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ABSTRACT 

 

Hybridization of ductile steel fibres and self-reinforced polypropylene (SRPP) is 

investigated. The goal is to create a material with a high specific stiffness (stiffness per 

density) while maintaining a high toughness of constituent materials. Three types of 

hybrids are produced to assess the effect of the stacking order on the tensile behaviour. 

The hybrid composites have shown to possess a five times higher stiffness and two 

times higher specific stiffness compared to the SRPP without any loss in toughness. 

The classical laminate theory was modified to account for non-linear behaviour of the 

plies and applied to predict tensile curves of the hybrid laminates. 

 

 

1 INTRODUCTION AND GOAL 

 

A limitation of traditional fibre reinforced composites is their low toughness, 

which is mainly attributed to the brittleness of reinforcing fibres. Fibres like carbon 

and glass have a strain-to-failure below 2% and 4%, respectively, and experience no 

ductility up to final failure. One of the ways to make these composites tougher is to 

hybridize these brittle fibres with more ductile fibres. The ductile fibres can be highly 

drawn polymer fibres or tapes. Heavily drawn polypropylene (PP) tapes, for example,  

have a stiffness of 10-15 GPa, a strength of 500-600 MPa and a failure strain of 10-

15% [1]. Self-reinforced polypropylene (SRPP) is very tough and light but has a 

limited stiffness (~5 GPa for a woven composite). For this reason, SRPP is sometimes 

combined into a hybrid composite with stiff fibres like glass [2] and carbon [3]. The 

high toughness of SRPP, however, drastically decreases  by hybridising it with these 

brittle fibres.  
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In the present work, a different approach is explored, namely hybridization of 

SRPP with stiff but ductile stainless steel fibres. The steel fibres are a new class of 

reinforcement, which combine both high stiffness (~193 GPa) and high strain-to-

failure (~20%). Previous research has already shown that steel fibres are a promising 

solution to enhance the toughness of polymer composites [4,5]. However, the main 

disadvantage is their high density (~7800 kg/m³). The goal of the present study is to 

create a composite material with a high stiffness (and stiffness per density), but which 

is achieved without loss of the high intrinsic toughness of the constituent materials. 

The study is unique in the sense that it hybridizes two ductile fibre types, whereas 

typically a brittle fibre is hybridized with either another brittle fibre like in carbon-

glass hybrids or a ductile fibre like in carbon/ SRPP or glass/SRPP hybrids. 

 

 

2 MATERIALS AND METHODS 

 

2.1 Raw materials 
 

The annealed stainless steel fibres are supplied by NV Bekaert SA. They are 

woven in a quasi-unidirectional (Q-UD) structure consisting of steel fibre weft yarns 

and  thin polyethylene terephthalate (PET) warp yarn. The areal density of the weave 

is 1425 g/m². The steel fibres have a diameter of 30 µm and are made of a 316 

stainless steel alloy.  

 

The SRPP is a twill 2/2 weave of drawn PP tapes produced at Propex GmbH 

(Germany). The weave is overfed 50% in both warp and weft direction, meaning that 

the distance from one tape to the next is less than the width of the tape (2.4 mm). The 

areal density of the weave is 130 g/m². 

 

PP films made from the same PP grade as the stretched PP tapes, are used to 

impregnate the steel fibres and to ensure a good SRPP quality. 

 

2.2 Production of hybrid and reference composites 

 

All composites in the study are produced using hot pressing. The following 

procedure is applied: The lay-up is fed into a heated press and compacted with a 

pressure of 50 bar during 5 minutes at 186,5°C. During this process the PP tapes are 

hot compacted and the steel fibres are impregnated with PP. After compaction, the 

laminates are cooled at 40°C/min under 50 bar pressure.  

 

The SRPP laminates (reference) are produced using 20 layers of woven PP 

tapes. To ensure a good quality of the laminates, a 20µm  PP film is added in-between 

the PP weaves. The 100% steel fibre/PP laminates (reference) are produced using 8 

layers of the Q-UD steel fabric with the lay-up of (0,90)2s. Above and below every Q-

UD steel fibre weave two 50µm PP films are added. The thickness of this reference 

laminate is ± 3mm and the fibre volume fraction, calculated from the areal weight, is ± 

46%. 
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Figure 1. Schematical representation of the three types of hybrids. 

 

 

Three types of hybrids are produced to assess the effect of the stacking order: 

steel fibre layers in the middle, at the outside and distributed throughout the laminate 

(Figure 1). In each of these laminates, the same fraction of the constituent materials is 

present (50 % steel fibre composite, 50 % SRPP). 

 

For the hybrid with steel fibre layers in the middle, four layers of Q-UD steel 

fibre weave are stacked in a 0/90 configuration and 5 layers of woven PP tapes are 

added to the top and the bottom of the laminate. PP films are added in the same ratio 

as for the reference materials. For the hybrid with steel fibres at the outside, 10 layers 

of woven PP tapes are placed in between a (0,90) and a (90,0) lay-up of Q-UD steel 

fabrics. For the hybrid with distributed configuration, two layers of woven PP tapes 

are placed above and below 4 layers of Q-UD steel fibres stacked in (0,90)s 

configuration. 

 

2.3 Experimental methodology 

 

Quasi-static tensile tests were performed according to ASTM D3039 on an 

Instron 4505. Sample size was 250mm x 25 mm. The displacement was controlled (2 

mm/min) and the loading was measured using a 100 kN load cell. Strain was 

measured using an extensometer. Five samples were tested for every laminate 

configuration. 

 

2.4 Modelling methodology 

 

The stiffness of the reference and hybrid materials was modelled using the 

classical laminate theory (CLT), which was modified to account for the non-linear 

behaviour of the constituent materials. The input for CLT was adapted to model the 

plastic deformation in the stress-strain behaviour of the hybrid materials. This was 

done by using the secant modulus at the applied strain as an input (figure 2). By using 

the secant modulus, a linear relation is assumed for the plastic deforming material, 

which can be used in CLT. This relation is only valid at this specific applied strain and 

thus new input values are needed for the calculation at each strain. 

 

 

 

Q-UD STEEL FIBRE/PP 

SRPP 



 
 

Figure 2. Schematic illustration of the secant modulus at 9% strain. 

 

The cross-ply steel fibre/PP composite was considered as a single ply to model 

the plastic behaviour of the hybrids. The longitudinal stiffness was based on the 

experimentally measured secant modulus. The transverse stiffness and shear modulus 

were calculated in the assumption of elasticity, because no plastic deformation is 

expected in these directions. The longitudinal stiffness, transverse stiffness and 

Poisson’s ratio of the SRPP were fully based on measurements. 

 

For estimation of the elastic constants of the Q-UD steel fibre/PP composite a 

geometrical model of the weave was first modelled using an in-house developed 

software tool, WiseTex [6]. The model was then transferred into TexComp tool to 

predict elastic moduli based on the inclusion-based homogenization technique. For the 

calculations, the following properties of constituent materials were assumed: stainless 

steel fiber (Young’s modulus (E) = 193 GPa, Poisson’s ratio (ν) = 0,3), PET fiber (E = 

3 GPa, ν = 0,3), PP matrix (E = 1,45 GPa, ν = 0,3). The steel fibre volume fraction was 

taken to be 46% according to the experimental measurements. 

 

 

3 RESULTS AND DISCUSSION 

 

3.1 Experimental results 

 

Figure 3 shows a representative stress-strain diagram for the reference and 

hybrid laminates. The reference materials have an almost identical strain-to-failure, 

but the stiffness is higher in case of the cross-ply steel fibre/PP laminate. 

 

The measured stiffness data are shown in table 2. The measured stiffness of the 

hybrids corresponds to the rule of mixtures (21,5 GPa). By hybridizing SRPP with 

50% cross-ply steel fibre/PP, the stiffness can be increased by a factor five. 

 



 
 

Figure 3. Representative stress-strain diagrams of the reference  materials and the three hybrids. 

 

 

The strength of the reference SRPP is higher than the strength of the reference 

cross-ply steel fibre/PP laminate. Only in case of the hybrid with the steel fibres 

distributed throughout the thickness a significantly lower strength than in the reference 

SRPP is found. Both other hybrids do not show a significant lower strength compared 

to the reference SRPP. 

 

While the strain-to-failure of the reference materials is almost identical, the 

strain-to-failure of the hybrids is lower, but the decrease is limited. However, the 

energy dissipated during the tensile test, as calculated from the area under the stress-

strain diagram, is approximately the average of the reference materials (11,9 J/mm³). 

The area under the stress-strain curve gives an indication for the toughness of the 

material. But more specific tests such as impact tests are planned to give a more clear 

view on the toughness of the material. 

 

During the tests it was observed that the steel fibre plies start failing first in a 

slow continuous manner, followed by sudden drastic failure of the SRPP layers and as 

a result, failure of the entire hybrid. Final failure is thus controlled by the SRPP layers. 

 

For lightweight applications, the mechanical properties per density are more 

important than the absolute values. Since the density of SRPP is very low, its specific 

properties are high. 

 

 
TABLE I. MECHANICAL PROPERTIES OF THE REFERENCE MATERIALS AND THE 

THREE HYBRID MATERIALS (± 95% CONFIDENCE INTERVAL) 

 
Stiffness 

[GPa] 
Yield stress 

[MPa] 
Strength 

[MPa] 

Strain-to-

failure [%] 
Energy 
[J/mm³] 

100% Steel fibre/PP 38.7 ± 1.5 85.8 ± 1.8 127.8 ± 4.0 12.9 ± 1.6 14.2 ± 2.1 

Steel fibre/PP distributed 22.4 ± 0.7 55.9 ± 2.7 136.3 ± 5.3 9.8 ± 1.8 9.2 ± 1.5 

Steel fibre/PP outside 22.5 ± 1.7 55.7 ± 4.2 144.5 ± 15.1 11.4 ± 0.5 11.3 ± 0.8 

Steel fibre/PP inside 20.7 ± 1.7 52.9 ± 2.8 140.9 ± 11.7 11.7 ± 0.9 11.3 ± 1.7 

100% SRPP 4.2 ± 0.4 17.4 ± 2.8 148.9 ± 8.7 13.4 ± 1.3 9.6 ± 0.6 



TABLE II MECHANICAL PROPERTIES PER DENSITY OF THE REFERENCE MATERIALS 

AND THE THREE HYBRID MATERIALS. 

 
Density 
[g/cm³] 

Specific stiffness 
[GPa.cm³/g] 

Specific strength 
[MPa.cm³/g] 

Specific energy 
[J/kg] 

100% Steel fibre/PP 4.1 9.4 ± 0.4 31.2 ± 1.0 3.5 ± 0.5 

Steel fibre/PP distributed 2.5 8.9 ± 0.3 54.3 ± 2.1 3.7 ± 0.6 

Steel fibre/PP outside 2.5 9.0 ± 0.7 57.6 ± 6.0 4.5 ± 0.3 

Steel fibre/PP inside 2.5 8.3 ± 0.7 56.1 ± 4.7 4.5 ± 0.7 

100% SRPP 0.9 4.5 ± 0.4 161.8 ± 9.5 10.4 ± 0.7 

 

Table 2 shows the specific properties of the reference materials and the hybrid 

materials. Even though the density of the steel fibre/PP is a lot higher than the SRPP, 

the specific stiffness of the hybrids is still two times higher than the reference SRPP. 

This is because stiffness is increased by a factor five and the density of the hybrids is 

only 2,5 times higher than the SRPP. 

 

The specific strength of the steel fibre/PP is lower than SRPP, because the 

strength of the reference materials is similar, but the density is four times higher. 

Hereby specific strength of the hybrids is approximately three times lower than SRPP. 

This is similar for the specific energy, where the specific energy of the hybrids is 

approximately two times lower than the SRPP. 

 

The stiffness, strength and strain-to-failure behave as expected: they can be 

reasonably well predicted using the rule of mixtures. However, the stress-strain 

behaviour of the hybrids differs from the rule of mixtures. The different hybrids do, 

however, follow a similar trend. In the next section, a more accurate modelling 

approach is used to explain this difference. 

 

3.2 Modelling results 

 

For tensile loading the stacking order does not alter the results calculated using 

CLT. Therefore the difference between the hybrids cannot be calculated using CLT. 

The experimental results of the hybrid with the steel fibres in the middle of the 

laminate will be used to compare with the modelling results. 

 

The stress of the hybrid material was calculated for three different strain levels: 

5%, 9% and 12%. The modelled points are shown in figure 4 and correspond well to 

the stress-strain curves. 

 

The main difference between using the rule of mixtures and the classical 

laminate theory is that CLT accounts for more than only the longitudinal properties. In 

this case, the Poisson’s ratio is very different for the cross-ply steel fibre/PP laminate 

(close to zero) compared to the SRPP (0,25). 

 

 

 

 

 



 
 

Figure 4. Representative stress-strain diagrams and modelling results. 

 

 

Due to this difference in Poisson’s ratio both the cross-ply steel fibre/PP 

laminate and the SRPP are more constrained resulting in a higher stress needed to 

reach a certain strain. This higher stress at a similar strain translates in a shift to higher 

stresses compared to the rule of mixtures. This effect also creates a biaxial stress state 

inside the laminate which can be an explanation for the lower strain-to-failure: the 

maximum stress is reached at lower strains. 

 

In the case that steel fibre/PP is distributed, the 0° and 90° of the steel fibre/PP 

are separated by a SRPP layer. Then local stresses can be larger, resulting in an even 

lower strain-to-failure and strength. This is because the 0° steel fibre/PP has a 

Poisson’s ratio which is even higher (almost 0,5) than the SRPP, while the 90° has a 

Poisson’s ratio close to zero. 

 

 

4 CONCLUSIONS 

 

In this work, hybrids were produced using ductile steel fibre composite and self-

reinforced polypropylene (SRPP). Three types of hybrids were investigated, to assess 

the effect of the stacking order: steel fibre layers in the middle, at the outside and 

distributed throughout the laminate, each time containing 50% steel fibre composite, 

and 50 % SRPP. 

 

Hybrid composites were shown to have a 5 times higher stiffness in comparison 

with SRPP while maintaining the high toughness (strain-to-failure or in the form of 

area under the stress-strain curve). Despite the high density of the steel fibres, also the 

specific stiffness of hybrid composites was still 2 times higher than for pure SRPP. 

Dissipated energy per weight was, however, lower after adding steel fibres. 

 

 

 



The tensile behaviour of all produced hybrids differed from the rule of mixture, 

namely all curves shifted to higher stresses. This effect has been explained by the 

difference in Poisson’s ratio between the steel fibre composite and the SRPP using the 

classical laminate theory, which was adapted for plastically deformable laminates. 

 

No significant difference was found in the behaviour of hybrid composites with 

steel fibre/PP layers at the inside or outside of the laminates. In case of the steel 

fibre/PP layers distributed through the laminate thickness, the strength and strain to 

failure were significantly lower than for the other two hybrids. This could be attributed 

to a local higher stress gradient caused by the Poisson contraction. 

 

Further research is planned to investigate the effect of the higher toughness 

under tensile loading on the impact behaviour. 
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