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Abstract. Sandwich structures consisting of fibre-reinforced plastic (FRP) facings and core are 
ideally suited as substitution materials for reducing component masses. The endless fibre 
reinforcement has the greatest performance potential. Both thermoset and thermoplastics are already 
being processed into endless fibre-reinforced sandwich facings according to the state of the art. The 
3D endless fibre reinforcement of cores is a current research topic. This paper describes the 
development of a hybrid sandwich consisting of thermoplastic composite facings and an innovative 
core composite. This is made of polyurethane (PUR) rigid or flexible foam, which is reinforced with 
spacer fabric. The sandwich manufacturing in Reaction Injection Moulding (RIM) includes the 
original forming of the core and the simultaneous bonding of the facings. This efficient process offers 
the potential for the production of such complex structures in medium or large series. The sandwich 
structures and their individual components were characterised in the standardised compression and 
bending test. The lightweight potential of spacer fabric reinforcement is demonstrated by comparing 
the specific mechanical properties of sandwich structures with and without core reinforcement. In 
comparison to reinforced and unreinforced foams, the effect of sandwich design is also shown. 

Introduction and State of the Art 

The lightweight design reduces the mass of components while maintaining product functionality. 
This leads to reduced CO2 emissions in the case of moving masses. In the form lightweight design 
the material distribution in components is optimised [1]. This is used by the sandwich design. The 
determination of materials with the lowest possible density for the requirements of a component is 
carried out in the material lightweight design [1].  FRP are about 40 % lighter than aluminium and up 
to 80 % lighter than steel [2]. The optimisation of the fibre orientation with regard to the mechanical 
requirements leads to large weight savings. Endless fibre reinforcement has the greatest performance 
potential. A wide range of fibres and plastics are available on the market. Different requirement 
profiles can be fulfilled by a targeted selection. Sandwich structures consisting of endless fibre-
reinforced plastic facings and cores are therefore ideally qualified as substitution material for 
reducing component masses. Only foams are suitable for this composition as core type. Those alone 
can transfer forces between the fibres. At the same time they have a low density because of their 
porosity in accordance with the requirements of a sandwich core. 

Completely thermoset FRP sandwich structures offer higher mechanical properties and higher 
temperature stability compared to completely thermoplastic sandwich structures [3]. This are in 
contrast easily recyclable [3]. Components made of thermoplastic facings and a thermoset core can 
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be designed very freely [4]. A good forming ability of the thermoplastics and the high flowability of 
thermoset foams are the reasons for this. In addition with foam injection moulding no shrinkage or 
warpage of moulded parts occurs even by very complex forms [5]. This paper describes scientific 
investigations of this combination. 

Thermoplastics are already being processed into endless fibre-reinforced sandwich facings 
according to the state of the art [6]. The 3D endless fibre reinforcement of foam cores is a current 
research topic in contrast. Only short [7] and long fibres [8] can be processed in Reinforced Reaction 
Injection Moulding (RRIM) for the production of thermosets. In Structural Reaction Injection 
Moulding (SRIM) only 2D textiles have been processed up to now [9]. 

Spacer fabrics are 3D fibre structures consisting of two fabric surfaces which are kept at a defined 
distance by spacer threads [10]. The suitability in principle of these structures for the reinforcement 
of PUR foams has already been investigated [11–13]. This paper deals with the addition of such core 
composites with endless fibre-reinforced thermoplastic facings to sandwiches. The development of 
efficient processes for the production of such complex structures for medium and large series is 
challenging [14]. The number of process steps has to be minimised. Hybrid sandwich structures meet 
this requirement. They are manufactured by bonding the faces with the core simultaneously with the 
original forming of a sandwich layer [15]. This was realised in that investigation. Core composites 
with spacer fabric reinforcement were manufactured in the in-situ foaming with polyurethane and 
simultaneously bonded to thermoplastic facings. This is based on own preliminary work. On the one 
hand these are studies on the adhesive strength between PUR foams and thermoplastics which were 
bonded in the RIM [16]. This enables the selection of suitable materials for loadable adhesive 
bondings in the sandwich. On the other hand the textile surface design of thermoplastic FRP was 
used [17]. This provides a highly loadable transition area between the facings and the core. Focus of 
this paper are the specific mechanical properties that sandwich structures with spacer fabric 
reinforcement and their individual components achieve. The lightweight potential of the 3D endless 
fibre reinforcement was quantified by comparing the values of unreinforced and reinforced cores and 
sandwiches. 

Experimental Part 

Sandwich design and materials. The investigations of this paper were carried out on sandwich 
composites according to Fig. 1, a) consisting of thermoplastic composite facings and an innovative 
core composite. This is made of polyurethane foam, which is reinforced with a spacer fabric. The 
focus was on a sandwich thickness of 40 mm in order to demonstrate the potential of spacer fabrics 
for 3D endless fibre reinforcement of thick cores for special thermal and sound insulation 
requirements. 

 
Fig. 1: a) Exploded view of the investigated sandwich composite and b) spacer fabric 

 
The thermoplastic composite was manufactured by SKL Schwergewebekonfektion Lichtenstein 

GmbH (Oberlungwitz, Germany) using the OLU-Preg® process [18]. It is about 1.5 mm thick, has a 
density of approximately 1500 kg/m3 and a theoretical fibre volume content of 42 %. As 
reinforcement structure it contains non-crimp fabrics of glass which have a roving fineness of 
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300 tex, a filament diameter of 14 µm and a grammage of 200 g/m2. Four of them were processed in 
X and Y direction each. The matrix is formed by PP. On one side of the textile layer stack for the 
production of the thermoplastic composite no final layer of matrix was used. This results in partially 
unimpregnated glass fibres on this side, which are to a sufficient extent embedded in the plastic 
matrix to be mechanically stressed. This microporous surface structuring offers best conditions for 
the bonding of the sandwich core. 

A sandwich core thickness of 40 mm can only be reinforced 3D endless with spacer fabrics 
produced on HighDistance® double raschel machines. A corresponding variant from Spiga GmbH 
(Flöha, Germany) was selected for this study (Fig. 1, b). It consists of polyester yarns. The surfaces 
are made of multifilaments as fillets with a tricot lapping. The surface porosity is 8 % and was 
determined by microscopy. The slight porosity of the threads was neglected. The spacer threads 
consist of monofilaments with a diameter of 0.2 mm. In the 3D fibre structure they run IXI. The low 
weight per volume of the spacer fabric of 62 kg/m3 and the low fibre volume content of 4.4 % with a 
spacer thread number of 520/in2 justify its potential as a light but high-performance reinforcing 
structure in the core of FRP sandwich structures. 

Two reactive 2-component cold foam systems from Covestro AG (Leverkusen, Germany) were 
used to manufacture the PUR foams (Table 1). They produce a flexible and a rigid PUR foam which 
each have a free foam weight per volume of approximately 40 kg/m3. The flexible foam system 
primarily produces open and the rigid closed cells. Both systems consist of an aromatic 
polyisocyanate and a polyol formulation, which contains polyether polyol and all necessary additives 
for the polyaddition reaction and CO2 formation. The flexible foam system with a starting time of 8 s 
and a tack-free time of 4 minutes has the considerably faster process times compared to the rigid 
foam system with a starting time of 50 s and a tack-free time of 15 minutes. 

Table 1: Applied PUR foam systems 
 Polyurethane rigid foam Polyurethane flexible foam 

Po
ly

ol
 Name BAYDUR 43-101 PU Blend RP.PU 90WF99 

OH number [mg KOH/g] 330 39 ± 3 
Weight ratio [%/wt.] 67 100 

Is
oc

ya
na

te
 

Name Desmodur 44V20 LF Desmodur VP.PU 3230 
NCO content [%/wt.] 30.5─32.5 32.0─33.0 
Weight ratio [%/wt.] 100 54 

 
Manufacturing process. An aluminium tool with a cavity of 500 mm length, 50 mm width and 
40 mm height was used to manufacture samples. It has a 4-unit runner sprue that feeds the cavity 
over its complete length at a height of 15 mm. It was heated to 42 °C for the sample manufacturing. 
MP-4066 from Münch Chemie International GmbH (Weinheim, Germany) was used as release agent.  

The thermoplastic composites were cut with a water jet system and the spacer fabrics with the 
USM-G electric circular blade from Hoogs Cutting Systems GmbH & Co. KG (Bonn, Germany) into 
the cavity area of 500 mm x 50 mm. The longer side (X direction in Fig. 1, a) of the spacer fabric 
corresponded to the working direction in the warp knitting process. 

The two-component low pressure system M8/2 from Unipre GmbH (Werl, Germany) was used 
for mixing and injection of the foam systems. An output of 700 g/min was used for the flexible and 
600 g/min for the rigid foam system. Shortly before the mould is closed and the PUR is filled in, all 
inserts are placed in the cavity to produce the composite structures. They have room temperature of 
approximately 23 °C when the PUR foam flows against them. If no spacer fabrics or thermoplastic 
composites are used, reference samples without core reinforcement or facings can be produced for 
the scientific investigations. No fixing of the inserts in the cavity was necessary to prevent 
displacement because of the low-pressure technology used. The flow of the PUR foam to a complete 
cavity filling was exclusively caused by the chemical reaction and the resulting blowing agent CO2. 
The tack-free time of the foam systems defines the time until the samples can be removed from the 
mould. 
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A minimum of 60 g reaction mass is required for both foam systems to completely fill the cavity 
with PUR if no inserts are used. The resulting PUR foam beams have a weight per volume of 
58 kg/m3 as a foamed runner sprue weights about 2 g and the total volume of the cavity is 1000 cm3. 
The weight per volume of the foams can be specifically adjusted to the system accuracy of ±2.5 g by 
introducing increased PUR reaction masses into the mould. If spacer fabrics are used as inserts in the 
cavity, increased PUR reaction masses have to be used compared to filling the free space. They 
interfere the PUR foam expansion. Filling the spacer fabric described above with minimal PUR 
reaction mass results in a foam weight per volume of 88 kg/m3. This was also specifically used for 
the production of reference samples without spacer fabric reinforcement for a better comparability. 
The core composites without facings have a weight per volume of about 150 kg/m3, the sandwich 
samples without core reinforcement 203 kg/m3 and the sandwich samples with core reinforcement 
265 kg/m3. 

Testing. The tensile test according to DIN EN ISO 527-4 and the 3-point bending test according to 
DIN EN ISO 14125 were used to characterise the thermoplastic composite in accordance with the 
usual market practice. 

Two standards were used to determine the compressive properties of the sandwiches and their 
individual components. The test samples with flexible foam core were tested according to 
DIN EN ISO 3386-1. This takes the flexibility of materials into account. Three load cycles up to 
30 % remaining height are performed before the measurement cycle is recorded. The samples with 
rigid foam core were tested according to DIN EN ISO 844. This does not include load cycles before 
the measurement cycle because of the destructibility of material. The two standards do not differ in 
their main features apart from that. The manufactured beams were cut to the sample dimensions of 
50 mm x 50 mm x 40 mm in accordance with the standards for this material test. 25 measurements 
per series were carried out. 

The 3-point bending test of the sandwiches and their individual components was carried out 
following the DIN EN ISO 178 on 10 samples per series, which corresponded to the dimensions of 
the tool cavity. The length did not meet the requirements of the standard. The bending distance was 
set to 51 mm and the loading and unloading behaviour was recorded. 

Results and Discussion 

Tensile and bending properties of the thermoplastic composite. Table 2 shows the tensile and 
bending properties of the thermoplastic composite. 

Table 2: Mechanical properties of the applied thermoplastic composite 

n=14 Tensile properties Bending properties 
in X direction 

Bending properties 
in Y direction 

DIN-Norm DIN EN ISO 527-4 DIN EN ISO 14125 DIN EN ISO 14125 
Young's modulus [GPa] 17.8 20.5 10.6 
SD (Young's modulus) [GPa] 0.4 0.4 0.9 
Strength [MPa] 351 425 319 
SD (Strength) [MPa] 17 26 15 
Breaking elongation [%] 2.3 2.2 3.9 
SD (Breaking elongation) [%] 0.1 0.2 0.4 

SD: standard deviation 

Compression properties of the sandwiches and their individual components. The reinforcement 
of PUR foams with a spacer fabric results in a highly anisotropic deformation behaviour under 
compressive load corresponding to the curvature of the spacer threads (Fig. 2). 
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Fig. 2: Deformation behaviour of a) an unreinforced compared to b) a spacer fabric reinforced foam 

The spacer fabric as individual component has three powers of ten lower compressive stress 
values compared to the rigid materials (Fig. 3, a). As reinforcing structure in the core composite it 
causes a significant increase of the values compared to the reference rigid foam. Adding facings to 
the core composite leads to further increases in compressive stress. The transverse contraction of the 
foam is hindered by the connection to the facings, resulting in higher compaction and greater states 
of stress in the material. The core reinforcement in the sandwich only results at higher degrees of 
deformation in performance increases. In the mass-related, specific comparison (Fig. 3, b), the 
sandwich with core reinforcement drops behind the other rigid materials because of the mass 
proportions of the core reinforcement and the thermoplastic composite facings. The rigid foam and 
the core composite are equally positioned in the specific comparison and achieve the highest 
characteristic values. An increase in the lightweight potential is therefore not achieved by reinforcing 
rigid foam with spacer fabrics when compressive stress is applied. 

 

 
Fig. 3: a) Absolu te and b) specific characteristic values of the pressure test according to DIN EN ISO 844 of the rigid 
sandwiches their individual components 

The spacer fabric also has the lowest compressive stress values compared to the flexible materials 
investigated (Fig. 4, a). But it leads to a great reinforcing effect in the flexible foam as well as in the 
sandwich. This is also demonstrated in the specific characteristic value comparison (Fig. 4, b). The 
lightweight potential of flexible foam is accordingly significantly increased by the reinforcement with 
spacer fabrics when compressive stress is applied. 
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Fig. 4: a) Absolute and b) specific characteristic values of the pressure test according to DIN EN ISO 3386-1 of the 
flexible sandwiches their individual components 

Bending properties of the sandwiches and their individual components. In the bending test of 
the rigid sandwich without core reinforcement, the thermoplastic composite fails first interlaminar at 
the point of load application (Fig. 5). The interface between the facings and the core and then the 
core itself fail as a result of further deformation. The integration of the spacer fabric into the 
sandwich prevents core failure. The flexible sandwiches do not fail in the bending test. A greater 
thickness deformation at the point of load application compared to the rest of the sample 
deformation can be observed without core reinforcement. This is homogenised by the integration of 
the spacer fabric. 

 
Fig. 5: Deformation behaviour of the hybrid sandwich beams under bending load 
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Increasing bending strength and stiffness can be determined for both rigid and flexible materials with 
increasing material complexity (Fig. 6). The integration of the spacer fabric in the flexible sandwiches 
also increases the area of the hysteresis curve, which corresponds to the energy absorption of the 
material. The flexible core composite shows a buckling at approximately 2.2 % bending strain. This 
is prevented by the addition of facings, as the load is distributed more evenly. 

 
Fig. 6: Exemplary measurement curves of the bending test based on DIN EN ISO 178 of a) rigid and b) flexible 
sandwiches and in each case their individual components 

The rigid sandwich with core reinforcement does not have significantly better values than the 
unreinforced sandwich in the specific comparison (Fig. 7). The already very strong and stiff matrix is 
the reason for this. Increasing characteristic values with increasing material complexity can be 
detected in specific comparisons for the flexible materials. 

 
Fig. 7: Characteristic values of the bending test based on DIN EN ISO 178 of a) rigid and b) flexible sandwiches and 
in each case their individual components 

Summary 

This paper presents a developed sandwich consisting of thermoplastic composite facings and PUR 
foam cores with innovative spacer fabric reinforcement. The increase of the lightweight potential 
through the 3D endless fibre reinforcement in the core could be quantified on the basis of pressure 
and bending tests. This increases significantly in case of a flexible sandwich core. Only the absolute 
characteristic values can be increased for sandwiches with a rigid core. The additional mass resulting 
from the spacer fabric can only be compensated in the specific performance comparison. The 
reinforcement of the rigid foam core with spacer fabric makes it therefore unbreakable. 
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