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SUMMARY 

The increasing industrial use of carbon fibre in e.g. aircraft and wind turbines as well 

as the tremendous amount of energy needed to be able to manufacture pristine carbon 

fibres calls for strategies for their recovery and possible reuse. In consequence, both 

environmental and economic consciousness has increased for the need to recycle 

carbon fibre reinforced polymer waste. 

In this work, an engineering composite material is manufactured from recyclates, 

both matrix and fibres. Polypropylene processing scrap from PURE is extensively 

studied in terms of its stability and process ability as a thermoplastic matrix material. 

Polypropylene scrap material is reprocessed into a film by press forming. The 

reinforcement in the form of fluffy, short carbon fibres recovered via a pyrolysis 

process from aircraft structures is converted into preforms employing paper making 

principles. The recycled polypropylene (rPP) film is then introduced into a stack of 

recycled carbon fibre (rCF) preforms and the composite material is manufactured by 

press forming. 

It is well known that the fibre/PP interface properties are often the weakest link in the 

composite performance. To improve the interface of the recycled composite material 

(rCF/rPP) a maleic anhydride grafted polypropylene (MAPP) is added to the rPP 

matrix material. The addition of MAPP is found to improve the interface and increase 

the stiffness and strength of the composite.  

The mechanical behaviour in tension of a rPP matrix and a rPP matrix blended with 

10% of maleic anhydride grafted polypropylene (rPP+MAPP) is characterised and 

compared with each other. It is found that the elastic properties of the rPP matrix do 

not degrade during loading. The addition of MAPP to the rPP matrix does not change 

the mechanical properties of the polymer matrix material.  

The inelastic and time dependent mechanical behaviour of the MAPP modified 

rCF/rPP composite material in tension is also analysed. A series of quasi-static tensile 

and creep tests are performed to identify the material models. A non-linear material 

model is employed and the involved parameters (stress dependent functions) are 



 
 

 

identified. The time dependent response is decomposed into nonlinear viscoelastic 

and viscoplastic parts and each of them quantified. The viscoelastic response of the 

composite is found to be linear in the investigated stress range. The model is then 

validated in a stress controlled test at a constant stress rate. 

A series of tensile tests using rectangular specimens cut in different directions (0°, 

90°, ±45°) in the composite plate confirm in-plane material isotropy. Fibre length 

distributions measured before and after composite manufacturing show strong 

influence of processing on average fibre length. Single fibre tensile test is performed 

to evaluate stiffness and strength of the recycled carbon fibres. Based on these data, 

a micromechanical model for prediction of stiffness and strength of the short fibre 

composite is employed and demonstrated. The models are found to be in good 

agreement with experimental results. 
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INTRODUCTION TO POLYMER COMPOSITE 

MATERIALS 

Polymer composite materials are nowadays widely used in structures where low 

weight in combination with high strength and stiffness are required. Thus, composite 

materials are frequently used in a variety of applications such as aircraft, wind mill 

blades, automotive and sports equipment.  

In polymer composites, the individual constituents are polymer matrix and 

reinforcement [1]. The polymer matrix material surrounds and supports the 

reinforcement materials by maintaining their relative positions. The role of the 

polymer matrix is primarily to bind the reinforcement together and to transfer and 

distribute loads between the reinforcing fibres. The reinforcement, in most cases 

fibres, carries the structural load, reduces thermal stresses and provides macroscopic 

stiffness and strength.  

Fibre reinforced polymer composite materials can be divided into two main 

categories referred to as short fibre reinforced polymers and continuous fibre 

reinforced polymers (the latter depicted in Fig.1). A variety of fibre materials are 

used in composites. Most common are glass, carbon, polymer fibres and natural 

fibres. Carbon fibres are developed particularly towards lightweight and high 

performance applications, for example aerospace, and continue to make an increasing 

engineering impact. 

 

 

Figure 1. Sketch of a continuous composite material. 
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Polymer matrices are divided into thermosets and thermoplastics. In general, 

thermosets have higher thermal, chemical and creep resistance compared to 

thermoplastics. For this reason, high performance composite materials are usually 

made from thermosets in combination with some fibres [2]. Thermosets are polymer 

materials that irreversibly cure, i.e. once the polymer is cured, it cannot be melted and 

reshaped. Therefore, a big advantage for using thermoplastic matrices is that they can 

be reshaped and reprocessed several times, which makes them potentially recyclable.  

In composite materials, matrix and reinforcement must cooperate to be able to 

support external loads. A strong bond is needed for good transfer of load between the 

matrix and fibre to ensure good mechanical properties. Consequently, composites 

mechanical performance depends tremendously on the quality of the interface. Even 

though the composite constituents are visually connected, direct chemical interaction 

between constituents is not always possible. This problem is solved by introducing an 

intermediate material between both constituents, which reacts with both of them. As 

a result, both constituents are not separated by an interface, which is a surface in 

mathematical sense, but rather connected by a 3-dimensional region, referred to in the 

literature as “interphase” [2]. Increased fibre/matrix interfacial strength may be 

achieved by introduction of additives. For PP composites maleic anhydride grafted 

polypropylene (MAPP) is usually added for this purpose [3]. 

 

 

MANUFACTURING OF THERMOPLASTIC COMPOSITE 

MATERIALS 

The characteristics of the fibre composite materials depend not only on the nature and 

properties of their constituents, but also on the manufacturing methods. Although 

some manufacturing routes can be used for both thermosets and thermoplastics 

composite materials, the processes differ due to the different nature of the polymer 

materials themselves.  
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The key difference between thermoplastic and thermoset is that heat needs to be 

applied during processing in order to melt thermoplastic. The next step is usually to 

cool the composites down to achieve dimensional stability.  The thermosets are 

already in the liquid state before processing. Due to this, a long curing process needs 

to be employed where thermoset chemically reacts to form a solid [2]. For this 

reason, one of the advantages to manufacture thermoplastic composites compared to 

thermoset composites is a faster and less complicated processing, which makes the 

manufacturing process less expensive.  

From the perspective of a composite manufacturer, one of the most crucial factors in 

composite processing is the choice of matrix material. In the case of thermoset resin, 

the impregnation proceeds easily due to its low viscosity (only ten to hundred times 

higher than that of water). However, thermoset resin requires an additional processing 

step – curing. Thermoplastic matrices, on the other hand, do not require the curing 

step, however, they are highly viscous. Depending on the thermoplastic material 

chosen, its viscosity can be as high as a hundred thousand times as that of water. Due 

to this, it becomes more difficult to fully consolidate the reinforcing fibres with 

a thermoplastic matrix.  

The first step in the design of a thermoplastic composite material is the right choice 

of manufacturing method. There are three widely used methods to prepare 

thermoplastic composite materials: film stacking, commingled yarn and powder 

impregnation. Film stacking is an efficient method to manufacture thermoplastic 

composites allowing very short impregnation distances for the matrix. This 

manufacturing method is employed in Papers B, E and F to manufacture composite 

materials. The process relies on sandwiching polymer films between reinforcing mats 

as shown in Fig. 2. The stack is pressed at elevated temperature [4], where the 

pressure is needed to force the melt impregnate into the fibre reinforcement. 

Appropriate process conditions must be used to sufficiently reduce the matrix 

viscosity without thermal degradation. Insufficient heat input and/or pressure may 
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result in unwetted fibre and a high void content within the final material as well as 

material degradation. 

 

 
 

Figure 2. Film stacking. 

 
Other methods for manufacturing of thermoplastic composites are commingled [5] 

and powder impregnated [6] yarns, which are depicted in Fig. 3 a) and b). These 

methods present promising routes for producing structural thermoplastic composites 

as they further reduce the distance the melted polymer needs to flow to impregnate 

the reinforcement [5, 6]. 

 

 
 

Figure 3. Schematic picture of manufacturing techniques in thermoplastic composite 

materials: a) fibre mingling, b) powder impregnated fibre reinforcement. 
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The commingling process can be performed in several ways [5]. For instance, the 

fibres can be blended in water. However the most favoured one is an intermingling 

using air jets. In this process the reinforcing fibres and matrix are mixed together 

using alternating air nozzles. In the commingled yarns the reinforcing fibres and 

thermoplastic matrix are blended already at the filament level, resulting in a uniform 

distribution (see Fig. 3 a)). In the powder impregnation process [6], the fabric or sheet 

reinforcement is impregnated with a suspension of polymer particles as depicted in 

Fig. 3 b). The pre-impregnated sheet is then consolidated in a hot press. Film stacking 

is found to be a suitable method to manufacture the recycled composite material 

considered in this study using reinforcement in the form of short randomly oriented 

fibre preforms (Paper B). 

Throughout this work, polypropylene scrap from the all-PP composite PURE® [7] is 

used as matrix material. The PURE® material has a potential to replace glass mat 

thermoplastic (GMT) composites in the automotive industry and its waste stream is 

therefore likely to be significant in the near future [8]. One of the main advantages of 

an all-PP composite is its enhanced recyclability and its mechanical properties, which 

are comparable to those of GMT. Unlike GMT, all-PP composites can be entirely 

melted down at the end of the product life for recycling into PP feedstock. The 

PURE® technology follows a completely new approach. It relies on co-extrusion of 

PP tapes using two types of PP with different melting temperatures, cold drawing of 

these tapes to increase the mechanical properties, and welding (compaction) the tapes 

together [9]. These co-extruded tapes are 100 % PP-based and consist of an oriented 

PP homopolymer core, which provides stiffness and strength of approximately 

10 GPa and 550 MPa respectively, and a thin PP copolymer skin, with a lower 

melting temperature than that of the core material, which forms the matrix. The 

impregnation and the reinforcement, which are two separate processing steps for 

traditional composite materials, are obtained through the co-extrusion process in one 

process line [9]. The material is produced in the form of tape and woven fabric. In 

this study, the material was received in the form of tapes wounded onto bobbins. For 
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the characterisation of the processing window (Paper A), the material was remelted 

several times, losing the structure of PP homopolymer core/PP copolymer skin. For 

the composite manufacturing, the all-PP scrap was again remelted and mixed together 

with maleic anhydride grafted PP (MAPP) (Papers D, E, F) to improve the adhesion 

between the recycled carbon fibres (rCF) reinforcement and the matrix.  

During processing of thermoplastic composites, one of the most important factors is 

chemical stability of the polymer matrix material, in particular the initiation of 

degradation. Degradation can result from a variety of chemical, physical and 

mechanical mechanisms where most of them involve reduction of molecular weight, 

and thus a decrease in the mechanical performance of the degraded polymer. The rate 

of degradation is depending on all the factors, which lead to the first bond scission 

event, such as light, energy, impurities, and mechanical stress. Free radicals are then 

formed and react in the presence of oxygen to form peroxy radicals, which further 

react with organic material leading to hydroperoxides (ROOH) [10]. One of the most 

dominating problems for polymer materials is oxidation both during the melt 

processing and during use. Oxidation is a process that breaks down the molecular 

structure, usually into free radicals that further accelerate degradation [11]. The 

important aspect is that once oxidation starts, it sets off a chain reaction that 

accelerates degradation unless stabilisers are used to interrupt the oxidation cycle. 

Stabilisers, for instance antioxidants, increase the stability of polymers, extending 

their life significantly. A method to analyse the activity of the stabiliser system, as 

well as to determine the degradation time at temperature, is to measure the oxidation 

induction time (OIT) and decomposition temperature (Td) of the material. These 

properties were investigated in Paper A for the rPP matrix in order to identify the 

materials’ process ability, employing differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA), respectively. 
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MECHANICAL PERFORMANCE OF SHORT FIBRE 

THERMOPLASTIC COMPOSITE MATERIALS 

Short fibre reinforced thermoplastics (SFRTP) have been applied in many fields due 

to the merits design flexibility, corrosion resistance, reduced weight, enhanced 

specific strength and stiffness, etc. SFRTP generally includes a continuous 

thermoplastic matrix phase and a discontinuous phase of fibres. The mechanical 

properties and performances of SFRTP are dependent on the types of raw materials 

used. There are several factors affecting the mechanical behaviour of SFRTP 

composites such as the matrix and fibre properties, interfacial bonding, fibre content, 

fibre length and its distribution, fibre orientations and void content. Generally, the 

higher fibre content in the composite, the higher elastic properties are expected.  

 

Quasi-static behaviour  

In the last decade, research activities in the area of thermoplastic composites have 

shifted from “high-performance” advanced composites towards the development of 

“cost-performance”, environmental friendly composites. Especially, GMT materials 

based on commodity resins such as polypropylene (PP) and relatively long randomly 

oriented glass fibres have proven to be very successful in high-volume markets, 

especially in the automotive industry. Because of their excellent price-to-performance 

ratio, glass fibres are by far the most important fibres for these types of composites. 

GMT materials are available in sheet form reinforced with randomly oriented fibres, 

which may be continuous or discontinuous. The most common technique for 

manufacturing GMT is to use a double belt press (DBP) [2]. In this method, two 

chopped strand mats (CSMs) and three layers of polymer films are sandwiched 

before entering the press. However, due to limitations in the process, the average 

volume fraction for GMT composites is about 20 %. In the case of structural 

composites it is necessary to introduce higher amounts of reinforcement, usually 

more than 50 % by volume. The mechanical properties of GMT are comparable to 
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that of a fully recycled carbon fibre reinforced MAPP-modified polypropylene 

(rCF/rPP) composite material developed in this work. For a GMT powder 

impregnated composite, a stiffness of 4 to 5.9 GPa and a strength of 75 to105 MPa 

have been reported depending on fibre weight fraction (Wf=25-40 %) [2].  

The elastic modulus of the improved rCF/rPP composite developed in Paper F 

increased compared with the earlier generation as the interface was improved and the 

exclusion of resin rich layers resulting in a fibre volume fraction of 40 %. 

Surprisingly, the stiffness of this composite is lower than that of another rCF/PP 

composite manufactured by injection moulding reported by Wong et al. [12]. The 

stiffness of the composite reported in [12] is approximately 14 GPa, compared to 

13 GPa for the rCF/rPP material in Paper F. In addition, the volume fraction of fibres 

was significantly lower (approximately 18 % by volume) in the material developed 

by Wong et al. [12]. This is a surprising result, as one would expect the reinforcing 

fibres to degrade during an injection moulding process, causing a stiffness reduction. 

Even though the fibres become shorter, they also become aligned in the dog-bone 

shaped specimens during this process, which may explain the much higher stiffness 

of the injection moulded composite. 

A number of models for the prediction of the elastic properties of short-fibre 

composites are available in the literature [3, 13–15]. Theoretical models for 

predicting stiffness of short fibre composite systems are well developed. The Cox-

Krenchel model is one of the most common models used for short fibre composites. 

In Paper F, this model is employed to predict the stiffness of the rCF/rPP composite. 

For the modelling of the strength of short fibre composite, the Kelly-Tyson extended 

“rule-of-mixtures” [16] equation for short random fibre composite is employed. 

 

Time dependent behaviour 

When a structure is mechanically loaded, its deformation may increase with time 

even if the load is constant. This is due to the materials inherent viscoelastic nature. 

Viscoelastic behaviour has elastic and viscous components, which can be described 
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using various combinations of springs and dashpots. A differential model, which 

consists of series of springs and dashpots in parallel describing the creep strain very 

well, is the generalised Kelvin-Voigt model. The number of elements in the series is 

arbitrary, resulting in a large freedom to adjust the model, resulting usually in a good 

fit to experimental data [17]. 

There are several methods available in the literature to characterise materials 

viscoelastic behaviour [18]. The most common approach is to perform a creep test 

using the application of a dead load. The stress applied to the specimen is constant 

and strain is recorded as a function of time. A typical strain response in a creep test is 

shown in Fig. 5. The viscoelastic response may be either linear or nonlinear 

depending on the stress level. For low stresses, the response is usually linear, while 

for higher stresses it is often found to be nonlinear. However, for linear and nonlinear 

viscoelasticity the time scale must also be considered. This means that materials 

tested for short times may appear to have linear behaviour, while for longer testing 

times it turns into nonlinear behaviour for the same stress level [17]. 

 

Figure 5. a) Creep test followed by recovery period, b) strain response to creep and 

recovery periods. 
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The development of viscoelastic strains has been expressed in a general nonlinear 

constitutive equation for uniaxial loading by Lou and Schapery [19], which is 

employed in Papers C-F. 

In addition to viscoelastic strains developing in a material due to mechanical loading, 

also viscoplastic strains may occur. At unloading, after creep loading at high stress 

levels, often the strain does not fully recover. The development of viscoplastic strain 

is a function of both stress and time. The viscoplastic strains were modelled using 

a nonlinear function developed by Zapas and Crissman [20] employed in Papers 

C-F.  

 

 

RECYCLING OF COMPOSITE MATERIALS 

Recycling of composite materials has been considered to be difficult due to the 

complex structure of these materials. Various types and content of fibre 

reinforcement as well as very different applications are factors that make recycling 

complicated. Consequently, methods to recover composite materials and to reuse 

them are still under development.  

Traditionally there are three recycling technologies for polymer composites: 

mechanical recycling, chemical recycling and energy recovery (incineration). 

Mechanical recycling refers to processes which involve shredding or granulation of 

composite waste. The waste material is reprocessed excluding energy recovery or 

disposal, without changing the chemical structure of the processed material. Another 

barrier in composites recycling is that collected composite waste has to be stored 

resulting in additional costs. Chemical recycling processes [21] are designed to treat 

all materials at once and reclaim not only fibres but also thermoplastic and thermosets 

polymer waste material. This process breaks down polymer matrix waste into 

hydrocarbon that can be reused as polymers, monomers, fuels or chemicals. Fibres 

are usually separated for a subsequent reuse. Finally, incineration may be used to 

reduce the amount of waste that must otherwise go into landfills or for its calorific 
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value as well as for recovering energy. The calorific value in most of unreinforced 

plastics is comparable to conventional fuels [2]. In contrast, incineration of composite 

materials does not recover as much energy as in the case of unreinforced plastics 

since only the organic fractions burn. The value of the recovered energy is roughly 

proportional to the amount of polymer matrix [2].  

For thermoplastic composite materials one of the recycling technologies is to grind 

fibre reinforced thermoplastic composite scrap in order to use them as a reinforcing 

material in injection moulding or press moulding [22]. Thermoplastic granulate made 

of carbon fibre tape impregnated by thermoplastic polyetheretherketone (PEEK) resin 

was used in [22] to reinforce virgin PEEK in injection moulding. The results revealed 

a very fine dispersion of the granulated material in the matrix material and the 

evaluated properties were comparable to the virgin injection moulding materials [22]. 

Another approach investigated for reusing carbon fibre reinforced thermoplastic scrap 

was a reforming process [22]. This recycling technique is possible only for 

thermoplastic composite materials. As the thermoplastic matrix can be remelted, it is 

possible to heat up scrap thermoplastic laminates and convert them into another shape 

or geometry [22].  

Recently, novel processes to recycle thermoset composite materials have been 

developed by Pickering [23]. In his work, Pickering explores two routes to reclaim 

thermoset composites: mechanical techniques that reduce the size of the scrap to 

produce recyclates and techniques that employ thermal processes to break the scrap 

down into fibres and energy. In the mechanical recycling process, all the constituents 

of the original composite are reduced in size and are converted into recyclates. These 

are obtained as mixtures of polymer, fibre and filler. For instance, glass fibre 

composites scrap that comes from sheet moulding compound (SMC) and bulk 

moulding compound (BMC) is shredded for an initial size reduction [23]. The 

shredder reduces the scrap into pieces of about 50x50 mm, which makes subsequent 

transportation effective. Then a hammer mill is used to comminute the scrap material 

further and it is graded using cyclones and sieves into a number of powder and 
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fibrous fractions [23]. At Swerea SICOMP in Sweden, work on recycling of SMC has 

been pursued adding reground SMC and BMC scrap into new SMC and BMC 

products [24]. The results showed that the reground materials can be introduced into 

new products using standard process equipment and with minor modifications in the 

formulations [24]. Improved flexural strength together with slightly reduced flexural 

modulus was achieved for SMC containing 10 % reground material. In the case of 

BMC, a reduction of mechanical properties occurred when 30 % of reground material 

was added. In another study, Pettersson [25] compared existing core materials used in 

boat industry such as plywood cores and coremat to a sprayable formulation called 

“scrap-mix” based on polyester resin, fillers and reground fibre reinforced plastic 

(FRP) scrap. The tests were carried out on sandwich laminates with glass fibre 

reinforced polyester skins on various cores. The results indicated that a significant 

increase in strength can be obtained for sandwich laminates when plywood is 

replaced by scrap-mix. Improvement in strength was also observed when scrap-mix 

was compared to coremat [25]. Thermal processes involving burning or chemical 

decomposition of the thermosetting matrix [26, 27] have been developed in order to 

process fibre reinforced polymer (FRP) composite waste. Among these, a pyrolysis 

process has been developed [26] in order to recover carbon fibres from composite 

waste. In this process, a composite material is heated, usually up to approximately 

1000 °C, in the absence of oxygen. Under these conditions, the matrix is chemically 

decomposed and the carbon fibres are recovered. Another common technique to 

recover carbon fibres is the fluidised bed process [26] that has been developed at the 

University of Nottingham during the last decade. In this process, scrap carbon or 

glass fibre composite materials are fed into a bed of silica sand fluidised with 

a stream of hot air. The polymer volatilises from the composite and the fibres and 

fillers are released as individual particles suspended in the gas stream. The fibres and 

fillers are then separated from the gas stream. In the secondary combustion chamber, 

the polymer is fully oxidized where there is a potential to recover the energy from the 
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polymer as heat. Both the pyrolysis and the fluidised bed processes provide carbon 

fibres in the form of short, randomly oriented, highly entangled filaments.  

 

 

REUSE OF RECYCLED CARBON FIBRES IN 

COMPOSITE MATERIALS 

As described above, there is an increasing need to recycle composite materials and 

reuse the recyclates in other applications. In particular, carbon fibre is one such type 

of material.  The reason for this is that carbon fibres, even when trapped in composite 

materials, are still valuable products as the energy needed to produce virgin carbon 

fibres is very high, 286 MJ/kg [28]. It has been shown [29] that methods to recycle 

carbon fibres exist, which consume less than 10 % of the energy required to 

manufacture virgin carbon fibres. 

As recovered carbon fibres [26, 27] are usually highly entangled, several methods 

have been employed [6, 26, 30] to achieve a desired uniformity of the fibre 

distribution before reprocessing them into new composites. A technique to disperse 

recovered carbon fibres has been developed as part of this research and is presented 

in Paper B. The used fibres, recovered via a pyrolysis process, were delivered in 

a very fluffy structure not suitable for use in new composites. Due to this a method to 

achieve a uniform fibre distribution was developed. Here, principles of papermaking 

were employed and found to be suitable for fibre dispersion. In this process, the 

fibres were dispersed in distilled water using a mixer. After dispersion, a filter was 

used to drain off the water and protect the fibre preform from damage. The carbon 

fibre preform was dried before further composites processing. The resulting carbon 

fibre preform was used for production of thermoplastic composite material by press 

forming. 

Another method suggested in the literature to disperse recovered carbon fibres was to 

process their fluffy form and align them to into a high performance mat [30]. The 
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fibres were recovered via a fluidised bed process. In order to achieve the alignment, 

a suspension of fibres in a cellulose solution was subjected to a velocity gradient 

through an alignment box. The fibres in the slurry film were aligned in the direction 

of flow. The mat was formed by feeding the slurry film onto the inside of a rotating 

permeable cylindrical drum, moving with an angular velocity sufficient to pass the 

carrier medium rapidly through the surface by centrifugal force [30].  

There are several other methods to produce composites using recovered carbon 

fibres. Injection moulding (IM) and press moulding of bulk moulding compound 

(BMC) [22] are the two direct methods of remoulding recovered carbon fibres into 

recycled composite materials. In the IM process, material is fed into a heated barrel, 

mixed, and forced into a mould cavity where it cools and hardens to the configuration 

of the mould cavity. BMC is a combination of short fibres and resin in the form of 

a bulk pre-preg. BMC is suitable for either compression or injection moulding. Wong 

et. al. [12] manufactured a polypropylene composite reinforced with recycled carbon 

fibres (rCF) using injection moulding. By this process, fibres aligned in one direction, 

which resulted in high stiffness of the composite material in that direction. Turner 

et. al. [31] developed a moulding compound process, involving both SMC and BMC. 

The formulation of the BMC was tuned to overcome the poor flow properties of the 

resin and the entangled form of the fibres. 

Another method to manufacture composite materials with longer fibres, using 

recovered carbon fibres is to produce intermediate dry 2D or 3D non-woven preforms 

[29]. The 2D or 3D non-woven dry products are then either compression moulded 

with resin layers [11, 32] or re-impregnated through a liquid resin process [33]. In 

[32], a rCF SMC was manufactured using an intermediate mat material made of 

carbon fibres recovered using a fluidised bed process. These composites were 

manufactured employing a papermaking process and interleaved with epoxy resin 

film. In [11], fibres recovered via a pyrolysis process and converted into a randomly 

oriented mat were employed to manufacture a composite material through a resin 

film infusion process in a matched die tool. This composite was characterised in 
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terms of its microstructure and mechanical performance in [34]. Janney et al. [33] 

introduced the Three Dimensional Engineered Preform (3-DEP) process for making 

highly uniform, complex geometry, net shape, chopped fibre preforms for polymer 

matrix composites. This process was developed using virgin fibres by Materials 

Innovation Technologies LLC [35] and employed by Janney et al. [33] to make 

preforms for high quality composite parts using recycled carbon fibre. 

To date, reuse of recovered carbon fibres has been limited to new thermoset 

composite materials using compression moulding or resin film infusion [30, 34, 36]. 

This thesis, however, presents research where the recovered carbon fibres are 

introduced in a recycled thermoplastic matrix by press forming. 

 

Green thinking and design for recycling 

Green thinking has become a part in the design process of composite materials where 

the designer has the responsibility to take environmental considerations into account. 

Design for recycling (DFR) has become more and more crucial. The overall idea of 

DFR is to minimise cost and maximise yield in the recycling of a product [2]. 

Components, for instance in the automotive industry, should be easily removable and 

disassembly routines documented. In the case where disassembly is to be carried out 

through reverse assembly, such materials are more important than in disassembly 

through brute force. In the latter case, possibilities for grasping the component and 

consideration of where it should break during disassembly must be taken into account 

at the design stage. Components should be clearly labelled in an easy-to-see location 

for direct and accurate identification of component contents. Identification of plastic 

and composite components may be achieved using explicit labelling or through 

exploitation of differences in physical properties [2].  

Complex and integrated components in, for example, automotive applications often 

contain many different materials, such as metals, polymers, fibres, etc. This makes 

cost-effective recycling very difficult. In order to eliminate or at least to reduce the 

cost of material separation, the monomaterial concept (i.e. use of a single polymer 
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throughout the component) becomes very effective. Polymers that are compatible 

(e.g. PET and polycarbonate, PC) may be recycled together and thus can be used in 

the same component, making subsequent recycling much easier. Paints and adhesives 

should be avoided since they are pollutants from a recycling point of view and cannot 

easily be removed. Using metal fasteners often cannot be avoided. During the 

recycling procedure remaining metal parts may severely damage shredder knives. 

Removal of metal fasteners can be facilitated through thoughtful design.  

In many cases, DFR is in conflict with structural and economical requirements. Thus, 

some kind of compromise has to be achieved. Employing the monomaterial concept 

often results in the use of more material, which may lead to a more costly and heavy 

solution. For instance, a slalom ski becomes very difficult to recycle due to the 

combination of materials. However, a monomaterial slalom ski would be 

unacceptable from performance and economic points of view.  

It is well known that life cycle assessment (LCA) provides a detailed overview of all 

the environmental impacts related to products and/or processes using a “cradle to 

grave” approach. An LCA calculates the impact of raw material extraction and 

manufacture, component manufacture, service life, and recycling or deposition  

[2, 37]. Several LCA studies have shown that if one compares the overall 

environmental impact of a composite automobile component to steel and aluminium 

alternatives, one finds that the composite often causes less impact over its entire life 

due to its lower weight. However, if a component is not a part of a vehicle, i.e. no 

savings in fuel consumption and emissions result from reduced weight, the situation 

is often in favour of conventional materials. In vehicles it is thus not necessary the 

component that is the easiest to recycle that causes the least environmental impact.  
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OBJECTIVES 

The objective of this research is to develop and demonstrate a methodology for the 

manufacture of a novel composite material from recovered carbon fibres and recycled 

processing scrap from PURE and to characterise its mechanical performance. For 

this purpose, a technique for manufacturing carbon fibre random mats, using 

a papermaking process, will be developed and employed. The manufactured carbon 

fibres mats are to be analysed in terms of their mechanical behaviour. Process ability 

of the polypropylene processing scrap from PURE as a candidate for a thermoplastic 

matrix is to be analysed to determine appropriate process conditions of the rCF/rPP 

composite. Manufacturing procedure via press forming is to be established. The 

mechanical performance of the rCF/rPP will be characterised, considering both its 

elastic and inelastic properties. Finally, the material elastic and inelastic properties 

are to be modelled employing state of the art models for short fibre composites.  

 

 

SUMMARY OF PAPERS 

Paper A 

This paper presents an assessment of the stability and process ability of 

polypropylene-processing scrap from PURE for its suitability for use as matrix 

material in polymer composites. During all needed manufacturing operations, the PP 

scrap will be exposed to high temperatures in oxygen atmosphere. Under such 

process conditions, the PP risks to be degraded and loose its engineering properties. 

Therefore, processing windows for the different steps (precursor and composite 

processing) have been established. Measurements focussed on the polymers response 

to multi-extrusion are designed and pursued. For this purpose, thermal tests 

measuring oxidation induction time, melting point, decomposition temperature and 

viscosity are completed. The results imply that the scrap from PURE® is 

exceptionally well stabilised and suitable for multiple processing. 
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Paper B 

This paper presents a technique for manufacturing novel engineering material from 

recycled carbon fibres and thermoplastic matrices. The recycled carbon fibres 

considered are recovered from prepregs via a pyrolysis process. The rPP matrix 

material (which was characterised in Paper A) is reprocessed into a film by press 

forming. Composite preforms are manufactured employing papermaking procedures 

dispersing the rCF in water into mats. The rCF preforms and rPP films are stacked 

and composite materials is subsequently manufactured by press forming. The 

mechanical behaviour of the carbon fibre preforms is characterised by a compaction 

test and compared to the results obtained by consolidation test of the rCF/rPP 

composites. The result from the compaction tests indicated that the preform was 

nearly in-plane randomly oriented.  

The cross-section analysis of the composites revealed areas with excess 

polypropylene distributed between the carbon fibre layers for the low fibre content 

composites. This is explained by a process simulation revealing that the processing 

time used was not sufficient to allow fully consolidated fibre composites with a 25 % 

fibre volume fraction. Increasing the fibre volume fraction to 30 % reduced formation 

of resin rich layers for the chosen processing window resulting in a fully consolidated 

composite material.  

 

Paper C 

In this paper, the rCF/rPP short fibre composite is studied experimentally to describe 

the features of the elastic and time dependent nonlinear mechanical behaviour. The 

properties of the developed material have a large variability to be addressed and 

understood. It was found that the stress-strain curves in tension are nonlinear at low 

strain rates and the strength is sensitive to strain rate. The reduction in elastic 

properties for this composite when loaded at high strain levels is small. More 

important is that even in the “elastic region” due to viscoelastic effects the slope of 

loading-unloading curve is not the same and that at higher stress large viscoplastic 
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strains develop and creep rupture is typical. The time and stress dependence of 

viscoplastic strains is analysed and described theoretically. The viscoelastic response 

of the composite is analysed using creep compliance. 

 

Paper D 

This paper presents the inelastic mechanical behaviour of a recycled polypropylene 

(rPP) and rPP with the addition of 10% by weight of maleic anhydride grafted 

polypropylene (rPP+MAPP). The time dependent response is decomposed into 

nonlinear viscoelastic and viscoplastic parts and each of them quantified. It is found 

that the elastic properties do not degrade during loading. The addition of MAPP does 

not change the mechanical properties of the rPP. A non-linear material model is 

employed and the involved parameters (stress dependent functions) are identified. 

The model is validated in a stress controlled test at a constant stress rate. 

 

Paper E 

In this paper, the effect of maleic anhydride grafted polypropylene (MAPP) coupling 

agents on properties of a composite made of recycled carbon fibres and recycled 

polypropylene (rCF/(rPP+MAPP)) is studied experimentally. This material presented 

significantly improved properties compared to the previous generation, which did not 

have any addition of MAPP (Paper C). This is mostly attributed to improvement of 

the fibre/matrix interface. The inelastic and time dependent behaviour of the MAPP 

modified composite material in tension is analysed. A series of quasi-static tensile 

and creep tests are performed to identify the material model, which accounts for 

damage related stiffness reduction, development of stress and time dependent 

irreversible strains described as viscoplasticity and nonlinear viscoelastic behaviour. 

The damage related stiffness reduction was found to be less than 10 %. Although 

damage dependent stiffness is not the main source of non-linearity, it is included in 

the inelastic material model. In creep tests, it is found that the time and stress 
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dependence of viscoplastic strains follows a power law, which makes the 

determination of the parameters in the viscoplasticity model relatively straight 

forward. The viscoelastic response of the composite is found to be linear in the 

investigated stress domain. The material model is validated in constant stress rate 

tensile tests. 

 

Paper F 

This paper presents a thorough investigation of the elastic and inelastic behaviour of 

a recycled carbon fibre reinforced MAPP-modified recycled polypropylene (rCF/rPP) 

composite material with a nominal fibre volume fraction of 40%. This rCF/rPP 

composite is introduced here as an improved version of the recycled composite 

material developed in Papers B-E. A series of tensile tests using rectangular 

specimens cut in different directions (0°, 90°, ±45°) in the composite plate are 

performed to confirm the earlier observed in-plane material isotropy (Paper B). Fibre 

length distributions measured before and after composite manufacturing show strong 

influence of the manufacture process on the fibre length distribution. Single fibre 

tensile tests are performed to evaluate stiffness and strength of the recycled carbon 

fibres. Based on these data, a micromechanical model for prediction of stiffness and 

strength of the short fibre composite is employed and its applicability is 

demonstrated. Void content of the manufactured composites is also evaluated using 

microscopy. 
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ABSTRACT 

The aim of this research is to assess the stability and process ability of recycled 

polypropylene (PP) materials for their suitability for use as matrix material in 

polymer composite. The work comprises development and characterisation of matrix 

precursors from recycled PP. The reused PP considered comes from two sources: PP 

from self-reinforced PP PURE® processing scrap and an automotive grade PP. To 

assess the thermal stability of the two PP qualities for subsequent composite 

manufacturing, oxidation induction time (OIT), melting point Tm, decomposition 

temperature Td and viscosity µ were investigated. The results indicate that the PURE® 

processing scrap is very well stabilised and therefore suitable for multiple processing 

whereas the automotive grade recycled PP cannot be used for this purpose. Fibres for 

subsequent composite preforming were spun by melt spinning from the PURE® scrap 

processing and its mechanical properties were characterised. 

 

Keywords: Recycling, Polymer matrix composites, Thermal properties, Melt spinning 
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1. INTRODUCTION 

Modern society puts significant strain onto the environment by the means of high 

consumption of resources, but also by the extensive amount of waste produced. The 

majority of the waste is generated at the products end of life, but also during their 

productions stage. Until recently, nearly all waste was collected at landfills or was 

burnt for energy recovery. However, new legislation polices and approaching 

shortage of raw materials force society to recycle by reprocessing the used materials 

that would otherwise become waste. The reprocessing relies on breaking down the 

recycled material and remaking it into new products. Recycling prevents waste from 

being sent to a landfill or incinerator, reduces the consumption of new raw materials, 

and therefore is advocated by society since it requires less energy than production of 

the raw materials. Today, there are many companies that manufacture components 

from recycled materials that may have properties comparable with components made 

from pristine materials. 

Currently, the automotive industry is working towards making all components 

recyclable due to legislation requirements of the European Union (EU) Directive on 

End-of-Life Vehicles [1]. The EU Directive requires that 95 % of all waste from 

vehicles be reused or recovered, and that recycling be increased to a minimum of  

85 wt % per vehicle by 1 January 2015. As the polymer composites offer lightweight 

components together with good mechanical properties, the use of fibre reinforced 

polymer is ever increasing in automotive applications. However, in contrast to 

polypropylene (PP), fibre reinforced polymers is difficult to recycle for two reasons: 

first, it is difficult to separate the constituents from each other; second, materials 

made from recyclates exhibit poor mechanical properties. To overcome this problem, 

a fully recyclable 100 % PP self reinforced material was invented [2, 3], which has 

good mechanical properties also after recycling. These materials are marketed under 

the trade name of PURE® [4] and CurvTM. 
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To realise the high production rates in the automotive industry, press forming of 

composites, e.g. glass mat thermoplastic and sheet moulding compounds, has become 

the most common process method for composites. However, due to physical 

limitations in the process the average volume fraction of the reinforcement for 

composites manufactured by press forming is ~20 %. In contrast, for structural 

composites it is necessary to introduce certain amount of continuous reinforcement, 

usually more than 50 % by volume. Therefore, techniques such as commingling with 

continuous fibres that allow higher volume fraction of continuous reinforcement are 

attractive. In this paper, work is presented that offers an attractive route for a long 

fibre reinforced recycled thermoplastic engineering material for the automotive 

industry, addressing both the need for recycling and high performance. 

Recycling is of particular interest for thermoplastic polymers. Thermoplastic 

materials, in contrary to thermosets, can be remelted or reshaped several times, from 

one component into another. This gives various possibilities to manufacture a new 

product from reused material. Thermoplastics also offer many advantages over 

traditional materials including: low energy for manufacture and ability to be formed 

into complex shapes easily. One of the most extensively used thermoplastics by the 

automotive industry is PP. This polymer is used for a large number of applications as 

it is cheap, can be reprocessed several times, and has a low environmental impact. 

Polypropylene is also one of the most versatile polymers available used in 

engineering applications in virtually all end use markets. 

During processing, stability of the material is a very important factor, and in 

particular, initiation of degradation in polymers that occurs through the formation of 

free radicals. The rate of degradation is depending on all kinds of factors, which lead 

to the first bond scission event, such as light, energy, impurities and mechanical 

stress. A very important factor is the level of concentration and mobility of all the 

reactive species such as oxygen, free radicals and the highly unstable hydroperoxides 

(ROOH) [5, 6]. One of the most dominating problems for polymer materials is 
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oxidation both during the melt processing and in service. Oxidation is a process that 

breaks down the molecular structure usually into free radicals that further accelerate 

degradation. Protection from such processes comes from stabilisers that increase the 

lifetime of the product. The following stabilising approaches are used: 

   i) inhibition of processes, which cause the first scission of primary bonds, 

  ii) reduction of the number of reactive free radicals, 

 iii) decomposition of hydroperoxides. 

A method to analyse the activity of the stabiliser system, as well as to determine the 

degradation time at elevated temperature, is to measure the oxidation induction time 

(OIT) and decomposition temperature Td of the material. These properties are 

measured employing differential scanning calorimetry (DSC) and thermal 

gravimetric analysis (TGA) respectively. Both OIT and Td measurements are reported 

as reliable methods to investigate the stabiliser effectiveness of polymers [7–9]. Also 

rheological properties as well as mechanical properties can be used to assess the 

stability of the material [10, 11]. A number of research papers investigate process 

stability of recycled and pristine PP, see for example, references [7–11]. However, 

the authors are not aware of any publications evaluating the stability of multiextruded 

PP processing scrap from PURE®. 

To allow for press forming of continuous fibres thermoplastic (TP) composite at high 

volume fractions, a short flow distance of the molten polymer during consolidation 

must be realized [12]. For this purpose, thermoplastic fibres are to be spun and 

commingled with reinforcing fibres, e.g. glass or carbon. These commingled yarns or 

preforms are to be employed in subsequent preforming and composite manufacturing 

via press forming. To prepare thermoplastic precursor fibres for these new composite 

materials, the melt spinning technique was chosen. There are a few studies devoted to 

fibre spinning of PP that are relevant to this work. In particular, it is known that 

factors such as a decrease in molecular weight or reduced viscosity can result in 

lower melt strength, properties that are strongly influenced by multiple processing. In 
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this context, Christiani et al. [13] reported that melt spinning of a PP grade can be 

industrially recycled and spun into fibres five consecutive processing steps 

(extrusion) without any significant reduction in mechanical performance of the fibres. 

Furthermore, Fulcher [14] reported that the choice of processing conditions affect the 

tensile and elastic properties of the fibres. 

Recycling of PP into new structural composites requires several steps of reshaping of 

the material by melting. In the considered process, four steps of material reprocessing 

are taken, namely: granulation; fibre spinning; preform production and composite 

manufacturing. Depending on their practical application, some of the processing steps 

of polymer materials must be stabilised against oxidation and other environmental 

influences. In the considered process, in three of those steps (i.e. granulation, fibre 

precursor spinning and composite manufacturing) the material is exposed to elevated 

temperature whereby it may degrade and loose its properties. 

In the European Research Network MOMENTUM [15], a research team has been put 

together to address recycling applications of polymers and polymer composites in the 

automotive sector. The route taken is to develop methods to make new engineering 

materials from scrap or recycled materials. In this work, methods to facilitate 

manufacturing of recycled PP composites by press forming are developed. 

This work will consider development and characterisation of the PP precursors. The 

main goal of the research is therefore to establish the stability and process ability of 

the recycled PP materials to assess their suitability and process conditions for fibre 

precursor manufacture and subsequent composite manufacturing. 

 
 

2. EXPERIMENTAL 

2.1. Materials 

Two PP qualities were investigated in this study. The authors refer to PP from 

PURE® processing scrap as type 1 material and to the automotive grade recycled 

PP16 as type 2 material. The type 1 material was supplied by Lankhorst Indutech BV, 
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The Netherlands. The material was delivered as tape wound onto bobbins, and was 

not press formed and therefore would be expected to have identical properties to the 

virgin material. The type 2 material was delivered by Polykemi AB, Sweden, and is 

a quality recycled PP currently used for automotive applications fulfilling the 

technical requirements set by the automotive industry. 

 

2.2. Processing 

2.2.1. Granulation 

To be able to spin fibres, the type 1 material had to be granulated. Consequently, the 

type 1 material was first extruded using a twin-screw extruder DSK 42/7 and cut into 

granulates. The extrusion temperature was 200 °C. The extrusion line consists of 

a bath, a moving tape and a cutter as illustrated in Fig. 1. The bath was filled with 

chilled water to quench the melt immediately after exiting the extruder. The next step 

was to cut the material from granulates for fibre spinning. 

 

 

 
Figure 1. Extrusion line used for granulation of PP. 

 

2.2.2. Extrusion process modelling 

To model the material degradation during melt spinning and the subsequent 

composite forming processes, a laboratory scale Brabender PLE 651 was employed. 

Material mixing in the brabender was performed in 7 min intervals, as one such 

sequence mimics the time spent in the extruder during melt spinning. 

Approximately 55 g of type 1 material in the form of cut short tapes and type 2 

material in the form of granulate were put into the brabender separately. Before 
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melting, the type 2 material was manually mixed with 0.1 and 0.2 wt % Irganox 

B 225 [17] to improve its stability. The extruder temperature was 200 °C and the 

screw speed was 100 rpm. About 4 g of samples was taken out from five different 

batches after 7, 14, 21, 28 and 35 min. Thus, in total 25 samples were taken for each 

quality of PP. 

 

2.2.3. Fibre spinning 

Melt spinning is the most common spinning process used for fibres manufacturing. 

The process is called melt spinning as the polymer is maintained as a melt throughout 

the fibre making process. In the process, the molten resin is conveyed from the 

plasticising unit to a manifold that distributes the melt to a series of spinnerets. 

Usually, the viscosity of the melt is low allowing it to flow easily through the small 

spinneret holes. The spinneret is usually oriented vertically downward; hence gravity 

contributes to the movement of the fibres. The fibres are cooled by blowing cold air 

as they exit the spinneret. A schematic of the melt spinning process is depicted in  

Fig. 2. 

 

 
Figure 2. Schematic of melt spinning process. 
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From the hot drawing stage fibres are gathered together passing a roller. Thereafter, 

the bundle of fibres enters the cold drawing apparatus where it is wrapped around 

rollers at different velocities to elongate the fibres. Finally the fibre bundle is wound 

onto a bobbin. 

Approximately 4 kg of the type 1 material was processed in the melt spinning 

machine. The heating zones in the extruder were set to t1=200 °C, t2=240 °C, 

 t3=250° C and ts=250 °C in the spinning head (Fig. 2). A spinneret with 48 circular 

holes with 0.8 mm diameter was used. The extrusion rate was ~1.05 kg/h. The take-

up speed was 251 m/min and the fibres were hot drawn, with a melt draw ratio of 

251, and cold drawn in two steps at 90 °C with a total draw ratio of 2.4. The exit 

speed in the die v0 (Fig. 2) was 1 m/min, the speed of take of roller v1 was  

251 m/min, the bottom rollers speed v2 was 264 m/min, the middle rollers speed v3 

was 535 m/min and the top rollers speed v4 was 630 m/min respectively. 

 

2.3. Material characterisation 

To assess the thermal stability of type 1 and 2 materials for precursor manufacturing, 

OIT, melting point Tm, decomposition temperature Td, viscosity η and tensile strength 

σM  were investigated for the five different processing (mixing) times. 

 

2.3.1. Oxidation Induction Time OIT 

Thermal analysis was performed in a Perkin-Elmer DSC 7 differential scanning 

calorimeter connected to a DEC computer via a TAC 7/DX thermal analysis 

instrument controller under nitrogen and oxygen atmospheres. In the case of thermal 

degradation, measurement of the OIT provides a rapid, widely used method for 

evaluating the thermal stability of the polymeric materials. Approximately 3.5 mg of 

sample was placed in an aluminium pan, heated from 50 to 200 °C at a heating rate of 

40 °C/min in a nitrogen atmosphere. As a constant temperature is obtained, the 

nitrogen is switched to oxygen and the time from first exposure to oxygen until the 
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onset of oxidation defines the OIT value. The OIT measurements were performed at 

200 °C in a nitrogen atmosphere, which was subsequently switched to oxygen. 

 

2.3.2. Melting point Tm 

Degradation of polymers is usually caused by chain scission, which as a result 

changes the molecular weight distribution (MWD), and in consequence also the 

mobility that influences the forming of the crystals. This is known to affect the 

melting temperature of the polymers. The melting point Tm measurements were also 

performed in the DSC using nitrogen atmosphere. Approximately 7.5 mg of sample 

was placed on an aluminium covered pan, heated from 50 to 200 °C at a heating rate 

of 10 °C/min and held at this temperature for 1 min. The sample was then cooled to 

50 °C at a cooling rate of 5 °C/min and held for 1 min at 50 °C. The sample was 

subsequently reheated to 200 °C at 10 °C/min. The melting point was determined 

from the peak during this second heating. 

 

2.3.3. Decomposition temperature Td 

The decomposition temperature Td is a result parameter from TGA, representing the 

percentage of mass loss as a function of the temperature or time in controlled 

atmosphere. In this particular study the decomposition temperature Td was measured 

to provide supplementary characterisation information to the most common used 

thermal technique, DSC. 

Thermogravimetric studies were carried out using a TGA 7 Perkin-Elmer in nitrogen 

and oxygen atmospheres, respectively. Approximately 6 mg material was placed on 

a platinum pan and heated from 50 to 900 °C at 20 °C/min. The change in weight in 

relation to change in temperature was continuously registered. Weight loss onset 

temperature defines decomposition temperature Td. 
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2.3.4. Viscosity η 

The rheological behaviour of polymer melts plays an important role in material 

processing conditions and influences the shape and design of machinery used.  

During processing, the polymer chains are extended in a shear field in the direction of 

the motion, and it is assumed that the highest molecular weight chains are broken due 

to this extension. This causes a change in the MWD, which in turn governs a change 

in polymer viscosity. Consequently, the flow properties may be influenced by 

reprocessing. 

Careful measurement of viscosity requires use of at least two different capillaries 

running to correct for the die swell (so called end correction) [18]. If the melt 

viscosity and the end correction at the die entrance are independent, the pressure drop 

across the capillary ∆P is related to capillary length L as 

 ( ),/2 eRLP w +=∆ τ  (1) 

where R is the capillary radius. From Eq. (1) the wall shear stress, τw, and its effect, e, 

can be determined from the Bagley plot. The calculation of shear viscosity starts from 

the apparent shear rate,aγ& , which is related to the volume flow rate, Q, as 

 ./4 3RQa πγ =&  (2) 

The apparent shear rate is an average value calculated based on the Newtonian fluid 

assumption. A Rabinowitz correction is required to correct for the non-Newtonian 

effect. The slope of a double logarithmic plot τw vs. aγ&  gives the slope n. From the 

power law index the shear rate γ& is calculated using the following equation 

 nna 4/)13( += γγ &&  (3) 

with the shear rate 
•γ , the viscosity η is calculated as 
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 ./γτη &w=  (4) 

The rheological properties of Type 1 material were determined using Rheoscope  

1000 CEAST 6742/000 with two different capillaries (L/D=10, L/D=20). The tests 

were performed at 200 °C.  

 

2.3.5. Mechanical testing 

The effect of degradation from multiple extrusions on the mechanical properties was 

evaluated. The samples in the form of spun fibres from type 1 material were first 

pressed at 200 °C for 5 min using a Hasco Z121/196 196/5 Compac Hydraulic A/S 

press and cut into dog bone shaped specimens. 

Elastic modulus E tensile strength σM and tensile strain at tensile strength εM were 

determined according to the ISO-527 standard using an MTS 20/M tensile tester. 

Tensile strength σM is the maximum tensile stress sustained by the test specimen 

during a tensile test. Strain was calculated from the crosshead displacement. Elastic 

modulus E was calculated as the secant modulus between strains ε1=0.0005 and  

ε2= 0.0025. 

 
 

3. RESULTS AND DISCUSSION 

3.1. Material degradation 

Thermal stability of two PP qualities was assessed using two different, commonly 

used methods, namely DSC and TGA. The type 1 material was found much more 

stable than the type 2 material, and hence more suitable for multiple processing. The 

thermal stability of the type 2 material decreased with the number of processing 

cycles due to the consumption of the stabilisers or intrinsic initial degradation. The 

type 2 material is probably severely degraded already before reprocessing. This 

means that any additional stabilisation does not help. 
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The OIT results for the type 1 material are presented in Fig. 3. The figure illustrates 

the high stability of the material. The OIT is exceptionally long (70 min) even for  

35 min of processing. This allows for both spinning of fibre precursors and 

subsequent composite manufacturing without using any additional stabilisers. 

 

 

 
Figure 3. Oxidation induction time results and regression line for type 1 material. 

 
The type 2 material was first tested without any stabilisers. The OIT was found to be  

3 min. This does not allow even for the fibre precursor manufacturing. Consequently, 

a stabiliser was added as described in the material section. 

In Fig. 4 results for the type 2 material with 0.2 wt % Irganox are depicted. As seen in 

the plot, the stability of the material was extended to ~20 min. However, the time 

allowed is still insufficient for manufacturing both the precursor and the composites. 
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Figure 4. Oxidation induction time results and regression line for type 2 material. 

 
It has been described by Karlsson and Camacho [8] that after each extrusion step the 

crystals become thinner, which agrees with the fact that less energy is required to 

melt crystals, hence the melting point Tm is lower. However, Aurrekoetxea et al. [19] 

showed that after five processing steps the mobility and the ability to fold of the 

chains increased, allowing the formation of thicker lamellae, and consequently Tm 

increased. In the current study after five processing steps no changes were observed 

(Fig. 5). The melting point shows only small changes and do not follow any specific 

trend neither for the type 1 nor for the type 2 materials. 
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Figure 5. Melting point Tm results: a) type 1 material, b) type 2 material. 

 
The decomposition temperature Td in a nitrogen atmosphere is high (~400 °C) and 

roughly the same for both types 1 and 2 material (Fig. 6).  

 

 

 
Figure 6. Decomposition temperature Td in nitrogen atmosphere: a) type 1 material, 

b) type 2 material. 

 
It is believed that the high decomposition temperature was due to the nitrogen 

atmosphere that the samples were maintained in during the test. Consequently, tests 

were also performed in an oxygen atmosphere (Fig. 7). Under these conditions Td is 

lower (~250 °C). This is explained by that the stabilisers were consumed much faster 
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in the oxygen than in nitrogen atmosphere. Finally, no significant differences 

between the different processing steps were observed. 

 

 

 
Figure 7. Decomposition temperature Td in oxygen atmosphere: a) type 1 material,  

b) type 2 material. 

 
In summary, the type 1 material allows long processing times due to its stability. For 

this material no effects on degradation temperature and melting temperature were 

observed even for long processing times. In contrast, the type 2 material was found 

very unstable, even for high volumes of added stabilisers. For this material, 

degradation occurs already at short processing times, disqualifies the material for the 

melt spinning of precursor fibres and subsequent composite manufacture. 

Consequently, only the type 1 material remains as a matrix material candidate. 

 

3.2. Viscosity 

The rheological properties of multi-extruded type 1 material have been studied. The 

viscosities of the material as a function of shear rate for different processing times are 

shown in Fig. 8. At low shear rates, differences in viscosity for different processing 

times were observed, however, as the shear rate increased these differences became 

less significant. 
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Figure 8. Viscosity versus shear rate: results from type 1 material. 

 
Viscosity is related to the MWD of the polymer. Therefore, a decrease in the 

viscosity affected by multiple extrusions is related to a decrease in the average length 

of PP chains. In the present context, it is expected that the multiple extrusion, leading 

to degradation through chain scission, should result in lower viscosity. However, the 

results show only small changes in viscosity after each processing step and do not 

follow any specific trend. 

 

3.3.  Precursor manufacturing  

The data obtained in the stability characterisation and identification of suitable 

processing conditions of the fibres were used in manufacturing of fibres by melt 

spinning. As stated above, the type 1 material was found to be suitable for melt 

spinning, whereas the type 2 material cannot be used for this purpose. Therefore, 4 kg 

of the type 1 material was spun into fibres and press formed for subsequent tensile 

testing.  
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3.4. Mechanical properties 

Type 1 material dog bone specimens were tested. The mechanical properties are 

required for the future composites modelling such as micromechanical and 

subsequent finite element analysis. The nominal stress–strain curves resulting from 

tests of seven samples are depicted in Fig. 9. Five of seven specimens were necking 

during the testing. It is assumed that the phenomenon is viscoplasticity. The tensile 

machine was stopped before the failure occurred. However, in the case of two 

samples the failure occurred before necking. 

 

 

 
Figure 9. Stress–strain plot from PP scrap type 1 material. 

 
The mean values and standard deviations of the elastic modulus, E, tensile strength, 

σM, and tensile strain, εM, are depicted in Table 1. The properties of the type 1 

material are comparable with the mechanical properties of pristine PP [20]. 

  



A18 M. Szpieg, M. Wysocki, L.E. Asp 
 
 

 

Table 1. Results from tensile tests of type 1 material. 

 

 

 
 
 

4. CONCLUSIONS 

Two recycled PP qualities have been tested to assess their thermal stability for 

subsequent composite manufacturing. The OIT results show that type 1 material has 

excellent stability (70 min) even for 35 min processing. However, the stability of the 

type 2 material (20 min) after only 7 min processing is insufficient for melt spinning 

and subsequent composite manufacturing. 

The decomposition temperature has also been tested on types 1 and 2 materials both 

in nitrogen and oxygen atmospheres. The results show no changes between different 

processing steps when performed in nitrogen and oxygen atmosphere. However, the 

decomposition temperature is higher when the measurements were performed in  

a nitrogen atmosphere, whereas the decomposition temperature in an oxygen 

environment is much lower. The melting point for both types 1 and 2 materials stayed 

almost unaffected after multiple processing and does not follow any specific trend. 

The mechanical properties of the reprocessed recycled PURE® processing scrap 

material were found similar to those of virgin PP. 

In conclusion, the all PP PURE® processing scrap has been found suitable for 

processing of fibre precursor for recycled composite materials. The material allows 

for melt spinning of recycled PP fibres that may be commingled with reinforcing 

fibres, recycled CF or pristine glass fibres and subsequent composite manufacture. 

 

 

 

 

Material E (GPa) σM (MPa) εM (%) 

Type 1 1.53 (± 0.16) 30.3 (± 0.30) 7.6 (± 0.8) 
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ABSTRACT 

The present work was devoted to the development of a technique for manufacturing  

a novel engineering material using carbon fibres and thermoplastic matrix recyclates. 

Fibre preforms were manufactured employing a papermaking technique for 

dispersing the carbon fibres. The polypropylene (PP) matrix recyclate was 

reprocessed into a film. The carbon fibre preforms and PP films were stacked and 

composite materials were subsequently manufactured by press forming. The 

mechanical behaviour of carbon fibre preforms was characterised by a compaction 

test and compared to the results obtained by consolidation test of the carbon fibres 

reinforced PP composites. The consolidation experiments were found to follow the 

trend from compaction tests allowing prediction of the amount of polymer material 

needed, fibre volume fraction as well as composites thickness. The resulting 

dispersion of fibres and void content were evaluated by microscopy. 

 

Keywords: Recycling, Carbon fibre preform, Composite, Polypropylene (PP) 

 



B2 M. Szpieg, M. Wysocki, L.E. Asp 
 
 
1. INTRODUCTION 

Today, a small fraction of the carbon fibre composite materials used is recycled. 

However, new legislation polices and approaching shortage of raw materials, in 

combination with the ever increasing use of carbon fibre composites, forces society to 

recycling of these materials in the near future. Until recently, the growing number of 

composite components from retired aircraft, wind turbine blades and automobiles 

have been disposed in landfills or incinerated. In spite of the fact that the landfills are 

the least expensive way of disposal it is not always an option. Landfill and 

incineration have traditionally accounted for over 90 % of the disposal methods for 

carbon fibre structures. Since a European Union directive came into force in 2004, 

many member states are forbidding landfill disposal of composites. Also the new 

automotive legislation forces increased reuse of materials. The End-of-Life Vehicle 

(ELV) Directive [1], issued in year 2000, requires that 95 wt % of a vehicle 

manufactured after January 2015 has to be reused or recovered. The directive assigns 

the original equipment manufacturer to design recyclable products. 

There is a high potential for reuse of carbon fibres as demand for chopped and milled 

carbon fibres is growing with the use of carbon fibres outside the aerospace market. 

For carbon fibre composites, solving the waste stream is rather complicated due to 

the complex nature of the composites themselves. Recycling technologies for reuse of 

carbon fibres involving thermal decomposition of the polymer matrix have been 

developed [2, 3] in order to process carbon fibre waste. Among these, a pyrolysis 

process has been developed by Meyer et al. [4] to recover carbon fibres from 

composite waste. In this process, the composite material is heated in the absence of 

oxygen. Under these conditions, the matrix is chemically decomposed and the carbon 

fibres are recovered. Meyer et al. [4] showed that the recovered carbon fibres are not 

seriously damaged by this process. A second well established technique to recover 

carbon fibres is the fluidised bed process that has been developed at the University of 

Nottingham during the last decade. In this process, scrap carbon fibre composite 

material is fed into a bed of silica sand fluidised with heated air. The burnt off 
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polymer leaves clean, partially oxidised fibres, which are released into a gas stream 

as individual filaments. The fibres are separated from the gas stream in a cyclone for 

recycling. The organic residue is then incinerated by passing a gas stream through the 

fibres at high temperature, where there is a potential to recover the energy in the 

polymer as heat. Both the pyrolysis and the fluidised bed processes provide carbon 

fibres in the form of short randomly oriented, highly entangled filaments. For both 

processes the properties of recovered fibres are comparable with properties of pristine 

fibres [4, 5]. A third method to recover carbon fibres from composite waste is to use 

a different decomposition condition together with water in a batch autoclave without 

stirring [6]. In this method, lower temperature is used compared to the pyrolysis and 

fluidised bed processes. Also by this method, recovered carbon fibres remain almost 

unchanged in terms of performance and morphology compared with virgin ones. 

As the idea of recycling carbon fibres composites was conceived, one of the 

challenges has been to develop a profitable recycling process. Carbon fibres, even 

when trapped in composites, are still valuable products, worth to be recovered as the 

energy needed to produce carbon fibres is very high, 286 MJ/kg [7]. The high 

stiffness and strength and low density of carbon fibres (even recycled ones) allows 

them to be reused in new engineering materials for use in lightweight components. 

The fibres are short and difficult to handle due to their fluffy structure. Therefore, 

techniques for fibre dispersion are needed for manufacture of fibre preforms with 

controlled fibre distribution. Dispersion of recovered glass fibres [8] and carbon 

fibres [9] using papermaking techniques has been developed by Pickering and co-

workers for manufacture of glass fibre random mats with a polymer binder, and as 

carbon fibre/epoxy compounds for subsequent press forming. 

The objective of this paper was to develop and demonstrate a methodology for 

manufacturing a novel carbon fibre reinforced polypropylene (CF/PP) composite 

from recycled constituents. For this purpose, a technique for manufacturing carbon 

fibre random mats, using a papermaking process, was developed and employed. The 

manufactured carbon fibres random mats were analysed in terms of their mechanical 
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behaviour. Also, microstructure of the manufactured composite was characterised by 

microscopy. 

 
 

2. EXPERIMENTAL 

2.1. Recycled materials 

In this study, recycled carbon fibres as well as recycled polypropylene [10] were used 

to manufacture new fully recycled composite materials. Hadeg Recycling GmbH 

(Germany), delivered the recycled carbon fibres, CFMPYR-H-1 [11]. The fibres had 

been produced by milling of carbon fibre composites, which were obtained from the 

production waste generated by the aircraft industry. These fibres were recovered 

using pyrolysis at ~1200 °C. After the pyrolysis, the material consisted of >95 % 

carbon fibres and ~5 % pyrolysing coke. The carbon fibres were processed into fibre 

mat preforms as described in detail in the following section and illustrated in Fig. 1.  

 

 

 
Figure 1. Recycled carbon fibres preform made by papermaking technique. 

 
The recycled polypropylene from PURE® process scrap was supplied by Lankhorst 

Indutech BV (The Netherlands) [12]. This material was chosen due to a growing 

interest from automotive manufacturers as PURE® has better mechanical properties 

compared to the commonly used polypropylene. The recycled PP material [10] was 
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reprocessed into a film. The film making process is considered less destructive than 

the previously characterised melt spinning [10]. The carbon fibre preforms and PP 

films were stacked and composite materials were subsequently manufactured by 

press forming. 

 

2.2. Preform manufacture 

The principles of papermaking [13] were employed to obtain preforms with 

uniformly distributed carbon fibres for subsequent composite manufacturing. 

As the recycled carbon fibres in their original form were difficult to process due to 

their entanglement, the idea was to disperse them to achieve a desired uniform 

distribution of fibres. Here, the recovered carbon fibres were dispersed in distilled 

water using a mixer (see Fig. 2).  

 

 
 

Figure 2. Dispersion of carbon fibres for preform manufacture. 

 
After dispersion, a filter was used to drain off the water and protect the fibre preform 

from damage. The carbon fibre preform was dried on the filter for ~12 h at room 

temperature. The carbon fibre preform, still containing some moisture, was removed 

from the filter and the last water was dried by free convection of air. 
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2.3. Composite material manufacturing 

Press forming is a commonly used process to manufacture thermoplastic composites. 

The manufactured components have usually simple or medium shape complexity. 

During the process, the charge is heated above the melting temperature of the 

polymer matrix and press formed and then rapidly cooled to room temperature. The 

main advantage of this process is its short processing time. 

The press employed in this work was a HASCO Z121/196 196/5 (see Fig. 3). Using 

the compaction law, Eq. (1), the required amount of constituents (PP film and carbon 

fibres preforms) was calculated and weighed to obtain a nominal fibre volume 

fraction of 25 and 30 %, respectively. 

 

 

 
Figure 3. Press forming of thermoplastic composite plate. 

 
The layers of polypropylene film were sandwiched between the carbon fibre preforms 

in a stack and then placed in the press. A set of materials aiming for a volume 

fraction of 25 % was first manufactured and two different plate thicknesses were 

made. One contained two carbon fibre preform layers separated by one layer of PP 

resulting in a composite plate thickness of ~1.2 mm. The other one consisted of three 

carbon fibre preform layers and two layers of PP resulting in a plate thickness of 

~1.9 mm. The first lay-up is referred to as plate A25 and the second lay-up as plate 
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B25. The designation A and B is for thick and thin plates respectively, while the 

designation 25 is referring to fibre volume fraction. The nominal areal weight of each 

carbon fibre preform layer was 0.28 kg/m2 for both the A25 and B25 composite 

plates. The nominal areal weight of the PP films for plate A25 and plate B25 

composites was 0.83 and 0.65 kg/m2 respectively. 

Next, a set of material with a 30 % fibre volume fraction and two different plate 

thicknesses was manufactured. Consequently, the second set is referred to as plate 

A30 and plate B30. The same lay-up strategy as for the 25 % of volume fraction 

plates was used resulting in composite sheet thicknesses of about 1.0 and 1.5 mm. 

The nominal areal weight of the carbon fibre preform was 0.27 kg/m2 for both A30 

and B30 composite plates. The nominal areal weight of the PP films for A30 and B30 

composites plates was 0.66 and 0.49 kg/m2 respectively. 

Three samples of each plate type were manufactured. The following processing 

parameters were used: the pressing time was 7 min, the cooling time 5 min, the 

applied force, F, was 300 kN and the temperature was 210 °C. 

 

2.4. Mechanical behaviour of the carbon fibre preform 

Compaction experiments were performed to characterise the out of plane mechanical 

behaviour of the carbon fibre preform. Since the mechanical behaviour of preforms is 

controlling the thickness and fibre volume fraction in composite processing, it has 

received significant attention in the literature. It was established by several authors 

[14–17] that the out of plane mechanical response follows a simple power law 

relation 

 ( ) ,
αφkEp =  (1) 

where p is the applied pressure, k is a dimensionless front factor, E is the Young’s 

modulus of the fibres, φ is the fibre volume fraction and α is an exponent. Moreover, 

Toll [16] showed analytically that the exponent α depends on the fibre orientation in 
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the preform. For instance, α=3 for three-dimensional randomly oriented preforms and 

α=5 for two-dimensional randomly oriented preforms.  

In the present compaction experiment, the preform was compressed in a tensile 

testing machine, and the force and displacement were recorded. In the experiment, 

the fibre volume fraction is given by 

 ,
h

n

tρ
ζφ =  (2) 

where n is the number of plies, ζ is the areal weight , ρt is the density of carbon fibres 

and h is the preform thickness. The resulting fibre volume fraction is plotted against 

applied stress using logarithmic scale, and the results are fitted to Eq. (1) using the 

least square method.  

Two compaction experiments were performed using an MTS 20/M tensile testing 

machine. The initial distance between the plates (the gauge length) was 0.03 and 

0.038 m for a maximum loading of 10 and 30 kN respectively. Three carbon fibre 

preforms with a total areal weight of 0.803 and 0.943 kg/m2 were placed separately in 

the testing machine and load versus crosshead displacement was recorded in both 

experiments. The preforms were loaded at a crosshead displacement rate of 

4 mm/min. 

 

2.5. Microscopy 

The CF/PP plates manufactured by press forming were cut into small pieces 

(approximately 10x10 mm2), placed in cups and cast in epoxy resin for subsequent 

microscopy. After curing and metallographic polishing using Struers LaboPol, three 

cross-sections for each plate at positions indicated in Fig. 4 were examined in an 

optical microscope Aristomet Leitz. 
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Figure 4. Cross-sections (A–A, B–B and C–C) examined in microscope. 

 
Void content analysis was performed using analysis software and the investigation 

was performed on two representative plates of each nominal fibre volume fraction on 

cross-sections A-A, B-B and C-C. For the void analysis, 10 sequential pictures of 

each cross-section were taken by the optical microscopy using a magnification of  

100 times. 

 
 

3. THEORY 

3.1. Process modelling 

During composites processing, a certain temperature, pressure and time is required to 

infiltrate the reinforcement [18]. The flow front velocity of the melted polymer that 

infiltrates the fibre preform during press forming is given by Darcy’s law 

 ( )
.

1 dx

dpK

dt

dx
v

µφ−
==  (3) 

In Eq. (3) x is the distance at the flow front as illustrated in Fig. 5, t is the time, K is 

the permeability, φ is the fibre volume fraction, µ (=1000 Pa s) is the viscosity of the 

polymer matrix [12] and p is the fluid pressure. 



B10 M. Szpieg, M. Wysocki, L.E. Asp 
 
 

 

 
Figure 5. Infiltration process. 

 

In order to solve Eq. (3), we rearrange it, assuming a constant pressure gradient 

 
x

p

dx

dp=  (4) 

and integrate it, which results in the following equation 

 .
2

2

Kp

x
t

µ=  (5) 

In the present work we approximate the permeability using the Karman-Kozeny 

equation [19] 

 
( ) ,1

2

32

φ
φ

C

d
K

−=  (6) 

where d is the fibre diameter, φ is the fibre volume fraction and C is a coefficient. In 

processing of composite materials, the constant C is to be considered as a material 

parameter. It has been reported that for fibre beds at low fibre loadings the coefficient 

C is close to 180 [19]. 
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Combining Eqs. (5) and (6) the time needed to infiltrate the preform may be 

approximated as 

 ( )
.

122 32

222

αφφ
µφµ

kEd

xC

pK

x
t

−
==  (7) 

 
 

4. RESULTS AND DISCUSSIONS 

4.1. Carbon fibre preform morphology 

The scanning electron microscope (SEM) was used to analyse the morphology of the 

recovered carbon fibres. As depicted in Fig. 6 there is some contamination, stemming 

from the pyrolysis process, present on the fibres. However, the degree of 

contamination is low and the fibre quality is comparable to the fibres recovered via 

the fluidised bed process [20]. 

 

 

 
Figure 6. Morphology of recycled carbon fibres. 

 
4.2. Mechanical response of the carbon fibre preform 

Results from the two compaction experiments of the carbon fibre preforms together 

with consolidation results from the composite manufacturing process are presented in 

Fig. 7. The results presented are the average from three consolidation tests for each 

fibre volume fraction. 
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The compaction experiments resulted in average values of kE=4253 MPa and α=4.24 

(cf. Eq. (1)). The achieved α of 4.24 indicates that the preform is nearly in-plane 

randomly orientated [16]. 

 

 

 
Figure 7. Stress versus fibre volume fraction in log–log scale from compaction 

experiments and consolidation tests. 

 
The mechanical response to preform compaction should be similar to the steady-state 

behaviour during composites consolidation (compaction and consolidation 

experiments plotted in Fig. 7). It is observed that results from the consolidation 

experiments follow the general trend given by the compaction results. It can therefore 

be concluded that Eq. (1) indeed accurately predicts the mechanical response of the 

preform. The characterised fibre mat response allows for prediction of the amount of 

polymer material needed, including fibre volume fractions as well as composite 

thickness. 
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4.3. Process modelling 

Equation (7) is plotted in Fig. 8 presenting a minimum infiltration time. Assuming 

constant fibre radius, viscosity and Young’s modulus the infiltration time depends 

only on the local fibre volume fraction and the exponent α. Employing data from the 

compaction tests, α=4.24 and kE=4253 MPa, a maximum wetting rate is found at the 

fibre volume fraction of ~0.4. In this analysis a processing pressure of 13 MPa was 

employed. 

 

 

 
Figure 8. Relative time of permeation as function of local volume fraction. 

 

As depicted in Fig. 8 a minimum infiltration time of 7.5 min is found for φ=0.4. From 

this graph, the time needed for complete consolidation of the composite plates 

manufactured in this study is 9.5 and 8.2 min for 25 and 30 % fibre volume fractions 

respectively. This indicates that the 7 min processing time used was too short to 

achieve a full homogenisation of the composite materials. 
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4.4. Material microstructure 

Cross-sections of plate A25 and plate B25 are shown in Fig. 9. In these micrographs, 

the dark area of the cross-section is the polypropylene matrix and the light ellipsoids 

are the carbon fibres. It is evident from Fig. 9 that the layered structure of the preform 

is conserved throughout the press forming process for the composite materials with 

the lower fibre volume fraction, i.e. φ=25 %, regardless of stacking procedure. 

 

 

 
Figure 9. Micrographs of CF/PP composite: a) plate A25, cross-section B–B, b) plate 

B25, cross-section A–A. 

 
Figures 9 a) and b) shows an excess of matrix material between the impregnated and 

compacted carbon fibre preform layers. One reason for the resin rich layers in the 

A25 and B25 composite materials is that the consolidation time was 2 min shorter 

than the predicted required consolidation time for a fibre volume fraction of 25 %. 

However, at some cross-sections plate A25 does not show the same tendency, as 

depicted in Fig. 10. It is therefore believed that the variation in the PP rich area 

thickness is also due to local inhomogeneities in the preform thickness. 
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Figure 10.

 
Examination of the thickness of the impregnated fibre layers in the A25 and B25 

plates a local fibre volume fraction of 30 % is 

fibre volume fraction of 25 % given by the first compaction test is too low. Therefore, 

a significant amount of polymer matrix may be removed during press forming, 

increasing the total fibre volume fraction in the composite. Hence, the result from the 

analysis of the A25 and B25 plates implies a fully consolidated composite material 

from this carbon fibre preform having a

A second set of composite plates was therefore manufactured employing a reduced 

amount of polymer introduced into the material stack, as described in the 

section. 

Cross-sections of plates A30 and B30 with a n

30 % are depicted in Fig. 11. After increasing 

30 % the resin rich layers almost disappeared. The polypropylene matrix is found to 

have infiltrated the carbon fibre 

almost fully consolidated composite materials. This result is achieved in spite of the 

fact that the processing time used is roughly 1 min shorter than the predicted required 

processing time of 8.2 min. 
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Figure 10. Plate A25, cross-section C–C. 

Examination of the thickness of the impregnated fibre layers in the A25 and B25 

plates a local fibre volume fraction of 30 % is measured. Consequently, the calculated 

fibre volume fraction of 25 % given by the first compaction test is too low. Therefore, 

significant amount of polymer matrix may be removed during press forming, 

increasing the total fibre volume fraction in the composite. Hence, the result from the 

analysis of the A25 and B25 plates implies a fully consolidated composite material 

carbon fibre preform having a fibre volume fraction of 30 %.

A second set of composite plates was therefore manufactured employing a reduced 

amount of polymer introduced into the material stack, as described in the 

A30 and B30 with a nominal fibre volume fraction of

30 % are depicted in Fig. 11. After increasing the fibre volume fraction from 25 to

30 % the resin rich layers almost disappeared. The polypropylene matrix is found to 

have infiltrated the carbon fibre preforms throughout the thickness, resulting in 

almost fully consolidated composite materials. This result is achieved in spite of the 

fact that the processing time used is roughly 1 min shorter than the predicted required 
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Examination of the thickness of the impregnated fibre layers in the A25 and B25 

. Consequently, the calculated 

fibre volume fraction of 25 % given by the first compaction test is too low. Therefore, 

significant amount of polymer matrix may be removed during press forming, 

increasing the total fibre volume fraction in the composite. Hence, the result from the 

analysis of the A25 and B25 plates implies a fully consolidated composite material 

fibre volume fraction of 30 %. 

A second set of composite plates was therefore manufactured employing a reduced 

amount of polymer introduced into the material stack, as described in the previous 

ominal fibre volume fraction of 

ibre volume fraction from 25 to 

30 % the resin rich layers almost disappeared. The polypropylene matrix is found to 

the thickness, resulting in 

almost fully consolidated composite materials. This result is achieved in spite of the 

fact that the processing time used is roughly 1 min shorter than the predicted required 
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Figure 11. Micrographs of CF/PP composite: a) plate A30, cross-section C–C, 

b) plate B30, cross-section C–C. 

 
Pimenta and co-workers [21] showed significant variation in the microstructure in 

a recycled CF/epoxy composite. Their microscopy analysis revealed high degree of 

void content as well as thick fibre bundles. In contrast, analysis of the cross-section 

of CF/PP materials developed here demonstrated well dispersed fibres and very low 

void content as reported below. 

 

4.5. Void content 

Micrographs used to measure void content are shown in Figs. 12 and 13. In the 

figures black areas are voids. The measured average void content for plates A25 and 

B25 was 0.84 and 1.24 % respectively. The average void content for plates A30 and 

B30 was 0.77 and 1.01 % respectively. The analysis revealed a low void content in 

the CF/PP composites for both fibre volume fractions, whereas Pimenta et al. [21] 

reported a significantly higher void content up to 8 %. 
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Figure 12. Void content of: a) plate A25, cross-section C–C, b) plate B25, 

cross-section A–A. 

 

 

 
Figure 13. Void content of: a) plate A30, cross-section A–A, b) plate B30, 

cross-section B–B. 

 
 

5. CONCLUSIONS 

In the present study, a novel, fully recycled, composite material made from short 

carbon fibre performs and recycled polypropylene was introduced. To realise this,  

a technique to manufacture carbon fibre random preforms from recycled carbon 

fibres using a papermaking process was developed. The mechanical behaviour of the 

carbon fibre preforms was characterised by a compaction test and compared to the 
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results obtained by a consolidation test of the CF/PP composites. The results indicate 

that the consolidation experiment follows the compaction trend, which allows 

prediction of the amount of polymer material needed, including volume fractions as 

well as composites thickness. Also, the result from compaction tests indicated that the 

preform was nearly in-plane randomly orientated. 

The cross-section analysis revealed areas with excess polypropylene distributed 

between the carbon fibre layers for the low fibre content composites. This was 

explained by process simulation revealing that the processing time used was 

insufficient to allow fully consolidated fibre composites with 25 % of fibre volume 

fraction. Increasing the fibre volume fraction to 30 % suppressed formation of resin 

rich layers for the chosen processing window and resulted in almost fully 

consolidated composite material. 
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ABSTRACT  

A composite made of recycled carbon fibres in recycled polypropylene matrix is 

studied experimentally to describe the features of the elastic and time dependent 

nonlinear mechanical behaviour. The properties of the developed material have 

a large variability to be addressed and understood. It was found that the stress-strain 

curves in tension are rather nonlinear at low strain rate and the strength is sensitive to 

strain rate. The elastic properties’ reduction for this composite after loading to high 

strains is rather limited. More important is that even in the “elastic region” due to 

viscoelastic effects the slope of the loading–unloading curve is not the same and that 

at higher stress large viscoplastic strains develop and creep rupture is typical. The 

time and stress dependence of viscoplastic strains was analysed and described 

theoretically. The viscoelastic response of the composite was analysed using creep 

compliance, which was found to be slightly nonlinear. 

 

Keywords: Recycling, Polypropylene composite, Mechanical properties, 

Viscoelasticity 
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1. INTRODUCTION 

Due to environmental and legislation issues recycling is becoming more and more 

important in composites production. New legislation polices and approaching 

shortage of raw materials, in combination with the ever increasing use of carbon fibre 

composites, force society to recycling of these materials. With carbon fibre 

composites, taking care of the increasing amount of waste is rather complicated due 

to the complex nature of the composites themselves. However, recycling technologies 

involving burning or chemical decomposition of the polymer matrix have been 

developed [1–3] in order to process carbon fibre reinforced polymer (CFRP) 

composite waste. As the aerospace and wind energy sectors constantly grow, there is 

a future demand for recycling technologies. 

Carbon fibres, even when trapped in composites, are valuable products worth to be 

recovered. The energy needed to produce pristine carbon fibres is very high,  

286 MJ/kg [4]. The high stiffness and strength and low density of recovered carbon 

fibres allows them to be reused in new engineering materials for use in lightweight 

components [5, 6].  

There are different methods to produce composites using recovered carbon fibres. For 

instance, fibres recovered via a pyrolysis process and converted into a preform mat 

were employed to manufacture a composite material through resin film infusion [7]. 

This composite was characterised in terms of its microstructure and mechanical 

performance in [5]. The microstructure of the composite material was studied by 

optical microscopy and revealed presence of fibre bundles, through-the-thickness 

fibre waviness, broken fibres and high void content. 

Another way of manufacturing composites with recovered carbon fibres is to align 

them into a carbon fibre/epoxy composite material [8]. In [8] carbon fibres were 

recovered via a fluidised bed process and divided into two groups: 5 mm and 20 mm 

long fibres. Compression moulding was employed to manufacture the composite 

materials. An investigation of the mechanical properties of the carbon fibre/epoxy 

composites revealed that the stiffness and strength using the short fibres were slightly 
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better than using longer fibres. The flexural modulus in the longitudinal direction was 

similar for both short and long fibre composites and relatively close to the calculated 

value for a unidirectional (UD) composite. Moreover, the fibre length did not affect 

the flexural modulus in the transverse direction. However, the aligned-fibre 

composite indicated higher values of transverse flexural modulus compared to the 

UD composite, which is the result of imperfect alignment of fibres. 

As typical for most composites with short or non-aligned fibres, the material 

considered in this paper is nonlinear because many properties are governed by 

properties of the polypropylene. Indeed, the stress-strain curves are nonlinear and the 

stress to failure highly depends on the loading rate. The most possible reasons for this 

type of behaviour are microdamage and viscoelasticity and viscoplasticity [9–11]. 

Often they are considered separately but certainly any interactions are possible and 

have to be inspected. 

The objective of this paper is to perform a thorough investigation of a composite 

material made of recycled constituents. The elastic modulus, Poisson’s ratio, tensile 

stress-strain curves and maximum (failure) stress and strain are analysed. In addition, 

the sources of the nonlinear material behaviour are ranked and analysed: a) reduced 

elastic modulus due to microdamage developing at high stresses, b) viscoelastic 

composite material behaviour which may be nonlinear with respect to stress,  

c) viscoplastic (irreversible) strains developing with time at high loads. 

 
 

2. MATERIAL AND EXPERIMENTAL TECHNIQUES 

2.1. Recycled materials 

In this study, a new fully recycled composite material using recycled carbon fibres as 

well as recycled polypropylene [12] was studied. PURE® process scrap 

polypropylene (PP) was supplied by Lankhorst Indutech bv, The Netherlands [13] 

and was reprocessed into a film by press forming. The mechanical properties of the 

processed PURE® scrap were characterised [12]. Recovered carbon fibres CFM-
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PYR-H-1 [14] were supplied by Hadeg Recycling GmbH, Germany. The fibres had 

been produced by milling of carbon fibre composites, obtained from the production 

waste generated by the aircraft industry with length varying from 1 to 20 mm. The 

fibres had been recovered using pyrolysis at approximately 1200 °C. The recovered 

carbon fibres consisted of more than 95 % of carbon fibres and approximately 5 % of 

pyrolysing coke. Due to the high entanglement of the recovered carbon fibres they 

had to be reprocessed into fibre mats with controlled fibre distribution [15]. 

 

2.2. Carbon fibre preform manufacture and compaction response 

The principles of papermaking [15] were employed to obtain preforms with 

uniformly distributed carbon fibres for subsequent composite manufacturing. The 

recovered carbon fibres were dispersed in distilled water using a mixer as shown in 

Fig. 1 a). After dispersion, a filter was used to drain off the water and protect the fibre 

preform from damage. The preform was dried on the filter for approximately 12 h at 

room temperature. The carbon fibre preform, still containing some moisture, was 

taken out from the filter and the remaining water was removed by free convection of 

air. Compaction experiments were performed to characterise the out of plane 

mechanical behaviour of the preform [15]. The mechanical response of the carbon 

fibre preform indicated that the preform was nearly in plane randomly oriented. 
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Figure 1. Manufacturing of materials: a) dispersion of carbon fibres for preform 

manufacture, b) press forming of thermoplastic composite plate. 

 

2.3. Composite manufacturing 

Two layers of polypropylene films manufactured by press forming were sandwiched 

between three carbon fibre preform layers in a stack as depicted in Fig. 1 b). The 

stack was heated and pressed, resulting in a composite plate thickness of 

approximately 1.50 mm. The nominal areal weight of the carbon fibre preform was 

0.27 kg/m2 and the nominal areal weight of the PP films was 0.49 kg/m2. Using 

a compaction law [15] the required amount of the constituents (PP film and carbon 

fibres preforms) was calculated to obtain a nominal fibre volume fraction of 30 %. 

The press employed in this work was a HASCO® Z121/ 196 196/5. The following 

processing parameters were used: pressing time 7 min, cooling time 5 min, applied 

pressure 13.5 MPa and temperature 210 °C. 

 
 

3. METHODOLOGY AND EXPERIMENTAL 

CHARACTERISATION 

The room temperature (RT) and relative humidity content during tests was 

approximately 23 °C and 35 %, respectively. 
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3.1. Stress – strain curves 

Rectangular shaped specimens with typical dimensions 150×20×1.5 mm were used. 

The specimen length between the grips in the tensile tests was approximately 

100 mm. The stress-strain responses were obtained in monotonic tensile loading until 

failure. Two different loading rates were used, 5 mm/min as well as 0.01 mm/min. 

The different loading rates aimed at establishing the difference in mechanical 

performance in terms of the apparent elastic modulus and tensile strength. 

 

3.2. Elastic modulus 

The elastic modulus was determined in a quasi-static tensile test. The cross head 

speed was 5 mm/min corresponding to a strain rate of approximately 5 % strain per 

minute. The elastic modulus was determined by analysing data in a loading-

unloading cycle to a maximum strain value of close to 0.2 %. This strain level was 

used expecting that damage and irreversible phenomena would not develop in this 

relatively low strain region. The elastic modulus was defined using the slope of the 

stress-strain curve in the strain region 0.05 to 0.15 %. As demonstrated in Fig. 2, the 

loading and unloading curves both being relatively linear have different slopes and 

different values of the modulus may be determined (in loading, in unloading and the 

average of both).  
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Figure 2. Elastic modulus determination in loading and unloading at RT.
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lower due to damage accumulated in the loading part. However, these arguments are 

correct for elastic materials only. For the used material, see Fig
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from other tests described below, it was concluded that the difference in loading and 

unloading slopes is mainly due to viscoelasticity and not because of damage (the 
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higher modulus in unloading is certainly an artefact caused by viscoelastic behaviour 
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Since none of these slopes represent the exact elastic response, the average of loading 

and unloading modulus is used in the following analysis. 

 

3.3. Stiffness reduction due to microdamage 

The elastic modulus may depend on the loading history. For example, the modulus 

may be reduced due to damage developing at high stresses. The elastic modulus 

dependence on the previously applied maximum strain/stress level was measured to 

evaluate the significance of the modulus degradation and the amount of microdamage 

accumulation during the loading history. The loading ramp used in the tests is 

illustrated in Fig. 3 a).  

 

 

 
Figure 3. Loading ramps used in: a) elastic properties degradation test,  

b) viscoplastic characterisation. 

 
It consists of a sequence of blocks each containing the following steps: a) elastic 

modulus measurement b) waiting at “almost zero” stress for decay of all viscoelastic 

effects; c) loading to a certain strain level and unloading to “almost zero” stress 

(constant load about 5 N); d) waiting at “almost zero” stress for decay of all 

viscoelastic effects during a time period of 10t2; e) elastic modulus determination by 

applying 0.2 % of strain in addition to the residual value. The case study involved 

multiple loading steps, in each one of them irreversible strains developed due to 

application of high stresses (see Fig. 3a)). After unloading to “almost zero” stress and 
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a relatively large recovery period, rather large strains were still present. 

Consequently, the modulus determination region defined in section 3.2 was modified: 

it was defined in terms of stress as the strain contains elastic as well as an irreversible 

part. In other words, the stress region corresponding to strain region between 

0.05 and 0.15 % in the first step was taken when estimating the elastic modulus after 

irreversible changes. 

 

3.4. Accumulation of viscoplastic strains 

The time and stress dependence of viscoplastic (irreversible) strains was evaluated 

using a tensile creep test. The tests were performed using a creep testing rig utilising 

dead weights and an extensometer. The extensometer recorded the development of 

strains during the creep and the following period of strain recovery. To identify the 

time dependence, a fixed level of stress was defined and a sequence of steps each 

consisting of creep and strain recovery were performed on the same specimen, 

schematically shown in Fig. 3b). In each of the following steps, the length of the 

creep loading time tk was increased while also proportionally increasing the strain 

recovery time. Four steps were usually taken during the tests, t1=3, t2=10, t3=20 and 

t4=30 min. The strain recovery time after the load application was at least eight times 

the length of the previous loading step. The complete creep recovery curve was 

recorded. However, for viscoplasticity, only the finally recovered strain value is of 

importance: the developed viscoplastic strain is defined as the remaining strain at the 

end of the strain recovery. It was assumed that no viscoplastic strains develop during 

the strain recovery part (zero applied load) and that the viscoplastic process 

continuous irrespective of the test interruption time interval. As a result, four data 

points showing the viscoplastic strain dependence on time for the used stress level 

were obtained for each specimen. This test has to be performed for several stress 

levels (using other “representative” specimens) to evaluate whether the shape of the 

time dependence is changing and how the values depend on the stress level. 
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3.5. Characterisation of nonlinear viscoelasticity 

The creep tests for viscoelastic characterisation lasted 1 h, which corresponded to the 

time scale used for viscoplasticity identification. It can be described as one step in the 

sequence shown in Fig. 3 b) [16–19]. The undesirable effect of viscoplasticity in 

a viscoelastic characterisation test can be minimised in three ways: a) using very low 

stress levels where viscoplasticity is almost not present (the viscoelasticity is then 

usually linear and this method is not applicable in the nonlinear viscoelasticity 

region; b) performing specimen “conditioning” by subjecting it first to high stress 

creep. If the viscoplasticity decay with time (as it does for many materials [9–11]) 

and the following stress levels used for viscoelasticity are lower, then the viscoplastic 

strain development in the following tests is much smaller and may be negligible. In 

other words, conditioning means that viscoplastic strains in the specimen have 

already developed and if the next creep test is performed at lower stress, the 

additional viscoplastic part will be very small. It can be checked from the curves after 

the strain recovery, the strain should be small. Unfortunately, it turned out not to be 

the case for the used material, c) if the viscoplasticity is understood and described 

theoretically and the previous loading history for the given specimen is known, the 

viscoplastic strain development can be calculated theoretically and subtracted from 

the measured strains to have pure viscoelastic response to analyse. If the loading 

history effect is correctly described, the same specimen can be used at different stress 

levels. 

 
 

4. EXPERIMENTAL RESULTS AND ANALYSIS  

4.1. Stress – strain curves 

The effect of loading rate was established by using three samples for each test case. 

The response of the material is presented in Fig. 4 and the values for the apparent 

elastic modulus and the tensile strength (defined as maximum stress on the loading 

curve) are presented in Table 1.  



 Mechanical performance
 
 

Figure 4. Typical stress

An increase in both elastic modulus and tensile strength was observed with increasing 

crosshead speed. The elastic modulus data in Table 

specimens. For every case, it was measured using the initial slope of the stress

curve. 

 
Table 1. Elastic Modulus and tensile strength dependence on the crosshead speed.

 

 

 

 

 

 

 

 

Property 

Elastic modulus  

(GPa) 

Tensile strength  
(MPa) 

performance of a recycled carbon fibre/PP composite

 
Typical stress-strain curves using a displacement rate of 0.01 and

5 mm/min. 

 
An increase in both elastic modulus and tensile strength was observed with increasing 

crosshead speed. The elastic modulus data in Table 1 corresponds to six tested 

specimens. For every case, it was measured using the initial slope of the stress

Elastic Modulus and tensile strength dependence on the crosshead speed.

Crosshead speed 
(mm/min) 

Mean 
value 

 0.01 8.1 

5 9.6 

 0.01 23.0 

5 27.9 

of a recycled carbon fibre/PP composite  C11 

 

a displacement rate of 0.01 and 

An increase in both elastic modulus and tensile strength was observed with increasing 

corresponds to six tested 

specimens. For every case, it was measured using the initial slope of the stress-strain 

Elastic Modulus and tensile strength dependence on the crosshead speed. 

Standard 
deviation 

2.2 

2.5 

0.6 

0.1 
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There are not many references for composites manufactured out of recycled 

components. However, in the conference paper [16] there is a reference for the elastic 

modulus and strength; 50 MPa and 15 GPa respectively. The difference with the 

present results may be attributed to the different way of manufacturing. According to 

other studies, a stability or even reduction of modulus may appear along with strength 

increase with increasing loading rate. Venkateswaran et al. [20] and Hasselman et al. 

[21] performed four point bending tests and found a decrease in elastic modulus and 

an increase in flexural strength with increasing strain rate. A lot of microcracks were 

present in their material due to manufacturing or testing faults. The micro-cracks are 

responsible for the eventual reduction in elastic modulus. The increase in the fracture 

toughness around the micro-cracks was used as a possible explanation for the 

measured increase in flexural strength. 

 

4.2. High load effect on elastic modulus and Poisson’s ratio 

Following the methodology in stiffness reduction due to microdamage, apparent 

elastic modulus was determined after loading to 0.2 % strain and to 0.4 %. 

Simultaneously, measurements for the transverse strains were taken from three 

representative samples by using strain gauges. Hence, the effect of high load of the 

Poisson’s ratio, vxy, was calculated for all steps. The results are presented in Table 2 

and in a normalised form in Fig. 5 a) and b).  
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Table 2. High load effect on the elastic modulus and the Poisson’s ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. High load effect on: a) normalised apparent elastic modulus, b) normalised 

apparent Poisson’s ratio. 

 
A conclusion, which follows from the data presented in Table 2, Fig. 5 a) and b) and 

which is of practical importance for model development for this material group, is 

that the effect of modulus reduction as compared with other nonlinearity sources is 

not significant: the observed less than 10 % difference cannot be the main reason for 

the nonlinearity of stress strain curves for low loading rates shown in Fig. 4. Stating 

this we assume that stiffness reduction would be similar in slow loading test which 

 

Sample 
number  

Apparent elastic modulus 
(GPa) 

Apparent Poisson's 
ratio 

0.2 % 0.4 % 0.2 % 0.4 % 
1 7.236 6.758 - - 
2 6.371 6.619 - - 
3 8.657 8.637 - - 
4 8.702 9.010 - - 
5 7.137 6.904 - - 
6 8.938 7.902 - - 
7 8.303 8.402 0.328 0.314 
8 6.419 6.514 0.2894 0.280 
9 8.543 8.777 0.3314 0.325 
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should be validated. As a consequence, in a first approximation the damage term 

could be neglected designing the constitutive model for the recycled CF/PP material 

considered in this paper. The viscoelastic and viscoplastic behaviour of the material 

will be studied in the following parts of this article. 

 

4.3. Viscoplasticity 

The development of viscoplastic strains (VP-strain) has previously been successfully 

described by a functional presented by Zapas and Crissman in [9–11, 22, 23] 

 ( ) .

*

0

m

t
t

M
VPVP dC

















= ∫ ττσε   (1) 

In this model CVP, M and m are constants to be determined. t* is a characteristic time 

constant, for example, t*=3600 s is used in this paper. Equation (1) slightly differs 

from the one in earlier papers by introducing dimensionless time which makes the 

units of CVP time independent. The parameter identification is performed in creep 

tests under constant stress where Eq. (1) turns into a power law with respect to time 

and stress level. The time dependence of VP-strains is determined by performing 

creep tests at a fixed stress level but with different time intervals, as described in 

section 3.4. After strain recovery, the remaining irreversible strain corresponding to 

the loading period is measured, see Fig. 6.  
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Figure 6. Viscoplastic strain accumulation during the sequence of creep (16 MPa) 

and strain recovery tests. 

 
According to Eq. (1) the total viscoplastic strain after k steps of creep loading at the 

fixed stress level σ0 will be 

 .
...

*
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...21

m
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ttt
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 +++
= ⋅+++ σε  (2) 

Equation (2) is a power law with respect to time in which the constant m is 

determined as the best fit from a power law trend line. According to this model, the 

exponent m has to be independent on the stress level. Figure 7 shows 

a typical VP-strain development at 16 MPa.  
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Figure 7. Viscoplastic strain development with respect to time at 16 MPa applied 

stress. 

 
This stress level is high enough to ensure measurable values of the VP-strain after 

recovery and not too high to lead to creep rupture. As one can see, the rate of increase 

slows down with time. Data for two specimens are fitted by a power law. The trend 

line obtained has an exponent m=0.43. A large variation between specimens has to be 

noted even if the elastic moduli are similar (7.5 GPa and 8.5 GPa for specimen 4 and 

5 correspondingly). Still, it appears that the VP-strains are smaller for specimens with 

larger modulus. For example, one specimen, which had an extremely high modulus of 

12.6 GPa experienced almost zero viscoplasticity (0.012 % after 3600 s.) at 16 MPa. 

Unfortunately, due to insufficient number of specimens, quantitative analysis of this 

dependence was not performed and the presented analysis is based on 

“representative” specimens selected based on the value of their elastic modulus. 

According to Eq. (1), the obtained value of m has to be the same for all stress levels. 

Therefore, the function in Eq. (3) was used to fit the viscoplastic strain data to all 

stress levels used in the test 
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Note that the stress range is very narrow: very low VP-strains for σ0=15 MPa and 

very early creep rupture for σ0= 17 MPa. According to Fig. 7 at 16 MPa, A=0.1675. 

Figure 8a) shows the viscoplastic strains for typical (representative) specimens at 

15 MPa. VP-strains at this stress (called low stress region in Fig. 8) are very low and 

a large variation between specimens is observable. Specimen 8 (the lowest 4 points) 

has much higher elastic modulus than the second specimen, specimen 9 (10.1 and 

6.7 GPa respectively) and the VP-strains are smaller. Equation (3) was successfully 

used to fit these data using A as a fitting parameter (“Power fit”). At slightly higher 

stress (16.7 MPa in Fig. 8b)) the viscoplastic behaviour of the specimen is very 

similar (modulus of specimen 6 is 7.6 GPa). With higher stress, the VP-strains 

dramatically increase and often lead to early creep rupture. Square symbols in 

Fig. 8b) correspond to test performed at a stress level of 17.3 MPa. Specimen 7 (with 

rather representative modulus of 7.2 GPa) failed in creep.  

 

 

 
Figure 8. Development of viscoplastic strains in: a) low stress region (Sp. 7 and 

Sp. 8 at 15 MPa), b) high stress region (Sp 6:16.7 MPa and Sp. 7: 17.3 MPa). 

 
The time dependence at each fixed stress level in Fig. 8 was fitted using Eq. (3) and is 

shown as solid curves. It is observed that the data follow the same power law but with 
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different (stress dependent) A values. The fitting parameter A dependence on the 

stress level in the test is shown in Fig. 9.  

 

 

 
Figure 9. The dependence of A on the stress in the viscoplastic model. 

 
The variation between specimens is large which makes quantitative analysis very 

difficult. The stress dependence of viscoplastic strains can now be obtained by 

analysing Fig. 9. The remaining constants CVP and M in Eq. (1) are obtained using the 

fitting parameter in Fig. 10. From Eq. (2) it follows that 

 .0
mM

VPCA ⋅= σ  (4) 

According to Fig. 9 the equation becomes 

 .104.3 1621σ−⋅=A  (5) 

Comparing with Eq. (4), the results become 

21104.3 −⋅=VPC  
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 and (6) 

 .2.3743.0/16 ==M  

By using these constants in the viscoplastic law (Eqs. (1) or (2)) one has to remember 

that stress has to be in MPa. 

 

4.4. Nonlinear viscoelasticity 

Figure 10 presents creep curves for one specimen tested at three different stress 

levels. The first creep and strain recovery test was at 15 MPa followed by 10 MPa 

and 8 MPa tests. One may notice that the strains at the end of the 1 h creep loading 

are not proportional to the stress level. An increase in stress from 8 to 15 MPa leads 

to an increase of strain of more than two times. This could be an indication of 

nonlinear viscoelastic material behaviour with respect to stress. However, inspecting 

the strain recovery data (only part of them is shown in Fig. 10) we see that at 15 MPa, 

rather significant VP-strains develop, which may be the reason for the observed 

nonlinearity.  

 

 

Figure 10. Creep strain development in specimen 2 in tests at three different stress 

levels. 
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The main conclusion from these tests is the following. To analyse viscoelastic 

behaviour in creep tests, where viscoplasticity is experimentally present, the 

VP-strain being a function of time has to be subtracted from the creep strain so as to 

have a pure viscoelastic response. This is possible under the assumption that the total 

creep strain can be decomposed into viscoelastic (VE) and VP-strains. Considering 

creep test at a stress σk+1 in a time interval t∈[tk, tk+1] (called the “current” creep test) 

the decomposition means that strains in this interval develop as 

 ( ) ( ) ( ).,, 11 ttt kVPkVE ++ += σεσεε  (7) 

Index k+1 means that before this test, k different creep tests were performed. 

According to Eq. (1), to be able to predict the VP-strain during the current test the 

previous loading history for this specimen has to be known and accounted for. The 

previous loading in our case may consist of several creep tests of different length and 

stress levels. After all these tests until the time instant tk, the total accumulated 

viscoplastic strain is .k
VPε  It can be easily obtained by summing-up the permanent 

strains after strain recovery in each of the previous loading steps. The new 

viscoplastic strain c
VPε  developed in the current test can be obtained from the strain 

recovery after this step. Obviously, it can be written as 

 .1 k
VP

k
VP

c
VP εεε −= +  (8) 

The VP-strain dependence on stress and time was analysed and identified in the 

beginning of this section. However, the stress dependence presented by the master 

curve in Fig. 9 and 6 is rather uncertain and variation between specimens is very 

large. For example at 15 MPa some other specimens (not shown in Fig. 8a)) 

subjected to one 3600 s creep step developed VP-strains of 0.074 % (modulus 

7.8 GPa) and 0.028 % (7.8 GPa). Obviously, application of the VP-strain master 

curve for individual specimens may lead to large errors. Therefore it is advised to use 
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as much individual experimental information as possible for each analysed specimen 

when VP-strains are subtracted from the total creep strain data. This means that k
VPε

and c
VPε  are taken from experiments and only the time dependence of VP-strains 

during the current test is taken from the model represented by Eq. (3). According to 

[6] the VP-strain development during the current creep test is described by 

 ( ) ( ) ( ) ( ) .
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111
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 (9) 

Here m=0.43 is the exponent in the viscoplastic law determined above. This form is 

rather complex. However, it has a very significant advantage: it is simple to use and it 

is based mostly on information regarding the particular specimen under inspection, 

which makes it rather accurate. The only required information comes from tests 

performed; a) the total VP-strain during the previous loading steps and b) the “new” 

viscoplastic strain during the current test. During the first step, ,00 =VPε  t0=0 and 

Eq. (9) simplifies to 

 ( ) .
1

m
c
VPVP t

t
t 








= εε  (10) 

To validate the approach, the described procedure was firstly applied to all data 

obtained in tests. A typical test response is presented in Fig. 6. If VP-strains in each 

step are represented correctly, then after subtraction of these strains the remaining 

response is purely viscoelastic and should be exactly the same in all steps. The results 

are as expected, with one systematic deviation which is shown in Fig. 11. In each 

consequent creep test at the same high stress level the viscoelastic strains are slightly 

larger than the previous one.  
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Figure 11. Viscoelastic strains in four creep tests at the same stress obtained after 

subtraction of VP-strains. 

 
The reason for that is not clear. The possible inaccuracy of subtracted VP-strains 

cannot be the cause, in the used test procedure they can be only overestimated. Most 

likely the viscoplastic strain development is related to microdamage evolution which 

usually leads to elastic modulus degradation as well as to increasing viscoelastic 

response. Remember that according to Fig. 5 the elastic modulus may be reduced by 

about 10 % which is similar to the value of the compliance change in Fig. 11. Finally, 

the features of viscoelastic response were analysed in terms of creep compliance. The 

creep compliance is defined as the viscoelastic creep strain divided by applied stress. 

The creep compliance as a function of the stress level was calculated after subtracting 

the viscoplastic strain component as described above. In all cases the specimen was 

first subjected to the highest stress creep, then to the next highest etc. The results 

exemplified in Fig. 12 a) and b) are not decisive. The viscoelastic response for this PP 

based composite is very unstable and the repeatability for the same specimen is low. 

The test temperature and moisture content were rather stable during experiments. 

However, no special care was taken to keep them constant, which may partially 
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explain the variation in results. The results for specimen 1 (7.78 GPa) in 

Fig. 12 a) comply with expectations; the compliance is larger at higher stress 

(nonlinear viscoelasticity). At the two lowest stress levels the compliance is almost 

the same (linear viscoelasticity). Unfortunately, some other specimens showed rather 

different trends. For example, the creep compliance measured for one specimen in 

two tests at the same low 8 MPa stress was 20 % lower in the second test. 

The variation in results and difficulty to come to conclusions regarding the 

viscoelastic nonlinearity is further demonstrated in Fig. 12 for specimen 8 

(10.1 GPa). The two highest stress levels give an almost equal compliance and only 

the test at 10 MPa gives lower compliance. One would expect that the compliance 

increase rate would be increasing with increasing stress. 

 

 

 
Figure 12. Viscoelastic compliance obtained in sequence of creep and recovery tests 

at: a) four stress levels using specimen 1, b) three stress levels using specimen 8. 

 

4.5. Composite material microstructure and quality 

The quality of the manufactured composite plates has been examined using optical 

microscopy as in [15]. The composite plates were also examined in terms of their 

void content [15]. The average void content of three studied composite plates was 

1.0 %, which is very low compared to that recorded by Pimenta et al. [5] for similar 

recycled CF/epoxy composites. However, the SEM micrograph of the fracture 

surface of a tensile specimen, see Fig. 13 a) shows considerable amount of fibre pull-
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outs and obviously there is a problem with fibre/PP interface. The fibre surface is 

clean and there are no PP residuals on fibre surface which indicates that the interface 

is the weakest link in these composites. Figure 13 b) shows that in some regions 

fibres were impregnated whereas some regions contain PP only [24, 25]. These 

observations explain the rather large variability of properties between specimens and 

the rather bad repeatability of creep tests. Hence the solution of quality problems is 

presently the most challenging task and development of material models to use in 

structural applications is the task for later stage when a new material with improved 

interfaces and more uniform mesostructure will be produced and analysed. 

 

 

 
Figure 13. SEM micrographs showing: a) PP rich regions without fibres, b) weak 

fibre/matrix interface. 

 
 

5. CONCLUSIONS 

The recycled carbon fibre/PP composite elastic and time dependent nonlinear 

mechanical behaviour was studied experimentally and the following main features 

were revealed: 

• The variation of elastic properties is very large (elastic modulus in the range 

from 6 to 10 GPa, Poisson’s ratio between 0.3 and 0.34). 
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• The stress-strain curves in tension and the strength are sensitive to strain rate 

and curves are rather nonlinear at low rate, indicating time-dependent 

behaviour. 

• The elastic modulus and Poisson’s ratio reduction after loading to high strains 

is rather limited (less than 10%) and cannot be the explanation of the observed 

nonlinearity in tensile tests. 

• At stress higher than 15 MPa, viscoplastic strains develop and in creep tests at 

stress higher than 17 MPa creep rupture is typical. The time and stress 

dependencies of viscoplastic strains are identified and described theoretically. 

• It appears that the development of viscoplastic strains is accompanied by an 

increase of viscoelastic compliance which indicates that damage and 

viscoplasticity are coupled. 

• The viscoelastic response of the composite is slightly nonlinear. However, the 

large variability of properties between specimens and the rather bad 

repeatability of creep tests is presently more challenging for applications than 

the nonlinearity. 
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ABSTRACT 

Inelastic mechanical behaviour in tension of a recycled polypropylene (rPP) and 

an rPP with addition of 10 % of maleic anhydride grafted polypropylene 

(rPP+MAPP) was characterised and compared. The time dependent response was 

decomposed into nonlinear viscoelastic and viscoplastic parts and each of them 

quantified. It was found that the elastic properties did not degrade during loading. 

The addition of MAPP did not change the mechanical properties of the rPP. A non-

linear material model was developed and the involved parameters (stress dependent 

functions) were identified. The model was then validated in a stress controlled test at 

a constant stress rate. 

 

Keywords: Recycling, Polypropylene, Mechanical properties, Viscoelasticity, 

Viscoplasticity 
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1. INTRODUCTION 

Recycling is of particular interest for thermoplastic polymers. Thermoplastic 

materials, contrary to thermosets, can be remelted or reshaped several times, which 

gives various possibilities to manufacture a new product from reused material. 

Thermoplastics also offer many advantages over traditional materials, including low 

energy for manufacture and ability to be formed into complex shapes easily. 

One of the most extensively used thermoplastics by the automotive industry is 

polypropylene (PP). This polymer is used for a large number of applications as it is 

cheap, can be reprocessed several times, and has low environmental impact. 

Polypropylene is also one of the most versatile polymers available used in 

engineering applications in virtually all end-use markets. Polypropylene is used as 

a matrix in many fibre composites where a high production rate is important, making 

thermoplastics the preferable choice.  

It is well known that the fibre/PP interface properties are often the weakest link in the 

composite performance.  Several modifications, including the addition of maleic 

anhydride grafted polypropylene (MAPP), is often used [1–11]. In order to ensure 

a good interfacial adhesion and stress transfer across the interface, chemical or 

physical interactions between the matrix and the fibre need to be formed. The 

potential for a physical or chemical interaction is limited in polyolefins such as PP 

[12]. To overcome this, chemically reactive groups can be grafted onto the non-polar 

polymer where grafted PP migrates to the fibre surface forming chemical bonds 

during processing [12]. MAPP improves the interface bonding between the fibre and 

polymer matrix by two simultaneous reactions. Firstly, the long molecular chain is 

responsible for chain entanglements and co-crystallisation with the non-polar PP 

matrix. These entanglements provide mechanical integrity to the host material. 

Secondly, the anhydride groups chemically interact with the functional groups on the 

fibre surface [1]. The presence of MAPP has been found to improve the interface 

[1, 2, 4, 13] and increase the stiffness and strength of the composite. 
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A limiting feature of PP and PP based composites is their inelastic behaviour with 

loading rate effects on stiffness and strength. In addition to these basic properties the 

long term behaviour in terms of creep and development of irreversible strains limits 

the range of applications.  

Since the composite properties on a macro-scale are determined by the properties of 

the constituents and the interaction between them (interface), a deeper knowledge of 

the PP time dependent behaviour and the development of an adequate material model 

are of primary interest. It was previously demonstrated [14] that the time dependent 

behaviour of PP has a viscoelastic nature and linear viscoelasticity was used to 

develop a material model in the low and medium-high load region [14]. According to 

the authors’ knowledge, the effect of MAPP on the time dependent behaviour has not 

been thoroughly investigated. 

The objectives of the presented paper are: 

a) to analyse the inelastic time dependent stress-strain behaviour of the recycled 

PP (rPP) by decomposition of the total strain in viscoelastic and viscoplastic 

parts by using Schapery’s model for nonlinear viscoelasticity [15], 

b) to investigate the source of inelastic behaviour of the material, 

c) to analyse the effect on the time dependent behaviour of the MAPP modified 

rPP (rPP+MAPP).  

 
 

2. MECHANICAL PROPERTIES OF THE RECYCLED 

POLYPROPYLENE 

2.1. Material 

PURE® process scrap polypropylene was supplied by Lankhorst Indutech bv, The 

Netherlands [16], in the form of tape wound onto bobbins. The mechanical and 

thermal properties of the reprocessed PURE® scrap were characterised earlier by 

Szpieg et al. [17]. 
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In this study, the PP scrap was compounded with maleic anhydride grafted 

polypropylene (MAPP) coupling agents [18] in order to improve the interfacial 

adhesion with the recycled carbon fibres [13]. The practical interest in these materials 

is related to an ongoing project where recycled carbon fibre mats and rPP are 

combined to make a new composite material [13, 19]. 

The compounding process was performed using a laboratory scale extruder, 

Brabender® AEV 651. 35 g of rPP (the maximum possible amount of material in the 

extruder) was blended with 10 % by weight of MAPP. The mixing was performed 

during seven minutes at a temperature of 200 °C, and the rotating speed of the screws 

was 80 rpm. Seven minutes for the mixing time was chosen, as it mimics a typical 

extrusion time for polypropylene using an industrial scale extruder [17]. Two 

different materials were used in this investigation, rPP with 0 and 10 % addition of 

MAPP, respectively. All tests were performed at approximately 21 oC temperature 

and a relative humidity of about 20 %. Rectangular shaped specimens with the 

dimensions of 150x20x2 mm were used and the distance between the grips in the 

tensile tests was 100 mm. 

 

2.2. Elastic modulus 

The elastic modulus was evaluated in a quasi-static tensile test using a displacement 

rate of 5 mm/min. The elastic modulus was defined in the low strain region, assuming 

that the relation in this region is linear.  Usually, the relationship is not entirely linear 

and therefore the elastic modulus needs to be determined in the same strain region for 

all samples (or stress region in case considerable irreversible strains develop during 

the test program). In this study, the elastic modulus was determined by analysing data 

in a loading-unloading cycle using a maximum strain value of approximately 0.2 %. 

The Young’s modulus was calculated between 0.05 and 0.15 % strain. Even in this 

low strain region with a test duration shorter than 1 min, the loading and unloading 

curves had slightly different slopes. Consequently, three elastic modulus definitions 

are possible: the loading, unloading and the average modulus. The loading modulus 
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for 25 specimens of rPP and 25 specimens of rPP+MAPP was determined and the 

results are presented in Table 1. No difference between the rPP and the rPP+MAPP 

values were observed. The results were used to select “representative” specimens for 

the test programme. 

Table 1. Elastic modulus of the rPP and the rPP+MAPP. 

Property Displacement rate 
(mm/min) 

 

Sample 

rPP rPP+MAPP 

Elastic modulus (GPa) 5 1.68 (± 0.15) 1.67(± 0.15) 

 

2.3. Strain rate effect 

The stress-strain response was obtained using two nominal displacement rates, 5 and  

0.05 mm/min. However, real displacement rates in the measurement region (as 

checked with the extensometer) were sometimes 20 % lower when compared to the 

nominal. This difference can be attributed to a local yielding, close to the region of 

the clamping.  

 

Figure 1. Stress–strain curves for the rPP and the rPP+MAPP at two different 

crosshead speed rates: 5 mm/min and 0.05 mm/min. 
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For “fast” loading using a cross-head speed of 5 mm/min, two rPP specimens and two 

rPP+MAPP specimens were tested. The stress-strain curves in Fig. 1 are almost 

coinciding. Similar stress-strain curves at the speed 0.05 mm/min for one rPP 

specimen and two rPP+MAPP specimens are shown in Fig. 1. The difference 

between those specimens is almost undistinguishable, however, the stresses are 

significantly lower than for the high speed loading curves. The dotted line in Fig. 1 is 

the predicted linear response based on the measured initial slope. The demonstrated 

loading rate dependency requires that viscoelastic effect has to be considered in the 

material model for both the rPP and the rPP+MAPP materials.  

None of the samples tested using this experimental procedure failed. This was mainly 

due to the material’s ductility. As presented in Fig. 1, in the case of 0.05 mm/min, the 

test was stopped at 4 % of strain, as the loading rate was too low, and along with the 

creep (occurring because of the load presence), the load did not increase. For this 

reason, the effect of loading rate was studied by comparing the stress values at 2.5 % 

of strain and not the maximum stress. The results are presented in Table 2.  

 
Table 2. Basic mechanical properties of the rPP and the rPP+MAPP.  

 
Property 

Cross-
head speed 
(mm/min) 

  
rPP 

 
rPP+MAPP 

    Sample 1 Sample 2 Sample 1 Sample 2 

Elastic 
modulus (GPa) 

0.05 1.50 - 1.59 1.68 

5 1.79 1.88 1.80 1.73 
Stress at 2.5% 
strain (MPa) 

0.05 17.14 - 17.17 17.36 

5 22.11 21.82 22.10 21.88 

Strength (max. 
stress, MPa) 

5 30.11 29.8 29.89 29.91 
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3. HIGH LOAD EFFECT ON ELASTIC MODULUS 

The elastic modulus may depend on the previously applied maximum stress. This 

statement is valid under the assumption that damage development is an elastic time 

independent process, i.e. damage develops in the same way as it would in the case of 

a different loading rate. In practice, the high load application would be the maximum 

strain/stress level experienced during service until the current time instant. Quantified 

modulus degradation may be used to estimate the amount of microdamage 

accumulated during the loading history.  

The loading ramp used in the tests is illustrated in Fig. 2. The displacement rate was 

5 mm/min. The experimental procedure consisted of several blocks, each containing 

the following steps:  

• loading  to 0.15 % strain followed by unloading for measuring of the elastic 

modulus,  

• waiting at “almost zero” stress (holding a constant load at approximately  

2 N) for decay of all viscoelastic effects,  

• loading to a higher stress level and unloading to “almost zero” stress as 

described previously,  

• waiting at “almost zero” stress for decay of all viscoelastic effects during 

a time period of 10 times the duration of the applied stress (loading time + 

unloading time), 

• elastic modulus determination by applying 0.15 % strain in addition to the 

residual value of the previous loading step (this is important if irreversible 

strains develop during the test).  

For this case study, the modulus was determined as the average slope calculated from 

the loading and unloading steps. In this way, the elastic modulus dependence on the 

applied stress was obtained. The successively applied stress levels were 10, 15, 20, 25 

and 27 MPa.  
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Figure 2. Loading ramp in the stiffness reduction test. 

 
Figure 3 presents the elastic modulus dependence on the applied stress for the rPP 

and the rPP+MAPP respectively. There was no statistically confirmed modulus 

change for the rPP, the variation was about 2 %. For one of the specimen (specimen 

“rPP 7” in Fig. 3 a))  there was even a small increase of the modulus, which  may be 

attributed to strain hardening phenomena [20]. However, it is not clear why this 

would happen only for some specimen. 

 

 

 
Figure 3. Elastic modulus dependence on stress for: a) rPP; b) rPP+MAPP. 
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Figure 3 b) exhibits similar features for MAPP modified rPP, while in this case, the 

modulus variation was approximately 4 %. From the results it can be concluded that 

there is no reason to include a damage dependent stiffness in the material model. 

 
 

4. MATERIAL MODEL  

A typical assumption when developing material models for materials exhibiting 

inelastic behaviour is that the main phenomena are viscoelasticity and viscoplasticity 

and that they may be decoupled. When appropriate, a damage related function 

d (σmax) with a physical meaning of damage-reduced elastic compliance can be 

introduced as a multiplying constant [21]. As shown in section 3, both rPP materials 

had negligible stiffness degradation and therefore the function d (σmax) will not be 

used. 

The basic assumption of the material model is that strain decomposition is possible, 

the viscoelastic strain response can be separated from any viscoplastic response 

 ( ) ( ) ( ).,,, ttt VPVE σεσεσε +=  (1) 

The viscoelastic behaviour is described by using the theory of nonlinear viscoelastic 

materials developed by Lou and Schapery [22] and Schapery [15]. The test results 

presented below are for uniaxial loading cases.  In this case, the viscoelastic model 

contains three stress dependent functions, which characterise the nonlinearity  
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where ε0 represents the elastic strain, which may be a nonlinear function of stress. 

∆S(ψ) is the transient component of the linear viscoelastic creep compliance written 

in the form of Prony series 

 ( ) ,exp1∑ 

















−−=∆

i i
iCS

τ
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where Ci are constants and τi are called retardation times, g1 and g2 are stress 

dependent material properties and aσ is the shift factor, which in fixed conditions is 

a function of stress only. If there is a linear region, then, g1=g2=aσ=1 and Eq. (2) 

turns into the strain-stress relationship for linear viscoelastic nonlinear viscoplastic 

materials. The set of experiments needed to determine the stress dependent functions 

in the material model are described in this paper.  

 
 

5. VISCOPLASTIC STRAINS 

5.1. Model 

Zapas and Crissman, 1984, [23] introduced a functional to describe viscoplastic strain 

(VP-strain) development in composites  
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It has been previously successfully used by Nordin and Varna [24], Marklund et al. 

[25], Marklund et al. [21], and Sparnins et al. [26]. In this model CVP, M and m are 

stress independent constants to be determined, τ=t/t* where t* is a characteristic time 

constant for example, 3600 seconds if the time interval of interest is about 1 h. 

Actually, t* is introduced to have dimensionless expressions with respect to time. 

There are no guarantees that this expression will be valid for a given particular 
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material. The validity has to be checked in tests and if valid, the constants in Eq. (5) 

have to be determined. 

Creep test with following strain recovery can be used for validation. In a creep test at 

a fixed stress, σ(t)=σ0, and the integration in Eq. (5) becomes simple. The VP-strain 

accumulated during the time interval t∈[0;t1] should be  
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= σσε  (6) 

Equation (6) can also be presented in the following form 
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Thus, according to Eq. (6) the VP-strain in a creep test is a power function of the 

length of the creep test and a power function of the stress level. If the creep test is 

performed for a longer time interval, t1+t2, the same rule applies and the accumulated 

viscoplastic strain will be 
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According to Eq.(5), an interruption of the constant stress tests for an arbitrary time 

interval ta (for example, during strain recovery) has no effect on the VP-strain 

development. Since stress during the unloaded state is zero, only the total time of 

loading is of importance. Then the sum of two VP-strains corresponding to two tests 

of length t1 and t2 will be equal to the VP-strain that would develop in one creep 

experiment with the length t1+t2 at the same stress. As a consequence, instead of 

testing at a stress σ0 for the time t1+t2 continuously, one could perform the testing in 

two steps: 1) creep at stress σ0 for time t1, unloading the specimen and measuring the 

permanent strain 1VPε  developed during this step. During the creep test viscoelastic 
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strains are also developing simultaneously with VP-strains. Therefore, the VP- strains 

cannot be directly measured after the load removal. It has to be done after the 

recovery of viscoelastic strains; 2) the stress σ0 is applied again for time t2 and after 

strain recovery, the new VP-strain 2
VPε developed during the second test of length t2 is 

measured. The total VP-strain after these two creep tests is found by adding the two 

VP-strains, 1
VPε  and 2

VPε . From the above discussion, it follows that the time 

dependence of VP-strains at a fixed stress level can be determined by performing 

a sequence of creep-strain recovery tests on the same specimen. Several creep tests 

with different time durations are performed and the developed VP-strains are added 

and presented as a function of the total creep time.  The constant m in Eq. (7) is 

determined as the best fit by a power function to the test data. As seen in Eqs. (6) and 

(7), the stress dependence of VP-strains in creep tests also has to obey a power law. 

By performing creep tests at a fixed time duration σt  at several stress levels σ  on 

specimens without any previous loading history and measuring the VP-strains after 

strain recovery, it is possible to plot the VP-strain εVP(tσ) versus stress. These data 

have to be fitted to a theoretical relationship for this loading case 

 ( ) .
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VPVP
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t
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= σσσε  (9) 

From the fitting procedure, M and CVP are obtained. The procedure is basically the 

same if A(σ) in Eq. (7) is first obtained for each stress level, fitting the time 

dependence of VP-strain, and then the A(σ) data are fitted using a power function. 

 

5.2. Experimental procedure and VP data reduction 

The test programme to identify the time dependence and stress dependence of 

viscoplastic (irreversible) strains is based on the discussion in section 5.1. In the 

present work, an INSTRON testing machine with a 10 kN load cell in load controlled 
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mode was used measuring strains in the loading direction (axial direction) using an 

extensometer and measuring transverse strains using a strain gauge. 

To identify the time dependence of the VP-strains, a sequence of steps was selected at 

a fixed level of stress, each consisting of creep and strain recovery. The test sequence 

performed on the same specimen is schematically shown in Fig. 4. 

 

 

 
Figure 4. Sequence of creep and recovery steps. 

 
As the VP-strain rate often decreases with time, the length of the creep loading time tk 

in each of the following test can be increased (proportionally also increasing the 

strain recovery time). The time scale depends on the time region to be covered. Creep 

tests of durations t1=3, t2=10, t3=20 and t4=30 min were used. The strain recovery 

time after the load application step was 8 times the length of the loading step. The 

whole creep – recovery curve was recorded (see Fig. 5) for axial strain and transverse 

strain development at 20 MPa for the rPP specimen. However, for viscoplasticity 

analysis, only the final recovery strain value is of importance. The developed 

VP-strain is defined as the remaining strain at the end of the strain recovery. As 

explained in section 5.1 according to the model, the VP-strains do not develop during 
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the strain recovery part (zero applied load) and, when the same load is applied again 

in the next step, the viscoplastic process continues without any effect from the test 

interruption time interval.  

According to Eq. (5), the exponent m has to be independent on the stress level used in 

the creep test, which has to be proved experimentally.  

 

 

 
Figure 5. Axial and transverse VP-strain development in a creep tests.  

Transverse strains are shown as positive. 

 
In the example shown in Fig. 5, four data points for the specimen were obtained from 

this test to establish the VP-strain dependence on time for the used stress level. This 

experiment has to be performed for several stress levels (using other specimens) to 

make sure that the shape of the time dependence is not changing and if it is, to find 

how much the parameters depend on the stress level.  

Often, the VP-strain developed during the first loading step is larger than the 

VP-strain created during the following step. It can be seen in Fig. 5 that even if the 3rd 

loading step is two times longer than the 2nd, the additional VP-strain during the 3rd 

step is not larger. For materials with decreasing rate of VP-strain development, this 
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feature can be used to “condition” specimens before viscoelastic analysis: several 

high stress creep steps are performed until the VP-strain increase slows down. Then 

the same specimen can be used in a viscoelasticity test, preferably at a lower stress 

than during conditioning. It is then expected that the viscoplastic part during the test 

will be negligible. Certainly, one has to be very careful with the conditioning 

procedure to make sure that damage is not introduced and that the stiffness is not 

degraded. 

 

 

 
Figure 6. VP-strain development with time in the rPP and the rPP+MAPP specimens 

during creep tests at several stress levels: a) axial VP-strain; b) transverse VP-strain. 

 
The VP-strain evolution in the rPP and the rPP+MAPP specimens at 15 MPa and 

20 MPa (one specimen for each case) are shown in Figures 6 a) and 6 b). Fitting by 

a power function (see Eq. (7)) for each individual specimen (solid lines in Figs. 6 a) 

and 6 b)) is satisfactory. VP-strains at 15 MPa are much lower than at 20 MPa. The 

best fit for the m values for the same material are slightly different at different stress 

levels, which contradicts the assumed law (Eq. (7)), where m is stress independent. 

However, the stress effect on m is not systematic and rather reflects a variation 

between specimens than real trends. In order to obtain an optimal fit with a stress 

independent m value, the data points in Fig. 6 a) were presented in logarithmic axes 

as shown in Figs. 7 a) and 7 b) for two specimens of the recycled polypropylene, rPP 

24 and rPP 25, at 15 and 20 MPa respectively. According to Eq. (7) the data in 
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log-log axes should have linear dependence, which is confirmed by Figs. 7 a) and 

7 b). According to Eq. (7) m is the slope of the linear dependence and A is the vertical 

shift of the line.  

 

 

 
Figure 7. VP-strains as a function of time in log-log axes. Recycled PP specimens at: 

a) 15 MPa, b) 20 MPa. Fit using m=0.51, t*=3600 s. 

 
The value of m=0.51 was selected to be the one that satisfied the general trend at both 

15 and 20 MPa. Then, the value of A was selected as the best fit for each of the stress 

levels. The solid lines in Figure 7 represent the result of the fitting procedure. More 

data points for A were obtained from a one step VP creep tests (40 min) at the stress 

levels 12 MPa and 17 MPa using the established time dependence with m=0.51. The 

A values were calculated from Eq. (7) using the experimental value of εVP. The 

obtained A dependence on the stress level for the rPP material is shown in Fig. 8 a). 

The scatter is rather large but still, the trend of a nonlinear increase is clear. 

According to Eq. (7), it can be fitted using a power function. The fit is shown in 

Fig. 8 a) as the solid line. From the fitting equation in Fig. 8 a), the parameters in the 

VP-law can be determined as CVP=1.08·10-6 and M=8.53. It has to be noted that these 

values are quite sensitive with respect to the VP-strain data at low stress, which are 

not very accurate.  
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Interestingly enough for the rPP+MAPP specimens, the time dependence of VP-

strains could also be described by the same exponent m=0.51 independently on the 

used stress level. This is not especially surprising since the stress-strain curves of 

both the rPP and the rPP+MAPP polymers are very similar (see Fig. 1). Therefore, it 

was decided that the VP test data for both polymers could be considered as one 

material, thus improving the statistical description. The data from this exercise 

together with the fitting curve and the corresponding equation are shown in Fig. 8 b). 

The fitting was good and the obtained exponent was similar to the one obtained in 

Fig. 8 a). 

 

 

 
Figure 8. Stress dependence of VP-strain presented in terms of A (Eq.(7)):  

a) for the rPP, b) considering the rPP and the rPP+MAPP as one material. 

 
From these data it was concluded that the average parameters in the VP-strain law 

given by Eq. (5) (or by Eq. (6) in the particular case of creep loading) become 

m=0.51 CVP=6.78·10-8     M=10.37.  (10) 

As shown in Fig. 5, complementary to the VP-strain development in the loading 

(axial) direction, negative VP-strains grow in the transverse direction. According to 

Fig. 6 b), the transverse VP-strain growth with time also follows a power law, but the 

exponent is different than in the axial direction. In Fig. 9 the axial VP-strain and the 
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transverse VP strain for a given specimen at a given creep stress are plotted at four 

different instants of time.  

 

 
Figure 9. Transverse and axial VP-strain ratio development with time. 

 
The relationship for each specimen is very linear and a parameter like viscoplastic 

Poisson’s ratio can be introduced. The value of this ratio varies between specimens 

much more than for the elastic Poisson’s ratio. It seems that the ratio depends on the 

stress level and decreases with increasing stress. Unfortunately, the trend lines of the 

linear relationships, do not cross the origin of the coordinates and show a nonzero 

transverse VP-strain at a zero axial VP-strain, which seems to be unrealistic. 

Theoretically speaking, since time dependence of all VP-strain components follow 

a power law, the axial and transverse VP-strains should also be linked by a power law 

with a stress dependent scale parameter. Nevertheless, the linearity could be used as 

a first approximation in applications. However, due to limited number of obtained 

data it is difficult to estimate the generality of these trends. No distinct differences 

between the rPP and rPP+MAPP were observed. 
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6. VISCOELASTICITY CHARACTERISATION IN CREEP AND 

STRAIN RECOVERY TEST 

In the creep test, the stress was applied at t=0 and kept constant up to a certain time t1 

when the stress was removed and the strain recovery period began according to 

σ=σ[H(t)-H(t-t1)], where H(t) is the Heaviside step function.  

The material model (see Equations (2)-(4)) may therefore be applied separately to the 

creep interval t∈[0,t1] and to the strain recovery in the following creep test at t>t1.The 

equations for creep strain εcreep and recovery strain εrec [21, 26] are written as 
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Equations (11) and (12) are used to fit the experimental creep and strain recovery 

data. The constants Ci i=1,….I, (stress independent) and ε0, aσ, g1 and g2 (stress 

dependent) are evaluated by fitting. The retardation times τi in the Prony series were 

chosen arbitrary, but the largest τi should be at least a decade larger than the length of 

the conducted creep test. A good approximation to the experimental data may be 

achieved if the retardation times are spread more or less uniformly over the 

logarithmic time scale, typically with a factor of about ten between them. 

Optimisation of the τi selection can be made by comparing the accuracy of the 

obtained fit for different selections using the least square method. Even if it is not 

a necessary condition, the additional requirement Ci>0 usually leads to an improved 

fitting of test results. 

The stress and time dependent VP-strains entered in Eqs. (11) and (12). The term 

εVP(σ,t1) is the VP-strain developed during the current creep test and comes directly 

from the test as the last data point at the end of the strain recovery.  However, in the 

creep strain expression (Eq. (11)) the time dependence of the VP-strain during this 



D20  M. Szpieg, K. Giannadakis, J. Varna 
 
 
test is required. Generally speaking, if the viscoplasticity is understood, described by 

equations, and the previous loading history for the given specimen is known, the time 

dependent viscoplastic strain during the current creep test can be calculated and 

subtracted from the measured strains to have the pure viscoelastic response to 

analyse. Eqs. (13) and (14) given below are for a particular case when the analysed 

test is the first loading of the specimen. The VP-strain after a creep test of length t1 is 

given by Eq. (6). In any arbitrary time instant t, the VP-strain can be written as 

 ( ) .,
*00

m
Mm

VPVP
t

t
Ct 







= σσε  (13) 

From Eqs. (13) and (6), a convenient form for subtraction can be obtained by using 

 ( ) ( ) .,,
1

00

m

VPVP t

t
tt 








= σεσε  (14) 

The steps using creep and strain recovery data to determine the coefficients Ci, τi, aσ, 

g1, g2 and also the elastic term ε0 are summarised below.  

1. VP-strain (if present) is subtracted from creep strain.  

2. Creep and strain recovery data in the low stress region (an expected linear 

response) where g1=g2=aσ=1 are used to determine Ci by fitting simultaneously 

the reduced creep and strain recovery data (method of least squares (LSQ)) using 

Eqs. (11) and (12). Retardation times τi are selected rather arbitrary and adjusted 

to ensure a positive Ci (see Table 3). This procedure is performed separately for 

each specimen and the Ci values are averaged to obtain an average linear 

viscoelastic response. 

3. Data at higher stress where viscoelasticity may be nonlinear are fitted by 

Eqs. (11) and (12) by using the previously obtained Ci and τi values. The initial 

value of aσ is selected and then increased using a selected step. For each value, 

the method of LSQ is used to find the best g1, g2 and ε0. For each set of aσ, g1, g2 
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and ε0 the misfit function (sum of the squares of the deviations with test data) is 

calculated. The set of aσ, g1, g2 that gives the minimum of the misfit function is 

considered to be the correct set. 

4. The procedure described in point 3 have to be repeated for all available stress 

levels to obtain the stress dependence of aσ, g1, g2 and ε0. 

Creep curves at low stresses are presented in Figs. 10 a) and 10 b). As typical for 

polypropylene [14] there is a large variation between different specimens taken from 

the same plate. However, no systematic difference was observed between the rPP and 

the rPP+MAPP specimens. The linear viscoelastic model (see Figs. 10 a) and 10 b)) 

using averaged parameters for the individual specimens at stresses 5 and 8 MPa gives 

a good description of the creep test. However, the strain recovery is better described 

for the creep test performed at 5 MPa than for 8 MPa. The creep test at 8 MPa 

experiences a very fast strain recovery for the used test specimens. Since the rate of 

recovery was significantly higher than the creep rate, the experimental behaviour for 

this case has to be considered as an anomaly. The simulated strain of recovery 

approaches to zero at a much slower rate. 

 

 

 
Figure 10. Creep curves for the rPP and rPP+MAPP specimens at: a) 5 MPa, 

b) at 8 MPa. 

 
Permanent (viscoplastic) strains after the strain recovery were observed for some 

specimens even at low stresses. They were much larger in the high stress creep tests. 
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In order to obtain pure viscoelastic response, VP-strains were subtracted from the 

data using Eq. (14). Viscoelastic compliances were obtained by dividing the creep 

strain data by the stress level. The results are presented in Figs. 11 a) and b). 

Creep compliances at stresses between 5 and 8 MPa do not depend on the stress level. 

The different curves in Figs. 11 a) and 11 b) have no correlation with the stress level, 

the difference reflects the variability of the material. At 12 MPa, the compliance 

starts to increase. It is better seen in the rPP specimens without MAPP. Compliances 

at 17 and 20 MPa were much larger and the nonlinear viscoelastic behaviour was 

obvious. It was concluded to consider the rPP and the rPP+MAPP as the same 

material and to use all the data to identify the nonlinear viscoelastic functions. This 

conclusion is consistent with the almost identical macro-behaviour shown in Fig. 1. 

 

 

 
Figure 11. Creep compliance dependence on stress in: a) rPP, b) rPP+MAPP. 

 
In the next step, the 5 to 8 MPa region was defined as the linearity region and all 

creep and strain recovery data treated as described above. The τ values were selected 

to cover the time region of interest and to guarantee that all C values were positive. 

The values of C and ε0 were determined for each specimen separately. Then, the 

average values were calculated making no distinction between the rPP and 

rPP+MAPP. The τ and average C values are presented in Table 3. The numerical 

values of stress dependent parameters obtained for each specimen as described above 
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are presented in Table 4. Since no difference between the rPP and the rPP+MAPP 

was noticed, all data are considered together. 

 
Table 3. Linear viscoelastic parameters. 

τ (s) 10 200 700 15000 

C(%/MPa) 0.005784 0.007145 0.005402 0.056204 

 

Table 4. Nonlinear viscoelastic parameters. 

Specimen Stress 
(MPa) 

aσ
 g1

 g2
 

ε0
 

rPP+MAPP 25 12 4.2 1.0892 1.8395 0.6233 

rPP+MAPP 17 12 6.3 1.0316 2.5356 0.7093 

rPP+MAPP 13 17 7.1 0.9247 5.3499 1.3681 

rPP+MAPP 19 20 38.9 0.3485 26.768 2.1696 

rPP 19 12 5.4 1.4667 2.0888 0.85191 

rPP 23 17 10.4 0.84937 6.7513 1.3824 

rPP 5 20 44.4 0.30988 31.969 2.3796 

 

The elastic strain response is illustrated in Fig.12 a). Since it becomes nonlinear for 

stresses larger than 8 MPa, the strain-stress relationship in different regions is given 

by different equations 

 

ε0=0.054σ   for stress < 8MPa 
(15) 

ε0=0.054σ+0.005(σ-8)2.1 for stress > 8 MPa   
 

In Eq. (15), the stress is in MPa and the strain is in %. The data points in the linear 

region are presented in Figure 12 a). 
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Figure 12. The stress dependence of the parameters: a) nonlinear elastic strain ε0, 

b) reduced time parameter aσ, c) g1, as a function of applied stress, d) g2 as a function 

of applied stress. 

 
The stress dependence of the viscoelasticity parameters aσ, g1, g2 are shown in  

Figures 12 b)–d) together with the fitting equations. The deviation from the values 

obtained at low stresses is very large. This completes the model identification, see 

Eqs. (2)–(4).  

In section 5, a quantitative description of parameters in the VP model was obtained, 

and in section 6 all the nonlinear stress dependent functions for viscoelasticity were 

defined. 

These models were used to simulate the rPP strain response at a constant stress rate 

test. Tests were performed using a stress rate of 0.5 MPa/min until the specimen 
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failed. The length of the tests was approximately one hour. The predicted stress-strain 

curve is presented in Fig. 13 together with the experimental curves obtained using 

two rPP specimens. The agreement is very good until approximately a stress level of 

27 MPa, which is very close to the rupture stress. The final stage was not predicted 

well by this model as the strains were rapidly increasing and did not follow the laws 

identified at lower stress levels. For example, the creep does not develop according to 

the exponential parameter m=0.51 in the later part of the test, but much faster as 

typical in the secondary creep region. However, these details are out of the scope of 

this investigation. 

 

 

 
Figure 13. Experimental and predicted constant stress rate loading curves at a stress 

rate of 0.5 MPa/min.  
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Figure 14. Decomposition of the simulated strain in nonlinear elastic, nonlinear 

viscoelastic and viscoplastic components. 

 
Figure 14 shows the significance of the different components in the material model. 

At low stresses and time, the response is mostly linear elastic. At the final stress used 

in the simulation (30 MPa) the situation becomes different: a) the nonlinear elastic 

response constitutes about 50 % of the total strain; b) the nonlinear viscoelastic 

solution (elastic plus the time dependent term) covers approximately 85 % of the 

strain; c) the plasticity is about 15 % of the total strain. 

 
 

7. CONCLUSIONS 

Experimental studies of recycled polypropylene (rPP) and rPP with 10 % of maleic 

anhydride-grafted polypropylene (rPP+MAPP) were performed to compare the 

inelastic mechanical behaviour to explain the inelastic stress-strain response and to 

develop a material model. 

It was found that 
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a) the stress-strain curves of the rPP and the rPP+MAPP were almost coinciding, 

the viscoplasticity and nonlinear viscoelasticity followed the same laws; 

b) the elastic modulus was not influenced by a high stress loading. Damage has 

not been included in the material model; 

c) the viscoplasticity became an issue at stresses higher than 12 MPa and in the 

creep test it followed a power law with respect to time and the stress level. 

The parameters of the viscoplastic model were identified; 

d) the viscoelastic strain became nonlinear for stresses higher than 8 MPa. The 

stress dependent parameters in the nonlinear viscoelastic model were 

determined; 

e) the predictive capability of the model was demonstrated in a constant stress 

rate tensile tests. 
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ABSTRACT 

The effect of maleic anhydride grafted polypropylene (MAPP) coupling agents on 

properties of a new composite made of recycled carbon fibres and recycled 

polypropylene (rCF/(rPP+MAPP)) was studied experimentally. This new material 

presented significantly improved properties compared to the previous generation, 

which had no addition of MAPP [1]. This was mostly attributed to improvement of 

the fibre/matrix interface. The inelastic and time dependent behaviour of the MAPP 

modified composite material in tension was analysed. A series of quasi-static tensile 

and creep tests were performed to identify the material model, which accounts for: 

a) damage related stiffness reduction, b) development of stress and time dependent 

irreversible strains described as viscoplasticity and c) nonlinear viscoelastic 

behaviour. The damage related stiffness reduction was found to be less than 10 %. 

Although damage dependent stiffness was not the main source of non-linearity, it was 

included in the inelastic material model. In creep tests, it was found that the time and 

stress dependence of viscoplastic strains follows a power law, which makes the 
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determination of the parameters in the viscoplasticity model relatively simple. The 

viscoelastic response of the composite was found to be linear in the investigated 

stress domain. The material model was validated in constant stress rate tensile tests. 

 

Keywords: Polymer-matrix composites (PMCs), Mechanical properties, Recycling 

 
 

1. INTRODUCTION 

Recycling is becoming more and more important in composites production. New 

legislation polices, increasing environmental awareness and threat of shortage of raw 

materials, in combination with the ever increasing use of carbon fibre composites, 

force society to recycle these materials. Carbon fibres, even when trapped in 

composites, are valuable products worth to be recovered. The energy needed to 

produce pristine carbon fibres is very high, 286 MJ/kg [2]. The high stiffness and 

strength and low density of recovered carbon fibres allow them to be re-used in new 

engineering materials for use in lightweight components [3–5]. With carbon fibre 

composites, recycling technologies involving burning or chemical decomposition of 

the polymer matrix have been developed [3, 6–8] in order to process carbon fibre 

reinforced polymer (CFRP) composite waste.  

There are several methods to produce composites using recovered carbon fibres. 

Injection moulding (IM) and bulk moulding compound (BMC) [9] are two direct 

methods of remoulding recovered carbon fibres into recycled composite materials. In 

the IM process, material is fed into a heated barrel, mixed, and forced into a mould 

cavity where it cools and hardens to the configuration of the mould cavity. BMC is 

a combination of chopped short fibres and resin in the form of a bulk pre-preg. BMC 

is suitable for either compression or injection moulding. Wong et. al. [10] 

manufactured a polypropylene composite reinforced with recycled carbon fibres 

(rCF) using injection moulding. By this process fibres aligned in one direction, which 

resulted in high stiffness in the main fibre direction. Turner et. al. [11] developed a 
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moulding compound process, involving both sheet moulding compound (SMC) and 

BMC. The formulation of the BMC was tuned to overcome the poor flow properties 

of the resin and the entangled form of the fibres. 

Another method to manufacture composite materials with longer fibres, using 

recovered carbon fibres is to produce the intermediate dry 2D or 3D non-woven pre-

forms [3]. The 2D or 3D non-woven dry products are then either compression 

moulded with resin layers [12, 13] or re-impregnated through a liquid resin process 

[14]. In [12], a rCF SMC was manufactured using an intermediate mat material. Mats 

made of carbon fibres recovered using a fluidised bed process were manufactured 

employing a paper-making process and interleaved with epoxy resin film. In [13], 

fibres recovered via a pyrolysis process and converted into a randomly oriented mat 

were employed to manufacture a composite material through a resin film infusion 

process in a matched die tool. This composite was characterised in terms of its 

microstructure and mechanical performance in [4]. Janney et al. [14] introduced the 

Three Dimensional Engineered Preform (3-DEP) process for making highly uniform, 

complex geometry, net shape, chopped fibre pre-forms for polymer matrix 

composites. This process was developed for virgin fibres by Materials Innovation 

Technologies LLC [15] and employed by Janney et al. [14] to make pre-forms for 

high quality composite parts using recycled carbon fibre. 

Fibre alignment is a crucial part to improve the mechanical performance of composite 

materials manufactured using rCF. A study by Jiang et al. [16] demonstrated 

a method to convert fluffy recycled carbon fibres into a controlled form. 

A hydrodynamic centrifugal method was employed to produce mats with high degree 

of fibre alignment [16]. In the 3-DEP process developed by Janney et al. [17] 

recycled carbon fibres are aligned circumferentially in a cone by centrifugal forces.  

In the present work, a fully recycled rCF/rPP composite material was manufactured 

using press forming. In this process, the fibre mats and polymer films are stacked, 

preheated and press formed in a warm tool, see e.g. [9]. It is well known that the 

fibre/matrix interface properties are often the weakest point controlling performance 
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of a composite material [18]. In order to ensure good interfacial adhesion and load 

transfer across the interface in the rCF/rPP composite, a MAPP coupling agent has 

been added to the recycled PP matrix. MAPP improves the interface bonding between 

the fibre and polymer matrix by two mechanisms. Firstly, the long molecular chain is 

responsible for chain entanglements and co-crystallisation with the non-polar PP 

matrix. These entanglements provide mechanical integrity to the host material. 

Secondly, the anhydride groups chemically interact with the functional groups on the 

fibre surface [10]. The presence of MAPP has been found to improve the interface 

and increase the stiffness and strength of rCF/PP composites [10]. 

When a polymer composite material is mechanically loaded, its deformation may 

increase with time even if the load is constant due to their inherent viscoelastic 

nature. There are several methods available in the literature to characterise materials 

viscoelastic behaviour [19]. The most common approach is to perform a creep test 

using dead load application. The stress applied to the specimen is constant and strain 

is recorded as a function of time. The viscoelastic response may be either linear or 

nonlinear depending on stress level. For low stresses, the response is usually linear, 

while for higher stresses it is often found to be nonlinear. The development of 

viscoelastic strains has been expressed in a general nonlinear constitutive equation for 

uniaxial loading by Lou and Schapery [20], which is employed later in this paper. 

In addition to viscoelastic strains developing in a material due to mechanical loading 

also viscoplastic strains may occur. At unloading, after creep loading at high stress 

levels, often the strain does not fully recover. The development of viscoplastic strain 

is a function of both stress and time. If the specimen is loaded in creep many times 

(or for very long time) then the rate of viscoplastic strain development will eventually 

slow down and become negligible for that particular stress level as well aslower 

stresses. The specimen would then be “conditioned” and thus only pure viscoelastic 

creep strain would develop upon loading. The development of viscoplastic strains has 

been expressed via a nonlinear function presented by Zapas and Crissman [21] 

employed later in this paper.  
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Research on time dependent properties is needed by the increased use of polymeric 

composites for structural components, which require long term durability. Most of the 

papers in the literature report properties of rCFRP concerning only the main 

mechanical properties of the composite materials such as stiffness and strength  

[10–12, 16, 22]. However, loading curves of composites with short, randomly 

oriented fibres, which are considered in this paper, are usually nonlinear [1]. In the 

previous study [1], one reason for the nonlinearity was a very weak fibre/matrix 

interface, which led to poor mechanical performance of the composite material. As 

a result these thermoplastic matrix/short fibre composites experience a complex, time 

dependent stress-strain response with loading rate effects, hysteresis loops and 

development of permanent strain. The most common reasons for this response are 

micro-damage development, resulting in stiffness degradation, viscoplasticity, which 

may be related to submicrodamage, and nonlinear viscoelasticity of both constituents 

in the composite [23–25].  

The objective of this paper is to perform a thorough investigation of the inelastic 

behaviour of a recycled carbon fibre reinforced MAPP modified recycled 

polypropylene (rCF/(rPP+MAPP)) composite material. This new rCF/(rPP+MAPP) 

composite is introduced here as an improved version of the rCF/rPP material 

developed in [1]. The sources of the inelastic behaviour will be analysed by studying 

the output from the strain response for different load cases. The significance of the 

following phenomena will be ranked and included in an inelastic material model; 

a) reduced elastic modulus due to microdamage development at high stresses, 

b) viscoplastic (irreversible) strains development with time at high loads and 

c) viscoelastic composite material behaviour, which may be nonlinear with respect to 

stress. 
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2. THE INELASTIC MATERIAL MODEL 

In the development of the inelastic material model, it is assumed that the damage 

development, viscoelastic and viscoplastic responses may be decoupled. It should be 

pointed out that this assumption may be inaccurate, especially at high stresses. 

Separation of the micro-damage influenced by the viscoelastic and viscoplastic strain 

responses (which are also affected by damage) gives 

 ( ) ( ) ( ) ( ) ( ).,,, maxmax tdtdt VPVE σεσσεσσε +=  (1) 

Where, d(σmax) is the function describing the effect of microdamage, εVE and εVP are 

the viscoelastic and viscoplastic strains respectively, σ is the applied stress and t is 

the time. To describe the viscoelasticity, the general thermodynamically consistent 

theory of nonlinear viscoelastic materials developed by Lou and Schapery [20] and 

presented in more general form by Schapery [26] is used in this paper. In uniaxial 

loading considered in this paper, the viscoelastic model contains three stress 

invariant dependent functions, namely g1, g2 and aσ, which characterise the 

nonlinearity. If a region with linear viscoelastic behaviour exists, g1=g2=aσ=1. In 

addition, the function d(σmax) with values dependent on the maximum (most 

damaging) stress state experienced in service is incorporated to account for 

microdamage [25]. In monotonously increasing uniaxial loading, the “most 

damaging” is the current stress state. As demonstrated below (see Eq. (8)), the 

damage function represents the normalised elastic compliance of the composite, 

which is degrading due to experienced high stress/strain. Certainly the form of 

interaction between d and viscoplastic strain (VP-strain) εVP used in Eq. (1) can be 

debated. In [25] it was concluded from a limited number of empirical observations 

that the interaction as proposed in Eq. (1) fits the test results better than does 

a standalone term of εVP. Actually, it states that larger irreversible strains develop in 

a damaged composite than in an undamaged composite. It has to be noted that 
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microdamage itself without any viscoplasticity can introduce irreversible strains. The 

final form of the material model written for the one-dimensional case is 

 ( ) ( ) ( ) ( ) .,2

0
10max 













+′−∆+⋅= ∫ td

d

gd
Sgd VP

t

σετ
τ
σψψεσε  (2) 

In Eq. (2) integration is over “reduced time” introduced as 

 ∫
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In Eqs. (2) and (3), ε0 represents the elastic strain, which may be nonlinear with 

respect to stress. ∆S(ψ) is the transient component of the linear viscoelastic creep 

compliance, g1 and g2 are stress dependent material properties, aσ is the shift factor, 

which under fixed conditions is a function of stress only, and τ is representing 

a normalised integration time variable. These functions also depend on temperature 

and humidity. However, under fixed environmental conditions they are functions of 

stress only. It was shown by Schapery [26], that the viscoelastic creep compliance 

can be written in the form of Prony series, 

 ( ) ,exp1∑ 

















−−=∆

i i
iCS

τ
ψψ  (4) 

where Ci are stress independent constants and τi are constants, so-called, retardation 

times. Below descriptions of the decoupled damage development, viscoplastic and 

viscoelastic responses are presented. Strategies to obtain these are outlined as well.  

 

2.1. Damage development and stiffness degradation 

The physical meaning of the damage related function d(σmax) can be revealed by 

comparing the elastic strains (εel) in damaged and undamaged composite at a given 

low stress σ (i.e. linear regime) 
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 ( )maxσσε Eel =      .00 Eσε =   (5) 

In Eq. (5), E0 is the elastic modulus of the undamaged composite and E(σmax) is the 

elastic modulus after applying a load corresponding to a maximum stress σmax. 

Excluding stress from Eq. (5), the elastic strain is obtained as 

 ( )
.0

max

0 ε
σ

ε
E

E
el =  (6) 

From Eq. (1) the elastic response of the damaged material may be written as  

 ( ) .0max εσε del =  (7) 

Comparing with Eq. (6), d(σmax) is identified as 

 
( ) ( )

.
max

0
max σ

σ
E

E
d =  (8) 

Obviously d(σmax) has the physical meaning of normalised elastic compliance, which 

is the inverse to the normalised elastic modulus dependence on the highest 

experienced stress level.  

In this study, the elastic modulus dependence on the previously applied maximum 

strain/stress level is measured to evaluate the significance of the modulus degradation 

and the amount of microdamage accumulation. 

 

2.2. Viscoplastic strains  

The development of viscoplastic strains (VP-strain) in composites has been described 

by a functional developed by Zapas and Crissman [21]. This approach has been 

successfully used for modelling of natural fibre composites by Varna and co-workers 

[23–25]. Below, the model is presented in a slightly different form introducing 

normalised time τ=t/t* 
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Where CVP, M and m are constants to be determined, and t* is a characteristic time 

constant, e.g. t*=3600 seconds if the time interval of interest is 1 h. This normalised 

time is used in order to have a CVP expression independent on time in Eq. (9). 

A generalisation of Eq. (9) is possible, if necessary, by replacing σ(τ)M with a more 

general function f(σ(τ)). 

Assuming that Eq. (9) is valid for the analysed material, it is possible to design test 

procedures for determination of the parameters CVP, M and m. First, a sequence of 

creep tests at fixed stress, σ(t)=σ0 is conducted. In this case, the integration in Eq. (9) 

is analytical and the VP-strain accumulated during the time interval t∈[0;t1] becomes  
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which can also be presented in the form  
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ασ 0VPCA = ,    .mM ⋅=α  (12) 

If the creep test is performed for a time interval t1+t2, the accumulated VP-strain will 

be 
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According to Eq. (9), interruption of the constant stress test for an arbitrary time 

interval tr (for example, strain recovery) has no effect on the VP-strain development. 
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During strain recovery at any arbitrary point in time ta between t1/t

* and tr/t
* in 

Eq. (14), the stress is zero and only the total loading time (t1+t2) is of importance.  
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As a consequence, instead of testing at a stress σ0 for the time t1+t2 continuously, one 

could perform the testing in two steps: 1) creep at a stress σ0 for time t1, unloading the 

specimen and measuring the permanent strain 1
VPε  developed during this step. 

During the creep test, viscoelastic strains also develop simultaneously with  

VP-strains. Therefore, the VP-strains cannot be measured immediately after load 

removal. It has to be done after the recovery of viscoelastic strains; 2) the stress σ0 is 

applied again for time t2 and after strain recovery, the new VP-strain 2
VPε developed 

during the second test of length t2 is measured. The total VP-strain after these two 

creep tests is found by adding the two VP-strains  
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From the above discussion, it follows that the time dependence of VP-strain at a fixed 

stress level can be determined by performing a sequence of creep and strain recovery 

tests on the same specimen.  

The VP-strain time dependence in creep loading at the same stress level σ0 is given 

by Eq. (11). Hence, the test data should be fitted with a power function with respect 

to time. According to Eq. (9), the constant m determined as the best fit by a power 

function has to be independent on the stress level used in the creep test (it has to be 

proven experimentally). A(σ0) is also obtained in the fitting procedure. Following 

Eqs. (10) and (12), the stress dependence of VP-strains in creep tests (and 
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consequently A(σ0)) also has to obey a power law. Performing the above described 

sequences of creep tests at several stress levels, it is possible to plot A(σ0) versus 

stress and perform fitting using Eq. (12). In addition, constants M and CVP are 

determined. After that the VP-strain model, Eq. (9) can be applied to any arbitrary 

stress controlled loading ramp. 

The assumption that the creep test interruption does not affect the viscoplastic strain 

development has to be checked experimentally for the analysed material. In other 

words, the assumption and validation that viscoplastic strains are accumulative, is an 

important step in validation of the VP-strain model (Eq. (9)).  

 

2.3. Viscoelastic strains 

In a creep test, the stress is applied at t=0 and kept constant for a certain time t1. 

Then, as the load is removed, the strain recovery period begins according to 

σ=σ[H(t)-H(t-t1)], where H(t) is the Heaviside step function.  

The material model (see Eqs. (2)–(4)) may therefore be applied separately to the 

creep interval t∈[0,t1]  and the strain recovery following the creep test at t>t1. The 

creep and recovery strain development (εcreep and εrec) is described in Eqs.(16) and 

(17) [25] 
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The time dependent viscoplastic strain has to be subtracted from the measured strains 

to have a pure viscoelastic response to analyse. The VP-strain after a creep test of 

length t1 is given by Eq. (10). As it is valid for any arbitrary instant in time, 

a convenient form for subtraction can be obtained by using Eq. (18) 



E12 M. Szpieg, K. Giannadakis, L.E. Asp 
 
 

 
( ) ( ) .,,

1
100

m

VPVP t

t
tt 








= σεσε

 
(18) 

Equations (16) and (17) are used to fit the experimental creep and strain recovery 

data. Stress independent constants Ci i=1,….I, and stress dependent ε0, aσ, g1 and g2 

are found by data fitting, using the method of least squares (LSQ). The retardation 

times τi in the Prony series are chosen arbitrary, but the largest τi should be at least 

a decade larger than the length of the conducted creep test. In the current 

investigation, the retardation times were spread more or less uniformly over the 

logarithmic time scale, with a factor of about ten between them. Even if it is not 

a necessary condition, the additional requirement Ci>0 is used as it has been found to 

improve the fit to test data [25]. 

 
 

3. EXPERIMENTAL 

3.1.  Materials and composite preparation 

3.1.1. Recovered carbon fibres 

Recovered carbon fibres CFM-PYR-H-1 [27] were supplied by Hadeg Recycling 

GmbH, Germany. The fibres were produced by milling of carbon fibre composites, 

which were obtained from production waste generated by the aircraft industry. The 

fibres had been recovered using a pyrolysis process at approximately 1200 °C. Due to 

the cotton-like structure of the recovered carbon fibres (see Fig. 1 a)) they had to be 

reprocessed into fibre mats with a controlled fibre distribution [28]. The fibre length 

varied between 1 and 20 mm. A scanning electron microscope (SEM) was used to 

analyse the morphology of the recovered carbon fibres. As depicted in Fig. 1 b), there 

is some contamination, stemming from the pyrolysis process, present on the fibres. 

However, the degree of contamination is low and the fibre quality is comparable to 

the fibres recovered via some other recovery method available, e.g. the fluidised bed 

process [22].  
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Figure 1. Recycled carbon fibres: a) cotton-like structure, view with the naked 

eye, b) individual fibres (x7.5k). 

 

3.1.2. Recovered carbon fibre pre-form manufacture and compaction response 

The procedure to manufacture a rCF preform was first presented in [28]. By this 

approach, principles of papermaking were employed to obtain pre-forms with 

a uniform fibre distribution for subsequent composite manufacturing. 40 g of the 

recovered carbon fibres were dispersed in distilled water using a mixer as shown in 

Fig. 2. The dispersion duration of the fibres was approximately 5 min. The cylindrical 

plastic barrel had a bottom area of 0.071 m2, and was 0.50 m high. The rotational 

speed of the stirrer was 100 rpm. After dispersion, a filter was used to drain off the 

water and protect the fibre mat from damage. The fibre mat was dried on the filter for 

approximately 12 hours at room temperature after which it was removed from the 

filter and cut into the pre-form shape. The carbon fibre pre-form with the area of 

0.022 m2, still containing some moisture, was then placed in a Vacuum Oven 

GALLENKAMP for approximately five hours at 100 °C to dry. The nominal areal 

weight of the dry rCF pre-form was 0.30 kg/m2. Compaction experiments have 

previously been performed to characterise the out of plane mechanical behaviour of 
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the preform [28]. The mechanical response of the rCF preform indicated that the 

fibres were randomly distributed in the plane [28]. 

 

 

 
Figure 2. Dispersion of the recycled carbon fibres. 

 

3.1.3. Recycled polypropylene compounding and film processing  

PURE® process scrap polypropylene was supplied by Lankhorst Indutech bv, The 

Netherlands [29] in the form of tape wound onto bobbins. The mechanical and 

thermal properties of the reprocessed PURE® scrap were earlier characterised by 

Szpieg et al. [30]. In the current study, the polypropylene material was compounded 

with maleic anhydride grafted polypropylene (MAPP) coupling agents in order to 

improve the interfacial adhesion with the recycled carbon fibres [1] in the composite 

material to be manufactured. The compounding process was performed using 

a laboratory scale extruder, Brabender® AEV 651. 35 g of PP scrap (the maximum 

possible amount of material in the brabender) was blended with 10 % by weight of 

MAPP. The mixing was performed during seven minutes at a temperature of 200 °C, 

and the rotating speed of the screws was 80 rpm. Seven minutes for the mixing time 
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was chosen as it mimics a typical extrusion time for polypropylene using an industrial 

scale extruder [30].  

The compounded recycled polypropylene (rPP) with MAPP (rPP+MAPP) was 

reprocessed into a film with a nominal thickness of 0.30 mm by press forming using a 

HASCO® Z121/196 196/5 press (see Fig. 3). The dimensions of the manufactured 

film were approximately 150x150 mm. The film was manufactured by pressing with 

a load of 150 kN at a temperature of 200 °C for five minutes with a five minutes 

cooling ramp. The nominal areal weight of the rPP films was approximately 

0.66 kg/m2 [28]. 

As reported in [31] the properties of the rPP (elasticity, strength, viscoelasticity and 

viscoplasticity) are practically unaffected by the presence of MAPP. Therefore, any 

composite strength increase is attributed to the improved fibre/matrix interface due to 

the addition of MAPP. This assumption is reasonable as both the elastic properties of 

the composites with and without MAPP were almost the same. 

 

3.1.4. Composite manufacturing 

Two polypropylene films were introduced between three carbon fibre pre-form layers 

in a stack (e.g. rCF/rPP/rCF/rPP/rCF). The stack was heated and pressed in the press 

tool used for rPP film manufacturing, resulting in a composite plate thickness of 

approximately 1.60 mm. Using a compaction law [28] the required amount of the 

constituents (rPP film and recycled carbon fibres pre-forms) was calculated to obtain 

a nominal fibre volume fraction of 30 %. The following processing parameters were 

used: press time of seven minutes at 200 °C, an applied pressure of 13 MPa and 

subsequent cooling to room temperature for five minutes. 
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Figure 3. Press forming used to manufacture the recycled polypropylene film and the 

composite material. 

 

3.2. Mechanical characterisation of the recycled composite 

All tests were performed at room temperature (23 °C) and relative humidity of 20 %. 

Rectangular shaped samples with dimensions 150x20 mm were cut and polished for 

the mechanical investigation. For all tests, an INSTRON 3366 testing machine 

equipped with a 10 kN load cell was used and the strains in the axial direction were 

measured using an extensometer with a 50 mm gauge length. The clamping area was 

30 mm on both sides of the specimens and sandpaper was used to avoid sample 

sliding in the clamps during the tensile loading. The gauge length between the grips 

in the testing machine was 90 mm.  

 

3.2.1. Strain rate effect 

The stress-strain responses were obtained in monotonic tensile loading until failure. 

Two different loading rates were used, 0.05 mm/min and 5 mm/min. 
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3.2.2. Elastic modulus 

The elastic modulus of the rCF/(rPP+MAPP) composite was determined in a standard 

quasi-static tensile test. The cross head speed was 5 mm/min, corresponding to 

a strain rate of approximately 5 % strain per minute. The specimen was loaded up to 

0.2 % strain and unloaded. The elastic modulus was calculated using the secant 

modulus in the stress-strain curve in the strain region between 0.05 and 0.15 %. This 

strain level was used expecting that damage and irreversible phenomena would not 

develop at these relatively low strains. Due to the possibility of poorly manufactured 

samples (e.g. at positions close to an edge), an elastic modulus measurement was 

performed on all of the considered samples prior to any further testing. This was done 

in order to exclude samples exhibiting extreme values of the elastic modulus. 

Samples exhibiting an elastic modulus diverging more than 10 % from the mean 

elastic modulus were excluded from further investigation. 

 

3.2.3. Stiffness degradation 

The elastic properties may degrade due to microdamage development at high stresses. 

Thus, the elastic modulus dependence on the previously applied maximum stress 

level was measured to evaluate the significance of the modulus degradation during 

the loading history.  

The loading ramp used in the tests is illustrated in Fig. 4. It consists of a sequence of 

blocks, each containing the following steps:  

�  loading to 0.15 % strain followed by unloading for measuring of the elastic 

modulus,  

� waiting at “almost zero” stress for decay of all viscoelastic effects (constant 

load of about 5 N corresponding to approximately 0.14MPa is defined as 

“almost zero”), 

� loading up to a certain stress level for a time of ti and unloading to “almost 

zero” stress, 
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� waiting at “almost zero” stress for decay of all viscoelastic effects during 

a time period of 10ti, 

� elastic modulus determination by applying 0.15 % of strain in addition to the 

residual value of the previous loading step. The same sequence was repeated 

for a higher level of applied strain. The stress levels applied were: 14, 20, 30, 

40, 45, 47 and 50 MPa.  

In each of the multiple high load steps (see Fig. 4), irreversible strains were 

developed. Hence, after unloading to “almost zero” stress and a relatively large 

recovery period, rather large strains were still present. Consequently, the modulus 

determination in the strain region between 0.05 and 0.15 % as described in section 

3.2.2 was not possible. Instead of using the strain region between 0.05 and 0.15 %, 

the corresponding stress region was found in the first loading curve and this stress 

region was then used to calculate the elastic modulus in the following loading steps.   

 

 

 
Figure 4.  Example of strain dependence on time during one cycle of the test. 
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3.3. Viscoplastic and viscoelastic testing and characterisation 

3.3.1. Creep 

A series of creep tests were performed to obtain the parameters in the inelastic 

material model, which accounts for development of stress and time dependent 

irreversible strains described as viscoplasticity, and nonlinear viscoelastic behaviour. 

For the viscoelastic characterisation, single creep tests with the duration of 40 min 

and the recovery of eight times the loading period were performed. The tests were 

performed using a creep testing rig, utilising dead weights and a standard 

extensometer. The extensometer recorded the development of strains during the creep 

and the following period of strain recovery. The tests were performed at room 

temperature (23 °C) and relative humidity of 20 %. 

 

3.3.2. Viscoplastic accumulation 

The test program to identify the time dependence and stress dependence of 

viscoplastic strains in creep tests (constants: CVP, M and m) is based on the discussion 

in section 2.3. To identify the time dependence of VP-strains, a sequence of steps was 

selected at a fixed level of stress, each consisting of creep and strain recovery. An 

INSTRON 3366 testing machine with a 10 kN load cell in load controlled mode was 

used while measuring strains in the loading direction (axial direction) using an 

extensometer and measuring transverse strains using a strain gauge. The test sequence 

performed on the same specimen is schematically illustrated in Fig. 5.  
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Figure 5. Sequence of creep and strain recovery steps to identify the time 

dependence of VP-strains at a fixed stress level. 

 
Often, the VP-strain rate decreases with time. Therefore, the length of the creep 

loading time tk in each of the following steps was increased proportionally increasing 

also the strain recovery time. The time scale depends on the time region to be covered 

in expected application of the model. Creep loading steps of durations t1=3, t2=10, 

t3=20 and t4=30 min were used. The strain recovery time after the load application 

step was 8 times the length of the loading step. The whole creep-recovery curve was 

recorded (see Fig. 6) for axial and transverse strain development at 37 and 

40 MPa. The VP-strains are given by the final recovery strain value. According to the 

model (see Eq. (14)), the VP-strains do not develop during the strain recovery part, so 

when the same load is applied again in the next step, the viscoplastic process 

continues without any effect of the test interruption time interval.  
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Figure 6. Axial and transverse VP-strain development in a creep test, σ0=37 MPa. 

 
In the example shown in Fig. 6, four data points for the specimen were obtained to 

establish the VP-strain dependence on time for the stress level of 37 MPa. This test 

was performed at several stress levels (using other specimens) to make sure that the 

shape of the time dependence is not changing with stress. Often, the VP-strain 

developed during the first loading step is larger than the VP-strain created during the 

following step. It can be seen in Fig. 6 that the increase of VP-strains is slowing 

down with time.  

 

3.3.3. Validation test at constant stress rate  

The achieved inelastic material model was used to simulate the response of the 

rCF/(rPP+MAPP) composite in a constant stress rate test. A validation test was 

conducted, using an INSTRON 3366 testing machine equipped with a 10 kN load 

cell. A stress rate of 1.0 MPa/min was applied until specimen failure. The duration of 

the test was approximately 40 minutes. Simulation was performed using a numerical 

integration to obtain VP-strain according to Eq. (9). Since, in this case, analytical 
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integration is also possible, numerical results were compared with the analytical ones, 

and the time step in numerical integration was selected to obtain coinciding results. 

The incremental procedure presented in [32] and used in references [1] and [31] was 

applied for the viscoelastic part of the model. 

 
 

4. RESULTS AND DISCUSSION 

4.1.  Strain rate effect 

The loading curves for the MAPP modified recycled composite (rCF/(rPP+MAPP)) 

are shown in Fig. 7.  

 

 

 
Figure 7. Stress-strain curves for the rCF/(rPP+MAPP) composite at two cross-head 

speed rates, 5 mm/min and 0.05 mm/min. 

 
A very small effect of strain rate on stiffness and strength can be observed in the test 

data (only three specimens were tested for each case not allowing for any statistical 

analysis). In contrast, a strong effect of strain rate on strain to failure is evident, see 

Fig. 7. The effect of the strain rate on the mechanical properties, i.e. the strain to 
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failure and tensile strength are presented in Table 1. Three samples of the 

rCF/(rPP+MAPP) were used for each of the mean values presented.  

 
Table 1. Mechanical properties of the rCF/(rPP+MAPP) composite. 

Crosshead speed 
(mm/min) 

Tensile strength 
(MPa) 

Strain to failure 
(%) 

0.05 47.8 (±5.1) 1.26 (±0.19) 

5 50.1 (±4.7) 0.84 (±0.07) 

 

4.2. Elastic modulus 

To determine E0 in Eqs. (5)–(8) a standard tensile test at 5 mm/min was performed. In 

the elastic modulus measurement, the average value of the initial modulus was 

8.7 GPa with a standard deviation of 2.1 GPa.The large scatter is attributed to still 

existing structural inhomogeneity such as resin rich layers [1]. The elastic modulus 

for the MAPP modified composite is consistent with that of the unmodified material, 

for which values between 6.5 and 9.5 GPa were reported in [1]. The stiffness of the 

rCF/(rPP+MAPP) composite is significantly lower than that of another rCF/PP 

composite manufactured by injection moulding reported by Wong et al. [10]. The 

stiffness of the composite reported in [10] was approximately 14 GPa, compared to 

the 8.7 GPa for the current material (although the volume fraction of fibres was 

significantly lower in the material by Wong [10]). This is unexpected as one would 

assume that reinforcing fibres become shorter during an injection moulding process 

causing a stiffness reduction. Even though the fibres become shorter, they also 

become aligned during this process, which explains the higher stiffness of the 

injection moulded composite.  

 

4.3. Effect of MAPP on the tensile strength of the recycled composite 

Micrographs of fracture surfaces of the current composites with MAPP and the 

previously investigated without MAPP [1] are compared in Fig. 8. The scanning 
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electron microscopy (SEM) micrograph of the fracture surface of a tensile specimen 

without the addition of MAPP is depicted in Fig. 8 a). This figure shows considerable 

amount of fibre pull-outs and clean matrix-free fibre surfaces indicating a very weak 

fibre/matrix interface. Figure 8 b) shows the fracture surface of the MAPP modified 

composite. The fibres are fully covered by the matrix and there are no pull-outs, 

which indicates a good adhesion between the constituents.  

 

 

 
Figure 8. SEM micrographs showing the positive effect of MAPP on fibre/matrix 

interface strength: a) rCF/rPP, b) rCF/(rPP+MAPP). 

 
The improved fibre/matrix interface results in much improved tensile strength of the 

composite, see Table 2. In fact, addition of MAPP has almost doubled the tensile 

strength while the elastic modulus remained practically unchanged. The results 

presented in Table 2 come from tensile tests of three samples of the 

rCF/(rPP+MAPP) composite and two samples of the rCF/rPP composite.  
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Table 2. Effect of MAPP on the mechanical properties of the rCF/(rPP+MAPP) and 

rCF/rPP composites. 

Material 
Property 

rCF/(rPP+MAPP) rCF/rPP [1] 

Sample 
1 

Sample 
2 

Sample 
3 

Mean 
value 

Sample 
1 

Sample 
2 

Mean 
value 

Tensile strength 
 (MPa) 54.1 51.3 44.8 50.1 27.8 28.0 27.9 

Elastic modulus 
 (GPa) 8.7 9.7 8.6 9.0 7.9 11.4 9.6 

 

4.4. Stiffness reduction 

Figure 9 presents the elastic modulus dependence on the applied stress for the 

rCF/(rPP+MAPP) composite. 

 

 

 
Figure 9. Composite elastic modulus reduction due to microdamage accumulation in 

high stress region. 
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The experimental data were fit by functions as 
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A partial conclusion, derived from Fig. 9, is that the observed stiffness reduction 

during these tests is small, in fact less than 10 %. Although damage dependent 

stiffness as expressed in Eq. (19) is not the main source of non-linearity, it is included 

in the inelastic material model.  

 

4.5. Viscoplasticity 

The VP-strain evolution in the specimens at 37 MPa and 40 MPa (one specimen for 

each case) is shown in a log-log diagram in Fig. 10. According to Eq. (11), the 

dependence in log-log axes should be linear, which is confirmed by Fig. 10. In this 

figure, m is the slope of the linear dependence and A is the vertical shift of the line. 

 

  

 
Figure 10. VP-strain development as a function of time in log-log axes. 

rCF/(rPP+MAPP) composite at: a) 40 MPa, b) 37 MPa. Solid line represents fitting 

using m=0.37 (t*=3600 s). 

 
Since m has to be stress independent, the value of m=0.37 was found as the best fit 

data in Fig. 10. The exponent m is constant for all stress levels. The value of 
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A obtained by fitting is different for each of the stress levels. The solid lines in 

Fig. 10 represent the result of a “visual fitting”. Additional data points for A were 

obtained in a similar way from one step of the VP creep tests (40 min) at different 

stress levels using the established time dependence m=0.37, the experimental value of 

εVP and Eq. (11). The obtained A dependence on stress level is shown in Fig. 11. The 

scatter is large but still, the trend of nonlinear increase is clear.  The fit is shown in 

Fig. 11 as a solid line. From the fitting equation in Fig. 11, the parameters in the 

VP-law (Eq. (13)) can be determined as 

 m=0.37   CVP =1.95·10-15   M=23.81. (20) 

It has to be noted that these values are sensitive with respect to the VP-strain data at 

low stress levels (see σ=20 MPa in Fig. 11), as the accuracy of strain measurements is 

approximately 0.005 %. Consequently, if one was to use VP strain data from loading 

at low stress levels, i.e. approximately 20 MPa in this particular case, a different and 

less accurate power law would result.  

 

 

 
Figure 11. Stress dependence of VP-strain presented in terms of A in order to 

determine the parameters CVP and M.  
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Figure 12.  Predicted evolution of VP-strains with time in creep tests. 

 
The use of the determined parameters (see Eq. (20)) to predict the VP-strain 

development in the creep test is demonstrated in Fig. 12. These parameters are used 

in Eq. (10) to predict VP-strains at 37 and 40 MPa. One can see that in this stress 

region, VP-strains are significantly affected by a small increase in stress level. 

As shown in Fig. 6, complementary to the VP-strain development in the loading 

(axial) direction, negative VP-strains increase in the transverse direction. For 

practical reasons, the transverse strains shown in Fig. 13 are presented as positive, 

where each point represents a certain instant of time during a creep test at a fixed 

stress. Two specimens are presented: specimen 4 is subjected to creep at 37 MPa and 

specimen 5 to creep at 40 MPa. For each of the specimens, both VP-strain 

components are proportional at all times, which allow us to introduce a “viscoplastic 

Poisson’s ratio”. According to Fig. 13, the ratio is practically constant at the two 

stress levels. Due to limited data, it is not possible to investigate if the small 

difference is due to variations between the specimens or due to the effect of the stress 

level. The linear fit to all the data and the corresponding equation is shown in 

Fig. 13. 
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Figure 13. Relationship between transverse and axial VP-strains in creep tests 

(specimen 4 at 37 MPa and specimen 5 at 40 MPa). 

 
The value of the viscoplastic Poisson’s ratio is equal to 0.275. If the observed 

proportionality holds not only for a creep test, but also for more general loading 

ramps, the introduction of a constant viscoplastic Poisson’s ratio could be very useful 

for implementation in numerical codes. 

 

4.6. Viscoelasticity 

In order to obtain the pure viscoelastic response, VP-strains were subtracted from the 

creep data using Eq. (9). Viscoelastic compliances were obtained by dividing the 

creep strain data by the stress level. The results are presented in Fig. 14. A very large 

scatter at each stress level is discovered, which is typical for PP composites [33]. 

However, no systematic increase with increasing stress levels can be observed. 

Therefore, it is concluded that in the considered stress region the composite can be 

considered as linear viscoelastic assuming g1=g2=aσ=1 and ε0 proportional to stress. 

The creep and strain recovery data were used to determine Ci by simultaneously 

fitting the creep and strain recovery data using the LSQ method. The same set of τi 
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was used for all specimens. This procedure was performed separately for each 

specimen and then the Ci values were averaged to obtain an average linear 

viscoelastic response. 

 

 

 
Figure 14. Creep compliance at different stress levels. 

 
The τ and obtained average C values are presented in Table 3.  

 
Table 3. Linear viscoelastic parameters. 

τ (s) 10 200 700 15000 

C(%/MPa) 0.000774 0.001126 0.000809 0.006947 

 

This completes the model identification given by Eqs. (2)–(4).  

4.7. Validation of the material model 

The predicted stress-strain curve is presented in Fig. 15 together with experimental 

curves from the constant stress rate tests for two specimens. The agreement is good 

even close to the rupture stress. Figure 16 shows the significance of different 
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components in the material model. At 40 MPa, approximately 89 % of the strain is 

linear viscoelastic, of which 71 % is elastic strain including the stiffness reduction 

effect. The remaining 11 % of the strain is due to viscoplasticity. At the end of the 

test, about 58 % of the strain is linear viscoelastic, of which 44 % is elastic strain 

including stiffness reduction effect and the rest (42 %) is viscoplasticity.  

 

 

 
Figure 15.  Experimental and predicted constant stress rate loading curves at a stress 

rate of 1.0 MPa/min. Predictions based on  the average value of Young’s modulus 

E=8.68 GPa. 
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Figure 16. Decomposition of the simulated strain in elastic, linear viscoelastic and 

total strain (viscoelastic+viscoplastic) components.  

 

 

Figure 17.  Experimental loading curves in a constant stress rate test for specimens 8 

and 9 and simulations adjusting the elastic modulus to each individual specimen. The 

E-modulus value for each specimen used in the simulations is shown in the legend. 
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For the predictions in Fig. 15, the average properties were used. Due to the large 

scatter in data, these predictions are not very accurate as the validation was 

performed using two specimens only (see Fig. 15). A different simulation was 

performed (see Fig. 17) using the individual elastic modulus of each specimen wiyh 

the average viscoelastic and viscoplastic behaviour. The simulation is in very good 

agreement with test results indicating that the large variability of results is more 

related to elastic modulus than to viscoelasticity and viscoplasticity. It is clear that at 

stress levels close to rupture the inelastic model does not provide an accurate 

prediction. 

 
 

5. CONCLUSIONS 

This paper presents a combined experimental and theoretical study of a new, fully 

recycled short fibre carbon fibre thermoplastic composite material. The effect of 

maleic anhydride grafted polypropylene (MAPP) coupling agents on properties of 

a composite made of recycled carbon fibres and recycled polypropylene 

rCF/(rPP+MAPP) was studied experimentally. It was shown that adding 10 wt % of 

MAPP to the recycled polypropylene matrix leads to an almost 100 % increase of the 

composite strength. This was attributed to the improvement of the fibre/matrix 

interface. The elastic modulus remains unchanged. The inelastic stress-strain 

behaviour of the composite was demonstrated to be related to elastic modulus 

reduction at high stresses, viscoelasticity and viscoplasticity. It was demonstrated that 

the viscoplastic response can be described by Zapas’ model, which in creep predicts 

a power law dependence of the viscoplastic strains with respect to time and stress 

level. Parameters in the model were determined by creep and strain recovery tests. In 

addition, the material was found to exhibit a viscoplastic Poisson’s ratio of 0.275. 

This finding allows introduction of a constant viscoplastic Poisson’s ratio, which may 

be very useful in implementation in numerical codes. 
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The viscoelasticity of the rCF/(rPP+MAPP) composite is linear in the whole 

considered stress region. The parameters in the viscoelastic model were also 

identified. 

As a result of these analyses, a complete inelastic material law was developed for the 

rCF/(rPP+MAPP) composite. The developed material model was validated by 

simulation of the strain response in constant stress rate tests. Simulation results 

employing the inelastic material model are in general in a good agreement with the 

experimental data. 
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ABSTRACT 

A fully recycled carbon fibre reinforced MAPP modified polypropylene (rCF/rPP) 

composite material has been developed and characterised. This new composite was 

manufactured employing papermaking principles, dispersing the recycled carbon 

fibres (rCF) in water and forming them into mats. Two layers of the recycled 

polypropylene (rPP) films manufactured using press forming were sandwiched 

between three rCF preform layers in a stack. The stack was heated and press formed 

resulting in a composite plate with a nominal thickness of 1.20 mm and a fibre 

volume fraction of 40 %. A series of tensile tests using rectangular specimens cut in 

four different directions (0°, 90°, ±45°) in the composite plate were performed to 

confirm in-plane material isotropy. Models to predict stiffness and strength of the 

short fibre rCF/rPP composite were also employed and validated using experiments. 

The models were found to be in good agreement with experimental results. Fibre 

length distribution measurements were performed before (unprocessed) and after 

(processed) composite manufacturing to investigate the influence of processing on 

fibre degradation. The results revealed a significant reduction in fibre length by the 



F2  M. Szpieg, M. Wysocki, L.E. Asp 
 
 
press forming operation. To model the viscoelastic and viscoplastic responses of the 

composite an inelastic material model was employed and characterised using a series 

of creep and recovery tests. From the creep tests, it was found that the time and stress 

dependence of viscoplastic strains follows a power law. The viscoelastic response of 

the composite was found to be linear in the investigated stress range. The material 

model was validated in constant stress rate tensile tests and the agreement was good, 

even close to the rupture stress. 

 

Keywords: Recycling, Polymer-matrix composites (PMCs), Mechanical properties, 

Polypropylene, Carbon fibre 

 
 

1. INTRODUCTION 

The increasing industrial use of carbon fibre in e.g. aircraft and wind turbines calls 

for strategies for their recovery and possible re-use. Carbon fibres (CF), even when 

trapped in composites, are valuable products worth to be recovered. The energy 

needed to produce pristine carbon fibres is very high, 286 MJ/kg has been reported 

[1]. It has been shown [2, 3] that methods to recycle carbon fibres exist that consume 

less than 10 % of the energy required to manufacture virgin CF. Recent results [3] 

demonstrate that in terms of mechanical properties, recycled carbon fibre (rCF) can 

compete with virgin one giving a realistic scope for recycled replacing virgin, thus 

realising energy saving. With carbon fibre composites, recycling technologies 

involving burning or chemical decomposition of the polymer matrix have been 

developed [3–6] in order to process carbon fibre reinforced polymer (CFRP) 

composite waste.  

When a polymer composite material is mechanically loaded, its deformation may 

increase with time even if the load is constant. This is due to its inherent viscoelastic 

nature. The viscoelastic response may be either linear or nonlinear depending on the 

stress level. For low stresses, the response is usually linear while for higher stresses it 
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is often found to be nonlinear. The development of viscoelastic strains has been 

expressed in a general nonlinear constitutive equation for uniaxial loading by Lou 

and Schapery [8]. In addition to viscoelastic strains developing in a material due to 

mechanical loading, also viscoplastic strains may occur. At unloading, after creep 

loading at high stress levels, often the strain does not fully recover. The development 

of viscoplastic strain is a function of both stress and time. In this paper, the 

development of viscoplastic strains has been expressed via a nonlinear functional 

presented by Zapas and Crissman [9]. The inelastic response of earlier generations of 

the rCF/rPP composites has been characterised in previous studies [10, 11] 

employing the models by Lou and Schapery [8] and Zapas and Crissman [9]. In these 

studies [10, 11] it has been proven important to characterise the inelastic properties of 

short fibre rCF/rPP composites for future applications of these materials.  

In thermoplastic composite materials, processing operations such as extrusion or 

press-forming, can lead to extensive fibre fracture with strong effects on mechanical 

properties [12]. Changes in fibre orientation during the processing of short-fibre 

composite materials may also occur. In these operations, the melt undergoes both 

extensional and shear flows [12]. During extensional flow, the fibres rotate towards 

the direction of the extension. With large extensions, a high degree of alignment can 

be produced. In shear flow, the orientation effects are less pronounced. However, the 

fibres still tend to align perpendicular to shear direction.  Thus, the degree of fibre 

orientation after processing depends on the flow field. As an example, Wong et al. 

[13] manufactured a polypropylene composite reinforced with recycled carbon fibres 

(rCF) using injection moulding. By this process, short fibres aligned in one direction 

and resulted in high stiffness of the composite material. A stiffness of 14.67 GPa for 

a rCF/PP composite with a fibre volume fraction of 18 % was reported by Wong et al. 

For comparison, the randomly oriented short rCF/rPP composite with fibre volume 

fraction of 30 % developed by Szpieg et al. [10] had a stiffness of approximately 

9 GPa. 
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Fibre length is one of the most important parameters in terms of mechanical 

performance of short fibre composites. For some composite manufacturing processes, 

for instance press-forming and injection moulding, the fibre length is process 

dependent, i.e. the initial fibre length is not preserved into the final product. In the 

present work, the rCF/rPP composite is manufactured using press forming [7]. For 

this reason, degradation of fibre length during processing is extensively studied in 

this paper.  

The objective of this paper is to perform a thorough investigation of the elastic and 

inelastic behaviour of a recycled carbon fibre reinforced MAPP modified recycled 

polypropylene (rCF/rPP) composite material with a fibre volume fraction of 40 %. 

This new rCF/rPP composite is introduced here as an improved version of the 

recycled composite material developed in [10, 11, 14]. A series of tensile tests using 

rectangular specimens cut in four different directions (0°, 90°, ±45°) in the composite 

plate are performed to confirm the earlier observed in-plane material isotropy [14]. 

Fibre length distribution is investigated before and after composite manufacturing to 

investigate the influence of the manufacturing process on the fibre length distribution. 

In addition, single fibre tensile test is performed to evaluate stiffness and strength of 

the recycled carbon fibres. Based on these data, a micromechanical model for the 

prediction of the stiffness and strength of the short fibre composite is employed and 

assessed. Void content of the manufactured composites is also evaluated using 

microscopy. Development of the inelastic material model follows the procedure 

employed and described in reference [10]. 

 
 

2. EXPERIMENTAL 

2.1. Materials 

Recovered carbon fibres CFM-PYR-H-1 [15] were supplied by Hadeg Recycling 

GmbH, Germany. The fibres had been produced by milling of carbon fibre 

composites, which were obtained from production waste generated by the aircraft 
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industry. The fibres had then been recovered using a pyrolysis process at 

approximately 1200 °C by the supplier. Due to the cotton-like structure of the 

recovered carbon fibres, we first reprocessed them into fibre mats with a controlled 

fibre distribution using a procedure developed by Szpieg and co-workers [10, 11, 14]. 

PURE® process scrap polypropylene was supplied by Lankhorst Indutech bv, The 

Netherlands, [16] in the form of tape wound onto bobbins. The mechanical and 

thermal properties of the reprocessed PURE® scrap were earlier characterised by 

Szpieg et al. [17, 18]. The polypropylene scrap material was compounded with 

maleic anhydride grafted polypropylene (MAPP) coupling agents in order to improve 

the interfacial adhesion with the recycled carbon fibres [10, 11, 13, 18]. 

 

2.2. Composite manufacturing 

The procedure to manufacture a rCF preform was first presented in [14]. In this 

approach, principles of papermaking were employed to obtain preforms with 

a uniform fibre distribution for subsequent composite manufacturing. Two 

polypropylene films were stacked between three carbon fibre preform layers 

(i.e. rCF/rPP/rCF/rPP/rCF). The stack was heated and press formed in a matched die 

tool (see Fig. 1 a)), also used for rPP film manufacturing, resulting in a composite 

plate thickness of approximately 1.20 mm. The required amounts of the constituents 

(rPP film and rCF preforms) were calculated to obtain a nominal fibre volume 

fraction of 40 %. The nominal areal weight of each rCF preform layer and each rPP 

film was 0.26 kg/m2 and 0.30 kg/m2 respectively. The following processing 

parameters were used: press time of seven minutes at 200 °C, an applied pressure of 

13 MPa and subsequent cooling to room temperature in five minutes.  
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Figure 1. a) Matched die tool used to manufacture the recycled polypropylene 

films and the composite material, b) top view of manufactured plates showing the 

cutting directions of the samples. 

 

2.3. Mechanical characterisation of the rCF and the rCF/rPP composite 

2.3.1. Single fibre tensile test 

For the single fibre tensile test, 50 single fibres were manually separated from the 

entangled fibre batch. For the mechanical testing, fibre ends (approximately 3 mm of 

each end) were bonded onto a paper frame with the dimensions of 30x30 mm2 

according to the preparation procedure described in the ASTM D 3379-75 standard. 

The tests were performed in an INSTRON 4411 electromechanical tensile testing 

machine, equipped with a 5 N load cell and pneumatic grips. During mounting, the 

specimens were supported by the paper frame. The free fibre length inside the frame 

(the gauge length) was 10 mm. Upon clamping of the ends of the paper frame by the 

grips of the test machine, the frame sides were carefully cut in the middle. The cross 

head speed was 1 mm/min corresponding to a strain rate of 10 %/min. The fibre 

diameter was measured using an Olympus Vanox-T optical microscopy equipped 

with an Olympus DP11 camera. The elastic modulus was calculated using the secant 

modulus in the strain region between 0.05 and 0.15 %. 
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2.3.2. rCF/rPP composite tensile test 

A series of tensile tests using rectangular shaped specimens with the dimensions of  

150x10x1.2 mm were performed to investigate the mechanical properties of the 

rCF/rPP composite as well as to confirm the earlier observed in-plane material 

isotropy [14]. The specimens were cut in four different directions (0°, 90°, ±45°) in 

the composite plate, see Fig. 1 b). At least four specimens in each direction were 

tested. The tests were performed at room temperature (23 °C) and a relative humidity 

of 20 %. An INSTRON 3366 testing machine equipped with a 10 kN load cell was 

used, and axial strains were measured using an extensometer with a 50 mm gauge 

length. The clamping length was 30 mm on both sides of the specimens and 

sandpaper was used to avoid sample sliding in the clamps during the tensile loading. 

The free length between the grips in the testing machine was 90 mm. The cross head 

speed was 1 mm/min corresponding to a strain rate of approximately 

1 %/min. The elastic modulus was calculated using the secant modulus in the strain 

region between 0.05 and 0.15 %. This strain level was used expecting that damage 

and irreversible phenomena would not develop at these relatively low strains. 

 

2.3.3. Viscoplastic and viscoelastic characterisation of the rCF/rPP composite 

For all the time-dependent tests, an INSTRON 3366 testing machine equipped with 

a 10 kN load cell was used. Strains in the axial direction were measured using an 

extensometer with a 50 mm gauge length and the transverse strains were measured 

using a strain gauge. A series of creep tests were performed to obtain the parameters 

in the inelastic material model, which accounts for development of time dependent 

irreversible strains described as viscoplasticity and nonlinear viscoelastic behaviour 

[10]. For the viscoelastic characterisation, single creep tests with a duration of 40 min 

and a recovery of eight times the loading period were performed. In addition, a test 

program to identify the time dependence and stress dependence of viscoplastic strains 

(VP-strains) in creep tests (constants: CVP, M and m) described in [10, 11, 18] was 

employed. To identify the time dependence of VP-strains, a sequence of steps was 



F8  M. Szpieg, M. Wysocki, L.E. Asp 
 
 
selected at a fixed level of stress, each consisting of creep and strain recovery. The 

test sequence performed on the same specimen is schematically illustrated in Fig 2. 

Creep loading steps of durations t1=3, t2=10, t3=20 and t4=30 min were employed. 

The strain recovery time after the load application step was eight times the length of 

the loading step. 

 

 

 
Figure 2. Sequence of creep and strain recovery steps to identify the time 

dependence of VP-strains at a fixed stress level. 

 
The employed inelastic material model was used to simulate the response of the 

rCF/rPP composite in a constant stress rate test. A stress controlled validation test 

was therefore conducted. A stress rate of 1.0 MPa/min was applied until specimen 

failure. The duration of the test was approximately 40 minutes. Simulation was 

performed using a numerical integration to obtain viscoplastic and viscoelastic strains 

as described further in the section on material modelling [10, 11, 18].  
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2.4. Microscopy 

2.4.1. Fibre length measurement 

One rCF/rPP composite sample with dimensions of 68x46x1.2 mm was placed in an 

oven (Nabertherm Controller B170) for 3 h at 450 °C to burn-off the polymer matrix 

in order to separate the fibres from each other. 0.02 g of the processed carbon fibres 

after separation as well as 0.02 g of unprocessed, as received, rCF were spread 

separately onto separate A4 paper sheets. The surfaces with the spread fibres were 

covered by an ordinary transparent tape, holding the fibres in place for the 

microscopy investigation. The microscopy was performed using a Nikon SMZ1500 

optical microscope with a magnification of 20 times. The microscopy images were 

used as an input for the subsequent fibre length analysis. Fibre length measurement 

was performed using analySIS® software and the investigation was performed on 

approximately 150 pictures obtaining 16300 measured fibres of both processed and 

unprocessed fibres.  

 

2.4.2. Void content measurement 

The rCF/rPP composite plates manufactured by press forming were cut into small 

pieces (approximately 10x10 mm2), placed in cups and cast in epoxy resin for 

subsequent microscopy. After curing and metallographic polishing using Struers 

LaboPol, three cross-sections for each plate at positions indicated in Fig. 3 were 

examined in an optical microscope ARISTOMET Leitz [14]. Void content analysis 

was performed using the image analysis software analySIS®. The investigation was 

performed on four representative plates on cross-sections A-A, B-B and C-C. For the 

void analysis, 10 pictures of each cross-section were taken using the optical 

microscopy with a magnification of 200 times. 
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Figure 3. Cross-sections (A-A, B-B and C-C) examined in the microscope. 

 
 

3. MATERIAL MODELLING 

3.1. Stiffness and strength of the rCF composite 

Theoretical models of predicting stiffness for short fibre composite systems are well 

developed. A number of models for the prediction of the elastic properties of short-

fibre composites are available in the literature [19–21]. The Cox-Krenchel model was 

found to agree with experimentally obtained elastic modulus for short GF/PP 

composite [22] as well as with random flax/PP composites [21]. In the Cox-Krenchel 

model, the elastic modulus is calculated as 

 ( ) ,1 mffflEoEc EvvEE −+= ηη  (1) 

where ηoE is the fibre orientation stiffness factor determined from the fibre orientation 

distribution, Ef  is the elastic modulus of the recycled carbon fibres (rCF), vf  is the 

fibre volume fraction and Em is the elastic modulus of the rPP matrix. Subscripts c, f 

and m denote composite, fibres and matrix respectively. Neglecting transverse 

deformations, the fibre orientation stiffness factor equals ηoE=3/8 for in-plane 

randomly oriented short fibres [23]. ηlE is a fibre length efficiency factor for stiffness 

expressed as 
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where l is the average fibre length. In this study, the reinforcing fibre length is 

a variable with the distribution density given by h(l), cf. Fig. 6 b) in section 4 of this 

paper. The parameter λ is given by 
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where rf is the fibre radius, Gm=Em/2(1+υm) is the matrix shear modulus, υm is the 

Poisson’s ratio of the matrix and R is the interfibre spacing in the composite. The 

ratio R/rf can be expressed as fRf vKrR // = , where the numerical factor KR is 

dependent on fibre geometrical packing. In this study we assume a square fibre 

packing, which gives KR=π/4 [24].  

For the modelling of the strength of the composite material, the Kelly-Tyson 

extended “rule-of-mixtures” [25] equation is employed 

 ( ) ( ) ,10 mfaffLSuc vlv σσηησ −+=  (4) 

where η0 is the fibre orientation strength factor, σf (la) is the strength of the fibres as a 

function of the average fibre length determined using a Weibull distribution function, 

σm is the strength of the matrix and ηLS is a fibre length efficiency factor for strength 

expressed as  
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and τ is the interfacial shear strength and df is the fibre diameter. The first summation 

term in Eq. (5) accounts for the contribution of all fibres of sub-critical lengths  

(l < lc), while the second summation term accounts for fibres of super-critical length 

(l > lc). Vi(l i) and Vj(l j) are the fractions of subcritical and supercritical fibres. 

Combining Eqs (4) and (5) gives the modified Kelly-Tyson model for the prediction 

of a random short fibre reinforced composite 
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As mentioned above, for the stiffness calculation in the Cox-Krenchel model, 

a theoretical orientation parameter for in-plane randomly oriented fibres η0=3/8 can 

be used to predict the stiffness for a short random fibre composite. However, previous 

studies have shown that the Kelly-Tyson model tends to overestimate the strength of 

short random fibre composites. Therefore, Thomason et al. [22] introduced a value of 

η0=0.2 in the Kelly-Tyson model for predicting the tensile strength of GMT 

materials. The η0=0.2 was obtained by fitting the experimental data. In support, 

Garkhail et al. [20] comments that this orientation parameter η0 has no longer any 

physical meaning and becomes a fitting parameter only. Continuing Garkhails 

explanation, if the fitting parameter η0=0.2 would be translated into a case using the 

more realistic parameter η0=3/8 in combination with an additional fitted efficiency 

factor k, this would lead to an efficiency factor for GF/PP composites of k=0.53, 

which is employed for the rCF composite considered in this paper. This additional 

(in)efficiency factor k then becomes a fitting parameter and can be included in Eq. (7) 

to account for fibre length, strength and orientation distribution in random short-fibre 

composites 
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The fibre strength as a function of its average length, σf (la), is evaluated according to 

the modified a two parameter Weibull distribution function [26] 

 ( ) ,exp1
0 
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where Pf (σf) is the probability of failure of a fibre at a stress level equal to or less 

than σf , σ0 is the scale parameter for unit fibre length ratio, lr is the length ratio with 

respect to a reference length, lr= la/lg, where la is the average fibre length in the 

composite and lg is the fibre gauge length in the single fibre tensile test. The mean 

fibre strength is given by 
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(10) 

where β is the shape parameter and Г denotes the gamma function.  

 

3.2. Inelastic behaviour of the rCF/rPP composite 

When a polymer composite material is mechanically loaded, due to its inherent 

viscoelastic-viscoplastic nature, its deformation may increase with time even if the 

load is constant. The basic assumption of the suggested inelastic material model is 

that strain decomposition is possible and that the viscoelastic strain response can be 

separated from any viscoplastic response 

 ( ) ( ) ( ),,,, ttt VPVE σεσεσε +=  (11) 

where εVE and εVP are the viscoelastic and viscoplastic strain respectively. The present 

model was employed for earlier generations of the rCF/rPP composite and is 

presented in full detail in previous papers [10, 11]. A short description of the inelastic 

model is presented below.  
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The viscoelastic behaviour is described by using the theory of nonlinear viscoelastic 

materials developed by Lou and Schapery [8] and Schapery [27]. The inelastic 

model contains three stress dependent functions, which characterise the nonlinearity  

 ( ) ( ) ( ).,2

0
10 td

d

gd
Sg VP
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σετ
τ
σψψεε +′−∆+= ∫  (12) 

The above model is presented in detail in the previous papers [10, 11, 18]. At 

unloading, after creep loading at high stress levels, often the strain does not fully 

recover. The development of such viscoplastic strain is a function of both stress and 

time. The development of VP-strains in composites has been described by a model 

developed by Zapas and Crissman [9]. This approach has been successfully used for 

modelling of natural fibre composites by Varna and co-workers [28–30] as well as 

for the previous rCF/rPP composite generations [10, 11]. Below, the model is 

presented introducing normalised time τ=t/t* 
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where CVP, M and m are constants to be determined, and t* is a characteristic time 

constant, e.g. t*=3600 seconds if the time interval of interest is 1h as in this study. 

This normalised time is used in order to obtain a CVP expression independent on time 

in Eq. (13). Assuming that Eq. (13) is valid for the analysed material, it is possible to 

design test procedures for determination of the parameters CVP, M and m. First, 

a sequence of creep tests at a fixed stress level, σ(t)=σ0, is conducted. In this case, the 

integration in Eq. (13) is analytical and the VP-strain accumulated during the time 

interval (t∈[0,t1]) becomes 
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which can also be presented in the form  
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where 

 
ασ0VPCA= ,   .mM ⋅=α  (16) 

If the creep test is performed for a time interval t1+t2 (see Fig. 2), the accumulated 

VP-strain will be 
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During the creep test, the stress is applied at t=0 and kept constant up to a certain 

time 1t  when the stress is removed and the strain recovery period begins according to 

σ=σ[H(t)-H(t-t1)] where H(t) is the Heaviside step function.  

The material model (see Eq. (12)) may therefore be applied separately to the creep 

interval t∈[0,t1] and to the strain recovery in the following creep test at t>t1. The 

equations for creep strain εcreep and recovery strain εrec [30, 31] are defined as 
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Equations (18) and (19) are used to fit the experimental creep and strain recovery 

data. The constants Ci i=1,….I, (stress independent) and ε0, aσ, g1 and g2 (stress 

dependent) are evaluated by fitting. The retardation times τi in the Prony series are 
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chosen arbitrary. However, the largest τi should be at least a decade larger than the 

length of the conducted creep test. 

 
 

4. RESULTS AND DISCUSSION 

4.1. Single fibre properties 

Single fibre tensile test was performed on 50 samples. The optical microscopy study 

resulted in an average filament diameter 7.04 µm based on three measurements. The 

average value of the elastic modulus of a single rCF was 93.40 (±26.88) GPa and the 

average value of the tensile strength was 3119 (±598) MPa. The significant scatter of 

the measured elastic modulus as well as the tensile strength indicate variations in the 

mechanical properties of the recycled carbon fibres. A typical loading curve of 

a single rCF is depicted in Fig. 4.  

 

 

 
Figure 4. Typical stress-strain curve of a single rCF.  

 
In order to obtain the strength distribution for single fibres, the experimentally 

obtained tensile strengths of all fibres are considered. The results are presented in 
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Fig. 5. Here, ln(-ln(1-Pf(σf)) is a representation of failure probability, see Eq. (9) and 

reference [26]. The Weibull shape parameter, β=5.68, is obtained from the slope of 

the data presented in Fig. 5 for ln(-ln(1-Pf(σf)) vs. ln (σf). The relationship between 

ln(-ln(1-Pf(σf)) and ln(σf) is close to linear as shown in Fig. 5. The scale parameter, 

σ0=3365 MPa is obtained from the relation of ln(-ln(1-Pf(σf)) vs. ln(σf) (see Fig. 5) for 

the length ratio of lr= l a/lg =0.016, where la=0.16 mm and lg=10 mm. Following 

Eq. (9), the fibre strength, σf, for the average fibre length in the rCF/rPP composite 

(la=0.16 mm) becomes σf=6438 MPa. 

 

 
 

Figure 5. Strength distribution of the rCF using a 10 mm gauge length.  

 

4.2. Microstructure of the rCF composite 

4.2.1. Fibre length distribution 

Fibre length is commonly understood to be an important factor in determining 

composite material properties. In particular, fibre length directly influences the 

composite’s stiffness and strength. During manufacture at high pressures, as in the 

press forming operation employed here, fibres may break, resulting in impaired 

mechanical performance of the composite. Therefore, fibre length distribution is 
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measured before (unprocessed) and after (processed) composite manufacturing to 

investigate the influence of the processing conditions on the fibre length.  

The results are presented in Figs 6 a) and b). The average fibre length for 

unprocessed fibres and processed fibres was 0.41 mm and 0.16 mm respectively. 

Consequently, the average fibre length decreased dramatically during press forming.  

 

 

 
Figure 6. Fibre length distribution: a) before processing, b) after processing. 

 
4.2.2. Composite cross-section analysis 

In a previous study [14], the cross-section analysis of the composites revealed areas 

with excess polypropylene distributed between the carbon fibre layers for the low 

fibre content composites of 25 % by volume. Increasing the fibre volume fraction 

from 25 to 30 % in combination with a matrix modification [10, 18] improved the 

overall performance of the rCF composite. Nevertheless, local resin rich regions were 

still present. For this reason, a reduced amount of the rPP matrix is needed in order to 

ensure that the composite material is fully consolidated and that the local resin rich 

regions are removed. The exact amount of the rPP matrix to fill in the open void 

volume in the rCF preform was calculated. Representative micrographs 

demonstrating a fully consolidated composite is presented in Fig. 7. The result from 

the analysis of the specimens implies a fully consolidated composite material with 

a fibre volume fraction of 40 %. 
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Figure 7. Micrographs of the rCF/rPP composite showing a fully consolidated 

material with magnifications of: a) 200 times, b) 500 times. 

 

4.2.3. Void content 

A representative micrograph of a sample used to measure void content is shown in 

Fig. 8. In the figures, small, black areas are voids. The measured average void content 

was 0.58 %. Thus, the analysis revealed a lower void content in the current rCF/rPP 

composite compared to the previous composite generation for which approximately 

1 % was reported [14].  

 

 
 

Figure 8. A representative micrograph from void content analysis. 
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4.3. Stiffness and strength of the rCF/rPP composite 

4.3.1. Experimental results 

A series of tensile tests on rectangular specimens (cut in the 0°, 90° and ±45° 

directions) were performed to investigate the material isotropy. The results indicate 

that the strength and stiffness of the specimens are independent on the direction of 

which they have been cut in the composite plate (see Fig. 9 a) b) and Table 1). 

However, a few samples (see Fig. 9 b) data at 0°) show significant scatter in strength. 

This scatter may be related to the material heterogeneities, i.e. presence of resin rich 

regions as shown in Fig. 10 or local fibre concentration. However, the investigation 

of the fracture surfaces of those specimens did not reveal any flaws, typically large 

pores or edge defects, which could explain the early failure.  

 

 

 
Figure 9. Mechanical properties of the rCF/rPP composite: a) elastic modulus,  

b) tensile strength. 
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Table 1. Mechanical properties of the improved rCF/rPP composite. 

Orientation Number of  
samples 

Stiffness  
(GPa) 

Strength  
(MPa) 

0˚ 10 13.68 (±1.70) 77.57 (±21.70) 

90˚ 10 13.06 (±1.33) 63.08 (±12.35) 

+45˚ 4 13.53 (±0.46) 77.01 (±5.45) 

-45˚ 5 13.19 (±0.74) 69.04 (±4.88) 

 

 

 
Figure 10. Presence of local resin rich areas. 

 
4.3.2. Theoretical results 

The stiffness of the improved rCF/rPP composite is calculated according to 

Eqs. (1)–(3). Entering the experimentally determined values of r f=3.52 µm, 

Em=1.8 GPa [18] and Gm=0.64 GPa (assuming a Poisson’s ratio υm=0.4) the value of λ 

in Eq. (3) becomes λ=57379. Consequently, the fibre length efficiency factor 

becomes ηlE=0.776, (see Eq. (2)), which was calculated using the fibre distribution 

density function, h(l), together with an average fibre length of la=0.16 mm. With the 

experimentally determined fibre stiffness, Ef=93.40 GPa, the theoretical stiffness of 

the rCF/rPP composite, Ec, is calculated according to Eq. (1) and becomes 
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Ec=11.95 GPa. The theoretical stiffness is in fair agreement with the experimentally 

determined average composite stiffness of 13.36 GPa.  

For the strength predictions (using Eq. (8)), the critical fibre length, lc, is calculated 

using Eq. (6). For the considered rCF/rPP composite, perfect fibre-matrix bonding is 

assumed, which is supported by the SEM microscopy investigation in a previous 

study [10]. Therefore, the shear yield stress, τy, of the rPP matrix may be estimated 

using the von Mises yield criterion, τy=σm/√3 [20], where σm=21 MPa is the matrix 

offset yield strength determined at 1 % of strain. The shear yield stress then becomes 

τy=12 MPa. This means that for this particular composite, perfect bonding (i.e. matrix 

dominated rather than an interface dominated shear failure mode) is assumed. In 

Eq. (6), the interfacial shear strength, τ, is then replaced by τy giving a critical fibre 

length of lc =0.74 mm. The critical fibre length, lc, as a function of τ is illustrated in 

Fig. 11 a). It is clear from Fig. 11 a) that in the range of 0<τ<12 MPa, lc changes 

significantly. Exceeding the value of τ=12 MPa, the critical fibre length becomes less 

dependent on τ. In Fig. 11 b), the theoretical strength of the composite (Eq. (8)) is 

plotted against different τ values for two different fibre volume fractions. The 

composite strength increases as the fibre content increases for the vf studied here. In 

Fig. 11 b), values for the experimentally determined σc =71 MPa for vf=40 % and 

σc =50 MPa for vf=30 % indicate that the values of τ are in good agreement with the 

value of τy=12 MPa calculated from the von Mises criterion.  
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Figure 11. Prediction of the influence of different interfacial shear strength on the: 

a) critical fibre length, lc, (Eq. (6)), b) strength of the rCF/rPP composite for fibre 

volume fractions of vf =0.3 and vf =0.4 (Eq. (8)). 

 
The predicted composite tensile strength (see Eq. (8)) is σuc=69.22 MPa, assuming  

τy=12 MPa. The experimentally obtained average composite tensile strength of 

σexp=71 MPa is in good agreement with the theoretical prediction. The experimental 

result for the previously investigated rCF/rPP composite [10] with vf=30 % is also 

included in Fig. 12. 
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Figure 12. Experimental and modelling results of the strength of the rCF/rPP 

composite. 

 

4.4. Inelastic material behaviour 

4.4.1. Viscoplasticity 

The creep-recovery curves for axial and transverse strain development at different 

stress levels are presented in Fig. 13. The VP-strains are given by the final recovery 

strain value. In accordance with the theory [10], the VP-strains are not developing 

during the strain recovery part and when the same load is applied again in the next 

step, the viscoplastic process continues without any effect of the test interruption time 

interval.  
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Figure 13. Axial and transverse VP-strain development in a creep test at: 

a) 40, b) 45, c) 50 and d) 55 MPa. 

 
From the data in Figs. 13 a)–d), four data points for each stress level were obtained to 

establish the VP-strain dependence on time. This test was performed at several stress 

levels (using other specimens) to ensure that the time dependence is not changing 

with stress. In Fig. 13 d), the sample tested at 55 MPa failed prematurely before the 

final creep loading step at t4=30 min. 

The VP-strain evolution for specimens tested at 45, 50 and 55 MPa (one sample for 

each case) is shown in a log-log diagram in Figs 14 a), b) and c). According to 

Eq. (15), the dependence in log-log axes should be linear, which is confirmed by 

Figs 14 a), b) and c). In this figure, m is the slope of the linear dependence and A  is 

the vertical shift of the line. 
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Figure 14. VP-strain development as a function of time in log-log scale. rCF 

composite at: a) 45 MPa, b) 50, c) 55 MPa. Solid line represents fitting using 

m=0.29 (t*=3600 s). 

 
The exponent m is constant for all stress levels, m=0.29. The value was determined as 

the best fit to the data from Fig. 13. The value of A obtained by fitting is different for 

each of the stress levels. The solid lines in Fig. 14 represent the fitted result, while the 

data points are the accumulated VP-strains. Additional data points for A were 

obtained in a similar way from one step of the VP creep tests (40 min) performed at 

different stress levels using the established time dependence m=0.29, the 

experimental value of εVP and Eq. (11) in [10]. The obtained A dependence on stress 

level is shown in Fig. 15. The scatter is large but still, the trend of nonlinear increase 

is clear. The fit (Eqs. (15) and (16)) is shown in Fig. 15 as a solid line.  
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From the fitting, the parameters in the VP-law (Eq. (16)) where determined as 

  m=0.29   CVP=1.40·10-6   M=10.24 (20) 

 
 

Figure 15. Stress dependence of VP-strain presented in terms of A in order to 

determine the parameters CVP and M. The fit using a power function is shown as 

a solid line. 

 
Figure 16. Predicted evolution of VP-strains with time in creep tests. 
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The predicted VP-strain development during creep test using the determined 

parameters (Eq. (17)) is demonstrated in Fig. 16. One can see that a moderate stress 

increase from 50 to 55 MPa result in a large increase in VP-strains.  

As shown in Figs. 13 a)–d), complementary to the VP-strain development in the 

loading (axial) direction, negative VP-strains accumulate in the transverse direction. 

The transverse VP-strain is plotted as a function of the axial VP-strain in Fig. 17. For 

practical reasons, the transverse VP-strains in Fig. 17 are presented as positive, where 

each point represents a certain instant of time during a creep test at a fixed stress. For 

each of the specimens, both VP-strain components are proportional at all times, 

which allow us to introduce a “viscoplastic Poisson’s ratio” as first suggested in 

reference [10]. The experimental results suggest that the viscoplastic Poisson’s ratio 

varies between specimens and does not depend on the stress level. These observations 

call for an in-depth investigation of the nature of the VP-Poisson’s ratio. However, 

this is not within the scope of the current study. 

 

Figure 17. Relation between transverse and axial VP-strains in creep test at 

different stress levels. 
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4.4.2. Viscoelasticity 

In order to obtain the pure viscoelastic response, VP-strains were subtracted from the 

creep data using Eq. (13). Viscoelastic compliances were obtained by dividing the 

creep strain data by the stress level. A total of 18 creep compliance responses at four 

different stress levels are presented in Fig. 18. The scatter at each stress level is much 

lower compared to the results found for earlier versions of the rCF/rPP composites 

[10, 11]. In comparison to the previous results [10], the VE-compliance is reduced by 

50 %. No systematic increase of creep compliance with increasing stress levels can 

be observed. Therefore, it is concluded that for the considered stress levels, the 

composite can be considered as viscoplastic and linear viscoelastic giving g1=g2=aσ=1 

and assuming that ε0 is proportional to the stress level. 

 
 

Figure 18. Creep compliance at different stress levels. 

 
The steps needed to determine the coefficients Ci, τi  as well as the elastic term ε0 are 

described in detail in previous work [18]. The value of τ and the obtained average C 

values are presented in Table 2.  
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Table 2. Linear viscoelastic parameters. 

τ 
(s) 

C 
(%/MPa) 

10 7.45⋅ 10-4 

200 2.65⋅ 10-4 

800 5.47⋅ 10-4 

 

The linear viscoelastic model using averaged linear viscoelastic parameters for 

the individual specimens at 20, 25, 30 and 40 MPa (see Eqs. (18) and (19)) gives 

a good description of the creep response as demonstrated in the plots in Figs. 19 

a)–d). 

 

 

Figure 19. Experimental and simulation results for creep at: a) 20, b) 25, c) 30  

and d) 40 MPa. 
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This completes the model identification given by Eq. (12).  

 

4.4.3. Validation of the inelastic material model 

The predicted stress-strain response is presented in Fig. 20 together with 

experimental data from constant stress rate tests using four specimens. The agreement 

is good, even close to the rupture stress.  

 

 
Figure 20.  Experimental and predicted constant stress rate loading curves at a stress 

rate of 1.0 MPa/min. 

 
Figure 21 shows the significance of different components in the material model. At 

60 MPa, approximately 58 % of the strain is elastic strain and 15 % is transient 

viscoelastic strain. The remaining 27 % of the strain is due to viscoplasticity. At the 

end of the test, about 52 % of the strain is elastic, 13 % is transient viscoelastic and 

the rest (35 %) is viscoplastic strain.  
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Figure 21. Decomposition of the simulated strain in elastic and transient viscoelastic 

components and total strain (viscoelastic+viscoplastic). 

 
 

5. CONCLUSIONS 

A new, fully recycled rCF/rPP composite material has been developed and 

characterised. Microscale models to predict stiffness and strength of the short fibre 

rCF/rPP composite were employed and validated using experiments. The results were 

found to be in good agreement with the experimental results. The tests also confirm 

the previously investigated in-plane material isotropy. Fibre length distribution 

measurements before (unprocessed) and after (processed) composite manufacturing 

were performed to investigate the influence of the processing conditions on the fibre 

length distribution. The obtained results show a significant reduction in the avarage 

fibre length after press forming. The cross-section analysis of the composites 

revealed that the rCF/rPP composite is nearly fully homogenised. However, there are 

still small areas with excess polypropylene, which may lower the overall mechanical 

performance of this fully recycled composite material. The void content was 
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significantly lower than in the previous rCF/rPP composite generation reported in 

[14]. An inelastic material model was employed and validated using series of creep 

and recovery test. In the creep tests, it was found that the time and stress dependence 

of viscoplastic strains mainly follows a power law behaviour, which makes the 

determination of the parameters in the viscoplasticity model relatively simple. The 

viscoelastic response of the composite was found to be linear in the investigated 

stress range. The material model was validated in constant stress rate tensile tests and 

the agreement was good, even close to the rupture stress. 
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