 

where Er0 is the zero-time relaxation modulus, and rk represents the k-th relaxation 

time with the corresponding relaxation modulus Erk. To accurately predict the experi-

ment data of stress relaxation, a four element Maxwell model was used for this work. 

Figures 71a and 71b depict the relaxation modulus as a function of time for binary- and 

ternary PP and HDPE composites systems studied and their fitting by the generalized 

Maxwell equation, respectively. It is well resolved that there was a good agreement be-

tween the relaxation curves and those predicted by the generalized Maxwell equation. 

The corresponding parameters of the generalized Maxwell model are summarized in ta-

ble 12 using the related software of Rheology Advantage Data Analysis. To fit the data 

with the generalized Maxwell model, the experimental results can be assumed that the 

parameters of Erk and rk were independent on the structure of flax and SiO2 particles 

but Er0 allowed varying. Note that the UD-flax composites of PP and HDPE showed a 

higher Er0 compared to the bia. and twill2x2 composites. It is evident from figures 71a-b 

that the instantaneous relaxation modulus (Ere) of all flax of both PP and HDPE compo-

sites was markedly higher than that of the matrix. The relaxation modulus of the ternary 

PP and HDPE composites was enhanced by adding SiO2 particles compared to the 

flax/PP and HDPE binary composites. Moreover, the relaxation modulus versus time 

trace of the bia. and twill2x2 composites was always below that of the UD-flax version. 
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This can be attributed to the difference in the reinforcing stage of flax as discussed ear-

lier.  

 

a) 

 

Figure 71: Relaxation modulus vs. time at T = 30 oC and their fitting by the generalized 

Maxwell equation for the PP- a) and HDPE-based flax composites systems studied b). 

  

 

b) 
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Table 12: The shift factor (aT) based on experimental results of the Arrhenius and Wil-

liams-Landel-Ferry (WLF) equations for creep and stress relaxation tests - selecting 

Tref= 50 °C. 

 

Generalized 

Maxwell – Para-

meter  

Er0 

(GPa) 

Erk1 

(GPa) 

r 

(s) 

Erk2 

(GPa) 

r 

(s) 

Erk3 

(GPa) 

r 

(s) 

Erk4 

(Pa) 

r 

(s) 

HDPE 2.02 1.28 5125 0.35 146 0.87 8.24 0.257 0.189 

HDPE/unidirectio-

nal 

9.79 8.57 7827 1.26 33.33 0.009 0.008 0.022 0.059 

HDPE/unidirectio-

nal/SiO2 

9.84 9.73 83160 0.13 29.29 0.066 0.016 0.034 0.057 

HDPE/biaxial 2.52 1.74 5167 0.44 74.83 1.35 5.057 0.043 0.040 

HDPE/biaxial/SiO2 3.34 2.54 3592 0.95 19.98 0.066 0.078 0.210 0.005 

HDPE/twill2x2 6.24 5.004 6588 1.92 13.27 0.189 0.181 0.320 0.657 

HDPE/twill2x2/SiO2 7.34 4.66 8587 0.58 50.97 0.002 0.013 0.015 0.008 

PP 2.23 1.73 13100 0.28 289.1 0.3 15.09 0.391 0.434 

PP/unidirectional 12.12 9.92 17640 1.31 325.4 1.25 16.71 0.226 0.285 

PP/unidirectio-

nal/SiO2 

15.98 13.43 20270 1.51 307.2 1.48 16.03 0.239 0.273 

PP/biaxial 4.44 3.34 11330 0.63 272.1 0.58 16.23 0.047 0.003 

PP/biaxial/SiO2 5.35 4.19 12800 0.65 292.8 0.68 16.28 0.527 0.487 

PP/twill2x2 5.82 4.45 13180 0.82 334 0.75 16.36 0.039 0.002 

PP/twill2x2/SiO2 6.74 5.45 14420 0.74 283 0.77 16.59 0.087 0.048 

 

One can see from figures 72a-b that due to the softening of the PP and HDPE matrix, 

the Erv decreased with increasing temperature. Note that the stiffness was decreased 

with diminished instantaneous relaxation modulus (Ere). The large Er(t) difference for the 

PP/bia./SiO2 composite (cf. figure 72a) during temperature change suggests that the re-

laxation response was far more sensitive to the PP matrix in the related specimens than 

in the HDPE matrix. For the stress relaxation test of the PP and HPDE matrix, the acti-

vation energy of 237 kJ/mol and 167.5 kJ/mol, respectively (cf. figures 73a-b), can be 

calculated by using TTS. Incorporation of flax structures and SiO2 particles decreased 

the Ea compared to both matrixes PP and HDPE. The obtained Ea was in the range of 

125-195 kJ/mol for PP based composites and 29-142 kJ/mol for HDPE composites sys-

tem studied. This depended upon the type of composite structures. Comparing these 

activation energies with those from stress relaxation and creep tests of PP composites 

system studied, similar trends to reduce Ea can be noticed when the SiO2 particles added 

in all PP/flax composites. This can be confirmed to the reinforcing effect of SiO2. 
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a) 

 

b) 

 

Figure 72: Effect of temperature on the relaxation modulus of the PP- a) and HDPE-

based flax composites systems studied b). 

 

The related master curves, viz. stress relaxation modulus as a function of time, selecting 

Tref. = 50 oC as reference temperature are depicted in figure 73a and 73b. One can 

recognize that according to the TTS principle satisfactorily fits to the stress relaxation 

data for all systems. Incorporation of UD flax enhanced markedly the relaxation modulus 

of PP and HDPE but less affected for bia. flax systems. This improvement in relaxation 

modulus was due to associate the arrest of segmental motion between at interfacial with 
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their neighborhood, thus increased in both elastic and viscoelastic components of the 

total stress relaxation. Recall, the improvement in relaxation modulus was more pro-

nounced for the PP- and HDPE/UD/SiO2 ternary composites. 

 

a) 

 

 

 

 

b) 

 

Figure 73: Relaxation modulus - master curves were constructed by considering the TTS 

and selecting Tref. = 50 °C for the PP- a) and HDPE-based flax composites systems 

studied b). Ea was calculated by the Arrhenius equation. 
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Conclusion 

This work devoted to study the morphology, thermal, mechanical, creep and stress re-

laxation properties of polypropylene (PP) or high-density polyethylene (HDPE) hybrid 

composites based on different flax fiber (unidirectional-, biaxial and twill2x2) and silicon 

dioxide (SiO2) The SiO2 was introduced in the PP or HDPE/flax fiber in 8 wt.% using a 

hot press. Based on this work the following conclusions can be drawn: 

Addition of SiO2 significantly increased the thermal decomposition of PP-HDPE/all flax 

fiber composites. This can be attributed to the reinforcing effect of SiO2. 

The impact strength, stiffness and viscoelastic properties of PP-HDPE/all flax fiber lam-

inates increased profoundly in the presence of SiO2. However, this improvement of me-

chanical properties influenced strong on the flax structure characteristics. 

Incorporation of SiO2 particles and all flax fiber into the PP or HDPE matrix resulted in a 

considerable increase of the creep resistance and relaxation modulus. The improvement 

in creep and relaxation properties of PP and HDPE hybrid composites was attributed to 

the interfacial interaction of SiO2 in the hybrid composites. Moreover, the improvement 

in creep compliance and relaxation modulus was more pronounced for the PP- and 

HDPE/UD/SiO2 ternary composites. 

Based on the TTS principle, experiments master-curves in form of creep compliance and 

relaxation modulus vs. time were constructed. The related master curves of relaxation 

modulus could be satisfactorily described by the generalized Maxwell model. 

 

4.4  Polylactide (PLA)/woven flax fiber textiles/boehmite alumina 

(BA) composites 

 

State of the Art  

In the last years, composite materials based on biopolymers reinforced with natural fibers 

gained great attention due to their good physical-mechanical properties [86,112-113]. 

The advantages of natural fibers besides the environmental concern have led to the ex-

tensive development of composites reinforced with natural fibers. In general, natural fi-

bers exhibit many advantageous properties as reinforcement for composites, showing 

low density, and yielding relatively lightweight composites with high specific properties. 

Natural fibers also offer significant cost advantages and benefits associated with pro-

cessing compared to synthetic fibers. Moreover, they are renewable resources, which 

reduce the dependency on foreign and domestic petroleum oil. Different studies showed 

that polylactide (PLA) is one of the most promising biopolymers due to its good mechan-

ical properties and biodegradability [34]. However, the insufficient impact strength and 
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low thermal stability of PLA are the limiting factors of its applications. In order to achieve 

the upgrade properties it has been recommended with nano-scale fillers and natural fi-

bers, such as organoclay, carbon nanotube (CNT), cellulose, kenaf, abaca and hemp 

fibers [17-19, 23, 31, 114]. Das et al. [23] introduced a solvent casting method for PLA 

based composite films with nanoclays. The thermal degradation resistance of PLA was 

improved with clay loading because of barrier effects by the dispersed clay platelets. 

Suryanegara et al. showed that the use of microfibrillated cellulose (MFC) was helpful to 

increase the tensile modulus and strength due to the increased crystallization of PLA 

[31]. In addition, natural fiber reinforced biodegradable polymers, such PLA, are consid-

ered as novel reinforcements with great application potential compared to tradition micro-

scale reinforcements. Bax et Mussig [22] investigated the impact and tensile properties 

of PLA with rayon fibers (Cordenka) and flax composites. They found that PLA containing 

30 wt.% of Cordenka shows promising highest impact properties. Recently, reported by 

Kowalczyk et al. [27] that the mechanical properties of PLA can be improved by adding 

cellulose micro- and nanofibers. The nanofiber composite exhibited markedly higher stiff-

ness compared to the cellulose microfibers composite. Moreover, Haq et al. [115] 

demonstrated that the balance of mechanical properties (stiffness and toughness) can 

be obtained by controlling the amount of bio-resin and nanoclay content in unsaturated 

polyester. Such multiphase hybrid biocomposites improved also barrier and thermal 

properties. 

A variety of composite structures are associated to an increase in mechanical properties 

of composites [37]. With potential for the wider applications of bio-composite structures, 

these composites materials are growing interest in packaging, construction, medical and 

automotive industries. Usually, the mechanical behaviors of composite materials have a 

strong dependence on the composite structures of the reinforcing phase. The effect of 

woven composites on elastic properties and failure behavior of has been studied in the 

past [116-117]. Gupta et al. [117] investigated the effect of microstructural parameters 

on the tensile creep of woven composite. They reported that increase in crimp angle 

increased the instantaneous compliance and the magnitude of creep. It can be noticed 

that the composite structures are classified into structures with different fiber undulation. 

The mechanical properties of composite with fiber undulation will be different than me-

chanical properties of composite without fiber undulation [38, 52]. The viscoelastic and 

other mechanical properties may be linked with some fiber undulation effects in the com-

posite structures. However, only few scientific works [16] have been carried out about 

the influence of composite structures and importance of nanofiller on the properties of 

natural fiber composites based on PLA. The object of this research work was to demon-

strate the feasibility of the production of PLA/flax/alumina composites with various flax 
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structures using the nano-spraying/hot press techniques and compare the structures, 

water absorption, impact, thermal and mechanical properties of the different flax rein-

forced PLA composites. A further aim of this work was to explore the potential of the 

nano-spraying technique to disperse suitable fillers on nanoscale [40]. Note that many 

nanoparticles are available in solvent form and this technique is very simple and more 

economical compared to conventional nanostructuring technologies such as in situ 

polymerization. To get a clear picture on the effect of the nanofiller, the properties of the 

Biotex Flax 40%/PLA blend were also studied. Synthetic boehmite alumina was selected 

as nanofiller. It is noteworthy that alumina particles are water dispersible and have been 

already checked as possible reinforcements in thermoplastic. Khamalo et al. [68] re-

ported that the addition of unmodified alumina nanoparticles could strongly the stability 

to thermooxidative degradation of the polyethylene matrices. 

 

Materials and preparation of composites 

Biotex Flax/PLA blend was supplied by Composites Evolution (Chesterfield, UK). The 

volume fraction of flax was 40 vol.%. Two types of woven flax fiber textiles (weave style 

of 2x2 twill and 4x4 hopsack – cf. Figure 74) were used as reinforcement which had a 

yarn size of 250 tex. The typical properties of Biotex Flax/PLA blend are listed in Table 

10. The water dispersible boehmite alumina (BA; AlO(OH); Dispal®11N7-80 of Sasol 

GmbH, Hamburg, Germany) served as filler for all composite systems. The nominal par-

ticle size of alumina in water was 220 nm though that of the alumina powder as delivered 

was 40 µm. Alumina has Al2O3 content of 80 wt.% and specific surface area of 100 m2/g 

(according to suppliers’ information).  
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Figure 74: Scheme of the preparation of PLA/Flax blend/alumina composites via the 

nano-spraying method. 

 

Table 13: Typical Properties of Biotex Flax/PLA blend as Delivered by Composites Evo-

lution. 

 

Density 1.33 g/cm3 

Tensile Strength 102 MPa 

Tensile Elongation 1.6 % 

Flexural Modulus 7.8 GPa 

Flexural Strength 131 MPa 

Charpy Impact (flat) 32.8 kJ/m2 

 

The PLA/flax/alumina composites were prepared by a hot press using nano-spraying 

technique. A scheme of the hand nano-spraying technique is given in figure 74. The 

alumina particles were dispersed in water at ambient temperature under continuous me-

chanical stirring for 30 minutes to obtain aqueous alumina slurry. For the alumina spray 

technique, the flax 40%/PLA sample was positioned on a dish and the alumina slurries 

were sprayed by a hand onto the both surfaces of the flax 40%/PLA sample. The dis-

tance between the sample and the nozzle was approx. 10 cm. The amount of alumina 

was set for 8 wt.% by weight control. After the nano-spray system, the samples were 

dried for 48 h at room temperature (RT) and then for 24 h at 70°C in oven. The blends 
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and composites, after the alumina particles spraying on the Biotex Flax40%/PLA blend 

and dried, were compression molded into 1-mm thick sheets under pressure of 10 MPa 

at T = 210°C using the hot press (P/O/Weber, Maschinen und Apparatebau, Remshal-

den, Germany). Although this technique is straightforward for PLA systems, the press 

conditions did not result in prominent thermal degradation of PLA. This claim is based 

on inspection of the fracture surfaces of the specimens where no burned flax/PLA was 

seen. 

 

Characterization and testing 

Morphology detection 

The fracture surface was subjected to scanning electron microscopy (SEM) inspection 

in a JSM 5400 device of Jeol (Tokyo, Japan). The surface was gold coated prior to SEM 

inspection performed at low acceleration voltage.  

 

Water absorption 

Water absorption of the composites was investigated over a period of 30 days. The com-

posites were cut into specimens (20x20 mm2) and then, they were immersed in water in 

a bath at room temperature. Weight gains were recorded by periodic removal of the 

specimens from the water bath and weighing on a balance. The percentage gain at any 

time t (Mt) as a result of moisture absorption was calculated from the following equation: 

 

      (38) 

 

where Wd and Ww denote the weight of dry material (initial weight of materials) and 

weight of materials after exposure to water absorption, respectively. 
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Impact response 

The impact resistance was determined on notched Charpy test specimens according to 

EN ISO 179-1 and using a universal testing machine with a single swing of a pendulum 

energy of 25 J. Five specimens were tested and at least three replicate specimens were 

presented as an average of tested specimens. The Charpy impact strength of notched 

specimens, , was calculated with the following equation: 

 

      (39) 

 

where;  is the corrected energy absorbed by the specimen in joules,  is the thickness 

of the test specimen in millimeters,  is the remaining width at the notch base of the test 

specimen in millimeters. 

 

Creep response  

Short time creep test was made in tensile mode at different temperatures using the above 

DMA apparatus. The applied stress was 3 MPa. The temperature dependence of the 

creep response of the composites was studied in the range from 15 to 50°C. Isothermal 

tests were run on the same specimen in the above temperature range by increasing the 

temperature stepwise by 5°C and equilibrating the specimen at each temperature for 2 

min. During the isothermal tests the duration of the creep testing was 15 min.  

 

Thermal and thermomechanical response 

Thermogravimetric analysis (TGA) was performed on a DTG-60 SHIMADAZU device 

(Kyoto, Japan). TGA experiments were conducted in the temperature range from 30 to 

500 °C under nitrogen at a heating rate of 10 °C/min. 

Dynamic mechanical thermal analysis (DMTA) was performed in tensile mode at fre-

quencies of 0.1, 1 10 Hz at all isothermal temperatures, using a DMA Q800 apparatus 

(TA Instruments, New Castle, NJ). The storage modulus (E’) was determined as a func-

tion of the temperature (T = -100°C . . . +130°C). The strain applied was 0.1%. The 

specimens were cooled to -100 °C. The temperature was allowed to stabilize and then 

increased by 5 °C, kept 2 min isothermal until 130 °C.  
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Result and discussion 

Morphology 

The SEM pictures in figures 75a-d present the morphological characteristics of the PLA-

based systems studied. SEM taken from the fracture surfaces revealed slight differences 

in the morphology of the PLA – based systems depending on their composite structures 

(cf. Figures 75a-75b). It can be seen that the flax had diameter in the range of 15-25 µm 

and displayed fiber lumina in the cross section. The small gap can be related to an in-

sufficient flax-PLA adhesion due to the kinetic wetting and moisture of flax. SEM pictures 

taken from the PLA/flax2x2/alumina composites are shown in figures 75c-d. It can be 

observed that the alumina particles were homogeneously distributed in the related com-

posites. On the other hand, the alumina particles were still partly aggregated in the flax 

and flax/PLA interphase (cf. Figure 75d). The reason for this aggregation was due to 

some reordering of the alumina particles during the drying treatment, when combining 

alumina particles with the water from the alumina slurries. It could be shown that the 

alumina particles were relocated. This finding is in agreement with the experimental re-

sults achieved mostly on the clay modified nat- 

ral rubber and polystyrene lattices [70, 118]. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

 

 

 

Figure 75: SEM pictures taken from PLA/flax2x2 blend a), PLA/flax4x4 blend b), 

PLA/flax2x2blend c) –x1000, PLA/flax2x2blend/alumina composite d) –x1000 and e) –

x20000. 
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Water absorption 

Figure 76 depicts the water uptake as a function of time for the PLA, PLA/Flax blends, 

and PLA/flax/alumina composites. The PLA/flax/alumina composite specimens after ex-

posure to water absorption were more translucent than those of the initial PLA/flax blend 

and neat PLA (cf. Figure 76). This was the first hint for an effect of the alumina reinforce-

ment in the corresponding composites. It can be seen that the water uptake of PLA was 

about 0.8% after subjected to water absorption for 30 days. The low water uptake occurs 

in PLA was attributed to the nature of the polymer which showed weak interaction with 

water. One can also recognize that the rapid water uptake was observed for all of the 

blends and composites within the first 3 days of immersion. Flax reinforcement in PLA 

matrix increased the penetration of water in blends. Note that the water absorption be-

havior was slightly considered to depend on the flax composite structures. However, the 

incorporation of alumina particles in the PLA/flax blends reduced the water uptake. The 

PLA/flax4x4/alumina composite specimen recorded water absorption value at 10.23% 

upon 30 days. This water uptake was reduced by approx. 30% compared to the PLA/flax 

blend. Leu et al. indicated also that the incorporation of organomontmorillonite (OMMT) 

in to PLA matrix decreased the rate of diffusion [119]. Other authors reported that the 

water uptake of epoxy resin was decreased by adding organoclay particles. Major reason 

the reducing water uptake is that the nanoclay surface can be reacted with water mole-

cules which decreased the diffusion process during immersion [83-84]. 

 

Figure 76: Water uptake of the PLA, PLA/flax blends and PLA/flax/alumina composites. 
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Impact weight test  

The effect of the woven flax and alumina reinforcement in PLA on the force versus time 

curves is demonstrated on the PLA studies systems in figure 77. With addition of the 

woven flax fiber textiles in PLA was accompanied with a shift of the force peak toward 

higher force and longer time. This already suggests that the woven flax fiber textiles 

worked as major energy absorption mechanism. The presence of alumina particles was 

associated with a reduction in the maximum force peak. This alumina reinforcing in the 

PLA/flax matrix, induced a void formation via debonding events and acted a localized 

crack growth accompanied with reduced ductility. This finding was in analogy with re-

ported for a HNBR-Toughened polyamide 6 composite containing sodium fluorohectorite 

(FH) and alumina nanoparticles [92]. It is clear that the weave style of flax was also a 

critical factor of the reinforcing phase in the composites. The impact energy was en-

hanced markedly with the reinforcing flax 4x4 compared to the flax 2x2. One can notice 

for the largest change of fracture toughness (fracture time) occurred between the 

PLA/flax2x2 and PLA/flax4x4 blends due to the high fiber undulation of the composite 

structures (weave style 2x2). However the fracture toughness still increased in the fiber 

weave style of 4x4. According to the reported by Paessler et al. [52] that clear differences 

regarding mechanical properties of the laminates without and with undulations could be 

observed for carbon fiber/epoxy composite. The effects of fiber waviness due to the fiber 

crossing such as warp and weft crossover points, lead to a reduction of the in-plane 

properties of such a laminate. [38, 52]. 
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Figure 77: Representative force vs. time curves for PLA, PLA/flax blends and 

PLA/flax/alumina composites. 

 

Creep response 

Figures 78a-b display the traces of the creep and recovered compliance as a function of 

time for the PLA, PLA/flax blends, and the alumina-containing composites at T= 25°C, 

respectively. As expected owing to this woven flax fiber reinforcement, the creep and 

recovered compliance resistance of the PLA/flax blends increased markedly compared 

to the PLA. For example, the compliance values of the PLA/flax2x2 and PLA/flax4x4 

blends were reduced by approx. 225 and 290%, respectively, showing the reinforcing 

effect of the flax structures. The addition of alumina particles into PLA/flax matrix resulted 

in a decrease slightly in the creep and recovered compliance. 
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a) 

 

 

b) 

 

 

Figure 78: Creep a) and creep recovery compliance b) of the PLA, PLA/flax blends and  

PLA/flax/alumina composites at T=25 °C.  
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Generally, creep compliance depends on the polymer composite structure and test tem-

perature. Figures 79a-c, demonstrate the effects of increased temperature on the creep 

response of PLA, PLA/ flax2x2 blend and PLA/ flax2x2/alumina composite. It is interest-

ing to note that the PLA and composites indicated a relative small creep in the low tem-

perature range of 0-35°C. This is probably due to the fact that the amorphous molecular 

structure of PLA was difficultly susceptible to untangle and slip the polymer chains. Sim-

ilar for crystalline structure of PLA still had a stronger and denser bond. This effect was 

strongly suppressed in the alumina-containing system due to decrease the mobility of 

the amorphous segments. Note that the high level of PLA crystallinity and PLA based 

systems [31], strong constraining effects of the limited amorphous regions between the 

crystals are also expected to occur. Observations of the testing temperature higher than 

35°C clearly indicated increase the creep resistance of PLA/flax2x2 blend as a result of 

decreased polymer–flax interfacial strengths. It is notice that the creep resistance in-

creased remarkably with the incorporation of alumina particles and flax compared to the 

PLA at the whole test temperature. The reduction of creep compliance can be explained 

by considering the delay of a crystalline rotation and amorphous separation mechanisms 

due to the increment of restrict with fibrous and alumina reinforcements. This is in quali-

tative agreement with the DMA results of figure 82.  

a) 
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b) 

 

 

c) 

 

 

Figure 79: Effect of temperature on the creep compliance of the PLA a) PLA/flax2x2 

blend b) and PLA/flax2x2/alumina composite c). 

 

From the creep master curves, the creep compliances of PLA, PLA/flax2x2 blend and 

PLA/ flax2x2/alumina composite were measured at different temperatures and shifted 

according to the following the time-temperature superposition (TTS) principle. The re-

lated shift factor (aT) used for the generation of the creep master curve is aT = D (t, 
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T)/(D(t, Tref). A reference temperature (Tref = 5°C) was used for this superposition (shift-

ing) process. The shift factors were determined for each curve using the related software 

package of the DMA device (Rheology Advantage Data Analysis). Accordingly, for the 

time dependency of the creep compliance master curves we have adapted the Findley 

power law equation in Ref. [120]: 

 

 
n

FFF tDDD *10        (40) 

 

Where n is a stress independent constant, DF0 is the time-independent compliance, and 

DF1 is the coefficient of the time-dependent term. 

 

Master curves of the creep compliance against time created at a reference temperature 

of 5°C are shown in figure 80 for the PLA, PLA/flax2x2 blend and PLA/flax2x2/alumina 

composite. Note that the creep compliance master curve provided a useful prediction of 

the creep over time for all systems up to approx. 1.25*10^7 h. For the resulting creep 

compliance vs. time master curves, the Findley power law was adapted. The related 

curves showed a good agreement between the experimental and the simulated results, 

according to the Findley power law. However, the power law model may show consider-

able deviation from the initial experimental result of PLA while for longer time duration 

the calculated data provided a prediction of good fits within the initial and steady state 

creep of the PLA/flax2x2 blend and PLA/flax2x2/alumina composite.  

 

Figure 80: Creep master curves (compliance vs. time) constructed by considering the 

TTS and selecting Tref= 5 °C and their fitting by the Findley power law equation. 
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Thermogravimetric analysis 

Thermal stability is critical for a composite material in many applications. Thermal deg-

radation of composites is a cumulative phenomenon of matrix and nanoparticles and 

may increase the thermal stability of a matrix. Figure 80 shows the traces of the actual 

weight loss as a function of temperature for the PLA, PLA/flax blends and PLA/flax/alu-

mina composites. One can see that the thermal degradation of all PLA exhibited a step-

like transition from low to high temperatures. Reinforcements with flax reduce the onset 

of thermal degradation compared to the pure PLA. However, incorporation of alumina 

particles enhanced the thermal resistance of the PLA/Flax blend. The actual weight loss 

of the PLA/flax/alumina composites (32%) as reaching 370°C, was beyond that of the 

PLA/flax blends (16%). Note that the effect of flax reinforcing structures on the TGA value 

was marginal. 

 

 

 

Figure 81: Actual weight loss versus temperature for the PLA, PLA/flax blends and 

PLA/flax/alumina composites. 

 

Dynamic mechanical response 

DMTA spectra in form of storage modulus (E’) and loss factor (tan ) as function of tem-

perature are demonstrated in figure 82. It can be seen in this figure that the blends with 

40 vol.% of flax2x2 and flax4x4 exhibited higher stiffness than the PLA. For example, the 

storage modulus of PLA/flax4x4 blend was increased by approx. 100% compared to the 

neat PLA. It can be observed that the E’ of PLA and PLA/flax blends below the glass 

transition temperature (Tg) was almost constant and increased slightly above 100°C, 
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due to the cold crystallization of the amorphous PLA. This cold crystallization phenome-

non was typical of PLA. A similar trend has been reported for the micro- and nanofibril-

lated cellulose-reinforced PLA composites [31, 115]. It is interesting to note that the stiff-

ness values of the PLA/flax4x4 blend were markedly higher than that of the PLA/flax2x2 

blend in the whole temperature range. This is due to the composites character of flax 

weave style 4x4. However, the incorporation of alumina particles resulted in increase in 

the storage modulus at least below Tg of PLA, compared to that of the PLA/flax blends. 

This indicated the reinforcing effect of the nanoparticles leading to increased stiffness. 

The plots of tan  vs. T in figure 82 reveal the Tg of PLA at approx. 60°C. Filling with flax 

and alumina particles was accompanied with a shift in the Tg of PLA towards higher 

temperature. This can be confirmed to the effects of the fibrous and alumina reinforce-

ment with reduced molecular chain mobility. 

 

 

Figure 82: E’ and tan δ vs. T traces for the PLA, PLA/flax blends and PLA/flax/alumina 

composites. 

 

In order to obtain a deeper insight into interfacial adhesion effect of the flax and alumina 

reinforced PLA systems on the temperature, the applicability of the conversion method 

from the modulus to the creep compliance based on the correspondence principle of a 

linear viscoelastic material [33], has been investigated. Creep compliance is defined as 

the inverse quantity of modulus by the following equation: 
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where D’ and E’ are the real, and D’’, E’’ are the imaginary parts of creep compliance 

and modulus, respectively. 

The following relationship between storage creep compliance and the modulus is given 
by: 
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       (42) 

 

The storage creep compliance as a function of temperature for PLA, PLA/flax2x2 blend 

and PLA/flax2x2/alumina composite are depicted in figure 83. The reinforcing effect of 

flax and alumina particles, which reduced the creep compliance, was obvious in this fig-

ure. Recall, the increase of the creep resistance was because of the development of an 

interphase between PLA–flax and PLA-alumina in which the molecular mobility was re-

duced. DMTA spectra indicated that Tg of the PLA affected by the flax and alumina par-

ticles. The related change in Tg maybe traced to the limited interphase formation with 

reduced molecular mobility.  

 

 

Figure 83: Conversion from the modulus to creep compliance for the PLA, PLA/flax2x2 

blend and PLA/flax2x2/alumina composite. 
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Conclusion 

In this work we have examined the effect of composite structures, viz. flax2x2 twill and 

flax4x4 hopsack, in a PLA/flax/alumina nanocomposites. The alumina particles were in-

troduced via a nanospraying technique. The morphology, water absorption, impact, 

creep, thermal and mechanical properties of the PLA-based systems were studied. The 

diameter range of flax filaments was in between 15 and 25 µm and displayed fiber lu-

mina. The alumina particles were homogeneously distributed but still partly aggregation 

dispersed in the composites according to SEM investigations. Flax reinforcement in PLA 

matrix increased the water uptake. Incorporation of alumina particles decreased the wa-

ter uptake compared to the flax composites. The impact energy and stiffness value of 

PLA/flax blends was markedly higher than that of PLA. However, the impact results re-

flected the effects of composite structures. The presence of alumina particles was asso-

ciated with a reduction in the maximum force peak of impact test. Incorporation of alu-

mina particles enhanced storage modulus and the creep resistance compared to the 

PLA/flax blends but slightly incremented thermal resistance. Clear trend in the effect of 

composite structures was found in the stiffness but not in the thermal behaviour. The 

creep master curves could be well described by the Findley power law model. Moreover, 

the applicability of the conversion method from the modulus to the creep compliance 

could describe the development of an interfacial adhesion of the flax and alumina rein-

forced PLA systems in function of temperature. A benefit of this proposed nano-spraying 

technique is a very effective process being simple and cost efficient for producing multi-

phase hybrid biocomposites. 

 

4.5  Poly(hydroxybutyrate-co-hydroxyvalerate)/sisal natural fi-

ber/clay composites  

 

State of the Art  

Nowadays, the polymers from renewable resources such as Poly(hydroxybutyrate-co-

hydroxyvalerate)(PHBV) and polylactide (PLA) are gaining ground over conventional pe-

troleum based matrices. Among the various available PHBVs and PLAs have potential 

to be used in bio-base polymer composites [53, 109, 121] because of environmental 

problems related to their disposal as well as concerns over petroleum availability for the 

productions of e.g. polypropylene, polyethylene. Note that PHBV is a Polyhydroxyalka-

noates (PHAs) family widely used in the potential applications in food packaging and 

biomedical, due to its good biocompatibility, biodegradability, however the widespread 
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application was limited due to its narrow processing window and poor mechanical prop-

erties [122-123]. Natural fibers have been receiving considerable attention as substitutes 

for synthetic fiber reinforcement. The addition of natural fiber reinforcement can dramat-

ically improve selected properties of the related biopolymers [64, 109]. Džalto J. et al. 

[64] reported for the green composites that the mechanical performance of furan bio-

polymer was enhanced by flax fiber textiles reinforced the furan matrix. In the recent 

years, PHBV is often reinforced with the natural fibers, such as cellulose, abaca kenaf 

and bamboo to improve the mechanical properties (e.g. impact, stiffness and strength 

properties). Sanjeev et al. [124] reported on achieving the biocomposites with superior 

properties by combining the PHBV/Bamboo fiber. The results showed that the bamboo 

fiber reinforced PHBV composites was able to improve tensile properties of PHBV. The 

stiffness of PHBV composites at 40 wt.% of bamboo fiber enhanced by 175% compared 

with neat PHBV. The significantly improved properties were attributed to the length and 

distribution of bamboo fibers. Qian [125] demonstrated the improved mechanical prop-

erties of PHBV/Bamboo pulp fiber (BPF) using a surface modification of fibers of the 

polymeric diphenylmethane diisocyanate (pMDI) as a coupling agent and the grafted 

maleic anhydride (MA) as a compatibilizer. Both pMDI and MA can be improved the 

interfacial adhesion between BPF and PHBV. The results of related PHBV/BPF compo-

sites showed that the tensile, flexural and modulus increased substantially. 

Currently most studies on natural fibers as reinforcement and the development of hybrid 

composites with particular regard to its different applications are concerned on the fun-

damental understanding of their mechanical and barrier behavior [55]. Recently, Sieng-

chin et al. was pointed out that flax reinforcements of different composite structures may 

play a role as a controlling factor to optimize the mechanical properties of the hybrid PP 

and HDPE composites [126].Furthermore, nanofillers such as carbon nanotubes, silica, 

layered silicate and clay have attracted great attention in the past decades for the pro-

duction of composites based on engineered and bio-polymers [127-129]. 

The goal of this work was to demonstrate the feasibility of the fabrication of PHBV rein-

forced with unmodified and modified sisal fiber using hot compression technique. Note 

that sisal is a plant which can generate revenue from production to farmers in Thailand. 

Issue such fibers of sisal will be left to waste or are used with low economic values. This 

is important to increase the value of sisal output. This project is therefore to introduce 

the concept of short and long fiber sisal reinforced PHBV polymer. A further aim of this 

work was to check the effect of the fiber size and clay particles on the impact and me-

chanical properties of hybrid composites. The dispersion of sisal fiber in PHBV was as-

sessed by optical microscope and scanning electron microscopy (SEM).  
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Materials and preparation of composites 

PHBV in a fine powder form was provided by Ningbo Tianan Biologic Material Co.,Ltd. 

and was used as polymeric matrix for all composite systems. Its melt flow index (MFI) of 

PHBV was 4.35 g/10 min (190°C, 2.16 kg). The density was 1.25 g/cm3 and the glass 

transition (Tg) was 5°C. The sisal fibers were supplied by Hupkapong Aqricultural Co-

operative Ltd. Silane (Bis(triethoxysilylpropyl)tetrasulfide) was purchased from local 

commercial sources. Nanoclay was supplied by Polymer Innovation Co.,Ltd.  

Prior to treatment, the untreated sisal fibers were washed with water the fibers were dried 

in an oven at 60°C for 2 h. A solution of 3 vol.% of silane coupling agent (Bis(triethoxysi-

lylpropyl)tetrasulfide) was prepared in acetone. Sisal fibers were immersed in the solu-

tion for 24h. The treatment of sisal fibers were removed from the solution and dried in 

oven at 60°C for 24h. 

Prior to the composites processing, the fibers were cut into the length of 5 mm (long fiber 

- l) and 0.25 mm (short fiber - s). Note that the diameter of sisal fiber was in the range of 

200-400 µm. To avoid moisture, the PHBV and sisal fiber were dried at 80°C and 60°C 

for 24h and 6 h, respectively. The PHBV/sisal fiber/clay composites were mixed by tum-

bling in a sealed bag and then mixing occurred in a hot compression molded at 180°C 

into 3mm thick plates under a pressure of 2500 psi. The duration of compression molding 

was 10 min. The recipe of composites was listed in Table 14. Note that the proposed of 

using PHBV powder and continue with hot press technique is an effective process being 

simple and cost efficient for producing thermoplastic hybrid composites. 

 

Table 14: Recipe and designation of the biocomposites systems. 
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Characterization and testing 

Morphology detection 

The fracture surface was subjected to scanning electron microscopy (SEM) inspection 

in a JSM 5400 device of Jeol (Tokyo, Japan). The surface was gold coated prior to SEM 

inspection performed at low acceleration voltage.  

Tensile response 

Tensile test was performed on dumbbell-shaped specimens (DIN-ISO-527) on a Zwick 

1474 (Ulm, Germany) universal testing machine. Tests were run at room temperature at 

v=2 mm/min crosshead speed and the related stress-strain curves were registered. 

 

Water absorption 

Water absorption of the composites was investigated over a period of 30 days. The com-

posites were cut into specimens (20x20 mm2) and then, they were immersed in water in 

a bath at room temperature. Weight gains were recorded by periodic removal of the 

specimens from the water bath and weighing on a balance. The percentage gain at any 

time t (Mt) as a result of moisture absorption was calculated from the following equation: 

  

      (43) 

 

where Wd and Ww denote the weight of dry material (initial weight of materials) and 

weight of materials after exposure to water absorption, respectively. 

 

Impact response 

The impact resistance was determined on notched Charpy test specimens according to 

EN ISO 179-1 and using a universal testing machine with a single swing of a pendulum 

energy of 25 J. Five specimens were tested and at least three replicate specimens were 

presented as an average of tested specimens. The Charpy impact strength of notched 

specimens, , was calculated with the following equation: 

 

      (44) 

 

where;  is the corrected energy absorbed by the specimen in joules,  is the thickness 

of the test specimen in millimeters,  is the remaining width at the notch base of the test 

specimen in millimeters. 
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Results and discussion 

Tensile response 

The tensile modulus and tensile strength data of PHBV composites containing sisal fibers 

are showed in figures 84a and 84b, respectively. One can recognize that the tensile 

modulus of the PHBV composites can be improved with sisal fiber loading. For example, 

incorporation of 10 wt.% of short and long sisal fiber in PHBV matrix, the stiffness in-

creased by 21% and 14% respectively. Especially, at 20 wt.% of short and long sisal 

fiber loading increased up to 30% and 25% respectively, compared to the neat PHBV. A 

possible explanation of the increased the stiffness of composites can be ascribed to dis-

persion of sisal fibers in the PHBV matrix, which lead to the distribution and transfer of 

stress from matrix to fiber. One can clearly recognize that the short sisal fiber reinforced 

PHBV composites provided higher modulus compared to the long sisal fiber/composites. 

According to the reported by Sanjeev et al. that the tensile properties of natural fi-

ber/PHBV composites influenced on different factors such as length, distribution, orien-

tation of fibers and their interfacial bond strength with matrix [125]. Considering the fact 

that the thickness of tensile specimen itself contained lower than the length of long sisal 

fiber. The reduction of modulus can be assigned to some reordering of the long fiber 

reinforcement during hot pressing. This suggestion is in accord with experimental results 

achieved mostly on the fiber orientations. Note that the dispersion stage of short fiber 

reinforcement was better occurred. Whereas, the tensile strength of PHBV composites 

decreased with addition of sisal fiber (cf. figure 84b). This can be attributed to the related 

of fiber contents and the poor adhesion between sisal fiber which lead to low transferred 

stress from the matrix to the stronger fibers. Moreover, agglomeration of high fiber con-

tent leads to a decrease in composite strength due to PHBV matrix cracking.  
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a) 

 

 

b) 

 

 

Figure 84: Effect of sisal fiber contents on tensile modulus a) and tensile strength b). 

 

It has been reported that by adding silane may improve an interfacial interaction of nat-

ural fiber polymer composites [130]. This is in accordance with our tensile test observa-

tion of PHBV/sisal composites as shown in figures 85a and 85b, the addition of 20 wt.% 

of silane treated sisal increased the tensile stiffness and tensile strength of PHBV com-

posites by 10% and 5% respectively, compared to untreated one. This could be attributed 

to good adhesion between treated fiber and PHBV (cf. figure 97). Note that the mobility 

of PHBV molecule chains may be restrained by the silane. 
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a) 

b) 

 

 

Figure 85: Effect of silane on tensile modulus a) and tensile strength b). 

 

Tensile modulus and tensile strength data of PHBV composites and hybrid with addition 

of clay particles are showed in figures 86a and 86b. Tensile modulus of PHBV/sisal/clay 

hybrid composites of short and long fiber increased 20% and 30% respectively, com-

pared to the neat PHBV. An additional of clay particles was reduced in tensile stiffness 

and strength compared to the PHBV/20 wt.% of short and long sisal fiber composites. A 

decrease of tensile modulus can be attribute to the incomplete dispersion of clay ag-

glomerate into the PHVB matrix. However, the effect of silane treatment indicated slightly 

an increase in tensile modulus of PHBV/sisal/clay hybrid composites. 
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a) 

 

b) 

 

 

Figure 86: Tensile modulus a) and tensile strength b) of sisal fiber/PHBV and hybrid 

composites. 
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Impact strength 

Generally, the notched Izod impact strength test can be measured the energy to propa-

gate existing crack which depends on various factors like morphology, fiber-matrix ad-

hesion, toughness and defects, in the packing of polymer composites. The impact 

strength of short and long sisal fiber reinforced PHBV composites as a function of fiber 

content and silane is demonstrated in figure 87. One can see that impact strength of all 

PHBV composites increased with increasing sisal fiber content. Note that fiber content 

increased an interface on the crack path and high energy was consumed. Impact 

strength of short sisal fiber/PHBV composites increased steadily with fiber loading. For 

PHBV composite containing 30 wt.% sisal fiber, the impact strength improved by 36% 

compared to the neat PHBV. The most interesting result is that impact strength of 

PPHBV composites was strongly affected by the long fiber of sisal and increased dra-

matically. As expected, the sisal fiber reinforcement leads to increased stiffness and im-

pact strength. It is usually accepted that the fiber length domains first cavitate provoking 

locally a stress transition in impact mechanical terms. This supports the development of 

fiber length entanglement and superimposed the stretching of the amorphous and en-

tangled chains occurs with considerable all increasing the impact strength. Due the 

stress concentration effects of fiber agglomerates which cannot be released by matrix-

related events owing to inhomogeneous fiber dispersion. Stress concentration induces 

fiber/matrix debonding, causing the tensile strength. For example, at 30 wt.% long sisal 

fiber reinforced PHBV improved up to 800% compared to the neat PHBV. However, ad-

dition of silane did not significantly an increase in impact strength at all composites (cf. 

fig. 86). Furthermore, impact strength data of PHBV composites and hybrid composites 

with addition of clay particles are shown in figure 88. The effect of clay particles disper-

sion on the impact strength value was marginal. 
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Figure 87: Effect of sisal fiber contents and silane on impact strength. 

Figure 87: Impact strength of sisal fiber/PHBV and hybrid composites systems. 

Hardness resistance 

Hardness value of sisal fiber reinforced PHBV composites is summarized in figure 89. 

Hardness value of short sisal fiber composites increased steadily with increasing fiber 

loading. For the PHBV/30 wt.% short sisal composite, the hardness enhanced by 5% 

compared to the neat PHBV whereas, the hardness value of long sisal fiber composites 

decreased with fiber loading. It has to be clarified that this behavior is probably due to 

the energy transfer from PHBV matrix to sisal fiber. Figure 90 is shown an increase hard-

ness value of PHBV composites with silane treated sisal fiber. The PHBV/3 vol.% 

silane/20 wt.% of short and long sisal fiber composites increased by 3% and 4%, respec-

tively compared to untreated sisal fiber. This may be linked with some effects this behav-

ior is due to the sisal fiber dispersion into PHBV matrix and also an improve in adhesion 
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of related PHBV composites as similar result reported for starch-grafted-polypropyl-

ene/kenaf fibers composites in ref.[131]. On other hand, Addition of clay particles did not 

significantly improve hardness values of PHBV/sisal composites at all as the results are 

shown in figure 91. 

Figure 88: Effect of fiber contents on hardness. 

Figure 89: Effect of silane on hardness. 
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Figure 90: Hardness of sisal fiber/PHBV and hybrid composites systems. 

Water absorption 

Water absorption as a function of time for the PHBV/ containing different amounts of 

sisal fiber composites is demonstrated in figure 92. One can recognize that the water 

sorption behavior was considered to depend on sisal fiber content. The neat PHBV rec-

orded water absorption value at 0.8% upon 350 hours. The PHBV/sisal composites ex-

hibited remarkably large amount of water absorption. Especially, the water absorption of 

PHBV/30 wt.% of short sisal fiber composites at first 72 and 350 hours increased by 4% 

and 7% respectively. Note that the long sisal fiber/PHBV composites increased by 11% 

and 14% respectively compared to the neat PHBV. This was attribute due to the chemical 

nature of cellulose contents in sisal fiber. The water absorption of PHBV/3vol.% treated 

silane composites is shown in figure 93. It is interesting to note that water absorption of 

PHBV/sisal composites decreased. This can be well explained that the hydrophilic of 

sisal fibers was reduced by incorporation of silane which improved compatibility and ad-

hesion of PHBV/sisal composites. Figure 94 displays the water absorption behavior of 

PHBV/sisal composites and hybrid systems. The PHBV/clay composite recorded water 

absorption value at 1.2% upon 350hr. Note that the incorporation of silane and clay par-

ticles in the PHBV/sisal composites was reduced slightly the water absorption. One may 

conclude that the water absorption was decreased by adding all nanoparticles. Fick’s 

law in equation 44 is adopted also to calculate the diffusion coefficient (D) of the water 

absorption values. The calculation of diffusion coefficient is shown in Table 15. The D of 

the PHBV/sisal composites decreased with additional of clay particles. This may be 

linked with an incorporation of silane and clay particles. The results suggested that D 

may be sensitive to the nanoparticles barrier effect. It has also been observed by Becker 
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O. et al. [83] that these nanoparticles reacted with water lead to decrease the rate of 

diffusion. 

Figure 91: Water absorption of different sisal contents. 

Figure 92: Water absorption of treated and untreated sisal fiber. 

Figure 93: Water absorption of PHBV/sisal composites and hybrid systems. 



  153 
   

Table 15: Calculated the diffusion coefficient (D). 

 

 

 

Morphology 

SEM images of the fracture surfaces for the impact specimen can be seen in figures 95 

a-c. It possible to see overview of PHBV composites system studied. One can observed 

that most of sisal fibers were pull-out from PHBV matrix. For the 5 wt.% of long fiber sisal 

composite was also aligned and dispersed in the PHBV matrix, (cf. figure 95b) Note that 

the sisal fibers were in form of single fiber and indicated that the fibers had not been 

damaged after compression process. Due to the incompatibility between sisal fiber and 

PHBV matrix, some gaps can be observed in figure 95c. The gaps were also formed 

mainly due to the hydrophilic characteristic of the sisal fibers and the high reactivity of 

the PHBV with a moisture. Note that, the incompatibility of fiber/matrix interfaces was 

reduced the mechanical properties as in above results. Furthermore, an addition of silane 

treated sisal fiber was well embedded in PHBV matrix (cf. figure 96) which could be 

increased interfacial adhesion of the sisal fiber/PHBV composites. Affected by this way, 

the stiffness, impact and hardness properties can be increased due to the development 

of debonding PHBV molecule chains and sisal fiber pull-out. In or der to confirm the 

modified sisal fiber with silane, the SEM sample was subjected to an EDAX analysis. 

Figure 97 shows EDAX images of the corresponding PHBV/modified sisal fibercompo-

sites. For selected different spots of sample, an elemental analysis was performed. 

EDAX revealed the major constituents of silane. These findings confirm that the sisal 

fiber was coated by silane. Note that the energy absorption was reduced when a crack 



154 

grows through the clay agglomeration and the crack can be accreted. Although impact 

strength was sacrificed in the related structure PHBV composites. 

a) b)

c) 

Figure 94: SEM images of PHBV with 5 wt.% short sisal fiber a), long sisal fiber b) 

and with 20 wt.% long sisal fiber composites c). 

Figure 95: EDAX image of surfaces of the modified sisal fiber/PHBV composite. 
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Figure 96: SEM image of PHBV/modified sisal fiber/clay hybrid composite. 

Conclusion 

The objective of this work was to study the effect of proportions of sisal fibers (short sisal 

fiber of 0.25 mm and long sisal fiber of 5 mm) reinforced PHBV composites and hybrid 

with addition of nano-clay particles on the mechanical properties such as tensile, impact 

and hardness properties. The preliminary results showed that especially, impact strength 

of 20 wt.% long sisal fiber/PHBV composites increased by 750% compared to the neat 

PHBV. Sisal fiber dispersion was well and still aligned in PHBV matrix as shown in SEM 

images. The tensile modulus of PHBV composites at 20 wt.% for short and long sisal 

fiber increased slightly by 20% and 18% respectively. Furthermore, the tensile strength 

of 20 wt.% of silane treated long fiber also was enhanced 10% The hardness of 20 wt.% 

short sisal fiber/PHBV composites improved by 4% compared to neat PHBV. Note that 

the embedded of short fiber was better than long fiber in PHBV matrix. Moreover, the 

silane treated fiber also improved the hardness of composites. This indicated that the 

sisal fiber dispersed well into PHBV matrix and associated with a strong interfacial bond-

ing between sisal fiber and PHBV matrix. Incorporation of clay particles into the PHBV/si-

sal fiber composites resulted in considerable an increase of the hardness and water re-

sistance. The reduction in tensile and impact properties was attributed to the agglomer-

ation of clay in the PHBV hybrid composites. 
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