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Introduction 

Currently, polymer composite materials have replaced traditional ones in a variety of 

applications and they found in the most diverse engineering fields such as aerospace, automotive, 

sports goods, shipping industries, construction, etc. Thus, the optimization of their performance 

and characteristics is a challenge worldwide. Until today, scientific researchers are still looking 

for new lightweight, recyclable, low cost and performing composite materials based on polymer 

matrices.  

Owing to the low cost, easy processing and superior mechanical properties of short fiber 

reinforced polymer composites, these materials are rapidly gaining market share in structural 

applications. On the other hand, another class of composite materials has attracted both academic 

and industrial attention because they exhibit great improvement in properties at very low filler 

contents, for which at least one dimension of the used filler (particles) is in the nanometer range. 

Subsequently, short fiber/ nanoparticle hybridization has been developed as a promising method 

to toughen composite polymer through synergistic effects of the properties of short fibers and 

nanoparticles. 

In the last two decade, some studies have investigated the potential improvement in properties 

and performances of hybridization fillers reinforced polymer matrix materials [1-5].The obtained 

hybrid composite material is a multi-phase system, for that it is necessary to ensure the adhesion 

between fillers and polymer matrix through control of the interfacial interactions. Most fillers 

(mainly polar) have compatibility problems with polymer matrices (mostly non-polar), leading to 

low compatibility and poor composite performances. To overcome this problem, several 

techniques were suggested to increase fillers–matrix interactions: surface grafting, 

compatibilizer/coupling agent addition, or chemical/physical/thermal surface treatments [6, 7].  

The present work deals with the preparation and characterization of hybrid composites based on 

polypropylene and polybutene-1 (as matrices) and short synthetic fiber (PET and PA) / clay (as 

reinforcing fillers).  

Direct melt-compounding of the polymer matrix with the fillers is the most widely used method 

for preparation of the polymer composites materials [8-13].  

In this context, the different composites investigated in this present work were prepared by direct 

melt mixing and to overcome  the compatibility problem between fibers and polymers matrices, 

a modification of the matrices structure (polypropolene and polybutene-1) was carried out using 

reversibly crosslinking reaction method [14] , also the fibers surfaces were treated using stearic 
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acid. Additionally, (hollow recycled PET and polyamide short fibers) /clay (sodium 

montmorillonite) / (polypropylene and polybutene -1) matrices hybrid composites were prepared 

using the developed  route  based on reversibly crosslinking reactive extrusion [15]. 

Polypropylene/Na- MMT and polybutene-1/Na-MMT nanocomposites were prepared, in which 

an organic peroxide/ sulfur mixture and tetramethyl thiuram disulfide as an activator for sulfur 

were used to functionalize Na-MMT then short treated fibers  were added to the nanocomposites 

matrices leading to the hybrid composites. 

The present thesis contains 4 chapters, the first one presents the overview, objective and scoop  

of the research work, then a brief background and literature review on fiber reinforced polymer 

nanocomposite (polymer/clay nanocomposite, short fiber/polymer composite and hybrid 

composite) is detailed. Next, the materials utilized and experimental methods used for 

preparation of samples and evaluation are presented in chapter 3. Chapter 4 deals with the results 

obtained and their discussions. Finally, a general conclusion and some recommendations for 

future work are presented. 

 

 

 

 

 

 

 

 

 

 



                                                                                                                                       Introduction 

3 
 

References  

 

[1] Lin L, Lee J, Hong C, Yoo G, Advani S.G. Preparation and characterization of layered 
silicate/glass fiber/epoxy hybrid nanocomposites via vacuum-assisted resin transfer molding 
(VARTM) , Compo Sci and Technol, 66, 2116-2125, 2006. 

[2] Haque A, Shamsuzzoha M, Hussain F, Dean D. S2-Glass/Epoxy Polymer nanocomposites: 
Manufacturing, Structures, Thermal and Mechanical Properties , J Compo Mat, 37(20), 1821-37, 
2003. 

[3] Subramaniyan Ak, Sun CT.  Interlaminar Fracture Behavior of Nanoclay Reinforced Glass Fiber 
Composites, J Compo Mat, 1-12, 2008. 

[4] Akkapeddi MK. Glass fiber Reinforced Polyamide-6 Nanocomposites , Polym Compo, 21(4), 576-
585, 2000. 

[5] Vijay PV, Ganga Rao HVS, Krishnaswamy V. Manufacturing, Durability and Bond Behavior of 
FRP Bars with Nanoclay, Special Publication, 230, 77-98, 2005. 

[6] El Mechtali FZ, Essabir H, Nekhlaoui S, et al. Mechanical and thermal properties of polypropylene 
reinforced with almond shell particles: impact of chemical treatments, J Bionic Eng, 12, 483–494, 
2015. 

[7] Essabir H, Bensalah MO, Rodrigue D, et al. Biocomposites based on Argan nut shell and a 
polymer matrix: effect of filler content and coupling agent, Carb Polym, 143, 70–83. 2016. 

[8] Jakopin, S. Compounding of additives. In Proceedings of 37th Annual SPE Technical Conference 
(ANTEC 1979 Conference), Society of Plastics Engineers, Inc.: Brookfield, CT, USA, pp. 987–99, 
1979. 

[9] Ess JW, Hornsby PR. Twin-screw extrusion compounding of mineral filled thermoplastics: 
Dispersive mixing effects, Plast. Rubb, Process Appl, 8, 147–156, 1987. 

[10] Mülhaupt R, Stricker F. PP compounds as engineering materials, Kunststoffe, 87, 482−486, 1997 
[11] Yang F, Nelson G.L. Polymer/silica nanocomposites prepared via extrusion. Polym. Adv. 

Technol., 17, 320–326, 2006. 
[12] Kalaitzidou K, Fukushima H, Drzal L.T. A new compounding method for exfoliated 

graphitepolypropylene nanocomposites with enhanced flexural properties and lower percolation 
threshold, Compos. Sci. Technol, 67, 2045−2051, 2007. 

[13] Jankong  S, Srikulkit  K. Preparation of polypropylene/hydrophobic silica nanocomposites, J.Met. 
Mater. Miner, 18, 143–146, 2008. 

[14] Bouhelal S, US patent,;N° 7,517,942, April 17, 2009. 
[15] Bouhelal S, US patent,;N° 7,550,526, June 23, 2009.    



 
 
 
 

Chapter I     Overview 
Objective and scope 

 



                                                                                Chapter  I     Overview Objective and scope                                                                                                   

4 
 

Overview, objective and scope of the thesis 
I.1 Overview  
Among the different types of composites materials, short synthetic fibers/clay reinforced 

polymer composites are the most attractive materials for structural applications. Their high 

mechanical properties-to-weight ratio and affordable price make them the material of choice.  

Polymers are traditionally reinforced with synthetic or natural inorganic fillers in order to 

improve their properties and reduce their costs [1]. Commonly used fillers are clay, talc, mica [2, 

3] and fibrous like glass, carbon fibers, aramid and jute fibers [4, 5]. In order to improve or 

modify certain thermomechanical properties of polymers for specific applications, short fibers 

reinforced polymers find large applications in engineering and consumer products [6]. Increasing 

the adhesion between fiber and polymer matrix is one of the most effective ways to improve the 

reinforcement by fibers [7]. Numerous studies have been reported concerning the enhancement 

of the interfacial interaction between the polymer/fibers phases [5-10].  

Polymer modification with polar molecules (such as maleic anhydride, bismaleimide, etc.) is one 

of the known ways to enhance the interfacial adhesion between fibers and polymer matrix, 

especially for polyolefin matrices [10]. Polymer modification appears as an effective method to 

provide good interfacial adhesion, in contrast to fiber modification, which mostly involves 

solvent based processes. For instance, maleated PP (PP-g-MAH) has been extensively used as 

compatibilizer in various polyolefin composites [10, 11]. 

Nowadays we are witnessing increasing use of nanocomposites that can enhance selected 

properties of related polymers [14]. Nanocomposites based on clay and layered silicates have 

been widely investigated [15]. Montmorillonite (MMT) is one of the most used layered 

silicates. It is a 2:1 aluminosilicate, which is formed by two silica tetrahedral layers shared an 

octahedral sheet of aluminium or magnesium hydroxide [16, 17].  

Moreover, production of hybrid polymer composites systems based on fibers and nanoclay has 

shown recent achievements and activities [18-22].  

F. Eslami et al. [18] studied the effect of nanoclay/basalt fiber on the mechanical properties of 

polypropylene. The authors proved that the presence of the layered structure in basalt fiber / 

propylene composite improved the interfacial adhesion of nanoclay and the fiber, leading to the 

improvement of the mechanical properties of composite. 

Somaiah.M et al. [19] analyzed the mechanical and morphological properties of nanoclay/S-

glass fiber/polyester hybrid composite. They studied the effect of nanoclay content on S-glass 
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fiber/polyester composite. The obtained results showed that the incorporation of nanoclay had a 

significant effect on the mechanical behavior of composites.  

In the research work conducted by Radouane B. et al. [20], the hybrid composite based on Alfa 

fibers/clay / polypropylene was studied, the authors presented the mechanical, thermal, and 

structural properties of the hybrid composites prepared. The samples were compounded by twin-

screw extrusion and injection molding, constant overall filler loading was used (30 wt %) to 

study the effect of the relative filler loading. To improve the adhesion with the matrix, Alfa 

fibers surface were treated using an alkali solution, while the clay was purified and grinded to 

reduce particle size. The authors concluded that natural fiber-reinforced polymers combined with 

natural particulate fillers have advantages in terms of mechanical properties improvement. Figure 

I.1 shows the obtained Young’s modulus which indicates an important increase as function of 

fillers loading. It could be concluded from this study that the combination of two fillers led to a 

synergistic effect of their properties.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.1. Young’s modulus of Alfa fibers/clay/ polypropylene hybrid composites [20]. 

 

Additionally, a research work realized by Normasmira. A et al. [21] studied the possibility of 

processing hybrid composites using nanoclay and glass fiber as reinforcement of polypropylene 

composite. The study entitled Polypropylene/glass fiber/nanoclay hybrid composites: 

morphological, thermal, dynamic mechanical and impact behaviors, in which PP/glass fiber (GF) 
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and PP/ nanoclay (NC) composites were prepared with different ratios of GF and clay powder. 

Compositions were physically premixed and then compounded using a twin-screw extruder.   

Dynamic mechanical analysis (see figure I.2) showed an increase in storage modulus indicating 

higher stiffness of the hybrid composites when compared to the glass fiber composites and the 

neat matrix. From the tan δ curves, a strong influence of glass fiber and nanoclay content on the 

magnitude of tan δ max value was observed. 

 

 
Figure I.2. Dynamic mechanical analysis results of Alfa fibers/clay/ polypropylene hybrid 

composites as a function of temperature [21] 

Differential scanning calorimetric investigations showed that the incorporation of nanoclay into 

polypropylene/glass fiber composite shifted the melting temperature (Tm) to higher values. The 

degree of crystallinity (χc) was strongly influenced by the presence of the glass fiber and 
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nanoclay in the matrix. Impact test showed a reduction in the critical strain energy for hybrid 

composites with higher nanoclay loading. 

 Figure I.3.shows the SEM micrographs of the elaborated hybrid composite. The effect of the 

loading of clay on the adhesion of PP/glass fiber composites can be observed. 

 

 

Figure I.3.SEM micrographs of impact fractured surfaces of: (c) (PP: G15)/NC6; and (d) (PP: 

G15)/NC9. SEM: scanning electron microscopy; PP: polypropylene; NC: nanoclay G: glass 

fibers [21]. 

 

Sinto. J et al. [22] conducted another study based on PP reinforced with short glass fibers 

/nanosilica and prepared by melt mixing. The weight of the glass fiber was varied while the 

nanosilica weight was at optimum level. Silica nanoparticles-glass fiber hybrid polypropylene 

composites were prepared by adding glass fiber into the nanosilica/polypropylene melt using 

melt mixing method in a Brabender.  

The effect of glass fiber and glass fiber-nanosilica hybrid on mechanical properties of 

polypropylene is given in Figure I.4. From this figure it may be observed that the tensile strength 

of glass fiber/PP composite increase up to 40 wt. % fiber loading and then reaches a plateau 

height or slightly decrease. The glass fiber-nanosilica /PP hybrid composite shows superior 

property compared to glass fiber/PP reinforced composite. Tensile strength, tensile modulus, of 

glass fiber-nanosilica /PP hybrid composite are also found to increase up to 30 wt.% loading of 

glass fiber and then decrease. These results demonstrate that a small amount of nanosilica can 
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substantially enhance the mechanical strength of the PP composites and that glass fiber and 

nanosilica show synergistic reinforcement. 

 

 
 

Figure I.4. Variation of tensile strength and tensile modulus for PP/glass fiber composites and 
PP/glass fiber/nanosilica hybrid composites 

                         Unmodified: short glass fiber/PP composite 
                         Modified: hybrid composite modified by nanosilica [22]. 

 

  

The results of dynamic mechanical analysis of the modified and unmodified PP/glass fiber 

composites and glass fiber/ nanosilica /PP hybrid composite are shown in Figure I.5. The storage 

modulus of PP is found to improve steadily with addition of short glass fiber. It was also found 

that the incorporation of glass fiber in the nanosilica/PP nanocomposite improved the storage 

modulus of PP. The presence of the two fillers in PP enhanced the stiffness of the PP matrix. 
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Figure I.5. Variation of storage modulus for PP/glass fiber composites and PP/glass 

fiber/nanosilica hybrid composite as a function of temperature [22]. 

Many research works related to polymer hybrid composites based on different classes of 

polymers were reported, For instance, a combination of short glass fibers and exfoliated layered 

silicate/polyamide 6 (PA6) was invistegated, it was found that both fillers have a similar effect 

on the modulus. It was also shown that the combination of short glass fibers and 4 wt% layered 

silicate could add approximately 2 GPa to the tensile strength of the polyamide matrix, both in 

wet and dry conditions, independent of the fiber content [23].  

Other studies focused on the preparation of carbon fiber / epoxy / montmorillonite hybrid 

composites [24, 25], several natural montmorillonite clays with different surfactants were used, 

mixed with and without the help of a solvent. The resulting nanocomposite matrices showed 

slightly increased storage modulus in the glassy state up to 20%, but the fracture toughness and 

the failure strain were somewhat reduced. The impregnation of the carbon fiber bundles with the 

nanocomposite resins was more difficult than with the unfilled epoxy resin, because of the much 

higher viscosity. No improvement in flexural strength of the fibre composites was found with 

nanofillers [26].  
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In addition, a research work at NASA [27] on nanocomposite matrix for fiber composites was 

done, in which firstly, layered silicate was exfoliated in a resin so-called PMR-15, which is a 

highly crosslinked at high-temperature resistant thermosetting polyimide with the addition of 

carbon fiber.  It was shown that the exfoliated layered silicate reduced oxidation during ageing at 

high temperatures and reduced matrix cracking. The nanocomposite matrix was reported to 

increase the flexural strength, flexural modulus. 

Table I.1, below summarizes the reported research works on fiber/nanofiller/polymer hybrid 

composites. 

Table I.1. Reported works on fiber/nanofiller/polymer hybrid composites. 

 

I.2 Properties of the prepared materials 

 

The prepared hybrid composites in this present thesis are characterized by different properties in 

terms of: 

 Recyclability 

The developed route based on reversibly crosslinking reactive extrusion, which is applied for 

both the crosslinking of polyolefins (PP, PB) and the development of polyolefins /clay 

nanocomposites [34, 35],  is used in this research work. The reversible crosslinking of the used 

polyolefins allows the recyclability of their composites. We consider that our materials are 

recyclable because the preparation of recycled PP/f-Na-MMT nanocomposite has been 

successfully produced, in which the melt mixing cycle was repeated twice, so that after the PP/ f-

Na-MMT nanocomposite is extruded the obtained blends were grinded, and re-fed in the 

Matrix Fillers                                                                        Ref 

Polyamide (PA-6) carbon fiber/glass fiber/nanoclay                                  [28] 

Polyamide (PA-6) chopped glass fibers/hectorite-type clays (nano size)   [29] 

Polyamide (PA-6) glass fiber/layered silicate                                             [30]      

Polyamide 12 (PA-12) Carbon nanotubes and nanofibers                                 [31] 

Polyester Nanoclay/glass fiber                                                     [32] 

Poly (vinyl ester) Organoclay/glass fiber mats                                         [33]                                                  

High density polyethylene(HDPE) nanoclay/rice husk                                                        [34] 

Ethylene–propylene copolymer Nano clay/cellulose                                                      [35] 
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brabender chamber to reprocess the material with the addition of fibers. In addition, the different 

characterizations were carried out for the samples which could be molten again. 

 Light weighting 

The obtained materials are light in weight compared to the most composites regarding the low 

densities of the different materials used (hollow PET fiber, polyamide fiber, clay). In addition, 

the matrices used (Polypropylene and Polybutene -1) have the lowest densities among 

commodity plastics. 

 Practical and useful preparation method 

The different components were prepared by melt mixing, which is the simplest, most practical 

and economical method to be used in industry.  

 Simple treatment 

The functionalization of clay is a very useful and easy technique which is capable of exfoliating 

the raw clay without any restricted working conditions. On the other hand, the suggested 

treatment of the fiber surface is so simple, economical and efficient in the presence of the 

crosslinking agent as it has been found in this present work. 

 Synergistic properties of fillers effect  

Two different reinforcements in terms of size (nano, micro), morphology (fibers, layer), 

nature (inorganic, organic), and origin (synthetic or natural) were dispersed in the matrix 

with the aim of improving the properties of polyolefins/filler composites. The idea is to 

obtain a combination of properties of both fillers. For instance, the Young’s modulus of the 

polymer (matrices) used increased when fibers were incorporated. Nevertheless, the resulting 

composites are less ductile with lower elongation at break. Meanwhile, the exfoliation of the 

clay in polypropylene matrix increased the elongation at break of composites.  

 Application 

Automotive components (bumpers, step assist) can be produced using composite and hybrid 

composites based on crosslinked polypropylene filled with PET fiber or polyamide fibers and 

clay.  

Composite based on polybutene-1 matrix and reinforced with PET fiber and clay can be used to 

produce the subject pipes. 
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I.3 Limitations of the present research work 

The major challenge in the developed clay/short fiber/polymer hybrid composite systems is the 

lack of even simple structure-property models. Progress in the engineering of hybrid composites 

has remained largely empirical. Thus, similarly, predicting the ultimate material limits or 

maximum performance for different classes of hybrid composites, is almost impossible. 

As far as the hybrid class of fiber reinforced polymer-clay nanocomposites for structural 

applications is concerned, the research has not yet been done for mass utilization or field 

applications. Being a new class of materials, adequate data are not yet available to predict the 

long term performance of nanoclay composites, though durability is the corner stone of any 

design of infrastructure systems. This lack of experience gives rise to the need of further 

investigation on product durability issues.  

Likewise, though the mechanical properties like stiffness and modulus are significantly 

enhanced, there are some properties like toughness and impact resistance which are slightly 

increased. Therefore, a careful consideration is required to determine the parameters causing this 

behavior.  

In addition, it is still so difficult to control the couple interface/dispersion of two fillers in the 

same matrix and, regarding the functionalizing agent used (peroxide, sulfur and accelerator), it is 

still difficult to argue their type of reaction with polymer matrix and filler. 

I.4 Objective  

Development of hybrid composites based on polypropylene/clay/short synthetic fibers for the 

purpose of obtaining a lightweight, recyclable and performing material which achieves strong 

interfacial interactions between filer and matrix, fiber dispersion and clay layer exfoliation in 

matrices (polypropylene and polybutene-1) is the topic of this research work. 

I.5 Scope   

The scope of this research work includes:  

I. Modification of polymer (PP and PB) by chemical crossliking. 

II. Chemical treatment of fibers and its effect on crosslinked (PP and PB)/short fibers (PET and 

polyamide fibers) composites. 

III. Recyclability of PP/clay noncomposite. 
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IV. Elaboration of recyclable nanocomposite/treated fibers hybrid composites. 

V. Compatibility of two types of fibers (hollow PET and polyamide fibers) and PP/clay 

nanocomposites. 
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Fiber reinforced polymer nanocomposites 

Introduction 

Polymer nanocomposites are relatively a new class of composites, for which at least one 

dimensions of the dispersed particles, is in the nanometer range [1-4]. Short fiber reinforced 

thermoplastic polymer composites are another development within the field of composites [5].  

In this work, the possibility of a combination of these two new types of composites is 

investigated. The concept of combining nanoclay and short fibers in the same matrix has been 

proposed. This combination consists of a three-phase composite, in which the main reinforcing 

phase are the short fibers and the matrix consists of a thermoplastic polymer nanocomposite. 

To be able to understand the properties of this new type of composites, several aspects of the 

individual components need to be understood first. For this reason, the first chapter focuses on 

the polymer/clay nanocomposite material, followed by a review on fiber composites, and 

finally,a definition of the aspect of the three-phase composite will be presented. 

Polymer thermoplastic nanocomposite matrices based on clay have been reviewed in this present 

research work, because the clay material is easily available and its intercalation chemistry has 

been studied for a long time [6]. 

The thermoplastic polymer matrices chosen in this present work are polypropylene (PP) and 

polybutene-1 (PB-1), because they are known from previous research that important 

nanocomposites can be produced with those polymers. 

First, PP is a versatile polymer, which has attractive properties (recyclable, easy of processing, 

low cost…) that make it the polymer of choice for many applications.  However, PP has some 

disadvantages such as low strength, high notch sensitivity and high flammability. For enhancing 

its mechanical properties (stiffness, strength and toughness…), fillers are usually added to PP, 

such as calcium carbonate, glass fiber [7], clay [8], PET fiber [9]. 

Secondly, Polybutene -1 (PB-1), is a polymer with excellent properties. It exhibits advantages 

over other polyolefins in toughness, flexibility, creep, stress cracking resistance, impact 

resistance, abrasion resistance and high-temperature resistance [10] .Polybutene-1  crystallizes in 

numerous polymorphs; however only tetragonal phase II and hexagonal phase I are of practical 

interest. Form II is kinetically favored when the polymer is crystallized from the melt. At room 

temperature, this form is metastable and it transforms to the hexagonal phase I. 

 The II-I transition brings about important structural changes, such as,density, crystallinity, 

hardness, rigidity, stiffness and tensile strength. The II-I phase transition requires several days to 
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be completed and this slow kinetics is the principal reason why the commercial development of 

polybutene-1 has been much delayed. A great deal of research has thus been oriented towards 

finding solutions to accelerate this transition [11-16]. 

 

II.1.Review on polymer–clay nanocomposites 

Recent research work in the field of polymer/clay nanocomposites are reported in this review. 

Structure, properties, preparation methods are discussed in general. 

II.1.1.Organic modification of clay 

Clay is incompatible with most polymers due to its strong hydrophilic character. Thus, a direct 

melt mixing of both components is not realizable. To overcome this difficulty, as a first step, the 

surface of the clay has to be modified by using an organophilic agent, thus giving rise to the so-

called organophilic clay or organoclay [17, 18]. 

Generally, this can be done by ion-exchange reactions with cationic surfactants, as shown in 

Figure II.1. Alkylammonium ions are mostly used, although other “onium” salts can be used, 

such as sulfonium and phosphonium. Alkylammonium or alkylphosphonium cations in the 

organosilicates lower the surface energy of the inorganic host and improve the wetting 

characteristics of the polymer matrix, and result in a larger interlayer spacing [1, 19-21] 

 

 

 

           

 

 

 

 

 

 

Figure II.1. Ion Exchange Reaction between Na-MMT and Alkyl Ammonium Molecules [19]. 
 

Figure II.2 depicts a schematic picture of an ion-exchange reaction. The inorganic, relatively 

small (sodium) ions are exchanged against more voluminous organic onium cations. This ion-

exchange reaction has two consequences: the first one, the gap between the single sheets is 
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widened, enabling polymer chains to move in between them. The second one, the surface 

properties of each single sheet are changed from being hydrophilic to hydrophobic [2]. 

 

 

  

 

 

 

 

 

 

 

 

Figure II.2. Schematic picture of an ion-exchange reaction [2]. 

II.1.2.Nanocomposites formation 

Numerous ways can be used to obtain exfoliated nanocomposite using clays and organoclays 

including in situ polymerization [4, 6, 22–28] and solution [29, 30] methods.   

However, the greatest interest has involved melt processing [31– 32] because of several reasons: 

it is more economical, more flexible for formulation, easier and more practical method.  

The main objective of the different preparation methods is to achieve a complete exfoliation of 

the clay platelets in the polymer matrix, i.e., separation of platelets from one another and 

dispersed individually in the polymer matrix. Nevertheless, this desired morphology is frequently 

not achieved and varying degrees of dispersion are more common.  

The literature commonly refers to three types of morphology: immiscible (conventional or 

microcomposite), intercalated, and miscible or exfoliated. These are illustrated schematically in 

Figure II.3 along with example transmission electron microscopic (TEM) photographs and the 

expected wide angle X-ray patterns [29, 30, 33-37]. 

 For the case called immiscible in figure II.3, the organoclay platelets exist in particles comprised 

of tactoids or aggregates of tactoids, i.e., no separation of platelets. Thus, the wide angle X-ray 

pattern of the polymer composite is expected to be the same as that obtained for the organoclay 

alone; there is no shifting of the X-ray d-spacing. 
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The second case is shown in figure II.3, it can be seen from the x-ray pattern that the peak of the 

organoclay shifts, indicating that the gallery has expanded, and it is usually assumed that 

polymer chains have entered or have been intercalated in the galleries.  

For the last case (exfoliated organoclay) , no wide angle X-ray peak is expected for the 

nanocomposite since there is no regular spacing of the platelets and the distances between 

platelets would be larger than what wide angle X-ray scattering can detect.  

The early literature seemed to suggest that ‘‘intercalation’’ would be useful and perhaps a 

precursor to exfoliation. Subsequent research has suggested alternative ideas about how the 

exfoliation process may occur in melt processing and how the detail of the mixing equipment 

and conditions affects the state of dispersion achieved [38-41].  

 
 

Figure II.3. Illustration of different states of dispersion of organoclays in polymers with 

corresponding WAXS patterns and TEM results [42]. 

 

There is a general agreement in the literature that exfoliated systems lead to better mechanical 

properties, particularly higher modulus, than intercalated nanocomposites [43]. Figure II.4 shows 

an ideal image how polymers surface active agents favor in a subsequent separation of the 
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platelets from each other forming finally the matrix material with homogeneously   dispersed 

platelets. 

 

 
 

Figure II.4. Schematic image of a polymer-clay nanocomposite material with completely 

exfoliated (molecular dispersed) clay sheets within the polymer matrix material [2]. 

 

A key factor in the polymer–organoclay interactions is the affinity between the polymer matrix 

and the silicate surface [44 - 48]. For example, Nylon 6 appears to have good affinity for the 

silicate surface, perhaps by hydrogen bonding, and, as a result, very high levels of exfoliation 

can be achieved in this matrix provided the processing conditions and melt rheology are properly 

selected [49].   

Even under the best of circumstances exfoliation of organoclays in neat polyolefins like PP, or 

PE, is not very good and far less than that observed in PA, PU, and some other polar polymers 

[50, 51]. It has been found that a small amount of a polyolefin that has been lightly grafted with 

maleic anhydride, w1% MA by weight is typical, can act as a very effective ‘‘compatibilizer’’ 

for dispersing the organoclay in the parent polyolefin [52, 53, 54, 55, 56–61].  

This does not lead to the high level of exfoliation that can be achieved in polyamides, but this 

approach has allowed such nanocomposites to move forward in commercial applications, 

particularly in automotive parts [62]. 
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II.1.3. Reversibly crosslinked isotactic polypropylene/clay Nanocomposites 

In the present thesis, a new route based on reversibly crosslinking reactive extrusion is applied 

for the development of iPP/clay nanocomposites. Isotactic polypropylene (iPP)/clay 

nanocomposites, prepared by two different methods (i.e., conventional and in situ). In both 

methods, the clay only has to be separated from the rest of minerals or impurities by washing the 

raw material with distilled water followed by centrifugation. It is not necessary to perform any 

other chemical treatment or purification step. 

In the so called conventional method, iPP, crosslinking agent (peroxide, sulfur and accelerator), 

potassium persulfate, and dried clay, were mixed in the solid state with appropriate weight % 

ratios, together with a few drops of a vegetable oil, which facilitates the the powder dispersion 

within iPP granules.  The resulting mixture was subsequently introduced into a single screw 

laboratory extruder.  

In the in situ method, first acetone and then dried clay were added to the crosslinking agent. The 

acetone volume was, at least, equal to three times the volume of the solid phase (total solid ¼ 

crosslinking agent + clay). After a few minutes, two separate phases appeared. The solid phase 

contained the functionalized clay, while the liquid one contained acetone plus some impurities. 

After one day of mixing, the solid phase was ready to be blended with iPP in the desired amount. 

This way, the penetration and diffusion of the agents between the interlayer spaces of the clay 

was favored. It is to be noted that the main role played by the acetone at this step of the process 

is to protect the clay from the water absorption before the blending process takes place. The iPP 

and the functionalized clay have been processed in an extruder (a single screw laboratory 

extruder (Prolabo1989) ). 

From the results obtained of the both methods, it is found that the presence of clay significantly 

affected the value of long spacing in iPP, as well as the coherence length of lamellar stacks. 

FTIR and DMTA results proved the grafting of iPP chains onto the clay lamellae. Thus, in the 

FTIR study, two new sharp peaks appear at 923 and 769 cm-1, that are associated to Si-O-C 

bonds created between the iPP chain and the tetrahedral structure of the inorganic Si-O-Si clay 

plane. The obtained DMTA results show the appearance of two Tg values in the composite with 

4% of clay, clearly demonstrating that the clay is completely exfoliated. Similarly to the scheme 

represented in the article by D. Gournis and coworkers [63]. Figure II.5 shows the morphology 

of the hybrid structure in case of total exfoliation.  

The most relevant point is that the reported technique of crosslinking by reactive extrusion 

gives rise to a partial or total exfoliation (4 wt % clay) with absence of intercalated structure. 
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Figure II.5.  Illustration of the hybrid structure of totally exfoliated iPP/clay nanocomposite 

material [63].  

 

II.1.4. Polybutene-1/clay nanocomposites studies  

Addition of layered silicate fillers, such as montmorillonite clay, to prepare nanocomposites is 

likely to improve the mechanical performance of polybutene-1 and to have a significant 

influence on the kinetics of the II/I transition [64–65]. Wanjale and Jog [64, 66] studied 

nanocomposites based on PB and organoclay prepared by melt-blending. They observed that 

formation of an intercalated clay network produced significant changes in the crystallization 

behavior and accelerated the II-I phase transition. Moreover, addition of clay nanofiller brought 

about a different response to stress during tensile straining [65].  

The same approach was adopted in the research work conducted by Valerio Causin et al. [67], 

but the formulation was optimized with a maleated polypropylene-based compatibilizer that 

improved the polymer–clay interaction. It was found that the incorporation of the 

montmorillonite in the polybutene-1 showed a significant improvement of some physical and 

mechanical properties without exfoliation of the filler (see figure II.6), but only by a reduction in 

the size of the tactoids and by a slight intercalation. In addition, It may be noted that, as a 

consequence of the phase transition, with increasing time the intensity of the peaks typical of the 

hexagonal phase I (i.e. (110) at 9.98 2θ) increases, whereas the intensity of peaks related to the 

tetragonal phase II (i.e. (200) at 11.98 2θ) decreases. A quite striking difference in the 

polymorphism of the two samples (neat PB-1 and PB-1/clay nanocomposite) can be noted in the 
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diffractograms taken at the initial time. While in PB-1 almost 100% phase II is detected, in PB-

1/clay a relevant amount of phase I co-exists with form II right after the cooling from the melt. 

Montmorillonite seems then to act as a nucleant for phase I. Noteworthy that, in the study of the 

crystallization of poly(1-butene) conducted by  Kaszonyiova and co-workers [68] it was found 

that nucleating agents did not influence the polymorphism of polybutene-1. 

 

Figure  II.6.  WAXS patterns of a- neat PB-1 and b- PB-1/clay nanocomposite at different aging 

times[67] 

Additionally, Santosh D et al. [69] studied the structure of PB-1/clay nanocomposite, the 

investigated composites were prepared by melt intercalation using an organically modified clay. 

Isothermal crystallization studies clearly indicated enhancement in crystallization rate by the 

clay. Also, the phase transformation studies revealed that the phase transformation from form II 

to form I at room temperature takes place faster in the case of PB-1 nanocomposites. It was 

found also that the PB-1 exhibited a well-defined spherulitic morphology compared to that of the 

PB-1/clay nanocomposite (see figure II.6), in which, the presence of clay layers seems to disturb 

the compactness of the spherulites.  
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Figure II.7. Spherulitic morphology of a- neat PB-1 and b- PB-1/ clay nanocomposite [69]. 

 

According to their study also [69], the x-ray diffraction patterns revealed that there was no 

exfoliation without exfoliation of the clay layer in the PB-1 (see figure II.7). However, a slight 

intercalation of layer was shown. 

 

Figure II.8. X-ray diffraction patterns for phase transformation in a- pure PB-1 and b- PB-1/clay 

nanocomposite [69]. 

 

II.2. Review on fiber-reinforced polymer composite 

Fiber-reinforced polymer composite materials consist of strength fibers embedded in a polymer 

matrix. The composite has a combination of properties of both fibers and matrix that cannot be 

achieved with either of the constituents alone. In general, fibers are the main load-carrying parts, 
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while the matrix function is to transfer stresses between the fibers, and to protecting the fiber 

surface from mechanical abrasion [70, 71]. 

Polymer composites have been used in several of industrial applications like construction, 

sporting goods, home appliances, furniture, etc. Over traditional materials, polymer composites 

present better mechanical properties, lighter weight, better dimensional stability, higher 

corrosion resistance, and flexibility [72]. However, a critical factor needed in determining the 

final properties of the composite material, particularly its mechanical properties [70, 73-75], 

which is the adhesion between fibers and matrix, especially in the case of nonpolar polyolefines 

matrices such as PE, PP…  

The fiber-matrix adhesion is confined to the interphase between the two phases (fiber/matrix), 

where stress transfer occurs. It is located between the fiber and the matrix [76].  

II.2.1. Methods for Adhesion Improvement  

Matrix-reinforcement interphases have been the main objective of a lot of research work, 

particularly in thermoplastic composite polymers. Several methods of treatments are necessary to 

improve the interfacial adhesion [77]. 

Compatibility can be increased by either fiber surface treatment or modification of polymer 

matrix or both [70, 78].  

II.2.1.1.Review on chemical coupling agents  

There are many types of chemical coupling agents used in the elaboration of polypropylene 

composites. A coupling agent is defined as a substance that bonds the filler to the polymer matrix 

[70].So, to achieve this property, the used coupling agent must have a unique structure that be 

able to interact with the filler, which is polar function in nature, at the same time it must be 

compatible with the nonpolar (case of polyolefines) or polar molecular chains of the polymer 

matrix. 

Some of the oldest types of coupling agents used are organofunctional silanes. Silane coupling 

agents are molecules that have this unique structure. One end has a hydrolyzable group, which is 

an intermediate in the formation of silanol groups, for chemical bonding to the surface of the 

filler. On the other end, silanes have an organofunctional group that entangles with polymer 

molecular chains by physical-type interactions [79].  
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In general, the type of functional group needed depends on the chemical structure of the polymer 

matrix. Many types of organofunctional groups of silanes are available: epoxy, methacrylate, 

amine, mercapto, and vinyl.  

Zulkifli investigated the effect of different types of silane and their concentrations in the 

interphase chemistry of the filler particle or fiber reinforcement in a polymer matrix and their 

influences on the fracture properties [80]. 

II.2.1.2. Matrix Modifications  

One of the other known ways to enhance the adhesion between fiber and thermoplastic polymer 

is to modify the polymer by introducing polar functional groups to it. For instance, the 

introduction of polar functional groups to the polypropylene chains can improve compatibility 

with polar strengthening and achieve a homogenous dispersion of additives, fillers and 

reinforcements. 

The polar groups are introduced by reactions with species that contain specific functional groups 

in their structures, such as ester, carboxylic acid or anhydride groups. This kind of strategy is 

used for PP/glass fiber composites in which a maleic anhydride grafted polypropylene (PP-g-

MA) is added in order to react with the amine group of the silanized glass surface [81, 82].  

A similar methodology was adopted by Di Benedetto et al. [83], who used oligomers of poly 

(sulfone) and poly(carbonate) to promote the fiber bonding with different matrices.  

Lee et al. [89] evaluated the ability of hydroxylated polypropylene with aim of improving the 

adhesion between PP and glass laminates filler. They found evidence for chemical bonding 

between PP-OH and glass surfaces with a subsequent interfacial interaction.  

Van den Oevert et al. [84] investigated the influence of PP-g-MA on fatigue behavior in 

continuous glass-fiber-reinforced polypropylene composites. It was found that a slight 

improvement in fatigue strength was shown when the maleic anhydride (MA) was grafted to the 

PP (PP-g-MA). 

 Bogoeva-Gaceva et al. [85] also investigated the properties of a PP-g-MA as an adhesion 

promoter for glass fiber composites. They showed that the shear strength of single-fiber model 

composites with PP-g-MA-modified matrix was increased compared to that with neat PP. 

Noteworthy that melted PP is subject to a grafting reaction with maleic anhydride (MA) in the 

presence of peroxide initiators. The use of peroxide initiators together with the required 

processing conditions largely causes the degradation of PP; this fact makes PP-g-MA only 

attractive as an additive to blend with pure PP [86]. 
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II.2.1.3. Fiber Treatment and Matrix Modifications  

With view of obtaining a composite with a better adhesion and large interactions between fiber 

and matrix, several processing methods have been reported allowing both the treatment of fiber 

and modification of polymer matrix at the same time. Numerous studies have been performed in 

order to determine the effect of treatment of glass fiber and modification of polypropylene on the 

mechanical properties, by modifying the fibers with aminopropyl trieth oxysilane and grafted 

maleic anhydride to the PP. The obtained results showed that physical and chemical interactions 

established in the composite improved the interfacial strength and mechanical properties [87–

94]. 

In the present work, the modification of the polyolefins used as matrices was carried out by 

reversibly crosslinking reaction. The reversibly crosslinking reaction allows the introduction of polar 

functional groups to the polyolefins polymers chains that can improve compatibility with fibers.     

II.2.1.4. Review on crosslinking reaction     

The modification of polyolefins is of great interest in recent years. Functional and engineered 

polyolefins are becoming more and more commercially important and expanding their 

applications because of their superior properties [95-100].The most widely used modification 

method of polyolefins to be functionalized or engineered is the chemical modification. Indeed, 

the chemical modification of polymers is important because it leads to modify the bulk properties 

of polymers by grating, copolymerization or crosslinking. In addition, the surface chemistry and 

physics of polymers can be modified by several chemical surface modifying techniques like 

surface degradation, surface hydrolysis and catalytic-initiated graft copolymerization… [101]. 

Crosslinking is a widely method used for modification of polymer properties. The crosslinking 

process consists in a formation of a tri-dimensional network structure. Vulcanized rubbers and 

thermosetting resins can be cited as the common examples of crosslinked systems. Meanwhile, 

crosslinked polyolefins are of significant interest as well. Figure II.9, shows a schematic 

illustration of the possible network structure [102]. 
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Figure II.9. Schematic illustration of network structure: a) for a polymer with tetrafunctional C-

C bonds (arrows indicate crosslinks). 

b) Physical entanglements of macromolecular chains 

c) Three-functional branching points, open circles tetrafunctional branching points. 

d) Crosslinked structure with polyfunctional branching points 

e) Noneffective three functional branching points 

1 -- of intramolecular cycles 

2 -- at the chain ends 

Various methods are used for initiation of polyolefin crosslinking. All processes used are 

based on a formation of polyalkene macroradicals in certain stage of the process. Common ways 

of crosslinking initiation consist in macroradicals formation via thermal decomposition of 

organic peroxides, high energy irradiation (gamma or electron beam), ultraviolet radiation in the 

presence of ultraviolet sensitizer, and grafting of silane groups onto the polyolefin backbone with 

subsequent crosslink formation via hydrolysis of the silanole moieties. Other procedures of 

initiating polyolefin crosslinking are rarely used or are only investigated in the laboratory 

[102,103]. 

Polyethylene could be crosslinked easily, in contrast, polypropylene and polybutene-1 have been 

considered until very recently as noncrosslinkable polymers. This is due to the fact that, if they 

are either irradiated, or subjected to the action of peroxide, the degradation process predominates 
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over the crosslinking mechanism particularly at the tertiary carbons of PP and PB-1. 

Nevertheless, new methods to achieve the crosslinking of the PP have been developed [104-106]. 

The crosslinking method used in the present work deals with a patented method that allows the 

preparation of reversibly crosslinked iPP .It is utilized for the preparation of both croslinking PP 

and PB-1 materials. 

This method, with slight variations, can be used to obtain crosslinked blends of PP and low or 

high density PE, copolymers of iPP or their blends with elastomers. In addition, the polymers to 

be crosslinked can be freshly prepared, recycled, restored, etc. The reversible crosslinking 

reaction is the newest method developed to obtain modified polyolefins. 

The principle of the crosslinking mechanism is to create macroradicals and cause them to act 

immediately on sulfur before the reaction of termination occurs.  

The crosslinking process takes place by a homolytic chemical reaction. The initiation reaction is 

originated by the peroxide decomposition, which gives rise to the formation of macroradicals 

with a very short lifetime. The sulfur atoms link the chains (coupling reaction) through the 

formation of a tridimensional, heat-resistant, network. The interchain bridges can be a sulfur 

atom, a polysulfide (S)x, or a cyclic S-compound. Accelerators increase the sulfur activation rate. 

In this way, the macroradicals’ formation and their coupling reaction with the sulfur takes place 

simultaneously, thus obtaining an optimum crosslinking degree for each formulation. The 

potassium persulfate increases the macroradicals’ lifetime.  

In crosslinked PP [107], the change in the molecular weight has a direct effect on the behavior of 

the material. The composition of the initiating system, especially the presence or absence of the 

coagent, is important in respect to the degradation-crosslinking ratio.  

Generally, crosslinking leads to an increase in viscosity of polymer melt; however, with small 

initiator amount, when degradation and branching are dominant, a decrease in PP viscosity is 

common. Crosslinking was also investigated as an alternative for compatibilization in blends 

containing PP [108]. 

II.3.Clay/fiber/polymer hybrid composites 

II.3.1.The concept of a three phase composite 

The scales of microcomposites, such as fiber/polymer composite, and nanofiller/polymer 

nanocomposite are so different that the two can be combined. On the scale of the fibers the 
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nanofiller particles are still very small, for example, the thickness of an exfoliated silicate sheet 

is 10000 times smaller than the diameter of an average glass fiber (see figure II.10) [109]. 

 

 
 

 

 

 

 

 

 

 

 
 

 

 

Figure II.10. Schematic comparison of macro-composite containing fibers to that of a nano-

composite at the same volume fraction of filler [109]. 
Figure II.11 depicts the concept of a three phase composite model, the presented fibers are long, 

and the nanoparticles fit between them without reducing the fiber volume fraction. In this three 

phase composite it is not the goal to replace any of the fibers with nanofillers, the goal is still to 

use a high volume fraction of fibers as the main reinforcement [110]. 

 

 

 

 

 

 

 

 

 

 

Figure II.11. Nano-particle reinforcement of the matrix in a fibre composite [110]. 
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Figure II.12. Simulated progress of a nanoparticle/short fiber/polymer hybrid composite in which 

nanoparticles and short fibers are evenly distributed in the pure polymer matrix [111]. 

 

 

Figure II.12. Simulation of uniform distribution of short fibers in nanocomposite matrix [111]. 

 

The short fibers that are present in the matrix polymer are only intended to improve 

the matrix-dominated properties of the nanoparticle composite. The most important improvement 

that the nanocomposite matrix could provide is an increase in the compressive and flexural 

strength, modulus and the tensile strength of the fiber composite. The compressive strength, and 

therefore also the flexural strength of a short fiber composite, depends on the modulus of the 

matrix [110]. Because the modulus of the composite matrix increases with the addition of 

nanofillers, the compressive and flexural strength of the composite are expected to increase in 

such a three-phase composite. 
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Materials and experimental techniques 

In this present chapter, all the materials and the different experimental techniques used will be 

presented.  

III.1. General characteristics of the materials used 

III.1.1. Polypropylene (PP) 

Isotactic polypropylene (3050 MN1) was provided by Arkema. The glass transition temperature 

Tg (determined by dynamic mechanical analysis) and the melting temperature Tm (determined by 

differential scanning calorimetry) are 10 °C and 167°C, respectively. The average molecular 

weights are Mn = 75,900 g mol-1 and Mw = 262,000 g mol -1. The density determined by 

hydrostatic weighting is 0.946 g cm-3. Wide angle X-rays scattering analyses revealed the 

exclusive presence of the α-monoclinic crystal of PP. Noteworthy that isotactic polypropylene 

(3050 MN1 grade) is used only in the study of the crosslinking of polypropylene.  

The polypropylene used in the study of polypropylene / short hollow recycled PET fibers 

composite was polypropylene (PP) SABIC® PP 510A provided by, SABIC ARABIE 

SAOUDITE. The glass transition temperature Tg (determined by dynamic mechanical analysis) 

and the melting temperature Tm (determined by differential scanning calorimetry) are 10 °C and 

165°C, respectively. The table III.1 summarized its properties.  

Table III.1. Properties of the polypropylene (PP 510A) used  

 

 

 

 

 

 

 

On the other hand, Polypropylene (PP) SABIC ® 510P homopolymer supplied by, SABIC 

ARABIE SAOUDITE was used in the study of Polypropylene / short polyamide fibers and 

hybrid composites. The different properties of this polypropylene are listed in table III.2. 

 

 

 

 

Property Value Units Test method 

Melt flow index 12 g/10 min ISO 1133 

Density 0.950 g cm-3 ASTM D1505 

Isotactisity High - - 

Tensile modulus  1700 MPa ISO 527-2 1A 
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Table III.2. Some properties of the polypropylene (PP 510P) used 

 

 

 

 

 

 

 

III.1.1.1.Microstructure of PP 

PP can be made from the propylene monomer by a process known as Ziegler-Natta catalyzed 

polymerization or by metallocene catalysis polymerization. Mechanical properties, solubility and 

melting temperature of polypropylene can be ascertained with knowledge of the polymer 

tacticity [1]. 

 

 

 

 

 

 

Figure III.1.Molecular structure of Polypropylene  

 

PP is considered to be capable of crystallizing into several isomorphic forms, abbreviated as α-

PP, β-PP and γ-PP. Their characteristics are summarized in the table III.3 

 

 

 

 

 

 

 

 

 

 

Property Value Units Test method 

Melt flow index 10.5 g/10 min ISO 1133 

Density 0.950 g cm-3 ASTM D1505 

Isotactisity High - - 

Tensile modulus  1700 MPa ISO 527-2 1A 
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Table III.3. Isomorphic forms of polypropylene 

 

III.1.2.Polybutene-1 (PB-1) 

Isotactic polybutene-1 (PB 0110M) was supplied by Lyondell Basell. It is isotactic and semi-

crystalline exhibiting high creep resistance and environmental stress crack resistance even at 

elevated temperatures. Table III.4 summarizes the density, the melt flow index (MFI) and the 

molecular weight of the polybutene-1 used. 

 

 

 

 

 

 

 

 α  monoclinic β hexagonal  γ orthorhombic 

Unit cell 

constants 

a= 6.666 A° 

b=20.78 

c=6.495 

α=90° 

β=99.6° 

ɣ=90° 

Natta et al, 1960 [2] 

a=b=19.08A° 

c=6.42 A° 

α=90° 

β=90° 

ɣ=120° 

 
Samuels et al, 1974 [3]  

a= 8.6 A° 

b=10 A° 

c=6.42 A° 

α=90° 

β=90° 

ɣ=120° 

Bruckner et al ,1989 

[4] 

Tf (°) 160 150 140 

ρc  (g/cm3) 0.936  [2] 0.922  [2] 0.939 [2] 

unit cell 

structure  
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Table III.4. Properties of the polybutene-1 used 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.2. Molecular structure of polybutene-1 

 

Isotactic polybutene-1 is usually produced by solution polymerization of butene-1 with a Ziegler-

Natta catalyst system [5]. Polybutene-1 (PB-1) exhibits four crystal forms [6] depending on the 

formation conditions: form I, twined hexagonal with a 31 helix [7] form I′, untwined hexagonal 

with a 31 helix [8] II, tetragonal with an 113 helix [9] and form III, orthorhombic with a 41 helix 

[10]. Crystallization of melt at room temperature produces metastable Form-II, then gradually 

transforms into the stable Form-I at room temperature [6]. 

Table III.5 presents the structural characteristics for the crystal forms of PB-1. The helical 

conformations of Form-I and Form-II are shown on figure III.3. 

 

 

 

Typical Properties Value Units Test Method 

Physical properties  

Melt Flow Rate 

(190°C/2.16 kg) 

   

ISO 1133 0.4 g/10 min 

Density 0.914 - ISO 1183 

Mechanical properties   

Flexural Modulus 450 MPa ISO 178 

Tensile Strength at Break 35 MPa ISO 8986-2 

Tensile Elongation at Break 300 % ISO 8986-2 

Thermal properties  

Tm1 128 °C ISO 11357-3 

Tm2 117 °C ISO 11357-3 

weight average molecular mass 854800 g mol-1  
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Table III.5. Structural Characteristics for the Crystal Modifications of PB-1 

 

 

 

 

 

 

 
 
 
 
 

 
 
                          

 
 
 
 
 
 
 
 
 
 
 

 
        Figure III.3. Helical conformations of (a) Form-I, 3/1 helix 

(b) Form-II, 11/3 helix [11] 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Form Crystal lattice helix Unit cell dimensions (nm) Tm (°) 

A b c  

I  Hexagonal 

(twined) 

3/1 1.77 1.77 0.65 120-135 

I’  Hexagonal 

(untwined) 

3/1 1.77 1.77 0.65 90-100 

II  tetragonal 11/3 1.46 1.46 2.12 110-120 

III  orthorhombic 4/1 1.25 0.89 0.76 90-100 
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Figure III.4 below summarizes the various crystal-crystal transformations of PB-1. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure III.4. Crystal-crystal transformations of PB-1 [12] 
 
 
 

III.1.3. Hollow recycled Poly (ethylene terephthalate) fibers 
 
The hollow recycled PET fibers (h.r-PETfs) were obtained from soft drink bottles, which were 

provided by the TINER-PLAST company -Setif- Algeria. The properties of these fibers are listed 

in table III.6. Figure III.5 shows the SEM micrograph of the hollow recycled PET fiber used in 

the present study. 

Table III.6. Properties of the hollow recycled PET fibers 

 

 

 

 

 

 

Properties Hollow  recycled PET fibers   (h.r-PETfs ) 
Density (g/cm3 )  1.32 
denier (d)  15 
The breaking tenacity  
( g/d) 

 3.1 

Elongation at break (%)  55 
Moisture absorption (%)  0.5 
Tm      (°C)  250 
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The breaking tenacity of a fiber expressed in grams per denier (g/d) or grams per tex (g/tex). 

Both denier and tex are units of 1inear density (mass per unit of fiber length) and are defined as 

the number of grams of fiber measuring 9000 meters and 1000 meters, respectively [13]. 

 In general, PET fiber spun from PET pellets polymer which is the condensation product of 

terephthalic acid and ethylene glycol [14]. The typical fibers with special cross-section shape, 

commonly used, are hollow and solid fibers, meanwhile, the PET fibers for general commercial 

application are mostly solid fiber yarns [15, 16]. Hollow fibers are a type of core–sheath in 

which the core is composed of air, and they have benefit for specific applications due to the 

larger fiber surface/volume ratio [17]. 

 

 

 

 

 

 

 

Figure III.5. SEM micrograph of the used hollow recycled PET fiber 

III.1.4. Polyamide fibers (PA 6) 

The polyamide 6 (PA 6) fibers were provided by Nanjing Forever Textile CO., LTD company -

Jiangsu –China. The table III.7 shows their properties. 

Table III.7 .Polyamide fibers (PAfs) properties 

 

 

 

 

 

 

 

Properties PA6 fibers 
Density (g/cm3 ) 1.14 
denier (d) 1 
The breaking tenacity  
( g/d) 

7.2 

Elongation at break (%) 45 
Moisture absorption (%) 5 
Tm      (°C) 230 
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Polyamide fibers are spun from linear thermoplastic polymers having recurring amide groups 

made from diamines and dicarboxylic acids (CONH ̶ R NHCO ̶ R') n or lactams (RCONH)n. 

The chemical reactivity of PA 6 is a function of the amide groups and the amine and carboxyl 

ends. The aliphatic segment of the chain is relatively stable [18]. 

 Structural models of fiber 

Aiming at describing the morphological texture of fibers, several models have been put. The 

model depicted in Figure III.6 is one of the basic models that have been developed [19]. The 

fiber consists of three distinct phases: oriented crystalline regions, amorphous regions also with 

preferential orientation along the fiber axis which contain tie molecules connecting crystallites, 

and highly extended non-crystalline molecules, called the interfibrillar phase. The interfibrillar 

phase will play a key role in the tensile properties of the fiber [20]. 

 

 

Figure III.6. Three phase model of fiber structure [20]. 

III.1.5.Stearic Acid 

Stearic acid (octadecanoic acid) consisted of 18 carbon atoms without double bonds. It is a 

crystalline solid melting at 69.6 0C, practically insoluble in water, fairly soluble in chloroform 
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[0.5g / 100ml] and decreasingly soluble in other solvent as toluene. Stearic acid widely used as 

vulcanized activator for natural rubber and synthetic rubber products. Also used as plasticizer, 

softener, water – proofing agent, polishing agent and oiling agent, antistatic agent in textile 

industry, lubricant in metal machining, mold releasing agent in tile making etc. or used as 

addictive for Polyethylene, Polypropylene, and PVC etc [21].  

III.1.6. Montmorillonite (MMT) 

Sodium montmorillonite (Na-MMT) was supplied by ENOF, Algeria. The cation exchange 

capacity CEC of this montmorillonite is about 1.15 x 10-3 mol/g. 

Montmorillonite (MMT) is a naturally occurring 2:1 phyllosilicate, which has the same layered 

and crystalline structure [22].The MMT crystal lattice consists of two-dimensional layers where 

a central octahedral sheet of alumina is fused to two external silica tetrahedral by the tip, so that 

the oxygen ions of the octahedral sheet also belong to the tetrahedral sheets, as shown in Figure 

III.7. Almost 1 nm is the layer thickness and the lateral dimensions may vary from 300 Å to 

some microns, a regular van der Waals gap is shown between these two layers, called interlayer 

or gallery. The sum of the single layer thickness and the interlayer represents the repeat unit of 

the multilayer material, called d-spacing or basal spacing (d001), and is calculated from the (001) 

plan  obtained from X-ray diffraction patterns [23-26]. 

 

 
Figure III.7. Structure of Layered Silicates [25] 
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III.1.7.Crosslinking agent (Functionalizing agent) 

 Peroxide 

The peroxide used in the study for crosslinking of polypropylene and composites based on 

polypropylene matrix was Dicumyl peroxide (DCP), 96 wt % activity; supplied by Sigma-

Aldrich –France. Its mechanism of decomposition is given by the scheme III.1.  

 

 

     

 

On the other hand, the di(ter-butyl peroxyisopropyl) benzene (DTBPIB) peroxide was used 

in the study of the cosslinking of polybutene and its composites . (DTBPIB) peroxide also 

called Perkadox 14-40-B-gr, was provided by Akzo Nobel Polymer Chemicals B.V. 

Amersfoort, Netherlands. Its mechanism of decomposition is given by the scheme III.2. 

CH3H3C

CH3

CH3

CH3
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... CH3H3C
.

CH3

CH3CH3
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CH3
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Sulfur 

Sulfur (S) (vulcanizing agent for rubber) was supplied by Wuxi Huasheng Chemical Additives 

Factory, China. 

Accelerator  

The accelerator used was “Super accelerator 501” (tetramethylthiuram disulfide, TMTD), 

supplied by Rhone Poulenc, France. Its mechanism of decomposition is given by the schemes 

III.3 and III.4. 

 
 

 

 

Δ 
(III.2) 

(III.1) 

(III.3) 
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III.2. Processing method 
III.2.1. Crosslinked polypropylene  

For the preparation of the crosslinked polypropylene, the sulfur concentration was always equal 

to that of the peroxide. However, the accelerator was 1/4 of the sulfur and peroxide 

concentrations. crosslinking agents were mixed in the solid state, then added to the 

polypropylene  and melt mixed at a temperature of 170 °C, a speed of 60 rpm during a mixing 

time of 20 min. The four prepared formulations are shown in table III.8. 

Table III.8. Crosslinked PP samples designation and composition 

Materials Peroxide (wt %) Sulfur (wt %) TMTDS (wt %) 

0.8 XPP 0.8 0.8 0.2 

1.6 XPP 1.6 1.6 0.4 

2.4 XPP 2.4 2.4 0.6 

3.2 XPP 3.2 3.2 0.8 

 

III.2.2.Composites preparation 

a- Polypropylene (PP) matrix /short fibers composite 

 Before the melt mixing process, hollow PET fibers, polyamide fibers and treated fibers were 

dried in an oven at 60°C for 12h. Different composites were mixed in different ratios in a 60 cm3 

Brabender mixer chamber to get the showed samples in table III.9. First of all the polypropylene 

was melted in the brabender chamber then short fibers were added  and melt blended at a 

temperature of 190 °C, a speed of 60 rpm during a mixing time of 10 min. 

 Surface treatment of fibers 

Surface treatment of fibers was carried out using stearic acid in order to increase the number of 

reactive groups, and improve the fibers dispersion in the matrix. First of all, fibers were chopped 

into about 4 mm. Then, the obtained short fibers were washed with distilled water in order to 

remove the possible surface impurities and dried in vacuum oven at 60°C.  25 mg of stearic acid 

was dissolved in 200 ml of toluene at ambient temperature by continuous magnetic stirring of 

(III.4) 
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solution for 20 min. Then, 3 g of fibers were added into toluene/stearic acid solution under a 

magnetic stirring at ambient temperature for 12h in order to complete the reaction between 

stearic acid with fibers surface and to improve the dispersion of the fibers into the solution. 

Following the treatment, fibers were thoroughly washed with distilled water, dried in vacuum 

oven at 60 °C for 8h. 

Table III.9. Formulation of PP/short fibers composites 

 

b- Crosslinked PP (XPP) matrix/short fibers composites 

 Table III.10. Formulation of crosslinked PP/short fibers composites 

Samples samples designation 

3 wt %h.r-PETfs 3 wt % hollow recycled PET fibers /PP 

7 wt% h.r-PETfs 7 wt % hollow  recycled PET fibers /PP 

10wt% h.r-PETfs 10 wt % hollow  recycled PET fibers /PP 

7wt% t-h.r-PETfs 7wt %  treated   hollow recycled PET fibers /PP 

 

3 wt % PAfs 3 wt % polyamide fibers / PP 

5 wt % PAfs 5 wt % polyamide fibers / PP 

7 wt % PAfs 7 wt % polyamide fibers / PP 

Samples Sample designations 

XPP 1.6 XPP mixed 

0.5 Crosslinking agent 

(CA) 

0.5 Peroxide +0.5 Sulfur + 0.125  TMTDS  

3 wt %h.r-PETfs 3 wt % hollow  recycled PET fibers + 0.5 CA  /XPP  

7 wt% h.r-PETfs 7 wt % hollow  recycled PET fibers + 0.5 CA /XPP 

10wt% h.r-PETfs 10 wt % hollow  recycled PET fibers + 0.5 CA /XPP 

7wt% t-h.r-PETfs 7 wt %  treated  recycled hollow PET fibers + 0.5 CA /XPP 

 

3 wt % PAfs 3 wt % polyamide fibers + 0.5 CA / XPP 

5 wt % PAfs 5 wt % polyamide fibers + 0.5 CA  /XPP 

7 wt % PAfs 7 wt % polyamide fibers + 0.5 CA  /XPP 
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c-Hybrid composites preparation  

The different composites were prepared in Brabender plastograph mixer using twin Roller 

blades at mixing temperature of 190°C and rotor speed of 60 rpm during 20 minutes and, then, 

compressed into a dreher-type Brabender. The different composites were grinded before 

undergoing the diverse tests.Noting that , the fillers used were dried in an oven at 60°C for 12h. 

c.1- Na-MMT/PP nanocomposites preparation  

A series of composites have been studied consisting of different content of the f-Na-MMT (3, 5, 

7 wt %) /PP. Different composites were prepared using the conventional method. Functionalizing 

agent (peroxide, sulfur and accelerator) / dried Na-MMT were mixed together in the solid state, 

in which the functionalizing agent (FA) was added in a concentration of 1/5of the clay. The 

formulations are as follows: the sulfur concentration (in wt %) was equal to that of peroxide, and 

the accelerator was 1/4 of the sulfur or peroxide concentration. 

PP was incorporated into the Brabender plastograph chamber firstly, and then the mixture Na-

MMT/FA was introduced as soon as torque indicated melting of the polymer (about 2 min). 

c.2- Crosslinked PP (PP/ 1wt% FA) 

The so-called ‘‘functionalizing agent of Na-MMT’’ which is constituted by the peroxide, sulfur, 

and accelerator were also used as crosslinking agent of PP. Accordingly, an additional study of 

crosslinked PP has been done, with a view of evaluating and explaining the effect of 

functionalizing agents on the structure of PP.  As well as for understanding the effect of FA on 

neat PP structure ,the same amount of functionalizing agent  that was added to 5wt %Na-MMT 

was used to PP ,The amount of sulfur and peroxide was 1 wt % and the accelerator was 1/4 of 

the sulfur and peroxide concentration.  

c.3- PAfs/PP composites preparation 

Two series of PAfs/PP composites containing 5 wt% PAfs treated and untreated fibers were 

prepared. The fibers were dispersed in the PP pellets in the solid state, thereafter; the obtained 

mixture was inserted into brabender plastograph chamber. 
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c.4- f-Na-MMT /PAfs /PP hybrid composites 

PAfs /f-Na-MMT /PP hybrid composites were prepared by adding 5 wt % of treated polyamide 

fibers (t-PAfs) to different recycled nanocomposites 3, 5, 7 wt % f-Na-MMT / PP which were 

prepared and grinded as it was explained above in the section of  f-Na-MMT/PP nanocomposites 

preparation  . 

Sample designation and composition of hybrid composites are presented in table III.11. 

Table III.11. Sample designation and composition of hybrid composites.  

 

III.2.2.Crosslinked Polybutene -1  

The same crosslinking agent concentrations and mixing condition that were used in the study 

crosslinked polypropylene was taken in the crosslinked polybutene preparation. Sample 

designation and composition are shown in table III.12. 

Table III.12. Crosslinked PB-1 sample designation and composition 

 

 

 

 

III.2.1.Polybutene-1 /hollow PET fiber/ Na-MMT hybrid composites  

Before the reactive melt mixing in the Brabender, the fillers used were dried in an oven at 60°C 

for 12h. The mixing conditions were as follows: 190°C temperature of mixing, 60 rpm rotor 

speed during 20 minutes. The table III.13 presents the prepared formulations. 

 

Sample t-PAfs (wt %) f-Na-MMT presented in PP nanocomposite 

prepared (wt %) 

3 wt% hyb     5          3 

5 wt% hyb     5         5 

7 wt% hyb     5         7 

Materials Peroxide (wt %) Sulfur (wt %) TMTDS (wt %) 

0.8 XPB-1 0.8 0.8 0.2 

1.6 XPB-1 1.6 1.6 0.4 

2.4 XPB-1 2.4 2.4 0.6 

3.2 XPB-1 3.2 3.2 0.8 
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Table III.13. Formulation of PB-1/hollow PET fiber/Na-MMT hybrid composite 

 

Scheme1 shows the schematic processing steps of the samples preparation in the present study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Samples  Designations  

 h.PETfs 7 wt% hollow PET fiber/ PB-1 

 t-h.PETfs 7 wt% treated hollow PET fiber/ PB-1 

XPB-1 2.4 XPB-1 mixed 

XPB-1/ t-h.PETfs 7 wt% treated hollow PET fiber/ XPB-1 

Hybrid composites  

1 wt % crosslinking 

agent (CA) 

1wt % Peroxide +1wt % Sulfur + 0.25wt % TMTDS 

1 XPB-1 1 wt % CA+ PB-1 

f-Na-MMT 5 wt % Na-MMT + 1 wt % CA 

hyb 7 wt% treated hollow PET fiber /f-Na-MMT / PB-1 
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PP     (CA) Crosslinking agent  (0.8, 1.6, 2.4, 3.2 wt.%) 
Reactive melt mixing 

Melt mixed at a temperature of 170 °C, a speed of 
60 rpm during a mixing time of 20 min in Brabender  

0.8 XPP 

1.6 XPP 

2.4 XPP 

3.2 XPP 

 Grinded 1.6 XPP+ 0.5 wt. % CA + Short hollow 
recycled PET fibers (3, 7 and 10 wt.%) 

Melt mixed at a temperature of 190 °C, a speed of 60 rpm 
during a mixing time of 10 min in Brabender  

XPP/ 3wt.% h. r-PET fibres composite 

XPP/ 7wt. % h. r-PET fibers composite 

XPP/ 10wt. %h. r-PET fibers composite 

 Grinded 1.6 XPP+ 0.5 wt. % CA + Short 
PA fibers (3, 5and 7 wt.%) 

Melt mixed at a temperature of 190 °C, a speed of 60 rpm 
during a mixing time of 10 min in Brabender  

XPP/ 3wt.%  PA fibres composite 

XPP/ 5wt. %  PA fibres composite 

XPP/ 7wt. % PA fibres composite 

Rheological, microstrutrual and mechanical studies 

Rheological, microstrutrual and mechanical stadies 

XPP/7wt.% treated h.PET fibers composites XPP/5wt.% treated  PA fibers composites 

Melt mixed at T=190 °C, a speed of 60 rpm during a 
mixing time of 10 min in Brabender  

            Microstrutrual and mechanical studies 
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PP 
3 wt.% Na-MMT + 0.6 wt.%  FA (Functionalizing agent) 

5 wt.% Na-MMT + 1 wt.% FA (Functionalizing agent) 

7 wt.% Na-MMT + 1.4 wt.% FA (Functionalizing agent) 

Reactive melt mixing 

Melt mixed at a temperature of 190 °C, a 
speed of 60 rpm during a mixing time of 
20 min in Brabender  

PP/ 3wt.% f-Na-MMT nanocomposite 

PP/ 5wt.% f-Na-MMT nanocomposite 

PP/ 7wt.% f-Na-MMT nanocomposite 

   Microstructural study 

Grinded PP/ 3wt.% f-Na-MMT nanocomposite+ 5wt.% PA fibers 

Grinded PP/ 5wt.% f-Na-MMT nanocomposite+ 5wt.% PA fibers 

Grinded PP/ 7wt.% f-Na-MMT nanocomposite+ 5wt.% PA fibers 

190°C temperature of 
mixing, 60 rpm rotor 
speed during 20 minutes 
in brabender  

3wt.% hybrid composite 

5wt.% hybrid composite 

7wt.% hybrid composite 

  Microstrutrual and mechanical studies 
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Scheme III.1. The schematic processing steps of the different samples preparation 

PB-1     (CA) Crosslinking agent  (0.8, 1.6, 2.4, 3.2 wt.%) 
Reactive melt mixing 

Melt mixed at a temperature of 170 °C, a speed of 
60 rpm during a mixing time of 20 min in Brabender  

0.8 XPB-1 

1.6 XPB-1 

2.4 XPB-1 

3.2 XPB-1 

 Grinded 2.4 XPB-1+ 0.5 wt. % CA + Short 
hollow recycled PET fibers (7 wt.%) 

Melt mixed at a temperature of 190 °C, a speed of 60 rpm 
during a mixing time of 10 min in Brabender  

XPB-1/ 7wt. % h. r-PET fibers composite 

Melt mixed at a temperature of 190 °C, a speed of 60 rpm 
during a mixing time of 10 min in Brabender  

XPB-1 /7 wt.% Treated  h.r-PET fibers wt. %  composite 

Rheological, microstrutrual and mechanical studies 

microstrutrual and mechanical studies 

 Grinded 2.4 XPB-1+ 0.5 wt. % CA + Treated 
short hollow recycled PET fibers (7 wt.%) 

Melt mixed at a temperature of 190 °C, a 
speed of 60 rpm during a mixing time of 
20 min in Brabender  

PB-1 5 wt.% Na-MMT + 1 wt.% FA (Functionalizing agent) 
Reactive melt mixing 

PB-1/ 5wt.% f-Na-MMT nanocomposite 

Grinded PB-1 / 5wt.% f-Na-MMT nanocomposite+ 7wt.% h.r-PET fibers 

Hybrid composite microstrutrual and mechanical studies 
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III.3.Experimental techniques 

III.3.1.Rheological characterizations 

III.3.1.1.Dynamic rheological analysis  

For the dynamic rheological analysis, a Brabender type plastograph was used. The processability 

of the different components has been evaluated by measuring the torque required to mix the 

molten components in a heated chamber, under fixed conditions, i.e., temperature, time and rotor 

speed.   

III.3.1.2.Melt flow index (MFI) measurements 

Melt flow index (MFI) in (g/10min) values were measured following ASTM D 1238-82 

standard. The test was performed at 230°C with a load of 2.16 kg. Values were obtained by 

taking the average of five extrudates. 

III.3.2.Gel content  

The gel content (insoluble fraction) of the crosslinked samples was determined according to 

standard ASTM D2765-01 [29] by extracting with xylene solvent. 

III.3.3.Microstructural characterization 

III.3.3.1.FTIR measurements 

FTIR spectra of film samples were recorded using a Perkin Elmer Spectrum 1000 spectrometer 

with a resolution of 4 cm-1 within 200 scans (PerkinElmer).IR spectra were obtained for different 

film samples in the region from 400 to 4000 cm-1. 

III.3.3.2. Differential scanning calorimetry (DSC)  

Thermograms of all components were obtained using a Q200 instrument (TA Instruments, USA). 

The calorimetric runs were performed using (±10 mg) of each simple with a heating rate of 

5°C/min. The samples were heated up to 200 °C and maintained at this temperature during 3 

min, then samples were cooled down to 25°C with a cooling rate 5°C/min .After that, a second 

heating were effectuated.  

The degree of crystallinity of different investigated samples was determined according to the 

equation III.1, in which ΔHm is the melting enthalpy of polymers, and ΔHm
0   presents the heat of 

fusion of 100% crystalline polymers, at the equilibrium melting point. 
∆ୌౣ

∆ୌౣ
భబబ%                                                                                                                                (III.1) 
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However, in the present study, the degree of crystallinity was determined with the application of 

a correction factor in order to take into consideration the amount of fillers (fibers and Na-MMT) 

in different composites. Thus, accurate values of χc reported were obtained from the equation 

III.2, where (wf) corresponds to the weight percentage of fillers in the composite. 

∆ୌౣ
∆ୌౣ

భబబ% × ଵ଴଴
ଵ଴଴ି୵౜

                                                                                                                                                                     (III.2) 

The crystallite sizes Lc can be also deduced using the melting temperature by means of Thomson-Gibbs’ 

equation III.3 as follows: 

Lc 
DSC = 2σ T0

m / (T0
m  – Tm ) ∆H0

m ρc                                                                                 (III.3)                    

For the polypropylene (PP) matrix: 

T0
m = 187.5°C, ΔHm

0 =165 J/g , σ (the fold surface free energy)= 0.1 j/m2 the fold surface free 

energy and ρc = 0. 94 g/cm3 is the crystal phase density [27]. 

For the polybutene-1 (PB-1) matrix: 

T0
m = 133°C, ΔHm

0 (form I) =125J/g and ΔHm
0 (form II) =75.2 J/g , σ (the fold surface free 

energy)= 15.5 erg/cm2  and ρc = 0. 914 g/cm3 is the crystal phase density [28]. 

III.3.3.3.Wide-angle X-ray scattering (WAXS) 

Crosslinked samples are analyzed by wide angle X-ray scattering (WAXS). The selected tension 

and the intensity are 30 kV and 40 mA, respectively. The wave length used is Kα1 copper 

radiation (λ= 0.154 nm). The diffraction system used in the laboratory of IJL (Nancy, France), 

has two detection modes, 1D and 2D. The 2D transmission pattern, intercepted by a Fujifilm 

image plate normal to the beam, is revealed with the adapted scanner (Fujifilm BAS 5000) with a 

maximum resolution of 25 mm, the image being readily obtained in digital form with a PC 

microcomputer (see figure III.8). 
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Figure III.8. Experimental device of X-ray diffraction test [29]. 

It is worth noting that, the crystalline structure of the different studied composites in the present 

thesis was determined by WAXS analysis using reflection mode. WAXS profiles were recorded 

on a Seifert diffractometer (RICH.SEIFERT & CO, Germany). The following conditions were 

employed: 40 kV, 35 mA, angular range: °4-35° (2θ), scan rate: 0.02°/s. 

From the WAXS patterns, the degree of crystallinity (χc) can be measured using the following 

equation III.4 [30]: 

χc
WAXS= Ic / (Ia + Ic)                                                       (III.4) 

Where Ic and Ia present the integrated intensities of crystalline and amorphous phases, 

respectively, which were determined by deconvolutions of WAXS patterns. We fit the 

contributions of amorphous and crystalline phases by a series of Gaussian curves of different 

heights and widths using Fityk software. 

The portion of the α and λ forms of the PP were calculated using the following equations: 

 α (%)  = ூഀ(భయబ)

∑௔௥௘௔௦
          and        λ (%)  = ூഀ(భభళ)

∑ ௔௥௘௔௦
                                                             (III.5)      

  where,  ∑ areas =      ܫఈ(ଵଷ଴)  +ܫఊ(ଵଵ଻)                                                                          (III.6)                       

We have also estimated the content χβ of β form and χγ of the β and γ-form in all the studied 

composites samples according to the method of Turner-Jones and al [31, 32]: 

χγ = Iγ
(130)/( Iγ

(130) + Iα
(130))                                                                               (III.7) 

χβ = Iβ
(300)/( Iα

(110) + Iα
(040)+ Iα

(130)+ Iα
(300))                                   (III.8) 

To calculate the crystallinity degree (χ) of form I and form II in a partially transformed PB-1 

sample, the peaks of form I, form II and amorphous are fitted using Fityk software. 
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The two forms are calculated using the following equations proposed by Hsiao et al [33].  

Where AI, AII, AA represent the integrated areas beneath peaks of the form I, the form II and 

amorphous, respectively. 

χ1 =
୅౅

୅౅ା୅౅౅ା୅ఽ
                                                                                                                                                         (III.9) 

χ II =
୅౅౅

୅౅ା୅౅౅ା୅ఽ
                                                                                                                                                        (III. 10) 

III.3.3.4.Macromolecular orientation (2D WAXS) 

The orientation degree of the crystallites can be given on a quantitative numerical basis using 

Hermans' orientation function. The orientation factor noted F
௨
→

௫
→⁄   represents the relative 

orientation of a given crystallographic axis 
௨
→ against a fixed reference direction

௫
→. Its general 

expression is given in Equation (III.11) [ 34]. 

 

     F
௨
→

௫
→⁄   =     

ଷ 〈௖௢௦మ(ఈ
ೠ→ →ೣ⁄  )〉ିଵ

ଶ
                                                                     (III.11) 

where,  

ߙ)ଶݏ݋ܿ〉 
ೠ
→ →ೣ⁄  )〉 =  

∫ ୍౞ౡౢ 
ഏ మ⁄
బ ௖௢௦మ ఝ ௦௜௡ఝ ௗఝ

∫ ௦௜௡ఝ ௗఝഏ మ⁄
బ

                                                                (III.12) 

and, I hkl depicts the maximal intensity scattered of the (hkl) plane at a given azimuthal angle φ. 

.Table III.13 illustrates the remarkable values corresponding to the specific crystallographic 

orientation using Hermans' orientation factor [34]. 

Table III.14.  Remarkable values of   F
௨
→

௫
→⁄   used for determining the material texture using 

Hermans' orientation factor [34]. 

 

 

 

 

 

 

 

࢛→ࢻ)૛࢙࢕ࢉ〉 →࢞⁄  )〉 F→࢛ →࢞⁄    Texture 

0 -1 2⁄ ሬ⃗ݑ      is perpendicular to  ⃗ݔ 

૚ ૜⁄   0 Isotropic distribution of  ݑሬ⃗    in space 

૚ ૛⁄  1 4⁄  Isotropic distribution of ݑሬ⃗   in the plane parallel to ⃗ݔ 

ሬ⃗ݑ 1 1  is parallel to ⃗ݔ 
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III.3.3.5.Dynamic Mechanical Analysis 

Dynamic mechanical analyzer (DMA) model DMA242 from NETZSCH was used to investigate 

the dynamic mechanical properties of the specimens, i.e. storage modulus (E’), loss tangent (tan 

δ) and glass transition temperature (Tg). The specimen used were manufactured from the plaques 

prepared using a computer-controlled milling machine (CharlyRobot CRA4).The specimens 

length, width and thickness were 50, 4, and 1 mm, respectively. Noteworthy that the dimensions 

of the specimens of the crosslinked polypropylene were 50, 4 and 4 mm, respectively. The test 

was performed under bending mode. The strain was applied sinusoidally with a frequency of 1 

Hz, and the specimen was heated at a rate of 2oC/min from -100 to 100oC.  

III.3.3.6.Scanning electron microscope (SEM) 

The cross-section surfaces of the different composites were examined using an environmental 

SEM (MEB- FEI- QUANTA- FEG 600).Noting that cryogenic fracture in liquid nitrogen was 

done before SEM observation for the recycled PET fiber/PP composites. However, for the 

polyamide fibers/PP composites and recycled PET fiber/PB-1 composites, the analysis of the 

composites was performed by observation of the fractured surfaces produced after the tensile 

tested composites. 

III.3.3.7.Optical light polarized microscopy  

Polarized light microscopy examinations using an Olympus bx50 with a capture camera Micro 

Publisher 3.3 RTV were carried out on both sides of the cast samples. 

III.3.3.8.Synchrotron X-ray tomography (SRXTM) 

In situ tensile test under synchrotron radiation were performed at the Syrmep beamline located at 

Elettra Trieste international research center, Italy. X-ray photon energy of 10-15 keV was used, 

and 900 projections (≈1sec/proj) were captured over the 180° of rotation. The detector was a 

2048 x 2048 pixel CCD camera. The specimens were scanned at a resolution of 2.04 µm voxel 

edge length. Tensile speed was 5µm/s. The tensile specimens were manufactured from the 

plaques prepared using a table milling machine which was managed by CAO software.  The 

length  and  the width overall of specimens were 40 mm and 10 mm respectively, length and 

width narrow section of specimens was 4 mm (see figure III.9.a and b). 
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                      Figure III.9.  a-Tensile micromachine [29]        b-Sample dimensions 

 

III.3.4.Mechanical Tests 
 
III.3.4.1.Tensile test  
 
III.3.4.1.1.VidéoTractionTM system 
 
The videotraction TM system is a video-controlled mechanical testing technique invented in the 

laboratory of Materials Science and Metallurgy Department, Jean Lamour Institute. (1990). This 

system was patented by G'Sell and Winter (2001).  

Tensile strength tests of the crosslinked polymer are carried out with a servo-hydraulic machine 

(MTS 810) using VideoTractionTM system.  

 Specimens’ preparation  

 Preparation of plates (shaping) 

Plates were prepared by compression molding, using a specific square mold of 100*100 mm 2 

which can be used to get different plates thickness. The chosen thickness was 1mm2 and for 

4mm2   for the crosslinked PB-1 and crosslinked PP respectively. The compression molding was 

performed in CARVAR manual press between hot plates at 200 °C and at a constant pressure of 

8 MPa for 20 min, followed by water cooling under the same molding press. 

The test specimens are machined from the polished plates using a computer-controlled milling 

machine (CharlyRobot CRA4) following the shape represented in Figure III.10. (a.crossliked 

PB-1 samples) and (b. crossliked PP samples). Seven dot markers, made of a fluorescent ink, are 
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printed on the front flat face of the sample. Five of these dots are aligned and equally spaced in 

the tensile direction, x3, while the two others are aligned with the central dot along the transverse 

direction, x1 (see figure III.10.b). The traction machine is equipped with a camera that closely 

follows the movement of dots markers placed on the surface of the specimen (see figure III.11). 

In addition, the seven fluorescent markers, illuminated with an ultraviolet lamp, are followed in 

real time during the tensile tests by means of a CCD camera (resolution 800*600 pixels) 

interfaced with a microcomputer through a video interface board. Video measurements are 

performed locally in a specific Representative Volume Element (RVE) at the sample centre, 

where plastic deformation can be showed (see figure III.12) [35].  

The tensile properties of specimens were determined using 5 samples for each composition, at 

room temperature and at strain rate of 10-5 s-1. 

 

 

 

     Figure III.10.a. PB tensile sample with seven markers       Figure III.10.b.PP Tensile sample 
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Figure III.11. Determination of the true axial strain in the representative volume element (RVE) 

[35] 

 
Figure III.12. General diagram of the VidéoTractionTM system [35]. 

 

The volume strain in the RVE, εv, is computed as the trace of the true strain tensor: 

࢜ࢿ = ૚૚ࢿ + ૛૛ࢿ +  ૜૜                                                                                       (III.13)ࢿ

 

For crosslinked PB-1 samples having a very low thickness-to-width ratio, the hypothesis is that 

of plane tensile testing [29], the axial strain ε33 in the RVE is equal to the opposite of the normal 
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strain ε11 in the RVE. So, the resulting axial load in the RVE is calculated using Equation 

(III.14): 

ଷଷߪ = ி
ௌబ

exp(ࢿ૜૜)                                                                                             (III.14) 

However, for the crosslinked PP samples having a high thickness-to-width ratio, the hypothesis 

is that of uniaxial tensile testing [29], transverse strains in the RVE, ε11 and ε22, are equal 

considering the realistic hypothesis that the strain field is transversally isotropic in the centre of 

the neck.  

The axial true stress (Cauchy stress) is determined in the same RVE as the load per unit actual 

cross-section: 

ଷଷߪ = ி
ௌబ

exp(−2ࢿ૚૚)                                                                                         (III.15) 

where S0 is the initial cross-section of the tensile specimen. 

III.3.4.1.2. Simple tensile test  

Type I specimens of ASTM D 638, were prepared by compression molding using a CARVAR 

manual at a pressure of about 8 MPa and at a temperature of 200°C, the specimens were 

submitted to tensile test. The tensile properties of specimens were determined using 5 samples 

for each composition with a universal Shimadzu model WDT-/20KN testing machine at a 

constant cross-speed of 20 mm/min. Measurements were carried at room temperature.  

III.3.4.2.IZOD impact strength tests 

(V-45 ° angle) Notched (1/10 deep) specimens were prepared and submitted to the Izod impact 

strength testing equipment. The specimen thickness and width were 3 and 9 mm respectively. 

The impact strength properties of specimens were determined using 5samples for each 

composition with a Microtest testing machine (ISO 180), using a 2 J hammer. 
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The present chapter deals with the results obtained and their discussions. This chapter can be 

divided on two important sections. The first one focuses on the composites based on the 

unmodified and modified polypropylene matrix, and the second one deals with composites based 

on the crosslinked polybutene-1 matrix. 

IV.1. Composite based on modified polypropylene matrix/fibers 

Polyolefin structure modification and fibers treatment appear as effective methods to provide 

interesting properties for polymer/short fiber composites. In this view, first the modification of 

the polypropylene (matrix) by crosslinking reaction using XRX method was studied, in which 

different concentrations of crosslinking agent were used aiming at optimizing the properties of 

the crosslinked matrix. Then, the selected crosslinked polypropylene which presents the 

appropriate structural and mechanical properties (good crystallinity degree, high impact and 

tensile strength) was filled by short fibers (hollow PET fibers, Polyamide fibers). 

IV.1.1.Crossliking of polypropylene (PP) 

 IV.1.1.1.Rheological results 

1.1. Dynamic rheological analysis (DRA) results 

Figure IV.1 displays the torque-time evolution for the neat PP, and the crosslinked PP with 

different crosslinking agent amount. First, due to the high resistance provided by the solid 

pellets, an increase in torque is observed. After that, the torque begins to decrease until the point 

A, which is assigned to the melting point. Beyond the point A (TA), the torque shows different 

behavior depending on the crosslinking agent content. For the neat PP, it is observed that the 

torque remains constant before the appearance of an equilibrium stage (C), which indicates the 

final viscosity of the polymer. However, the torque of the crosslinked samples presents an 

increase up to a maximum value TB (point B), which means that the maximum crosslinking 

reaction is taking place. Then, a partial reduction of torque is observed related to a partial 

destruction of the formed network, Then, the torque showing almost constant values  

(equilibrium torque)  but it is still higher than TA. The Tc values are proportional with the 

crosslinking agent amount, thus the viscosity of the crosslinked materials increases with 

increasing of the crosslinking agent concentration. 
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Figure IV.1. Torque-time evolution of the different crosslinked PP 

1.2. Melt flow index (MFI) results 

Figure IV.2 shows the variation of MFI for the neat PP and the different crosslinked PP 

materials. It can be seen that the crossliking agent affects the melt flow of PP, in which, MFI 

decreases proportionally as function of the crossliking agent content. Consequently the viscosity 

of the modified PP increases. The DRA curves are in a good agreement with the obtained MFI of 

all crosslinked samples. 

 

 

 

 

 

 

 

Figure IV.2. Variation of MFI for the crosslinked samples 
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IV.1.1.2.Gel content test  

The effect of the crosslinking agent concentration on the gel content of the crosslinked PP has 

been also a subject of investigation.  The results are displayed in table IV.1. From the obtained 

results, it is evident that the gel content increased linearly as the crosslinking agent content 

increased (see figure IV.3).This increase is due to the increasing number of the sulfur bridges 

and the network structure that leading to high gel products. 

Table IV.1.Gel content values of the different crosslinked PP 

 
Crosslinked  PP samples Gel content (%) 

0.8 XPP 18.31 
1.6 XPP 38.40 
2.4 XPP 42.21 
3.2 XPP 65.42 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure IV.3. Variation of the gel content for the crosslinked samples 

IV.1.1.3.Structural study of the modified polypropylene samples 

3.1. DSC measurements of crossliked PP  

In order to show the influence of the melt mixing process on the structure of PP. Firstly, DSC 

measurements of the PP pellet (in his first state) and PP granule (obtained after one mixing cycle 
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in a brabender) have been compared. The DSC thermograms of both materials are shown in 

figure IV.4 and the results are collected in table IV.2. The mixed PP (granule) presents an 

increase in crystallinity degree compared to PP pellet. Accordingly, the PP granule (mixed PP) is 

taken as reference, because all crosslinked samples go through the same mixing conditions as PP 

granule. 

 

Figure IV.4. DSC thermograms of first heating (a) and cooling (b) runs of PP (pellet and 

granule). 

Table IV.2. DSC parameters of PP (pellet and granule) 

 

 

 

 

The DSC thermograms of the crosslinked PP samples are shown in figure IV.5 (first and second 

heating runs) and IV.6 (cooling run). From the obtained DSC parameters (see table IV.3). It can 

be seen that the melt temperatures of the modified samples decreased slightly with increasing of 

crosslinking agent content in both heating runs. On the other hand, the crystal lamellar thickness 

Materials ΔH m 
(J/g) 

Tm 
(°C) 

ΔHc 
(J/g) 

TC 
(°C) 

Χ 
(%) 

PP Pellet 91 166 89 117 55 
PP Granule 106 167 101 122 64 
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decreases with the increasing of the crosslinking agent content; this can explain the diminution in 

the melting temperatures of the crosslinked PP.  

Regarding the cooling run, the crystallization temperatures are increased inversely proportional 

to crosslinking agent concentration compared to the unmodified PP, thus the crosslinking agent 

act as nucleating agents, which increases the crystallization temperature of PP. 

Table IV.3. DSC parameters of the modified PP materials 

 

Figure IV.5. First (a) and second (b) heating runs of crosslinked PP samples 

 

 

 

 

 

 First heat Second heat  Cooling 
Tm 

(°C) 
χc (%) Lc (nm) Tm 

(°C) 
χc (%) Lc (nm)  T C (°C) 

PP granule 167 64 11.3 165 61 10.8  122 
0.8 PP 164 67 10.3 163 61 10.2  129 
1.6 PP 162 66 9.5 163 58 9.5  127 
2.4PP 160 66 9 160 60 8.9  125 
3.2 PP 158 66 8.4 158 59 8.3  124 
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3.2. X-ray diffraction results 

Figure IV.7 shows the obtained x-ray diffraction patterns of the different crosslinked samples 

and the unmodified PP respectively. The WAXS pattern of the neat PP shows the characteristic 

reflections of the monoclinic α-form of PP. However the WAXS patterns of the crosslinked PP 

samples exhibit a new intensities reflection of the γ form as is indicated in figure IV.6. Figure 

IV.8 shows the calculated portion (%) of α and γ forms as a function of the crossliking agent 

content. It is clearly observed that the γ form ratio of the modified PP increased with the 

crosslinking agent content, meanwhile the percentage of α form decreased. According to 

Bruckner et al. [1], the formation of the γ form can be explained by the presence of short chains. 

It can be concluded that the short chains are produced during the scission of PP chains (reaction 

with the free radicals produced by peroxide decomposition). Additionally, it was proved by 

Marigo et al. [2,3] that, in the presence of the gamma phase, the thickness of the crystalline layer 

decreases, This is in consistent  with the found crystal lamellar thickness in the DSC study above 

( see table IV.3). 

Figure IV.6. Cooling run of crosslinked PP samples 
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On the other hand, it was found that the presence of ethylene comonomer enhanced the 

formation of γ phase [4]. This is supported by FTIR results (see figure IV.9), Bouhelal et al [5] 

confirmed also that the reversible crosslinking of PP gives rise to the generation of ethylenic 

chains. 

 

 

 

 

 

 

 

 

 

 

Figure IV.8. α and γ forms portion (%) as a function of the crossliking agent content 

Crystalinity degrees of the different samples are given by the table IV.4. In general, crystallinity 

degree of the crosslinked samples does not vary except for the ones with 0.8 and 2.4 wt % 

crosslinking agent in which a noticeable increase in crystallinity is obtained for the first one, and 

remarkable decrease of the crystallinity is showed for the second one respectively.  
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Figure IV.7. WAXS patterns of the different crosslinked PP samples 
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Table IV.4.  Crystalinity degrees of modified PP materials 

 

 

 

 

 

3.3. Fourier transform infrared spectroscopy (FTIR) 

Figures IV.9 and 10 (a, b, c ) show the FTIR spectra of the crosslinked materials compared with 

the spectrum of the neat PP. Form the figures  new characteristic bands are shown in all the 

crosslinked PP. The band centered at 1745 cm-1 is assigned to the stretching vibration peak of the 

carbonyl group C=O, noteworthy that the intensity of this band increases proportionally with the 

crosslinking agent concentration, the carbonyl group indicates the scission of the PP chains that 

occurred through the peroxide decomposition. 

 

 

 

 

 

 

 

 

 

 

      Figure IV.9. FTIR spectra of crosslinked PP samples in the region [1800-1700 cm-1] 

In Figure IV.10b a new weak band is observed in all crosslinked samples at 875 cm-1 assigned to 

the swinging of N-H emerged from the reaction with the accelerator. Figure IV.10c also shows 

new characteristics bands, for instance, the weak band at 730 cm-1, which is characteristic of the 

rocking mode of the (CH2)  n sequences in ethylenic chains as a consequence of the crosslinking 
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process. Characteristic weak bands of C-S stretch at 700, 710 and 630 cm-1. Also, new bands 

around 545 and 500 cm-1 assigned to the bonding of disulphide (S-S). Noting that, the bands 

intensities vary proportionally with the content of crosslinking agent. 

 

 

 

Figure IV.10. FTIR spectra of crosslinked PP samples. b. in the region [1500-800 cm-1] c. in the 
region [800-400 cm-1] 

Based on the above results, a proposal mechanism of the reversible crosslinking reaction is 

presented in figure IV.11.  The crosslinking process is a homolytic chemical reaction and the 

principle of the reaction consists in creating macro-radicals through peroxide decomposition 

process, then stabilizing them by active sulfur groups. The chains are linked by sulfur atoms 

(coupling reaction), through the formation of a tri-dimensional network. The bridges formed can 

be: a sulfur atom, a polysulfide -(S)n-, or a cyclic S-compound. Noteworthy that the accelerator 

increases the sulfur activation. So, the macro-radicals’ formation and their coupling reaction with 

the sulfur originate approximately at the same time, which gives rise to the optimum crosslinking 

degree. 
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 Figure IV.11. Mechanism of the reversible crosslinking reaction of polypropylene 
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IV.1.1.4. Mechanical study of the modified polypropylene 

It is worth noting that the study of the mechanical properties of the crosslinked samples were 

supervised by Dr. Marc Poncot at Jean Lamour institute, University of  Lorraine (Master thesis)   

[6]. Plates of the modified PP were prepared by molding compression as it has been explained in 

the experimental section. It has to be noticed that the previous X- ray diffraction test has been 

done using samples that was taken from the prepared plates.  

4.1. 2D-WAXS  

Aiming at studying the effect of the compression molding of the prepared plates on the chain 

orientation of the modified PP, 2D transmission patterns were examined. The 2d-WAXS patterns 

of the PP, 0.8 XPP and 3.2 X PP are displayed in figure IV.12. The different materials are 

characterized by a set of concentric circles of different homogeneous intensities. So, it can be 

concluded that our materials are isotropic and the shaping process does not cause any orientation. 

 

 

 

 

 

 

 

 

                            Figure IV.12. 2D WAXS patterns of a) - 0.8 XPP b) - 3.2 XPP 

4.2. DMA (Dynamic mechanical analysis)  

The results of dynamic mechanical analysis of the modified and unmodified PP materials are 

shown in figures IV.13.a and b. Figure IV.13.b shows the storage modulus values of the different  

b a 
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samples in the glassy and glass transition regions. It can be observed that the storage modulus 

values of the samples decrease in the both regions compared to the unmodified PP, except the 2.4 

XPP in which the modulus increased by  1214 MPa and 435MPa in the glassy and glass 

transition regions respectively. 2.4 XPP is the stiffest crosslinked materials. 

 

Figure IV.13.Variation of the storage modulus (a) and storage modulus values (b) as a function 
of temperature for the neat PP and crosslinked PP. 

Figure IV.14. shows the variation of the damping factor (tan δ) as a function of the temperature 

for all crosslinked samples. The main structural relaxation is the glass transition of the samples, 

in which the transition temperature can be indicated. The transition temperatures Tg remained 

nearly unchanged for all crosslinked materials compared to the neat PP. 
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Figure IV.14. Variation of tan δ as a function of temperature for the crosslinked PP materials 

4.3. True mechanical behavior 

Figure IV.15 shows the evolution of true stress verses true strain, for the crosslinked samples. In 

general it can be said that the tensile curves of the crosslinked PP present a similar shape to that 

of neat PP until the plastic plateau. For instance all materials show the same viscoelastic region 

from ε = 0 to ε =0.14. Then, the plastic plateau of the materials begin at ε = 0.2.  From 0.2 to 0.4 

for 1.6 XPP, from 0.16 to 0.4 for 2.4 XPP and from 0.2 to 0.4 for 3.2 XPP. Noting that, the 0.8 

XPP depicts a particular behavior with the smallest value of the strain at break.  

The last region corresponds to the plastic hardening of the materials, in which it can be observed 

that strain-hardening takes place at large strain level. During this stage, the true stress verses   

true strain curves vary differently. From the obtained curves it is found that a significant increase 

in the toughness is found for the crosslinked materials compared to the unmodified PP. 3.2XPP 

reveals the highest toughness value which is presented by the maximum values of strain and 

stress at break   ԑb = 2.27 and ϭb= 74 MPa respectively, followed by the 2.4 XPP with ԑb = 2.11 

and ϭb= 90 MPa then, 1.6 XPP with ԑb = 1.8 and ϭb= 75 MPa. The table IV.5 summarizes the 

obtained mechanical parameters of the neat PP and crosslinked materials. It can be see that the 
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Young modulus slightly increased in all the crosslinked samples except the 3.2 XPP, which 

present the lowest modulus value of 1338 MPa. It is noteworthy that 2.4XPP shows the highest  

Modulus value (E= 1675 MPa). In addition, the tensile curves denote that the yield stress slightly 

decreases for the cross-linked PP samples in comparison with the unmodified PP. 

 

 

 

 

 

 

 

 

 

 

Figure. IV.15. True tensile behavior of the crosslinked samples 

Table IV.5. Mechanical parameter of the cosslinked PP samples  

Materials E (MPa) ϭb (MPa) ԑb (%) 
PP 1511 50.5 2.04 

0.8 XPP 1563 40,4 1.3 
1.6 XPP 1644 75.2 1.8 
2.4 XPP 1675 90 2.1 
3.2 XPP 1338 74 2.2 

 

4.4.Impact strength 

Figure IV.16 shows the variation of the Izod impact strength for the neat polypropylene as well 

as the different crosslinked samples. The high crosslinking agent content improved the resilience 

of the PP significantly. This improvement can be ascribed to the formed network which enhance 

the efficiency of the neat PP and absorb the required energy to stop the crack propagation. 
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Figure IV.16. Variation of Izod impact strength for the crosslinked PP materials. 

It is worth noting that DSC measurements of the samples taken from plates were carried out , 

with view of showing the effect of shaping on the microstructure of the crosslinked samples, 

however almost DSC parameters  were identical as those obtained in the DSC study of granules 

mixed samples (see table IV.3). 

IV.1.1.5. General Conclusions 

From the obtained results, it can be concluded that: 

1- The entire crosslinking agent in different content gave rise to the formation of a network 

(S-S and C-S bonds); the crosslinking reaction is affected by the crosslinking agent 

amount. 

2-  γ form has been generated from the crosslinking reaction  (2.4 XPP showed the highest γ 

ratio). 

3- 3-2.4 XPP presented the high modulus in both DMA and tensile tests. 

4- The 1.6XPP, 2.4 XPP and 3.2 XPP samples shows ductile structures. 

Based on these conclusions, the 1.6XPP has been selected as matrix for the forthcoming 

composites, because it presents intermediate properties between those of the 2.4XPP and 3.2 

XPP. For instance, 1.6 XPP shows less γ ration (short chains), good crystallinity degree, almost 

the same mechanical properties as 2.4 XPP and 3.2 XPP. 
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IV.1.2. Crosslinked PP matrix/short fiber composite 

IV.1.2.1. Crosslinked PP/short hollow PET fiber composite 

A. Influence of the Matrix modification 

A.1. Study of unmodified PP/short hollow PET fibers composite 
 

1.2. Rheological properties of composites  

2.1. DRA results  

For the Dynamic Rheological Analysis, Figure IV.17 illustrates a typical Torque /time evolution 

of the PP/ hollow r-PETfs composites and compared with the neat PP matrix. As seen in Figure 

IV.17, the curves represent an abrupt rapid increase in torque, that due to the high resistance 

provided by the solid pellets. Beyond this point, the torque begins to decrease once the matrix 

has been completely melted; the torque reduced rapidly to the much lower steady state values, 

where it remains constant before the appearance of an equilibrium stage, value that is mentioned 

the stabilization torque value. A stable torque is an indicator of homogenization of fiber in the 

melt and final viscosity of melt composites [7].When the stable torque values were compared, it 

was clearly seen that the incorporation of fibers was accompanied by decrease in the stable 

torque values with time for all composites compared to the neat PP. The decreases in torque 

values indicate that the loading of r-PETfs decreased the viscosity of PP that can be explained by 

the weak interactions between the fibers and the matrix [8].The 10 wt% PETfs loading shows the 

lowest torque value in its stabilization stage, this is due to the agglomeration of fibers 

additionally to the weak adhesion between the fibers and PP. The gaps between the fibers and PP 

are shown on SEM observations. On the contrary, the MFI test which was done after the grinding 

of the formulations showed an increase of the viscosity that can be explained by the better 

dispersion of the fibers under the pressure during MFI test. 
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Figure IV.17.  Torque vs time data of neat PP and PP/h.r-PETfs composites 

2.2. MFI results 

Figure IV.18 displays the MFI results of different PP/ hollow r-PETfs composites, the results 

show a linear decrease of MFI depending on the content of PET fibers, subsequently; the 

viscosity of different composites was increased compared to the neat PP.  
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Figure IV.18. MFI of composites in function of different loading of r-PETfs 
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1.3. Mechanical Properties 

The mechanical properties of composites suffered some variations in relation to neat PP, and the 

results of tests, in terms of Young’s modulus, elongation at break, stress at break , strain at break 

and the impact strength are presented in Figures IV.19-21. Three samples with different PET 

fibers loading (0%, 3%, 7%, and 10%) were tested. From Figure IV.19 a significant increase in 

Young’s modulus was found when hollow PET fibers loading are added. The young’s modulus 

of composites increases proportionally with PET fibers loading. Accordingly, hollow r-PET 

fibers can be a good reinforcement candidate for high performance PP composites.  Figure IV.19 

shows also the results of the elongation at break measurements. The elongations at break 

drastically decreased after the hollow PET fibers were introduced in PP. This behavior is typical 

for fiber reinforced composites with weak interactions between the filler and the matrix. The 

values of strain and stress at break are reported in Figure IV.20. The strain at break highly 

decreases whereas the stress at break slightly increases for 3 and 7 PET fiber wt%. This result 

can be ascribed to the insufficient adhesion between the two polymer phases.  

Figure IV.21 shows the variation of the Izod impact strength of the PP/ hollow r-PET fibers 

composites as a function of the fibers loading. In general, the impact strength of the composites 

decreases by adding PET fiber. Impact strength is an indication of tolerability for sudden force 

where the composite is subjected to rapid crack propagation through the material [9, 10]. The 

crack propagation is initiated through fibers agglomeration in different composites. In addition, 

PET fibers/ PP interactions are not strong enough to absorb the required energy to stop the crack 

propagation [10]. SEM micrographs shown in Figure IV.27 (a, b) prove the presence of voids 

between the fibers and the matrix. 
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Figure IV.19. Variation of the Young’s modulus and elongation at break for PP/ hollow r-PETfs 

(wt %) composites. 

 

 

 

 

 

 

 

 

 

 

Figure IV.20. Strain and stress at break of PP/ hollow r-PETfs (wt %) composites. 
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Figure IV.21. Variation of the impact strength for PP/ hollow r-PETfs (wt %) composites. 

1.4. Microstructural study of the composites 

4.1. Wide-angle scattering (WAXS) method 

The structure of PP/ h.r-PETfs composites was evaluated by a wide-angle X-ray scattering 

method. From the shown patterns in Figure IV.22, it exists obvious α form peaks of PP in all 

patterns, which can be indexed as (110) at 2θ (°) = 14.07, (040) at 16.84, (130) at 18.5, (111) at 

21.11 and (041) at 21.8 and (060), (220) at about 25.3 and 28.5 respectively. No additional 

diffraction peaks observed in the WAXS patterns. In addition, the crystallinity degree of the 

different composites seems to be constant (see table IV.6). Hence, the incorporation of PET 

fibers does not affect the PP structure. This result is consistent with DSC results. 
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Figure IV.22. WAXS patterns of composites in different loading of r-PETfs 

4.2. DSC Analysis 

Figures IV.23and IV.24display the DSC thermographs of PP/ h.r-PETfs, and the results are 

collected in Table IV.6.The displayed DSC curves correspond to the second heating cycle. It is 

worth noting that the crystallite sizes will give the same value because the melting temperatures 

are almost the same for all composites (Lc DSC =11). Results of DSC experiments gave evidence 

that the temperatures of melting, crystallization and crystallinity degree (χc) seem to be relatively 

constant for the different PP/ h.r-PETfs composites in comparison with the neat PP. Indeed 

hollow PET fibers did not act as nucleating agents. 
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heating cycle of composites 

Figure IV.24. Thermograms of the cooling cycle of  
composites. 
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Table IV.6. Melting (Tm), crystallization temperatures (Tc) and enthalpies (ΔHm, ΔHc) for 
different samples and crystallinity degree (χc) obtained by DSC and WAXS. 

 

 

 

 

 

 

4.3. Optical microscopy observations 

Optical microphotographs of PP / 7wt % h.r-PETfs composites of polished plate and film surface 

are shown in figures IV.25 and IV.26 respectively. The micrographs showed a good dispersed 

fibers, which embedded in PP matrix. In addition some agglomeration as pointed in black circle 

were observed (figure IV.26). Length reduction of fibers was noticed that can be explained by 

the effect of the intense shearing involved in closed chamber of the brabender.  

 

 

 

 

 

 

 

 

Figure IV.25.Optical microscopic images of polished plaques surface of 7wt% h.r-PETfs 

reinforced PP composite 

 

Sample Tc 
(°C) 

Tm 
(°C) 

∆ Hc 
(J/g) 

∆Hm 
(J/g) 

χc
DSC 

(%) 
χc

Drx 
(%) 

iPP 117 165  100 98 59 44 
iPP/3 
wt% 

116 166  101 100 61 44 

iPP/7 
wt% 

118 165 98 91 62 45 

iPP/10 
wt% 

118 165  98 90 61 45 
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 Figure IV.26.Optical microscopic images of films surface of 7wt% h.r-PETfs reinforced 
PP composites. 

 

4.4. SEM Observation 

The SEM micrographs of 7 wt % h.r-PETfs reinforced PP composite are shown in figure IV.27. 

Figure IV.27 (c, d) shows some gaps between the fibers and matrix, in which h.r-PETfs /PP 

deboning were shown at fiber ends and along fiber lengths indicating a very limited adhesion 

between PP and hollow fibers. Also, folding and bending of fibers were shown in figure IV.27(c, 

d, e, f), that could be explained by the flexible aspect of hollow PET fibers. Hollow fibers 

damage was clearly seen in figure (g, h), Von Turkovich and Erwin, 1983[11], Fu et al., 1999 

[12] reported the major reasons of fiber damage where they included the fiber contact with 

equipment surfaces as one of the reasons, which represented by palstograph’s chamber in this 

present study. Based on SEM micrographs, we can conclude that the fiber/matrix debonding and 

the fiber damage caused the reduction on the mechanical properties as discussed above. 
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Figure IV.27. (a,b,c,d,e,f,g,h). SEM micrographs of the fractured surface of composite with 

7wt%h.r-PETfs. 
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4.5. Synchrotron X-ray tomography (SRXTM) 

Internal damage in PP/7wt%h.r-PETfs composite was observed by in situ tensile test under x-ray 

tomography based on synchrotron radiation. A tensile testing sample was performed to 

investigate the fracture process during the tensile test. The images obtained under tensile loading 

showed a good performance of the sample stage, in which the matrix deformation and h.r-PETfs 

fibers damage could be observed. In the tomography-slice images taken at the maximum stress 

just before the final fracture, the detachment matrix-fiber (a), matrix cracks (b), hollow fiber 

pull-out (c), fiber damage (d) and the hollow fiber flexibility (e) could be clearly observed as 

presented in figure IV.28. 

The in situ tensile test allowed the observation of the growth of such defects under tensile 

loading. The observation revealed that the matrix was broken by propagation of the matrix 

cracks which might be caused by stress concentration at the ends of the short fibers as shown in 

Figure IV.29. In addition, the tomography-slice images showed in figure IV.28 (d, e) confirmed 

the flexible aspect of hollow fiber in which the elongation of fiber under tensile loading it was 

clearly observed. These observations are in agreement with those observed in SEM micrographs 

of the composite fractured surface. 

 

 

 

 

 

 

 

Figure IV.28. In situ tensile tomography -slice images showing different kinds of damage 
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Figure IV.29. In situ tensile tomography -slice images of PP/ 7 wt% h.r-PETfs composite before 

loading (a) and after fracture (b). 

4.6. Dynamic mechanical analysis (DMA) 

Figure IV.30 shows the variation of composites’ storage modulus as a function of temperature. 

According to this figure, an enhancement in the storage modulus (in the glassy and transition 

regions) with 7wt % h.r-PETfs loading was observed; this is in agreement with the Young’s 

modulus obtained. Daiane et al. [13] reported that when the filler loading increased, the stress is 

more constantly dispersed, and therefore the storage modulus will be improved. However, the 

addition of 10 wt % h.r-PETfs loading shows a decrease in the storage modulus which can be 

ascribed to the agglomeration of fibers which increase the voids volume between the fiber and 

the matrix, and subsequently a decrease in the mechanical properties. Additionally, the flexible 

aspect (folding and bending of fibers) of 7wt % h.r-PETfs loading that has been shown on the 

morphological observations led also to enhance the stiffness of the composites.  

a b 
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Figure IV.30. Modulus (E’) curves of composites PP/h. r-PETfs composites as a function of 
temperature. 

The tan delta as a function of temperature curves for all composites are reported in figure IV.31. 

The maxima in these curves correspond to the structural relaxation in the composites (glass 

transition of the composites) and its temperature corresponds to their Tg values. The glass 

transition temperatures of the composites are almost the same as that of the neat PP, accordingly, 

the presence of PET fiber in PP matrix does not affect the molecular mobility of PP chains; this 

can be attributed to the weak interactions between the PP and PET fiber. Tan delta peaks of the 

composites exhibit a lower value compared to the PP and this is mainly due to a restriction in the 

movement of the chains matrix [14]. 
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Figure IV.31. Tan delta curves of PP/h. r-PETfs composites as a function of temperature. 

 

A.1.2. Conclusion 

From the study of unmodified PP/ short hollow recycled PET fiber composites, it can be 

concluded that the recycled PET fibers can be efficient reinforcements of PP, showing an 

improvement in the stiffness of PP composites (high Young’s modulus) due to their flexible 

aspect. However, a weak adhesion between PET fibers and PP matrix has been shown. To 

overcome this problem, modifications of PP matrix and/or fiber treatment are needed. Proposal 

treatments are presented in the forthcoming studies. It has to be noticed that 7 wt% hollow PET 

fibers has shown the better mechanical behavior. 

A.2. Study of crosslinked PP/ short hollow PET fibers composite 

2.1. Rheological properties 

1.1. DRA measurement   

Figure IV.32 displays the dynamic rheological analysis of the crosslinked PP matrix reinforced 

with 3, 7 and 10 wt% h.r-PET fibers. Beyond the melt point, the torque vs time evolution of the 

different composites was increased in function of the hollow fibers loading. This can be 

explained by two main reasons. The first one is the reversibly crossliking reaction of the PP 

-80 -60 -40 -20 0 20 40 60 80 100

0,00

0,02

0,04

0,06

0,08

0,10

0,12

0,14

0,16

0,18

0,20

 

 

 PP 
 3% h.r-PETfs
 7% h.r-PETfs
 10% h.r-PETfs

ta
n 

de
lta

Tem perature (°C)



                                                                    Chapter IV     Results and discussions                                          

95 
 

matrix which increases the toque. The second reason is the fibers loading that gave rise to the 

viscosity of the composites. Indeed, a good dispersion of fibers it could be confirmed. 
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Figure IV.32. Dynamic rheological analysis of crosslinked PP/h.r-PETfs (wt %) composites 

1.2. MFI Results 

MFI measurements of different crosslinked PP/ r-PETfs composites are reported in Figure 

IV.33.The obtained results are in good agreement with the DRA discussion. As it is expected the 

MFI decreases with the addition of hollow fiber. This decrease is relative to the neat PP and the 

crosslinked PP, though, is much lower at high fiber loading. This can be simply explained by the 

increase of the viscosity of the composites based on the crosslinked PP matrix. 
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Figure IV.33.MFI measurement of crosslinked PP/h.r-PET fibers (wt %) composites 

2.2. Mechanical properties  

2.2.1. Tensile strength 

The mechanical behavior of the different composites is showed in figures IV.34- 36.Figure IV.34 

presents the Young’s modulus of different hollow recycled PET fibers (3, 7 and 10 wt. %) 

reinforced crosslinked PP matrix and neat matrix. As expected, an increase in Young’s modulus 

is observed for all composites. Compared to hollow fiber reinforcing neat PP matrix, it is found 

that crosslinked PP filled by different hollow fiber loading composites gave the most important 

young’s modulus values. Consequently, the reversibly crosslinking reaction enhanced the 

interactions between PET fibers and crosslinked PP matrix. SEM observation of crosslinked PP/ 

Hollow PET fibers proved the enhancement of the adhesion in the case of the modified PP/PET 

fibers composite (see figure IV.43). 
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Figure IV.34.Young’s Modulus of h.r-PET fibers (wt %) reinforcing (XPP/PP) matrices 

The variation of the stress and strain at break of the PP/PET fiber and XPP/PET fiber composites 

as a function of the fiber content is shown in Figure IV.35. The modified PP matrix affects both 

the stress and the strain at break of composites compared to the neat PP matrix. From Figure 

IV.35 either the crosslinked or unmodified PP/PET fiber composites show an increase of the 

stress at break. On the other hand, the strain at break of the croslinked matrix /PET fiber 

composites presents a significant increase compared to the composite based on neat PP matrix; 

whereas it slightly decreased compared to the crosslinked PP. the results proved that the 

modification of the PP matrix enhances the compatibility between the crosslinked PP and the 

PET fiber derived from the existence of polar groups in the chemical structure of the PET fiber 

and the modified PP by crosslinking.  

Analogously, an improvement of elongation at break can be noticed in Figure IV.36, for 

crosslinked PP/PET fiber composites. 
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Figure IV.35. Stress and strain at break of (unmodified/modified PP) /h.r-PET fibers (wt %) 
composites. 

 

Figure IV.36. Elongation at break of (unmodified/modified PP) /h.r-PET fibers (wt %) 
composites. 
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2.2.2. Izod impact strength 

Figure IV.37 shows the variation of the Izod impact strength for the crosslinked PP matrix 

reinforced with 3, 7 and 10 wt % recycled hollow PET fiber composites. In general, the impact 

strength of the composites does not vary by adding PET fiber except for 7 wt % PET fiber in 

which a noticeable increase in resilience is found. This trend can be ascribed to the 

agglomeration of the PET fibers in the crosslinked PP matrix and this seems better dispersed in 

the composite containing 7 wt % of PET fibers. Noteworthy that the resilience of the modified 

PP/PET fiber composite shows an enhancement compared to the composite based on unmodified 

PP matrix. 

 

 

 

 

 

 

 

  

Figure IV.37.Izod impact strength of crosslinked PP/PET fibers composites. 

 
2.2.3. Dynamic mechanical analysis (DMA) 
 
The results of the dynamic mechanical analysis are shown figure IV.38, and IV.39. Figure IV.38 

shows a slight increase in the storage modulus in the glassy and glass transition regions for the 

croslinked PP/h.r-PETfs composites compared with the crosslinked PP. The higher storage 

modulus is shown in 7wt% h.r-PETfs loading. This enhancement is due to the restriction 

imposed by the fibers on the matrix, which increases the stress transfer at the fiber interface. 
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Figure. IV.38. Variation of the storage modulus as a function of temperature for crosslinked 
PP/hollow PET fiber composites 

The tan delta curves for crosslinked PP/h.r-PETfs composites are shown in figure. IV.39. With 

the addition of fibers, the tan delta peak is lowered due to greater restriction in the movement of 

the polymer chain caused by the presence of stiff fibers [15]. According to Pothan et al. [16], 

composites with a strong fiber–matrix adhesion tend to store more energy than the composites 

with poor interface bonding, i.e. greater damping indicates weaker interfacial adhesion. In Figure 

IV.38, the increase in fiber content showed a slight decrease in the tan delta peak because of the 

good interface between PET fiber and the crosslinked PP. The glass transition temperature 

obtained from the tan delta curve of composites did not show a clear trend. Thus, the 

introduction of fibers showed more influence on the tan delta peak than in the measured glass 

transition temperature.  
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Figure. IV.39. Variation of the tan delta as a function of temperature for crosslinked PP/ hollow  
PET fiber composites 

 
2.3. Structural properties  

2.3.1. X-ray diffraction Results 

Figure. IV.40. shows the WAXS patterns of PP, XPP and XPP/ (3, 7 and 10wt %) PET fibers. 

The pattern of neat PP shows 7 main peaks, in the 2θ range of 10-30°, characteristic of the 

monoclinic α-form. The WAXS patterns of the crosslinked PP and XPP/PET fiber composites  

appear additional new weak peaks at 16.2 and 20.1 (2θ)   which are characteristic of the (300) 

plane of PP β-crystalline form and the (130) or (117) planes of the γ-crystalline respectively. It is 

worth noting that the β-crystalline form was not shown in the previous study of the crosslinked 

PP (Figure. IV.7) however it was indicated in the study of the crosslinking polypropylene 

conducted by Bouhelal et al [5]; this difference may be caused by the reversibly crosslinking 

reaction of the crosslinked PP. The degree of crystallinity (χc), Xβ and Xγ are collected in the 

table IV.7. 
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Figure. IV.40.WAXS patterns of crosslinked PP/h.r-PET fibers composites 

The crosslinked PP matrix shows a slight decrease in the crystallinity degree compared to the 

unmodified PP. Nevertheless, the crystallinity degree of the crosslinked PP/PET fibers 

composites increased slightly compared to the crosslinked matrix , but it seem to be constant in 

comparaison with the neat PP. It is noted that the γ-form is more pronounced than the β form in 

all composites. 

Table IV.7.  WAXS measurements:  (χc
WAXS), Xβ of β form and Xγof the γ-form. 

 

 

 

 

 

 

 

 

 

Materials χβ  (%) χ γ (%) χc
WAXS(%) 

PP - - 44 

XPP 0.01 0.32 42 

3wt% h.r-PETfs 0.015 0.42 47 

7wt% h.r-PETfs 0.017 0.45 46 

10wt% h.r-PETfs 0.017 0.45 45 
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2.3.2. DSC results 

The main results of the DSC tests are presented in Table IV.8. The DSC thermograms 

corresponding to the heating and cooling runs of crosslinked PP/ h.r-PETfs composites are 

shown in Figures. IV.41 and 42.  Accordingly, the results demonstrate that the reinforcing fibers 

did not significantly affect the melting temperature of the crosslinked PP matrix. On the other 

hand, and it has been shown in the WAXS results that an increase in the crystallinity degree of 

composites is noticed, which is clearly significant in 3 and 7 wt% h.r-PET fibers. Additionally, 

the crystallization temperature indicates a significant increasing in all composites; this increase 

could be related to fibers acting as nucleating agents. 
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Figure. IV.41.Heating and cooling runs of 
unmodified and modified PP. 

Figure. IV.42. Heating and cooling runs of 
crosslinked PP/h.r-PETfs (wt%) composites. 
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Table IV.8. Melting (Tm), crystallization temperatures (Tc) and enthalpies (ΔHm, ΔHc) for 

different samples and crystallinity degree (χc) obtained by DSC. 

 
2.3.3. Optical and scanning electron microscopy 
 
Figure IV.43.a and b show SEM and optical micrographs of crosslinked PP/ 7wt% h.r-PET fiber 

respectively. The dispersion of the PET fibers in crosslinked matrix was assessed by optical 

microscopy, the figure IV.43b clearly shows a good dispersion of PET fiber in the matrix, also 

and as it was shown in unmodified PP/PET fiber composite (see figure IV.25), a reduction in 

PET fiber length was noticed. 

The interface between PET fiber and crosslinked PP matrix was examined by SEM microscopy 

of cryo-fractured specimens. SEM micrograph shows an enhancement of adhesion between PET 

fiber and the modified PP compared to the SEM micrographs that have been shown in figure 

IV.27 of the neat PP/PET fiber composite. Therefore, an improvement of the mechanical 

properties was found, in fact this would not be possible if the adhesion of the PET fiber to the 

crosslinked PP is not sufficiently good. 

 

 

Materials ∆Hm 
(J/g) 

Tm 
(°C) 

∆ Hc 
(J/g) 

Tc 
(°C) 

χc 
(%) 

PP 98 165 100 117 59 

XPP 86 160 101 119 52 
3% pet 92 160 99 123 66 

7% pet 85 161 99 123 63 

10% pet 84 161 96 123 59 
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Figure. IV.43.a. SEM micrograph of 7wt% h.r-PET fiber/crosslinked PP composite b. optical 
image of 7wt% h.r-PET fiber/crosslinked PP composite. 

 
A.2.2.Conclusion 
 
According to the obtained results it could be concluded that the presence of hollow r-PETfs in 

the crosslinked PP increase relatively the mechanical properties, also an improvement of the 

stiffness of composites was showed. In addition, we can say that the modification of PP by 

crossliking is an efficient way to increase the adhesion between the PP and hollow fibers which 

give rise to attractive properties of composites. Additionally, 7wt% hollow PET fiber reinforced 

crosslinked PP showed the optimum mechanical properties. So, the effect of the fiber surface 

treatment on the modified and unmodified matrix has been carried out on 7wt% hollow PET 

fiber only. 

B- Influence of the PET fiber treatment  

1. Fourier transform infrared ( FTIR) 

Figure. IV.44 displays the spectra of the different composites based on unmodified and 

crosslinked PP filled with untreated and treated PET fiber. It is shown that all composites present 

new bands associated with the PET fiber. For instance, the band at 1720 cm−1 which is attributed 

to the ester carbonyl bond stretching, the weak beak at 1090 cm−1 related to the methylene group, 

and the band at 725 cm−1 attributed to aromatic bands of PET fiber. 
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According to the spectrum of the crosslinked PP, it can be shown that both crosslinked PP filled 

by treated and untreated PET fiber present additional peaks that are related to the crossliking 

reaction such as the peaks situated at 1700,875 and 730 cm-1 which are attributed to the carbonyl 

group C=O resulting from the reaction between the peroxide and PP (see the study of the 

crosslinked PP above figure IV.9), swinging of N-H (reaction with the accelerator), and C-S 

stretch respectively. The strong intensities showed in the spectrum of composites reinforced with 

the treated PET fiber could prove the effect of the fiber treatment on the interaction enhancement 

with PP matrices. 

Figure. IV.44. FTIR spectra of 7wt % (treated/untreated) PET fiber/ (modified/unmodified) PP 
composites 

2. Mechanical properties 

Figure IV.45 and 46depict the variation of the Young’s modulus and elongation at break for 

different composites with the aim of determining the effect of the fiber treatment in both 

matrices (neat and crosslinked PP).The Young’s modulus of treated PET fiber /unmodified PP 

composite shows almost the same value as that of untreated PET fiber/PP composite, In contrast 

the modified PP presents a noticeable enhancement in Young’s modulus  with the incorporation 

of the treated PET fiber compared to the one filled with untreated fiber. 
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Figure IV.45. Young’s modulus of 7 wt% (treated/untreated) PET fiber/ (modified/unmodified) 
PP composites. 

 

The elongation at break of the treated PET fiber/crosslinked PP composite increases slightly 

when the treated PET fiber was added, therefore, the treatment of PET fiber improves slightly 

the tensile properties of the crosslinked PP. This result can be ascribed to the good dispersion of 

the treated PET fiber and the enhancement of the adhesion between the treated PET fiber and the 

modified PP as it can be shown in SEM micrographs.  In contrast, the incorporation of the 

treated PET fiber in the neat PP matrix does not show any improvement of the elongation at 

break; instead a slight decrease is obtained compared to that of the untreated PET fiber/ neat PP 

composite. 
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Figure IV.46. Variation of elongation at break for 7 wt% (treated/untreated) PET fiber/ 
(modified/unmodified) PP composites 

 

2.2. IZOD Impact strength 

The variation of Izod impact strength for the treated PET fiber filled unmodified and modified 

PP matrices are depicted in Figure IV.47. It is shown that the crosslinked PP/treated PET fiber 

composite presents fairly higher resilience compared to the unmodified one. This can be 

explained by the obtained large interface between treated fiber and the crosslinked PP. 

Additionally; it is found that the untreated PET fiber filled unmodified PP has been shown more 

important resilience compared to the treated fiber/unmodified PP composite. 
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Figure IV.47. Variation of Izod impact strength for the treated PET fiber filled unmodified and 
modified PP matrices 

3. X-ray diffraction results 

Figure IV.48 depicts the WAXS patterns of 7 wt% treated PET fiber / (unmodified and modified) 

PP composites. As expected, only α form is shown in the composites based on the unmodified 

PP composite, whereas both of γ and β forms are appeared in the treated PET fiber/crosslinked 

PP composite. This is due to the crosslinking agent effect. The crystallinity degree of composites 

is given by table IV.9. Both composite shows almost the same crystallinity values as those one 

obtained in the untreated PET fiber/ modified PP and untreated PET fiber/ unmodified PP 

composites. The fiber treatment does not affect the microstructure of composites. 
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Figure IV. 48. WAXS patterns of 7 wt% treated PET fiber / (unmodified and modified) PP 
composites. 

Table IV.9. WAXS measurements:  (χc
WAXS), Xβ of β form and Xγ of the γ-form 

 

 

 

 

4. DSC Results 

Figure IV.49 represents the heating and cooling runs of both treated and untreated PET fiber/ 

(unmodified/modified) PP composites. It is clearly shown that both composites show the same 

melting temperatures, and crystallinity degree values (see table IV.10). It has to be noticed that 

the melting temperatures of the composites based on 7 wt % untreated PET fiber are almost as 

the ones obtained after the fiber treatment (± 2°C).As expected, in the presence of crosslinking 

agent ,the fiber act as nucleating agent , which gives rise to the crystallization temperature of 

composite based on crosslinked PP. 

Materials χβ  (%) χ γ (%) χc
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7wt%t-h.r-PETfs/ PP - - 43 
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                  Figure IV.49.DSC thermograms of 7 wt% treated PET fiber / (unmodified and 
modified) PP composites 

Table IV.10.DSC parameters of treated PET fiber/ modified and unmodified PP composites 

 

 

 

5. SEM observation 

Fractured surface of 7 wt% treated PET fiber /XPP composite was observed under a SEM and 

are depicted by figure IV.50. SEM microghraphs  show an improvement in the adhesion between 

the surfaces of the PET fiber and the modified PP compared to SEM micrograph obtained in 

untreated PET fiber/ modified PP composite, This may due to the fact that the treated PET 

surface interact with PP chain in the presence of the crosslinking agent. The good adhesion could 

help to absorb more impact energy to overcome the fracture propagation during the impact 

strength, and    pull out of the fibers from the matrix during the tensile test.  

The splitting of the fibers result (see figure IV.50b) from their ability to withstand the applied 

load that is transferred from the matrix. This would not be possible if the adhesion of the fiber to 

the matrix is not sufficiently strong. 

Materials ΔHm2 
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(°) 

ΔHc 
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Tc 
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χc 
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PP/ t – h.r-PETfs 97 163 105 117 62 
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Figure IV.50. SEM micrographs of fractured surface of 7 wt% treated PET fiber /XPP 
composite. 

B.2. Conclusion  

Based on the study of the surface PET fiber treatment using stearic acid, it can be concluded that 

the stearic acid could play the role of a coupling agent in the presence of crosslinking agent and 

modified PP matrix. Furthermore, the surface treatment of PET fiber using stearic acid is a 

simple method which can enhance the adhesion and interaction properties of composites based 

on short synthetic fiber/ crosslinked PP composites. 

IV.1.2.2. Crosslinked PP/short polyamide fiber composite 

2.1. DRA results 

Since torque is an indicator of viscosity, the effect of polyamide fiber loading or matrix 

modification on the rheological properties of the composites can be investigated using torque vs 

time data.  

Figure IV.51 (a) illustrates a typical torque vs time data of (3, 5 and 7 wt% PA fibers) /PP 

composites. As seen in the previous DRA curves.  After the complete melting of polypropylene 

(point A in figure), the addition of polyamide fiber in different loading is accompanied by an 

increase in torque, consequently the viscosity is increased. Beyond this step, torque values 

decreased down to a stable value that is called stabilization torque.  

a b 
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 Figure. IV.51 (b) presents the torque evolution of (3, 5 and 7 wt% PA fibers)/ crosslinked PP 

composites, the variation of torque vs time for the different composites based on the modified  

PP  show an increase in the viscosity, which is increased proportionally  with the polyamide fiber 

loading. It is noteworthy to indicate that torque value in the stabilization of the modified PP/ 

polyamide fiber composites exhibits higher value than the composites based on unmodified 

matrix (see figure IV.51 (c)). From the SEM image an enhancement of the adhesion between the 

polyamide fiber and the crosslinked PP was shown, this can explained the highest value of the 

viscosity of the modified PP/polyamide fibers composites. 
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 Figure IV.51.a. Torque vs time data of (3, 5 and 7 wt% PA fibers) /PP composites 
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Figure. IV.51. b.Torque evolution of (3, 5 and 7 wt% PA fibers)/ crosslinked PP composites 
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Figure IV.51.c. Torque stabilization values (Tc) of polyamide fibers/ (unmodified/crosslinked) 
PP composites 

2.2. MFI measurement  

MFI measurements are in good agreement with DRA results. Figure IV.52 reports a noticeable 

decrease of unmodified and modified polypropylene MFI depending on PA fibers loading.  Also, 

as expected the crosslinked PP/polyamide fiber composites show the smallest MFI value   
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compared to those based on unmodified matrix. This increase of the viscosity in the modified 

matrix composite is more important compared to the composite based on the neat PP. 

 

 

 

 

 

 

 

 

Figure IV.52. Variation of MFI values for (PP/XPP)/ wt% PAfs composites 

2.3. Mechanical properties  

Figures IV.53- 55 show the effect of polyamide fiber (PAfs) loading on Young’s modulus, 

tensile strength, and izod impact strength of unmodified and crosslinked PP/ Polyamide fiber 

composites. Young’s modulus shows an increase with fiber content in both matrices (unmodified 

and modified PP). It indicates that fiber loading plays a role in the strength of composites; this 

can be explained by the strength of polyamide fiber which is much higher than PP matrix. On the 

other hand, as expected the unfilled modified matrix present a higher modulus than the neat PP 

matrix, this is due to the fact that the crosslinking reaction of the PP gave rise to higher young’s 

modulus (see the study of the crosslikned PP). Noteworthy, 5wt% PAfs loading shows the 

highest modulus in both matrices, this may be ascribed to the better dispersion of the 5 wt% 

fibers than 7wt% fiber loading. The variation of the tensile strength for composites as a function 

of the fiber content and matrix modification is displayed in figure IV.54. It is shown that the 

tensile strength decreases slightly in the unmodified PP/short polyamide fiber composite  
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compared to the neat PP, whereas it increased slightly in the crosslinked PP/polyamide fiber 

composite as function of fiber loading. 

 

Figure IV.53.Variation of Young’s modulus for (PP/XPP)/ wt% PAfs composites as a function 
of PAfs loading. 

 

 

 

Figure IV.54.Variation of tensile strength for (PP/XPP)/ wt% PAfs composites as a function of 
PAfs loading. 
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The variation of the Izod impact strength for the different composites is presented in figure 

IV.55. The impact strength of PP increases slightly with the increase of polyamide fiber loading, 

except for the one with 7wt% polyamide fiber in which a noticeable decrease in the resilience is 

shown, this trend can be related with the agglomeration of fiber, which could induce voids in the 

composite, this behavior has been reported in the Young’s modulus and tensile strength results. 

On the other hand, the resilience of the crosslinked PP matrix/ polyamide fiber composites shows 

a significant increase compared to the modified and unmodified PP. The PP modification 

enhances the mechanical properties of crosslinked PP/polyamide fiber composite. 

 

 

 

 

 

 

 

 

Figure IV.55. Variation of Izod impact strength for (PP/XPP)/ wt% PAfs composites 

2.4. X-ray diffraction results 

The X-ray diffractogarms of the PP/ (3, 5 and 7 wt %) PA fiber composites presented in Figure 

IV.56 shows that all composites patterns are indexed in terms of characteristic crystallographic 

planes of the PP α monoclinic crystalline cell ((110), (040), (130), (111) and (041)).  Otherwise, 

the diffractograms of the filled crosslinked PP depicted in figure IV.56 b present the five obvious 

peaks associated to α form of the PP, additionally, as it has been shown in the previous studies 

related to the crosslinked PP matrix, β and γ diffraction peaks are occurred in all composites. 
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Figure IV.56. WAXS patterns of (PP/XPP)/ wt% PAfs composites 

2.5. DSC measurement 

DSC thermograms of unmodified and crossliked PP matrices filled by polyamide fiber in 

different content are presented in figure IV.57. The values of relevant thermodynamic parameters 

are summarized in table IV.11. Form the figure IV.56.a related to the unmodified PP/polyamide 

fiber composites it is shown that DSC parameters are almost the same as those of the neat PP. 

Noting that the 5wt% PA fiber/PP composite shows a slight increase in the crystallinity degree 

compared to 3 and 7 wt% fiber content. The DSC thermograms of crosslinked PP/ (3, 5 and 

7wt% polyamide fiber composites) indicate that the addition of different content of polyamide 

fiber to croslinked PP causes a shift in the crystallization peak toward the higher values (figure 

IV.57.b) because of the effect of fibers, which are provides a large number of nucleation sites in 

the presence of the crosslinking agent. Therefore, the crystallinity degree and the crystallization 

temperature should be enhanced in the presence of dispersed polyamide fiber content. 
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Figure IV.57. DSC thermograms of polyamide fiber/ (unmodified PP (a) and modified PP (b)) 
composites. 

Table IV.11.DSC parameters of polyamide fiber / (unmodified and modified) PP composites 

 

 

 

 

 

 

2.6. Optical and scanning electronic microscopy 

The dispersion of the 5wt% polyamide fiber in the PP matrix was assessed by optical 

microscopy. Figure IV.58 shows a good dispersed polyamide fiber in the PP matrix. 

 

Materials ΔHf Tf ΔHc Tc χc 

PP 90 161 98 116 42 
3% PAfs 81 160 105 117 40 
5% PAfs 85 159 93 117 43 
7% PAfs 77 159 97 116 40 

XPP 66 159 69 118 31 
3% PAfs 102 159 105 121 47 
5% PAfs 90 159 94 121 45 
7% PAfs 88 160 91 121 45 
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Figure IV.58.Opticl microscopy image of PP/ 5 wt% polyamide fiber composite 

Aiming at examining the adhesion between polyamide fiber and PP, SEM micrographs of the 

fractured surfaces of 5wt% polyamide fiber/ (crosslinked and neat) PP composites is shown in 

Figure IV.59. According to figure IV.59.a and b, the addition of 5wt% of polyamide fiber to the 

crosslinked PP allows a good adhesion in the matrix. The development of strong interfacial 

interactions ensures a larger contact surface enabling a better stress transfer between the two 

phases of the composite [17-18]. 

 

Figure IV.59.SEM micrographs of fractured surface of crosslinked PP/ 5wt% polyamide fiber 
composite 

 

 

a 

b 
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IV.1.2.2.2. Conclusion 

According to the obtained results, it can be concluded that the reversible crosslinking reaction of 

PP is a good way to enhance the interaction between polyamide fiber and PP.5wt% polyamide 

fiber has presented the optimum properties. Additionally; it has been shown that the modified PP 

matrix has given more important mechanical and structural results in comparison with those 

obtained in the study of modified PP/ hollow PET fiber.  

Polyproplene/clay nanocomposite are another class of materials which can be prepared by using 

the same crosslinking agent (so-called functionalizing agent of clay), and based on the good 

obtained results by using crosslinked matrix /polyamide fiber, it has been proposed to study the 

effect of the addition of polyamide fibers to the PP/ clay nanocomposite. 

IV.1.2.3. Na-Montmorillonite– short polyamide Fiber/polypropylene hybrid 

composite 

3.1. Fourier transform infrared spectroscopy (FTIR) 

Figure IV.60, shows the FTIR spectra of Na-MMT. The band at 3623 cm−1 produced from  

 the O-H stretching vibration associated with Al3+ Fe2+ or Mg2+ cations. The intensive band 

situated at 1045 cm−1assigned to the Si-O stretch, and that at 529 cm−1 is due to Si-O bending 

vibrations. The band at 1113 cm−1   assigned to the Si-O out-of-plane stretching vibration. The 

hydroxyl vibrations groups of water molecules showed at twobands which situated at 3440 and 

1639 cm−1. The band at 798 cm−1 shows the quartz present in Na-MMT [19]. 

Figures IV.60 a, b and c display the FTIR spectra of different nanocomposites and crosslinked 

polypropylene (1wt% FA/PP). From the results presented in figure IV.60a, it was observed that 

the peak related to Na-MMT octahedral structure peak at 3623cm-1 remained with a weak 

intensity in the spectra of 3 and 7 wt% f-Na-MMT /PP; however this peak disappeared with 5 

wt% f-Na-MMT. In addition, weak peaks associated with the tetrahedral structure of Na-MMT at 

1639 cm−1  , 1045 cm−1 and at 529 cm−1 remained in  the final structure of the different 

nanocomposites samples with strong intensities in the case of PP/3 and 7 wt% f-Na-MMT as 

shown in figures IV.60b, c. This result can be explained by the reaction between the functionaliz- 
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ing agent used and Na-MMT which is a redox reaction that involves the octahedral crystalline 

portion. Thus, the organometallic components of Na-MMT octahedral structure react in the 

presence of cations supplied by decomposition of the peroxide and the accelerator [20]. 

According to Bouhelal et al [21], the technique of crosslinking by reactive extrusion used in this 

present study gave rise to a partial or total exfoliation (4 wt % clay) with absence of intercalated 

structure. 
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FigureIV.60.FTIR spectra of a)-Unmodified Na-MMT; b, c, d)- PP ; PP/1wt% FA 

crosslinked PP ;  3,5and7wt%f-Na-MMT nanocomposites. 
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The different weak bands at 1700cm-1, 875cm-1, 713cm-1 and 620cm-1 shown in figure IV60.c 

and d are related to crosslinked PP as observed in crosslinked PP spectrum. The band at 1700cm-

1 assigned to the carbonyl group C=O which resulted from the reaction between the peroxide and 

PP, and that  at 875cm1   due to the swinging of N-H, emerged from the reaction with the 

accelerator, the two bands at 713cm-1 and 620cm-1 attributed to C-S stretch that related with the 

reaction with the sulfur. From these results, we can conclude that a few portion of the FA 

contributed also in the chemical crosslinking process of PP, which was proved by the appearance 

of the β and γ-crystalline forms in the WAXS patterns of crosslinked PP and f-Na-MMT /PP 

nanocomposites. 

Figure IV.61 displays the FTIR spectra of PP and different composites based on treated 

polyamide fibers (t-PAfs) and untreated polyamide fibers (PAfs) reinforced polypropylene (PP). 

Remarkable changes in intensities between the PP spectrum and the spectra of composites were 

seen. Both of composites based on PA treated fibers and untreated present a large absorption 

band in the interval 2960-2850 cm-1 indicates the symmetric stretching vibration peak of (-CH2
-) 

group at 2850, and the absorption band of the asymmetric stretching vibration peak of (-CH2
-) 

group at 2919 cm-1. The absorption band at 2960cm-1 is the anti-symmetric stretching vibration 

peak of -CH3. The t-PAfs/PP composite shows new bands at 1700 and at 1630 cm-1 assigned to 

the stretching vibration peak of the carbonyl group C=O in carboxylic acid and the combination 

absorbance of C=O and C–N amide I stretch . These new bands showed on FTIR spectra of 

treated polyamide are in a good agreement with SEM observation of treated   polyamide fiber, in 

which polyamide fibers exhibit rough surface. 
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FTIR spectra of PP and t-PAfs/f-Na-MMT/PP hybrid composites are shown in figure IV.62. 

Different bands related to tetrahedral structure of Na-MMT were clearly observed in the spectra 

of all composites. Two characteristic weak bands of Na-MMT at 3635cm-1 and at 3410cm-1 

related to the OH of the Al-OH and to the stretching and bending vibrations for the hydroxyl 

groups of water molecules were respectively shown. In addition, bands at 1639,692 and 529 cm-

1which associated with water molecules, quartz and Si-O bending vibrations were respectively 

observed as seen in figure IV.60 a and b. However the band situated at 3623 cm−1 that attributed 

to Na-MMT octahedral structure disappeared in the FTIR spectra of all composites. The 

disappearance of the characteristic peaks of the Na-MMT octahedral layers from the FTIR 

spectra is in good agreement with the obtained FTIR results of 5wt% f-Na-MMT/ PP 

nanocomposite as has been discussed above, what led to confirm the exfoliation of the Na-MMT 

layers in PP with the presence of t-PAfs.  

Owing to the fact that the different nanocomposites were reprocessed in the second melt mixing 

cycle in which the polyamide fibers were added, and that the characterizations were carried out 

in the samples which are able to be molten again and form films using compression molding, we 

can conclude that the recycled f-Na-MMT/ PP nanocomposites have been successfully produced. 

Some bands associated with the crosslinked PP with FA as indicated above (figure IV.60) were 

further observed. The presence of the t-PAfs in f-Na-MMT/ PP nanocomposite matrix was 

proved by FTIR results, in which a new characteristic strong band at 3300cm-1 of bending 

vibration in primary amine was observed in figure VI.62 , and three bands which situated at 

1700cm-1, 1540cm-1 and 1200cm-1, assigned to the stretching vibration peak of the carbonyl 

group (C=O) in carboxylic acid , the combination absorbance of the N–H and C–N amide II 

stretch and  C-N stretch respectively. 
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Figure IV.62.Fourier transform infrared spectroscopy (FTIR) spectra of a, b) - 5wt % t-PAfs/ 3, 

5 and 7 wt% f-Na-MMT/PP hybrid composites 

3.2. Wide-angle X-ray scattering (WAXS) 

The structure of PP/ 5wt % t-PAfs was evaluated by a wide-angle X-ray scattering method. On 

the basis of the WAXS patterns are shown in Figure IV.63.a. Only characteristic peaks of α form 

PP can be found, which can be indexed as (110) at 2θ (°) = 14.07, (040) at 16.84, (130) at 18.5, 

(111) at 21.11 and (041) at 21.8 and (060), (220) at about 25.3 and 28.5 respectively, without any 

additional diffraction peaks. 

The effect of FA on the structure of PP has been studied. Crosslinked PP is shown in Figure 

IV.63.b. The WAXS pattern appears two new weak peaks at 16.2 and 20.1 (2θ) which are 

characteristic of the (300) planes of PP β-crystalline form and the (130) or (117) planes of the γ-

crystalline respectively. It can be seen also in Figure IV.63.b that the intensity of the reflection at 

16.7 (2θ) is higher than that of PP which due to the appearance of the γ-crystalline form in the 

crosslinked PP, as both α- and γ- forms show a reflection in this position.  
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Figure IV.63.WAXS patterns of a)-5 wt% t-PAfs /PP composite b)- 1 wt% FA /PP crosslinked 

PP sample. 

Figure IV.64 shows the X-ray diffraction patterns of 3, 5, and 7wt% f- Na-MMT/PP 

nanocomposites. From this figure it was observed that the WAXD patterns exhibit the typical 

reflections of the α-form of PP, with four additional peaks, at 6.9, 16.2, 20.1 and 26.7 (2θ) that 

are  characteristic of the d001 spacing of Na-MMT, (300) planes of the iPP β-crystalline form, 

(130) or (117) planes of the γ-crystalline form, and  the quartz accompanying the Na-MMT 

which was showed with much less intensity .The characteristic peak of the d001 spacing of Na-

MMT, indicated by an arrow appeared with a weak intensity in 7 and 3 wt % f- Na-

MMT.However it disappeared in the case of PP with 5wt% f- Na-MMT. According to Giannelis 

et al. [22] the disappearance of peak indicates the separation of clay layers (exfoliated structure) 

and the formation of nanocomposites. The two new peaks at 16.2 and 20.1 have been already 

presented in the diffractogram of the crosslinked sample having no Na-MMT (Figure IV.63.b). 

On the work conducted by Bouhelal et al. [21] based on the development of iPP/clay 

nanocomposites, it was found that 4wt % clay gave a rise to a partial or total exfoliation in which 

the reactive extrusion technique was used. Further, in this present study the exfoliation of the Na-

MMT layers was given with 5wt% f-Na-MMT. 
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Figure IV.64.WAXS patterns of 3, 5 and 7 wt%/PP nanocomposites. 

Figure IV.65 displays the WAXS patterns of t- PAfs / f-Na-MMT /PP hybrid composites. It was 

observed that the presence of PAfs with Na-MMT do not give any significant difference 

compared with the WAXS patterns of nanocomposite. The same additional peaks are showed, 

with the disappearance of the weak peak assigned to the quartz in nanocomposites samples  and 

the peak related with β-crystalline form at 16.2 (2θ)  in 7wt% t-PAfs/f-Na-MMT hybrid. Also, it 

can be seen that the characteristic peak of the d001 spacing of Na-MMT shifted to higher 

diffraction angles unlike the diffraction angle of Na-MMT which was found in the PP/Na-MMT 

nanocomposites. The exfoliation of the Na-MMT layers was given with 5wt% f-Na-MMT also 

as it has been explained above (figure IV.64). 

 

 

 

 

 

 

10 20 30

 

5 6 7 8 9 10 11

 

 

2  (°)

 PP
 3wt% f-Na-MMT
 5wt% f-Na-MMT
 7wt% f-Na-MMT

 (130)

(300)


 

 

In
te

ns
ity

 (a
. u

.)

2  (°)




d001=12,6 A

 quartz

1,26 nm



                                                                    Chapter IV     Results and discussions                                          

128 
 

 

 

 

 

 

 

 

 

Figure IV.65.WAXS patterns of 5wt% t-PAfs/3, 5 and 7wt% f-Na-MMT/PP hybrid composites. 

The obtained degree of crystallinity (χc), Xβ and Xγ are collected in Table IV.12. It is clearly 

observed that the degree of crystallinity (χc) seem to be relatively constant with the different 

composites (nanocomposites and hybrid composites) in comparison with the neat PP, however it 

is lower in the case of t-PAfs/PP. The degree of crystallinity of different composite is consistent 

with DSC results. A gradual increase of Xγvalue has been noted in different nanocomposite 

samples. It increases from 0.32 in the crosslinked PP, up to 0.55 for the samples with 3–7% of 

clay. While these values decrease to 0.36 and 0.45 for the 3, 7 wt% and 5wt% hybrid samples. 

Concerning the Xβ value, its contribution reaches the highest value in the sample with 7 wt % of 

Na-MMT. However, it was observed that the peak related with β-crystalline was disappeared in 

7wt % Na-MMT/5wt% PAfs. It can be explained the diminution Xγ and Xβ values in hybrid 

composites by the presence of polyamide fibers. 
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Table IV.12. WAXS measurements:  (χc
WAXS), Xβ of β form and Xγof the γ-form. 

 

 

 

 

 

 

 

 

 

 

 

3.3. DSC Analysis 

Figures IV.66 and IV.67 display the DSC thermograms of t-PAfs/PP composite, f-Na MMT/PP 

nanocomposites and hybrids. The DSC results are displayed in table IV.13. It can been seen  that 

the melting temperatures of different composites are about 159°C, slightly lower than 161°C of 

pure PP. the melting temperatures of f-Na-MMT/PP increased slightly with increasing  of f-Na-

MMT amount. However, in the case of hybrid composites, in which 5wt% of t-PAfs were added 

to 3, 5 and 7 wt% f-Na-MMAT /PP nanocomposites, a constant value of melting temperature is 

observed that is almost between the melting temperature of t-PAfs/PP composite and different 

nanocomposites. The crystalline peak temperature (Tc) of the pure PP is increased slightly with 

5wt% t-PAfs. Meanwhile, the Tc is increased significantly with different f-Na-MMT/PP 

nanocomposites and hybrids. MMT and t-PAfs act as nucleating agents, which increase the 

crystallization temperature of PP matrix. The addition of 5wt%t-PAfs to 7wt% f-Na-MMT/PP  

Sample χβ (%) χγ (%) χc
WAXS (%) 

PP - - 38.1 

5wt % t-PAfs/PP - - 32.6 

1wt % FA/PP 0.010 0.32 36 

3wt%Na- MMT 0.017 0.50 37.7 

5 wt% Na-MMT 0.016 0.53 38 

7 wt% Na- MMT 0.02 0.55 38.2 

3wt%  hyb 0.016 0.36 38 

5wt%  hyb 0.016 0.45 38.5 

7wt%  hyb - 0.36 38 
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nanocomposite increased the Tc by up to 4°C compared to 5wt%t-PAfs/PP composite. This 

result indicates that the nucleating effect of MMT was further strengthened by the addition of 

polyamide fibers. 

 

Figure IV.66. DSC thermographs of second heating and cooling runs of 5wt%t-PAfs /PP 

composite 
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Figure IV.67. DSC thermographs of second heating and cooling runs of a)-f-Na-MMT/PP 

nanocomposite and b)-t-PAfs/f-Na-MMT/PP hybrid composites 

Table IV.13. Melting (Tm), crystallization temperatures (Tc) and enthalpies (ΔHm, ΔHc) for 

different samples and crystallinity degree (χc) obtained by DSC. 

 

 

 

 

 

 

 

 

 

 

 

Sample  ∆Hm(J/g) Tm (C°) ∆ Hc (J/g) Tc (C°) χc
DSC (%) 

PP 90 161 98 116 42.4 

PP/5wt% t-PAfs 77 159 89 117.5 39 

3wt% Na-MMT 87.9 158.3 98.3 120 43.6 

5 wt% Na-MMT 83.7 158.5 98 120.8 42.3 

7 wt% Na-MMT 81.7 160 92.5 119.5 42.1 

3wt% hyb 87.7 159.5 102.3 120 45.6 

5wt% hyb 83.5 159.3 102.1 120.3 44.7 

7wt% hyb 83.1 159.5 100.1 121.4 45.2 
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3.4. Optical and scanning electron microscopy 

To show the matrix/fiber adhesion and hybrid composite morphology, polarized optical 

microscopy (POM) and scanning electron microscopy (SEM) investigations were used. The 

POM images of 5 wt% t-PAfs/PP composite and 5wt% f-Na-MMT / 5wt% t- PAfs /PP hybrid 

composite are shown in Figure IV.68. The polyamide fibers generally seem to be well dispersed. 

Also, some agglomerations were observed (see figure IV.68.a). Figure IV.68.b shows the POM 

image of hybrid composite in which a good dispersed polyamide fiber was shown, and with less 

agglomeration than t-PAfs/PP composite due to the presence of Na-MMT in the matrix. Length 

reduction of fibers was observed that can be explained by the effect of the intense shearing 

involved in the closed chamber of the Brabender palstograph. 

 

 

 

 

 

Figure IV.68. Optical micrographs of a) 5wt% t-PAfs/PP composite b) 5wt% t-PAfs / 5wt% f-

Na-MMT /PP hybrid composite 

Scanning electron micrographs (SEM) of untreated and treated polyamide fibers PAfs are shown 

in Figure IV.69. It can be observed that the untreated fibers showed a smooth surface while the 

images of treated surface polyamide fibers exhibit rough surfaces, which proved the affect of the 

treatment.  
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Figure IV.69. SEM micrographs of a) - Untreated PAfs b, c)-Treated PAfs 

Scanning electron micrographs of the tensile fractured surface of 5 wt% PAfs/PP composite and 

5wt% t- PAfs / 5wt% f-Na-MMT /PP hybrid composite are shown in Figure IV.70.Figures 

IV.70.a and b show the SEM micrographs of 5wt% PAfs/PP and 5 wt% t-PAfs/PP composites 

respectively.  For the composite based on untreated polyamide fibers, fibers pull-out, the absence 

of polymer attached to the fiber surface and fiber fracture clearly indicate a very limited adhesion 

between PP and fibers (Figure IV.70a).On the other hand, in the  case of  t-PAfs/PP composite, 

fibers pull-out and debonding reduced significantly and the adhesion between fiber and matrix 

improved strongly . In addition, it was observed that the fibers folded with no fiber pull-out after 

tensile test what confirm that the interfacial adhesion of the treated fiber composites is much 

better than that of the untreated fiber composite (Figure IV.70b). 

Figures IV.70.c and d show the SEM micrographs of the tensile fractured surface and the 

stretched surface of hybrid composite. It can be observed from the micrograph IV.70.c that the 

addition of t-PAfs in Na-MMT/PP nanocomposite give rise to a good interfacial adhesion which 

can be confirmed by the few voids appeared in the surface of stretched tensile specimen showed 

in figure IV.70.d.  
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Figure IV.70.SEM micrographs of the tensile fractured surface of a) - 5wt% PAfs/PP composite 

b) 5wt% t-PAfs/PP composite c) 5wt% t- PAfs / 5wt% f-Na-MMT/ PP hybrid composite d) - the 

tensile stretched surface of hybrid composite 

3.5. Mechanical properties (Tensile strength) 

Figure IV.71 shows the variation of the Young’s modulus for 5 wt% (untreated and treated 

polyamide fiber) /PP composites, 5 wt% f- Na-MMT/PP nanocomposite and the hybrid 

composite. It is observed that there is a slight improvement in the modulus for the different 

composites. The fiber treatment does not affect the modulus value of the composite compared to 

the untreated one, however, the addition of the treated polyamide fiber to the Na-MMT/fiber 

nanocomposite matrix showed an enhancement of the Young’s modulus value.  
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Figure IV.71. Variation of Young’s modulus for the different composites 

Figure IV.72 depicts the variation of the tensile strength of the different composites. An increase 

in tensile strength is found when 5 wt % treated polyamide fiber is added to the 5wt% f-Na-

MMT nanocomposite, showing a synergistic effect for the tensile strength of the t-PA fs/PP 

composite and that of the nanocomposite, which can be related to the good of interfacial 

adhesion between the treated fiber and the PP/Na-MMT nanocomposite matrix. 
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Figure IV.72. Variation of the tensile strength for the different composite. 

3.5.1. Izod impact strength 

 The variation of the izod impact strength for the different composites is presented in figure IV. 

73, it is found that the nanocomposite shows a noticeable increase in resilience; however it is 

clearly seen that the impact strength of the treated PA fiber/PP composite does not vary 

compared to that of the untreated fiber composite. Nevertheless, the addition of the treated 

polyamide fiber to the nanocomposite matrix increases the resilience of the PP, indicating a 

synergistic effect of the two fillers. 
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Figure IV.73. Variation of the Izod impact strength for the different composites  

IV.2.3.2. Conclusion 

From the obtained results by different experimental methods, the following conclusions can be 

summarized. The reactive melt mixing method using the functionalizing agent successfully gives 

rise to a total or partial exfoliation with 5wt% of f-Na-MMT as has been proven with FTIR and 

WAXS results. The t-PAfs can be effectively incorporated in f-Na-MMT/PP recycled 

nanocomposite matrix. The differential scanning calorimetry (DSC) measurements indicates the 

nucleating effect of f-Na-MMT and t-PAfs. The treatment of polyamide fiber surface with stearic 

acid is a simple and a successful method that enhances the adhesion with the f-Na-MMT/PP 

recycled nanocomposite. A good dispersion of the fibers with a noticeable improvement of the 

interfacial adhesion between PP and and treated PAfs phases were observed, showing an 

enhancement in the mechanical properties of the PP. 

IV.1.2.Crossliking of polybutene-1 (PB-1) 

 IV.1.2.1.rheological results 

2.1.1. DRA results 
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Figure IV.74 (torque variation as a function of time) reports the rheological behavior of the 

different crosslinked PB-1 materials. From the figure it could be shown that all materials show 

an increase in torque at the beginning which explained by the effect of the solid polymer pellet 

resistance, then the torque decreases until the complete melting of the polymers (point A). 

Beyond this point, the torque of the modified samples increases by increasing the crosslinking 

agent content. However, the torque of the neat PP is still constant until the equilibrium torque 

value.  The effect of the peroxide on the neat PB-1 is also evaluated, showing a lower torque 

value than the neat PB-1, this is due to the attack of the peroxide radicals, at the tertiary carbons 

of PB-1, which caused a scission chain of the polymer. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.74. Evolution (Torque/time) for the different crosslinked PB-1 materials 

Figure IV.75 depicts the TB and Tc torque values as function of crosslinking agent, the maximum 

crosslinking degree (TB) and the equilibrium torque (Tc) values depend on the crosslinking agent 

concentration , Therefore the viscosity of the crosslinked samples increases with the crosslinking 

agent content compared to the neat PB-1. 
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Figure IV.75. Variation of TC and TB torque values for the cosslinked PB-1 materials 

2.1.2. MFI measurements  

The MFI results of the different materials are shown in figure IV.76.  As expected the MFI 

values of the different crosslinked samples present a significant decrease as function of the 

crosslinking agent amount compared to the unmodified PP, this is due to the contribution of 

croslinking agent effect in increasing the polymers viscosities. MFI results prove the DRA 

results. 

 

 

 

 

 

 

 

Figure IV.76. Variation of MFI values for the modified PB-1 samples 
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IV.1.2.2.Gel content 

With aim of determining the crosslinking degree for the different compositions, gel content test 

was done and the obtained values are collected in table IV.14. The results clearly show that the 

gel content increases as the crosslinking agent content increases; we should note that the highest 

value of the gel content is found in the composition of 3.2 XPB. It should be mentioned that the 

obtained results are in good agreement with those of the DRA. 

Table IV.14. Variation of gel content for the crosslinked PB-1 samples 

Samples Gel content w/w (%) 
0.8  X PB-1 19.5 
1.6 X PB-1 26.3 
2.4 XPB-1 30.6 
3.2 XPB-1 34.1 

 

IV.1.2.3.Structural study of the modified PB-1 

2.3.1. DSC measurements 

a/- DSC measurement of the granules  

Before studying the modified samples, it should be compared the DSC results of the pellet used 

polybutene-1 in his first state, and after one mixing cycle in the Brabender (mixed granules), 

with a view of showing the effect of the mixing process on the thermal properties of PB-1. 

Figure IV.77 shows the DSC thermograms of the neat PB-1 before and after one mixing cycle in 

the Brabender.  The thermogram of the PB-1 pellet presents a lower meting temperature than that 

of the mixed granules polymer, whereas the crystallinity degree of the pellet shows higher value 

that the mixed one (see table IV.15). It is worth noting that the mixed PB-1 granules were aged 

for 3 months at room temperature, thus the melting temperature found corresponds to the stable 

form I of PB-1. So, the mixed PB-1 granules are taken as reference, because all crosslinked 

samples go through the same mixing conditions as PB-1 granules. 
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Figure IV.77. DSC thermograms of the neat PB-1 before and after one mixing cycle in the 

Brabender (pellet and mixed granule). 

Table IV.15. DSC parameters of PB-1 pellet and granule (mixed) 

 

 

 

Figure IV.78a and b show the DSC thermograms corresponding to the first and second heating 

runs of the different aged crosslinked PB-1. During the first heating run, the thermograms of the 

crosslinked PB-1 present the melting point of the stable crystalline form I of PB-1.However, and 

as it is expected the melting point of the unstable crystalline form II is shown in the second 

heating run. From the both heating runs a decrease in the melting temperature (-10°C) is shown 

in the 2.4 and 3.2 XPB-1 samples.  According to the table IV.16, the 3.2XPB-1 sample exhibits 

the lowest crystallinty degree and crystal thickness value compared to all materials including 

unmodified PB-1. This may be due to the high peroxide content which produced a small crystal 

that formed from the chains session. The 1.6 XPB-1 present an increase in the crystallinity 

degree (+7%) followed with a stable melting temperature and crystal thickness in comparison 

with unmodified PB-1. Regarding the crystallization temperature of the modified samples, an 

inversely increase of Tc with the crosslinking agent content is shown compared to the neat PB-1 

(see figure IV.79), the crosslinking agent acted as nucleating agent. From the obtained results it  

 

Materials Tm (°C) ΔH m (J/g) χc (%) 
PB-1 pellet 121 60 47 

PB-1 mixed granule 127 56 44 
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can be concluded that the high crosslinking agent content affects the crystallization process of 

the PB-1. 

 
Figure IV.78.DSC thermograms of the first (a) and second (b) heating runs of the crosslinked 

PB materials 
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Figure IV.79.DSC Thermograms of the cooling run of the crosslinked samples 

Table IV.16. DSC results of the modified PB-1 samples  

 

b/ DSC measurement of the plates 

As it has been mentioned in the experimental section, plates with dimension of 100*100*1 mm3 

were prepared by compression molding using the mixed granules studied above. Therefore, DSC 

thermograms of the plates are also investigated with aim of showing the effect of the plates 

shaping on the structure of the modified samples. Noteworthy, that the prepared plates were aged 

at room temperature for 4 weeks before undergoing the diverse tests. 

Figure IV.80a depicts the DSC thermograms of the first heating run of the different materials. 

Table IV.17 shows the obtained DSC parameters. From the figure, it can be seen that all melting 

temperatures are corresponding to the stable form I of PB-1. Also, the melting temperatures of 

the pellet and granules are similar as those found in the DSC measurement of the mixed granules  
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before shaping (see table IV.16), and both of them give higher crystallinity degree. This 

observation is almost the same for the modified samples, where they present the same melting 

temperature as the mixed granules (see table IV.16) whereas their crystallinity degrees show a 

significant increase , also the 1.8 XPB sample show the most important crystallinity degree  as it 

has been found also in the 1.8 XPB mixed granule. The second heating run is shown in figure 

IV.79b, it can be clearly seen that all the melting temperatures are related to the unstable form II, 

however a weak second peak of the melting temperature of the stable form I is appeared at 128 

°C in all materials thermograms including the neat PB-1. 

The crystallization temperatures of the crosslinked samples show an inversely increase of Tc 

with the crosslinking agent content (see figure IV.81). 

 

 
Figure IV.80.DSC thermograms of the first (a) and second (b) heating runs of the crosslinked 

samples (plates) 
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Figure IV.81.DSC Thermograms of the cooling run of the crosslinked samples (plates) 

Table IV.17. DSC results of the modified PB-1 samples (plates) 

 

2.3.2. X-ray diffraction Results (Plates) 

Figure IV.82 shows X-ray diffraction profiles of the different croslinked PB-1. As it has been 

mentioned the crosslinked materials were aged for four weeks at room temperature before the X-

ray diffraction test, therefore, it is expected that the II→I transition is completed [23, 24]. Thus, 

from the WAXS patterns it can be observed that the hexagonal phase I is characterized by three 

main peaks at 9.9, 17.3, 20.2 °θ, originated by the (110), (300), (220) planes, respectively [25].In 

addition, the reflection relative to the tetragonal phase II has been observed at 11.9and 18.48 2θ, 

corresponding to the (200) and (301) planes respectively [25]. The crystallinity degree of the 

crosslinked samples decreases as function of crosslinking agent content (see table IV. 18). Also,  
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it is found that the crosslinking agent increases the crystallinity of the form II, the form I 

crystallinity decreases, whereas that of the form II increases by the addition of the crosslinking 

agent (see figure IV.83). The 2.4 XPP sample shows the same crystallinity ratio of the both 

forms. 
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Figure IV.82 .WAXS profiles of the crosslinked PB-1 samples 

Table IV.18.    χ I , χ II and crystallinity degree of the modified PB-1 materials 

 

 

 

 

 

 

 

Materials χ I (%) χ II (%) χ (%) 
PB-1 20 12 33 
0.8 XPB-1 19 14 32 
1.6 XPB-1 17 16 33 
2.4 XPB-1 14 14 28 
2.3 XPB-1 12 14 26 
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Figure IV.83. Variation of the crystalinity degree for form I and II of the crosslinked PB 
samples 

2.3.3. FTIR Results 

Figures IV.84 (a and b) display the FTIR spectra of the crosslinked PB-1 samples. New 

characteristic weak bands are shown, for instance, the band at 1110 cm-1 assigned to C-S stretch, 

and at 875 cm-1 due to the swinging of N-H, produced from the reaction with the accelerator (see 

figure IV.84 a). Characteristic weak bands of C-S stretch at 713 and 670 cm-1. Additionally, the 

characteristic bands of S-S disulphide bonding are shown around 500, 524 and 470 cm-1 (see 

figure IV.84 b). On the other hand, it can be shown in figure IV.84a that the intensity of the peak 

at 905 cm-1 decreases and the intensity of the peak at the 923 cm-1 increases after the ageing at 

room temperature. The band at 905 cm-1 is a characteristic band of form-II and the band at 924 

cm-1 is a characteristic band of form-I. Form-II is completely transformed into form-I upon 

ageing at room temperature as it has been also found in the WAXS results. 

The principle of the reversibly crosslinking reaction of the polybutene-1 is the same of that 

presented in the crosslinking mechanism of the polypropylene which consists in forming macro-

radicals through peroxide decomposition process, then stabilizing them by active sulfur groups. 

The bridges formed can be: a sulfur atom, a polysulfide -(S)n-, or a cyclic S-compound. Figure 

IV.85 summarizes the principle steps of the crosslinking reaction of the polybutene-1. 
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Figure IV.84. FTIR spectra of the crosslinked PB-1 samples a- in the region [1200- 800 cm-1] 

and b- in the region [750 - 400 cm-1] 
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Figure IV.85. Mechanism of the crosslinking reaction of the polybutene-1. 
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2.3.4. 2D WAXS result 

With the aim of determining the effect of the compression molding on the chain orientation of 

the modified PB-1, 2D transmission patterns of the prepared plates were examined. The 2D-

WAXS patterns of the different plates are shown in figure IV.86. 

It is found that three crosslinked samples show an initial orientation texture induced by the 

forming process by compression molding. F
(ଵଵ଴)
ሱ⎯⎯ሮ

௫
→ =⁄   -0.07, -0.14 and -0.06  for 1.6 XPB, 2.4 

XPB and 3.2 XPB respectively. 

Tensile tests are then machined out in the manner that this crystalline orientation of the 

macromolecular chains is taken as the stretching direction. 

         PB-1                       (110) 0.4 XPB-1 0.8 XPB-1 

                                 (200)     (220) 
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Figure IV.86. 2D WAXS patterns of the modified PB-1 samples 
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2.3.5. DMA results  

In order to evaluate the viscoelastic behavior of the crosslinked PB-1 samples as function of 

temperature, DMA test was performed. Figure IV.87 a, b represent, respectively, the variations 

of the storage modulus and Tan δ as a function of temperature for the different crosslinled 

samples. It is found that the storage modulus of the crosslinked samples increases in both region 

(glassy and transition regions) as function of crosslinking agent (see table IV.19). The 

crosslinked materials with high degree of crosslinking give rise to the high storage modulus. In 

figure IV.87b, the maxima in these plots correspond to the structural relaxations in the materials. 

The main structural relaxation corresponds to the glass transition of the samples Tg (glass 

temperature) values, are given in Table IV.19.It is clearly observed that tg of the crosslinked 

polybutene-1 shifted up to a high values. Based on the study conducted by Roman et al [26] the 

crosslinked chain exhibits a high Tg values. 

 

Figure IV.87. Variation of the storage modulus (a) and tan δ (b) as a function of temperature for 
the crosslinked materials 
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Table IV.19. DMA parameters of the modified PB-1 samples 

 

 

 

 

2.3.6. True Stress-Strain behavior 

Figure IV.88 depicts the true stress- true strain curves of the modified PB-1 materials, the curves 

can be divided into three region, the first one is preyielding region, which can be shown before 

the yield point at a strain of about 0.1, then the second region so –called strain softening region 

from a strain of about 0.1 to about 0.6, and finally strain-hardening region up to specimens break.  

For the first region, it is shown that the yield stress of the crosslinked samples increased 

compared to that of the neat PB, 1.6 XPB-1 and 2.4 XPB present the high yield stress. 3.2 XPB-1 

and 0.8 XPB-1 show approximately the same yield stress value. 

3.2 XPB-1 and 0.8 XPB-1 samples also show the less stress in the strain- hardening region. 

Moreover, they present a very limit elongation. The 3.2 XPB-1 seems to be stretched in the 

opposite direction of chain orientation.  2.4 XPB and 1.6 XPB   show the highest strain and stress 

values. 

It is worth noting that, Izod impact tests were carried out for the different crosslinked samples, 

and it was found that all modified samples including the neat PB-1 did not break during the 

impact test, that is due to the ductile behavior of the samples.  

 

 

 

 

 

 

Materials E g E0 Tg 
PB-1 7399 3267 -14 
0.8 7699 3304 -7 
1.6 8886 3605 -5 
2.4 8585 3197 -4 
3.2 11191 3925 -5 
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Figure IV.88. True stress- true strain curves of the modified PB-1 materials 

2.3.7. SEM observation  

SEM micrographs of 0.8 XPB-1 and neat PB-1 are shown in figure IV.89. Unlike the neat PB-1, 

the crosslinked sample shows some droplets coalesce together indicating a difference in the 

morphology of the modified polybutene materials. 

 

 

 

 

 

 

 

 

Figure IV.89. SEM micrographs of a-neat PB-1 and b- 0.8 XPB-1 samples 
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IV.1.2.4. Conclusion 

According to the results obtained, it can be concluded that, the crosslinking reacton degree can 

be affected by the crosslinking agent content .Also; it has clearly seen that the crosslinking 

process has affected the microstructure of the polybutene-1.2.4 XPB-1  

IV.2.2. Crosslinked PB-1/hollow PET fiber/clay Hybrid composites 

2.1. DRA measurement 

Figure IV.90 depicts the torque evolution for PB-1, PB-1/7wt % treated hollow PET, PB-1/5wt 

% f-Na-MMT and hybrid composites. Compared to the torque of PB-1, it is clear that the hybrid 

composite and PB-1/7wt % hollow PET fiber composite show the higher and lower torques in 

the stability region, respectively. PB-1/5wt % f-Na-MMT nanocomposite presents intermediate 

torque value between that of the hybrid and PB-1/7wt % hollow PET fiber composites. The 

torque in stability can be affected by the fillers addition, dispersion and adhesion which provide a 

high viscosity to the composites. 
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         Figure IV.90.  Torque evolution of the different composites samples 
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2.2. MFI measurement 

The variation of the MFI values of the presented composites in DRA curves above are illustrated 

in figure IV.91. It is clearly seen that the viscosity of the studied composites increased compared 

to that of the neat PB-1. The hybrid composite shows the highest viscosity value. The obtained 

results are in consistent with the DRA results. 

 

 

 

 

 

 

 

 

Figure IV.91.Variation of MFI for the different composites samples 

2.3. DSC Measurements 

Figure IV.92 displays the first and second heating runs of the crosslinked PB-1, modified and 

unmodified PB-1 / treated PET fibers composites, in which the influence of the modification of 

the polybutene matrix by the crosslinking was investigated. From the data of  the first run (see 

table IV.20), it can be seen that the crosslinked PB-1/PET fiber composite present almost similar 

melting temperature as the composite based on unmodified PB-1, however it is higher than that 

of the modified PB-1. Thus, the incorporation of the treated PET fiber on the crosslinked PB-1 

increases the melting temperature and the crystallinity degree of the crosslinked PB-1. It is worth 

noting that the melting temperatures of the different compositions correspond to the stable form I 

of the polybutene-1. Crystallization temperatures of composites show an increase in both filled 

matrices compared to the neat PB-1, this because of PET fiber and crosslinking agent acted as a 

nucleating agent in the composite. 
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Regarding the second heating run, all melting temperatures are related to the unstable form II of 

polybutene -1. As it has been shown in the study of the crosslinked PB-1 a lower melting 

temperatures are found in both crosslinked PB-1 and its composite. 

Table IV.20. DSC parameters of modified and unmodified PB-1/PET fiber composites 

 

 

 

 

 

 

 

 

 

 

 

 

 

Materials  ΔH m1 

(J/g) 

ΔHm2 

(J/g) 

ΔHC 

(J/g) 

Tm1 

( °C) 

Tm2 

( °C) 

Tc 

( °C) 

૏ 2ࢉ 

(%) 

૏ 1ࢉ 

(%) 

PB-1 66 30 34 129 117 70 40 52 

7wt% h.r-
PETfs 

71 37 36 127 113 89 52 60 

2.4 XPB-1  58 30 28 125 106 84 40 46 

XPB-1 /t-
h.rPET fs 

64 29 32 128 107 77 41 54 
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Figure IV.92. First and second heating runs of the crosslinked PB-1, modified and unmodified 

PB-1 / treated PET fibers composites 

Figure IV.93.depicts the first and second heating runs of PB-1/f-Na-MMT nanocomposite, PB-1 

/7wt% hollow PET fibers composite and the hybrid composite. From the DSC parameters (table 

IV.21). The melting temperature of the hybrid composite increases compared to the neat 

polymer, it is noticed that this temperature is almost between the melting temperatures of the 

nanocomposite (PB-1/ f-Na-MMT) and composite (PB-1/ h.PETfs) samples. Additionally, the 

crystallinity degree of the hybrid composite increased. PB-1/ f-Na-MMT nanocomposite shows 

the highest crystallization temperature degree (see figure IV.94) and crystallinity value, this 

could be explained by the nucleating effect of the exfoliated clay nanolayers on the PB-1 matrix. 
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Figure IV.93. First and second heating runs of PB-1/f-Na-MMT nanocomposite, PB-1 /7wt% 
hollow PET fibers composite and the hybrid composite. 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.94. Cooling run of PB-1/f-Na-MMT nanocomposite, PB-1 /7wt% hollow PET fibers 
composite and the hybrid composite. 
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Table IV.21. DSC parameters of the composites investigated 

 

 

 

 

 

 

 

 

 

2.4. X-ray diffraction  

Figures IV.95 a and b illustrate the X-ray diffraction patterns of the different composites, All 

samples show characteristic peaks of form I and II of polybutene-1. The peaks at 2θ values of 

9.9, 17.3, 20.2 and 21.6 correspond to planes (110), (300), (220) and (211), respectively, of form 

I, whereas, the peaks at 2θ  values of 11.9, and 18.48 correspond to planes (200), (301) 

respectively, of form II. Very weak peaks of form II are shown in the neat PB-1. Based on figure 

IV.94.a , it can be clearly seen that the characteristic peak of the d001 spacing of Na-MMT at 6.9° 

disappeared in the both nanocomposite (5wt% Na-MMT) and hybrid composite. This indicates 

the separation of clay layers and the formation of nanocomposites. The crystallinity degree (see 

table IV.22) of the different composites do not show a clear trend compared to that of the neat 

PB-1, except for the nanocomposite and PB-1/t-PET fibers composites ones so that an increase 

of the crystallinity degree is shown in the nanocomposite sample, indicating the nucleation effect 

of the nanoclay in the PB-1, whereas, the incorporation of the treated PET fibers shows a 

decrease of the crystallinity degree of the polymer.  

Materials  ΔH m1 

(J/g) 

ΔHm2 

(J/g) 

ΔHC 

(J/g) 

Tm1 

(°C) 

Tm2 

(°C) 

Tc 

(°C) 

૏ 2ࢉ 

(%) 

૏ 1ࢉ 

(%) 

PB-1 66 30 34 129 117 70 40 52 

1  XPB-1 83 32 41 133 118 93 42 66 

f-Na-MMT 91 
 

40 40 133 118 93 62 72 

t-r.PETfs 71 37 36 127 117 89 52 60 

Hyb 
 

67 42 31 130 113 89 62 60 
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Figure IV.95. WAXS patterns of the different composites. 

Table IV. 22. Crystallinity degree of the different composites 

 

 

 

 

 

2.5. Mechanical properties 

Figure IV.96 shows the variation of Young’s modulus for the different composites. For the PB-1/ 

PET fiber composite, the Young’s modulus shows an enhancement in the composite based on the 

treated fiber. On the other hand, the Young’s modulus of the PB-1/f-Na-MMT nanocomposite 

Composites χ (%) 
PB-1 30 
PB-1/t-h.r-PETfs 25 
2.4 XPB-1  28 
2.4 XPB-1/ t-h.r-PETfs 28 
1 XPB-1 30 
f-Na-MMT 34 
Hyb 30 
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almost does not vary compared to that of the neat matrix. On the other hand, it is clear that the 

modified matrix reinforced by the treated PET fiber improves the modulus of the composite; this 

is due to the strong interaction between the polar group in PET fiber and the crosslinked PB-1. 

Since the crossliking reaction is reversible, the interactions between the modified PB-1 and the 

treated PET fiber are expected to be good. The improvement of the adhesion between the two 

phases can also be shown from the scanning electron micrographs of the fractured surface of 

crosslinked PP/treated PET fiber composites (Figure IV.99 (b,d)). Moreover, the incorporation of 

the treated PET fiber on the melted PB-1/ f-Na-MMT nanocomposite gave rise to the Young’s 

modulus of the hybrid composite. This can be explained by the improvement of the 

nanocomposite rigidity by adding the treated PET fiber. 

 

 

 

 

 
 

 

 

 

 

Figure IV.96. Variation of Young’s modulus for the different composites, nano and hybrid 

composite samples. 
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The values of stress and strain at break of the investigated composites are shown in Figure IV.97. 

A significant increase in the stress at break is observed when the treated PET fiber was 

incorporated to the crosslinked PB-1, in addition this composite shows a good strain value. So, a 

good adhesion between the treated fiber and the modified PB-1 can be confirmed, the SEM 

microghraphs are in good agreement with this result (see figure IV.100).The f-Na-MMT/PB-1 

nanocomposite also presents a high stress and strain  at break values what can be explained by 

the structural affinity of the functionalized nanoclay. Analogously, an enhancement in stress and 

strain at break can be noticed in the hybrid composite sample. 

 

Figure IV.97. Variation of the stress (a) and strain (b) at break of the investigated composites 

2.6. Impact strength 

The Impact strength values of the studied composites are listed in table IV.23. The modified PB-

1 /treated PET fiber composite shows an important resilience value. This is due to the interfacial 

bond strength between the crosslinked PB-1 /treated PET fiber. SEM micrographs illustrate the 

good interface existing between the two phases. Neat PB-1 and PB-1/ f-Na-MMT did not break 

whereas the hybrid composite sample shows a significant improvement of the resilience 

compared to that of the composites. 
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Table IV.23. Impact strength of the different composites 

 

 

 

 

 

 

2.7. DMA results 

The storage modulus E´ represents the stiffness of a viscoelastic material. Figure IV.98 (a) and 

(b) depict, respectively, the variations in the storage modulus and the damping factor (tan δ) as 

function of temperature for the different composites. In the glassy region (Eg), both unmodified 

and modified PB-1/treated PET fiber exhibit the lowest storage modulus of about 6888 and 6941 

MPa respectively. On the other hand, the nano and the hybrid composites give the highest 

storage modulus values which are 8598 and 10728 MPa respectively (the storage modules values 

are summarized in table IV.23). Then, all composites present a downward trend as the 

temperature increased, which represent glass transition region (E0). In this region the nano and 

hybrid composites are still indicating the highest storage modulus of about 4160 and 5100MPa 

respectively. The storage modulus enhancement is due to the higher restriction imposed by the 

fillers on the PB-1 matrix; subsequently the stress transfer at the fillers interface will be 

increased, which increases the stiffness of the composite.  

 

 

 

 

 

 

 

Materials Impact strength  ( KJ/m2) 
PB-1 No break  
h.r-PETfs 12 
t-h.r-PETfs 15 
f-Na MMT No break 
XPB-1/ t-h.r-PETfs 25 
Hyb  32 
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Figure IV.98.a. Storage modulus of the different composites as a function of temperature 

The glass transition temperatures obtained from the tan delta curve of the composites, indicate a 

slight increase compared to that of the neat matrix. According to Almeida et al. [27], systems 

containing more restrictions and a higher degree of reinforcement tend to exhibit higher Tg. A 

similar trend was obtained by Chieruzzi et al. [28] on studying UPR/montmorillonite (MMT) 

nanocomposites and they attributed the increase of the Tg to the good adhesion between the clay 

and the matrix. The tan delta peak of the neat matrix is lowered with the incorporation of the 

PET fiber and the nanoclay; this is due to the restriction in the movement of the polymer 

molecules caused by the presence of fillers. 
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Figure IV.98. b. The damping factor (tan δ) of the composites as a function of temperature 

 

Table IV.23. DMA parameters of the different composites  

 

 

 

 

 

 

 

2.8. SEM observations 

The effect of the surface treatment of PET fiber on the interface between the PB-1 and the PET 

fibers was studied by examining the tensile fractured surfaces of the sepcimens using SEM. SEM 

micrographs of the tensile fractured surface of the treated and untreated PET fiber composites 

containing 7 wt% PET fibers can be seen in Figure IV.99. Both treated and untreated fibers are 

well dispersed in the matrix indicating the efficient mixing of filler within the polybutene matrix.  

The examination of the fractured surface of untreated PET fiber composites (figures 99 (a,b ) 

indicates that there are voids between fiber and matrix. Also, fibers pull out is shown which is an 

Composites Eg 

(MPa) 

E0 

(MPa) 

Tg  
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PB-1 7384 3469 -14 

PB-1/t-h.r-PETfs 6898 2962 -4 

XPB-1/t-h.r-PETfs 6904 3312 -4 

f-Na-MMT 8598 4159 -6 

Hyb 10728 5097 -4 
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evidence of poor adhesion. On the other hand, SEM micrographs of the treated PET fiber 

composites (figures 99 (c,d)) clearly indicate that there are still voids around the fiber, however 

,it is shown that the fiber present more elasticity aspect during tensile strength test, in addition it 

can be seen that the treated  fibers embedded inside the matrix more than the untreated ones. 

 

 

Figure  IV.99. SEM micrographs of the tensile fractured surface of the untreated (a, b) and treated 
(c, d) 7 wt% PET fiber /PP composites 

Tensile fractured surface examinations of treated PET fiber/crosslinked PB-1 composite show 

the best results in term of interfacial adhesion. As shown in figure IV100, treated PET fiber was 

well surrounded by the matrix without voids and the matrix fibrillation takes place, which is a  
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good indicator of better interfacial adhesion between fiber and matrix as shown in Figure 100 (a). 

In addition, it can be clearly seen that the matrix locked inside the treated hollow PET fiber, 

which proves the good adhesion between fiber and matrix (Figure 100 (b, d)). All these 

observations are consistent with the mechanical test results. 

 

 

Figure IV.100 (a,b,c,d). SEM micrographs of the tensile fractured surface of 7 wt% treated PET 
fiber/crosslinked PB-1 composite. 
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IV.2.3.Conclusion 

Tests analysis of the study of f-Na-MMT/r-PET fiber/PB-1 hybrid composites reveals that the 

reactive melt mixing method using the functionalizing agent successfully gives rise to a total or 

partial exfoliation with 5wt% of f-Na-MMT. Also, the addition of the treated PET fiber to the f-

Na-MMT/PB-1 nanocomposite matrix enhances the adhesion between fibers and PB-1, which 

leads to the improvement of the mechanical properties of the hybrid composite sample. 

Additionally, a good interfacial adhesion between the treated fiber and the crosslinked PB-1 

matrix was observed. 
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General conclusions 

Data analysis derived from the study of the reversibly crosslinking reaction of polypropylene and 

polybutene-1, confirm that the crosslinking process affects the microstructure of both polymers: 

 The crystal lamellar thickness decreases with tincreasing of the crosslinking agent 

content. 

 The crystallization temperatures are increased inversely proportional to crosslinking 

agent concentration (the crosslinking agent act as nucleating agent). 

 Generation of new forms : 

 γ  and β forms in the crosslinked PP samples. 

 Increasing the crystallinity degree of the unstable form-II in the crosslinked PB-1. 

 The formation of a network (S-S and C-S bonds). 

The crosslinked samples show an improvement in the mechanical properties (tensile and impact 

strength). 

Based on the study of the crosslinked PP and PB-1/treated short fibers (PA and hollow PET) 

composites, it was found that: 

 The reversibly crosslinking reaction is an efficient way to improve the adhesion between 

PP/PB-1 crosslinked polymers and hollow PET fibers/ PA fibers, leading to the 

enhancement of the tensile and impact strength properties. 

 The surface fibers treatment using stearic acid is a simple method that can improve the 

interactions between fiber and polymer matrix phases (stearic acid could play the role of 

a coupling agent in the presence of crosslinking agent and crosslinked matrix). 

 The surface treatment of fibers by stearic acid gives rise to the good dispersion of fibers 

in the matrix. 

The study of the Na-MMT/(PP &PB-1)/short fiber (PA and hollow PET fiber) hybrid composites 

shows that : 

 The reactive melt mixing method using the functionalizing agent successfully gives rise 

to a total or partial exfoliation with 5wt% of Na-MMT. 

 5wt % f-Na-MMT/ (PP& PB-1) nanocomposites matrices can be reinforced with treated 

short fibers (PA and hollow PET). 
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 Synergistic effect of f-Na-MMT and short fibers (PA and PET) in reinforcing properties 

of polypropylene and polybutene-1 matrices was found. 
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Recommendations  

The following additional studies could be recommended with view of determining the durability 

performance of the materials prepared and better understanding the microstructure of the 

composites investigated: 

 The effect of the functionalized Na-MMT on crystallization, spherulitic structures and 

polymorphism of PB-1.  

 Nonisothermal crystallization kinetics of crosslinked polybutene-1 and polypropylene samples 

 The study of the crosslinking process effect on the crystalline lamellar thickness of the 

crosslinked polymers. 

 Kinetic study of the II-I phase transition of the crosslinked isotactic polybutene-1 samples. 

  Study of durability performance of the hybrid composites prepared in this present work. 

 Internal damage in the hybrid composites has to be investigated using in situ tensile test under   

synchrotron X-ray tomography. 

 Study of the microstructure of the different composites prepared after and during tensile test. 

 Study of the recyclability of crosslinked PP and PB-1, crosslinked (PP/PB-1)/treated short PA 

and PET fibers composites and Na-MMT/fibers/(PP& PB-1) hybrid composites. 

 



Abstract  

Development of (PP and PB-1)/clay/short fibers (PA, hollow PET fibers) hybrid composites for 
the purpose of obtaining a lightweight and recyclable material which achieves strong interfacial 
interactions between fillers and matrix, fibers dispersion and clay layer exfoliation in polymer 
matrix is the topic of this study. To enhance filler interactions within PP and PB-1 matrices, a 
functionalizing agent (FA) and a coupling agent were added to the Na-MMT and PA fibers 
respectively. An organic peroxide/ sulfur mixture and tetramethyl thiuram disulfide as an 
activator for sulfur, were used to functionalize Na-MMT; on the other hand, the PA fibers 
surface was treated using stearic acid. Morphological, rheological and mechanical properties of 
the different composites prepared were carried out, showed a synergistic effect of f-Na-MMT 
and short fibers (PA and PET) in reinforcing properties of polypropylene and polybutene-1 
matrices. 

Keywords: hybrid composite; functionalized sodium montmorillonite; treated synthetic fiber; 
PA fiber, PET fiber, nanocomposite; crosslinked PP, crosslinked PB-1, reactive melt mixing. 

Résumé 

Afin d’obtenir  un matériau qui présente des propriétés spécifiques de hautes performances sur le 
plan mécanique, rhéologique, et allègement des structures, tout en étant recyclable, une 
proposition de faire renforcer une polyoléfine utilisant des fibres (micro) et l’argile (nano) a été 
étudiée dans ce présent travail. Dans ce but, différents composites hybrides ont été élaborés par 
l’extrusion réactive, utilisant l’argile et fibres (PA, PET).L’argile a été fonctionnalisée utilisant 
trois réactif à savoir (peroxyde, soufre et un accélérateur). Aussi la surface des fibres utilisées a 
été traitée par l’acide stéarique  afin d’avoir une adhésion entre la matrice polymère/argile 
fonctionnalisée  nanocomposites et les fibres traitées. Plusieurs techniques de caractérisation ont 
été utilisées afin d’étudier tous les paramètres  discutés. Des résultats encourageants ont été 
trouvés concernant l’effet du traitement de surface des fibres  et aussi à propos de l’exfoliation de 
l’argile, qui va améliorer les propriétés mécanique du polymère.  

Mots clés : composite hybride, argile fonctionnalisée, fibre courte traitée, fibre PA, fibre PET, 
nanocomposite, PP réticulé, PB-1 réticulé, extrusion réactive. 

 الملخص

تم اقتراح ھذه الدراسة ... بھدف الحصول على مواد تتمیز بخصائص تشمل المیكانیكیة منھا والخفة و ایضا قابلیة الرسلكة
بحیث قمنا بتحمیل البولیمار بالیاف اصطناعیة معالجة .التي اقترحنا فیھا جمع حمولتین مختلفتین في نفس المادة المبلورة 

التربة المعدنیة ایضا تمت عملیة معالجتھا بثلاث مواد ..مع تربة غنیة بالمعادن بھدف منح البولیمار خصائص میكانیة عالیة
مما ..روكسید و غیره بھدف خلق روابط بین المصفوفة أي البولیمار و الالیاف و بنفس الوقت مع التربة المعدنیة ایضایالب

في ھذا الاطار قمنا بعدة تحلیلات للعینات التي قمنا بتحضیرھا ..یجعل الحصول على خصائص میكانیكیة كبیرة محتمل جدا
نا وجود نتائج ایجابیة بشأن الورابط مع المصفوفة وایضا بشأن الخصائص ووجد.مخبریا حیث اجرینا العدید من التحالیل

  .المیكانیكیة 
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Hybrid composites of polypropylene (PP)/sodium montmorillonite (Na-MMT)/short polyamide fibers (PAfs) were prepared
by reactive melt mixing in a Brabender plastograph. To enhance filler interactions within polypropylene, a functionalizing
agent (FA) and a coupling agent were added to the Na-MMT and PAfs, respectively. An organic peroxide/sulfur mixture and
tetramethylthiuram disulfide as an activator for sulfur were used to functionalize Na-MMT; on the other hand, the PAfs surface was
treated using stearic acid.The aim of this study is to investigate how themorphology and the structural properties of 3, 5, and 7wt%
recycled functionalized sodiummontmorillonite nanocomposites (f-Na-MMT) are affected by the presence of 5 wt% treated short
polyamide fibers (t-PAfs). According to the obtained results, 5 wt% recycled f-Na-MMT/5wt% t-PAfs/PP hybrid composite showed
Na-MMT layers exfoliation. The nucleating effect of f-Na-MMT and t-PAfs was indicated by the differential scanning calorimetry
(DSC)measurements. Morphological analysis of the hybrid composites was performed using scanning electronmicroscope (SEM)
and optical polarized microscopy (POM), showing a good dispersion of the fibers with an interesting interfacial adhesion between
the PP and t-PAfs phases. Hybrid composites of PP/f-Na-MMT/t-PAfs are considered for automotive industry.

1. Introduction

The increasing demand in recent years for new lightweight,
recyclable, and performing materials has guided the search
for reinforced polymer systems [1]. Polymers are traditionally
reinforced with synthetic or natural inorganic fillers in order
to improve their properties and reduce their costs [2].
Commonly used fillers are clay, talc, mica [3, 4] and fibrous-
like glass, carbon fibers, aramid, and jute fillers [5, 6]. In order
to improve or modify certain thermomechanical properties
of polymers for specific applications, composites based on
short fibers reinforced polymers find increasing applications
in engineering and consumer products [7]. Increasing the
adhesion between fiber and polymer matrix is one of the
most effective ways to increase the degree of reinforcement by
fibers [8]. Numerous studies have been reported concerning
the enhancement of the interfacial interaction between the
polymer/fibers phases [9–12]. On the other hand, nowadays
we are witnessing increasing use of nanoscale composites

that can enhance selected properties of related polymers [13].
Nanocomposites based on clay and layered silicates have been
mostwidely investigated [14].Montmorillonite (MMT) is one
of the most used layered silicates. It is a 2 : 1 aluminosilicate,
which is formed by two silica tetrahedral layers shared an
octahedral sheet of aluminium or magnesium hydroxide [15,
16]. Stacked between the two layers is a regular Van derWaals
gap called interlayer space or gallery.

Currently, the melt mixing is the most widely used
method for preparing clay/PP nanocomposite [16, 17]. The
clay is incompatible with most polymers due to its strong
hydrophilic character. Thus, a direct melt mixing of both
components is not realizable. To overcome this difficulty,
as a first step, the surface of the clay has to be modified
by using an organophilic agent, thus giving rise to the so-
called organophilic clay or organoclay [18, 19]. On the work
conducted by Kawasumi et al. [18], a new approach to prepare
organoclay/PP nanocomposite has been reported, in which
they expected to use a compatibilizer between the matrix and
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filler [19]. In that approach, nanocomposites were prepared
by melt mixing due to its lower cost than the in situ polymer-
ization method [20].The research work of Toyota Company’s
research center developed the formation of organoclay/PP
hybrid composites by direct melt mixing. The organoclay
used in their study was montmorillonite (MMT), and the PP
used was PP grafted with maleic anhydride (PP-g-MA) or
hydroxyl groups with the aim of facilitating exfoliation and
improving properties [19, 21].

Our laboratory developed a new route based on reversibly
crosslinking reactive extrusion, which is applied for both
the crosslinking of PP and the development of iPP/clay
nanocomposites [22, 23]. The developed method consists
on the preparation of a functionalizing agent, capable of
exfoliating the raw clay without any restricted working
conditions; then the functionalized raw clay/PP nanocom-
posite was prepared by reactive melt mixing [24, 25].
Production of hybrid polymer composites systems based
on fibers and nanoclay has shown recent achievements
and activities. Eslami-Farsani et al. [26] studied the effect
of nanoclay/basalt fiber on the mechanical properties of
polypropylene. The authors proved that the presence of
the layered structure in basalt fiber/propylene composite
improved the interfacial adhesion of nanoclay and the fiber,
therefore, improving themechanical properties of composite.
Chowdary and Kumar [27] analyzed the mechanical and
morphological properties of nanoclay/S-glass fiber/polyester
hybrid composite, in which they studied the effect of
nanoclay content on S-glass fiber/polyester composite. The
obtained results of their study showed that the incorporation
of nanoclay had a significant effect on the mechanical
behavior of composites. Several researches focused on this
type of composites mainly processed by the combination
of fiber with clay fillers in the same polymer matrix due
to their easy availability and their low cost and also to
enhance the physical and mechanical composites properties
[28–30].

Development of hybrid composites based on polypropy-
lene/clay/short polyamide fiber for the purpose of obtaining
a lightweight and recyclable material which achieves strong
interfacial interactions between filer andmatrix, fiber disper-
sion, and clay layer exfoliation in PPmatrix is the topic of this
study.

The recycled 3, 5, and 7% f-Na-MMT/5w t-% PAfs/PP
hybrid composites were prepared by reactive melt mixing
in a Brabender plastograph. The microstructure and ther-
mal properties of f-Na-MMT/t-PAfs/PP hybrid composites
were studied. Fourier transform infrared (FTIR) and wide-
angle X-ray scattering (WAXS) were used to investigate the
obtained hybrid structure. Morphological study of different
composites was determined by scanning electronmicroscopy
(SEM) and optical microscopy (OM). The melting and crys-
tallization process of composites were tested by differential
scanning calorimetry (DSC). The obtained results indicated
that 5 wt% f-Na-MMT nanocompositions showed Na-MMT
layers exfoliation, also a good dispersion of the treated
fibers and an adhesion between the two polymer phases
was observed. Automotive components (bumpers, step-
assist) can be produced using f-Na-MMT/t-PAfs/PP hybrid

composites; therefore, a mechanical study is recommended
in order to test the mechanical properties of the obtained
materials in this present study.

2. Materials and Methods

2.1. Materials. The commercial polypropylene SABIC RAF-
FIA 510P homopolymer was purchased from SABIC Arabie
Saoudite. Its melt flow index (MFI) is 13.1 g/10min (230∘C,
2.16 kg). PA6 fiber was provided by Nanjing Forever Textile
Co., Ltd. company, Jiangsu, China. Sodium montmoril-
lonite Na-MMT, an unmodified nanoclay, was purchased
from the Algerian region of Maghnia, supplied by ENOF,
Algeria. The cation exchange capacity CEC of this mont-
morillonite is about 1.15 × 10−3mol/g. Dicumyl peroxide
(DCP) (96wt% activity) was supplied by Sigma-Aldrich,
France. Sulfur (S) (vulcanizing agent for rubber) was supplied
by Wuxi Huasheng Chemical Additives Factory, China.
The accelerator used was “Super accelerator 501” (tetram-
ethylthiuram disulfide, TMTD), supplied by Rhône Poulenc,
France.

2.2. Composites Preparation. The different composites were
prepared in Brabender plastograph mixer using twin Roller
blades at mixing temperature of 190∘C and rotor speed
of 60 rpm during 20 minutes and, then, compressed into
a dreher-type Brabender. The different composites were
grinded before undergoing the diverse tests. The films were
prepared by compression molding using a CARVAR manual
press between hot plates at 200∘C and at a pressure of 2MPa
for 8min. A quench was applied to the films from the melt to
room temperature.

2.2.1. f-Na-MMT/PPNanocomposites Preparation. A series of
composites have been studied consisting of different content
of the f-Na-MMT (3, 5, and 7wt%)/PP. Different composites
were prepared using a conventional method [24]. Function-
alizing agent (peroxide, sulfur, and accelerator)/dried Na-
MMT were mixed together in the solid state, in which the
functionalizing agent (FA) was added in a concentration
of 1/10 of the clay. The formulations are as follows: the
sulfur concentration (in wt%) was equal to that of perox-
ide, and the accelerator was 1/4 of the sulfur or peroxide
concentration.

PP was incorporated into the Brabender plastograph
chamber firstly, and then themixtureNa-MMT/FAwas intro-
duced as soon as torque indicated melting of the polymer
(about 2min).

Crosslinked PP (PP/1 wt% FA). The so-called “functionalizing
agent of Na-MMT” which is constituted by the peroxide,
sulfur, and accelerator was also used as crosslinking agent of
PP [22]. Accordingly, an additional study of crosslinked PP
has been done, with a view of evaluating and explaining the
effect of functionalizing agents on the structure of PP. Also
for understanding the effect of FA on neat PP structure, the
same amount of functionalizing agent that was added to Na-
MMTwas used to PP.The amount of sulfur and peroxide was
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PP+ (Na-MMT +1 wt% FA) Grinding of nanocomposites Grinded nanocomposites 
f-Na-MMT Treatment of PAfs with stearic acid +t-PAfs

Nanocomposites Hybrid composites

Scheme 1: The final obtained hybrid composites.

1 wt% and the accelerator was 1/4 of the sulfur and peroxide
concentration.

2.2.2. PAfs/PP Composites Preparation

Surface Treatment of Polyamide Fibers (PAfs). Surface treat-
ment of the polyamide fibers was carried out by stearic acid in
order to increase the number of reactive groups and improve
the fibers dispersion in f-Na-MMT/PP nanocomposite. First
of all, PAfs were chopped into about 4mm. Then, the
obtained short fibers were washed with distilled water in
order to remove the possible surface impurities and dried
in vacuum oven at 60∘C. 25mg of stearic acid was dissolved
in 200ml of toluene at ambient temperature by continuous
magnetic stirring of solution for 20min. Then, 3 g of PA
fibers was added to toluene/stearic acid solution under a
magnetic stirring at ambient temperature for 12 h in order to
complete the reaction between stearic acid with polyamide
fibers surface and to improve the dispersion of the fibers into
the solution. Following the treatment, PAfs were thoroughly
washedwith distilledwater and dried in vacuumoven at 60∘C
for 8 h.

Two series of PAfs/PP composites containing 5wt% PAfs
treated and untreated fibers were prepared. The fibers were
dispersed in the PP pellets in the solid state; thereafter, the
obtained mixture was inserted into Brabender plastograph
chamber.

2.2.3. f-Na-MMT/PAfs/PP Hybrid Composites. PAfs/f-Na-
MMT/PP hybrid composites were prepared by adding 5wt%
of treated polyamide fibers (t-PAfs) to different recycled
nanocomposites 3, 5, and 7wt% f-Na-MMT/PP which were
prepared and grinded as it was explained above in the section
of f-Na-MMT/PP nanocomposites preparation. Sample des-
ignation and composition of hybrid composites are presented
in Table 1.

Scheme 1 shows the schematic processing steps of the
hybrid composite preparation.

3. Characterizations

3.1. FTIR Measurements. FTIR spectra of film samples were
recorded using a Perkin Elmer Spectrum 1000 spectrometer
with a resolution of 4 cm−1 within 200 scans (PerkinElmer,
USA). IR spectra were obtained for different composites film
samples in the region from 400 to 4000 cm−1.

3.2. Wide-Angle X-Ray Scattering (WAXS). The crystalline
structure was determined by WAXS analysis. WAXS profiles
were recorded on a Seifert diffractometer (Rich. Seifert &Co.,

Table 1: Sample designation and composition of hybrid composites.

Sample t-PAfs (wt%) f-Na-MMT presented in PP
nanocomposite prepared (wt%)

3wt% hyp 5 3
5wt% hyp 5 5
7wt% hyp 5 7

Germany). The following conditions were employed: 40 kV,
35mA, angular range of ∘4–35∘ (2𝜃), and scan rate of 0.02∘/s.

3.3. Differential Scanning Calorimetry (DSC) Measurement.
Thermograms of all composites were obtained using a Q200
instrument (TA Instruments, USA). The calorimetric runs
were performed using (±10mg) of each simple with a heating
rate of 5∘C/min. The samples were heated up to 200∘C
and maintained at this temperature during 5min and then
samples were cooled down to 25∘C with a cooling rate
5∘C/min. After that, a second heating was effectuated.

3.4. Optical Light Polarized Microscopy. Polarized light mi-
croscopy (Olympus bx50, USA) examinations were carried
out on both sides of the cast samples.

3.5. Scanning Electron Microscope (SEM) Observation. The
cross section of the tensile fractured surface of specimens
was examined using an environmental scanning electron
microscope (QUANTA- FEG 600, FEI Company, France).

4. Results and Discussions

4.1. Fourier Transform Infrared Spectroscopy (FTIR). Fig-
ure 1(a) shows the FTIR spectra of Na-MMT. The band
at 3623 cm−1 produced from the O-H stretching vibration
associated with Al3+ Fe2+ orMg2+ cations.The intensive band
situated at 1045 cm−1 was assigned to the Si-O stretch, and
that at 529 cm−1 is due to Si-O bending vibrations. The band
at 1113 cm−1 was assigned to the Si-O out-of-plane stretching
vibration.The hydroxyl vibrations groups of water molecules
showed two bands situated at 3440 and 1639 cm−1. The band
at 798 cm−1 shows the quartz present in Na-MMT [31].

Figures 1(a), 1(b), and 1(c) display the FTIR spectra
of different nanocomposites and crosslinked polypropylene
(1 wt% FA/PP). From the results presented in Figure 1(a), it
was observed that the peak related to Na-MMT octahedral
structure peak at 3623 cm−1 remained with a weak intensity
in the spectra of 3 and 7wt% f-Na-MMT/PP; however, this
peak disappeared with 5wt% f-Na-MMT. In addition, weak
peaks associated with the tetrahedral structure of Na-MMT
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Figure 1: Fourier transform infrared spectroscopy (FTIR) spectra of (a) unmodified Na-MMT; (b, c, d) PP; PP/1 wt% FA crosslinked PP; 3,
5, and 7wt% f-Na-MMT nanocomposites.

at 1639 cm−1, 1045 cm−1, and at 529 cm−1 remained in the
final structure of the different nanocomposites samples with
strong intensities in the case of PP/3 and 7wt% f-Na-MMT as
shown in Figures 1(b) and 1(c).This result can be explained by
the reaction between the functionalizing agent used and Na-
MMT which is a redox reaction that involves the octahedral
crystalline portion. Thus, the organometallic components
of Na-MMT octahedral structure react in the presence of
cations supplied by decomposition of the peroxide and the
accelerator [32]. According to Bouhelal et al. [24], the tech-
nique of crosslinking by reactive extrusion that has been used
in this present study gave rise to a partial or total exfoliation

(4wt% clay) with the absence of intercalated structure
[25].

The different weak bands at 1700 cm−1, 875 cm−1,
713 cm−1, and 620 cm−1 shown in Figures 1(c) and 1(d) are
related to crosslinked PP as observed in crosslinked PP
spectrum. The band at 1700 cm−1 assigned to the carbonyl
group C=O which resulted from the reaction between the
peroxide and PP and that at 875 cm due to the swinging of
N-H emerged from the reaction with the accelerator; the two
bands at 713 cm−1 and 620 cm−1 attributed to C-S stretch that
related to the reaction with the sulfur. From these results,
we can conclude that a few a portion of the FA contributed
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Figure 3: Fourier transform infrared spectroscopy (FTIR) spectra of (a, b) 5 wt% t-PAfs/3, 5, and 7wt% f-Na-MMT/PP hybrid composites.

also in the chemical crosslinking process of PP, which was
proved by the appearance of the 𝛽 and 𝛾-crystalline forms
in the WAXS patterns of crosslinked PP and f-Na-MMT/PP
nanocomposites.

Figure 2 displays the FTIR spectra of PP and different
composites based on treated polyamide fibers (t-PAfs) and
untreated polyamide fibers (PAfs) reinforced polypropylene
(PP). Remarkable changes in intensities between the PP spec-
trum and the spectra of composites were seen. Both compos-
ites based on PA treated fibers and untreated fibers present a
large absorption band in the interval 2960–2850 cm−1 which
indicates the symmetric stretching vibration peak of (–CH2

−)
group at 2850, and the absorption band of the asymmetric
stretching vibration peak of (–CH2

−) group at 2919 cm−1.The

absorption band at 2960 cm−1 is the antisymmetric stretching
vibration peak of –CH3.The t-PAfs/PP composite shows new
bands at 1700 and at 1630 cm−1 assigned to the stretching
vibration peak of the carbonyl group C=O in carboxylic acid
and the combination absorbance of C=O and C–N amide I
stretch.These new bands showed that FTIR spectra of treated
polyamide are in good agreement with SEM observation of
treated polyamide fiber, in which polyamide fibers exhibit
rough surface.

FTIR spectra of PP and t-PAfs/f-Na-MMT/PP hybrid
composites are shown in Figure 3. Different bands related to
tetrahedral structure of Na-MMT were clearly observed in
the spectra of all composites. Two characteristic weak bands
of Na-MMT at 3635 cm−1 and at 3410 cm−1 related to the OH
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Figure 4: WAXS patterns of (a) 5 wt% t-PAfs/PP composite and (b) 1 wt% FA/PP crosslinked PP.

of the Al-OH and to the stretching and bending vibrations
for the hydroxyl groups of water molecules were, respec-
tively, shown. In addition, bands at 1639, 692, and 529 cm−1
associated with water molecules, quartz, and Si-O bending
vibrations were, respectively, observed as seen in Figures
3(a) and 3(b). However, the band situated at 3623 cm−1 that
attributed to Na-MMT octahedral structure disappeared in
the FTIR spectra of all composites. The disappearance of the
characteristic peaks of the Na-MMT octahedral layers from
the FTIR spectra is in good agreement with the obtained
FTIR results of 5 wt% f-Na-MMT/PP nanocomposite as has
been discussed above, what led to confirm the exfoliation
of the Na-MMT layers in PP with the presence of t-PAfs.
Owing to the fact that the different nanocomposites were
reprocessed in the second melt mixing cycle in which the
polyamide fibers were added and that the characterizations
were carried out in the samples which are able to be molten
again and form films using compression molding, we can
conclude that the recycled f-Na-MMT/PP nanocomposites
have been successfully produced. Some bands associatedwith
the crosslinked PP with FA as indicated above in crosslinked
PP spectrum (Figures 1(b) and 1(c)) were further observed.
The presence of the t-PAfs in f-Na-MMT/PP nanocomposite
matrix was proved by FTIR results, in which a new char-
acteristic strong band at 3300 cm−1 of bending vibration
in primary amine was observed in Figure 3(a), and three
bands situated at 1700 cm−1, 1540 cm−1, and 1200 cm−1 were
assigned to the stretching vibration peak of the carbonyl
group (C=O) in carboxylic acid, the combination absorbance
of the N–H and C–N amide II stretch and C–N stretch,
respectively.

4.2. Wide-Angle X-Ray Scattering (WAXS). The structure
of PP/5wt% t-PAfs was evaluated by a wide-angle X-ray
scattering method. On the basis of the WAXS patterns are
shown in Figure 4(a). Only characteristic peaks of 𝛼 form PP

PP
3 wt% f-Na-MMT
5 wt% f-Na-MMT

7 wt% f-Na-MMT
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Figure 5: WAXS patterns of 3, 5, and 7wt%/PP nanocomposites.

can be found, which can be indexed as (110) at 2𝜃 (∘) = 14.07,
(040) at 16.84, (130) at 18.5, (111) at 21.11, and (041) at 21.8 and
(060), (220) at about 25.3 and 28.5, respectively, without any
additional diffraction peaks.

The effect of FA on the structure of PP has been studied.
Crosslinked PP is shown in Figure 4(b). The WAXS pattern
shows two new weak peaks at 16.2 and 20.1 (2𝜃) which are
characteristic of the (300) planes of PP 𝛽-crystalline form
and the (130) or (117) planes of the 𝛾-crystalline, respectively.
It can be seen also in Figure 4(b) that the intensity of the
reflection at 16.7 (2𝜃) is higher than that of PP which is due to
the appearance of the 𝛾-crystalline form in the crosslinked
PP, as both 𝛼- and 𝛾-forms show a reflection in this
position.

Figure 5 shows the X-ray diffraction patterns of 3, 5, and
7wt% f-Na-MMT/PP nanocomposites. From this figure it
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was observed that the WAXD patterns exhibit the typical
reflections of the 𝛼-form of PP, with four additional peaks,
at 6.9, 16.2, 20.1, and 26.7 (2𝜃) that are characteristic of the
d001 spacing ofNa-MMT, (300) planes of the iPP𝛽-crystalline
form, (130) or (117) planes of the 𝛾-crystalline form, and the
quartz accompanying the Na-MMT which was shown with
much less intensity.The characteristic peak of the d001 spacing
of Na-MMT, indicated by an arrow, appeared with a weak
intensity in 7 and 3wt% f-Na-MMT. However, it disappeared
in the case of PP with 5wt% f-Na-MMT. According to
Giannelis et al. [16, 33] the disappearance of peak indicates
the separation of clay layers (exfoliated structure) and the
formation of nanocomposites. The two new peaks at 16.2
and 20.1 have been already presented in the diffractogram
of the crosslinked sample having no Na-MMT (Figure 4(b)).
On the work conducted by Bouhelal et al. [24] based on the
development of iPP/clay nanocomposites, it was found that
4wt% clay gave a rise to a partial or total exfoliation in which
the reactive extrusion technique was used. Further, in this
present study the exfoliation of theNa-MMT layers was given
with 5wt% f-Na-MMT.

Figure 6 displays the WAXS patterns of t-PAfs/f-Na-
MMT/PP hybrid composites. It was observed that the
presence of PAfs with Na-MMT do not give any sig-
nificant difference compared with the WAXS patterns of
nanocomposite (Figure 5). The same additional peaks are
shown, with the disappearance of the weak peak assigned
to the quartz in nanocomposites samples and the peak
related to 𝛽-crystalline form at 16.2 in 7wt% t-PAfs/f-Na-
MMT hybrid. Also, it can be seen that the characteristic
peak of the d001 spacing of Na-MMT shifted to higher
diffraction angles unlike the diffraction angle of Na-MMT
which was found in the PP/Na-MMT nanocomposites. The
exfoliation of the Na-MMT layers was given with 5wt% f-
Na-MMT also as it has been explained above in the X-
ray diffraction patterns of f-Na-MMT/PP nanocomposites
(Figure 5).

From the WAXS patterns, the degree of crystallinity (𝜒𝑐)
can be measured using the following equation [34]:

Table 2: WAXS measurements: (𝜒𝑐
WAXS), 𝑋𝛽 of 𝛽 form and 𝑋𝛾 of

the 𝛾-form.

Sample 𝑋𝛽 𝑋𝛾 𝜒𝑐
WAXS (%)

PP — — 38.1
5 wt% t-PAfs/PP — — 32.6
1 wt% FA/PP 0.010 0.32 36
3wt% Na- MMT 0.017 0.50 37.7
5wt% Na-MMT 0.016 0.53 38
7wt% Na- MMT 0.02 0.55 38.2
3wt% hyb 0.016 0.36 38
5wt% hyb 0.016 0.45 38.5
7wt% hyb — 0.36 38

𝜒𝑐
WAXS =

𝐼𝑐
(𝐼𝑎 + 𝐼𝑐)

, (1)

where 𝐼𝑐 and 𝐼𝑎 present the integrated intensities of crystalline
and amorphous phases, respectively, which were determined
by deconvolutions of WAXS patterns.

We have also estimated the content 𝑋𝛽 of 𝛽 form and
𝑋𝛾 of the 𝛾-form in all the studied samples according to the
method of Jones et al. [35, 36] (Table 2):

𝑋𝛾 =
𝐼𝛾(130)

(𝐼𝛾(130) + 𝐼
𝛼
(130))
,

𝑋𝛽 =
𝐼𝛽(300)

(𝐼𝛼(110) + 𝐼
𝛼
(040) + 𝐼

𝛼
(130) + 𝐼

𝛼
(300))
.

(2)

The obtained degree of crystallinity (𝜒𝑐), 𝑋𝛽, and 𝑋𝛾 are
collected in Table 3. It is clearly observed that the degree
of crystallinity (𝜒𝑐) seems to be relatively constant with the
different composites (nanocomposites and hybrid compos-
ites) in comparison with the neat iPP; however, it is lower in
the case of t-PAfs/PP. The degree of crystallinity of different
composite is consistent with DSC results.
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Table 3: Melting (𝑇𝑚), crystallization temperatures (𝑇𝑐), and enthalpies (Δ𝐻𝑚, Δ𝐻𝑐) for different samples and crystallinity degree (𝜒𝑐)
obtained by DSC.

Sample Δ𝐻𝑚 𝑇𝑚 Δ𝐻𝑐 𝑇𝑐 𝜒𝑐
DSC (%)

(J/g) (∘C) (J/g) (∘C)
PP 90 161 98 116 42.4
PP/5wt% t-PAfs 77 159 89 117.5 39
3wt% Na-MMT 87.9 158.3 98.3 120 43.6
5wt% Na-MMT 83.7 158.5 98 120.8 42.3
7 wt% Na-MMT 81.7 160 92.5 119.5 42.1
3 wt% hyb 87.7 159.5 102.3 120 45.6
5wt% hyb 83.5 159.3 102.1 120.3 44.7
7wt% hyb 83.1 159.5 100.1 121.4 45.2
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Figure 7: DSC thermographs of second heating and cooling runs of 5 wt% t-PAfs/PP composite.

A gradual increase of 𝑋𝛾 value has been noted in
different nanocomposite samples. It increases from 0.32 in
the crosslinked PP, up to 0.55 for the samples with 3–7% of
clay, while these values decrease to 0.36 and 0.45 for the 3 and
7wt% and 5wt% hybrid samples.

Concerning the 𝑋𝛽 value, its contribution reaches the
highest value in the samplewith 7wt%ofNa-MMT.However,
it was observed that the peak related to 𝛽-crystalline disap-
peared in 7wt% Na-MMT/5wt% PAfs. The diminution 𝑋𝛾
and 𝑋𝛽 values in hybrid composites can be explained by the
presence of polyamide fibers.

4.3. DSC Analysis. Figure 7 displays the DSC thermographs
of t-PAfs/PP composite, f-Na-MMT/PP nanocomposites,
and hybrids. The DSC results are displayed in Table 3. The
degree of crystallinity of PP and different composites was
determined according to (3), in which Δ𝐻𝑚 is the melting
enthalpy of PP and Δ𝐻𝑚

0 presents the heat of fusion of 100%
crystalline polypropylene, at the equilibrium melting point,
𝑇0𝑚 = 187.5∘C. A literature value of 207.33 J/gΔ𝐻𝑚

0 was used
(Wunderlich [37]):

Δ𝐻𝑚
Δ𝐻100%𝑚

. (3)

However, in the present study, the degree of crystallinity was
determined with the application of a correction factor in
order to take into consideration the amount of fillers (PAfs
and Na-MMT) in different composites.Thus, accurate values
of 𝜒𝑐 reported were obtained from the following equation,
where (𝑤𝑓) corresponds to the weight percentage of fillers in
the composite:

Δ𝐻𝑚
Δ𝐻100%𝑚

×
100

100 − 𝑤𝑓
. (4)

It can be seen in Figures 7 and 8 and Table 3 that the melting
temperatures of different composites are about 159∘C, slightly
lower than 161∘Cof pure PP. themelting temperatures of f-Na-
MMT/PP increased slightly with increasing of f-Na-MMT
amount. However, in the case of hybrid composites, in which
5wt% of t-PAfs was added to 3, 5, and 7wt% f-Na-MMAT/PP
nanocomposites, a constant value of melting temperature is
observed that is almost between the melting temperature
of t-PAfs/PP composite and different nanocomposites. The
crystalline peak temperature (𝑇𝑐) of the pure PP is increased
slightly with 5wt% t-PAfs. Meanwhile, 𝑇𝑐 is increased sig-
nificantly with different f-Na-MMT/PP nanocomposites and
hybrids. MMT and t-PAfs act as nucleating agents, which
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Figure 8: DSC thermographs of second heating and cooling runs of (a) f-Na-MMT/PP nanocomposite and (b) t-PAfs/f-Na-MMT/PP hybrid
composites.

increase the crystallization temperature of PP matrix. The
addition of 5 wt% t-PAfs to 7wt% f-Na-MMT/PP nanocom-
posite increased 𝑇𝑐 by up to 4∘C compared to 5wt% t-
PAfs/PP composite. This result indicates that the nucleating
effect of MMT was further strengthened by the addition of
polyamide fibers.

4.4. Optical and Scanning Electron Microscopy. To show
the matrix/fiber adhesion and hybrid composite morphol-
ogy, polarized optical microscopy (POM) and scanning
electron microscopy (SEM) investigations were used. The

POM images of 5 wt% t-PAfs/PP composite and 5wt% f-
Na-MMT/5wt% t-PAfs/PP hybrid composite are shown in
Figure 9. The polyamide fibers generally seem to be well
dispersed. Also, some agglomerations were observed (see
Figure 9(a)). Figure 9(b) shows the POM image of hybrid
composite in which a good dispersed polyamide fiber was
shown andwith less agglomeration than t-PAfs/PP composite
due to the presence of Na-MMT in the matrix. Length
reduction of fibers was observed that can be explained by the
effect of the intense shearing involved in the closed chamber
of the Brabender plastograph.
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(a) (b)

Figure 9: Optical micrographs of (a) 5 wt% t-PAfs/PP composite and (b) 5 wt% t-PAfs/5 wt% f-Na-MMT/PP hybrid composite.

(a) (b) (c)

Figure 10: SEM micrographs of (a) untreated PAfs and (b, c) treated PAfs.

Scanning electron micrographs (SEM) of untreated and
treated polyamide fibers PAfs are shown in Figure 10. It can be
observed that the untreated fibers showed a smooth surface
while the images of treated surface polyamide fibers exhibit
rough surfaces, which proved the effect of the treatment.

Scanning electron micrographs of the tensile fractured
surface of 5 wt% PAfs/PP composite and 5wt% t-PAfs/5 wt%
f-Na-MMT/PP hybrid composite are shown in Figure 11.
Figures 11(a) and 11(b) show the SEM micrographs of 5 wt%
PAfs/PP and 5wt% t-PAfs/PP composites, respectively. For
the composite based on untreated polyamide fibers, fibers
pull-out, the absence of polymer attached to the fiber surface,
and fiber fracture clearly indicate a very limited adhesion
between PP and fibers (Figure 11(a)). On the other hand, in
the case of t-PAfs/PP composite, fibers pull-out and debond-
ing reduced significantly and the adhesion between fiber
and matrix improved strongly. In addition, it was observed
that the fibers folded with no fiber pull-out after tensile test
what confirm that the interfacial adhesion of the treated fiber
composites is much better than that of the untreated fiber
composite.

Figures 11(c) and 11(d) show the SEM micrographs of
the tensile fractured surface and the stretched surface of
hybrid composite. It can be observed from the micrograph
Figure 11(c) that the addition of t-PAfs in Na-MMT/PP
nanocomposite gives rise to a good interfacial adhesion
which can be confirmed by the few voids appearing in the
surface of stretched tensile specimen shown in Figure 11(d).

5. Conclusions

From the obtained results by different experimentalmethods,
the following conclusions can be summarized. The reactive
melt mixing method using the functionalizing agent success-
fully gives rise to a total or partial exfoliation with 5wt% of
f-Na-MMT as has been proven with FTIR andWAXS results.
The t-PAfs can be effectively incorporated in f-Na-MMT/PP
recycled nanocomposite matrix. The differential scanning
calorimetry (DSC) measurements indicate the nucleating
effect of f-Na-MMT and t-PAfs. The treatment of polyamide
fiber surface with stearic acid is a simple and a successful
method that enhances the adhesion with the f-Na-MMT/PP
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(a) (b)

(c) (d)

Figure 11: SEM micrographs of the tensile fractured surface of (a) 5 wt% PAfs/PP composite, (b) 5 wt% t-PAfs/PP composite, (c) 5 wt%
t-PAfs/5 wt% f-Na-MMT/PP hybrid composite, and (d) the tensile stretched surface of hybrid composite.

recycled nanocomposite. A good dispersion of the fibers with
a noticeable improvement of the interfacial adhesion between
PP and treated PAfs phases was observed.
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