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Abstract 
Novel hybrid processes for the manufacture of continuous fibre reinforced thermoplastic (CFRTP) 
components have been emerging, due to increasing requirements regarding cost-efficient 
lightweight design especially in the automotive sector. A promising example is the in-situ CFRTP 
sandwich process, which combines overmoulding of thermoplastic composites with foam injection 
moulding. This hybrid process enables function-integrated components with high weight specific 
mechanical properties and complex geometry at low cycle times. However, methods for the pre-
design of in-situ CFRTP sandwich components are required for the application of this process in 
industrial component manufacture. Therefore, several challenges must be met especially with 
respect to the critical aspect of interfacial bonding between CFRTP facesheets and injection moulded 
core as well as to the resulting weight specific mechanical behaviour depending on the material and 
process parameters.  

In this context, the present work aims to clarify the mechanisms behind the interfacial bonding 
development during the in-situ manufacture of CFRTP sandwich specimens. Furthermore, the 
relationship between process as well as material parameters and the resulting weight specific 
flexural behaviour of sandwich components is evaluated. This shall lay the foundation for the 
development of methods, which enable the mechanical modelling of in-situ CFRTP sandwich 
structures and thereby facilitate the pre-design of new components.  

For the quantitative evaluation of the interfacial bonding of in-situ CFRTP sandwich structures, 
suitable test methods need to be established at first. Subsequently, experimental campaigns are 
conducted in order to evaluate the mechanisms responsible for the development of interfacial 
bonding during the in-situ process. Therefore, polypropylene-based in-situ CFRTP sandwich 
specimens are manufactured and subsequently object of mechanical testing and analysis. After 
focusing on an investigation of the polymer specific bonding mechanisms, the effect of chemical and 
physical blowing agents on the interfacial bonding of facesheet and core is determined.  

In addition, the inherent lightweight design potential of in-situ CFRTP sandwich structures is 
evaluated, represented by the weight specific flexural rigidity. For this purpose, the foam 
morphology that is induced by material and process parameters as well as the corresponding weight 
specific flexural properties of sandwich specimens are assessed via micro computer tomography and 
four-point bending tests respectively.  

Based on these studies, model based predictive characterisations of the interfacial bonding as well as 
of the weight specific flexural behaviour of in-situ CFRTP sandwich structures are developed and 
evaluated using experimental data.  

In order to demonstrate the applicability of the developed models in the pre-design of in-situ 
sandwich components, they are used for the substitution of a steel reference component. This shall 
further highlight the promising potential regarding cost-efficient lightweight design of in-situ CFRTP 
sandwich structures.  
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Glossaries 
 

Abbreviations 
 

General 
ASTM  American Society for Testing and Materials 
BEV    battery electric vehicle 
CC  cross composite 
DIN   Deutsche Industrie Norm 
EV    electrified vehicles 
ICE   internal combustion engine 
ISO   International Organization for Standardization 
VDI   Verein Deutscher Ingenieure 
UD   undirectional  
VOC   volatile organic compounds 
 

Symbols 
∆   difference 
µ   friction coefficient 
A   area 
𝐴    area at solid-liquid interface 
a   crack length 
a0   the initial uniform asperity height  
Bc   Hobbs specific width 
   diffusion distance 
    equilibrium diffusion distance 
C   gas concentration coefficient 
d   midspan deflection 
d/dt   time derivative  
d0   initial uniform width  
Db   degree of bonding 
Ddiff   diffusion coefficient 
Dh   degree of healing 
Dic   degree of intimate contact 
dП   potential energy 
δ   delta  
δ   traverse stroke 
δ   load deflection 
E   Young’s modulus 
E0  longitudinal tensile modulus of UD layer 
E90  transversal tensile modulus  of UD layer 
Ec   tensile modulus core 
Ef,i  tensile modulus of facesheet with spec. layup 
Ef,II   longitudinal tensile modulus  



 

III 
 

Ef,ꓕ   transversal tensile modulus 
EH   Hobbs homogenised modulus  
Fa  alignment load 
Fp   applied load 
𝐹   mean applied load 
fb  dimensionless fusion bonding number 
η   viscosity 
η0   zero shear viscosity  
g   gravitational acceleration 
G   fracture toughness 
G’   storage modulus 
G’’   dissipative modulus  
GC   critical fracture toughness 
𝐺    equilibrium fracture toughness 
Gco   cross-over modulus 
𝐺    plateau modulus  
GD   activation energy of diffusion 
𝐺   free energy 
∆𝐺    threshold energy for polymer chain transport 
∆�̅�∗,    critical nucleation energy for secondary nucleation 
∆𝐺    free energy change during homogenous nucleation 
𝛾    tension at interface contact 
𝛤   phase shift 
h   core height 
hN  notch height 
𝐻   total height 
∆𝐻    polymer melt enthalpy 
∆𝐻    melt enthalpy of 100% crystalline material 
∆𝐻    solution enthalpy 
I   second moment of inertia 
I(T)   temperature dependent growth rate  
I0   growth rate factor  
IH   Hobbs second moment of inertia  
k   Boltzmann constant  
𝜆   wavelength 
l   minor chain length 
L   polymer chain length 
L   total specimen length 
l   support span length 
l’  load span length 
LD    lightweight design  
𝑚   mass 
𝑚    mass of gas 
𝑚   mass of polymer 
M   molecular weight 
Mc   critical molecular weight  
Me   molecular weight of entanglement 
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∆𝑛   birefringence 
Ω  parameter for of intimate contact or healing dominance evaluation 
ψ   mass fraction 
papp   applied pressure 
pc  critical pressure 
pin   inner pressure 
r  radius 
R   ideal gas constant  
𝑅∗   relative density parameter 
rc   critical radius 
rcell    cell radius 
ρ   density 
ρs   density of solid polymer 
S   solubility coefficient  
S0    solubility extrapolated to an infinite temperature 
σ   stress 
𝜎    equilibrium strength 
T   temperature 
�̇�   cooling rate 
Tc  critical temperature 
tf   final bonding time  
Tm   melt temperature 
Tmelt  melting temperature 
tp   process time 
tR   reptation time 
ts   thickness of solid foam core-skin 
Tw   mould temperature 
tw   welding time 
τ   shear stress 
τNLS  notched lap shear strength 
𝜃   tilt angle 
𝑉    volume fraction total 
𝑉     volume fraction of solid material 
𝑣    specific volume fraction 
𝑣    diffusion velocity  
VOC   volatile organic compound 
vol.   volume 
νyx   Poission’s ratio 
W   width 
w0   initial uniform distance between the asperities  
WN  width of notch 
wt.   weight 
x   x-axis variable 
𝜉   degree of crystallinity 
y   y-axis variable 
z   z-axis variable 
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Materials 
1UD 

 
UD tape layer  

2UD 
 

two consolidated UD tape layers 
aPP 

 
atactic polypropylene 

AS4  HexTow™ carbon fibre 
CBA 

 
chemical blowing agent 

CC  cross-ply composite 
CF  

 
carbon fibre 

CF-CC  cross-ply composite carbon fibre layup 
CF-PP  carbon fibre reinforced polypropylene 
CF-UD  unidirectional carbon fibre layup 
CFRP 

 
continuous fibre reinforced polymer  

CFRTP  
 

continuous fibre reinforced thermoplastic 
EPP  

 
expanded PP  

FRP 
 

fibre reinforced plastic 
FRTP  

 
fibre reinforced thermoplastic 

GF  
 

glass fibres  
GF-CC  cross-ply composite glass fibre layup 
GF-PP  glass fibre reinforced polypropylene 
GF-UD  unidirectional glass fibre layup 
HC 

 
high crystalline 

iPP  
 

isotactic polypropylene  
PBA 

 
physical blowing agent 

PBT  
 

polybutylene terephthalate  
PEEK  

 
polyether ether ketone  

PEI  
 

polyetherimide  
PET  

 
polyethylene terephthalate  

PI 
 

polyimide 
PMI  

 
polymethacrylimide  

PP 
 

polypropylene  
PP-H 

 
polypropylene homopolymer 

PP-T20 
 

20 wt.-% talcum reinforced polypropylene 
SFRTP  

 
short fibre reinforced thermoplastics 

sPP 
 

syndiotactic polypropylene 
TPU  

 
thermoplastic polyurethane  

 

Methods 
4 PB  

 
four-point bending 

CAD  
 

computer aided design  
CDP  

 
climbing drum peel  

CLT  
 

classical laminate theory  
CNT  

 
classical nucleation theory  

CT  
 

computer tomography 
DCB  double cantilever beam 
DSC  

 
differential scanning calorimetry  

FEG  
 

field emission gun  
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GMR  
 

general mixing rule  
IR  

 
infrared radiation 

LEFM  
 

linear elastic fracture mechanics  
MBT  

 
modified beam theory  

NLS  
 

notched lap shear 
PLM  

 
polarised light microscopy  

RPT  
 

roller peel test  
SAXS 

 
small angle X-ray spectrography 

SCB  
 

single cantilever beam  
SEI  

 
secondary electron imaging 

SEM  
 

scanning electron microscopy 
TSD  

 
tilted sandwich debond  

TTL  
 

thermoplastic tape laying 
WAXS 

 
wide angle X-ray spectrography 

μCT  
 

micro computer tomography  
µFTIR 

 
infrared microscopy 
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1. Introduction 
In recent years, lightweight design has gained new interest resulting from the rise of electric vehicles 
(EVs). Due to increasingly vigorous emission regulations on car fleets, vehicles with conventional 
internal combustion engine (ICE) approach the limit of economic feasibility considering the large 
development cost which is necessary to achieve the emission targets [1]. However, the battery as 
energy storage results in an increased car weight of EVs, though several components for ICE vehicles 
can be spared or simplified such as the gearing [1, 2]. The considerably high weight of EVs leads to a 
higher traction energy consumption, resulting in lower traction energy efficiencies despite energy 
recuperation measures [3, 4].  

Hence, in the automotive sector and especially with respect to EVs, an enhanced cost-efficient 
lightweight design is necessary. In order to achieve this, an intensified use of fibre reinforced plastics 
(FRP) needs to be considered. Accordingly, BMW (Bayerische Motoren Werke AG) launched with the 
BMW i3 a battery electric vehicle (BEV) with a strong focus on lightweight design based on thermoset 
composites [5–7]. However, the cycle time of continuous fibre reinforced polymer (CFRP) 
components based on thermoset matrices still does not match time and cost requirements especially 
in the high volume segments of the automotive industry [5].  

Fibre reinforced thermoplastics (FRTP) represent a promising alternative to conventional thermoset 
composites. Thermoplastic composites offer advantages like almost unlimited shelf life, recyclability, 
simplified work space hygiene and increased freedom of design [8, 9]. Most importantly however, 
thermoplastic composites enable shorter cycle times compared to composites with thermoset 
matrix, as the manufacture does not involve a curing time but a comparatively short cooling time [10, 
11]. Consequently, FRTP denote a promising lightweight design material for cost-sensitive high 
volume applications.  

The mechanical properties of FRTP components depend on the fibre volume or mass fraction, fibre 
length as well as fibre orientation and structure within the polymer matrix [8, 12, 13]. Generally, the 
weight specific mechanical properties and hence the lightweight design potential increase with 
growing fibre length and fibre volume within the composite. Unfortunately, the cost efficiency of 
manufacture as well as the freedom of design as yardstick for the achievable geometric complexity 
decreases simultaneously, see Figure 1. Injection moulding of short and long glass fibre reinforced 
thermoplastics for example denotes a manufacturing method for the cost-efficient production of 
complex shaped components and thus high freedom of design with moderate mechanical properties. 
Structural lightweight design components with highest demands regarding weight specific 
mechanical strength and stiffness however require continuous fibre reinforced thermoplastics 
(CFRTP) [8], yet at the disadvantage of a reduced freedom of design. Current processing technologies 
for the manufacture of CFRTP components are based on impregnated and mostly consolidated semi-
finished thermoplastic composites, such as unidirectional tapes (UD tapes) or organo sheets. The 
production of CFRTP structures from UD tapes or organo sheets is often based on thermoforming. 
This process involves the heating of the CFRTP above the polymer matrix melting temperature and 
the subsequent forming and shaping in a cooled compression mould [12]. This process enables the 
manufacture of CFRTP components only with moderate geometrical complexity, due to the limited 
drapability and flow behaviour during compression moulding of the CFRTP material. Contrary to 
organo sheets, UD tapes can also be automatically placed and stacked using thermoplastic tape 
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laying (TTL) in order to build a CFRTP component with defined fibre orientation [14–16]. This makes 
TTL superior with respect to lightweight design [11], yet, the freedom of design is similarly limited 
and cost efficiency is a challenge. The latter is due to the high cost for the complex robotic tape 
placement systems and the need for post-processing via autoclaves in order to provide sufficient 
consolidation between the UD tape layers [17].  

Lightweight Design Potential 
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Figure 1: Schematic relationship of cost efficiency, freedom of design, fibre length and lightweight potential of fibre 
reinforced thermoplastic materials and corresponding processing routes: hybrid moulding processes combine benefits of 
conventional techniques and enable new potentials. 

 

It can be summarised that cost efficiency, freedom of design and the lightweight design potential of 
FRTP components is limited by the inherent relationship between fibre length and resulting 
manufacturability. Therefore, hybrid processing technologies for FRTP materials and structures have 
been emerging, which combine processing variants for different fibre lengths. The hybrid 
overmoulding method e.g. represents a fusion of injection moulding with CFRTP structures that may 
be thermoformed beforehand. The overmoulding technique originates from the combination of 
metals with injection-overmoulded polymer structures [10, 18, 19]. This principle has been enhanced 
with the use of CFRTP as base material, providing increased weight specific mechanical properties 
and bonding strength between overmoulded polymer structures and the CFRTP substrate compared 
to their metal based counterparts. This is because during overmoulding of CFRTP with thermoplastic 
melt, both structures are welded together [18, 19]. The “Erlanger Träger”, developed and published 
by the Institute of Polymer Technology (LKT Erlangen) in the early 2000s, is one of the most well-
known examples of hybrid moulding components [10]. Since then, a variety of different hybrid 
moulding technologies and composite components has been developed and published [11, 18, 20–
27]. Hybrid moulding techniques such as overmoulding thus enable the use of CFRTP and their 
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promising lightweight design potential with the freedom of design and cost efficiency of short and 
long fibre reinforced thermoplastics. 

 

1.1. Motivation 
Although the classical overmoulding of CFRTP substrate structures has been object to large research 
efforts which succeeded in several industrial applications [28–34], the full potential of the 
combination of injection moulding technologies and CFRTP materials is not yet utilised with respect 
to lightweight design and cost.  

Most hybrid thermoplastic composite structures and components consist of considerably thick CFRTP 
structures combined with e.g. overmoulded ribs and screw bosses [18, 27]. Especially when 
considering the frequent case of flexural loads, the extensive use of CFRTP material as base layer is 
often not associated to the actual stress field in the component. Hence, the lightweight design 
potential is not fully utilised resulting in low weight reductions compared to isotropic lightweight 
materials e.g. aluminium. Furthermore, the component cost is unnecessarily high because more 
costly CFRTP material is used than actually needed [11]. Finally, the function integration of current 
hybrid composites is limited to the modification of mechanical properties, especially with respect to 
torsional and bending properties, while polymers offer the possibility of additional functionalities e.g. 
thermal and acoustic insulation properties [35].  

In this respect, process variants for the in-situ manufacture of full thermoplastic sandwich 
components with CFRTP facesheets and integral polymeric foam cores are promising candidates to 
provide cost-efficient lightweight design components [36]. The process is based on a combination of 
foam injection moulding and overmoulding of CFRTP, see Figure 2. 

Foam Injection MouldingOvermoulding

Polymer Chains 
Core

InterphaseInterface

Polymer Chains 
Facesheet

CFRTP 
Facesheet

Injected 
Polymer Core 

I 
Single-Phase 
Polymer Gas 

Mixture

II 
Nucleation

III
Cell Growth

IV
Cell 

Stabilisation

Foam 
Development 

 

Figure 2: Schematic illustration of the incorporated processes in the in-situ manufacture of CFRTP sandwich components 
and its inherent challenges: overmoulding requires a proper interfacial bonding between the miscible thermoplastic 
adherents whereas foam injection moulding rises the challenge of foam morphology development and its induced weight 
specific mechanical behaviour. 
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During the manufacture, an integral foam core is injection moulded between thin CFRTP facesheets 
resulting in a full thermoplastic sandwich composite structure. Similar with thermoset based 
sandwich composites, the CFRTP sandwich structures exhibit high flexural properties at low weight 
[37]. This combinatory processing method has been developed by different institutes and 
researchers in recent years [35, 38–42].  

The in-situ technique aims to increase weight specific mechanical properties and freedom of design 
while at the same time to reduce component cost by an efficient material application and production 
process. However, several challenges still need to be met in order to make this hybrid processing 
technique applicable for industrial scale component manufacture. These challenges are presented 
and discussed in the following, hence defining the objectives of the present work. 

 

1.2. Objectives  
The present work aims at a contribution to the diversification of manufacturing methods for hybrid 
CFRTP based lightweight structures. Therefore, it is necessary to gain insight into the phenomena 
governing the in-situ manufacture and the mechanical properties of CFRTP sandwich structures. This 
shall subsequently allow for a model-based prediction of the skin-core interfacial bonding and 
flexural behaviour of the resulting sandwich components. These models shall ultimately lead to a 
simplification of the pre-design of in-situ CFRTP sandwich structures. In order to achieve this, three 
main objectives are consequently pursued: 

1. Development of Interfacial Bonding  
2. Lightweight Design Potential and Optimisation  
3. Predictive Models for Pre-Design 

Initially, the bonding behaviour between injection moulded core and CFRTP facesheets plays a major 
role in order to use the full mechanical potential of in-situ CFRTP sandwich structures [37]. Hence, a 
profound understanding of the relationship between material and process parameters with respect 
to the resulting bonding between CFRTP facesheets and injection moulded polymer core is 
necessary. For this purpose, test methods are required that quantitatively describe the core-skin 
bonding thus enabling an evaluation and optimisation of the in-situ CFRTP process. After the 
selection of best-suited testing methods, it shall be analysed which material and process parameter 
combinations lead to high or low interfacial bonding of the injection moulded core to the CFRTP 
facesheets. The evaluation of the skin-core interface area as well as the fracture behaviour shall give 
insight into the phenomena governing the in-situ bonding of injection moulded core and CFRTP 
facesheets. 

The second main objective of this work is the optimisation of the lightweight design of in-situ CFRTP 
sandwich structures represented by their weight specific flexural properties. Therefore, it is 
necessary to evaluate in a first step the effect of the use of different blowing agents on the interfacial 
bonding development of facesheet and core compared to sandwich specimens with unfoamed cores. 
In a second step, the effects of physical and chemical blowing agents as well as process parameters 
on the resulting weight specific flexural properties of in-situ CFRTP sandwich components are 
evaluated.  
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The third main objective focuses on the prediction of the structural behaviour of in-situ CFRTP 
sandwich structures in order to simplify the pre-design process for new components using this 
manufacturing technique. Different models shall therefore be developed and evaluated for the 
prediction of the interfacial bonding between CFRTP facesheets and injection moulded foam cores as 
well as of the flexural rigidity of the resulting in-situ sandwich structures. The models shall be 
validated and hence enable a specific optimisation of in-situ sandwich structures during a pre-design 
process.  

 

1.3. Approach 
The structure of the present work is schematically depicted in Figure 3. It comprises eight chapters. 

 

Figure 3: Schematic overview of the approach of the present work which is divided into 8 main chapters. 

 

According to the objectives defined in chapter 1.2, a profound literature study in chapter 2 builds the 
basis for the subsequent chapters.  
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Chapter 3 focuses on the investigation and evaluation of mechanical testing procedures for the 
quantification of the bonding behaviour between injection moulded cores to CFRTP facesheets of in-
situ CFRTP sandwich components. Therefore, different test methods are evaluated based on a 
thorough literature study and the most promising methods are selected based on the standardised 
rating procedure according to VDI 2225 [43].  

Aside test methods for the assessment of interfacial bonding, other methods used in this work are 
presented in chapter 4. They include a four-point bending (4PB) test set-up in order to evaluate the 
flexural properties and lightweight design, as well as polarised light microscopy, computer 
tomography and scanning electron microscopy for the structural and fractographic characterisation 
of in-situ CFRTP sandwich components. 

In chapter 5 the object of study is the investigation of the interfacial bonding of injection moulded 
core and CFRTP facesheets. Therefore, in-situ CFRTP sandwich specimens will be manufactured using 
different material and process parameters. Fracture analysis and polymer analytic methods shall give 
indication, how material and process parameters influence the in-situ interfacial bonding of injected 
core and CFRTP facesheets. In a second step, the skin-core bonding of in-situ CFRTP sandwich 
specimens with integral foam core is compared to those with solid polymer cores.  

The focus of chapter 6 lies on the lightweight design potential of the in-situ process. High weight 
specific flexural properties of CFRTP sandwich structures with thin facesheets are targeted. This shall 
be achieved by an optimisation of the integral foam core with respect to the foam morphology and 
integral structure using different blowing agents and core materials. For the analysis of the resulting 
foam morphology, methods based on computer tomographic (CT) scans shall be used.  

For the dimensioning and design of new components using the in-situ CFRTP sandwich process, a 
prediction of the resulting bonding between CFRTP facesheets and integral foam core as well as the 
flexural properties is necessary. Therefore, two models are evaluated in chapter 7 that shall enable 
this predictive characterisation. First, a fusion bonding model for the prediction of the interfacial 
strength development between CFRTP facesheet and integral foam core during the in-situ 
manufacture is presented. In addition, the weight specific flexural properties are characterised using 
different predictive models. A comparison with experimental results shall validate the models. 

Chapter 8 demonstrates the applicability of the developed models at the exemplarily substitution of 
a reference component. The use of the models for the targeted optimisation of in-situ CFRTP 
sandwich structures is presented based on defined requirements and constraints. After the 
optimisation of lightweight design, suitable processing parameters are predicted using the interfacial 
bonding model. The optimised sandwich structures are compared to the reference steel structure 
with respect to weight specific flexural rigidity, packaging and cost, demonstrating the lightweight 
design potential of in-situ CFRTP sandwich structures.  
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2. State of the Art: Thermoplastic Sandwich Structures 
In this chapter, the state of the art of thermoplastic sandwich structures is presented, see Figure 4.  

 

Figure 4: Systematic approach of this work: chapter 2 presents an overview of the state of the art and critically discusses its 
applicability on the present work. 

 

This chapter is divided into the following sub-chapters: 

2.1. Motivation for Sandwich Structure Architectures 
2.2. Materials for Thermoplastic Sandwich Structures 
2.3. Manufacturing Processes for Thermoplastic Sandwich Structures 
2.4. Manufacture of In-Situ CFRTP Sandwich Structures 
2.5. Flexural Behaviour of Thermoplastic Sandwich Structures with Integral Foam Core 
2.6. Conclusion 

At first, the potential of sandwich constructions regarding lightweight design is demonstrated, 
justifying the motivation for their use in a large spectrum of applications. 

Subsequently, materials for thermoplastic sandwich structures are presented. The focus is set on 
polypropylene based components, since this is used in this work. 
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Due to the different processing methods compared to thermosets, the state of the art of the 
relatively young field of thermoplastic sandwich structure manufacturing is presented in the 
following sub-chapter, highlighting the high potential of in-situ CFRTP sandwich processes for cost-
efficient production of lightweight design components. 

As the in-situ process is a hybrid manufacture technique combining foam injection moulding with 
overmoulding of CFRTP, an overview of the foam injection moulding and foam cell development is 
given. Here, the foam development largely influences the lightweight design potential of the in-situ 
sandwich structures. However, the successful manufacture of in-situ CFRTP sandwich components 
largely depends on the proper bonding between injected core and CFRTP facesheet during the 
process. Therefore, an overview of the mechanisms of interfacial strength development and the 
relationship between material and process parameters is discussed in sub-chapter 2.4.  

This builds the foundation for the development of model-based predictions of the interfacial bonding 
during in-situ moulding, which does not exist to this date. This model is required for the pre-design of 
new CFRTP sandwich components using the in-situ process. In addition, the development of models 
for the prediction of the flexural behaviour of in-situ CFRTP sandwich structures is targeted in this 
work. A challenge is the integral foam core, since the process and material induced foam core 
morphology needs to be validly represented by these models. Hence, an overview of the state of the 
art of model-based predictions of mechanical properties of integral foams is presented.  

The last sub-chapter summarises the most important findings of the state of the art review and their 
effect on this work. Based on these findings, the necessity of the research conducted in this work is 
underlined.  

 

2.1. Motivation for Sandwich Structure Architectures 
Within the scope of lightweight design, the term sandwich structure describes a three layer 
construction consisting of a low density core and facesheets with high mechanical properties [44, 
45]. The resulting composition is similar to an I-beam structure with a clear division of tasks between 
facesheets and core [46, 47]. The facesheets bear most of the tensile and compression stresses 
resulting from the bending load and are therefore often chosen to be continuous fibre reinforced 
polymer (CFRP) laminates or metal sheets [37]. The core bears the transverse shear stresses and 
serves as spacer that enhances the second moment of area without a significant mass increase of the 
total sandwich structure due to its low density [48]. Resulting from the arrangement of a material 
with low density at the low stressed core area and high strength and stiffness materials at the highly 
stressed skin areas, sandwich structures exhibit high weight specific mechanical properties especially 
with respect to flexural strength and stiffness [44, 48–50].  

This is exemplarily demonstrated based on a unidirectional CFRTP reference structure consisting of a 
34 volume percent (vol.-%) continuous glass fibre reinforced polypropylene with total thickness H, 
see Figure 5. The flexural rigidity of this reference structure is compared with different sandwich 
structures, using the same type of composite only in their facesheets. The thickness of the facesheets 
yields each 0.25 H, which results in the application of only 50 % of the composite compared to the 
reference monolithic structure. The resulting flexural rigidity of these sandwich constructions is 
enhanced by factor 4.8 and 44.4 respectively, see Table 1.  
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Figure 5: A monolithic CFRTP beam of height H (a) is substituted by an in-situ sandwich beam with equal amount of CFRTP 
split into two facesheets divided by a foam core (b). This increases the flexural and weight specific flexural rigidity with 
increasing core thickness (c). 

 

Assuming a mean density of the polymeric foam of 0.65 g/cm³ and considering a density of the CFRTP 
material of 1.55 g/cm³, the density specific flexural rigidity can be even increased by factor 8.5 to 
90.2. This clearly demonstrates the lightweight design potential of sandwich structures, especially 
when it comes to components, which are subject to bending. 

Table 1: Overview of the resulting properties of monolithic as well as of CFRTP sandwich structures. All values are 
normalised with respect to the monolithic reference. 

 Monolithic (a) Sandwich (b)  Sandwich (c)  Dimension 
Composite Thickness (norm.) 1 0.5 0.5 - 
Total Thickness (norm.) 1 2 4 - 
Flexural Rigidity (norm.) 1 4.8 44.4 - 
Specific Flexural Rigidity (norm.) 1 8.5 90.2 - 
Density (norm) 1 0.71 0.56 - 

 

In the following, CFRTP based sandwich structures are presented including sandwich materials, 
manufacture and mechanical characterisation.  

 

2.2. Materials for Thermoplastic Sandwich Structures 
Within the last decades, a variety of different materials and processes has been established for the 
manufacture of polymer based sandwich composites. Since the beginning of its development and 
application, sandwich composite structures are mostly based on thermoset composites. Bonding 
between core and facesheets is achieved using adhesives which are also based on thermosets [48, 
51]. Aside high weight specific flexural stiffness, the resulting sandwich structure exhibits high 
resistance against compression and fatigue.  

However, thermoset composite sandwich structures have a list of disadvantages. Brittle mechanical 
behaviour and low debonding resistance of facesheets are major challenges, as debonding can lead 
to failure of the whole structure [52, 53]. Furthermore, the production of thermoset sandwich 
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composites is time- and cost-intensive, as the curing time of the thermoset adds to the cycle time. 
This makes thermoset sandwich composites little attractive for cost-sensitive high volume 
applications [44, 48]. Also, thermosets consist of possibly hazardous and toxic raw components, 
especially the curing agents and the highly reactive monomers, which collides with increasing 
sustainability requirements [8].  

Thermoplastic composites in contrast can be considered superior with respect to the 
aforementioned issues, and add largely improved recyclability properties [44, 54–56]. Therefore, a 
number of different thermoplastic based sandwich composite structures and processing techniques 
have been developed in recent years [44, 46, 48, 55, 57–62]. Since both the materials as well as the 
manufacturing process define the resulting properties of the component, thermoplastic sandwich 
composite materials as well as manufacturing methods will be presented in the following, with 
special focus on polypropylene as polymer material for the CFRTP facesheet matrix and as core 
material.  

 

2.2.1. Polypropylene as Semi-Crystalline Thermoplastic Polymer 
Thermoplastic polymers can be divided according to the thermoplastics pyramid in commodity, 
engineering and high performance thermoplastics regarding their material cost and 
thermomechanical properties, see Figure 6 [63].  
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Figure 6: Classification of thermoplastic polymers according to the thermoplastics pyramid into commodity, engineering 
and high performance polymers (based on [63]). 

 

Commodity polymers represent by far the largest fraction of the thermoplastics demand, with 
polyolefins representing more than 60 % of annually produced polymers [64]. In the group of 
polyolefins, polypropylene is frequently used for industrial applications for example in the cost-
sensitive automotive segment. Polypropylene owes its popularity to the advantageous combination 
of properties such as chemical resistance, low volatile organic compounds (VOC) and high weight 
specific mechanical properties at moderate cost [65–69]. The degree of crystallinity has a major 
effect on the mechanical properties of polypropylene. Neglecting transition areas, the structure of 
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semi-crystalline plastics in general and hence also of polypropylene can be represented as a 2-phase 
model including an amorphous and a crystalline phase, see Figure 7. In this simplified scheme, 
crystalline regions alternate with amorphous regions. The random amorphous structure represents 
entropically the most favourable condition. Following the second law of thermodynamics, polymeric 
macromolecules always seek this condition [70]. Semi-crystalline thermoplastics however have a 
certain fraction of ordered crystalline areas. The crystalline fraction depends on the cooling process 
and largely influences the properties of the polymer [71, 72].  

Amorphous Melt of a Semi-
Crystalline Polymer 

Polymer Processing

Solidifaction

Crytsalline Phase

Amorphous Phase

Kebab

Shish-Kebab due 
to shear induced 
crystallization

Spherulite at 
isotropic 

crystallization

Spherulites visible 
via polarized light 

microscopy

Injection moulded 
polymer 

component

 

Figure 7: From the melt of a semi-crystalline polymer at microscopic scale to the injection moulded component at 
macroscopic scale (based on [73]). 

 

The proportion of crystalline and amorphous material in a volume can be described by the degree of 
crystallinity 𝜉. As polymers do not crystallise completely, even in the presence of perfect 
crystallisation conditions, the degree of crystallinity is defined as the maximum achievable fraction of 
crystalline structures in the respective polymer [64]. The degree of crystallinity is hence defined as 
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the ratio of the crystalline volume fraction 𝑉  to the polymer-specific maximum achievable volume 
fraction of crystalline phase 𝑉  after an infinitely long time [74] leading to 

𝜉 =
𝑉

𝑉
 . (1) 

 

The experimental determination of the degree of crystallinity can be conducted by means of various 
methods, the most popular being differential scanning calorimetry (DSC) as well as wide and small 
angle X-ray spectrography (WAXS and SAXS) respectively, but also micro Fourier-transform infrared 
spectroscopy can be used (µFTIR) [64, 75].  

 

Crystallisation of Semi-Crystalline Thermoplastic Polymers: Nucleation and Growth 
According to the works of Hoffmann and Lauritzen [76–78] the crystallisation of semi-crystalline 
polymers can be divided into two steps. The initial step of the crystallisation of a molten, semi-
crystalline polymer is the primary nucleation, which results in stable nuclei. Subsequently, these stable 
nuclei serve themselves as nucleus, inducing the accretion of back-folding polymer molecules which 
leads to the growth of a lamellae [79]. Stochastic processes dominate primary nucleation, which can 
be mathematically described using probability calculus [64]. The primary nucleation according to the 
classical nucleation theory (CNT) can be furthermore divided into homogeneous and heterogeneous 
nucleation [80, 81]. Homogeneous nucleation describes the nucleation of crystalline structures in a 
polymer melt due to localised stochastic density fluctuations [70, 79]. The heterogeneous nucleation 
on the other hand takes place at the transition to another phase, which acts as a nucleating agent 
[82–84]. These may be fillers or solid substrates such as polymer films or CFRTP in the case of hybrid 
injection moulding processes [63]. The development of nuclei can be described using the free energy 
𝐺 in the system. For primary nucleation, the change of the free energy of a system per volume 𝛿𝐺 
during the development of solid phases from a liquid phase can be described as [70, 85–87]  

 
𝛿𝐺 = 𝑉 ∆𝐺 + 𝐴 𝛾 . (2) 

 
Here, 𝑉  denotes the volume of the solid phase, 𝛾  is the free energy at the interface between solid 
and liquid, 𝐴  is the interface area at the contact of solid and liquid and ∆𝐺 denotes the difference of 
free energy per volume of solid 𝐺  and liquid 𝐺  as 

 
∆𝐺 = 𝐺 − 𝐺 . (3) 

 
The free energy difference ∆𝐺 for the development of ball shaped nuclei with radius 𝑟 can be 
described as  
 

𝛿𝐺 =
4

3
𝜋𝑟 ∆𝐺 + 4𝜋𝑟 𝛾 . (4) 

 
In order to achieve a stable nucleus that sets the basis for subsequent crystal growth, a critical 
nucleus radius 𝑟  must be exceeded which initiates the growth of nuclei. Stable nuclei are achieved if 
their radius 𝑟  leads to δ𝐺 = 0, see Figure 8.  
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Figure 8: Qualitative relationship of nucleation energy and nucleus radii. At rc the critical nucleus radius is reached at which 
the nucleus growth initiates. At r0 stable nuclei are achieved (based on [70]). 

 
Thus, the critical nucleus radius 𝑟  can be assessed by setting the derivative of Equation 4 equal to 
zero, leading to 

𝑟 = −
2𝛾

∆𝐺
. (5) 

 
If at radii equal or larger than 𝑟  stable nuclei are achieved, crystal growth as the second step of 
polymer crystallisation takes place at the positions of stable nuclei. During the growth of crystalline 
polymer structures, random oriented polymer chains convert into an arranged structure 
corresponding to a lower state of entropy. For the description of this growth of crystalline structures, 
different models can be used. Often the two-stage model according to Hoffmann and Lauritzen [78] 
is applied which describes a back-folding of chains, see Figure 9. This model comprises the deposition 
of secondary nuclei on already stable primary nuclei via back-folding, which leads to the formation of 
oriented lamellae [70]. 
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Figure 9: Schematic model for crystal growth induced by chain-folded surface nuclei according to Lauritzen and Hoffmann 
(based on [78]).  

 

According to Turnbull and Fisher [81] the temperature dependent growth rate 𝐼(𝑇) of the lamellae 
can be described as 

𝐼(𝑇) = 𝐼 ∙ 𝑒𝑥𝑝
∆𝐺∗,

𝑘𝑇
𝑒𝑥𝑝

∆𝐺

𝑅𝑇
 . (6) 
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The factor 𝐼  is depending on the temperature and the molecular weight, however in case of 
polypropylene the effect of the molecular weight is small [88] and the temperature dependency is 
negligible compared to the exponential terms [89]. The first exponential term describes the growth 
of a two-dimensional nucleus on the lamellar surface via the critical nucleation energy for secondary 
nucleation ∆𝐺∗, , the Boltzmann constant 𝑘 and the temperature 𝑇. The second term controls the 
transport of a molecule to the phase boundary between amorphous and crystalline areas based on 
the threshold energy ∆𝐺 , the ideal gas constant R and the temperature 𝑇 [70, 79]. In general, the 
linear growth rate 𝐼(𝑇) is proportional to the secondary nucleation rate, i.e. mostly the molecule 
transport is faster than their installation into crystalline structures. Thus the first term in Equation 6 
dominates the growth rate [63, 70].  

This growth proceeds radially under isotropic conditions, starting from a stable primary nucleus, so 
that due to the lamellae growth, a ball-shaped spherulite with sizes of 1 µm to a few mm is formed 
[63, 90]. At certain conditions however, an oriented lamellar growth can occur resulting in an 
oriented spherulite. This columnar growth of spherulites is called trans-crystalline growth and was 
first described by Jenckel et al. [91]. It is often observed in fibre-reinforced semi-crystalline 
thermoplastic polymers, at which the fibre acts as a heterogeneous nucleus, see Figure 10 [84, 92, 
93]. If the nucleation density at the vicinity of the heterogeneous nuclei significantly exceeds the 
nucleation density in other locations of the polymer volume, transcrystalline growth can result [94]. 
In the case of hybrid processes such as overmoulding, the solid surfaces of the CFRTP substrates can 
also largely increase the nucleation density of the semi-crystalline polymer melt and lead to the 
development of transcrystalline layers [63, 95].  

 

Figure 10: Different crystalline morphologies of iPP: radial spherulite growth as well as transcrystalline structures induced 
by an embedded carbon fibre at T = 135 °C [93]. 

 

Whether and how strong a transcrystalline zone is formed depends on several parameters, such as 
the surface roughness of the solid phase, physical, chemical as well as thermal properties [96]. An 
increased roughness of various substrates has a strong effect on the likelihood of forming 
transcrystalline layers of the polymer, as it increases the nucleus density [97, 98]. In addition, when a 
strong thermal gradient exists, the spherulite and its lamellae grow along the direction of the 
gradient [79, 99]. Raimo [90] even assumes that the thermal properties of the materials as well as 
the process are essential for the development of a transcrystalline phase and refers to early studies 
on this topic [100–102]. Along with its different morphology, transcrystalline structures can be 
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accompanied by increased mechanical properties. Yan et al. [83] ascertains that overmoulding of a 
solid PP substrate with a PP melt leads to increased interfacial strength due to thermally induced 
transcrystalline contact zones. Lebsack [95] finds in the overmoulding of continuous fibre reinforced 
polyamide 6 (PA6) substrates with PA6 melt a correlation between increased interfacial strength as 
well as interfacial fracture toughness and the size of the transcrystalline zone originating from the 
CFRTP surface. 

 

2.2.2. Continuous Fibre Reinforced Thermoplastics as Sandwich Facesheet 
Continuous fibre reinforced and fully consolidated thermoplastic composites as semi-finished 
product are usually used as facesheet when thermoplastic sandwich structures with high mechanical 
properties are required [103]. These consolidated composites offer a high reproducible laminate 
quality and are available in a large variety of matrices ranging from commodity polymers such as 
polypropylene (PP) to aviation grade high performance polymers such as polyetherimide (PEI) and 
polyether ether ketone (PEEK) [48]. The continuous fibre reinforcement can be based on carbon (CF) 
or glass fibres (GF), whereas their orientation and structure can be classified into unidirectional fibre 
orientation and fabric structures. The type of fibre reinforcement structure divides the consolidated 
thermoplastic composites into two groups: 

o unidirectionally reinforced tapes (UD tapes)  
o fabric reinforced sheets (organo sheets)  

Organo sheets are based on a fabric reinforcement, usually twill, with a fibre volume fraction of up to 
47 vol.-% [104]. As with UD tapes, the fibre type can be chosen to be glass or carbon. Commercial 
organo sheets are manufactured by compression moulding based on the film stacking process using 
double belt presses providing high output rates [18]. As the first process step, a fabric is unwound 
from a coil and both faces are covered with thin layers of polymer becoming the composite matrix. 
These stacked films are inserted into a double belt press, where they are heated above their melt 
temperature. Then, pressure is applied which leads to the flow of the polymer melt through the 
space between the filaments until the fabric is fully impregnated. Thereafter, the newly formed 
composite is cooled down in a pressure controlled way in order to compensate for the shrinkage due 
to crystallisation and thermal contraction of the mostly semi-crystalline matrix thus receiving fully 
consolidated organo sheets [7].  

Compared to organo sheets, UD tapes provide higher mechanical properties, as reinforcing 
continuous fibres do not exhibit undulations contrary to the fabric reinforcement of organo sheets 
[8]. In addition, the fibres can be precisely oriented along load directions within the component 
during its manufacture, e.g. using TTL [11]. UD tapes usually consist of glass or carbon fibres and the 
fibre volume fraction may be as high as 45 vol.-% [105]. Different manufacturing methods for UD 
tapes have been developed based on polymer powder (slurry), polymer melt impregnation and film 
stacking, see Figure 11 [106–109]. Commercially available UD tapes however, which are used within 
this work, are cost-efficiently produced by melt impregnation, which is based on an extrusion 
process. In this process, the reinforcing fibres in form of rovings are unwinded of coils. Rovings 
consist of several hundreds to thousands of filaments that are combined after their manufacture 
using a coating that reduces abrasive damage of the fibres during processing and improves fibre 
matrix adhesion [8]. Since the high viscosity of the thermoplastic melt makes full impregnation of all 



Chapter 2. State of the Art: Thermoplastic Sandwich Structures 

16 
 

filaments challenging, the single filaments within the roving are separated and spread flatwise by 
breaking up the sizing. By doing this, the impregnation flow length is reduced which is a major factor 
influencing impregnation time [12, 107]. This consequently allows for faster and better impregnation 
with polymer melt [8, 12]. 

 

Figure 11: Continuous manufacture of UD tapes based on the film stacking technique [107]. 

 

The full and proper impregnation of all filaments, also termed micro-impregnation, and the 
subsequent consolidation into a laminate with very low porosity poses generally one of the main 
challenges of the manufacture of thermoplastic composites [7]. The spread filaments are heated e.g. 
by an infrared radiation (IR) system and introduced in an extrusion mould, where they are 
impregnated with hot thermoplastic melt. A pressure gradient in thickness direction of the filament 
layer leads to a polymer melt flow between the filaments. Subsequently, the melt impregnated 
filament layer is consolidated using chill rolls that apply a compaction force while cooling the UD 
tape. Manufacturing speeds of up to 20 m/min can be achieved by using this method making UD 
tapes a very cost-efficient CFRTP material [110].  

 

2.2.3. Thermoplastic Sandwich Core Structures 
Thermoplastic sandwich structures can be composed of homogeneous and non-homogeneous cores, 
based on their structural architecture, see Figure 12 [37].  

 

Figure 12: Core structures for thermoplastic sandwich composites divided according to their composition [37]. 

 

Most thermoplastic sandwich composites use foam and honeycomb cores. Corrugated cores are 
used in special applications since they offer lower mechanical properties in transverse direction of 
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the corrugated profile. Thermoplastic honeycomb structures can be manufactured by the production 
of co-extruded tubes and subsequent welding (fusion bonding) thereof to create a planar layer of 
honeycombs [48]. Honeycomb core structures provide high mechanical properties, however they 
used to be costly [51]. A recently developed process largely simplifies thermoplastic honeycomb 
manufacture by directly extruding a line of honeycomb profiles which are subsequently back-folded 
in order to receive a planar honeycomb structure [111].  

Foam cores are also widely applied, as they combine high mechanical properties with high 
temperature resistance, good thermoforming properties and high acoustic and thermal insulation 
[48, 51]. Polymeric foams are usually manufactured by polymer foam extrusion providing foamed 
plates of different materials and sizes. Contrary to other polymer core architectures, polymeric foam 
cores can also be manufactured by foam injection moulding. A major advantage of injection 
moulding of polymeric foams is that the process provides ready-made foam components within 
seconds that do not require time and cost intensive post-processing steps such as milling or 
thermoforming [112].  

 

2.3. Manufacturing Processes for Thermoplastic Sandwich Structures 
Different processing methods can be utilised in order to receive thermoplastic sandwich composites. 
The choice of a specific processing method mainly depends on the core material and structure as well 
as the applied polymer types respectively. These methods can be divided into 2 groups, i.e. adhesive 
bonding as well as fusion bonding of core and facesheet, see Figure 13.  

 

Figure 13: Different manufacturing routes for continuous fibre reinforced thermoplastic sandwich structures [48].  

 

For several decades, composite sandwich structures have been based mostly on thermoset polymers, 
which were manufactured by the adhesive joining of cores and facesheets. This method can similarly 
be applied at thermoplastics. In order to join core and facesheets, a coupling agent is placed between 
the core and the facesheets hence improving interfacial bonding, e.g. a hot melt film. This film 
exhibits a lower melting temperature than core and skin, bonding of core and skin is thus based on 
physical mechanisms [48]. The hot melt film also allows for the combination of different core and 
facesheet polymers, which leads in turn to a reduced recyclability. Moreover, the temperature 
resistance of the sandwich structure is limited by the low melting hot melt film. The consolidation 
process variants include compression moulding of CFRTP facesheets and rigid foam cores using a 
double belt press or a discontinuous laboratory press. Here, the interfacial bonding between foamed 
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core and facesheets is usually achieved by melting only the facesheet matrix, which flows in the 
porous surface of the unmelted rigid foam core, thus creating a lock of both interfaces after cooling. 
During this process, the foam core temperature must be kept sufficiently below its melting 
temperature in order to avoid a collapse of the foam structure [54]. Consequently, the rigid foam 
cores should consist of polymers with higher melting temperatures as the facesheet polymer, such as 
polymethacrylimide (PMI) or polyethylene terephthalate (PET) [54, 113]. Other consolidation 
methods to manufacture thermoplastic sandwich structures are based on fusion bonding of 
facesheet and core. For this, the applied core and facesheet polymer are required to be miscible. 

In terms of a targeted reduction of the resulting component cost, it is desirable to use commodity 
thermoplastics such as PP. Moreover, with respect to recyclability and high compatibility of foam 
core and facesheets, it is advantageous to use the same polymer for the core and facesheet matrix 
[44]. Using the same or miscible polymers for both the core and the facesheet matrix, it is possible to 
apply so called in-situ processes for the manufacture of thermoplastic sandwich structures [58]. The 
in-situ processes are characterised by the fact that during the manufacture of the foam core, bonding 
between core and the reinforcing CFRTP facesheets and hence the creation of a sandwich structure 
develops simultaneously [46, 58, 114]. The foaming process technology can be either particle 
foaming or foam injection moulding. Using particle foaming, the foam core consists of pre-foamed 
expanded beads, which are processed to the later foam core in several steps. First, the CFRTP 
facesheets are thermoformed to the required geometry (preforms) if necessary. The CFRTP preforms 
are then heated e.g. via IR radiators before they are inserted into the cooled mould. After closing the 
mould, the cavity between the preform facesheets is filled with the expanded beads that are 
subsequently sintered together using hot water fume [113, 115]. The heat induced by hot water 
fume leads to a bonding of particle foam beads and facesheets [58]. However, only a limited 
spectrum of materials can be used for this process, including expanded PP foams (EPP) although 
recent developments enable the use of expanded thermoplastic polyurethane (TPU), PET and 
polybutylene terephthalate (PBT) as particle foams [116].  

Another in-situ process for the manufacture of thermoplastic sandwich structures is based on the 
combination of foam injection moulding and CFRTP facesheets. Using this combination of 
manufacturing processes, polymer sandwich composites can be manufactured in very short cycle 
times with high weight specific mechanical properties using a large spectrum of possible 
thermoplastics [45, 117]. This process is object of study of the present work. Consequently, the term 
“in-situ process” denotes solely the manufacture of CFRTP sandwich structures with foam injection 
moulded core henceforth. The in-situ CFRTP sandwich process will be presented in detail in the 
following.  

 

2.4. Manufacture of In-Situ CFRTP Sandwich Structures 
The idea behind the in-situ CFRTP sandwich processes is a consequent utilisation of the potentials 
that come along with advanced injection moulding technologies such as the direct integration of 
functionalities in the component and the high mechanical properties of CFRTP materials. However, 
the in-situ manufacture of CFRTP sandwich structures is a complex process due to the combination of 
overmoulding and foam injection moulding, each imposing their own challenges for a successful 
application at the manufacture of a component and possibly adding new issues due to their 
combination. 
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The successful manufacture of in-situ CFRTP sandwich structures consequently requires the proper 
control of the foam injection moulding process as well as the fusion bonding during the 
overmoulding process of the CFRTP facesheets, see Figure 2. This makes a control of the in-situ 
technique considerably complex. The respective sub-processes thus need to be fully understood and 
are therefore presented in the following.  

 

2.4.1. Foam Injection Moulding  
Using the foam injection moulding process, polymer components with integral foam structure can be 
manufactured [112]. An integral foam exhibits a varying density distribution ρ in thickness dimension 
z of the part, see Figure 14.  

z

y

x

 

Figure 14: Integral foam structure of a foam injection moulded component shows high density reductions in the center 
whereas solid skins develop near the mould. The resulting mechanical properties correlate with the density  
distribution [112]. 

 

In the center of the integral foam core, the density reduction is largest, while it sharply increases 
near the surface. There the density of the solid polymer ρs as well as its mechanical properties are 
reached, e.g. the Young’s modulus Es. The cell sizes, their distribution as well as the total integral 
foam structure strongly depends on the material and process parameters used during foam injection 
moulding [47]. Material parameters include the foamed polymer, additives serving as nucleation 
agent and foam stabiliser. The polymer melt can be foamed using physical (PBA) or chemical blowing 
agents (CBA) leading to the creation of a single-phase polymer-gas solution. CBA are endothermal 
chemicals that release mostly water (H2O) and carbon dioxide (CO2) during temperature induced 
decomposition. Typical types of CBA are sodium hydrogen carbonate (NaHCO3) and citric acid 
(C8H6O7) derivatives [112]. Commercial master batches often contain a mixture of both. These pellet 
master batches consist of a polymer carrier material, e.g. polyethylene, added with 20 to 70 % 
effective constituents of the blowing agent. The manufacture of chemically foamed thermoplastic 
components is achieved by adding 1 to 3 weight percent (wt.-%) of the master batch to the polymer 
pellets, depending on the type of master batch and the manufacturer recommendation. Due to the 
temperature during plasticisation of the pellets in the barrel, the CBA decomposes and releases H2O 
and CO2. The latter is dissolving in the polymer melt until a single-phase polymer-gas solution is 
achieved [112]. Machinery requirements for chemical foam injection moulding are low, a regular 
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machine with a 3-zone screw is sufficient. However, an increased corrosion resistance due to the 
released water and possible citric acid residues is recommended [112]. 
The use of physical blowing agents in contrast requires sophisticated industrial manufacturing 
equipment. Several process variants have been developed differing with respect to the gas 
introduction and the type of gas used. PBA are mostly inert gases such as N2 or CO2, that are usually 
dissolved in the polymer as supercritical fluid which enhances the dissolving behaviour [47]. The 
introduction of gas in the polymer melt can be achieved in the barrel (MuCell®) as well as in the feed 
hopper (ProFoam) for example. For both, a modified injection moulding machine is necessary.  

In this work the ProFoam process is used as physical blowing agent technology. The machine 
modifications include a modified pressurised hopper for the introduction of the physical blowing 
agent, see Figure 15.  

pressurized hopper

 

Figure 15: Foam injection moulding with physical blowing agent (PBA) based on the ProFoam Technology [118]: plasticising 
unit (left) with the pressurised hopper (right). 

 

An additional seal prevents a leakage of gas from the barrel [118, 119]. In this special hopper, the 
unpressurised pellets are mixed with the gas in the second chamber at a defined pressure of 50 bar 
and subsequently fed to the plasticising unit [120]. The system is equipped with a shut-off nozzle, 
which keeps the melt and as such the polymer-gas-solution constantly under pressure until its 
injection into the cavity.  

 

Foam Morphology Development  
The foam morphology results from the combination of materials and process parameters used during 
foam injection moulding. The development of the polymeric foam structure can be divided into four 
steps: 

I. Creation of a single-phase polymer-gas mixture  
II. Cell nucleation  

III. Cell growth  
IV. Cell stabilisation  

These four steps of foam development based on a single-phase polymer-gas mixture are 
schematically depicted in Figure 16 [112]. 
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Figure 16: Foam morphology development schematically illustrated with its four phases: after the diffusion and solution of 
gas in the polymer melt, a single-phase polymer-gas solution is achieved in the barrel of the plasticising unit (step I). 
Subsequent injection into the mould cavity induces a pressure drop leading to the nucleation of foam cells (step II) and 
subsequent cell growth (step III). The foam morphology is finally stabilised after freezing of the melt (step IV) (modified 
from [47] and [112]). 

 

In order to achieve a single-phase polymer-gas mixture, the gas needs to be dissolved in the molten 
polymer. The chemically or physically induced solution of gas in a polymer melt can be described by 
the saturation concentration C as the ratio of gas mass 𝑚  to polymer mass 𝑚 , see Equation 7 
[121]. If the saturation limit is approached, the concentration 𝐶 of the gas dissolved in the polymer 
can be determined on the basis of the relationship between the solubility coefficient 𝑆 and the 
partial pressure following Henry’s law [112, 121]. According to this, the gas concentration 𝐶 is 
proportional to the partial pressure 𝑝 of the gas leading to 

𝐶 =
𝑚

𝑚
= 𝑆. (7) 

 

Hence, the amount of gas, which is dissolved in the polymer, increases as the pressure growths. 
However, the solubility coefficient 𝑆 furthermore depends on the prevailing melt temperature. This 
can be expressed using an Arrhenius approach [121]: 

𝑆 = 𝑆 𝑒
∆

 . (8) 
 

𝑆  denotes the solubility extrapolated to an infinite temperature with ∆𝐻  as the solution enthalpy, 
R is the ideal gas constant and T is the temperature. The solution of the gas begins at the interface 
between gas and polymer. The gas must subsequently diffuse through the polymer melt in order to 
obtain a uniform solution of the gas in the polymer [122]. The diffusion is based on concentration 
differences and can be described by the first Fick's law assuming a one-dimensional diffusive mass 
flow [112] as 

𝑑𝑚

𝑑𝑡
= −𝐷 𝐴𝜌

𝑑𝐶

𝑑𝑥
 . (9) 
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According to Equation 9, the diffusive mass flow 𝑑𝑚/𝑑𝑡 in x-direction depends on the diffusion 
coefficient 𝐷 , the diffusion cross section 𝐴, the density 𝜌 and on the concentration gradient 
𝑑𝐶/𝑑𝑥. If the saturation limit is approached, the concentration gradient decline leads to a decrease 
of the diffusive mass flow. Similar to the solution coefficient 𝑆, the diffusion coefficient 𝐷  is 
temperature dependent and can be described by an Arrhenius equation [112, 123, 124]: 

𝐷 = 𝐷 , 𝑒  . (10) 

 

𝐷 ,  corresponds to the diffusion coefficient at infinite temperature while 𝐺 , 𝑅 and T correspond 
to the activation energy of the diffusion, the general gas constant and the temperature. According to 
Equation 10, the diffusion coefficient increases with growing temperature due to Brownian motion of 
both the gas and the polymer [112]. Thus, a high pressure and melt temperature favours the solution 
of gas in the polymer melt. However solution and diffusion are opposing mechanisms that may lead 
to different resulting gas concentrations depending on the type of gas used [47]. For instance, an 
increase of temperature leads to growing solubility of N2 in polypropylene whereas the solution of 
CO2 decreases [125]. The diffusion and solution of gas in polymer melts can be further improved if 
the gas is added in supercritical state which requires the gas to surpass both the critical temperature 
𝑇  and critical pressure 𝑝  [47]. The temperature and pressure dependent phases of a gas, including 
the critical point (CP), are schematically depicted in Figure 17.  
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Figure 17: Schematical representation of a pressure-temperature (p-T) phase diagram of a gas [126] (left) with an overview 
of critical point properties of CO2 and N2 (right). 

 

These requirements are usually satisfied during injection moulding with N2 since the typical pressures 
and temperatures during processing usually exceed the critical values, see Figure 17 (right) [112]. 
Foam injection moulding technologies based on physical blowing agents utilise this effect [126].  

After achieving a single-phase polymer-gas mixture, the latter is injected into the mould initiating the 
foaming process. Therefore, the melt must generally be subject to a temperature increase, a 
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pressure drop or a combination of both and subsequently be able to increase its volume during 
foaming [127, 128]. In foam injection moulding practice, usually the pressure drop in the mould 
cavity leads to the nucleation of foam cells [112, 129]. The pressure drop induces a change of the 
thermodynamic equilibrium of the saturated polymer gas solution leading to a decrease of solubility 
of the gas within the melt [121]. A fraction of the gas is released building nuclei for foam cells.  

The foam cell nucleation can be divided into homogenous and heterogeneous nucleation according 
to the classical nucleation theory [130, 131]. Heterogeneous nucleation characterises the 
development of nuclei in a single-phase polymer-gas mixture induced by separate phases such as 
fillers or residues of the decomposition of chemical blowing agents. Homogenous nucleation during 
foam injection moulding thus only occurs using physical blowing agents with unfilled polymers [112]. 
According to the classical nucleation theory, stable nuclei require a reduction of free energy 𝛿𝐺 [121, 
122]. The free energy change in the system can be described in accordance with the nucleation of 
crystalline structures, see Equation 4, as 

𝛿𝐺 = 𝑉∆𝐺 + 𝐴 𝛾 . 
 (11) 

 

The foam cell with volume 𝑉 and surface 𝐴  is subject to a pressure gradient ∆𝑝 between the 
pressure inside the cell and the surrounding polymer-gas solution and exhibits a surface tension 𝛾 . 
Considering that during the development of the foam structure the creation of ball shaped cells is 
most probable due to the resulting minimal surface tension [121], Equation 11 can be written with 
∆𝐺 = ∆𝑝 as 

𝛿𝐺 =
4

3
𝜋𝑟 ∆𝑝 + 4𝜋𝑟 𝛾 . (12) 

 

After nucleation, growth of existing nuclei occurs if the developing cells exceed a critical cell size 
[123, 132]. According to Leung and Vieth [123, 124], the precondition of successful cell growth is 
attributed to the free energy barrier for heterogeneous as well as homogenous nucleation, for which 
the critical cell radius 𝑟  can be determined based on the derivative of Equation 12 [112] as 

𝑟 = −
2𝛾

∆𝑝
 . (13) 

 

If the size of a foam pore exceeds the critical radius, it is nucleated followed by cell growth. If it is 
smaller, the nucleus collapses, see Figure 8. The critical cell radius is identical for homogenous and 
heterogeneous nucleation, whereas the free energy barrier is smaller for heterogeneous nucleation 
[121, 123]. Hence, the probability of reaching the critical cell radius is higher in case of 
heterogeneous nucleation, which leads to an increased number of nuclei. The cell growth continues 
until an equilibrium of forces developed between the gas pressure within the cell and its surface 
tension [122]. The equilibrium of forces leads to Equation 14, combining the cell surface tension 𝛾 , 
the inner pressure 𝑝  as well as the radius of the cell 𝑟  [112] to 

𝑝 =
2𝛾

𝑟
 . (14) 
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Assuming an equal surface tension, this results in a larger inner pressure 𝑝  of smaller pores 
compared to larger pores, resulting in the diffusion of gas from small into large pores. This leads to 
the growth of the large pores and to an increase in the size imbalance of cells in a foam. Since the 
diffusion is time-dependent, a very rapid pressure drop can inhibit the diffusion of gas to existing 
nuclei and favourably induce the development of new cell nuclei which results in a more fine and 
homogenous foam morphology [119]. Furthermore, a rapid cooling of the foam melt is beneficial, 
since the viscosity 𝜂 is an important factor. According to Stoke's law, the diffusion velocity 𝑣  
increases with low viscosity, so that especially at high melt temperatures the gas exchange between 
cells is enhanced [112]. With the gravitational acceleration 𝑔, this leads to: 

𝑣 =
𝑔 ∙ (2𝑟 )²

18𝜂
∆𝜌. (15) 

 

After the nucleation and growth of the foam cells, the cooling of the polymeric foam finally leads to a 
solidification and stabilisation of the foam morphology [133, 134]. The foam injection moulding 
process is completed with this last step and the component can be demoulded. 

The initiation of the aforementioned mechanisms requires a pressure drop, wich can be achieved 
using two different methods. The conventional foam injection moulding is based on a partial filling of 
the cavity volume with gas-loaded melt leading to low cavity pressures, see Figure 18. Hence, this 
method is called low-pressure foam injection moulding process. The cavity is only filled resulting 
from the growth of foam cells initiated by the pressure drop of the single-phase polymer-gas mixture 
after injection into the cavity. This method does neither pose specific requirements to the injection 
moulding machine nor tool, except for a shut-off nozzle. However, the resulting foam structure varies 
with the flow length.  

In recent years, the high pressure foam injection moulding method has emerged, leading to 
disctinctly higher cavity pressures, see Figure 18. Here, the gas-loaded polymer melt fills the mould 
completely during injection moulding. An increase of cavity volume shortly after its complete filling 
induces the required pressure drop followed by the growth of cells and the creation of the foam.  
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Figure 18: Qualitative pressure profile during injection moulding of compact components, foam injection moulding using 
the high pressure and low pressure process variant (based on [47]).  
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This foam injection moulding variant enables higher density reductions compared to the low-
pressure process and it avoids flow length dependencies of the foam morphology [47]. However, 
high requirements regarding the machine and the mould are imposed in order to enable a controlled 
cavity increase during manufacturing of the foamed component. Due to these constraints, the low-
pressure method is used for the manufacture of in-situ CFRTP sandwich components in this work.  

 

2.4.2. Fusion Bonding of Miscible Thermoplastic Interfaces 
The second process included in the in-situ manufacture of CFRTP sandwich components is the 
overmoulding technique of CFRTP material, which involves fusion bonding between the overmoulded 
structures and the CFRTP substrate. Fusion bonding of two polymeric surfaces and the resulting 
stress transfer at the interfaces is generally described by the intimate contact of the polymer 
surfaces and the subsequent diffusion of polymer chains across the interface, also known as 
autohesion or healing, see Figure 19 [135–155].  
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Figure 19: Process of diffusion based bonding of miscible thermoplastics. After two thermoplastic surfaces achieved 
intimate contact, polymer chains can diffuse across the interface and entangle. As a result, an interphase is formed that 
affects the interfacial strength (modified from [15]). 

 

These steps during fusion bonding as well as a phenomenological overview of the process and the 
effects of material and process parameters on the resulting interfacial bonding between the 
adherents is presented in the following sub-chapters. 

 

Intimate Contact 
The generation of intimate contact is a prerequisite for diffusion processes between the polymer 
interfaces [15, 16, 156, 157]. Intimate contact is achieved if two polymer interfaces are in direct and 
perfect contact to each other. The fraction of the area in perfect contact in relation to the total 
interface area is defined as the degree of intimate contact 𝐷  [147, 158]. As solid polymeric 
interfaces do not have perfectly flat surfaces, the initial intimate contact is incomplete. One of the 
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most important parameters for the generation of intimate contact is thus the initial surface 
roughness of the interfaces [14, 159]. With increasing heat and pressure, the polymer interface 
asperities are flattened due to the viscous flow of the polymer, thus increasing the degree of 
intimate contact [145]. Modelling approaches for the intimate contact generation during processing 
consequently consider the surface asperity geometry. While the first model of Dara and Loos [158] 
incorporates the surface geometry via a statistical distribution of rectangles with different width and 
height, Lee and Springer [160] simplify the model considering all surface asperities as uniform 
rectangles, see Figure 20.  

 

Figure 20: Simplified model of surface asperities of an initially solid fusion bonding adherent [16]: the initial surface asperity 
(indicated by grey rectangles) is flattened (indicated by dotted lines) due to the applied pressure and temperature during 
the bonding process.  

 

These are described via the initial uniform width 𝑑 , the initial uniform distance between the 
asperities 𝑤  and the initial uniform asperity height 𝑎 . The degree of intimate contact at times 𝑡 > 0 
yields 

𝐷 (𝑡) =
𝑑(𝑡)

𝑑 + 𝑤
 . (16) 

 

Using confocal microscopy, it is possible to determine the initial surface roughness of the interface 
and thus to use measured surface data for the modelling of the development of intimate contact 
[16]. Considering one-dimensional laminar flow of the rectangles and the conservation of mass, the 
evolution of intimate contact can be modelled according to Mantell and Springer [145] as 

𝐷 (𝑡) = 𝐷 , 1 + 5 1 +
𝑤

𝑑

𝑎

𝑑

𝑝 (𝑡)

𝜂 (𝑇(𝑡))
𝑑𝑡

/

. (17) 

 

According to Equation 17, the material and process parameters which significantly influence the 
intimate contact development are the surface geometry of the interfaces denoted by the geometry 
parameters 𝑤 , 𝑑 and 𝑎  as well as the process paramters temperature T, contact pressure 𝑝 , 
zero shear viscosity 𝜂  and time 𝑡 [145, 159–162]. In the case of overmoulding of a solid polymer 
based substrate with a hot polymer melt however, it is commonly assumed that intimate contact is 
achieved almost instantly due to the high pressure and low viscosity of the polymer melt combined 
with high melt temperatures [14, 159, 163].  
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Healing of Miscible Interfaces 
When two amorphous thermoplastic interfaces are brought in intimate contact, polymer chains 
diffuse across the interfaces due to Brownian motion [16, 164]. This diffusion process of amorphous 
polymer chains is generally described by the reptation theory according to de Gennes [165] based on 
an earlier work of Edwards [166]. According to Edwards, polymer molecules are constraint within a 
tube surrounded by other macromolecules. The reptation theory of de Gennes further introduces the 
reptative movement of the polymer chain of total length 𝐿 within and along the tube based on 
Brownian movement surrounded by an amorphous polymer bulk under isothermal conditions, see 
Figure 21 [14, 138].  

 

Figure 21: Polymer chain movement resulting from Brownian motion based on the reptation theory [16]: at times greater 
than t0, the minor chains begin to emigrate from the tubes (b and c) until they completely escaped the original tube at the 
reptation time tr accompanied with losing the memory of its initial alignment (d). 

 

With proceeding time, the chain ends can partially escape the tube, forming the minor chains. The 
length of the minor chains 𝑙 growths with increasing time until the whole chain escaped the tube at 
the reptation time 𝑡 , also losing memory of its original tube [167]. Kim and Wool [148] extended the 
reptation model to the minor chain model describing the diffusion of polymer chains at interfaces 
between amorphous polymers. According to an earlier work of Wool and O’Connor [150], this 
process can be divided into 5 steps: 

1. Rearrangement 
2. Surface approach 
3. Wetting 
4. Diffusion to a distance  
5. Diffusion to an equilibrium distance   and randomisation 

The minor chains can diffuse across the interface resulting in the interpenetration depth , which 
contributes to the creation of a load path across the polymer interface [167]. The former polymer 
interfaces gradually disappear and finally become indistinguishable from the bulk polymers [168]. 
The strength across the interface thus created is proportional to the interpenetration distance , 
which is also proportional to the minor chain length 𝑙 [113]. Consequently, the interface strength 
increases with growing interpenetration depth and minor chain length, reaching a maximum at 
reptation time 𝑡  at which an equilibrium interpenetration depth 𝜒  is achieved, see  
Figure 22 [167, 169]. 
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Figure 22: 5 steps of interfacial strength development during fusion bonding of polymeric interfaces according to Wool and 
O’Connor [150]: (a) rearrangement and surface approach followed by wetting of the surfaces (c). Subsequent diffusion of 
polymer chains (d and e) and randomisation (e) enables interfacial bonding. 

 

The healing process can be described as the ratio of current to maximum interface strength and 
fracture toughness via the degree of healing. This ratio is correlated to the relation of current to 
maximum interpenetration depth  𝜒(𝑡) and 𝜒 , minor chain length 𝑙(𝑡) to polymer chain length 𝐿 
and process time 𝑡 to reptation time 𝑡  [149, 165, 167]. Considering healing as mechanism enabling 
the development of stress transfer across an interface, the isothermal development of interfacial 
strength 𝜎(𝑡) and fracture toughness 𝐺(𝑡) can be described as 

𝐷 (𝑡) =
𝜒(𝑡)

𝜒
=

𝑙(𝑡)

𝐿

/

=
𝑡

𝑡

/

=
𝜎(𝑡)

𝜎
=

𝐺(𝑡)

𝐺

/

. (18) 

 

As most polymer processing techniques exhibit temperature changes during processing, Bastien and 
Gillespie adapted this model for non-isothermal healing of amorphous polymer interfaces [146]. They 
divided the process into 𝑞 time intervals with 𝑞 = 𝑡/∆𝑡 at which the process temperature is 
approximated as the isothermal mean temperature 𝑇∗ during the respective time steps 𝑡  and 𝑡 . 
The development of interfacial strength 𝜎(𝑡) and the degree of healing 𝐷 (𝑡) thus calculates as 

𝜎(𝑡)

𝜎
= 𝐷 (𝑡) =

𝑡
/

− 𝑡
/

𝑡
∗ /

/∆

 . (19) 

 

The fracture toughness development 𝐺 (𝑡) of an interface during non-isothermal fusion bonding 
yields 

𝐺 (𝑡)

𝐺 ,
= 𝐷 (𝑡) =

𝑡
/

− 𝑡
/

𝑡
∗ /

/∆

. (20) 
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According to Equations 19 and 20, the thermal history as well as the temperature dependent 
reptation time are required for the calculation of 𝐷 . The reptation time can be assessed using 
different methods. A first route is based on mechanical experiments and Arrhenius relationships, 
which was followed by Bastien and Gillespie [146] for the fusion bonding of AS4/PEEK composites. 
The assessment of the reptation time using mechanical experiments however is complex and the 
determined reptation time curves can be considered comparatively sensitive to the experimental set-
up. The reproduction of results is therefore a challenge. Other authors determine the reptation time 
by rheological experiments using a parallel plate rheometer (frequency sweep test), neglecting the 
polydispersity of the polymer material. Here, the critical angular frequency i.e. the critical shear rate 
is determined, which is the onset of non-linear melt viscosity [105, 153].  

 

Figure 23: Reptation time assessment for PEEK based materials based on rheological experiments according to the Carreau 
Model (left) and subsequent fitting using an Arrhenius approach (right) [153]. 

 

At low shear rates, the melt behaves like a Newtonian fluid. At the critical shear rate, the shear 
properties of the melt become nonlinear, shear-thinning occurs [170]. The point of change from 
Newtonian to nonlinear viscosity behaviour of the polymer melt denotes the relaxation time or 
reptation time respectively [153]. After determining the reptation time for different temperatures, 
an Arrhenius equation provides a continuous description of the temperature dependent reptation 
time, see Figure 23. However, the rheological assessment of the reptation time is limited to the 
temperature range in which the thermoplastic is in a molten state. In solid state, the temperature 
dependent reptation time  𝑡 (𝑇) can be assessed according to Graessley [171] using  

𝑡 (𝑇) =
45

𝜋²
 

𝐺

𝑐𝑅 𝑇

𝑀 𝜂 (𝑀 )

𝐺 𝑀
 . (21) 

 

Here, the reptation time can be assessed by the plateau modulus 𝐺 , the molecular weight 𝑀, the 
critical molecular weight 𝑀 , and the zero shear viscosity 𝜂  associated with the critical molecular 
weight. For the assessment of the aforementioned parameters, it is referred to the relevant 
literature [172–177].  

Considering that intimate contact is a prerequisite for the healing process to take place, authors 
developed combined intimate contact and healing models. Butler developed a coupled bonding 
model that predicts the resulting degree of bonding 𝐷  based on the combination of the degree of 
intimate contact and degree of healing for isothermal processes [143]. A dimensionless parameter Ω 
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allows for the evaluation of intimate contact or healing dominance of the resulting bonding 
properties. Yang and Pitchumani [167] extended this degree of bonding model using a non-
isothermal degree of healing. The degree of bonding can be calculated with the final bonding time 𝑡  
as 

𝐷 𝑡 = 𝐷 (0) ∙ 𝐷 𝑡 + 𝐷 𝑡 − 𝑡
𝑑𝐷 (𝑡)

𝑑𝑡
𝑑𝑡. (22) 

 

At any time 𝑡  during the process, the respective intimate contact at this time 𝑑𝐷 (𝑡)/𝑑𝑡 enables 
the diffusion of chains characterised via the degree of healing depending on the available healing 
time 𝐷 (𝑡 − 𝑡). The time for healing (𝑡 − 𝑡) is hence reduced by the time at which intimate 
contact is achieved during the process. This non-isothermal degree of bonding can also be evaluated 
with respect to the intimate contact or healing dominance by means of a dimensionless fusion 
bonding number 𝑓 . If intimate contact is immediately achieved during processing of polymer 
interfaces, the degree of bonding equals the degree of healing [178].  

According to Wool and co-authors [144, 147] the presented models are only valid for amorphous 
polymer interfaces. Several authors observed that a direct transfer of the presented fusion bonding 
models from their original application at amorphous melts to semi-crystalline polymer interfaces 
does not yield high correlations between model predictions and experimental results [141, 151]. 
Thus, fusion bonding of semi-crystalline polymer interfaces must also include other phenomena, 
which are influencing the interfacial strength development. A phenomenological literature overview 
shall give insight in the non-isothermal fusion bonding behaviour of semi-crystalline polymer 
interfaces.  

 

Influence of Process Parameters on Fusion Bonding of Semi-Crystalline Thermoplastics 
During overmoulding, the CFRTP layers in the mould come in physical contact with the polymer 
melts. The heat transfer of the hot polymer melt leads to the melting of the CFRTP surface. During 
this process step, interfacial adhesion is achieved by the diffusion of polymer chains across the 
interface between injected polymer core and the CFRTP surface. Due to the cooled mould, the melt 
and thus the interface temperature rapidly decreases leading to the crystallisation of the interface 
and the solidification of the complete sandwich structure. Contrary to the fusion bonding of 
amorphous polymers, a distinguishable zone develops during healing of semi-crystalline polymer 
interfaces which is sometimes called interphase, indicating that this zone exhibits a different 
morphology [95, 168, 179].  

The interphase morphology and the corresponding mechanical properties of fusion bonded semi-
crystalline interfaces result from material and process parameters during the bonding process. Here, 
the time for fusion bonding of semi-crystalline interfaces is of major importance. This is not only the 
case regarding interfacial strength but also regarding cost efficiency, as the time for manufacture is 
directly linked to the cost it comes to industrial production. Considering injection moulding based 
processes, production cycles can be as short as seconds, depending on material, cooling rate and 
geometry aside others. This is also valid for hybrid injection moulding processes such as 
overmoulding of CFRTP substrates and in-situ thermoplastic sandwich composite manufacturing 
methods. It is of major interest, whether the time needed for diffusion of polymer chains is within 
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these typical processing times in order to provide sufficient interfacial strength of overmoulded 
structure and solid substrate. According to experimental studies by Lamèthe [154] full healing of 
PEEK interfaces can be achieved within less than a second. Furthermore, Grouve [16] found that full 
healing was achieved in less than one millisecond (ms) for thermoplastic tape laying processes with 
PPS matrix polymer according to calculations using the non-isothermal degree of bonding model of 
Yang and Pitchumani [140, 167]. Thus, the time needed for bonding should clearly deceed the cycle 
time of in-situ sandwich composite processing.  

The effect of temperature on fusion bonding of two semi-crystalline polymer interfaces includes the 
interface-temperature that develops during the process as well as the thermal gradient between the 
adherents. Healing models of polymer interfaces are based on the chain mobility of amorphous 
polymer structures, which able to move across the interface based on Brownian motion above the 
glass transition temperature (Tg) [167]. Tg represents per definition a singular quantity of an effect 
that actually spreads along a wider temperature range of amorphous thermoplastics or generally 
fractions of amorphous structures in polymers. It is denoted by the transfer from brittle energy-
elastic to rubbery entropy-elastic mechanical behaviour of the respective polymer when Tg is 
exceeded [180]. Yang and Pitchumani [140] as well as Awaja [181] assume that healing of semi-
crystalline polymer interfaces only occurs if the melting temperature is reached or surpassed and 
most of the crystalline structures are molten.  

However, fusion bond between two thermoplastic surfaces is also possible below their melting 
temperature. If the melting temperature is considered as threshold of diffusive strength 
development of semi-crystalline interfaces, this is found to result in an underestimation of bonding 
when compared with experimental results [136]. Grouve [16] determined, that laser assisted tape 
laying of UD tapes with polyphenylene sulfide (PPS) matrix on organo sheets with PPS matrix yielded 
very high interfacial fracture toughness although the melting temperature at the interface was not 
reached according to thermal simulations. He assumes that the amorphous fraction of the polymer 
enables sufficient polymer chain mobility for interfacial fusion bonding below the melting 
temperature Tmelt of the crystalline fractions. Similar results were found by Stokes-Griffin and 
Compston [156]. They argue that Tmelt only denotes the peak endotherm of the melting behaviour, 
meaning that also between Tmelt and Tg fractions of the crystal structure with lower melting 
temperature melt, which can be observed in differential calorimetry (DSC) measurements. This 
enables a diffusive chain movement of parts of the crystalline fractions of semi-crystalline polymers 
below the nominal melting temperature. Even below the glass transition temperature, healing of 
amorphous polymer interfaces was found, however with low bonding strength and necessary 
bonding times of up to several months [151].  

Aside the interface temperature that dominates interfacial bonding development during fusion 
bonding of polymers, the temperature difference of the adherents has a contributing or detrimental 
influence on the interfacial bond. Several studies have shown that during fusion bonding of semi-
crystalline polymer interfaces, significantly higher interfacial bonding could be achieved if the 
adherent surfaces do not exhibit the same temperature and thus the presence of a thermal gradient. 
Aurrekoetxea [182] found higher interlaminar shear strengths of overmoulded thermoplastic 
composites with increasing thermal gradient between composite and melt. Similar results were 
yielded by other authors who found that given the same interface temperature, an increasing 
thermal gradient between the adherents leads to an increase of interface strength [183, 184]. An 
example for the healing of semi-crystalline interfaces with large thermal gradient is the overmoulding 
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of a solid polymer-based component, e.g. a non-heated CFRTP base structure with hot polymer melt. 
During overmoulding, the solid substrate surface melts if the heat energy of the overmoulded 
polymer melt is sufficient. If both adherent interfaces are in molten state, healing begins followed by 
co-crystallisation across the former interface. This is induced by the thermal gradient, as the solid 
substrate serves as nucleation aid and the crystalline structure grows in direction of the thermal 
gradient in thickness direction creating a strong interfacial bond [139, 168, 182–184]. The assumed 
mechanism behind the advantageous effect of the thermal gradient on the fusion bonding behaviour 
is depicted in Figure 24.  

 

Figure 24: Differences between interfacial bonding resulting from different thermal gradients: both adherents are molten 
and have the same temperature (a). Their interfacial strength is limited as the molecular memory of the former interfaces is 
preserved. Solid and molten adherents with high thermal gradient result in the melting of interface near areas of the solid 
adherent and subsequent crystallisation leading to a new interphase morphology with increased interfacial  
bonding [168] (b). 

 

Kausch et al. [168] argue that when two semi-crystalline polymer interfaces are brought into contact 
at the same temperature above their melting temperature, the crystalline structure of the adherent 
interfaces remains similar due to a morphological memory effect. This leads to a reduced interfacial 
strength when the thermal gradient is small or non-existent although both adherents exhibit 
temperatures above Tmelt. If in contrast two semi-crystalline polymer interfaces with high thermal 
gradient are subject to fusion bonding, the resulting interface strength is higher compared to the one 
with a low thermal gradient of adherents although the same interface temperature prevails. 

In conjunction with the temperature, the crystallinity of the polymer interfaces must be considered 
with respect to the fusion bonding process due to involvement of the Brownian motion. This is 
because diffusive movement of polymer chains across the interface and their subsequent 
entanglement is necessary for interfacial strength development. The diffusion however is inhibited 
by the presence of crystalline fractions at the interfaces of the adherents [16, 136, 141, 178]. Boiko 
et al. [141] found that for the same processing conditions, the interface strength of fusion bonded 
amorphous/amorphous as well as amorphous/crystalline adherents is one order of magnitude higher 
compared with semi-crystalline/semi-crystalline adherents. Similar results were found by Grouve [16] 
who observed that interfacial strength development decreased with increasing degree of 
crystallinity. In case of overmoulding of a solid semi-crystalline polymer interface or a CFRTP with an 
amorphous melt, the crystalline fractions consequently denote a bottleneck for fusion bonding since 
they reduce the chain mobility across the interface, see Figure 25. If the heat energy of the 
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overmoulding polymer mass is insufficient to melt the crystalline fractions of the solid adherent, the 
bonding strength is reduced [141].  

 

Figure 25: Crystalline fractions hinder diffusive molecular movement during healing of two semi-crystalline polymer 
interfaces [16]. 

 

Consequently, dominant factors for the successful fusion bonding of miscible polymer interfaces are 
found to be the resulting interface temperature and the temperature gradient between the polymer 
adherents as well as the crystallinity of the polymer matrix, especially at the very surface [139].  

 

2.5. Flexural Behaviour of Thermoplastic Sandwich Structures with 
Integral Foam Core 

The mechanical characterisation of heterogeneous structures is based on their constituents, their 
distribution within the structure and their geometry. Considering polymeric integral foams as two-
phase-systems comprising the polymer and the foam cells, the mechanical characterisation focuses 
on the incorporated voids reflected by a variety of parameters. According to Tissandier et al. [185] 
these parameters mainly include:  

- Cell diameter 
- Cell density 
- Density reduction 

Regarding integral foams, these parameters are location-dependent since the integral foam exhibits 
a variable morphology in thickness direction [112]. It is assumed that for mechanical modelling, 
especially with respect to moduli, the density or the density distribution is sufficient and the 
microscopic foam morphology parameters such as cell diameter, cell size distribution and cell shape 
play a minor role [185–187]. In the following sections, the simplified modelling of integral foams and 
hence of the core of in-situ sandwich structures is presented. It is divided into the modelling of the 
structural composition and flexural rigidity of integral foams based on their density profile as well as 
the determination of the Young’s modulus of integral foams.  

 

2.5.1. Simplified Modelling of Integral Foams: Flexural Rigidity 
Different models can be used to describe the structural composition and the resulting flexrual rigidity 
of integral foams according to their density distribution in thickness direction, see Figure 26. The 
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density profile model of Rodrigue [187, 188] denotes a continuous model, which includes the actual 
density of integral foams into the calculation of the flexural rigidity. Here, the modulus 𝐸(𝑧) is not 
constant but dependent of the z location. This model was found to yield high correlations with 
experimental results [188], however the density profile must be known and the accuracy of the 
density measurement is directly correlated with the prediction accuracy of the model. The density 
assessment is usually achieved using X-ray density profilers or µCT analysis after the manufacture of 
the integral foam component [185, 189]. A precise determination of the local density is necessary for 
the density profile models, which makes this characterisation of integral polymeric foams complex 
and time-consuming.  
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Figure 26: Real density distribution and structural composition of an integral foam (a) and different simplifying approaches 
for the modelling of its mechanical behaviour. Continuous modelling of the density according to Rodrigue [187, 188] (b) is 
complex and hence models with simplified structural composition are often used, such as the layered composition with 
layer-specific constant moduli [190] (c) or the equivalent one-beam model which assumes constant moduli yet different 
widths of the layers [191] (d). 

 

In order to reduce this complexity, different models exist which apply simplifying assumptions. The 
equivalent one-component beam model of Hobbs [191] approximates the sandwich structure of 
integral foams using equivalent beams with constant modulus 𝐸  and varying width. Different 
equivalent beam geometries attribute to the respective density profile. Contrary to the Hobbs 
approach, the I-beam model of Gonzales [190] approximates the integral foam density profile based 
on a three-layer model with different moduli in each layer. Here the integral foam skin is assumed 
solid whereas the core is homogenised resulting in an average core density and modulus. The 
calculation of resulting flexural rigidities according to the model is based on the Euler-Bernoulli beam 
theory, including the corresponding simplifying assumptions. For a detailed discussion of the Euler-
Bernoulli beam theory it is referred to relevant literature [192]. Using constant moduli of the foamed 
core 𝐸  and the solid core-skin 𝐸 , this leads to the flexural rigidity of the integral foam as 

𝐸𝐼 = 𝐸 𝐼 + 2 ∙ 𝐸 𝐼 . (23) 
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If the width W of the core and the facesheet is equal, the second moment of inertia of core 𝐼  and 
solid skin respectively 𝐼  is calculated as 

𝐼 =
𝑊ℎ

12
, 

 
(24) 

𝐼 = 2
𝑊𝑡 ³

12
+

ℎ

2
+

𝑡

2
𝑊𝑡 . (25) 

 

The I-beam model is frequently used for the simplified modelling of integral foams and yields high 
correlations with experimental results in other studies [47, 112]. Therefore, it builds the foundation 
for the modelling of the integral foam cores of in-situ CFRTP sandwich structures in chapter 7.2. 

 

2.5.2. Simplified Modelling of Integral Foams: Assessment of Moduli 
For the characterisation of an integral foam according to Equation 23, the determination of the 
modulus of the foam core 𝐸  is necessary. The assessment of mechanical properties and specifically 
of different moduli of foam structures is based on the general mixing rule (GMR) [47, 112, 187]. It 
enables the assessment of Young’s moduli of heterogeneous materials and structures 𝐸  based on 
the specific moduli of the constituents 𝐸  and 𝐸  as well as the volume fraction of the second 
constituent 𝜑 [187]: 

(𝐸 ) = 𝜑(𝐸 ) + (1 − 𝜑)(𝐸 ) . (26) 
 

Here, the exponent 𝑝 can result from various parameters, such as Poisson’s ratio, geometrical 
properties or orientations [193, 194]. Based on the GMR, foams can be characterised as a 2-part 
composite consisting of the polymer matrix with modulus 𝐸  and the incorporated pores with 
modulus 𝐸  equal to zero [187]. This leads to the Young’s modulus of a polymer foam 𝐸  as 

(𝐸 ) =  𝜑(𝐸 ) + (1 − 𝜑)(𝐸 ) ≈ (1 − 𝜑)(𝐸 ) . (27) 
 

Here, 𝜑 denotes the void fraction 𝜈 of the foam. Furthermore, the void fraction equals the total 
density reduction ∆𝜌 defined as the ratio of foam density 𝜌  and compact polymer density 𝜌  [112, 
187] leading to 

𝜑 = 𝜈, 𝜈 = 1 −
𝜌

𝜌
= ∆𝜌. (28) 

 

Combining Equations 27 and 28 yields 

𝐸 = 𝐸 (1 − ∆𝜌) , (29) 
 

𝑛 =
1

𝑝
 . (30) 
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The variation of the exponent 𝑛 enables an adaptation of the model to experimentally determined 
moduli of different foam structures, as well as the introduction of additional structural parameters to 
the model other than the void content [187, 195, 196]. Hobbs [191] applied an exponent value of 
𝑛 = 1, whereas for spherical cells Moore et al. [197] proposed 𝑛 = 2. According to Altstädt [112], a 
value of 𝑛 = 2 is recommended for very thick foam structures whereas for very thin structures a 
value of 𝑛 = 1.5 yields high correlations with experimental results.  

Based on the presented models for the prediction of elastic moduli of integral foam structures, 
models for the prediction of the flexural rigidity of in-situ CFRTP sandwich structures shall be 
developed and validated in this work. 

 

2.6. Conclusion 
This chapter presented an overview of the in-situ manufacture of full thermoplastic sandwich 
structures with integral foam core and CFRTP facesheets, based on polypropylene as core and 
facesheet matrix polymer respectively. After a first review of materials and processes for the 
manufacture of full thermoplastic sandwich structures, the in-situ process was introduced in detail. 
Two aspects of the process and of the manufactured in-situ sandwich structures were taken into 
focus: 

- Development of integral foam morphology 
- Development of interfacial bonding  

A literature review was presented to give insight into the main mechanisms behind these critical 
aspects of in-situ CFRTP sandwich manufacture. According to the classical nucleation theory, the 
development of the foam morphology was found to result from the nucleation of foam cells from a 
single-phase polymer gas mixture, which can be achieved using chemical or physical blowing agents. 
The second aspect of interfacial strength development between facesheet and injected foam core 
was found to be based on the diffusive polymer chain movements across their interface and relevant 
material and process parameters were identified.  

Furthermore, different model-based approaches to predict the interfacial bonding as well as the 
resulting mechanical properties of an integral foam core were presented. The interfacial bonding can 
be described using the reptation theory, which allows for the prediction of bonding development in 
dependency of the material and process parameters. The continuous integral foam structure and its 
mechanical behaviour can be characterised via its density profile in thickness direction.  

Based on the presented state of the art, it can be concluded that neither do studies exist which focus 
on the bonding development during the manufacture of in-situ CFRTP sandwich components nor do 
allow for a model-based prediction of the interfacial bonding. Furthermore, the lightweight design as 
well as mechanical characterisation methods of in-situ sandwich structures need to be evaluated and 
developed, respectively. 

Hence, the necessity for a fundamental study of mechanisms and relationships during the 
manufacture of in-situ sandwich structures is demonstrated. The findings of these chapters will be 
combined and thus enable the development the targeted methodology for the prediction of 
interfacial bonding and flexural properties of in-situ sandwich structures based on material and 
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process parameters. This shall facilitate the pre-design of new CFRTP sandwich components based on 
the in-situ process.  
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3. Interfacial Bonding Test Methods for Thermoplastic Sandwich 
Structures 

The interfacial bonding of facesheet and core in sandwich structures is fundamental in order to 
enable the use of their full mechanical and lightweight design potential. However, the manufacture 
and the evaluation of the interfacial bonding poses a major challenge for any sandwich structure. 
Wiedemann [37] points out: 

„The most difficult task of the sandwich technology lies in the proper manufacture and testing 
of the bonding between core and facesheets”. 

The evaluation of the interfacial bonding between CFRTP facesheets and injected core is essential for 
the analysis of the in-situ CFRTP sandwich process and optimisation thereof with respect to the 
mechanical properties of the manufactured components.  

 

Figure 27: Systematic approach of this work: chapter 3 gives an overview of interfacial bonding test methods and discusses 
their valid applicability on in-situ sandwich structures. 

 

Testing the interfacial bonding of composite sandwich structures involves a large spectrum of 
possible methods and set-ups [198–215]. They can be divided into test methods for the assessment 
of interfacial fracture toughness as resistance to debonding and interfacial strength as resistance to 
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failure due to interlaminar stresses. Contrary to monolithic structures however, no specific variants 
have yet been established for sandwich structures [216, 217], especially with integral foam structure. 
Thus, the specific requirements on a valid test method, which shall be used in the present work, are 
first presented in chapter 3.1. Subsequently, an overview of current methods to test and evaluate 
the interfacial bonding between facesheet and core of sandwich structures is presented. The 
following chapter 3.2 and chapter 3.3 focus on the assessment of interfacial fracture toughness and 
interfacial strength, respectively. In chapter 3.4, the test methods are evaluated with respect to the 
requirements and the best-rated testing procedures are selected for use in this work.  

 

3.1. Requirements and Constraints  
Test methods used in this work for the assessment of interfacial bonding between CFRTP facesheets 
and injection moulded cores of in-situ CFRTP sandwich structures are required to fulfil the following 
requirements:  

1. Generation of related test values 
2. Avoidance of high peel angles 
3. Avoidance of high point or line loads 
4. Ease of preparation, execution and evaluation 

The first requirement attributes to the need of a valid comparison of results between different 
sandwich geometries as well as material combinations in order to enable a detailed investigation of 
the interfacial bonding mechanisms. In addition, a comparison with literature results is beneficial. For 
this purpose, related properties such as stresses and toughnesses are therefore required as testing 
result. 

The second requirement is imposed due to the thin CFRTP facesheets of the in-situ sandwich 
structures. The use of thin facesheets for sandwich structures may lead to high peel angles. If the 
interfacial bonding exceeds a certain value, the peel angle becomes large enough to induce severe 
strain on the facesheets material due to the low intrinsic flexural rigidity of thin facesheets. This may 
result in fibre kinking and fibre damage of the CFRTP facesheets. In combination with the tensile load 
during peel-off, this ultimately leads to facesheet failure instead of face to core failure [16, 95].  

Similarly, the load application by compressive or bending loads may result in invalid failure of the 
sandwich structure due to high line loads (requirement 3). The load application with stamp devices 
for bending based test procedures may lead to indentation of the load application and the support 
respectively into the facesheets and the sandwich structure in general. Superimposed with 
compressive stresses resulting from the bending load, this can lead to a micro stability failure of the 
fibres in the facesheets, consequently leading to strength failure resulting from the imposed shear [8, 
218]. This issue is well known for testing of bending behaviour of thermoplastic composites with low 
modulus matrix material, such as polypropylene. Indentation of load applications in a sandwich 
structure with foam core foundation is expected to be even more critical due to the compliance of 
the core. Thus, it must be ensured that the failure occurs within the face to core interfacial region.  

At last, the testing procedures should be time-efficient with respect to specimen manufacture, test 
preparation and execution, which is reflected in requirement 4. The manufacture based on the in-situ 
process should optimally lead to ready-to-use test specimens. The test preparation should avoid 
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adhesives, as this is critical with polyolefin polymers such as polypropylene. Complex geometrical 
fixations instead of adhesives should also be avoided due to the induced preparation effort.  

In the following chapters 3.2 and 3.3, a critical discussion is presented of the applicability of state of 
the art testing methods on the study of interfacial bonding of thermoplastic in-situ sandwich 
structures with CFRTP facesheets and integral foam core. This is followed by an evaluation of the 
methods with respect to the requirements and the selection of the best rated testing procedures in 
chapter 3.4.  

 

3.2. Interfacial Fracture Toughness Test Methods 
The fracture toughness of a homogenous or heterogeneous material can be quantified based on 
linear elastic fracture mechanics (LEFM). The LEFM assumes that the fractured material deforms in 
accordance with linear elasticity and plastic deformations are considered negligibly small [219]. The 
fracture of structures can be divided into three modes according to the type of crack opening, see 
Figure 28 [219, 220], into: 

- Mode I (opening of crack faces) 
- Mode II (shearing of crack faces) 
- Mode III (tearing of crack faces)  

 

 
Figure 28: Types of fracture depending on the crack opening mechanism: opening of crack faces is attributed to Mode I, 
while shearing and tearing is assigned to Mode II and Mode III respectively [154]. 

 

The crack growth can be described based on the strain energy release rate 𝐺. The strain energy 
release rate is calculated from the released potential energy 𝑑П referred to the infinitesimal crack 
surface area 𝑑𝐴 or to the crack length 𝑑𝑎 [219]: 

𝐺 = −
𝑑П

𝑑𝐴
, 𝐺 = −

𝑑П

𝑑𝑎
 . 

 
(31) 

An interpretation of the strain energy release rate is given by Griffith [221], assuming that crack 
propagation occurs, if the energy required for this equals the released energy at break [219].  

In literature, several test methods have been proposed and studied to quantify the skin-core 
interfacial fracture toughness of sandwich structures. They usually examine the fracture toughness 
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via the critical strain energy release rate in Mode I, Mode II or combined in mixed mode. Without 
raising claims to completeness, they include: 

- Mode I: 
o Climbing drum [212, 222] 
o Double cantilever beam [223–226] 
o Single cantilever beam [202, 227–230] 

- Mode II & Mixed Mode: 
o End notch flexure [198, 216, 231] 
o Modified three point bending [232–234] 
o Tilted sandwich [203, 235–238] 
o Cracked sandwich beam [198, 199, 201, 229, 233, 239] 

 

Pure Mode I behaviour on the crack tip is considered as the most critical due to its crack-opening 
effect [211, 240, 241]. Furthermore, Mode II test methods often include load applications by bending 
of the specimen and thus possibly result in high line loads. This shall be avoided as thermoplastic 
polymers often exhibit low Moduli, leading to indentation of the load application and micro kinking 
of the facesheets at simultaneous compression stresses which originate from the bending load [8]. 
Hence, Mode I fracture toughness test procedures appear most promising and are therefore subject 
to further evaluation.  

 

3.2.1. Climbing Drum Peel Test 
The climbing drum peel test (CDP) was first standardised in the 1960s [242]. Since then, several 
variants have been established [243, 244]. The test method is often applied for testing the 
delamination resistance and face-to-core bonding of sandwich structures respectively [211]. The 
testing starts with the fixation of the facesheet on a rotating drum, which exhibits a diameter of 
more than 100 mm, see Figure 29.  

 

Figure 29: The climbing drum peel test set-up: a rotating “climbing” drum induces the continuous debonding of the 
facesheet [211]. 
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During testing, the drum rolls along the sandwich length while peeling off the facesheet. Here, the 
peeling angle is defined by the drum radius, which avoids extensive bending of the facesheets during 
the test. An unfavourable characteristic of the CDP is that the testing apparatus and the necessary 
specimen are both considerably large. The specimen length is usually larger than 300 mm, making 
specimen preparation with injection moulding based processes complicated with respect to the 
therefore required size of the injection moulding machine and mould. Moreover, the applicability of 
the method is difficult if sandwich structures with thick facesheets need to be tested [211, 222]. 
However, the results are independent of the facesheets thickness which enables a comparison of 
sandwich structures with varying thickness [216]. A major drawback is that the results can hardly be 
compared to other sandwich variants, as the result is a peeling force which does not relate to a peel 
area [223]. A recently published study however presents the determination of the strain energy 
release rate GI based on the CDP [212].  

 

3.2.2. Double Cantilever Beam 
The double cantilever beam (DCB) is a standardised testing procedure [245] to evaluate the strain 
energy release rate of unidirectional continuous fibre reinforced plastics with the pre-crack and crack 
propagation in the middle of the specimen thickness. Used for the testing of a sandwich specimen, 
the pre-crack and propagation is located at the core-facesheet interface, see Figure 30. The load is 
applied e.g. by a piano hinge which is attached to the upper facesheets by adhesives or mechanical 
fixation. The application of transverse loads leads to a Mode I loading of the crack tip with the initial 
crack length 𝑎. After exceeding a critical load, the crack propagates yielding the strain energy release 
rate for the crack onset 𝐺 ,  and propagation 𝐺 , . In this work, the fracture toughness during 
crack propagation is subject of study, therefore 𝐺 ,  is denoted 𝐺  henceforth. 

 

Figure 30: The double cantilever beam used for interfacial testing of sandwich structures: the asymmetric crack location in 
thickness direction and load application using piano hinges (based on [211]).  

 

Different approaches can be applied for the assessment of strain energy release rates. Most require 
the specimen width b, the applied load P, the load point deflection 𝛿 and the crack length a 
continuously during the test.  



Chapter 3. Interfacial Bonding Test Methods for Thermoplastic Sandwich Structures 

43 
 

The strain energy release rate is calculated e.g. based on the modified beam theory (MBT) as [227] 

𝐺 =
3𝑃𝛿

2𝑊𝑎
 . (32) 

 

According to Ural et al. [246], the use of the standardised load application fixtures, eg. piano hinges 
and end blocks may lead to invalid test results due to poor alignment of the load applications on the 
specimen, local stiffening of the latter due to the additional structure on the specimen and rotation 
of the specimens. Due to the crack, propagation during testing, the peel angle decreases and the 
specimen rotates around the axis of the bottom hinge. Also, DCB specimens are subject to bending 
moments in the core due to the thickness asymmetry of the crack and hence load application [211]. 
The resulting tensile stresses in the core can lead to crack kinking into the latter during testing [233]. 
Furthermore, Ural et al. [246] found that the strain energy release rate depends on the facesheet 
thickness, making a comparison of different sandwich geometries questionable.  

 

3.2.3. Single Cantilever Beam 
As a consequence to the difficulties of the double cantilever beam, the single cantilever beam (SCB) 
test method for sandwich structures includes additional fixations e.g. at the bottom of the specimen, 
see Figure 31. The single cantilever beam is considered a promising procedure for the examination of 
the interfacial fracture toughness of sandwich components [211, 241]. The testing procedure and 𝐺  
assessment is equivalent to the double cantilever test method.  

 

Figure 31: The single cantilever beam variant with a clamp at the specimen end [209]. 

 

Several variants have been developed specialising on Mode I and Mixed Mode testing of sandwich 
interfacial adhesion that may be classified as SCB methods [211].  

During the interfacial fracture toughness testing of sandwich specimens, it is possible that the crack 
kinks towards the core leading to a sub-interface crack [201, 236]. If this is the case, the test does not 
reflect a mechanical evaluation of the interfacial bonding between facesheet and core anymore 
[236]. According to He and Hutchinson [247] this is due to a positive shear stress at the crack tip, see 
Figure 32 [228]. First proposed by Grenestedt [235], the tilted sandwich debond test (TSD) allows for 
the control of the crack propagation orientation due to an adaption of the tilt angle 𝜃 [203, 236, 
237]. If an empirically determined critical tilt angle 𝜃  is deceeded, kinking can be avoided.  
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Figure 32: The tilted sandwich debond method allows for the variation of tilt angle and thus enables to modify the mixed 
mode ratio and to avoid crack kinking in the core [236].  

 

The TSD can thus minimise possible kinking effects in a test set-up, however at the cost of 
introducing mixed Mode loading and varying tilting angles, which complicates comparison of 
different sandwich structures.  

In order to reduce Mode mixture to a minimum and to receive a Mode I dominant failure, the SCB 
with rigid flat base plate is often used [211, 216, 230]. However, since during the testing procedure 
the crack tip moves constantly, the load application is equivalently moving during testing which 
results in a rotation thereof and a varying test angle. This leads to the development of shear stress in 
the core and a minor Mode II component at the crack tip depending on the angle at the crack tip 
[223, 230, 236, 248]. Another approach is to enable a constant location of the crack tip with respect 
to the testing machine axis during the test. Cantwell and Davies [202, 223] developed a single 
cantilever beam with a sliding carriage base on which the specimen can be attached to, see Figure 
33. Similar methods have been developed by other authors [117, 248]. 

 
Figure 33: Single cantilever beam with sliding carriage base plate avoids the variation of the peel angle [223]. 

 

SCB methods with sliding carriage base plates exhibit Mode I dominant behaviour [216, 233]. 
However, the test procedure is considerably complicated, as the fixation of the specimens on the 
base plate requires either specimen compatible adhesives, which may be difficult for nonpolar 
polymer matrices. Moreover, the specimen preparation is subject to curing times if adhesives are 
used and a high number of base plates is necessary, which even might be only used once if the tested 
specimen cannot be removed after testing. Other variants involve geometrical fixations such as 
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undercuts, which again require a complex specimen preparation yet sparing the need of numerous 
base plates.  

Nevertheless, the SCB test method needs to be modified if sandwich structures with thin facesheets 
need to be tested since the latter exhibit a very low intrinsic flexural rigidity. This leads to the 
development of a very high peel angle of the facesheet at the crack tip during the test. This results in 
a damage of the facesheets that is followed by tensile failure during testing making it impossible to 
quantify the interfacial bonding [95, 249]. The addition of doublers increases the flexural rigidity of 
the facesheets and reduces the peel angle However, Adams et al. [216] found that this leads to an 
increase of 𝐺  values. In addition, the doublers and their fixation on the facesheets requires adhesive 
bonding, which increases specimen preparation complexity. Also, the adhesive strength of doublers 
and specimen may be challenging. 

 

3.2.4. Mandrel Peel Test 
In order to avoid high peel angels during SCB testing of sandwich structures with thin facesheets, 
which induce invalid failure as discussed in chapter 3.1, the bending radius should be large enough. 
Therefore, the introduction of a defined bending radius is a promising approach. For this purpose, 
the SCB concept was modified and the mandrel peel test was developed, see Figure 34. The mandrel 
peel test was originally developed for the testing of hybrid metal-plastic components [205, 206, 250]. 
Here, the test specimen is fixed to a sliding table e.g. by use of adhesives or by using an undercut. 
The specimen consists of a UD tape, which is welded on a CFRTP base structure. During testing, the 
UD tape is peeled off the base structure by applying a tensile load 𝐹 . An alignment force 𝐹  resulting 
from a dead weight [205] or pneumatic cylinder [251] is used to ensure an radial alignment of the 
tape to the mandrel. This provides a constant peel radius and angle respectively improving 
reproducibility and avoiding extensive bending of the facesheets that may ultimately lead to 
facesheet failure [249].  

 

Figure 34: The mandrel peel test enables the interfacial testing of structures with low intrinsic flexural rigidity. The mandrel 
defines the bending radius and hence avoids extensive compressive strains due to small bending radii of the debonding 
structure [16]. 

 

The assessment of the strain energy release rate during testing is based on Equation 31 and 
considers the external energy 𝑈 , the energy dissipated during peeling 𝑈  and the strain energy 
stored in the peel arm 𝑈  with the specimen width 𝑏 and incremental crack length 𝑑𝑎 leading to 
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𝐺 =
1

𝑏

𝑑𝑈

𝑑𝑎
−

𝑑𝑈

𝑑𝑎
−

𝑑𝑈

𝑑𝑎 .
 (33) 

 

According to [249] the residual stresses and the elastic strain in the peel structure are small 
compared to the external work introduced by the peeling load 𝐹  and alignment load 𝐹  as well as to 
the dissipated energy by friction. This leads to the simplified equation for the determination of 
interfacial fracture toughness: 

𝐺 =
1

𝑏
𝐹 (1 − µ) − 𝐹 . (34) 

 

The friction coefficient attributes to the friction in the test set-up and was found for the set-up of 
Grouve et al. [251] to be as low as µ = 0.02. The test procedure provides a high reproducibility of 
results and avoids kinking of the crack into one of the adherents [249]. However, the fixation of the 
specimens on a sliding table as base plate requires adhesive bonding of specimen and base plate or 
geometrical fixations.  

 

3.2.5. Roller Peel Test 

The fixation of the mandrel peel test specimen on a base plate carrier system according to Grouve 
and co-workers [16, 249, 251, 252] poses a critical issue, when using nonpolar polymers such as 
polypropylene. Pre-trials have shown that at moderate peel forces, the specimen can detach from 
the base fixation thus making the test invalid. Surface pre-treatment such as roughening and flame 
treatment did not yield in satisfactory results.  
 

Lebsack [95] developed a Mode I test method based on a combination of the mandrel peel test 
according to the work of Grouve and co-workers [16, 249, 251, 252], the sliding carrier SCB method 
based on Weidmann [117] as well as the test standards DIN 53494 [253] and DIN EN 1372 [254]. The 
test procedure is similar to the mandrel peel test, with the benefit to avoid the base plate fixation on 
a movable sliding carriage since the specimen itself moves during the test on a flat surface with low 
friction, see Figure 35.  
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Figure 35: The roller peel test enables the testing of the facesheet-core interfacial fracture toughness of in-situ CFRTP 
sandwich structures. A peel roller similar to the mandrel peel test avoids an extensive bending of the thin debonding 
facesheets with low intrinsic flexural rigidity. The set-up significantly simplifies the specimen preparation.  



Chapter 3. Interfacial Bonding Test Methods for Thermoplastic Sandwich Structures 

47 
 

First, the top facesheet is pulled around the peel roller and clamped by chuck jaws, another roller 
serves as rotating support during peel-off. During testing, the peel angle of the crack tip is defined by 
the peel roller and by the alignment force, pulling the facesheet radially on the peel roller [16, 249, 
252]. The calculation of the interfacial fracture toughness 𝐺  is conducted according to Equation 34. 
The induced friction due to the direct contact of the specimen with the base plate needs to be 
included in the assessment of the effective peel load equivalent with the mandrel peel test. The 
effective friction coefficient was measured to yield a value of µ = 0.18.  

The test method can be used for the testing of various sandwich structures of varying geometry and 
materials. Originally developed for interfacial fracture toughness evaluation of sandwich structures 
with thin facesheets and low intrinsic bending stiffness, the roller peel test can be adapted to thicker 
facesheets by increasing the peel roller radius rR. In preliminary tests, specimens with equal 
facesheet thickness were subject to roller peel testing with varying peel roller diameter. No effect on 
the resulting 𝐺  values was be observed, hence the effect of changing peel roller radii on the 
measured 𝐺  value is assumed negligible. 

 

3.3. Interfacial Strength Test Methods 
In addition to the interfacial fracture toughness, which is of special interest regarding the 
propagation of face-core debonding, the strength of the interface shall be quantified using a quasi-
static testing method. Test procedures for the assessment of skin-core interfacial strength of 
sandwich structures can be based on tensile tests at which a tensile load is applied on the sandwich 
facesheets, which pulls in direction of the surface normal vector [38, 255]. However, this test set-up 
requires an adhesive fixation of the load application on the sandwich structure that is effortful and 
challenging when it comes to nonpolar matrix polymers such as polypropylene. Hence, the focus was 
set on other test methods avoiding this kind of critical load application. These methods for the 
evaluation of an interface strength can be divided into two groups: 

- Short beam shear [215, 218, 256–259] 
- Lap shear [213, 214, 240, 260–262]  

Test methods for the evaluation of interfacial strength of a joint often include lap shear test set-ups. 
However, interlaminar failure of two joined components can also be induced by beam shear testing 
methods, which are frequently used for FRP. The applicability of these test methods for the 
evaluation of core to face interfacial strength of CFRTP sandwich components with integral foam 
core will be evaluated in the following.  

 

3.3.1. Short Beam Shear 
Short beam shear tests are often used to study the interlaminar strength of composites [218]. 
Several test standards have been developed, the most well known and most accepted being ASTM 
D2344 [217]. The test standard is based on short beam specimens, which are usually subject to 
three-point bending inducing high shear stresses while the resulting flexural stresses are 
comparatively low. The dominance of shear stresses is defined by the test set-up and specimen 
geometry [218]. Although the load is usually applied in a three point bending test set-up, see Figure 
36, also four-point-bending set-ups can be applied [258]. 
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Figure 36: The short beam shear test set-up based on three-point bending for interlaminar testing of a sandwich  
structure [215]. 

 

Despite its low complexity and convenient test procedure, this test exhibits major drawbacks, 
especially when using thermoplastic matrices [258, 263, 264]. Since the latter often exhibit 
comparatively low elastic moduli, the high line loads introduced by the load application roller often 
result in indentations at the compressive specimen side, which ultimately leads to micro-buckling of 
fibres and invalid specimen failure [218, 264]. Adapted methods based on four-point bending with 
reduced line loads may level but not fully avoid this issue [217].  

The main other challenge is the inhomogeneous stress state, as the short beam shear tests do not 
solely introduce shear stresses in the specimen but also stresses resulting by the applied bending 
moment. Failure consequently results from a complex stress state and a clear assignment of the 
cause is challenging [217, 218]. In addition, the test results and the failure modes are sensitive to the 
geometrical parameters of the test specimen and the test set-up. Small variations of span length and 
component thickness ratios may lead to different results due to variations of the induced stress state 
[217].  

A quantitative assessment of face to core interfacial strength of foam core CFRTP sandwich 
structures with varying geometrical and material parameters based on short beam shear methods is 
therefore questionable [218, 264]. Qualitative assessment of the interfacial strength however is 
possible [258, 265], yet this requires geometrical and material parameters to be kept constant.  

 

3.3.2. Lap Shear 
Lap shear test methods have been subject to extensive scientific research and numerous variants 
have emerged. Standards have been developed specifically for metal-metal lap joints [266], lap joints 
with plastic [267] as well as FRP adherents [268]. Mostly, their focus lies on testing the strength of an 
adhesive joint, however they can also be applied on welded joints of polymer based adherents [269, 
270]. Several types of lap geometries have been developed, see Figure 37 [271].  

The single-lap shear is the most frequently used variant due to its ease of specimen preparation and 
is widely applied for the assessment of the bonding strength of a joint. This includes adhesively 
bonded joints [262] as well as fusion bonded joints of thermoplastics and thermoplastic composites 
[260]. Several derivatives exist based on the single-lap shear test, each with the target of improving 
the resulting stress field (bevelled lap) or the specimen preparation (notched lap).  
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Figure 37: Schematic overview of lap shear test variants: the single-lap shear test is the most frequently used variant, yet its 
derivatives may be more suitable for specific applications, e.g. the notched lap shear test for sandwich structures. 

 

In recent years, the lap shear test was often used to characterise interfacial strength of a bonded 
joint due to its often stated simplicity [262]. The application of the singe-lap shear test method for 
interfacial testing of sandwich structures is possible, if the sandwich core is considered as adhesive 
bond with very large thickness whereas the adherents exhibit comparatively low thicknesses. 

However, the single-lap joint denotes a very complex test method, despite its constructive simplicity. 
The adhesive between the adherents, or in case of sandwich structures the core between the 
facesheets, is subject to an inhomogeneous stress field including a shear and a peel portion which 
makes testing and especially analysis of testing results very complex [213, 240, 251]. Volkersen [272] 
introduced the differential straining analysis of the single-lap joint, providing an explanation for shear 
stress peaks at the ends of the adhesive length. However, he disregarded the bending moment and 
the induced peel stresses that are superimposed to the shear stress, see Figure 38. Especially the 
peel stress is subject to large variation within the lap length and exhibits high stress peaks at the ends 
of the lap joint, resulting from the bending behaviour of the specimen induced by the off-axis of both 
adherents [8, 213, 262, 273].  

 

 

Figure 38: The stress distribution in the overlap length including peel as well as shear stresses: significant stress 
inhomogenities can be determined [274]. 
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The single-lap test is thus very sensitive to changes of adhesive and adherent materials and geometry 
[240, 261]. An increasing adhesive thickness decreases the measured strength induced by an 
increased bending moment [214]. The measured strength is proportional to the overlap, until a 
maximum lap length is achieved at which the adherents fail [213]. The optimum overlap length 
moreover is dependent on the specimen length. Kafkalidis and Thouless [261] find that the specimen 
length should exceed the overlap length by factor 10. Also, the single-lap shear is sensitive to the 
material properties of adhesive and adherent [213, 262]. Consequently, the single-lap shear test and 
its results depend on the material properties but also on the specimen and bond geometry, including 
the specimen length, the thickness of the adherent or sandwich core, and the overlap length [261]. 

In conclusion, it becomes clear that the single-lap test method and its derivatives such as the notched 
lap shear benefit from simple test procedure and specimen preparation. The measured results 
however are often strongly dependent on geometric and material properties. Different structures 
and materials thus cannot be quantitatively compared to each other, nevertheless a qualitative 
comparison of bonded structures with identical geometry and materials is assumed valid.  

 

3.4. Evaluation and Selection of Test Methods 
Table 3 summarises the specific test method potentials and evaluates them based on the imposed 
requirements in chapter 3.1 according to VDI 2225 [43]. The evaluation scale is presented in Table 2.  

Table 2: Evaluation rating scale according to VDI 2225. 

Evaluation Points 
Very Good (ideal) 4 
Good  3 
Satisfactory 2 
Acceptable 1 
Insufficient 0 

 
According to the results in Table 3, the roller peel test appears to be most suitable for the 
quantification of facesheet to core interfacial fracture toughness of thermoplastic composite 
sandwich structures. For the assessment of interfacial bonding strength, the notched lap shear 
method is most promising despite the discussed restrictions.  

Table 3: Evaluation results of test methods for interfacial strength and interfacial fracture toughness. The notched lap shear 
(NLS) and the roller peel test (RPT) yield the highest rating and are hence selected. 

 Interfacial Strength 
 

  Interfacial Fracture Toughness 

Requirements SBS NLS SLS   CDP DCB TSD SCB MPT RPT 
Generate Related Test Values 1 1 1   2 4 4 4 4 4 
Avoid High Peel Angles 4 4 4   4 0 1 0 4 4 
Avoid High Point or Line Loads 0 2 2   4 4 4 4 4 4 
Easy to Prepare, Perform and Evaluate 4 3 1   1 2 1 2 1 4 
∑ 9 10 8   11 10 10 10 13 16 

 

Hence, these test methods are selected for the mechanical evaluation and subsequent optimisation 
of skin-core bonding during the in-situ manufacture of CFRTP sandwich structures. 
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4. Methods for the Characterisation of In-Situ CFRTP Sandwich 
Structures 

This chapter presents the methods used in this work comprising mechanical test procedures, 
polymer analysis, as well as computer aided simulation methods, see Figure 39.  

 

Figure 39: Systematic approach of this work: chapter 4 presents the methods used in this work for the characterisation of 
in-situ sandwich structures. 

 

Following the evaluation and selection of suitable test methods in chapter 3, the interfacial bonding 
assessment by the roller peel test as well as the notched lap shear test is presented in detail. 
Moreover, the presented mechanical test procedures include the evaluation of the flexural 
behaviour of in-situ CFRTP sandwich structures via the four-point bending (4PB) test.  

The fracture after interfacial testing as well as the process induced polymer morphology at the 
interface is evaluated by imaging techniques comprising scanning electron microscopy (SEM) and 
polarised light microscopy (PLM).  

As the crystallinity of polymers plays an important role in the fusion bonding between CFRTP 
facesheet and injected foam core based on the results of chapter 2.4.2, differential scanning 
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calorimetry (DSC) is applied to evaluate the degree of crystallinity and to correlate it with the findings 
of the bonding tests.  

Lastly, a simulation methodology is presented that allows for a prediction of the resulting 
temperature at the interface between CFRTP facesheets and the injected core during the in-situ 
manufacture of CFRTP sandwich specimens, since this denotes a major factor for the development of 
interfacial bonding. 

 

4.1. Mechanical Characterisation 
The mechanical test methods are presented in detail in the following sub-chapters, giving insight into 
the applied standards, testing parameters and specimen geometries. 

 

4.1.1. Four-Point Bending 
In order to assess the flexural rigidity of in-situ CFRTP sandwich specimens, a four-point bending 
(4PB) test is conducted. The 4PB test method is favourably used for fibre reinforced composite 
structures, due to the comparatively large area with constant bending moment in the mid-section of 
the test specimen. This reduces stochastic effects on the test results resulting from manufacture-
induced defects such as fibre undulations and misalignments as well as fibre strength variation. 
Furthermore, the use of two load applications divides the locally induced load by two and reduces 
thus the probability of stamp indentation and following invalid failure at the load applications. The 
four-point bending procedure is conducted according to DIN EN ISO 14125 [275]. The test set-up is 
presented in Figure 40.  
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Figure 40: Schematic illustration of the four-point bending test set-up according to DIN EN ISO 14125 [275]. 

 

The load span length l’, the support span length l, and the total length of the specimen L are listed in 
Table 4. The test is carried out on a hydraulic testing machine equipped with a 15 kN load cell in 
standard climatic conditions at a temperature of 23 °C and a relative humidity of 50 % (23/50). A 
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laser measures the specimen deflection 𝑠 in the middle of the load span length. Before the test, the 
sprue is removed and the specimen weighed. For each tested parameter setting, six specimens are 
tested, which were stored for 24 h under 23/50 standard climate conditions. 

Table 4: Specimen geometry and test speed of the four-point bending test according to DIN EN ISO 14125 [275]. 

Parameter Value Dimension 
Load Span Length l‘ 90 mm 
Support Span Length l 180 mm 
Test Speed  5 mm/s 
Specimen Length L 220 mm 

 

The effective flexural modulus 𝐸  of the sandwich structure is evaluated according to [275] as 

𝐸 =
0.21𝑙³

𝑊𝐻³

∆𝐹

∆𝑠
. (35) 

 

The flexural modulus 𝐸  depends on the support length 𝑙, the specimen width 𝑊, the specimen total 
thickness 𝐻, as well as the load and midspan deflection differences ∆𝐹 and ∆𝑠 at the outer-surface 
elongations 𝜀  = 0.0005 and 𝜀  = 0.0025 with 

∆𝐹 = 𝐹(𝜀 ) − 𝐹(𝜀 )  (36) 
and 

∆𝑠 = 𝑠(𝜀 ) − 𝑠(𝜀 ). (37) 
 

The relationship of midspan deflection and outer-surface elongation is described as 

𝑠(𝜀) =
𝜀𝐿²

4.7ℎ
 . (38) 

 

The flexural rigidity 𝐸 𝐼, in this work indicated as 𝐸𝐼, is calculated as  

𝐸 𝐼 =
0.21𝑙

𝑊𝐻

∆𝐹

∆𝑠
𝐼 = 𝐸𝐼,   (39) 

with 

𝐼 =
𝑊𝐻

12
 . (40) 

 

The second moment of inertia assumes the sandwich structure to be monolithic, since the evaluated 
flexural modulus 𝐸  refers to a homogenised monolithic structure. 

 

4.1.2. Interfacial Fracture Toughness 
The interfacial fracture toughness is assessed using the roller peel test (RPT). The test is conducted 
on a tensile test machine Zwick Z5.0 with a 5 kN load cell. Before testing, the specimens are stored at 
23/50 standard climate for 24 h. The test is carried out using six specimens per test setting in a 23/50 
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standard climate. The traverse speed is set to 100 mm/min. The peel roller radius is adjusted with 
respect to the specific facesheet thickness. Facesheets with 0.33 mm thickness are tested with a peel 
roller diameter of 𝐷 .  = 15 mm. In order to avoid excessive strains in the facesheets, a peel roller 
with a larger diameter of 𝐷 .  = 30 mm is used for facesheets with a thickness of 0.6 mm. 
Experiments with 0.33 mm thick UD tape facesheets with both roller radii have shown that the 
determined 𝐺  values were unchanged with varying peel roller radius.  

During the test, the effective peel force i.e. the applied load 𝐹  is measured. For evaluation, the 
middle part of the in-situ CFRTP sandwich specimen and the respective test data range is used, see 
Figure 41 (test length). Based on the specimen geometry and length, respectively, this results in a 
maximum test length of 100 mm. 
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Figure 41: Determination of the debond load during the interfacial fracture toughness assessment using the roller peel test.  

 

The calculation of 𝐺  is discussed in chapter 3.2.4 and 3.2.5. The interfacial fracture toughness is 
assessed via 

𝐺 =
1

𝑏
𝐹 (1 − µ) − 𝐹 . (41) 

 

with 

𝐹 =
1

𝑛
𝐹 ,  (42) 

 



Chapter 4. Methods for the Characterisation of In-Situ CFRTP Sandwich Structures 

55 
 

Here, 𝑏 is the specimen width, 𝐹  is the applied peeling load, µ is the experimentally assessed friction 
coefficient and 𝐹  is the alignment force. Based on preliminary experimental tests, a force of 
𝐹  = 73.6 N is applied in order to enable a proper alignment of the facesheet to the roller surface. 𝐹  
marks the mean applied load within the specimen test length between 25 and 125 mm as depicted in 
Figure 41.  

 

4.1.3. Notched Lap Shear 
Notched lap shear testing is performed referring to ASTM D3846 and ASTM D3165 [276, 277]. 
Specimen preparation involves the in-situ manufacture of CFRTP sandwich specimens and 
subsequent integration of notches in order to achieve a single-lap specimen geometry as depicted in 
Figure 42.  
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Figure 42: Notched lap shear test specimen. 

 

The specimen length 𝐿  is 100 mm, the overlap length 𝑙  is 10 mm and the notch length 𝑙  is 3 mm. 
In order to avoid a damage of the UD tape facesheets, the notch does not spread along the entire 
core height resulting in a reduced notch height ℎ . The difference of notch and core height (ℎ − ℎ ) 
yields 0.1 mm. The width 𝑊  of the specimen is 30 mm. The NLS is carried out on a hydraulic testing 
machine with a 15 kN load cell. The test specimens are stored for 24 h at 23/50 standard climate 
before testing. For each test setting, six specimens are subject to testing at 23/50 standard climate 
conditions. The traverse speed is set to 2.5 mm/min for compact CFRTP sandwich specimens. In-situ 
CFRTP sandwich specimens with integral foam core are tested at 5 mm/min due to the increased 
traverse stroke until failure of the specimens.  

The notched lap shear strength calculates as the load at failure 𝐹 ,  in relation to the shear cross-
area 𝐴 in the y-z-plane according to Figure 43. Here, 𝑊  marks the specimen width and ℎ the 
sandwich core thickness. Based on the findings of chapter 3, it is acknowledged that the notched lap 
shear strength 𝜏  does not represent a distinct shear stress due to the inhomogeneous stress field. 
Nevertheless, it will be henceforth referred to as notched lap shear strength 𝜏 .  
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Figure 43: Determination of the notched lap shear strength: the maximum load is related to the cross section of the 
specimen core in the y-z-plane. 

 

4.2. Polymer and Structural Analysis 
The polymer analysis focuses on the bonding zone between polymer core and CFRTP facesheets after 
the manufacture of in-situ sandwich structures via polarised light microscopy (PLM) as well as on the 
characterisation of polymer crystallinity using differential scanning calorimetry (DSC). In order to 
evaluate the relationship of integral foam morphology and bending behaviour, micro computer 
tomography (µCT) based methods are applied.  

 

4.2.1. Differential Scanning Calorimetry 
For the assessment of the facesheet matrix polymer crystallinity, the differential scanning 
calorimetry is used. The DSC variant used in this work consists of an oven containing the sample 
material and the reference each in a metal pan. At a given temperature ramp program, the 
temperature of both pans is determined continuously by means of integrated thermocouples. A 
temperature difference of sample and reference during the test procedure indicates a change of the 
heat flux φ of the oven to the sample and reference, respectively [73]. The evaluation of the heat flux 
related to the time t or the reference temperature allows a series of inferences about the tested 
polymer and its properties, such as the polymer crystallisation behaviour and glass transition 
temperature [64]. In the case of semi-crystalline thermoplastics, the melting and crystallisation 
temperatures can be thus determined as endothermal and exothermal processes, respectively, as 
well as the glass transition temperature of amorphous polymer structures [64, 73]. The heating DSC 
curve gives an important insight into the melting behaviour of the material. Smaller crystallites with 
thinner lamellae melt at lower temperatures whereas larger crystallites melt at higher temperatures, 
see Figure 44 [73, 182]. Also, different polymorphs can be determined using the DSC [64]. The 
integral of the curve in Figure 44 corresponds to the enthalpy of fusion and indicates which amount 
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of heating energy must be applied in order to melt the specific crystalline portions of the sample. A 
higher fusion enthalpy is thus equivalent to a high degree of crystallinity [73].  
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Figure 44: Schematic illustration of a DSC test curve as heat flow related to the test temperature. Smaller crystalline 
structures melt at lower temperatures whereas larger lamellae melt at higher temperatures [73]. 

 

In order to determine the degree of crystallinity of the tested polymer material, the measured melt 
enthalpy ∆𝐻  is related to the enthalpy of a 100 % crystalline sample ∆𝐻  [278]. In order to 
determine the fusion enthalpy of reinforced thermoplastics such as UD tapes, the filler content 𝜑 
must be taken into account [75, 278]: 

𝜉 =
∆𝐻

(1 − 𝜑)∆𝐻
∙ 100. (43) 

 

According to Ehrenstein et al. [279] a theoretically completely crystallised polypropylene exhibits a 
fusion enthalpy ∆𝐻  of 207 J/g. Contrary to other materials that are able to crystallise, the degree of 
crystallinity of thermoplastics is substantially less than 100 %. This is because in addition to the 
crystalline structures, also amorphous fractions are included [74]. Furthermore, the temperature 
profile and the nucleation process have an effect on the resulting degree of crystallinity.  

In this work, sample preparation and measurement are carried out in accordance with DIN EN ISO 
11357-3 [280]. The temperature program is presented in Table 5.  

Table 5: Temperature profile during DSC measurements.  

Program Hold Heating Hold Cooling Heating Cooling Dimension 
Time 5 - 5 - - - s 
Target Temperature 25 220 220 70 220 25  °C 
Rate - +20 - -20 +20 -20  °C/s 

 

The degree of crystallinity is assessed in the first heating cycle of the temperature program, since the 
cooling process after the first heating cycle alters the initial thermal history of the respective 
specimen. 
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4.2.2. Polarised Light Microscopy 
In order to evaluate the fusion bonding zone near the interface of CFRTP facesheet and injected 
polymer core of in-situ sandwich structures, polarised light microscopy (PLM) is used. PLM represents 
a variant of the transmission light microscopy. The difference is the integration of a polariser and 
analyser as additional filters in the microscope set-up, which only transmit passing light along a 
specific plane. The polariser is located within the beam path between the light source and the sample 
whereas the analyser is placed between the eyepiece and the sample [281]. If the polarising planes 
of the polariser and the analyser are positioned perpendicular to each other, a polarisation dark field 
results because the transmitted linear-polarised light after the polariser is blocked by the analyser. 
This denotes the most frequent PLM set-up, called crossed polarisers. Morphological structures in 
semi-crystalline thermoplastics can be analysed by means of PLM due to their optical anisotropy. 
Objects with optical anisotropy (birefringence) split light into two orthogonal waves with different 
velocities, the extraordinary and the ordinary wave [281]. Consequently, these two partial waves 
with wavelength 𝜆 undergo a path difference, the phase shift 𝛤, as a function of the birefringence ∆𝑛 
and the thickness d of the object: 

𝛤 =
2𝜋

𝜆
𝑑 ∙ ∆𝑛 . (44) 

 

In particular, spherulites in semi-crystalline plastics represent optically anisotropic structures with 
birefringent optical behaviour due to the combination of amorphous and crystalline fractions [281]. 
Crystalline structures appear bright whereas amorphous or fine-spherulitic areas of thermoplastic 
samples are optically isotropic, and appear dark in PLM images, see Figure 45 [95, 282]. 

 

Figure 45: Image of birefringent thermoplastic spherulites using polarised microscopy [281]. 

 

For the evaluation of the interface polymer morphology using the PLM, thin cross sections with a 
thickness of approx. 10 μm must be manufactured by means of a microtome. With respect to FRP 
materials, the cutting quality is adversely affected by the reinforcing fibres because of their 
brittleness and hardness which results in the fact that contrary to the matrix polymer they are not 
cut but broken or torn out of the matrix [64]. Minimal cut thicknesses of 50 μm could therefore be 
achieved for the in-situ sandwich specimens with UD tape facesheets investigated in this work. 
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Photomicrographs with polarised light were performed using an Olympus BX50 microscope. The 
cross sectioning was carried out on a Leica RM2245 microtome.  

 

4.2.3. Micro Computer Tomography 
A foam morphology analysis based on micro computer tomography (µCT) is used in order to evaluate 
the cell size and cell density distribution in e.g. thickness direction of the in-situ CFRTP sandwich 
specimens. The µCT technique enables X-ray micrographs of objects with  high resolution in the 
micrometre (μm) scale [189]. In the present work, a SkyScan 1072-100 micro computer tomograph is 
used for the analysis of structural foam morphologies including cell size distribution and local cell 
density. After placing the sample on a precisely rotary table, it is exposed to X-rays layer-wise from 
different directions by the micro-focused X-ray source during analysis. After each X-ray exposure, the 
precision table is rotated by a fixed angle until the object rotation yields 180 angular degrees (°). A 
detector records projection images whose resolution depends on the position of the sample to the X-
ray source which can be adjusted accordingly. For the highest possible resolution, the sample thus 
must be positioned as close as possible to the radiation source. Using a special software, the 
recorded projection images are reconstructed into sectional images [283].  

The measurements are carried out at a resolution of 1.7 µm. An acceleration voltage of 100 kV and a 
current of 98 μA is applied to the X-ray source. During the measurement, the specimen is rotated in 
total by 180° in increments of 0.45° at which a new projection image is taken. The recorded 
projection images exhibit a colour depth of 16 bit and are subsequently reconstructed into sectional 
images. After the µCT scan, the recorded projection images are reconstructed into sectional images, 
see Figure 46.  
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Figure 46: µCT scans of in-situ CFRTP sandwich structures with foam cores: projection image (left) and reconstructed 
sectional image (right) [189]. 

 

For the reconstruction of the cross-sectional images, the software CT-NRecon (Bruker microCT) is 
used. The reconstructed sectional images are observed via the software DataViewer (Bruker 
microCT). Three-dimensional models can be created based on the individual two-dimensional 
sectional images, which represent the complete sample volume at a resolution of 1.7 µm. For further 
information about this analysis procedure, it is referred to the work of Geiling [189]. 
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4.2.4. Scanning Electron Microscopy 
The fractured surface of the interface after testing the bonding between facesheet and core is 
evaluated by scanning electron microscopy (SEM). Using SEM it is possible to evaluate surface 
structures on micro scale with high depth of field [281]. This makes SEM predestined to analyse 
fracture surfaces in detail. The function principle is based on a directed electron beam, which scans 
the sample, see Figure 47. In order to create the electron beam, a tungsten wire can be used 
whereas newer methods are based on field emission gun (FEG) sources [281].  

The Topcon SM-300 SEM used in the present work belongs to the thermionic emission sources with 
tungsten wire. By heating a tungsten wire (cathode) up to 2500 °K, a primary electron beam is 
generated, which is focused by a scattering cylinder. At the anode, the electron beam experiences an 
acceleration. This primary electron beam is bundled and focused by electromagnetic coils (condenser 
and end lens) and hits the surface of the target. After impacting on the target, different interactions 
take place. Three outgoing signals and evaluation modes are important for the SEM. These are the 
backscattered electrons, secondary electrons and X-rays [281]. Secondary electron imaging (SEI) is 
the most commonly used evaluation mode [281]. 

 

 

Figure 47: Schematic illustration of a scanning electron microscope and its components [281]. 

 

Secondary electrons are emitted by the specimen with low energy, so they can only originate from 
the surface of the target and a depth of merely a few nanometres (nm) [281]. The detector in the 
SEM used in this work is arranged obliquely to the object, this contributes to the depth-of-field 
perception of the scanned surfaces [281]. Electrically non-conductive specimens are usually coated 
with a thin film of conductive material. This sputtering process is mostly conducted with gold-
palladium or platinum, which is applied in a vacuumed and argon flooded chamber using a plasma 
[281]. In the present work, the samples were sputtered with gold over a period of 360 s. 
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4.3. Interface Temperature Simulation 
In order to determine the resulting interface temperature between CFRTP facesheet and polymer 
core depending on the applied process parameters during the in-situ manufacture, an injection 
moulding simulation based on Autodesk Moldflow Insight 2019 is used. The injection mould of the 
experimental campaigns in this work is modelled using a computer aided design (CAD) software 
(SolidWorks®, Dassault Systèmes SolidWorks Corp.). The 3D CAD model including the original cooling 
layout of the mould is implemented in the injection moulding simulation, see Figure 48.  
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Figure 48: The CAD model used in the Moldflow Insight 2019 thermal simulation for the assessment of the interface 
temperature between UD tape facesheet and injection moulded core during the in-situ manufacture of sandwich 
specimens. The in-situ CFRTP sandwich specimen and the cooling channels are depicted. The mould is deliberately faded 
out for the sake of visibility.  

 

The virtual specimen is modelled compliant with the injection moulded in-situ CFRTP sandwich 
specimens, see Figure 49. The facesheets are defined as inserts whereas the polymer core is injection 
moulded. The process parameters applied within the simulation are in accordance with the 
experimental manufacture of in-situ CFRTP sandwich specimens, which are described in the 
respective chapters in this work.  

The foam injection moulding simulation with a chemical blowing agent assumes that the thermally 
induced decomposition of the CBA is fully completed in the barrel and furthermore neglects residues 
of the CBA decomposition aside the developing foaming gas. The foam injection moulding simulation 
uses the bubble nucleation model with a constant nucleation density of 25000 1/cm³ [285] and a 
blowing agent content of 3 % equal to the amount of blowing agent used in the experiments. The 
foam core material used in the simulation is Sabic® PP 576P and material properties are applied 
according to the Moldflow material database. Due to the lack of a material model for the UD tape 
facesheets, the inserts are defined as 50 wt.-% long glass fibre reinforced polypropylene (Celstran® 
PP-GF50-10) of the same material manufacturer, which is assumed a good approximation of the 
thermal behaviour of the 60 wt.-% continuous glass fibre reinforced polypropylene UD tapes. This is 
because the thermal behaviour is substantially characterised by the thermal conductivity and the 
specific heat capacity. The thermal conductivity of fibre reinforced plastics depends on the specific 
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conductivities of the reinforcing fibre as well as of the polymer matrix, weighted with the respective 
volume fraction according to the generalised mixing rule [8, 286]. As the material model in Moldflow 
does not include thermal anisotropies due to fibre orientations, fibre reinforced materials with 
similar fibre volume fraction and composite constituents are assumed to yield similar results in the 
thermal simulation [284].  
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Figure 49: The meshed CAD model of the in-situ CFRTP sandwich specimen (left) with its attributed materials in the 
simulation (right). Considering the thermally isotropic thermal simulation of Moldflow [284], the polypropylene based UD 
tape facesheets with 60 wt.-% glass fibres (Celstran® CFR-TP PP GF60-13) are approximated with a 50 wt.-% glass fibre 
polypropylene of the same material manufacturer (Celstran® PP-GF50-10). 

 

The resulting interface temperature is assessed on the facesheet at five symmetrical nodes. The 
middle of the RPT test length is chosen, attributing to a minor temperature decrease over the 
specimen length in x-direction due to the continuous cooling of the injected polymer melt as well as 
the test span during interfacial testing. A cross-shaped node layout is selected, in order to account 
for the small thermal variation in specimen width direction. Combining the temperature profiles of 
the five nodes, a mean temperature of the interface during the in-situ manufacture of the CFRTP 
sandwich specimens using CBA is determined, see Figure 50.  
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Figure 50: Simulated interface temperature development during the in-situ CFRTP sandwich manufacture based on 
Moldflow: in the centre of the facesheet surface and the roller peel test length, five nodes are used for the assessment of a 
mean temperature profile during the process.  
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The simulated temperature profiles on the CFRTP facesheet surfaces resulting from the injected 
polymer melt require experimentally assessed temperature profiles for validation. Trippel [132] 
developed a specific mould insert with an integrated thermocouple based on the mould and inserts 
used in this work. This mould-insert enables the in-situ measurement of temperature profiles on the 
surface of CFRTP facesheets overmoulded by an integral foam. The thermocouples exhibit a diameter 
of 0.25 mm and were specifically designed to provide a low thermal inertia in order to account for 
the high heating and cooling rates during the process. In the work of Trippel, the thermocouples 
were attached on UD tape facesheets equal to the ones used in the present work (Celstran® CFR-TP 
PP GF60-13). The campaign was conducted using the same material and process parameters as 
within the present work, including the injection moulding machine (Demag Multi 80 -310h/200v), the 
mould and the manufacturing process of specimens. 

The experimentally assessed temperature profiles of the facesheet surfaces by Trippel [132] as well 
as the temperature profiles simulated within the present work are depicted exemplarily in Figure 51. 
It shows the resulting interface temperature at a melt temperature of Tm = 270 °C and a mould 
temperature of Tw = 30 °C. More simulation results can be found in Annex A. 

 

Figure 51: Comparison of simulated and experimentally assessed interface temperature development during the in-situ 
manufacture of CFRTP sandwich specimens at Tm = 270 °C and Tw = 30 °C. The simulation yields a high agreement with the 
measured temperature at the interface.  

 

The simulation results and the experimentally assessed interface temperature correlate well for the 
evaluated process temperatures. The simulation with very low deviation from the experimental 
measurements precisely predicts the initial peak temperature as well as the cooling behaviour. This is 
necessary as the reptative movement of chains across an interface during fusion bonding is very 
temperature-sensitive, especially at the vicinity of the melting temperature, leading to variation 
interfacial bonding by several factors induced by only small temperature variations [139, 182].  
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5. Interfacial Bonding of In-Situ CFRTP Sandwich Structures 
This chapter focuses on the interfacial bonding between UD tape facesheets and polymer cores 
during the in-situ manufacture of CFRTP sandwich components, see Figure 52. The goal of this study 
is to achieve a profound understanding about the mechanisms leading to high or low interfacial 
bonding between CFRTP facesheets and polymer cores during the process.  

 

Figure 52: Systematic approach of this work: chapter 5 focuses on the evaluation of mechanisms behind the interfacial 
bonding development between facesheet and core during the manufacture of in-situ sandwich specimens. 

 

Therefore, in-situ CFRTP sandwich specimens will be manufactured using a variation of process, 
material and structure parameters. The effect of these parameters on the interfacial bonding is 
assessed by mechanical testing, fracture as well as polymer analysis.  

 

5.1. In-Situ CFRTP Sandwich Structures with Solid Core 
In the first part of the study, the use of blowing agents as well as additional nucleating agents is 
deliberately omitted, in order to distinctly investigate only the fusion bonding of two miscible semi-
crystalline polymer surfaces. The results of this study shall provide the foundation for the subsequent 
experimental campaign in which in-situ CFRTP sandwich structures with integral foam cores are 
subject to a detailed investigation.  
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5.1.1. Specimen and Materials 
The CFRTP sandwich specimen is depicted in Figure 53. It exhibits a specimen length of L = 220 mm, 
specimen width of W = 30 mm and core thickness of h = 2.34 mm. The total specimen thickness H 
and the facesheet thickness tF are both subject to variation, according to the design of experiments, 
see Table 7. Specimens, which will be subject to roller peel testing, are modified: 30 mm of the 
facesheet surface facing the polymer core are covered with a polyimide (PI) foil, which generates the 
necessary initial crack length a.  
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Figure 53: In-situ CFRTP sandwich specimen with solid polymer cores: specimen geometry in length (left) and cross direction 
(right). The glass fibres of the facesheets are oriented in x-direction.  

 

The immiscibility of the PI tape with polypropylene and its much higher melting temperature ensures 
that no bonding develops between facesheet and the injected polypropylene core during in-situ 
sandwich manufacture. An initial crack length of 30 mm is necessary for the test, since the facesheet 
needs to be re-directed first around the peel rollers after which it is fastened with the help of the 
clamping jaws before the start of testing. The thickness of the PI foil was chosen to be as low as 
possible yielding 𝑡  = 0.07 mm in order to ensure that the initial crack is near the bonding interface. 
In preliminary tests, RPT of specimens with different separating foil thicknesses have shown different 
resulting interfacial fracture toughness, thicker foils yielding significantly higher 𝐺  values.  

The core and facesheet materials are presented in Table 6. The core material is a standard 
polypropylene homopolymer (Sabic® PP 576P) which will be used as the reference core material in 
this work. The facesheets consist of unidirectional continuous glass fibre reinforced polypropylene 
tapes with 60 wt.-% glass fibres (Celstran® CFR-TP PP GF60-13), which are oriented in x-direction (0°-
direction).  

Table 6: Overview of material paramters of the UD tape sandwich facesheet and the polymer core (*according to the 
datasheet [287], **according to DSC measurements in Annex B). 

  Core Facesheet Dimension 
Material Name Sabic® PP 576P Celstran® CFR-TP PP GF60-13 - 
     
Polymer Type PP-H PP-H - 
 Melting Temperature 166 173*/163**  °C 
     
Filler Type - GF - 
 Content - 60 wt.-% 
 Structure - UD - 
 Orientation - 0 ° 
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As supplied, the UD tape is wound up on a roll. The thickness of the tape is 0.33 mm and the width is 
330 mm. In this work, all UD tapes were cut from one roll, which reduces possible variations due to 
differences between lots to a minimum. 

 

5.1.2. Design of Experiment 
The experimental design focuses on the variation of process, material and structural parameters. The 
process parameter and values are depicted in Table 7. These values are based on simulations of the 
resulting interface temperature between UD tape facesheet and the injected core during the in-situ 
manufacture of sandwich specimens.  
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Figure 54: Schematical illustration of the DoE: decision for process parameters combinations (left) due to the resulting 
interface temperature (right). Process combinations combining high melt and low mould temperatures and vice versa lead 
to similar interface temperatures, which shall be avoided for the sake of a reduction of required tests settings. 

 

Simulations of the interface temperature during in-situ manufacture have shown that these process 
parameter combinations yield in an almost linear increase of the peak temperature at the skin-core 
interface during the in-situ moulding of CFRTP sandwich specimens, see Figure 54. Therefore, process 
parameter combinations along the diagonal of the process parameter plane, see Figure 54 (left), 
were chosen for the experimental campaign. 

Based on these considerations, the melt temperature Tm is varied between 210 °C and 295 °C with 5 
values in this experimental campaign, see Table 7. The mould temperature Tw ranges from 30 to 
100 °C with three values. The combination of melt and mould temperature is termed process 
temperatures henceforth.  

Table 7: Overview of the process and material parameter variation. 

Parameters Value 1 Value 2 Value 3 Value 4 Value 5 Dimension 
Melt Temperature 210 230 250 270 295  °C 
Mould Temperature 30 55 100 - -  °C 
Facesheet Thickness 0.33 0.6 - - - mm 

 

The facesheet thickness of in-situ CFRTP sandwich specimens is subject to variation between 
0.33 mm and 0.6 mm according to the experimental design. The preparation of the 0.33 mm thick UD 
tape facesheets (1UD) for CFRTP sandwich manufacture requires cutting facesheet blanks from the 
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330 mm wide original tape by a hydraulic jar, see Figure 55. The edge areas of the UD tape are not 
used for the creation of facesheet blanks due to observed thickness differences compared to the 
middle part of the tape. 

The 0.6 mm thick, facesheets (2UD) are manufactured by consolidation of two 1UD layers. A resulting 
average thickness of 0.6 mm of the 2UD laminate after the consolidation process was measured 
using a caliper. After demoulding of the 2UD laminates, they are cut equivalently to 1UD by means of 
a hydraulic jar receiving the final facesheet blanks. The consolidation process parameters are based 
on the processing guidelines provided by the tape manufacturer. 
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lf
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Figure 55: Preparation of 1UD facesheet blanks from the as-received UD tape roll: cutting a sheet from the roll and 
subsequent preparation of the UD tape facesheet blanks.  

 

5.1.3. Manufacture of Specimens 
The in-situ CFRTP sandwich test specimens are manufactured using a Demag Multi 80 -310h/200v 
injection moulding machine equipped with a standard 3-zone screw and a vertically mounted 
plasticizing unit with a needle shut-off nozzle.  

The specimen is manufactured using a specific mould for the in-situ injection moulding of CFRTP 
sandwich components, which also allows a variation of component thickness H by changing mould 
inserts, see Figure 56. The cavity thickness 𝐻 can be adjusted between 3.0, 3.6 and 10.0 mm. While 
the 10 mm cavity thickness is applied for foam injection moulding, 3 and 3.6 mm cavity thickness are 
used for CFRTP sandwich specimens with compact polymer core and 1UD and 2UD facesheets 
respectively. By adjusting the cavity thickness from 3 to 3.6 mm, the polymer core volume remains 
the same for 1UD and 2UD facesheet sandwich specimens. In order to generate a homogeneous flow 
of melt into the cavity and a uniform pressure development, a film gate is used. Both mould halves 
are each temperature controlled using a separate water circuit. The mould temperature is measured 
by two thermocouples, which are installed in both mould halves. To ensure a stable process 
temperature in the tool and plasticising unit, ten parts are manufactured before specimens are used 
for subsequent analysis.  
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Figure 56: The mould for the manufacture of in-situ CFRTP sandwich specimens (left) includes a mould insert enabling the 
use of different cavities (right). This allows for the variation of component thickness using the same mould. 

 

The manufacture of the specimens includes six process steps, which are schematically depicted in 
Figure 57.  

After tailoring of the UD tape facesheets, they are cleaned with acetone in order to free the UD tape 
surfaces from any foreign substances that could have an effect on the bonding behaviour to the core. 
The polypropylene matrix of the UD tapes exhibits only a low solubility with acetone, thus the 
acetone cleaning treatment is assumed to have a negligible effect on the bonding behaviour [288]. 
The prepared and cleaned facesheets are placed and fixed manually in both mould sides. The UD 
tapes are always inserted with the same surface side up in the mould in order to avoid asymmetry 
effects induced by the UD tape production on the interfacial bonding. Since the tapes are delivered 
wound up on a roll, a slight curvature can still be observed after the facesheets have been tailored. It 
was made sure that the convex side is always pointing to the respective mould half after insertion. 
After closing the mould, the plasticised polypropylene melt is injected in the cavity between the two 
facesheets.  

The injection moulding machine process parameters are presented in Table 8.  

Table 8: Injection moulding machine parameters. 

Process Parameter Value Dimension 
Injection Speed  30 ccm/s 
Shot Volume  34 ccm 
Switchover Point  11 ccm 
Cooling Time  30 s 
Hold Time  20 s 
Hold Pressure  300 bar 
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Figure 57: Schematic overview of the process steps of the in-situ manufacture of CFRTP sandwich structures, divided into 
the facesheet preparation and the actual in-situ manufacturing process.  

 

After a cooling time of 30 s, the manufactured in-situ CFRTP sandwich component can be removed 
from the cavity and the next facesheets are placed in the moulds. Care is taken to keep the handling 
time for the placement of the facesheets in the moulds as constant as possible in order to minimise 
its influence on the resulting total cycle time.  

 

5.1.4. Results 
According to the design of experiments, the results of the process parameter variation on the 
interfacial fracture toughness and interfacial strength of compact injection moulded polymer cores to 
UD tape facesheets will be presented and discussed. Thereafter, the relationship between facesheet 
material parameters and the aforementioned sandwich properties are addressed. 
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Process Parameter Variation 
The effect of the process parameter variation on the resulting interfacial bonding of 1UD tape 
facesheets to the injection moulded compact polypropylene core is presented in Figure 58. The 
process parameters comprise the polymer melt temperature and mould temperature. Roller peel 
test results show, that at the lowest process temperature combination of Tm = 210 °C and Tw = 30 °C 
no quantifiable fracture toughness of the interface between facesheets and polymer core could be 
assessed via RPT. Equally, the notched lap shear test yields no interfacial strength at this process 
temperature combination. However, a stress transfer of face to core could be measured with both 
testing methods at 20 °C higher melt temperature (Tm = 230 °C) and unchanged mould temperature 
(Tw = 30 °C). The NLS test as well as the RPT yield a comparatively abrupt increase of interfacial 
strength and interfacial fracture toughness respectively at this temperature combination, reaching 
𝐺  = 0.99 kJ/m² and 𝜏  = 12.9 N/mm². 

 

Figure 58: Results of interfacial fracture toughness and interfacial strength of in-situ sandwich specimens with UD tape 
facesheets and solid polymer core. 

 

A further increase of the process temperature leads to growing interfacial strength and interfacial 
fracture toughness until both test methods yield a plateau value. The interfacial fracture toughness 
and interfacial strength plateau values are 𝐺  ≈ 1.5 kJ/m² and 𝜏  ≈ 25 N/mm². The interfacial 
fracture toughness plateau value is reached beginning at Tw = 30 °C and Tm = 250 °C whereas the 
interfacial strength plateau is reached at the same mould temperature yet 20 °C higher melt 
temperatures (Tm = 270 °C). The plateau values are not exceeded even with the highest process 
temperature combinations. This indicates that already at moderate process temperatures the 
maximum interfacial skin-core bonding is achieved using 1UD facesheets. 

 

Fracture Analysis 
Images of the macroscopic fracture surfaces after roller peel testing were taken using a Nikon D300 
digital reflex camera with a close-up lens. Figure 59 (left) shows the macroscopic fracture surface of 
an in-situ CFRTP sandwich specimen manufactured at Tm = 230 °C and Tw = 30 °C after roller peel 
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testing. The surface is heterogeneous and consists of two distinct fracture features. The fracture 
surface appears at most parts glassy and even. This surface fracture feature resembles the initial 
crack length 𝑎 of the specimen where the PI foil prevents fusion bonding of core and facesheet. 
Additionally, a second fracture surface feature can be observed on RPT specimens after testing: 
limited to specific locations on the specimen surface, rough and untransparent surface areas are 
found. This fracture feature dominates the surface of roller peel tested specimens which are 
manufactured at higher process temperatures with only little proportion or even complete absence 
of glassy surface areas, see Figure 59 (right). 

Glassy Surface

Rough Surface
Rough Surface

 

Figure 59: The image shows the core-sided fracture surface of in-situ CFRTP sandwich specimens after roller peel testing: 
incomplete fusion bonding of the interface characterised by a heterogeneous surface (left) at Tm = 230 °C and Tw = 30 °C 
compared to a complete fusion bonding of the interface (right) at Tm = 270 °C and Tw = 100 °C.  

 

It is hence assumed that at low process temperatures fusion bonding is only successful at a locally 
limited fraction of the skin-core interface. This may be attributed to inhomogenous thermal 
properties of the facesheets due to the different thermal conductivities and heat capacities of glass 
fibre and PP matrix and the inhomogenous fibre volume fraction within the cross section of the UD 
tapes [95]. Hence, if the interface temperature is at the edge of being sufficient for complete melting 
of the UD tape surface, small and locally limited variations of its thermal properties may cause 
successful fusion bonding at one region of the facesheet-core interface and unsuccessfull fusion 
bonding at others. 

In order to evaluate the fracture behaviour on a microscopic scale, scanning electron microscopy 
images of the fractured surfaces were made. In Figure 60, a representative part of the fracture 
surface of a specimen after roller peel testing, manufactured with Tm = 230 °C and Tw = 30 °C, is 
analysed by means of SEM at different magnifications between 50 x and 1000 x.  

Figure 60 (a) clearly depicts the two different macroscopic fracture surface features presented in 
Figure 59. Next to the glassy surface, an area with rough and deformed structures can be observed. 
Consequently, the glassy feature of the fracture surface is considered as interface fraction where no 
fusion bonding took place. The surface area with rough appearance is considered as the fractured 
surface after successful fusion bonding of CFRTP facesheet and core.  
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Rough Surface
Glassy Surface

(a) (b) (c)  

Figure 60: SEM images of the fracture surface of in-situ sandwich specimens manufactured at Tm = 230 °C and Tw = 30 °C 
after roller peel testing: 50x magnification (a), 200x magnification (b) and 1000x magnification (c). 

 

The material-specific origin of this fracture feature, either facesheet or core, can also be determined 
by SEM analysis. In Figure 61, the crack onset 𝑎 of a roller peel test specimen is depicted.  
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Figure 61: SEM of the initial crack zone with transfer to the RPT test zone at which the fracture surface protrudes from the 
initial interface between core and UD tape facesheet (left) which is schematically illustrated as cross section (right).  

 

The glassy surface denotes the injection moulded polymer core material, which was covered by a PI 
foil preventing fusion bonding between CFRTP facesheet and injection moulded core. After the PI foil 
overlap ends, fusion bonding between the CFRTP facesheet and the polymer core took place. The 
RPT induced fractured surface clearly protrudes from the polymer core surface, indicating that the 
fractured surface is facesheet material, which is still bonded to the polymer core after testing. This 
suggests a good interfacial bond created during the in-situ manufacture which was similarly found by 
Grouve using a TTL process [16].  
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Higher magnifications of the fracture surface, see Figure 60 (b) and (c), show flake-shaped platelets 
at varying sizes between 10 and 200 µm which stand out of the surface at low angles oriented in the 
peel direction. Generally, these structures resemble cusps that develop at Mode II loading [289], 
however at larger dimensions in the present case. Figure 62 depicts the platelet and imprints in 
detail.  
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Figure 62: SEM image of the fractured surface after roller peel testing showing flake-shaped platelets protruding from the 
surface in peel direction (upper image). The schematic illustrations show the cross section of the sandwich specimen with 
the observed flake-shaped platelets and fibre imprints (lower images). 

 

At 1000 x magnification, the fractured surface in Figure 60 reveals features of high plastic 
deformations such as large scale ductile drawing of the polymer material and fibrillation [289]. 
Fibrillation results from crack opening upon Mode I loading [289]. However, fibrils are smeared over 
the crack surface, resembling fracture surfaces with Mode II loading [289]. Generally, no fibre 
imprints can be observed.  

Contrary to low process temperatures, fibre imprints are found on the fracture surface of sandwich 
specimens manufactured at high process temperatures. In Figure 63, the surface after roller peel 
testing of an in-situ CFRTP sandwich specimen manufactured at Tm = 270 °C and Tw = 100 °C is 
presented. Whilst no glassy areas can be determined in accordance with the macroscopic 
observation, rough surface areas with large plastic deformations are found. This feature is equivalent 
to the fractured surface of specimens manufactured with low process temperatures, though in the 
latter case it was locally limited due to the incomplete fusion bonding between core and facesheet. 
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Similar to specimens manufactured at low process temperatures, flake-shaped platelets can be 
observed again accompanied by regions with clear signs of fibre peel-off indicated by fibre imprints 
and fibrous residues. 

(a) (b) (c)

Figure 63: SEM images of the fracture of an in-situ sandwich specimen manufactured at Tm = 270 °C and Tw = 100 °C after 
roller peel testing: 50x magnification (a), 200x magnification (b) and 1000x magnification (c). 

 

At higher magnifications, strong plastic deformation on micro-scale on the platelet surface and 
within the fibre imprints is found, see Figure 63 (c). The latter suggest that the fibre matrix adhesion 
of the UD tapes was good despite the nonpolar nature of polypropylene [278].  

 

Interface Analysis 
It was shown that complete fusion bonding of the CFRTP facesheets and the injection moulded core 
is necessary to enable a high stress transfer between these two layers. A microscopic analysis of the 
interface region shall enable an understanding of the relationship of different interfacial bonding 
results and the respective skin-core interface morphologies. Therefore, thin cross sections of in-situ 
CFRTP sandwich specimens were cut using a LEICA RM2245 microtome along the x-z-plane with 
50 µm thickness and subsequently analysed using an Olympus BX50 microscope.  

In Figure 64, the cross section of a CFRTP sandwich specimen manufactured at Tm = 230 °C and 
Tw = 30 °C is depicted. The CFRTP facesheets appear dark, which suggests that the polymer matrix 
morphology within the tape is dominated by fine crystalline structures. This is assumed to be caused 
by the fibre reinforcement as the latter acts as strong nucleus [92, 93]. The injection moulded core 
shows a darker middle area, which becomes brighter in thickness direction. This indicates smaller 
spherulites in the middle, whereas they become larger with increasing distance to the centre. In the 
very vicinity of the face to core interface, the polymer core appears dark which suggests spherulites 
with small size. Only at a distance of more than 50 µm to the surface of the facesheet, a small 
number of larger spherulites can be found indicated by the typical Maltese cross. Contrary to 
previous studies using PA6 [95], an orientation of crystal growth or transcrystalline zone originating 
at the facesheet surface could not be found.  

The fine spherulitic zone near the facesheet surface is considered the result of two factors. First, due 
to the low melt temperature of Tm = 230 °C the facesheet surface exhibits only incomplete melting as 
shown by the fracture analysis, see Figure 59 and Figure 60, thus a mixture of solid and partially 
melted facesheets was achieved during in-situ injection moulding. Solid surfaces can act as strong 
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heterogeneous nucleus [79, 82, 83]. Hence, the crystallisation near the UD tape facesheet surface is 
dominated by heterogeneous primary nucleation at the partially unmelted facesheet surface. 
Second, the large temperature gradient of the polymer core and the comparatively cool facesheets, 
the latter due to the direct contact with the cooled mould at Tw = 30 °C, induces a high cooling rate 
especially in the vicinity of the UD tape surface. This enables only a very limited time for the growth 
of crystallites in this interface-near region leading to smaller spherulite sizes. With increasing 
distance to the interface, larger radial spherulites of considerable size can develop. This leads to the 
assumption that the nucleation density decreases with growing distance to the facesheet surface.  
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Figure 64: Image of the cross section of an in-situ sandwich specimen manufactured at Tm = 230 °C and Tw = 30 °C. The 
interface between core and UD tape facesheet is clearly observable showing fine spherulitic structures in the core near the 
UD tape. 

 

In Figure 65, the cross-section of a 1UD sandwich specimen manufactured with Tm = 270 °C and 
Tw = 100 °C is depicted. In contrast to the analysed specimen with low processing temperatures, the 
polymer core appears much brighter and homogenous, indicating large spherulite structures all over 
the core cross section. The high mould temperature is assumed to lead to a slower cooling of the 
core, which results in increased crystal growth.  

The interface region also shows distinct differences to the one observed at lower processing 
temperatures. Firstly, the core region at the vicinity of the UD tape surface does not appear dark, as 
it was found with lower melt and mould temperatures. Instead, bright and thus large crystalline 
structures developed which even spread across the former interface between facesheet and core. 
Higher magnification of the interface region shows that a clear interface between core and 
facesheets cannot be identified. Instead, a region is observed with no distinct separation of core and 
facesheets which is commonly termed interphase in contrast to the initial interface [168]. The 
interphase, connecting core and UD tape facesheets, is assumed to be caused by the high process 
temperatures, especially the high melt temperature. This enables complete melting of the CFRTP 
facesheet surface as shown in Figure 59 (right) and Figure 63 resulting in a reduced heterogeneous 
nucleating effect since the facesheet surface is not in solid state. Thus, less nuclei develop at the 
former interface of core and UD tape facesheet compared to lower process temperatures. 
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Subsequent crystal growth benefits from increased time spans at higher mould temperature 
combined with high melt temperatures. Moreover, nuclei are not spatially constraint by 
neighbouring nuclei due to the decreased nucleation density. 
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Figure 65: Image of the cross section of an in-situ sandwich specimen manufactured at Tm = 270 °C and Tw = 100 °C. 
Crystalline structures spread across at the former interface resulting in a new interphase, which is accompanied with 
increased interfacial bonding properties. 

 

As a result, crystalline structures characterised by large spherulites grow across the former interface 
induced by the thermal gradient towards the core leading to an efficient stress transfer between core 
and facesheet in accordance with the findings of other authors [168, 183, 184].  

 

CFRTP Facesheet Parameter Variation 
Considering the complete melting of the CFRTP facesheet as major requirement to achieve high skin-
core interfacial bonding during the in-situ manufacture of CFRTP sandwich structures, the effect of 
different facesheet parameters shall be further evaluated. The investigated facesheet parameters 
comprise the facesheet thickness as well as the polymer matrix crystallinity.  

 

CFRTP Facesheet Thickness 
In Figure 66 the interfacial fracture toughness of sandwich structures with 1UD tape facesheets as 
well as 2UD laminate facesheets is presented. It can be observed that sandwich specimens with 
0.6 mm thick 2UD facesheets yield significantly lower 𝐺  values than those with thinner 1UD tape 
facesheets with 0.33 mm tape thickness for most of the studied process temperatures. Especially at 
the lower end of the thermal process window, specimens with thicker 2UD facesheets yield only 
about 50 % of the interfacial fracture toughness of sandwich specimens with thinner 1UD facesheets 
at equal process temperatures. Only at elevated temperatures, beginning at Tm = 270 °C and 
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Tw = 55 °C, sandwich structures with 2UD facesheets yield 𝐺  values in the same range as sandwich 
specimens with 1UD facesheets. 

  

Figure 66: Interfacial bonding testing results of in-situ CFRTP sandwich specimens with varying facesheet thickness: 
interfacial fracture toughness (left) and interfacial strength (right).  

 

The results of notched lap shear testing of in-situ CFRTP sandwich structures with UD CFRTP 
facesheets of different thickness are presented in Figure 66 (right). It must be noted that a direct 
quantitative comparison of CFRTP sandwich specimens with different structure such as facesheet 
thickness and total thickness based on notched lap shear strength results needs to be taken with care 
as single-lap shear based test method results are dependent on specimen geometry [213, 261]. 
However, a qualitative comparison of the interfacial strength development in relationship to the 
process temperatures is considered valid. This is supported by the observation, that RPT and NLS 
procedures yield similar qualitative result curves for the specific facesheet variants. While both 
interfacial strength and fracture toughness of in-situ CFRTP sandwich specimens with 1UD facesheets 
increase rapidly within a narrow process temperature span yielding a plateau of both properties, 
sandwich specimens with 0.6 mm thick 2UD facesheets show a steady increase of 𝐺  as well as 𝜏  
values throughout the observed process temperature range.  

The NLS results for sandwich specimens with varying facesheets thickness in Figure 66 (right) show, 
that contrary to sandwich specimens with thin 1UD facesheets, those with 2UD facesheets exhibit 
interfacial strength already at the lowest process temperature combination (Tm = 210 °C and 
Tw = 30 °C). The notched lap shear strength of 2UD sandwich structures increases approximately 
linearly with melt and mould temperature until Tm = 295 °C and Tw = 55 °C at which a maximum 
strength of 𝜏  = 28.42 N/mm² was measured.  

Comparing the general interfacial bonding behaviour of in-situ injection moulded sandwich 
specimens with thin 1UD and thick 2UD facesheets and the polymer core, sandwich structures with 
thicker 2UD laminate facesheets yield significantly lower interfacial fracture toughness values 
especially at low to moderate process temperatures. In order to comprehend the reasons for this 
difference, the interface temperature profiles resulting from the combined processed temperatures 
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during the in-situ manufacture are evaluated since the facesheet thickness may have an effect on the 
resulting interface temperature leading to different interface temperatures of 1UD and 2UD 
sandwich structures at equal process temperatures.  

The effective interface temperature between CFRTP facesheets and injection moulded polymer core 
resulting from the process temperatures was simulated using Autodesk Moldflow Insight 2019, 
according to the procedure presented in chapter 4.3. The results of interface temperature 
simulations for in-situ CFRTP sandwich specimens with 0.33 and 0.6 mm facesheet thickness are 
presented in Figure 67.  

 

Figure 67: Simulation of the interface temperature development during the in-situ manufacture of CFRTP sandwich 
specimens with different facesheet thickness yields: significantly different cooling rates are found for sandwich specimens 
with different facesheet thickness at low process temperatures (left) as well as high process temperatures (right). 

 

Whilst the interface peak temperature of sandwich specimens with different facesheet thicknesses is 
almost equal, the cooling rate during the in-situ manufacture of CFRTP sandwich structures differs. 
This is assumed to result from the thermal insulation effect of thicker 2UD facesheets, which act as 
thermal barrier to the cool mould. Thus, while the mean cooling rate in the first 5 seconds after the 
peak temperature is -5.5  °C/s for sandwich specimens with thin 1UD facesheets at Tm = 230 °C and 
Tw = 30 °C, it is reduced to -3.2  °C/s using facesheets with 0.6 mm thickness. Similarly, the cooling 
rate at higher process temperatures with Tm = 270 °C and Tw = 100 °C yields -5.1 °C/s and -2.8  °C/s 
for sandwich specimens with 1UD and 2UD facesheets respectively.  

Considering the diffusion-based fusion bonding process, the reduced cooling rate has two effects. 
First, the peak temperature is held for a significantly longer time span, which has a strong effect on 
the resulting interfacial bonding. Second, the longer peak temperature time span leads in 
combination with the decreased cooling rate to a generally higher interface temperature within the 
first 30 seconds of the process. For more simulation results it is referred to Annex A. Especially within 
the first 10 seconds, the interface temperature difference of sandwich specimens with 0.33 and 
0.6 mm facesheets can be as much as 12.7 °C in case of Tm = 230 °C and Tw = 30 °C. With a lower 
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difference of mould and melt temperature at Tm = 270 °C and Tw = 100 °C, the insulating effect of 
thicker facesheets decreases yielding a temperature difference of 10.8 °C.  

Consequently, it is assumed that thicker CFRTP facesheets have a beneficial effect on resulting 
bonding behaviour to the sandwich core especially at lower process temperatures, since the lower 
cooling rate keeps the temperature at high temperatures for a longer time span. This may explain 
why CFRTP sandwich structures with 2UD facesheet exhibit a decent interfacial bonding between 
core and facesheet even at the lowest process temperature combination contrary to sandwich 
specimens with 1UD facesheets. 

Given that the resulting peak interface temperature for in-situ sandwich structures with 0.3 mm and 
0.6 mm thick UD facesheets can be considered approximately equal based on the simulation results, 
see Annex A, the interfacial fracture toughness for in-situ CFRTP sandwich specimens with varying 
facesheet thickness depending on the peak interface temperature can be evaluated. The simulated 
interface temperature of CFRTP facesheets with different thickness and the experimentally assessed 
𝐺  values are depicted in Figure 68.  

 

Figure 68: Comparison of interfacial fracture toughness of in-situ sandwich specimens with facesheets of different thickness 
with the resulting peak interface temperature during the manufacture. Sandwich specimens with 1UD facesheets yield high 
interfacial fracture toughness already significantly below the melting temperature of the facesheet. Using 2UD facesheets, 
this can only be achieved if the melting temperature of the facesheet is reached. 

 

It can be observed that during the in-situ manufacture peak temperatures at both 1UD and 2UD 
facesheet surfaces do not reach the melting temperature of the UD tape material (Tm = 163 °C 
according to DSC, see Annex B) until the maximum process temperature combination of Tm = 270 °C 
and Tw = 100 °C. However, despite the melting temperature of the facesheet was not reached, 
sandwich structures with thin 1UD tape facesheets already reach the aforementioned plateau value 
of 𝐺  at an interface temperature between Tpeak = 120.7 °C (Tm = 250 °C, Tw = 30 °C) and 
Tpeak = 136.5 °C (Tm = 250 °C and Tw = 55 °C). Considering the DSC results, this is 26.5 °C to 43 °C 
below the nominal melting temperature of the UD tapes. Contrary, sandwich specimens with thicker 
facesheets yield much lower 𝐺  values than those with thinner 1UD facesheets, if the melting 
temperature of the facesheet material is not reached. Only at an interface peak temperature near to 

0

35

70

105

140

175

210

0.0

0.3

0.6

0.9

1.2

1.5

1.8

230-30 250-30 250-55 270-55 295-55 270-100

Pe
ak

 In
te

rf
ac

e 
Te

m
pe

ra
tu

re
 [°

C]

In
te

rf
ac

ia
l F

ra
ct

ur
e 

To
ug

hn
es

s 
[k

J/
m

²]

Process Temperatures [°C]

1 UD

2 UD

Tpeak

Tmelt 



Chapter 5. Interfacial Bonding of In-Situ CFRTP Sandwich Structures 

80 
 

the melting temperature of the UD tape matrix polymer 𝑇 , the interfacial fracture toughness of 
sandwich specimens with thick 2UD facesheets yield similar values as 1UD sandwich structures. 

The different bonding behaviour of 1UD and 2UD face on the polymer core after in-situ moulding 
shall be further evaluated using fractography analysis.  

 

Fracture Analysis 
In Figure 69, the fracture surfaces of sandwich specimens with 0.33 mm and 0.6 mm thick UD tape 
facesheets at low processing temperatures (Tm = 230 °C, Tw = 30 °C) after roller peel testing are 
directly compared by means of SEM images. The fracture surfaces resemble each other in the fact, 
that a fusion bounding of core to facesheet took place only locally, resulting in a mixture of glassy 
surface and rough fusion bonded surface. At larger magnifications however, distinct differences can 
be observed between sandwich specimens with facesheets of different thickness. Contrary to the 
extensive plastic deformation observable on the fracture surface of sandwich specimens with thin 
1UD tape facesheets, those with thicker 2UD facesheets result in a fracture surface that exhibits signs 
of brittle material behaviour indicated by relatively little plastic deformation, see Figure 70 [289]. 
Only a minor extent of fibrillation can be observed and no smeared micro-fibrils can be observed on 
the surface contrary to the surface of 1UD sandwich structures.  

(a) (b) (c)

Figure 69: SEM images of the fracture of an in-situ sandwich specimen with as-received 1UD tape facesheets manufactured 
at Tm = 230 °C and Tw = 30 °C after RPT: 50x magnification (a), 200x magnification (b) and 1000x magnification (c). 

 

(a) (b) (c)

Figure 70: SEM images of the fracture of an in-situ sandwich specimen with thicker 2UD tape facesheets manufactured at 
Tm = 230 °C and Tw = 30 °C after RPT: 50x magnification (a), 200x magnification (b) and 1000x magnification (c). 
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In Figure 71, fractured surfaces of sandwich specimens manufactured using high process 
temperatures (Tm = 270 °C, Tw = 100 °C) are compared. The fracture surface of sandwich specimens 
with thin 1UD tape facesheet shows plastic deformations of the polymer as well as fibre imprints 
resulting from a peel-off of fibres from the CFRTP polymer matrix. This is a typical fractography 
feature found for unidirectional polymer composites during Mode I testing, especially for continuous 
glass fibre reinforced polymer composites [289]. Images with high magnification reveal large plastic 
deformation of the polymer matrix in the fibre imprints, indicating low crystallinity at the fibre-matrix 
interface which is beneficial for the fibre matrix adhesion [278]. In comparison, the fractured surface 
of sandwich specimens with thicker 2UD facesheets feature a rough structure including a large 
number of fibre imprints, see Figure 72. Also, fractured fibre ends with and without matrix still 
attached on the fibre can be observed, indicating fibre bridging during peel-off. Fibre bridging is 
favoured by a low fibre matrix adhesion and contributes to an increase of 𝐺  [290, 291]. A closer 
observation of the fibre imprints on the fracture surface indicates that only little plastic deformation 
during the fibre-matrix debonding occurred, suggesting a lower fibre-matrix-adhesion. Low fibre 
matrix adhesion indicates the presence of a higher matrix crystallinity in the vicinity of the fibre 
matrix interface [278].  

(a) (b) (c)

Figure 71: SEM images of the fracture of an in-situ sandwich specimen with as-received 1UD tape facesheets manufactured 
at Tm = 270 °C and Tw = 100 °C after RPT: 50x magnification (a), 200x magnification (b) and 1000x magnification (c). 

 

(a) (b) (c)

Figure 72: SEM images of the fracture of an in-situ sandwich specimen with thick 2UD tape facesheets manufactured at 
Tm = 270 °C and Tw  = 100 °C after RPT: 50x magnification (a), 200x magnification (b) and 1000x magnification (c). 

 

Thus, despite a more heterogeneous fracture surface and more fibre bridging, sandwich specimens 
with thicker UD facesheets do not yield higher interfacial fracture toughness values than in-situ 
CFRTP sandwich specimens with thin facesheets. The fracture surface of the CFRTP matrix polymer of 
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thick facesheets appears much more brittle and yields the assumption, that the degree of crystallinity 
of the matrix polymer of thicker 2UD facesheets is higher compared to the standard UD tape 
facesheets with 0.33 mm thickness, at least in the interface near region. The increased fibre bridging, 
typical for low fibre matrix adhesion, which correlates with higher crystalline fibre-matrix interface, 
also indicates this.  

Considering that thicker 2UD facesheets require a consolidation step of two 1UD tape layers, it is 
assumed that the thermal history during consolidation alters the polymer matrix overall crystallinity. 
The thermal history during the manufacture of 2UD laminates via the consolidation of two 1UD tapes 
was therefore assessed. The unmodified 1UD tapes, in as-received condition, were first tailored 
according to the compression mould geometry with a length of lm = 250 mm and width 
wm = 250 mm. Two tailored 1UD tape sheets where placed into a hot mould where the layers were 
consolidated according to the material manufacturer guidelines. The thermal history during 
consolidation was determined by a thermocouple, integrated between the two 1UD tape sheets in 
the middle of the plate, see Figure 73.  
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Figure 73: Temperature development at the interface between UD tape facesheets during consolidation assessed by a 
thermocouple: low cooling rates are observed due to a low cooling power combined with a high thermal inertia of  
the press. 

 

Due to the large thermal inertia and considerably low cooling power of the press, a low cooling rate 
of the consolidated facesheets of �̇� = 1.1 °C/min was determined. Subsequent DSC analysis revealed, 
that the reference 1UD tape, as received by the manufacturer, exhibits a degree of crystallinity of 
𝜉 = 47.6 % whereas the compression moulded 2UD laminate yields a value of 𝜉 = 54.7 %. The degree 
of crystallinity quantified by means of DSC however must be taken with care and little differences 
cannot be considered significant. The determined difference between 1UD and consolidated 2UD 
tapes is though large enough that a significant difference of crystallinity is concluded. Consequently, 
it is assumed that the degree of crystallinity of the UD tape polymer matrix plays an important role 
with respect to the resulting skin-core bonding during the in-situ manufacture of CFRTP sandwich 
structures.  
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CFRTP Facesheet Crystallinity 
In order to evaluate the effect of the crystallinity of the facesheet matrix polymer on the interfacial 
fracture toughness 𝐺 , facesheets with different degree of crystallinity were prepared and used for 
the manufacture of in-situ sandwich specimens in accordance with the procedure in chapter 5.1.3. In 
order to allow for a cross-correlation with 2UD facesheets, 1UD facesheets with higher crystalline 
fraction were prepared using the same procedure as for the manufacture of 2UD tapes. DSC 
measurements of all studied tapes were conducted, detailed test results can be found in Annex B. 
The 1UD tapes with modified high crystalline fraction (1UD-HC) were found to reach a degree of 
crystallinity of 55.25 % which denotes a clear increase compared to the reference 1UD tapes which 
yield 𝜉 = 47.6 %, see Table 9.  

Table 9: Degree of crystallinity of differnet facesheets used in this study as determined via DSC (Annex B). 

Facesheet Degree of Crystallinity Dimension 
1UD 47.6 % 
1UD-HC 55.25 % 
2UD 54.7 % 

 

The interfacial fracture toughness of in-situ sandwich specimens with 1UD-HC tape facesheets is 
significantly lower compared to the ones with reference 1UD tape facesheets, see Figure 74 (left).  

     

Figure 74: Interfacial fracture toughness using 1UD tapes in as-received condition (1UD) with a degree of crystallinity of 
𝝃 = 47.6 % and annealed high crystalline 1UD tape facesheets (1UD-HC) with 𝝃 = 55.24 % shows a clear deterioration when 
using 1UD-HC (left). Sandwich specimens with similar facesheet crystallinity yield comparable interfacial fracture toughness 
results (right).  

 

Especially at lower melt temperatures of Tm = 250 °C, 1UD-HC facesheets bond poorly with the 
injected core yielding only about 50 % of the 𝐺  values compared to the reference 1UD facesheet. It 
is assumed that this is due to the reduced mobility of polymer chains of the high crystalline polymer 
matrix of the 1UD-HC tapes. This result correlates well with the findings of Boiko et al. [141] and 
Grouve [16]. Considering that the degree of crystallinity of the facesheets has a major effect on the 
resulting interfacial bonding to the core after in-situ injection moulding, the isolated effect of the 
facesheet thickness is evaluated using facesheets with similar degree of crystallinity but different 
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thickness. Figure 74 (right) shows, that in-situ CRTP sandwich specimens with both 1UD-HC tape 
(𝜉 = 55.25 %) and 2UD laminate facesheets (𝜉 = 54.7 %) yield a similar interfacial fracture toughness 
between face and core at low to intermediate melt temperatures. With the melt temperature 
increasing to Tm = 295 °C, sandwich structures with 0.6 mm UD tape facesheets reach significantly 
higher 𝐺  values than the 0.33 mm thick variant. This was expected, as simulations have shown that 
thicker facesheets provide a higher thermal barrier of the interface to the mould, see Figure 67, 
enabling a wider time span at elevated interface temperatures that enhances the diffusion of 
polymer chains across the interface of core and facesheet leading to the observed increased 
interfacial bonding. 

 

Fracture Analysis 
In Figure 75, the fracture surfaces of sandwich specimens after RPT are shown with 0.33 mm thick 
UD tape facesheets with standard (1UD) and increased degree of crystallinity (1UD-HC), both 
manufactured with Tm = 250 °C and Tw = 55 °C. The fractured surface of in-situ CFRTP sandwich 
specimens with reference UD tape facesheets indicates fusion bonding of core and facesheet over 
the entire interface area. The fracture surface shows features equivalent to fracture surfaces 
previously observed at 0.33 mm UD tape facesheet sandwich specimens, which is dominated by 
intense plastic deformation of the matrix polymer as well as fibre tracks. Fracture surfaces of 
sandwich specimens with high crystalline 1UD-HC tape facesheets however, show incomplete and 
locally limited fusion bonding of the skin-core interface.  

(a) (b)

(c) (d)  

Figure 75: SEM images of fracture surface of compact polymer core sandwich specimens manufactured at Tm = 250 °C and 
Tw = 55 °C after roller peel test with high crystalline 1UD-HC facesheets at 50x (a) and 1000x magnification (b) as well as low 
crystalline 1UD facesheets (c) and (d). 

 

This provides only local stress transfer from facesheet to core and provides an explanation for the 
low 𝐺  values compared to the sandwich specimens with reference 1UD tape facesheet, see Figure 
74 (left). Also, the fractured surface of successfully fusion bonded areas shows brittle material 
behaviour with little signs of plastic deformation. Thus, the already limited fraction of the interface 



Chapter 5. Interfacial Bonding of In-Situ CFRTP Sandwich Structures 

85 
 

with successful fusion bonding shows only low plasticity, in sum leading to significantly lower 𝐺  
values for sandwich specimens with high crystalline 1UD-HC tape facesheets. 

Considering the effect of facesheet thickness, sandwich specimens with 1UD-HC as well as 2UD 
facesheets yield incomplete fusion bonding at Tm = 250 °C and Tw = 55 °C, leading to the observed 
low 𝐺  values in Figure 74 (right). At Tm = 295 °C both thin and thick high crystalline UD facesheets 
show complete fusion bonding of the whole skin-core interface, see Figure 76. However, sandwich 
structures with thicker facesheets yield a higher fracture toughness. SEM images show that the 
fractured surface of sandwich specimens with thicker 2UD facesheets exhibit the same brittle matrix 
polymer appearance as with 1UD-HC facesheets. However, they also show a higher amount of fibre 
imprints and residues of broken fibres which can be attributed to fibre bridging that  
increases 𝐺  [278].  

(a) (b)  

Figure 76: SEM images of the fracture surface after Mode I peel test of in-situ sandwich specimens with high-crystalline UD 
tape facesheets with different thickness manufactured at Tm = 295 °C and Tw = 55 °C: 1UD-HC (a) and 2UD (b). 

 

According to the interface temperature simulation, see Figure 67, thicker facesheets do not yield 
higher peak temperatures but longer time spans at which the temperature at the interface is still 
elevated. It is assumed that this increased time span at elevated interface temperatures leads to an 
improved interfacial bonding, as more time is available for the mobilisation and diffusion of polymer 
chains.  

 

5.2. In-Situ CFRTP Sandwich Structures with Integral Foam Core  
In this sub-chapter, the core of in-situ CFRTP sandwich specimen is manufactured using different 
foam injection moulding variants. Hereby, the effect of chemical as well as physical blowing agents 
on the resulting interfacial bonding between UD tape facesheets with the integral foam core during 
the in-situ manufacture of CFRTP sandwich specimens is investigated. In accordance with chapter 
5.1, the in-situ CFRTP sandwich specimens are subject to mechanical testing as well as subsequent 
fracture analysis.  

 

5.2.1. Specimen and Materials 
The in-situ CFRTP sandwich specimen with integral foam core is depicted in Figure 77. The specimen 
exhibits a total length of L = 220 mm, a width of W = 30 mm and facesheet thickness of tF = 0.33 mm 



Chapter 5. Interfacial Bonding of In-Situ CFRTP Sandwich Structures 

86 
 

in accordance with the specimen dimensions in chapter 5. In contrast however, the core thickness 
amounts to h = 9.34 mm and the total specimen thickness to H = 10 mm. CFRTP sandwich specimens, 
which are subject to roller peel testing, are equipped with a PI foil on the first 30 mm of the 
facesheet. This generates the initial crack length a = 30 mm, equivalent to the compact core 
specimens in chapter 5. All materials used in this study are equal to the materials in chapter 5.1. 
Hence, for details of the facesheet and the core material, it is referred to Table 6. 
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h H
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Figure 77: In-situ CFRTP sandwich specimen with integral foam cores: specimen geometry in length (left) and cross  
direction (right). 

 

5.2.2. Design of Experiment 
Pre-trials were conducted in order to evaluate the manufacturability of in-situ CFRTP foam core 
sandwich specimens using the process temperature parameters chosen based on the results of 
chapter 5.1. The findings of the latter clearly indicated that high process temperatures and interface 
temperatures respectively have a positive effect on interfacial bonding between facesheets and core. 
However, several difficulties arise during the manufacture of in-situ CFRTP sandwich structures with 
foam cores if high process temperatures are applied. Most importantly, cooling times for in-situ 
sandwich specimens with integral foam cores need to be increased due to the large polymer core 
volume combined with high melt and mould temperatures. The required cooling time exhibits 120 s 
at Tm = 295 °C and Tw = 55 °C whereas it must be increased to 240 s at Tm = 270 and Tw = 100 °C, in 
order to avoid a bloating of the specimen foam cores after demoulding which is known as the “post-
blow-effect” [112]. Consequently the process window was limited to a maximum melt temperature 
of Tm = 295 °C and a constant mould temperature of Tw = 55 °C., see Table 10. 

Table 10: Overview of the process and material parameter variation. 

Parameters Value 1 Value 2 Value 3 Dimension 
Melt Temperature  250 270 295  °C 
Mould Temperature  55 - -  °C 
Core Material PP-H - - - 
Blowing Agent CBA PBA - - 
Facesheet Thickness 0.33 - - mm 
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Equivalent to chapter 5.1, the facesheet consists of the as-received UD tape (1UD) with a thickness of 
tF = 0.33 mm and a degree of crystallinity of 47.6 %. Of special interest in this chapter is the effect of 
a blowing agent variation on the resulting interfacial bonding of integral foam core and 1UD tape 
facesheets as well as the resulting flexural properties. A chemical blowing agent (Hydrocerol® ITP 
822) and a physical blowing agent using the ProFoam technology will be used to create the integral 
foam core of the in-situ CFRTP sandwich specimens.  

 

5.2.3. Manufacture of Specimens 
The manufacture of in-situ CFRTP sandwich specimens with integral foam core is compliant with the 
manufacture of sandwich specimens with compact polymer core, see Figure 57, yet in this chapter 
the sandwich specimen core is manufactured using low pressure foam injection moulding with 
chemical as well as physical blowing agents. Using chemical blowing agents, this foam injection 
moulding variant does not require a change of mould design allowing the use of the same mould as 
well as the same injection moulding machine as for the manufacture of in-situ sandwich specimens 
with compact polymer cores. Hence, for further details it is referred to chapter 5.1.3. The chemical 
blowing agent was added to the polymer pellets using a master batch (Hydrocerol® ITP 822). The 
relative mass fraction of the CBA master batch was 3 wt.-% in relation to the mass of the PP pellets, 
which is the maximum recommended weight fraction according to the datasheet [292]. The mixture 
of CBA master batch with the PP-H material is inserted into the feeder of the machine. The high 
temperatures in the transition and metering zone of the barrel lead to the decomposition of the CBA 
and the release of CO2, which dissolves in the polymer, melt creating a single-phase polymer-gas 
solution, as described in detail in chapter 2.4.1. The decomposition of the chosen CBA begins at a 
temperature of T = 200 °C. In order to enable proper foaming, the melt temperature should exceed 
230 °C, which is ensured considering the chosen process temperatures, see Table 10. 

However, only chemically foamed in-situ sandwich specimens are manufactured with identical 
injection moulding machine and mould, as foam injection moulding with physical blowing agents 
using the ProFoam technology require an injection moulding machine equipped with the 
corresponding ProFoam modifications. Therefore, the manufacture of in-situ CFRTP sandwich 
specimens with PBA foam core is conducted on an Arburg injection moulding machine of the type 
Allrounder 470S 1000-290 with ProFoam modifications. Contrary to the CBA method, which releases 
CO2, the ProFoam process used N2 as dissolving gas. The supercritical N2 is added to the pellets in the 
second chamber of a modified hopper at a defined pressure of 50 bar. Thereafter, the pellets are fed 
to the plasticizing unit.  

Aside the different ways to achieve a solution of gas in the melt, the processing parameters are equal 
for the CBA and PBA in-situ CFRTP sandwich variants, see Table 11.  

Table 11: Injection moulding process parameters using a chemical blowing agent (left) and a physical blowing agent (right). 

Process Parameter Chemical Blowing Agent Physical Blowing Agent Dimension 
Injection Speed  70 70 ccm/s 
Shot Volume  57 60 ccm 
Back Pressure 100 100 bar 
Cooling Time  120 120 s 
Handling Time  8 8 s 
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However, different moulds need to be used for the respective variants due to compatibility issues 
between the different injection moulding machines used for the manufacture of in-situ sandwich 
specimens with chemical and physically foamed cores. The mould for the CBA based sandwich 
specimens is identical with the compact polymer core sandwich mould including a relatively short 
sprue. The mould design for the physically foamed specimens using the ProFoam technology also 
includes a film gate as well as the same specimen geometry, however the sprue and the cooling 
channels differ, see Figure 78. 

Sprue

Sprue

Sprue

Sprue

 

Figure 78: Comparison of the different sprue designs: in-situ CFRTP sandwich specimens using CBA (left) exhibit a shorter 
sprue than PBA based specimens (right) since different machines needed to be utilised. 

 

Both chemical as well as physical blowing agent variants keep the single-phase polymer-gas solution 
under pressure by applying a back pressure of pb = 100 bar in order to avoid a premature release of 
gas. The melt is subsequently injected into the mould at an injection speed of v = 70 ccm/s. Due to 
the dissimilar sprue, the total shot volume differs, yet the volume injected in the cavity is equal. 

 

5.2.4. Results 
In Figure 79 (left) the measured fracture toughness of the interface between integral foam core and 
UD tape facesheets is depicted in dependence of the applied melt temperatures during in-situ 
manufacture at a constant mould temperature of Tw = 55 °C.  

As discussed in chapter 5.1, increasing process temperatures generally positively affect the interfacial 
fracture toughness of compact polymer cores to 1UD tape facesheets. This result was also found 
regarding the bonding behaviour of injection moulded integral foam cores based on chemical as well 
as physical blowing agents and 1UD tape facesheets. In-situ CFRTP sandwich specimens with CBA 
based foam cores reach their lowest interfacial fracture toughness at the lowest process 
temperatures in accordance with PBA based foam core and with compact core sandwich specimens. 
Increasing 𝐺  values are measured with rising melt temperatures yielding a maximum interfacial 
fracture toughness of 𝐺  ≈ 1.1 kJ/m² at Tm = 270 °C for both CBA and PBA based foam core sandwich 
structures. The interfacial fracture toughness of specimens with CBA foam core shows a minor 
decrease at the highest melt temperature compared to the results at lower temperatures, though a 
significant effect cannot be determined due to the comparatively high standard deviation. Specimens 
with PBA foam core however do not show a decrease of 𝐺  at Tm = 295 °C.  
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In Figure 79 (right), the notched lap shear test results of in-situ CFRTP sandwich specimens with 
integral foam cores as well as compact cores are presented. The 𝜏  values are normalised with 
respect to the maximum value of the specific core type i.e. compact, CBA and PBA core in order to 
enable a comparison of the sandwich structures with different cores. This is because a quantitative 
evaluation of notched lap shear test results of specimens with different geometry is invalid [214]. 

           

Figure 79: Comparison of interfacial bonding of in-situ sandwich specimens with solid (compact) as well as integral foam 
cores using chemical (CBA) and physical blowing agents (PBA): interfacial fracture toughness (left) and strength (right) 

 

Within the studied temperature range, the 𝜏  remains unchanged for compact core sandwich 
specimens with very little variation. Sandwich specimens with CBA foam core exhibit an increase of 
interfacial strength of 21 % with a melt temperature rising from Tm = 250 °C to Tm = 270 °C. However, 
the interfacial strength also shows a small decrease at the highest melt temperature Tm = 295 °C 
similarly to the measured interfacial fracture toughness in Figure 79 (left). Sandwich specimens with 
PBA foam core yield interfacial strength values which continuously increase by 12 % with growing 
melt temperature from Tm = 250 °C to Tm = 295 °C.  

Based on the mechanical test results, the type of blowing agent does not have a significant effect on 
the resulting interfacial bonding between integral foam core and CFRTP facesheets though a 
tendency of a decreased bonding at high melt temperatures using chemical blowing agents is 
observed. Considering the lower standard deviation of measured 𝐺  values, integral foam core 
sandwich structures appear to exhibit a higher process stability than those with compact cores 
especially at high melt temperatures. The minor difference of fracture toughness as well as 
interfacial strength of sandwich structures with PBA foam cores compared to chemically foamed 
specimens is assumed to result from a lower interface temperature caused by the mould design 
differences. Due to the longer sprue channel of the mould used for the manufacture of PBA sandwich 
specimens, see Figure 78, the time for the melt to cool down before reaching the cavity and the 
CFRTP facesheet surfaces is increased. This leads to a reduced temperature at the facesheet-core 
interface, which is detrimental to the resulting interfacial bonding.  

However, specimens with foam cores generally exhibit lower interfacial fracture toughness than 
those with compact cores despite the fact that in case of CBA based sandwich structures the same 
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machine and mould were used as for the manufacture of compact core sandwich structures. 
Considering that according to chapter 2.4.2 and the findings of chapter 5.1 one of the major drivers 
of the interfacial bond development is the interface temperature, the latter is evaluated in detail for 
foam and compact core in-situ CFRTP sandwich structures. In order to determine the interface 
temperature between UD tape facesheets and the polymer cores during the manufacture, 
simulations of the in-situ process were conducted based on Autodesk Moldflow Insight 2019 
according to the procedure in chapter 5.1. The simulation results are depicted in Figure 80.  

  

Figure 80: Comparison of the thermal simulation results of the interface temperature during in-situ manufacture of CFRTP 
sandwich specimens: temperature development at the interface using Tm = 250 °C and Tw = 55 °C (left), peak interface 
temperatures at different melt temperatures and constant mould temperature of Tw = 55 °C (right). 

 

It was found that the peak interface temperature Tpeak of foam core sandwich specimens is 
approximately 30 °C higher compared to compact core sandwich specimens for all three studied melt 
temperatures, see Figure 80 (right). This is attributed to the higher volume of polymer melt, which 
may lead to a heat accumulation until the hot centre of the injected core is sufficiently cooled down. 
The cooling rate is higher as well, so that after little more than 5 seconds the interface temperatures 
of foam core and compact cores with 1UD tape facesheets converge again according to the 
simulation, see Figure 80 (left). Considering the results of chapter 5.1, interface temperatures at or 
above the melt temperature of the UD facesheet polymer matrix should result in full bonding 
between compact core and 1UD facesheets. However, only incomplete macroscopic fusion bonding 
of the interfaces of both chemically and physically foamed sandwich specimens with the 1UD tape 
facesheets is observed at Tm = 250 °C and Tw = 55 °C despite the simulated high interface 
temperature of Tpeak = 162.4 °C, see Figure 81.  

 

Fracture Analysis 
The analysis of the fracture surface after roller peel testing via SEM shows that while in-situ sandwich 
specimens with 1UD tape facesheets and compact cores achieve fusion bonding of the entire 
facesheet-core interface, this is not the case for sandwich specimens with integral foam core. Only 
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locally limited fusion bonding of UD tape facesheets with the injection moulded foam core using  CBA 
and PBA can be observed indicated by rough structures accompanied by glassy surfaces at which no 
fusion bonding took place, see Figure 81 (b) and (c). A closer observation of the fusion bonded areas 
shows signs of ductile deformation including smeared fibrils and ductile drawing which was already 
observed in the case of compact core sandwich structures [289]. Only at melt temperatures of 
Tm = 270 °C and higher, the complete interface of injection moulded integral foam core and UD tape 
facesheet achieves interfacial bonding. This is observed for both types of blowing agents. 

(a) (b) (c)
 

Figure 81: SEM images at 50x magnification (upper images) and 1000x magnification (lower images) of RPT fracture surfaces 
of in-situ CFRTP sandwich specimens manufactured at Tm = 250 °C and Tw = 55 °C: compact core sandwich specimen (a), 
CBA core sandwich specimen (b), PBA core sandwich specimen (c). 

 

The microstructure on the fractured surface between integral foam cores and UD tape facesheets is 
again very similar compared to the fractured surfaces observed at in-situ sandwich specimens with 
compact polymer cores, which is typically characterised by flake-shaped platelets at low 
magnification, see Figure 82 top row, and intense plastic deformations at higher magnification, see 
Figure 82 bottom row. Thus, the achieved peak interface temperatures clearly exceed the melt 
temperature of the facesheet matrix polymer, which should result in maximum interfacial bonding. 
However, a significantly lower skin-core fracture toughness of in-situ sandwich specimens with 
integral foam core is achieved compared to compact core sandwich structures, despite the far higher 
simulated peak interface temperature between facesheet and core.  

The reason for this is assumed to lie in the different cavity pressures. Considering that the cavity 
pressure corresponds to the applied pressure 𝑝  during intimate contact development, see 
Equation 17, a lower cavity pressure during the manufacture of in-situ sandwich structures with foam 
core should lead to a reduced or decelerated intimate contact development. The cavity pressure is 
hence insufficient to flatten the asperities of the CFRTP facesheets adequately during the process.  

As interfacial bonding requires both intimate contact and healing to be complete, the lack of one 
process step results in low degrees of bonding, see Equation 22. Thus, even with full healing, the 
interfacial bonding is incomplete resulting in lower interfacial strength and fracture toughness. The 
assumption of an immediate intimate contact between solid substrate and overmoulded polymer 
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[14, 159, 163] may hence not be applicable in case of the low pressure foam injection moulding 
variant. A cavity pressure dependency of interfacial bonding of CFRTP substrates with overmoulded 
structures was also observed by Lebsack and Sauer [75, 95].  

(a) (b) (c)  

Figure 82: SEM images at 50x magnification (upper image) and 1000x magnification (lower image) of RPT fracture surfaces 
of in-situ CFRTP sandwich specimens manufactured at Tm = 270 °C & Tw = 55 °C: compact core sandwich specimen (a), CBA 
core sandwich specimen (b), PBA core sandwich specimen (c). 

 

Another reason may be a time shift between the cavity pressure profile and interface temperature 
development. As only the combination of complete intimate contact and complete healing will lead 
to complete interfacial bonding, the time-dependency needs to be considered. If the pressure build-
up in the cavity develops only after the interface temperature reached its peak, the resulting 
interfacial bonding is low, although the applied pressure and the interface temperature individually 
are high enough. Hence, only the almost simultaneous achievement of high interface temperatures 
and cavity pressures enable high intimate contact and subsequent healing, resulting in high 
interfacial bonding.  
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5.3. Discussion 
A comparison of the notched lap shear test as well as the roller peel test results of in-situ CFRTP 
sandwich specimens showed that both tests yield similar qualitative result curves which leads to the 
assumption that both methods are suitable for testing the skin-core bonding of thermoplastic 
sandwich composites.  

Furthermore, sandwich specimens with thin 1UD tape facesheets achieve interfacial bonding 
beginning at process temperatures as low as Tm = 250 °C and Tw = 30 °C. Yet at this process 
temperature combination, only low interfacial bonding is observed. Significantly higher interfacial 
bonding is found by only a minor increase of process temperatures, until a plateau value of both 𝐺  
and 𝜏  is reached. This is accompanied by complete interfacial bonding of core and facesheet, 
which is verified by SEM of the fracture surfaces after roller peel testing as well as by PLM of 
specimen cross sections. While incomplete fusion bonding of the facesheet-core interface was 
revealed by a glassy fracture surface leading to lower 𝐺  and 𝜏  values, complete fusion bonding 
was indicated by a rough fracture surface and enabled a higher interfacial stress transfer. 
Accordingly, PLM images of specimen cross sections at the interface region showed that at lower 
process temperatures the initial interface between facesheet and core was still clearly recognisable 
suggesting that the facesheet surface was not melted. This was only achieved at higher process 
temperatures. PLM images also showed that after successful melting of the facesheet surface, large 
crystalline structures develop which extended across the former interface of core and facesheet 
surface. This is attributed to an increased time for crystal growth due to the high process 
temperatures. It is hence demonstrated that the sufficient melting of the facesheet surface and 
subsequent crystal growth across the former interface is associated with an increase of interfacial 
stress transfer, which is compliant with the findings of other authors [168, 183, 184].  

A simulation of the resulting temperature at the interface between injection moulded core and 1UD 
tape facesheet showed that peak temperatures at the interface are up to 40 °C below the melting 
temperature 𝑇  of the UD tape facesheets for the majority of studied process temperatures. Yet 
despite this low interface temperature, most process temperature combinations lead to high 
interfacial bonding. This result is in disagreement with other studies which assume that bonding of 
semi-crystalline polymer interfaces only sufficiently develops if the melting temperature is exceeded 
[140, 151, 182]. However, it agrees with the results of Grouve [16] as well as of Stokes-Griffin and 
Compston [156] who found that high interfacial strength could also be achieved below Tmelt or 
between Tg and Tmelt respectively during TTL. Boiko et al. [141] found similar results regarding the 
consolidation behaviour of different combinations of amorphous and semi-crystalline polymer 
interfaces.  

Compared to in-situ sandwich structures with thin 1UD facesheets, specimens with thicker 2UD 
facesheets already yield interfacial bonding at lower process temperatures (Tm = 230 °C and 
Tw = 30 °C). Similar to sandwich specimens with thin facesheets, the interfacial strength and fracture 
toughness increases with increasing process temperatures. However, the interfacial fracture 
toughness is generally much lower than with thinner facesheets. Only with the highest process 
temperature combinations, CFRTP sandwich specimens with thick 2UD facesheets yield similar 𝐺  
values compared to those with thin 1UD facesheets.  

A simulation of the resulting temperature at the interface between injection moulded core and UD 
tape facesheets with different thickness should clarify if different interface temperatures are the 



Chapter 5. Interfacial Bonding of In-Situ CFRTP Sandwich Structures 

94 
 

reason for this different bonding behaviour of sandwich specimens with 1UD and 2UD facesheets. 
Simulation results showed that the peak temperature during the in-situ sandwich manufacture is 
approximately equal using 1UD and thicker 2UD facesheets (see Annex A). However, the cooling rate 
is significantly decreased with thicker facesheets. Considering the thicker 2UD facesheets, the 
assumption of the melting temperature as prerequisite for interfacial bonding however is more 
accurate because interfacial bonding is only high when interfacial temperatures come close to the 
melting temperature of the facesheet. These different results for in-situ sandwich specimens with 
thin and thick UD facesheets can be attributed to the crystallinity of the UD tape matrix polymer. 

Based on SEM image analysis, clear differences of the fracture surfaces between sandwich specimens 
with 1UD and 2UD facesheets have been observed. While specimens with 1UD facesheets showed 
fracture surfaces with clear signs of strong plastic deformation such as fibrillation, a brittle fracture 
surface was found using thick 2UD facesheets. This is attributed to the thermal history of the 2UD 
facesheets during their manufacture via consolidation of two 1UD tapes. DSC analysis showed that 
the degree of crystallinity of thick 2UD facesheets increased from 47.6 % of 1UD tapes in as-received 
condition to 54.7 % after consolidation due to the low cooling rate (see Annex B). In order to isolate 
the effect of matrix crystallinity on interfacial bonding, thin 1UD facesheets have been annealed 
receiving high-crystalline 1UD-HC tapes with 𝜉 = 55.25 %. Subsequent RPT showed significantly 
decreased 𝐺  values compared to in-situ sandwich specimens with standard 1UD tapes. Hence, 
especially at interface temperatures below the melting temperature of the semi-crystalline matrix 
polymer, the interfacial bonding during in-situ moulding is distinctly reduced with increasing matrix 
polymer crystallinity of the UD tape facesheet. 

The detrimental effect of high crystalline CFRTP facesheets on fusion bonding at interface 
temperatures below 𝑇  of the facesheet matrix polymer is assumed to be caused by a reduced 
mobility of polymer chains, compliant with the findings of other authors [16, 136, 141, 178]. High 
crystalline UD tape facesheets exhibit a smaller fraction of amorphous structures that contribute to 
interfacial diffusive chain movement and entanglement below the melting temperature of the 
facesheet. To the contrary, increased 𝐺  values are found with low crystalline 1UD facesheets at 
interface temperatures below the melting temperature of the facesheet matrix. Thus, only when a 
sufficient fraction of the crystalline portion is melted and more polymer chains are mobilised, an 
pronounced interfacial polymer chain diffusion can take place.  

Furthermore, sandwich specimens with thicker facesheets lead to increased interfacial fracture 
toughness compared to thin facesheets. This is attributed to the decreased cooling rates resulting 
from an increased thermal barrier effect of the thicker facesheets to the cooled mould providing 
more time at elevated interface temperatures for diffusive chain movement.  

The effect of blowing agents on the interfacial bonding development of UD tape facesheets and 
integral foam core during in-situ sandwich manufacture was evaluated via roller peel test and 
notched lap shear test. Results show that the interfacial fracture toughness as well as interfacial 
strength of in-situ sandwich structures with foam cores increase with rising melt temperature, in 
qualitative agreement with the results of compact core structures. Compared to the latter however, 
foam core in-situ sandwich specimens yield lower 𝐺  values. Depending on the melt temperature, the 
reduction can amount to 25 %. At the lowest process temperature combination (Tm = 250 °C, 
Tw = 55 °C), SEM images of the fracture surfaces showed incomplete fusion bonding between 
facesheet and foam cores whereas compact cores achieved complete fusion bonding of the entire 
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interface. Only at elevated process temperatures, foam core sandwich structures achieve complete 
fusion bonding and show an identical fracture surface compared with compact core sandwich 
structures.  

In order to find reasoning for this result, the interface temperature between UD tape facesheet and 
integral foam core was simulated. The simulation results showed, that the peak interface 
temperature of UD tape and foam core during in-situ sandwich manufacture is about 30 °C higher 
compared to compact core sandwich structures and exceeds the melt temperature of the UD tape 
facesheet at all studied process temperatures. Hence, despite the significantly higher interface 
temperatures, the interfacial bonding of in-situ sandwich structures with foam core is distinctly 
reduced compared to compact core sandwich specimens.  

The lower interfacial bonding is attributed to the cavity pressure during the in-situ process using the 
low-pressure foam injection moulding method, as cavity pressures are typically much lower using 
foam injection moulding compared to common injection moulding [293]. The cavity pressure is 
typically below 30 bar using CBA [112] and below 50 bar using the PBA variant used in this work 
[294]. An insufficient development of intimate contact due to an insufficient applied pressure leads 
to a reduced degree of bonding despite full degree of healing, see Equation 22. This is compliant with 
similar findings of Sauer and Lebsack [75, 95]. Hence, the assumption of an immediate intimate 
contact during overmoulding [14, 159, 163] is not directly applicable if low-pressure foam injection 
moulding is used.  

In order to overcome this issue, the high pressure foam injection moulding method is proposed for 
the manufacture of in-situ sandwich structures since it leads to equally high cavity pressures as 
injection moulding of compact components, even a short period of pack pressure is often applied in 
practice [47, 295]. Consequently, it is assumed that higher interfacial bonding due to an enhanced 
intimate contact can be achieved using this high-pressure foam injection moulding for in-situ 
manufacture of CFRTP sandwich structures. However, this would be accompanied with a number of 
challenges. Firstly, the mould complexity and cost would largely increase, as this requires a 
controlled increase of cavity volume (“core back”) during the process, especially if the sandwich 
component is geometrically complex. In this case, the core-back function may be required along all 
three dimensions. Furthermore, the facesheets would need to deform during the core-back 
movement, since the sandwich component surfaces increase. Consequently, high-pressure foam 
injection moulding for the in-situ manufacture of CFRTP sandwich components is only considered 
promising with a one-dimensional core-back technique.  

In addition to the cavity pressure peak, a time shift of the pressure development in the cavity and the 
temperature development at the interface between foam core and UD tape facesheet during in-situ 
moulding may contribute to a reduced interfacial bonding. As interfacial bonding is based on the 
sequential process of intimate contact followed by healing, the in-situ process needs to provide a 
time-dependent pressure and temperature profile that provides high pressure and high 
temperatures at the beginning of the in-situ process for the creation of intimate contact followed by 
high interface temperatures for the subsequent healing of interfaces.  

Based on these findings, it is assumed that the cavity pressure and more specifically its peak and 
correlation with time and interface temperature during the in-situ CFRTP sandwich process is the 
driving force of interfacial bonding development between foam core and UD tape facesheets. 
However, an experimental assessment of the pressure profile during in-situ moulding however would 
have gone beyond the scope of this work and should therefore be object of research in follow-up 
studies   
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6. Lightweight Design of In-Situ CFRTP Sandwich Structures 
After the evaluation of mechanisms behind interfacial boding of in-situ sandwich structures in the 
previous chapter, this chapter puts its focus on the lightweight design of in-situ CFRTP sandwich 
structures reflected by the weight specific flexural behaviour, see Figure 83. Therefore, chemical as 
well as physical blowing agents are used to manufacture sandwich specimens with UD tape 
facesheets via the in-situ process. In addition, the core material is varied in order to determine the 
effect of particulate fillers on the foaming behaviour of the core and the resulting flexural rigidity of 
the sandwich structures.  

 

Figure 83: Systematic approach of this work: chapter 6 focuses on the lightweight design potential of in-situ CFRTP 
sandwich structures reflected by their flexural rigidity and correlates the results with macro- and microscopic foam 
morphology analysis. 

 

Four-point bending tests shall give indication about the flexural behaviour whereas polymer analysis 
methods focus on the development of the foam morphology of the structural polymeric foam core 
and its relationship with the resulting weigh specific flexural properties.  
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6.1. Specimen and Materials 
The in-situ CFRTP sandwich specimen with integral foam core is depicted in Figure 84. The specimen 
exhibits a total length of L = 220 mm, a width of W = 30 mm and facesheet thickness of tF = 0.33 mm. 
In accordance with the specimen dimensions in chapter 5, the core thickness amounts to 
h = 9.34 mm and the total specimen thickness to H = 10 mm.  
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Figure 84: In-situ CFRTP sandwich specimen for flexural analysis with integral foam core: specimen geometry in length (left) 
and cross direction (right). 

 

The core and facesheet materials are presented in Table 12 based on the material datasheets.  

Table 12: Overview of material parameters. 

  Core Facesheet Dimension 
Material Name Sabic® PP 576P Sabic® 15T1020P Celstran® CFR-TP PP GF60-13 - 
 Tensile Modulus 1850 2600 25600 N/mm² 
      
Polymer Type PP-H PP-H PP - 
      
Filler Type - Talcum GF - 
 Content - 20 60 wt.-% 
 Structure - - UD - 

 

The UD tape facesheets used for the manufacture of CFRTP sandwich structures with integral foam 
cores is equivalent to the material used for the manufacture of sandwich structures in chapter 5 
(Celstran® CFR-TP PP GF60-13). The core materials are a standard polypropylene homopolymer 
(Sabic® PP 576P) which is also equal to the core material used in chapter 5. The second core material 
is a 20 wt.-% talcum filled polypropylene homopolymer (Sabic® PPcompound 15T1020) which consist 
of the same polymer (Sabic® PP 576P) yet with the addition of the particulate filler material [296]. 
The talcum filled polypropylene core material  was specifically chosen to study the effect of fillers on 
the foam morphology and flexural rigidity behaviour since fillers act as nucleus for the generation on 
foam cells and influence melt strength [297].  
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6.2. Design of Experiment 
The process and material parameter variation is depicted in Table 13. The melt temperature is varied 
from Tm = 250 °C to Tm = 295 °C whereas the mould temperature is kept constant at Tw = 55 °C. 

Table 13: Experimental design. 

Parameters Value 1 Value 2 Value 3 Dimension 
Melt Temperature  250 270 295  °C 
Mould Temperature  55  -  °C 
Core Material PP-T20 PP-H - - 
Blowing Agent CBA PBA - - 
Facesheet Thickness 0.33 - - mm 

 

Of special interest in this chapter is the effect of a blowing agent variation on the resulting flexural 
properties. A chemical blowing agent (Hydrocerol® ITP 822) and a physical blowing agent using the 
ProFoam technology will be used to create the integral foam core of the in-situ CFRTP sandwich 
specimens.  

 

6.3. Manufacture of Specimens 
The manufacture of the in-situ sandwich specimens is compliant with the procedure in chapter 5.2. 
The process parameters are unchanged and presented in Table 14. 

Table 14: Foam Injection moulding machine process parameters. 

Process Parameter Chemical Blowing Agent Physical Blowing Agent Dimension 
Injection Speed  70 70 ccm/s 
Shot Volume  57 60 ccm 
Back Pressure 100 100 bar 
Cooling Time  120 120 s 
Handling Time  8 8 s 

 

6.4. Results 
Figure 85 gives an overview of the absolute as well as weight specific flexural rigidity, assessed by 
four-point bending. The weight specific flexural rigidity is calculated as the ratio of flexural rigidity to 
the experimentally determined specimen weight. The results are normalised with respect to the 
global minimum of absolute flexural rigidity and specific flexural rigidity. This reference value was 
achieved using PP-T20 as core material with CBA at a melt temperature of Tm = 295 °C and a mould 
temperature of Tw = 55 °C. Both absolute as well as specific flexural rigidity of in-situ sandwich 
specimens with 1UD tape facesheets and CBA based foam core yield lower values than those with 
PBA based foam cores. Moreover, CBA based sandwich specimens with PP-T20 foam core do not 
reach significantly higher flexural rigidities than with PP-H foam cores despite the higher Young’s 
modulus of the core polymer used (Table 12). Compared to PP-H the specific flexural rigidity of 
chemically foamed sandwich specimens is even decreased if PP-T20 is used as core material.  

Contrary to CBA based sandwich structures, specimens with physically foamed cores show a 
significant difference in absolute flexural rigidity in dependency of the core material. Compared to 
specimens with PP-T20 foam cores, sandwich structures with PP-H as core material reach lower 
values by 9 % at Tm = 295 °C to 33 % at Tm = 250 °C. Despite this distinct difference of absolute 
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flexural rigidity, the specific flexural rigidity of physically foamed sandwich specimens based on PP-H 
is up to 8 % higher compared to in-situ specimens with PP-T20 foam cores. Thus, in order to evaluate 
the specific flexural rigidity, the material and process dependent density reduction must be taken 
into account.  

 

Figure 85: The density reduction, absolute and weight specific flexural rigidity of in-situ CFRTP sandwich specimens with 
integral foam core using CBA and PBA with unfilled PP-H as well as 20 wt.-% talcum filled PP-T20 at varying melt 
temperatures and Tw = 55 °C. The flexural rigidity results are normalised in order to enable comparability.  

 

Closer examination of Figure 85 shows that the variants with chemical blowing agent, both based on 
PP-H as well as PP-T20 core material, always achieve similar high density reductions between 30.4 % 
and 33.4 %. The density reduction increases slightly with rising melt temperature for both PP-H and 
PP-T20 core materials and thus corresponds to the general behaviour of chemically foamed 
thermoplastic foams [112]. Contrary to the relatively temperature insensitive density reduction of 
CBA integral foam core sandwich specimens, distinct differences of density reduction can be 
observed using the ProFoam technique and PP-T20 as core material. Physically foamed in-situ CFRTP 
sandwich specimens manufactured with PP-H as core material achieve very high weight reductions, 
which marginally vary depending on the melt temperature, similar to CBA. In contrast, PBA based PP-
T20 foam core sandwich specimens and the achieved weight reduction are very sensitive to the melt 
temperature applied during the manufacture. Here the application of Tm = 250 °C leads to a density 
reduction of 29 %, whereas increasing the melt temperature to Tm = 295 °C yields a density reduction 
of 42 %. However, the absolute flexural rigidity of PBA based PP-T20 sandwich specimens decreases 
with rising melt temperature, which compensates the density reduction effect, leading to similar 
weight specific flexural rigidity values compared to physically foamed PP-H sandwich specimens.  

Thus, in-situ CFRTP sandwich structures with core materials with higher Young’s modulus do not 
necessarily result in increased weight specific or even absolute flexural rigidity of in-situ sandwich 
specimens with UD tape facesheets. Only a proper combination of material and process parameters 
appears to enable the utilisation of the full lightweight design potential of the in-situ CFRTP sandwich 
process. In order to evaluate the effect of the specific material and process parameter variants on 
flexural rigidity and the accompanied weight reduction, the lightweight design effect LD is 
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introduced as relationship of specific flexural rigidity to absolute flexural rigidity. This related 
parameter allows for a comparison of in-situ sandwich structures with foam cores of different 
materials and their potential with respect to lightweight design. In Figure 86, the LD is depicted in 
relationship with the process parameters for the manufacture of the respective sandwich specimens.  

 

Figure 86: The lightweight design effect (LD) as ration of weight specific to absolute flexural rigidity shows that PBA based 
in-situ CFRTP sandwich structures mostly yield higher LD values compared to CBA. The highest lightweight design effect is 
achieved combining PP-H as core material and physical blowing agents. 

 

The increase of specific flexural rigidity in relation to the referenced absolute flexural rigidity 
indicated by the lightweight design effect is largest for PP-H based foam core sandwich structures. 
PP-T20 based specimens yield a lower LD effect, however using physical blowing agents the achieved 
values reach the level of sandwich specimens with chemically foamed PP-H cores. This is because in 
case of the combination of PBA and PP-T, an increase of the LD values can be observed with 
increasing melt temperatures contrary to all other material and blowing agent combinations.  

Thus, the core material as well as the process parameters including melt temperature and type of 
blowing agent significantly affect both absolute as well as flexural stiffness and consequently the 
resulting lightweight design effect. The observed differences are assumed to result from the material 
and process parameter induced morphology of the integral foam core. Therefore, the foam 
morphology is examined on a macroscopic and microscopic scale. The macroscopic foam morphology 
is evaluated by means of the core skin thickness 𝑡  whereas the microscopic foam morphology is 
assessed by analysis of the mean cell diameter and its distribution.  

 

6.4.1. Macroscopic Foam Morphology 
The absolute flexural rigidity and its variation shall be evaluated by means of the respective core-skin 
thickness. The expression “core-skin” hereby denotes the compact polymer skin that develops in an 
integral polymeric foam and the CFRTP facesheets, which are used as reinforcement of the integral 
foam. The thickness of the core-skin depends on the material and process parameters. In order to 
determine the core-skin thickness, longitudinal cross sections of the sandwich specimens were 
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prepared using a Mutronic laboratory table saw. The manufactured cross sections were subsequently 
polished on a Struers Abramin grinding machine. The polished cross sections were photographed 
with a Nikon D300 digital reflex camera using a close-up lens. An image of a cross section is 
exemplarily depicted in Figure 87. It shows that the macroscopic foam morphology is dependent on 
the x-location along the flow length of the specimen core. At the vicinity of the injection point, the 
core-skin thickness is low, whereas it growths with increasing flow length.  
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Figure 87: The analysis of the x-z-cross-section of an in-situ sandwich specimen illustrates the issue of flow length 
dependency of the foam morphology in accordance with [129]. 

 

The varying core-skin thickness must be attributed to when evaluating the bending behaviour of 
CFRTP sandwich specimens. Considering the momentum profile in the 4PB test set-up, see Figure 88, 
the load span l’ is effectively subject to the flexural rigidity evaluation.  
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Figure 88: Qualitative illustration of the bending moment imposed by the four-point bending test set-up. 
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Therefore, an average skin thickness between the load applications was determined in order to 
assess the effect of skin thickness on the flexural behaviour. Based on reflex camera images, the 
core-skin thickness was quantified at two locations per specimen and at three test specimens per 
parameter variant using an image progressing software (ImageJ).  

In Figure 89, the flexural rigidity determined by 4PB test and the respective core-skin thicknesses are 
presented. In-situ sandwich specimens with PP-H integral foam cores manufactured with chemical 
blowing agent show an increase of core-skin thickness from 0.5 to 0.7 mm with rising melt 
temperatures from Tm = 250 °C to Tm = 295 °C. This is accompanied by an increase in the resulting 
flexural rigidity. The measured skin thickness however exhibits a significant standard deviation. The 
high standard deviation is also observed for PP-T20 based sandwich specimens with integral foam 
cores. Considering the mean values, they show a decreasing core-skin thickness with growing melt 
temperatures. This observation correlates with the measured decrease of flexural rigidity. Larger 
core-skin thicknesses thus contribute to an increase of the flexural rigidity, which can be attributed 
to the larger second moment of inertia combined with the increased elastic modulus of the solid 
core-skins. While this was found for sandwich specimens with chemically foamed core, an evaluation 
of the core-skin thickness of CFRTP sandwich specimens with physically foamed core could not be 
made, as a clear separation of foamed core and unfoamed core-skin was not possible. The integral 
foam of physically foamed sandwich specimens did not exhibit a distinct macroscopic boundary 
between foamed core and compact core-skin, especially at elevated melt temperatures.  

 

Figure 89: Correlation between absolute flexural rigidity and the measured core-skin thickness of chemically foamed in-situ 
CFRTP sandwich specimens with PP-H and PP-T20 core material. 

 

The macroscopic foam morphology thus affects the absolute flexural rigidity of the in-situ CFRTP 
structures. The lightweight design effect however is based on the relation between absolute and 
specific flexural rigidity, the latter resulting from the density reduction. In order to evaluate the 
effect of material and process on the resulting density reduction of in-situ sandwich specimens with 
integral foam core, the morphology of the latter on micro scale is analysed.  
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6.4.2. Microscopic Foam Morphology 
Micro computer tomography (µCT) scans of the foamed core of in-situ sandwich specimens were 
made using a SkyScan 1072-100 tomograph. For each test setting, a cylindrical sample was removed 
from a test specimen with the aid of a precision milling cutter. The cylinder was extracted at the 
centre of the specimen. It exhibits a diameter of 2.5 mm and a height of 10 mm, which comprised the 
complete thickness of the specimen. Due to the small size of the cylinder compared to the total 
dimension of the specimen, the foam morphology assessed via µCT cannot validly be representative 
for other areas of the specimen, especially due to the discussed flow length dependency of the foam 
morphology, see Figure 87. However, it allows for a comparison of foam morphologies at the centre 
of the 4PB load span and is thus considered an indication of the material and process parameter 
induced mean microscopic foam morphology in this specimen area.  

Firstly, in-situ CFRTP sandwich structures based on chemical blowing agents are discussed. Figure 90 
shows the foam morphology and density reductions of sandwich specimens with CBA integral foam 
core using PP-H (a) and PP-T20 (b) as core materials. With rising melt temperature from Tm = 250 °C 
to Tm = 295 °C, both PP-H and PP-T20 integral foams only show a minor increase of density reduction. 
While the use of PP-T20 as core material leads to a density reduction from 30.6 % to 33.1 %, it is 
increased using PP-H foam cores from 32.7 % to 34.1 %. 

The relatively constant density reduction does not correlate with the observed cell morphology, as 
clear differences can be found with increasing melt temperature for both core materials. In case of 
PP-H, growing mean cell diameters from 172 µm at Tm = 250 °C to 248 µm at Tm = 295 °C are 
measured denoting an increase of 30 %. Sandwich specimens with PP-T20 foam cores reach mean 
cell diameters of 166 µm at Tm = 250 °C to 222 μm at Tm = 295 °C, showing a similar temperature 
dependent cell growth of 25 %. The smaller cell diameter of chemically foamed PP-T20 cores 
compared to PP-H is assumed to result from the increased nucleation density induced by the addition 
of the talcum particulate filler [121], compared to the CBA residues which also induce heterogeneous 
nucleation in the unfilled PP-H.  

The significantly larger cells with increasing melt temperature should result in higher density 
reductions, yet the reduced cell density and expanding skin thickness compensate this effect. The 
reason for the general increase of cell size with growing melt temperatures is attributed to the 
increased diffusive mass flow according to Equation 9. Following this, the diffusion of gas depends on 
the diffusion coefficient and the time available for diffusion processes. The diffusion coefficient 
increases with growing temperatures due to Brownian motion of polymer and gas [112], moreover 
the high cooling time allows for a longer time span of gas diffusion. In addition to the diffusion 
between cells, their coalescence is facilitated with growing melt temperature as their melt strength 
decreases [298].  

Aside the observed general increase of cell size with growing melt temperatures, a location 
dependent cell size is found. Specimens based on CBA exhibit a layer with a reduced number of cells 
in the central part of the foam core at the highest melt temperature. This results in a 5-layer 
structure of the integral foam core, see Figure 90 (a3) and (b3).  

It is concluded that the type of core material only plays a minor part in density reduction of in-situ 
specimens using CBA. The same is found for the melt temperature, which only leads to a minor 
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change in density reduction although the cell morphology is distinctly changed with respect to mean 
cell size and cell size distribution.  

Parameter Value 1 Value 2 Value 3 Dim. 
Melt Temperature  250 270 295 °C 
Density Reduction  32.7 33.4 34.1 % 
Mean Cell Diameter 172 193 248 µm 

  

Parameter Value 1 Value 2 Value 3 Dim. 
Melt Temperature  250 270 295 °C 
Density Reduction  30.6 30.4 33.1 % 
Mean Cell Diameter 166 181 222 µm 

(a1) (a2) (a3) (b1) (b2) (b3)

Figure 90: µCT cross section images of in-situ CFRTP sandwich specimens with chemcially foamed integral foam core [189]: 
(left) PP-H, (right) PP-T20. The cell diameter increases with rising melt temperature. The foam morphology shows a 5-layer 
structure with a small solid core area at the center of the specimen at the highest melt temperature of Tm = 295 °C. 

 

Contrary to CBA based sandwich structures, the density reduction and foam morphology of physically 
foamed sandwich specimens varies significantly depending on the core material and melt 
temperatures used, see Figure 91. The use of PP-H as core material leads to very high density 
reductions at all three melt temperatures ranging between 43.7 % at Tm = 250 °C and 41.5 % at 
Tm = 295 °C. The melt temperature insensitive density reduction correlates with the foam 
morphology based on the µCT scans of PP-H foam cores, see Figure 91 (a). The cell size only 
marginally varies from a mean diameter of 169 µm at Tm = 250 °C to 179 µm at Tm = 295 °C which is 
considered negligible.  

Using PP-T20 as core material for in-situ sandwich specimens, similar high density reductions as PP-H 
based specimens can only be achieved at the highest melt temperatures of Tm = 295 °C yielding 
42.3 %. At Tm = 250 °C the density reduction even falls below 30 % which is the lowest value of the 
experimental campaign. This significant difference of density reduction correlates well with the foam 
morphology, since the latter is distinctly affected by a change of melt temperatures especially at low 
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to moderate melt temperatures. The measured average pore size reduces from 184 μm at 
Tm = 250 °C to 88 µm at Tm = 270 °C, a difference of 51 %.  

 

Parameter Value 1 Value 2 Value 3 Dim. 
Melt Temperature  250 270 295 °C 
Density Reduction  43.7 43.5 41.5 % 
Mean Cell Diameter 169 173 179 µm 

 

Parameter Value 1 Value 2 Value 3 Dim. 
Melt Temperature  250 270 295 °C 
Density Reduction  29.5 36.0 42.3 % 
Mean Cell Diameter 184 88 130 µm 

(a1) (a2) (a3) (b1) (b2) (b3)

Figure 91: µCT cross section images of in-situ CFRTP sandwich specimens with physically foamed integral foam core: PP-H 
(left), PP-T20 (right). The foam morphology of PP-H foam cores is temperature insensitive. To the contrary, PP-T20 foam 
cores exhibit a distinct dependency on the melt temperature.  

 

The difference of foam morphologies between PP-H and PP-T20 foam cores is attributed to the type 
of cell nucleation. Whereas physically foamed PP-H exhibits homogenous nucleation due to the lack 
of filler, the nucleating effect of the talcum filler is assumed to effectively lead to a significant 
increase of nucleation density of the PP-T20 material by the reduction of the free energy density 
which facilitates the development of new cell nuclei [123]. Another contributor to the different 
morphology may be the solubility of N2 in polypropylene. With rising melt temperature, the solubility 
of N2 is enhanced [125]. The solubility threshold of unfilled PP-H however is assumed to be already 
exceeded at the lowest melt temperature. Hence although it is known that large differences of foam 
morphologies of PP can occur in melt temperature spans as small as 4 °C [299], a further increase of 
melt temperature has no significant effect on the morphology and density reduction of physically 
foamed PP-H sandwich specimens. Consequently, physically foamed in-situ CFRTP sandwich 
specimens with PP-H as core material yield the best combination density reduction and process 
stability.  
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6.5. Discussion 
The flexural behaviour of in-situ sandwich structures with UD tape facesheets and different core 
materials as well as blowing agents was evaluated by means of four-point bending testing. The 
absolute as well as the weigh specific flexural rigidity were assessed in order to evaluate the 
lightweight design potential using PP-H and PP-T20 as core materials. Furthermore, the effect of 
chemical and physical blowing agents on the flexural properties was analysed. An evaluation of the 
macroscopic and microscopic foam morphology should clarify its effect on the flexural behaviour of 
in-situ CFRTP sandwich structures. 

With respect to the absolute flexural rigidity measured via 4PB, sandwich structures with PP-H and 
PP-T20 foam cores manufactured using chemical blowing agents yield similar absolute flexural 
rigidity compared with PP-T20 despite the significantly higher Young’s modulus of the latter. 
Furthermore, the flexural rigidity is subject to moderate increase or decrease with rising melt 
temperature depending on the core material. The change of flexural rigidity with rising melt 
temperature is attributed to the thickness of the solid core-skin. A comparison of the measured 
mean core-skin thickness of in-situ sandwich specimens with chemically foamed integral core 
showed, that the increase of absolute flexural rigidity of PP-H core sandwiches with rising melt 
temperatures correlates with the increase of core-skin thickness. Equally, the decrease of flexural 
rigidity of in-situ sandwich specimens with PP-T20 as core material can be correlated with a declining 
thickness of the core-skin.  

In contrast to CBA based in-situ sandwich structures, the use of PBA leads to a significant difference 
of flexural rigidity depending on the core material. Despite a small increase of flexural rigidity of 
sandwich specimens with PP-H foam cores with rising melt temperature, the use of PP-T20 generally 
leads to distinctly higher results. The largest difference was found at Tm = 250 °C at which the flexural 
rigidity of in-situ sandwich specimens with PP-T20 foam core is about 30 % higher compared to PP-H. 
This was expected as the Young’s modulus of PP-T20 exceeds the modulus of PP-H by 40 %, see Table 
12. However, a correlation between core-skin thickness and flexural rigidity could not be assessed in 
case of physically foamed in-situ sandwich specimens, since a clear separation of solid skin and 
foamed core could not be made. This is because PBA foam cores also exhibit cells in the core-skin, 
which is in accordance with Altstädt [112], which hinders the macroscopic assessment of core-skin 
thickness.  

More interesting than the shear flexural rigidity however is the weight specific flexural rigidity 
depending on the core material and process parameters, as the lightweight design of in-situ CFRTP 
sandwich structures is one of the main goals of this work. While the density reduction and 
accordingly the weight specific flexural rigidity of chemically foamed in-situ sandwich structures are 
moderate and only minor increases can be achieved with rising melt temperatures, the density 
reduction using PBA is significantly higher and also depends on the core material. PP-H as core 
material leads to the highest density reductions, ranging between 41.5 % and 43.7 %. This also leads 
to the highest measured weight specific flexural rigidity of the experimental campaign, despite the 
much lower absolute flexural rigidity compared to PP-T20. The combination of PP-T20 with physical 
foam injection moulding leads to sandwich structures with growing density reduction from 29.5 % to 
42.3 % with an increase of melt temperature from Tm = 250 °C to Tm = 295 °C. Hence, the density 
reduction is much more dependent on the melt temperature compared to PP-H. This result could be 
correlated with the microscopic foam morphology analysis using µCT scans, which shows a similar 
result. Density reductions and microscopic foam morphology are hence closely linked, and as such 
the weight specific flexural rigidity since it is related to the density reduction.  
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In order to quantify the relative specific flexural rigidity increase, the relation of weight specific 
flexural rigidity and the respective absolute flexural rigidity was introduced as the lightweight design 
effect LD. The highest values of LD are found for in-situ sandwich structures with PP-H foam cores. 
The use of PBA further increases the lightweight design effect by 20 % compared to CBA.  

Consequently, it can be concluded that the combination of physical blowing agents with unfilled PP-H 
leads to the highest lightweight design effect while the latter is also considerably insensitive to the 
chosen process parameters, which makes the manufacture of in-situ CFRTP sandwich structures less 
prone to reproducibility issues. This material and process combination is hence promising for further 
use in the manufacture of in-situ CFRTP sandwich components. 
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7. Predictive Modelling of In-Situ CFRTP Sandwich Structures 
It was shown in the previous chapters that in-situ CFRTP sandwich components can be manufactured 
with high interfacial bonding. Furthermore, the effects of material and process parameters on 
mechanical properties with respect to absolute and weight specific flexural rigidity were evaluated.  

In this chapter, a methodology for the model based prediction of the interfacial bonding of CFRTP 
facesheets and integral polymeric foam core as well as the resulting flexural rigidity is developed in 
order to enable the use and application of the in-situ CFRTP sandwich manufacturing process for the 
conceptual development and design of new components. These models combine all findings of the 
previous chapters as indicated in Figure 92. 

 

Figure 92: Systematic approach of this work: chapter 7 presents a model based approach to predict the interfacial bonding 
between CFRTP facesheets and foam core as well as the flexural rigidity resulting from material and process parameters.  

 

The methodology combines two models: 

- Interfacial bonding model 
- Flexural rigidity model 

The models require input data including the component geometry, the material properties as well as 
the process parameters applied for the in-situ manufacture of CFRTP sandwich specimens. The 
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model output is a prediction of the flexural rigidity of the sandwich component beam as well as of 
the interfacial bonding of CFRTP facesheet and core. The models are presented in the following 
chapters.  

 

7.1. Interfacial Bonding Model 
The interfacial bonding model consists of two consecutive separate parts. The core of the model is 
denoted by the calculation of the effective interfacial bonding which is executed in the fusion 
bonding model. The necessary input parameters for the interfacial fusion bonding model are the 
interface temperature profiles, which are derived from a preceding injection moulding simulation.  

 

7.1.1. Fusion Bonding Model 
The interfacial fusion bonding model is based on the interfacial strength development by the healing 
process of two miscible thermoplastic interfaces as presented in chapter 2. In order to explain the 
model and the resulting requirements with respect to the input parameters, the fusion bonding 
process described by the degree of healing is briefly presented again. Based on the non-isothermal 
healing model by Bastien and Gillespie [146], the resulting interfacial fracture toughness Gc can be 
calculated as 

𝐺 (𝑡)

𝐺 ,
= 𝐷 (𝑡)² =

𝑡
/

− 𝑡
/

𝑡
∗ /

/∆

. (45) 

 

The non-isothermal fusion bonding process is approximated by isothermal time-steps ∆𝑡 = 𝑡 − 𝑡  
at which the mean temperature 𝑇∗ of the interface must be known. The degree of healing is 
consequently the sum of isothermal time steps ∆t with the respective mean interface temperatures 
𝑇∗ related to the reptation time 𝑡∗ (𝑇∗) at these specific interface temperatures.  

Therefore, the temperature dependent reptation time needs to be known. In chapter 2.4.2, methods 
to assess the reptation time were presented. They require either the availability of the polymer that 
is to be characterised or detailed knowledge about the physical behaviour of the polymer material. 
However, it was neither possible to obtain the pure UD tape polymer matrix material nor to gather 
any information that would allow for a determination of the temperature dependent reptation time. 
For this reason, the reptation time of the matrix polymer of another glass fibre reinforced UD tape 
with polypropylene matrix (UDMAX™ GPP 45-70) was used as best approximation [300]. The 
temperature dependent reptation time of the matrix polymer is depicted in Figure 93. The reptation 
time at or above the melting temperature of 163 °C [105] is in the range of a second or fraction of a 
second. For the core material used in this work (Sabic® PP 576P), Trippel [132] calculated a reptation 
time based on the Carreau approach which is about an order of magnitude lower than of the 
facesheet polymer matrix. According to Grouve [16] and the findings within chapter 5, fusion 
bonding of two interfaces is limited by the adherent with the lowest polymer chain mobility. 
Considering the reptation time curves and the injection moulded core as high temperature and 
highly amorphous melt, the solid CFRTP facesheet with semi-crystalline matrix polymer denotes the 
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bottleneck of interfacial bonding. The development of interfacial strength is prone to large variations 
if the interface temperature is near the melting temperature of the facesheet. 

According to Figure 93, the reptation time abruptly increases by several orders of magnitude within a 
temperature range of only 10 °C below the melting temperature. This indicates how temperature-
sensitive the fusion bonding process and thus the interfacial bonding development during in-situ 
process is. Especially at interface temperatures close to the melting temperature of the UD tape 
facesheet, only few degrees Celsius can result in large differences of interfacial bonding. 

 

Figure 93: Reptation time curve fitted from data of Shi et al. [300]. 

 

This poses a critical requirement to the interface temperature simulation, as it consequently needs to 
predict the temperature very precisely especially at the vicinity of the melting temperature as small 
deviations may alter the result drastically and lead to incorrect bonding predictions. The interface 
temperature simulation is presented in the following.  

 

7.1.2. Interface Temperature Simulation 
The interface temperature simulation needs to predict the temperature that develops at the surface 
of the CFRTP facesheet resulting from the applied process parameters and materials. The simulation 
is based on the validated interface temperature simulation for in-situ CFRTP sandwich components 
presented in chapter 4. The simulation determines the surface temperature of a 3D insert during the 
contact with the injected polymer melt. As discussed in chapter 4, the simulation is validated by 
comparison with experimentally assessed interface temperature profiles of Trippel [132]. In Figure 94 
the simulated as well as experimentally assessed interface temperature during in-situ moulding of a 
sandwich specimen with 1UD tape facesheets and chemically foamed integral foam core is depicted 
during the first 5 seconds of the process. Based on the reptation time curve in Figure 93, the 
temperature dependent time for complete fusion bonding can be less than a second if the melt 
temperature of the UD tape matrix polymer is exceeded. Due to this rapid process, it is essential to 
precisely predict not only the cooling of the interface but especially the peak temperature at the 
surface of the UD tape facesheets. At closer observation of Figure 94 the simulation of the peak 
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interface temperature during the in-situ process shows a high correlation with the experimental 
values. The simulated interface temperature development yields a minor underestimation with 
respect to the measured temperature during the process according to Trippel [132]. However, the 
thermocouple for the temperature assessment at the core-facesheet interface was positioned on the 
UD tapes and extended into the hot sandwich core. 
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Figure 94: Comparison of simulated and experimentally assessed interface temperatures during the in-situ manufacture of 
CFRTP sandwich specimens. High agreement between simulation and experiment can be observed.  

 

Despite the small diameter of the thermocouples of 0.33 mm [132], this results in a minor increase of 
measured temperatures compared to the temperature exactly on the facesheet surface which is 
simulated and which is used for the interfacial bonding prediction. Similar agreements of simulated 
and experimentally assessed interface temperatures were found for other process temperatures, see 
Annex A. 

 

7.1.3. Interfacial Fracture Toughness Reference 
The maximum interfacial fracture toughness of the sandwich specimen core to facesheet interface 
𝐺 ,  must be known for the calculation of the resulting interfacial facture toughness according to 
Equation 45. Therefore, CFRTP sandwich structures were manufactured based on consolidation of UD 
tape facesheets with the polymer core using the compression moulding process according to the 
classification in Figure 13. The facesheet preparation and the subsequent consolidation process is 
schematically depicted in Figure 95. In order to enable a direct comparison of the interfacial bonding 
properties of in-situ and compression moulded CFRTP sandwich specimens, it was necessary to use 
identical material, i.e. the same facesheet and the same CBA integral foam core. This includes using 
the same CBA type and amount, the same core polymer and at least a comparable integral foam core 
structure. These requirements regarding the validity of comparability of results led to the use of 
unreinforced foam injection moulded integral foam specimens as core. These integral foam 
components were consolidated with UD tape facesheets via the compression moulding technique in 
order to receive the reference CFRTP sandwich specimens as depicted in Figure 95. 
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Figure 95: Schematic illustration of the manufacture of CFRTP sandwich structures via compression moulding based core-
skin consolidation. The manufactured CFRTP sandwich structures are used for the subsequent determination of reference 
interfacial fracture toughness values 𝐆𝐜, . 

 

UD tape sheets were cut from the as-received UD tape coil and tailored according to the mould size 
with sheet length lCM = 220 mm and sheet width wCM = 240 mm. These UD tape sheets were placed 
into the heated mould and covered with integral foam cores which were foam injection moulded in 
accordance with the process parameters used in chapter 6, however without CFRTP facesheets. The 
mould was closed and after equalisation of the temperatures of upper and lower press plate side, the 
compression moulding process was initiated according to the process parameters in Table 15. 

Table 15: Process parameters during core-skin consolidation for the manufacture of reference CFRTP sandwich structures. 

 Plate Temperature  Consolidation Cooling Dimension 
Target Mould Temperature 220 - -  °C 
Target Interface Temperature - 217 85  °C 
Pressure 0 1.5 1.5 bar 
Time 1 2 120 min  

 

According to processing guidelines of the UD tape manufacturer, the applied pressure during 
consolidation shall be 𝑝  = 1.9 bar. However, this pressure resulted in an excessive compression of 
the foam core. Thus, a suitable consolidation pressure of 1.5 bar was determined empirically and 
applied during the manufacture of reference CFRTP sandwich plates. In order to enable RPT of the 
compression moulded CFRTP sandwich plates, the facesheets were equipped with a PI foil as initial 
crack before processing, equal to in-situ CFRTP sandwich specimens with injection moulded core. In 
order to achieve full interfacial bonding, sufficiently high interface temperatures must be reached 
during the process. Therefore, the interface temperature between integral foam core and UD tape 
facesheet was measured using a thermocouple in the middle of the sandwich plate at the interface 
between UD tape sheets and foam core. The mould temperature was set to 220 °C resulting in a 
maximum effective interfacial peak temperature Tpeak = 217.4 °C. The compression moulded 
sandwich plates were demoulded at an interface temperature of 85 °C. Due to the long time spans of 
interfacial contact at high temperatures between facesheets and core during compression moulding 
and considering the relatively low reptation time of polypropylene, see Figure 93, it is assumed that a 
full bonding foam core and UD tape facesheets is achieved. After demoulding, the compression 
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moulded sandwich plates were cut to the specimen geometry for the roller peel test method using a 
water jet-cutting machine. After storing the specimens at 23/50 standard climate for 24 h, the 
specimens were subsequently subject to roller peel testing in accordance with the procedure in 
chapter 6 in order to determine the reference 𝐺 ,  value. The results are depicted in Figure 96. The 
calculated reference interfacial fracture toughness results to be 𝐺 ,  = 1.4 kJ/m².  

 

Figure 96: Resulting debonding load curves during the interfacial fracture toughness testing of the reference CFRTP 
sandwich structures using the roller peel test. 

 

Combining the interface temperature prediction based on the interface temperature simulation and 
the interface fusion bonding model with the reference interfacial fracture toughness for CFRTP 
sandwich structures, the quantitative prediction of GI values for in-situ CFRTP sandwich components 
with different process parameters and geometry is enabled. The results will be discussed in the 
following.  

 

7.1.4. Design of Experiments 
The developed interface model shall be used for the prediction of resulting core-facesheet bonding 
of in-situ manufactured CFRTP sandwich structures with integral foam. The evaluation of the 
predicted interfacial bonding shall be conducted by comparison of predicted 𝐺  values with 
experimental data of roller peel test results at the respective process parameters. The experimental 
design is presented in Table 16. 

Table 16: Overview of the process and material parameter variation. 

Parameters Value 1 Value 2 Value 3 Dimension 
Melt Temperature 250 270 295  °C 
Mould Temperature 55 - -  °C 
Core Material PP-H - - - 
Blowing Agent CBA - - - 
Facesheet Thickness  0.33 - - mm 
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7.1.5. Results 
In Figure 97 (left) the predicted development of interfacial bonding of in-situ foam core sandwich 
specimens with Tm = 250 °C and Tw = 55 °C based on the proposed model is presented. The degree of 
healing rapidly rises within the first fractions of a second of the in-situ process, resulting from the 
high initial interface temperatures. However, the interfacial temperature does not reach the melting 
temperature of the facesheet matrix according to the interface temperature simulation. After the 
first second of the process, the growth rate of Dh is decreasing and the degree of healing stagnates at 
Dh ≈ 0.2.  

            

Figure 97: Simulated interface temperature and corresponding resulting degree of healing based on the fusion bonding 
model of Bastien and Gillespie [146]: Tm = 250 °C and Tw = 55 °C (left), Tm = 270 °C and Tw = 55 °C (right). 

 

Increasing the melt temperature to Tm = 270 °C, the resulting interface temperature between 
facesheet and core exceeds the melting temperature at a time span that is long enough to enable a 
full bonding of face and core, see Figure 97 (right). The peak interface temperature yields 
Tpeak = 173.1 °C. According to the model, full bonding is achieved after 0.6 s. Applying a melt 
temperature of Tm = 295 °C, the necessary process time to enable full bonding can be even further 
reduced to 0.36 s.  

A comparison of the development of healing in Figure 97 makes clear, that it is crucial to reach a high 
peak temperature at the interface between facesheet and core during the in-situ process in order to 
achieve full healing. According to this and the underlying healing model, the peak interface 
temperature must be equal or above the melting temperature of the facesheet polymer matrix. If 
this is achieved, the necessary time-span for the development of healing i.e. the reptation time, is 
generally also provided by the resulting temperature profile of the studied in-situ process. Hence, full 
healing develops in less than a second if the peak interface temperature is sufficiently high, due to 
the short reptation times of the PP matrix. If high peak temperatures cannot be reached, interfacial 
healing occurs at a much slower rate and full healing is usually not achieved. A lower cooling rate 
however contributes to prolong the times span for the development of healing at low healing rate, 
helping to still achieve a certain yet low interfacial bonding below melting temperature.  
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The healing model was applied for the prediction of interfacial fracture toughness of in-situ CFRTP 
sandwich structures according to Equation 45. In Figure 98 (left), the model based prediction of the 
degree of healing of in-situ CFRTP sandwich structures with 1UD tape facesheets and PP-H integral 
foam cores with chemical blowing agent related to the experimentally assessed interfacial fracture 
toughness is depicted. At low process temperatures using Tm = 250 °C and Tw = 55 °C the simulation 
based degree of healing underestimates the interfacial bonding of facesheets with foam injection 
moulded PP-H cores yielding Dh = 0.28. At higher temperatures, the degree of healing reaches Dh = 1 
at Tm = 270 °C and also at Tm = 295 °C melt temperature, resulting in a plateau. Similarly, the 
experimentally assessed GI values also yield a plateau, indicating that the predicted degree of healing 
qualitatively correlates well with the experimental 𝐺  data.  

         

Figure 98: Comparison of the model based assessment of the degree of healing resulting from the in-situ sandwich 
manufacture process: the degree of healing compared to the interfacial fracture toughness yields reasonable qualitative 
agreement (left). The quantitative comparison of predicted and experimentally assessed interfacial fracture toughness 
shows an underestimation at low melt temperatures (right), which is attributed to minor inaccuracies of the interface 
temperature simulation of few degrees Celsius. An overestimation at elevated melt temperatures is observed, which results 
from the reference interfacial fracture toughness values based on sandwich specimens manufactured via the compression 
moulding consolidation method.  

 

The aim of this model is to quantitatively predict the resulting interfacial fracture toughness. 
Therefore, the degree of healing was set in relation with the reference interfacial fracture toughness 
𝐺 ,  according to Equation 45. The calculated GI values are depicted in Figure 98 (right).  

The predicted interfacial fracture toughness 𝐺 ,  at Tm = 250 °C underestimates the experimentally 
assessed 𝐺 ,  value. This is attributed to the simulated temperature profile at the core-facesheet 
interface using a melt temperature of Tm = 250 °C, giving slightly smaller simulated interface 
temperatures than in experiment, both near the melting temperature 𝑇  of the UD tape 
facesheet. The effect of a small underestimation of the interface temperature resulting in a value 
near 𝑇  can be explained by the following considerations.  

Taking into account the low reptation times of PP of less than a second, only a short time span is 
necessary to create full healing if 𝑇  is exceeded at the interface. Thus, small temperature 
differences can lead to large variations of interfacial healing, both regarding predicted as well as 
experimentally determined values. As the experimentally assessed 𝐺  value is an intermediate value 
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reaching 𝐺 = 0.83 kJ/m², the interface peak temperature during in-situ moulding is probably just at 
the vicinity of the melting temperature making the prediction of the interfacial bonding prone to 
large deviation of the measured values in this specific case. Consequently, if an interfacial bonding 
simulation is performed with PP as core as well as facesheet matrix polymer, a calculated degree of 
healing of below and just equal 1 respectively should be rated as critical and the corresponding 
process parameters should not be applied for the manufacture of in-situ CFRTP sandwich specimens.  

Contrary to low process temperatures, the predicted 𝐺 ,  values exceed the experimentally 
assessed interfacial fracture toughness at Tm = 270 °C and Tm = 295 °C. The overestimation of 𝐺  
values based on the model prediction is not attributed to the simulated peak interface temperature 
but to the reference 𝐺 ,  values. It is assumed to result from the different techniques used for the 
manufacture of the respective CFRTP sandwich structures.  

The reference 𝐺 ,  values are determined using the facesheet-core consolidation process via 
compression moulding. This includes the melting of the complete UD tape facesheets as well as of 
the core, hence both adherent surfaces are in molten state. Especially the melting of the CFRTP 
facesheets enhances the creation of intimate contact, since the facesheet surface asperities are 
rapidly flattened due to the reduced viscosity, see Equation 17, despite a similarly low consolidation 
pressure compared to the low-pressure in-situ process. According to Equation 22 bonding of 
interfaces is a two-step process with the intimate contact as prerequisite for the diffusion of polymer 
chains across the interface between miscible polymer surfaces [15, 16, 156, 157]. The complete 
melting of both adherents is hence likely to result in higher interfacial bonding compared to the 
bonding process of two polymer interfaces of which one is initially solid, especially if the 
consolidation pressure is low. In addition, the process time of compression moulding of CFRTP 
sandwich reference structures was one order of magnitude higher compared to the injection 
moulding based in-situ process providing significantly more time for intimate contact development 
and healing.  

Contrary to the manufacture of CFRTP sandwich specimens via skin-core consolidation, the in-situ 
process exhibits a process time span in the range of seconds or less at which interfacial bonding 
needs to be created. According to the results of chapter 5.2, this short process time might not be 
enough for the complete melting of the facesheet surface and the reduction of surface asperities 
even if the melting temperature is well exceeded. However, sufficient melting of the facesheet is 
necessary to reduce the surface asperities of the facesheets in order to achieve high degrees of 
intimate contact. Shi et al. [300] have found that the surface roughness and its reduction plays an 
important role when it comes to interfacial bonding of UD tapes. It is thus assumed that during in-
situ manufacture of CFRTP sandwich structures the intimate contact of UD tape facesheets to the 
injected core is not instantly achieved contrary to the findings of other authors [14, 159, 163].  

Consequently, the experimentally assessed interfacial bonding process is not well reflected using the 
degree of healing since the intimate contact is not necessarily always complete. This is especially true 
for the in-situ sandwich process based on low-pressure foam injection moulding. Models for the 
combined assessment of degree of healing and the degree of intimate contact yielding a degree of 
bonding [143, 167] might be capable of yielding better quantitative correlations of predicted 
interfacial bonding of in-situ sandwich specimens based on low pressure foam injection moulding. 
For this, however, the cavity pressure development during the process must also be simulated and 
the latter must be validated. In case of the high-pressure foam injection moulding, the cavity 
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pressure during the process is significantly higher and expected to be sufficient to immediately yield 
full intimate contact. This is assumed to lead to an alignment of results of the present healing model 
and a combined bonding model, yet with distinct advantages of the present model since it does not 
require the additional validated cavity pressure simulation. 

 

7.2. Flexural Rigidity Model 
In addition to the prediction of interfacial bonding of CFRTP facesheet and core, the material and 
design-dependent flexural rigidity needs to be validly predicted. In the following, different models for 
the characterisation of the flexural behaviour of in-situ CFRTP sandwich components are evaluated 
and validated by means of experimental four-point bending tests. 

Based on chapter 2, different models for the prediction of flexural rigidity of in-situ CFRTP sandwich 
structures were developed. These allow for a characterisation of the layer structure of the sandwich 
composite with CFRTP facesheets and integral foam core. The calculation of the total flexural rigidity 
𝐸𝐼 is based on Equation 23. With the elastic modulus 𝐸  and the second moment of inertia 𝐼  of the 
respective layer including foam core morphology layers i.e. foamed core and solid core-skins as well 
as the facesheet, the flexural rigidity yields 

𝐸𝐼 =  𝐸 𝐼 . (46) 

 

The structural variants of the layer structure are shown in Figure 99.  
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Figure 99: Schematic illustration of the different models for the structural characterisation of in-situ sandwich specimens 
with integral foam cores: (left) 3-layer model, (right) 5-layer model. 
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The structural design of the models is based on the total number of layers, which corresponds to the 
sum of the foam core layers and the CFRTP facesheet layers. In the 3-layer model, the integral foam 
core with varying macroscopic and microscopic morphology is homogenised assuming that the 
integral foam exhibits uniform properties over the entire thickness similar to a model first presented 
by Hobbs [191] yet without the introduction of the specific width 𝐵 . 

With the UD tape facesheet thickness 𝑡 , the core thickness h, the width W, and the moduli of 
elasticity for the core 𝐸 ,  and the facesheet 𝐸 , the combined flexural rigidity of the 3-layer model 
𝐸𝐼  is given as:  

𝐸𝐼 =  𝐸 ,

𝑊ℎ³

12
+ 2𝐸

𝑊 ∙ 𝑡 ³

12
+

ℎ

2
+

𝑡

2
𝑊𝑡 . (47) 

 

In order to calculate the core modulus 𝐸 ,  according to Equation 29, the density reduction ∆𝜌 of the 
foam core must be determined. Therefore, the in-situ sandwich specimens were weighed on a 
precision laboratory scale after their manufacture. The mass difference ∆𝑚 of the in-situ sandwich 
specimens with foam core 𝑚  to the sandwich structure with solid core 𝑚  yields the 
density reduction of the foam core of the 3-layer model with its foam core volume 𝑉 ,  as: 

∆𝜌 =
∆𝑚

𝑉 ,
, (48) 

with 

∆𝑚 = 𝑚 − 𝑚  (49) 
and 

𝑉 , = 𝑊𝐿ℎ. (50) 
 

Combining Equation 29 with Equation 48 leads to the Young’s modulus of the foam core 𝐸 ,  as 

𝐸 , = 𝐸 1 −
∆𝑚

𝑉 ,
. (51) 

 

The 5-layer model takes into account the formation of a thin solid skin on the integral foam core 
surface. The core hereby is divided into a homogenised foam middle layer and a homogenised core-
skin layer. With the modulus of elasticity of the foam core 𝐸 , , the solid core-skins 𝐸  and the 
facesheets 𝐸  as well as the thickness of the foamed core ℎ∗, the thickness of the solid core-skin 𝑡  
and the facesheet thickness 𝑡 , the total flexural rigidity of the 5 layer model 𝐸𝐼  yields 

𝐸𝐼 = 𝐸 ,

𝑊ℎ∗

12
+ 2𝐸

𝑊𝑡

12
+

ℎ∗

2
+

𝑡

2
𝑊𝑡 + 2𝐸

𝑊𝑡

12
+

ℎ∗

2
+ 𝑡 +

𝑡

2
𝑊𝑡 . (52) 

 

In contrast to the 3-layer model, the 5-layer model includes the solid skins in the structural 
characterisation, hence the density reduction of the foamed core ∆𝜌  is increased due to the 
reduced foam core volume 𝑉 , . The thickness 𝑡  of the solid core-skin is determined by experimental 
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measurement according to the procedure in chapter 5. This leads to the modulus of the foamed core 
as  

𝐸 , = 𝐸 (1 − ∆𝜌 ) , (53) 
with 

∆𝜌 =
∆𝑚

𝑉 ,
, (54) 

and 

𝑉 , = 𝑊𝐿(ℎ − 2𝑡 ). (55) 
 

The exponent 𝑛 in Equations 51 and 53 is an empirical value and hence needs to be adapted to the 
experimentally determined properties. High agreement with experimental results are achieved with 
𝑛-values in the range 1 < 𝑛 < 2 which will thus be used for the calculation [112, 191, 197]. The 
correlation of the 3- and 5-layer model prediction with experimental results allows for the 
determination of the optimal 𝑛-value for the calculation of the resulting flexural rigidity of in-situ 
CFRTP sandwich structures depending on the respective layer model.  

 

7.2.1. Design of Experiments 
In order to evaluate the influence of the exponent 𝑛 on the accuracy of the model predictions 
regarding resulting flexural rigidity of CFRTP sandwich structures with different material and process 
parameters and thus foam morphologies, experimentally determined flexural rigidity values of 
chapter 6 were used as reference. The material and process parameter variation considered in this 
study is depicted in Table 17.  

Table 17: Overview of the process and material parameter variation. 

 Value 1 Value 2 Value 3 Dimension 
Melt Temperature 250 270 295  °C 
Mould Temperature 55 - -  °C 
Core Material PP-H PP-T20 - - 
Blowing Agent CBA - - - 
Layer-Model 3-layer 5-layer - - 
Exponent n 1 1.5 2 - 

 

7.2.2. Results 
The difference of flexural rigidity as predicted by the 3- and 5-layer model 𝐸𝐼  with respect to the 
experimentally assessed flexural rigidity 𝐸𝐼  indictaes the relative model deviation ∆𝐸𝐼 via 

∆𝐸𝐼 =  
𝐸𝐼 − 𝐸𝐼

𝐸𝐼
∙ 100. (56) 

 

The results are depicted in Figure 100. The prediction of a foam core sandwich processed at melt 
temperatures of Tm = 250 °C and Tm = 270 °C yields a difference of flexural rigidity of less than 6.5 % 
to experimental results for both PP-H and PP-T20 based in-situ sandwich structures, depending on 
the n-exponent. While specimens with PP-H foam core yield a high agreement of prediction and 
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experiment especially using 𝑛 ≥ 1.5 with a minor overestimation, in-situ CFRT sandwich specimens 
with PP-T20 based foam core show the highest agreement of prediction and experimental values for 
𝑛 ≤ 1.5. 

 

Figure 100: Comparison of the model-based prediction of the flexural rigidity of in-situ CFRTP sandwich structures 
manufactured using CBA with experimentally assessed values: 3-layer model. 

 

At Tm = 295 °C, the accuracy of the 3-layer model deteriorates. The flexural rigidity of sandwich 
structures with PP-H foam core at Tm = 295 °C is predicted to be lower than actually determined in 
the 4PB experiment. Contrary, in-situ sandwich specimens with PP-T20 foam core are assumed to 
yield higher flexural rigidity values than measured at Tm = 295 °C.  

A similar increase of the model deviation for high melt temperatures can be observed using the 5-
layer flexural rigidity model, yet only for PP-T20 foam core in-situ sandwich structures. Contrary to 
the findings when using CBA, the best prediction accuracy is achieved with 𝑛 = 2. With decreasing 𝑛-
value the deviation bewteen prediction and experiment rises. However, the maximum difference 
between the results using 𝑛 = 1 and 𝑛 = 2 yields 4.3 % in case of PP-T at Tm = 295 °C. Overall, the 5-
layer model shows larger deviations from the experimentally determined flexural rigidity than the 3-
layer model, as it generally overestimates the resulting flexural properties. Deviations between 5 to 
10 % are usually observed for sandwich specimens with PP-H and PP-T20 core materials, which is still 
a satisfactory result. The deviation yields almost zero in case of sandwich specimens with PP-H foam 
cores, processed at melt temperatures of Tm = 295 °C.  

However, using PP-T20 as core material at equal processing temperature of Tm = 295 °C, the 
predicted flexural rigidity is about 20 % higher than measured. Considering the profile of the core-
skin thickness in Figure 100, it can be assumed that the high accuracy of flexural rigidity prediction 
for PP-H foam core sandwich structures of the 3-layer model at Tm = 250 °C and Tm = 270 °C 
compared to the 5-layer model results from the low core-skin thickness. The lower the core-skin 
thickness, the more the foam morphology resembles a homogenous foam without solid core-skins, 
which is assumed in the 3-layer model. The skin thickness of PP-H foam core sandwich specimens is 
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growing with rising melt temperature, consequently resulting in an underestimation of the flexural 
rigidity at Tm = 295 °C using the 3-layer model. The 5-layer model by contrast almost exactly matches 
the experiments as it includes the core-skin thickness into the flexural rigidity calculation, see 
Equation 52. The reflection of the core-skin thickness in the calculation however, leads to an 
overestimation of flexural rigidity of PP-H specimens at Tm = 250 °C and Tm = 270 °C.  

 

Figure 101: Comparison of model-based prediction of the flexural rigidity of in-situ CFRTP sandwich structures 
manufactured using CBA with experimentally assessed values: 5-layer model. 

 

Similar results can be found with PP-T, but here the skin thickness decreases with increasing melt 
temperature. Despite the relatively high core-skin thickness of PP-T20 foam core sandwich 
specimens at Tm = 250 °C and Tm = 270 °C, the 3-layer model predicts the resulting flexural stiffness 
better than the 5-layer model, which overestimates the skin's influence on flexural rigidity. As the 
thickness of the core-skin decreases with rising PP-T20 melt temperature, the 3-layer model should 
characterise the flexural stiffness progressively well. However, at Tm = 295 °C the 3-layer model 
overestimates the flexural stiffness, although a decrease in skin thickness would have eventually 
approximated a homogenous foam morphology which is represented in the 3-layer model.  

It is assumed that the experimentally measured values of the flexural rigidity of in-situ CFRTP 
sandwich specimens with PP-T20 foam cores at high melt temperature, see Figure 85, are causative. 
There, the flexural rigidity decreases significantly compared to lower melt temperatures, both 
models thus overestimate the flexural rigidity. This experimentally determined significant drop of 
flexural stiffness at PP-T20 and Tm = 295 °C is assumed to at least partially result from the foam 
morphology. In Figure 90 (right) μCT images of the specimen’s foam morphology is presented. The in-
situ sandwich structure based on CBA with PP-T20 foam core shows a relatively homogeneous cell 
size distribution over the test specimen thickness if melt temperatures of Tm = 250 °C and Tm = 270 °C 
are applied. At Tm = 295 °C however, larger agglomerated cells develop at the transition of the 
foamed core to the solid core-skin, leading to a strong local density gradient. According to Shutov 
[194], this can lead to lower resulting mechanical properties of integral foams which correlates with 
the findings of this chapter.  
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Consequently, the 3-layer approach for the modelling of the flexural rigidity of in-situ sandwich 
structures is recommended, due to its prediction accuracy and simultaneous simplicity of application. 
The effect of the type of core-model on the resulting flexural rigidity of the in-situ sandwich structure 
however is likely to fade if the facesheet thickness increases. So far, the use of relatively thin 
facesheets was considered in this work and accordingly the flexural rigidity model. Nevertheless, 
other sandwich variants with higher relative facesheet thickness of course can be used. The 
contribution of the core to the total flexural rigidity of the in-situ sandwich structure depending on 
the relative facesheet thickness and the core material, see Figure 102, needs to be discussed. 
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Parameters Value 1 Value 2 Value 3 Value 4 Value 5 Value 6 Dimension 

Core Material PP-H PP-T20 - - - - - 
Blowing Agent CBA - - - - - - 
Facesheet Thickness h 0.33 0.66 0.99 1.32 1.65 1.98 mm 
Total Thickness H 10 - - - - - mm 
Rel. Core Thickness h/H  93.4 86.8 80.2 73.6 67 60.4 % 

  

Figure 102: Design of experiment: variation of relative core thickness and core material 

 

According to Figure 102, in-situ sandwich structures with fixed total thickness of 10 mm and varying 
thickness of UD tape facesheets are considered. In order to evaluate the effect of the flexural rigidity 
of the core in the total flexural rigidity of the in-situ sandwich structure with varying facesheet 
thickness, the ratio of both values is analysed. In Figure 103, it is presented in relationship of the 
relative core thickness ℎ/𝐻.  

            

Figure 103: Relative flexural rigidity of the foam core EI(core) to the total flexural rigidity of the in-situ sandwich 
EI(sandwich) in relationship with the relative core thickness h/H: an increasing facesheet thickness leads to a decrease of 
flexural rigidity contribution of the foam core using PP-H (left) and PP-T20 (right).  
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The comparison of Figure 103 left and right shows that the higher the Young’s modulus of the core, 
the higher the contribution to the total flexural rigidity of the in-situ sandwich, which is easily 
comprehensive. The higher modulus of PP-T20 results in a higher relative flexural rigidity compared 
to PP-H, leading to 20 % compared to 15.1 %, both with n = 1.5.  

Furthermore, it becomes evident, that the proper n-value for the prediction of flexural rigidity of the 
in-situ sandwich structures is of decreasing importance with growing facesheet thickness, as the 
latter becomes the dominant component regarding the flexural stiffness of the whole sandwich 
structure. This also leads to the reduction of relative difference of flexural rigidity of the core using 
different n-values. Nevertheless, especially when using thin facesheets the selection of a suitable n-
value and the contribution of the core to the total flexural rigidity must not be disregarded. 

 

7.3. Discussion 
A methodology for the prediction of interfacial bonding as well as flexural rigidity of in-situ CFRTP 
sandwich structures was presented. The model for the predictive characterisation of the interfacial 
bonding of UD tape facesheets and integral foam cores during the in-situ manufacture of CFRTP 
sandwich structures was developed based on a combined non-isothermal healing model by Bastien 
and Gillespie [146] and an interface temperature simulation based on Autodesk Moldflow Insight 
2019. The simulation predicts the interface temperature development between UD tape facesheet 
and integral foam polymer core during the in-situ process. The simulation was validated based on 
experimental data by Trippel [132] showing very little deviation which is crucial considering the low 
reptation times of the UD tape polymer matrix.  

The simulated interface temperature profile between UD tape facesheets and integral polymeric 
foam was used as input data for the non-isothermal healing model, thus enabling the prediction of 
the development of interfacial fracture toughness during the in-situ miniature of CFRTP sandwich 
structures. The interface temperature simulation showed that due to the high cooling rates, the 
major contribution to the development of interfacial bonding takes place within the first second, at 
which the hot polymer melt and the facesheet have their initial contact and the highest 
temperatures. At Tm = 250 °C and Tw = 55 °C the peak interface temperature does not reach the melt 
temperature of the facesheet polymer matrix, thus the degree of healing only yields Dh = 0.24. An 
increase of melt temperature to Tm = 270 °C and the accompanied increase of interface temperature 
leads to a full healing of the core-facesheet interface within only 0.6 s whereas a further rise of melt 
and interface temperature reduces the time to reach full healing to 0.36 s. Thus, according to the 
model and due to the high cooling rate during the in-situ process, it is essential to exceed the melting 
temperature of the facesheet polymer matrix, if sufficient healing shall be achieved. In case of the UD 
tapes used in this study, the time span at which the melting temperature needs to be exceeded only 
amounts to less than a second, considering the low reptation times, see Figure 93.  

The model was subsequently used to quantitatively predict the interfacial fracture toughness of in-
situ CFRTP sandwich structures. Therefore, reference 𝐺  values were determined based on CFRTP 
sandwich structures manufactured with the skin-core consolidation method based on a compression 
moulding process. The predicted degree of healing and the resulting predicted interfacial fracture 
toughness was compared to the experimental results.  
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The degree of healing qualitatively correlates well with the experimental 𝐺  values, despite an 
underestimation of bonding at Tm = 250 °C. The quantitative prediction based on the reference 𝐺  
values accordingly leads to an underestimation at Tm = 250 °C. The significantly lower predicted 
values of 𝐺  at Tm = 250 °C are attributed to minor undervaluation of the interface temperature 
simulation. The large difference of prediction and experiment results from the interface 
temperature, which is near the melting temperature of the facesheet. Due to the rapid change of 
reptation times of the PP matrix of several orders of magnitude just below the melting temperature, 
a minor underestimation of the interface temperature leads to a major underestimation of the 
corresponding reptation time. This results in the calculation of a distinctly lower degree of interfacial 
healing and hence interfacial fracture toughness. 

Consequently, if the interface temperature simulation predicts peak values near the melting 
temperature of the CFRTP matrix polymer, it must be considered that the interfacial bonding 
prediction can be subject to large deviations from the actual experimental values due to possible 
simulation inaccuracies of a few degrees Celsius. Furthermore, if the simulation is used for the pre-
design of an in-situ CFRTP sandwich component and the simulated interfacial temperature is near the 
melting temperature, it is recommended to adapt the process parameters and possibly the mould 
design as well in order to enable temperatures at the entire facesheet-core interface sufficiently 
above the melting temperature of the facesheet.  

The quantitative model overestimation of interfacial fracture toughness at intermediate to high melt 
temperatures is attributed to the reference 𝐺  values and the respective process used for the 
manufacture of the reference specimens. The complete melting of UD tape facesheets as well as the 
core during the compression moulding skin-core consolidation of sandwich structures is presumed to 
lead to an increased intimate contact development. In combination with much higher interface 
temperatures of 217 °C and process times of one order of magnitude higher than for the in-situ 
manufacture of CFRTP sandwich specimens, this results in improved bonding according to Equation 
22. In accordance with the results of chapter 5, the in-situ process based on low-pressure foam 
injection moulding does not yield complete intimate contact. The short process time accompanied by 
low cavity pressures is assumed insufficient to completely flatten the asperities of the UD tape 
facesheets and to create full intimate contact despite the findings and assumptions of other authors 
[14, 159, 163]. It is hence inferred. that although full healing is achieved, the imperfect intimate 
contact thus leads to a reduced interfacial bonding, which is compliant with Plummer et al. [139] and 
Shi et al. [300]. The use of the healing model to predict the bonding behaviour hence leads to 
deviations of the experimental results, as the intimate contact development is not considered in the 
model.  

Combined fusion bonding models taking into account the intimate contact development are assumed 
to better correlate with the interfacial bonding results using the low-pressure foam injection 
moulding variant [143, 167]. However, these combined bonding models additionally require the 
pressure profile during manufacture. Hence, a simulation-based methodology for the predictive 
characterisation of the degree of bonding would require a validated cavity pressure simulation. An 
alternative promising approach would be the use of the high-pressure foam injection moulding 
variant in order to result in higher pressures during the in-situ manufacture of CFRTP sandwich 
structures. In this case, the assumption of the immediate intimate contact during the in-situ 
manufacture is more accurate. This is inferred to lead to an alignment of the interfacial fracture 
toughness prediction of the present healing model and a combined bonding model, yet with clear 
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advantages of the present model as an integrated and validated cavity pressure simulation can be 
spared which would be necessary for a combined bonding simulation. 

In order to predict the flexural rigidity of in-situ CFRTP sandwich structures, different models were 
compared to experimental data of four-point bending test results. The models consider the integral 
foam core to be either fully homogenous without solid core-skin (3-layer model) or to consist of a 
homogenous foamed core with solid core-skins (5-layer model). The homogenised foamed core in 
both cases was modeled based on Equation 29 taking into account the void fraction and varying the 
exponent n in order to adapt to the experimental results. The 5-layer model additionally required the 
core-skin thickness to be assessed prior to the calculation of the flexural rigidity.  

Results showed that the 3-layer model with an n-value of 𝑛 = 1.5 yields highest correlations with 
experimental 4PB data. At the highest melt temperature however, the model accuracy deteriorates, 
especially with PP-T20 as core material. The 5-layer model yields best results with 𝑛 = 2. Its accuracy 
increases with growing core-skin thickness using PP-H, however it yields high overestimations of the 
flexural rigidity at high melt temperatures for PP-T20 based foam core sandwich specimens similar as 
the 3-layer model. It is assumed that this is due to the distinct decrease of absolute flexural rigidity 
which is attributed to the high local density gradient at the transition of foam core to solid skins 
which according to Shutov [194] leads to reduced mechanical properties. Consequently, the 3-layer 
model with 𝑛 = 1.5 is strongly recommended for modelling the flexural behaviour of in-situ CFRTP 
sandwich structures.  

The flexural rigidity of sandwich structures is often dominated by the facesheets, hence simplified 
calculations neglect the contribution of the core to the total flexural rigidity of the sandwich [37]. In 
case of the in-situ sandwich process studied in this work, the use of very thin facesheets is generally 
envisaged and evaluated until now. However, the use of different layups and facesheet thicknesses 
may be necessary due to imposed mechanical requirements. Hence, effect of the flexural rigidity of 
the core on the total flexural rigidity of in-situ sandwich structures with varying facesheet thickness 
was evaluated.  

Results show, that in a sandwich structure of 10 mm total thickness and a facesheet thickness of 
0.33 mm the integral foam core based on PP-H exhibits a flexural rigidity of 17.7 to 12.8 % of the 
total flexural rigidity of the in-situ sandwich, depending on the n-value. Sandwich cores based on  
PP-T20 yield higher values between 23.3 and 17.12 %, resulting from the higher elastic moduli 
compared to PP-H. This significant fraction however rapidly drops to 5 %, if the facesheet thickness 
increases to 0.99 mm. Hence, if very thin facesheets are used in an in-situ sandwich structure, the 
contribution of the integral foam core to the total flexural rigidity cannot be ignored in the 
calculations. This demonstrates the necessity of the developed models in this work. 
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8. Pre-Design of In-Situ CFRTP Sandwich Structures in Engineering 
Practice 

The last chapter of this work shall demonstrate the applicability of the developed models of  
chapter 7 on the pre-design of a new in-situ CFRTP sandwich component, see Figure 104. For this 
purpose, the pre-design is exemplarily conducted aiming at the substitution of a simplified reference 
component.  

 

Figure 104: Systematic approach of this work: chapter 8 makes use of the developed models in chapter 7 and shall 
demonstrate their contribution to the pre-design of new in-situ CFTP sandwich components. 

 

The procedure of the pre-design is schematically depicted in Figure 105. It consists of four steps: 

1. Definition of requirements 
2. Collecting input data 
3. Optimisation of lightweight design  
4. Ensuring interfacial bonding 

At first, requirements must be defined that serve as constraints for the lightweight design 
optimisation of in-situ structures. These requirements not only include mechanical and geometrical 
but also cost-related targets that need to be met by the new component.  
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After the definition of requirements, input data is needed for the assessment of the flexural rigidity 
and of the interfacial bonding respectively in the last step of the procedure. The input data includes 
specific properties of the materials e.g. moduli and the reptation time. Using the input data, an 
optimisation of the in-situ component is conducted based on the variation of materials and sandwich 
construction. As a result, optimum in-situ sandwich structures can be determined with respect to the 
defined requirements and optimisation targets.  

The last step of the pre-design procedure sets its focus on the interfacial bonding between CFRTP 
facesheet and injected foam core of in-situ CFRTP sandwich structures. For the manufacture of the 
latter, suitable process parameters leading to proper bonding between facesheet and core shall be 
determined using the interfacial bonding model. Therefore, the latter is fed with material and 
structural properties of the in-situ sandwich, which resulted from the lightweight design 
optimisation. If the predicted degree of healing deceeds a predefined lower limit, the process 
parameters are varied until the interfacial bonding of CFRTP facesheet and injected foam core can be 
ensured.  
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Figure 105: Schematic illustration of the predictive characterisation of in-situ CFRTP sandwich structures: the approach 
includes a flexural and an interfacial bonding model: application at the pre-design of an in-situ CFRTP sandwich component.  

 

In the following, the targeted use of the developed models in engineering practice is demonstrated.  
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8.1. Definition of Requirements 
The first step of the pre-design procedure is the definition of specifications and requirements, see 
Figure 105. The requirements and boundary conditions for the optimisation of in-situ CFRTP 
sandwich structures are defined by the reference component. This reference component is a steel 
beam with a total thickness of 𝐻 = 4 mm, a total length of 𝐿 = 220 mm and a total width of 
𝑊 = 30 mm, see Figure 106.  
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Figure 106: Schematic illustration of the compared structure variants: a steel reference (a) shall be substituted using 
specifically optimised in-situ CFRTP sandwich structures (c) using the models developed in this work. In addition, aluminium 
is also evaluated (b). 

 

The requirements for the substitution variants are defined as follows: 

- Mechanical: 
o The flexural rigidity of the reference steel beam must be achieved 

- Geometrical: 
o The length and width equals the reference steel beam 
o The total thickness is limited between 5 < H < 10 mm 

Based on these requirements, the flexural rigidity model shall lead to the maximum cost-efficient 
lightweight design. That means that with a minimum of in-situ sandwich component weight and 
material cost, the targeted flexural rigidity shall be reached. In addition to the in-situ CFRTP 
sandwich, also an aluminium variant will be part of the study since this material is frequently used for 
automotive lightweight design components.  

 

8.2. Provision of Input Data 
The collection of input data is the second step of the procedure, see Figure 105. The flexural rigidity 
model for in-situ sandwich components requires mechanical specifications of the core and facesheet 
materials as well as information about the sandwich geometry. The latter is limited due to imposed 
geometrical requirements, hence the geometry denotes the boundary condition for the optimisation 
of lightweight design. 
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8.2.1. Geometric Properties 
The optimisation procedure results in the optimum combination of core thickness ℎ, facesheet 
thickness 𝑡  and total sandwich thickness 𝐻 for the given optimisation target and boundary 
condition. In this case, the target is an optimum weight specific flexural rigidity and in addition, an 
optimum cost-efficient lightweight design. The boundary condition of the optimisation is imposed by 
a limitation of the sandwich total thickness between 5 < 𝐻 < 10 mm. Within this constraint, the 
facesheet thickness as well as the core thickness are variable, see Figure 107. 
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Thickness max. 10  4.95 3.96 4.95 4.8 mm 

 
 

Figure 107: Schematical illustration of the DoE and sandwich variants with varying facesheet and total thickness (left). 
Overview of the material variants and optimisation limits (right). 

 

The minimum thickness of facesheets with UD layup results from the initial as-received thickness of 
the UD tapes. In addition to unidirectional facesheets, this optimisation also includes symmetrical 
cross-ply composite (CC) layups consisting of a stack of four UD layers as depicted in Figure 108.  
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Figure 108: Schematic illustration of a unidirectional layup (left) and a symmetrical cross composite layup (right) [8]. 

 

A symmetric layup is chosen since an asymmetric stacking sequence may lead to coupling effects 
which are generally to be avoided [8]. The CC layup accounts for the majority of applications that 
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require more than one fibre orientation due to operating loads that lead to a heterogeneous  
stress field.  

The minimum thickness of CC layups equates to four times the initial tape thickness resulting from 
the layup, as it is predefined that always the same number of layers are oriented in 0° and 90° 
direction. Of course, other layups are possible, however these shall not be considered here for the 
sake of simplicity and the general demonstration of the pre-design procedure of in-situ sandwich 
components. The maximum facesheet thickness for both UD and CC layups results from the largest 
number of UD layers that can be stacked to the respective layup. The theoretical maximum facesheet 
thickness is only limited by the boundary condition regarding the total thickness of the sandwich 
structure, i.e. 𝐻 = 10 mm. The maximum facesheet thickness within a given sandwich thickness 
hereby approximates a pure composite laminate without foamed core, see the top row in  
Figure 107 (left).  

 

8.2.2. Material Properties 
In Table 18, the materials and their specifications are presented. The core material is a PP-H (Sabic® 
PP 576P), since this leads to highest weight specific flexural rigidity based on the experimental results 
of chapter 6. The resulting Young’s modulus of the core is calculated according to Equation 51 using 
an 𝑛-value of 𝑛 = 1.5. The sandwich structure was modelled using the 3-layer model, see Equation 
47, since this led to the highest prediction accuracy according to chapter 7.2.  

Table 18: Overview of material parameters of the UD tape sandwich facesheet and the polymer core (*data based on 
literature [8, 287, 301, 302], **data based on the expected commercial cost at large scale production). 

  Core Polymer CBA Facesheets Dimension 
Material Trade Name Sabic® PP 

576P 
Hydrocerol® 
ITP 822 

Celstran® CFR-TP 
PP GF60-13 

TAFNEX™ 
CF/PP  

- 

 Cost 1.44 13 8 20** €/kg  
 Density Solid 0.905 1 1.55 1.31 g/cm³ 
 Density Reduction 33 - - - % 
 Tensile Modulus 

Solid 
1850 - 25600 120000 N/mm² 

 Tensile Modulus 
Foam 

1258 - - - N/mm² 

       
Polymer Tensile Modulus Ex 1850 - 1600* 1600 N/mm² 
 Poisson Ratio νyx 0.4* - 0.4* 0.4 - 
       
Fibre Type - - GF CF - 
 Content - - 34 50 vol.-% 
 Structure - - UD UD - 
 Longitudinal Tensile 

Modulus Ef,II 
- - 73000* 240000 N/mm² 

 Transversal Tensile 
Modulus Ef;ꓕ 

- - 73000* 28000 N/mm² 

 Poisson’s Ratio νf,xy - - 0.23* 0.22 - 
 

In this study, it is assumed that the optimised in-situ sandwich is manufactured using the low-
pressure foam injection moulding variant using CBA. A density reduction of ∆ρ = 33 % is therefore 
assumed as this is the mean density reduction achieved in the experimental studies in this work using 
CBA and PP-H as core material, see Figure 90. The facesheet materials include a UD tape consisting of 
34 vol.-% glass fibre reinforced polypropylene (Celstran® CFR-TP PP GF60-13), compliant with the 
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material used in the previous chapters, and a 50 vol.-% carbon fibre reinforced polypropylene 
(TAFNEX™ CF/PP) which became available in the end of the present work. 

 

8.3. Lightweight Design Optimisation of in-Situ Sandwich Structures  
In the next step of the procedure, the material properties are applied at the optimisation of 
lightweight design of in-situ CFRTP sandwich structures, see Figure 105 using the flexural rigidity 
model developed in this work. The model with varying foam core properties based on Equation 47 is 
enhanced with varying facesheet materials, thicknesses and layups. This is achieved by the 
introduction of the Classical Laminate Theory (CLT) for the assessment of resulting facesheet moduli 
𝐸 ,  depending on the layup. Combining the CLT with the 3-layer model leads to the flexural rigidity 
assessment of in-situ CFRTP sandwich structures with varying facesheet layup as 

𝐸𝐼 =  𝐸 ,

𝑊ℎ³

12
+ 2𝐸 ,

𝑊 ∙ 𝑡 ³

12
+

ℎ

2
+

𝑡

2
𝑊𝑡 . (57) 

 

The tensile modulus of facesheets with unidirectional layup correspond to the tensile modulus of the 
respective UD tapes. In contrast, the elastic modulus of facesheets with CC layups 𝐸 ,  needs to be 
determined via the CLT using the facesheet material properties in Table 18. If the specific layers 
exhibit the same thickness 𝑡  and the same fibre volume fraction 𝜑, the elastic modulus in lateral x- 
and transversal y-direction as well as the Poisson’s ratios are equal [8], yielding 

𝐸 , = 𝐸 = 𝐸  (58) 
and 

𝜈 = 𝜈 . 
 

(59) 

The Poisson’s ratio 𝜈  can be calculated using the Poisson’s ratios of the reinforcing fibres 𝜈 ,  and 
of the polymer matrix 𝜈  [8] as 

𝜈 = 𝜑 𝜈 , + (1 − 𝜑 )𝜈 . (60) 
 

The elastic modulus 𝐸  can then be approximated with the elastic moduli of the UD tapes 𝐸  and 𝐸  
in 0° and 90° direction respectively as well as the total thickness of the specific UD tape layers 𝑡  and 
𝑡  and the total layup thickness 𝑡  [8, 303] via 

𝐸 ≅ 𝐸
𝑡

𝑡
+ 𝐸

𝑡

𝑡
 . (61) 

 

The modulus 𝐸  corresponds to the tensile modulus of the respective UD tape material and can be 
found in the material datasheets. According to Puck [304] the transverse tensile modulus 𝐸  of a 
layer with unidirectional fibre orientation can be calculated using a semi-empirical approach as 

 𝐸 = ∙
.

( ) .

ꓕ
∙

 . (62) 
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The tensile moduli of facesheets with different layups and materials for the present in-situ CFRTP 
sandwich optimisation are consequently assessed by Equation 61. The results are presented in Table 
19. In addition, the properties of the steel reference as well as those of aluminium are included.  

Table 19: Material parameters [305–308] (*data based on the expected commercial cost at large scale production). 

  Reference Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Dimension 
Metal Material Steel Aluminium  - - - - - 
 Tensile 

Modulus  
210000 73000 - - - - N/mm² 

Facesheet Material - - GF-PP   GF-PP  CF-PP  CF-PP  - 
 Layup - - CC UD CC UD - 
 Tensile 

Modulus Ex 
  14799 25600 62904 120000 N/mm² 

 Material 
Cost 

1.75 4 8 8 20* 20* €/kg 

 Density  7.85 2.7 1.55 1.55 1.31 1.31 g/cm³ 
 

The assessed tensile moduli of the respective facesheet material and layup variant are subsequently 
introduced in Equation 57. By doing so, the flexural rigidity of in-situ sandwich structures with 
varying facesheets and compositions can be determined. The results are discussed in the following. 

 

8.3.1. Optimisation Overview 
In Figure 109, the weight specific flexural rigidity of in-situ CFRTP sandwich structures with PP-H 
integral foam core and glass fibre reinforced polypropylene (GF-PP) facesheets is presented as 
flexural rigidity related to the calculated specimen density. The focus is set on the relationship 
between different facesheet layups, facesheet thicknesses as well as total specimen thicknesses on 
the flexural rigidity of the in-situ CFRTP sandwich structure. In Figure 109 (left) the sandwich 
specimens exhibit GF-PP facesheets with unidirectional layup (0)n whereas in Figure 109 (right) a 
symmetric cross composite layup (0/90)S,n is applied.  

       

Figure 109: Weight specific flexural rigidity of in-situ CFRTP sandwich structures dependent on CFRTP facesheet thickness 
and total sandwich thickness: unidirectional GF-PP facesheets (left), cross-ply composite GF-PP facesheets (right).  
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Both facesheets layup variants yield an increasing specific flexural rigidity with growing total 
thickness of the sandwich components, yet also depending on the facesheet thickness. Sandwich 
structures using a unidirectional layup reach the highest specific flexural rigidity with a total 
component thickness of H = 10 mm and a facesheet thickness between 2 < 𝑡  <3 mm, see Figure 109 
(left). The maximum is reached at 𝑡  = 2.31 mm which corresponds to seven UD tape layers. 
Similarly, in-situ sandwich structures with cross-ply composite layup facesheets reach their optimum 
at 𝐻 = 10 mm and 𝑡  = 2.64 mm, which is equivalent to eight layers.  

A comparison between sandwich specimens with facesheets based on a UD and CC layup clearly 
shows that the significantly higher tensile modulus of UD layups directly translates into the flexural 
rigidity of the structure. This emphasises that a stress-equivalent layup and fibre orientation of in-situ 
CFRTP sandwich structures always need to be considered in order to yield best mechanical results.  

If the material cost is included in the optimisation, different structure combinations yield optimum 
values, see Figure 110. In-situ sandwich components with UD facesheets reach their maximum with 
facesheet thicknesses of 𝑡  = 0.99 mm whereas sandwich structures with CC facesheet layup exhibit 
a peak at 𝑡  = 1.32 mm, see Figure 110. These facesheet thicknesses are lower compared to the 
results from the optimisation with pure focus on weight specific flexural rigidity in Figure 109. This is 
caused by the higher material cost of the facesheets compared to the core, which ultimately leads to 
optima using less CFRTP material, and hence thinner facesheets. In addition, the gradient around the 
peak values is relatively high compared to the results for pure lightweight design. Consequently, the 
choice of cost-efficient structural variants is smaller and deviations from the optimum combination 
of total and facesheet thickness rapidly lead to a decrease of cost-efficient lightweight design.  

                 

Figure 110: Cost and weight specific flexural rigidity of in-situ CFRTP sandwich structures dependent on CFRTP facesheet 
thickness and total sandwich thickness: unidirectional GF-PP facesheets (left), cross-ply composite GF-PP facesheets (right). 

 

In Figure 111, the results of the flexural rigidity assessment of in-situ sandwich structures with 
carbon fibre reinforced polypropylene (CF-PP) facesheets are depicted. If carbon fibre reinforced 
facesheets are used, in-situ sandwich structures yield significantly higher weight specific flexural 
rigidity values compared to those with glass fibre based facesheets.  
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Figure 111: Weight specific flexural rigidity of in-situ CFRTP sandwich structures dependent on CFRTP facesheet thickness 
and total sandwich thickness: unidirectional CF-PP facesheets (left), cross-ply composite CF-PP facesheets (right).  

 

This result can clearly be attributed to the combination of a distinctly higher elastic modulus and a 
lower density of the CF-PP tapes, see Table 19. Since the flexural rigidity depends linearly on the 
elastic modulus of the facesheet, see Equation 57, an enhancement of the latter almost equally 
enhances the flexural rigidity of the in-situ sandwich structure. Accordingly, the lower values found 
for in-situ sandwich structures with CF-PP based cross composite facesheets compared to those with 
unidirectional fibre orientation can be explained. The highest weight specific flexural rigidity is found 
using a facesheet thicknesses of 𝑡  = 2.64 mm in case of a UD layup and 𝑡  = 2.31 mm when cross 
composite layups are applied. 

Introducing the related material cost leads to a superior cost-efficient flexural rigidity of sandwich 
structures with CF-PP facesheets and UD layup compared to a CC layup. Moreover, compared to GF-
PP facesheets the results are evenly improved. With respect to the resulting facesheet thickness, 
similar qualitative results are found when compared to sandwich structures with glass fibre 
reinforced facesheets. The introduction of the respective material cost shifts the optimum values 
towards a smaller usage of facesheet material and hence thinner facesheets, see Figure 112.  

              

Figure 112: Cost and weight specific flexural rigidity of in-situ CFRTP sandwich structures dependent on CFRTP facesheet 
thickness and total sandwich thickness: unidirectional CF-PP facesheets (left), cross-ply composite CF-PP facesheets (right). 
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In contrast to the results in Figure 111, a facesheet thickness of 𝑡  = 0.75 mm leads to the best cost-
related results in case of a UD layup and 𝑡  = 1.2 mm if the sandwich structure facesheet exhibits a 
cross composite layup.  

Consequently, significant differences can be found depending on the optimisation target. If pure 
lightweight design is envisaged, different in-situ CFRTP sandwich structures will result as optimum as 
if the associated material cost is also considered. Furthermore, the comparison of results of sandwich 
structures with different facesheet materials demonstrates the potential of carbon fibre reinforced 
facesheets with respect to lightweight design and cost efficiency.  

 

8.3.2. Optimisation Results 
Based on the optimisation of in-situ CFRTP sandwich structures demonstrated in chapter 8.3.1, the 
optimum variants of in-situ CFRTP sandwich structures with glass and carbon fibre reinforced 
facesheets are determined that meet the required flexural rigidity of the reference steel beam 
according to chapter 8.1. The sandwich variants are compared with the reference steel sheet and the 
aluminium variant with respect to the component thickness, mass and cost as well as the resulting 
weight specific flexural rigidity, see Figure 113. The last two parameters hence reflect the cost 
efficiency as well as the lightweight design of the substitution variant. The results are normalised 
with respect to the referenced steel component.  

 

Figure 113: Comparison of the thickness, mass, component material cost and weight specific flexural rigidity of a reference 
steel sheet with substituting materials and structures: glass and carbon fibre reinforced in-situ CFRTP sandwich structures 
yield high weight specific flexural rigidity and simultaneously reduce the component cost.  

 

Aluminium as well as the in-situ CFRTP sandwich components require a higher component thickness 
in order to reach the targeted flexural rigidity of the steel sheet, hence compensating for their lower 
elastic moduli, see Table 19. However, the component mass can be drastically reduced. The 
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aluminium structure mass only amounts to 48.8 % of the steel reference. Compared to the latter, 
CFRTP sandwich structures even exhibit only 35.2 % of the reference mass in case of glass fibre 
reinforced facesheets with cross-ply composite layup (GF-CC) facesheets and 25.5 % if unidirectional 
glass fibre reinforced facesheets are used (GF-UD). Even higher mass reductions are achieved if 
carbon fibre reinforced facesheets are used, leading to a relative component mass of 18.3 % and 
17 % with cross-ply composite (CF-CC) and unidirectional facesheets (CF-UD), respectively.  

The decrease of component mass directly translates to the weight specific flexural rigidity, which is 
clearly superior compared to the reference steel structure as well as compared to aluminium. In-situ 
sandwich components with GF-PP facesheets yield 181.8 % and 280.7 % higher weight specific 
flexural rigidity values compared to the steel reference. In accordance with the drastic mass 
reduction of carbon fibre based in-situ sandwich structures, the latter yield the highest growth of 
weight specific flexural rigidity reaching 420.4 % and 482.9 % using a cross-ply composite and 
unidirectional layup, respectively.  

Hence, in-situ CFRTP sandwich structures show promising properties when it comes to lightweight 
design, especially using carbon fibre based facesheets. Yet, the use of carbon fibre reinforced plastic 
materials in cost-sensitive applications such as mass volume markets is often hindered by their 
material cost. The material cost per component however, based on the data in Table 19, is also 
reduced compared to the steel beam. The component cost reductions of in-situ CFRTP sandwich 
structures amount to 17.9 % and 64.73 % in case of GF-PP facesheets and 31.8 % to 73.76 % with CF-
PP facesheets, despite the distinctly higher material cost of CF-PP UD tapes. The reason for the 
component cost reduction of in-situ sandwich structures is the efficient application of CFRTP material 
according to the bending induced stress field. Because of this economic application of CFRTP 
material, glass and carbon fibre reinforced facesheets can be applied in sandwich structures yielding 
very high weight specific flexural properties and cost efficiency simultaneously. The theoretically 
assessed values of in-situ CFRTP sandwich structures with CF-PP facesheets in Figure 113 however 
require experimental validation. Preliminary manufacturability tests yet confirmed that the 
manufacture of in-situ sandwich structures with carbon fibre reinforced UD tape facesheets is 
feasible using similar processing parameters as with facesheets based on glass fibres.  

 

8.4. Interfacial Bonding Model 
The fourth and last step in the pre-design phase is the interfacial bonding evaluation, based on the 
sandwich composition resulting from the flexural model, see Figure 105. 

For this purpose, the degree of healing is predicted in accordance with the procedure in chapter 7.1. 
Since in this work the interfacial bonding model was validated with experimental values of glass fibre 
reinforced polypropylene facesheets, the transfer of these results to carbon fibre based facesheets is 
questionable. For this reason, the interfacial bonding model is only applied to the optimum in-situ 
CFRTP sandwich variant with GF-PP facesheets, which is the combination of unidirectional PP-GF60 
facesheet layup with a thickness of 𝑡  = 0.99 mm and a total sandwich thickness of 𝐻 = 10 mm, see 
Figure 113. 

The results from chapter 7.1 are applied in this procedure, hence proper interfacial bonding is 
achieved if the degree of healing is sufficiently above 𝐷  = 1. In this work, a margin of safety is 
introduced, hence a value of 𝐷  = 1.5 must be exceeded in order to ensure sufficient bonding. If this 



Chapter 8. Pre-Design of In-Situ CFRTP Sandwich Structures in Engineering Practice 

137 
 

is achieved, the respective process parameter combination can be accepted and used for the 
manufacture of in-situ CFRTP sandwich specimens. If the required degree of healing is not achieved, 
an iterative loop starts with an adjustment of process parameters, which then serve as new input for 
the interfacial bonding model, see Figure 105. 

In Figure 114, the results of different process parameters and respective degree of healing are 
presented. According to the interfacial bonding model, the in-situ sandwich variant with 
𝑡  = 0.99 mm and 𝐻 = 10 mm yields sufficient interfacial bonding if a melt temperature of 𝑇  = 270°C 
and a minimum mould temperature of 𝑇  = 55°C is applied. Below this process temperature 
combination interfacial bonding cannot be ensured according to the defined minimum required 
degree of healing, indicated by the dotted line in Figure 114. Above this process temperature 
combination, the degree of healing distinctly surpasses the degree of healing including safety margin 
of 𝐷  = 1.5. Hence, these process parameters can be safely applied for the manufacture of the 
optimised in-situ CFRTP sandwich component with proper interfacial bonding between facesheet and 
core. 
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Figure 114: Results of the interfacial bonding model applied for the evaluation of suitable process parameters for the in-situ 
sandwich variant, which was found most promising based on the previous flexural rigidity assessment. Process temperature 
combinations below the dotted line lead to insufficient bonding (left). In this evaluation the resulting degree of healing 
(right) is not limited to 𝐷  = 1 since it needs to exceed the defined margin of safety of 1.5. Consequently, the resulting 
degree of healing to safely ensure sufficient interfacial bonding is 𝐷  = 1.5. 

 

In order to further optimise the in-situ sandwich manufacture in practice, an experimental study can 
use the recommended process temperatures as starting point. The process optimisation could focus 
on a reduction of cycle time by a reduction of the process temperature combination until a 
combination is reached that provides both low cycle times and a sufficient interfacial bonding. If the 
foaming behaviour and hence the density reduction however is also significantly affected by a 
process temperature change, which is the case if PBA and PP-T20 are combined, this must be 
considered. 
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8.5. Discussion 
In this chapter, the applicability of the developed models in engineering practice was demonstrated 
at the substitution of a reference steel beam with in-situ CFRTP sandwich structures. Therefore, in a 
first step an optimisation procedure of the weight specific flexural rigidity as well as the cost-efficient 
lightweight design of in-situ CFRTP sandwich structures was presented, considering different CFRTP 
facesheet materials and layups as well as sandwich geometries. The optimisation procedure is based 
on the flexural rigidity model developed in this work and includes glass as well as carbon fibre 
reinforced polypropylene tapes as facesheet material and PP-H as core material, as the latter yields 
the highest lightweight design effects according to chapter 6. In the optimisation, the facesheet 
thickness and layup as well as the total sandwich thickness were subject to variation.  

The results show that the optimisation of in-situ CFRTP sandwich structures yields different material-
dependent optima regarding pure lightweight design and cost related lightweight design. Attributing 
to the higher material cost of CFRTP facesheets compared to the core material, an optimisation 
targeting cost-efficient lightweight design generally leads to thinner facesheets and hence slightly 
reduced mechanical properties compared to a pure focus on lightweight design. This is found for UD 
as well as cross composite facesheet layups, yet with different optima due to the respective tensile 
moduli. Also, the number of variants leading to high cost efficiency of in-situ CFRTP sandwich 
structures is distinctly smaller compared to a pure focus on lightweight design. Small changes of the 
sandwich composition hence result in significantly decreased cost efficiency and accordingly in 
increased component cost. 

In the next step, a pre-design of an in-situ CFRTP sandwich component as substitution of a reference 
beam was carried out. The substitution variants were required to meet the flexural rigidity of the 
reference component. This should be achieved by different material and structural variants including 
an automotive grade aluminium alloy as well as in-situ CFRTP sandwich structures with glass as well 
as carbon fibre reinforced facesheets with unidirectional and cross composite layup respectively.  

All substitute structures result in an increased thickness attributing to their lower elastic moduli 
compared to steel. While the thickness of the aluminium component leads to an increase of 42 % 
compared to the steel reference, glass and carbon fibre in-situ sandwich structures yield 150 % and 
100 % respectively. However, the component mass can be drastically decreased using in-situ CFRTP 
sandwich structures by up to 74.5 % in case of glass fibre reinforced facesheets and up to 83 % when 
carbon fibre based facesheets are used. This leads to an equally drastic increase of weight specific 
flexural rigidity by 280.7 % and 482.9 % respectively, which clearly highlights the lightweight design 
potential of the in-situ process with optimised structure and material composition. Finally, the 
component material cost can also be reduced compared to the steel reference and to the aluminium 
variant, despite the relatively high cost of the CFRTP facesheet material. This result is attributed to 
the stress equivalent sandwich construction, which requires only a small amount of the costly CFRTP 
material in the in-situ sandwich component for the achievement of high flexural rigidities.  

Consequently, it can be concluded that the developed models can be applied target-oriented at the 
pre-design of new in-situ sandwich components. While the flexural rigidity model allows for specific 
optimisations of in-situ components e.g. the cost efficiency of lightweight design, the subsequent 
interfacial bonding model enables to predict suitable process parameters for the manufacture of in-
situ sandwich components with proper interfacial bonding. Furthermore it was demonstrate that if 



Chapter 8. Pre-Design of In-Situ CFRTP Sandwich Structures in Engineering Practice 

139 
 

the in-situ process can be controlled using the presented models, it enables the manufacture of cost-
efficient lightweight design components suitable for high-volume applications. 
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9. Summary and Outlook 
 

9.1. Summary 
The general objective of the present work was to contribute establishing the in-situ CFRTP sandwich 
process as manufacturing technique for lightweight design components in high volume applications. 
This should be achieved by the accomplishment of three objectives. First, the critical aspect of 
interfacial bonding between CFRTP facesheets and the foam injection moulded core during the 
manufacture of in-situ sandwich structures and the underlying mechanisms needed to be 
determined. Second, the lightweight design of components based on the in-situ process required 
evaluation by correlating the weight specific flexural rigidity of in-situ sandwich specimens with 
material and process parameters. At last, based on the accomplishment of the previous objectives, a 
methodology for the prediction of interfacial bonding between UD tape facesheets and the foam 
injection moulded core as well as of the resulting flexural rigidity should be developed, facilitating 
the pre-design of new in-situ CFRTP sandwich components. 

In order to evaluate the mechanisms behind the interfacial bonding development between UD tape 
facesheets and the injection moulded foam core during the manufacture of in-situ CFRTP sandwich 
specimens, an experimental campaign was conducted. In-situ sandwich specimens were 
manufactured using unidirectional 60 wt.-% glass fibre reinforced polypropylene tapes (UD tapes) as 
facesheet and a polypropylene homopolymer (PP-H) as core material. The experimental campaign 
comprised both compact and foamed sandwich cores to allow for an evaluation of the effect of the 
foaming process on the development of interfacial bonding. For the valid quantification of interfacial 
bonding, test methods needed to be established and systematically evaluated. Based on VDI 2225, 
the notched lap shear test was selected for the evaluation of interfacial strength and in addition the 
roller peel test for the assessment of interfacial fracture toughness. In order to determine the 
mechanisms governing the bonding between core and facesheet during the in-situ CFRTP sandwich 
process, the experimental bonding results were correlated with the applied process and material 
parameters. The relationship between the process- as well as material-induced interphase 
morphology and the interfacial bonding was assessed via SEM and PLM of the fracture surface and 
specimen cross section, respectively.  

It was found that the selected interfacial test methods yield similar qualitative results, suggesting 
their valid application at the determination of interfacial bonding between CFRTP facesheets and 
core. Furthermore, it was ascertained that maximum bonding is already achieved at interface 
temperatures of up to 40 °C below the melting temperature 𝑇  of the facesheet polymer matrix. 
In contrast, if UD tape facesheets with increased degree of crystallinity are used, the resulting 
interface temperatures need to reach 𝑇  of the polymer matrix in order to achieve equally high 
bonding as sandwich specimens with standard UD tape facesheets. This is attributed to the reduced 
chain mobility below 𝑇  of the high crystalline facesheet matrix compared to standard UD tapes 
with lower degree of crystallinity. 

Furthermore, by doubling the facesheets thickness, higher interfacial bonding is achieved despite 
equally high peak interface temperatures. A thermal barrier effect of the interface towards the 
cooled mould is assumed to lead to a longer time span at which the interface exhibits elevated 
interface temperatures hence improving the bonding development. This effect also facilitates the 
development of interfacial bonding of sandwich specimens with high crystalline UD tape facesheets.  
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While these results were assessed based on the manufacture of in-situ sandwich specimens with 
compact core, the effect of the application of the low-pressure foam injection moulding (LP-FIM) 
variant on interfacial bonding was evaluated. It was found that the interfacial bonding development 
between foamed and compact cores and UD tape facesheets shows qualitatively the same 
dependency of the applied process temperatures. Sandwich specimens with foamed core however 
yield significantly lower absolute values than with compact core although the peak interface 
temperature during manufacture is approximately 30°C higher. It is assumed that the lower 
interfacial bonding is a result of an insufficient intimate contact due to lower cavity pressures. Hence, 
the incomplete intimate contact during the in-situ process using the LP-FIM technique leads to a 
reduced interfacial bonding despite full healing.  

Consequently, it is concluded that the dominant material parameter in interfacial bonding 
development during the manufacture of in-situ sandwich structures is the degree of crystallinity of 
the polymer matrix of the UD tape facesheet. Furthermore, the interface temperature and the 
effective cavity pressure during the injection and foaming of the core are the most important process 
parameters to enable high interfacial bonding.  

As second objective of this work, the lightweight design potential of in-situ CFRTP sandwich 
structures was evaluated. Therefore, the effect of chemical and physical blowing agents as well as 
PP-H and PP-T20 as core materials on the foam morphology and the resulting weight specific flexural 
rigidity was assessed. It was found, that the flexural rigidity correlates with the core-skin thickness, 
which was assessed via macroscopic foam morphology analysis based on longitudinal specimen cross 
sections. Furthermore, distinct differences between the effects of the blowing agents are observed. 
The flexural rigidity of in-situ CFRTP sandwich specimens manufactured using CBA is significantly less 
sensitive to temperature and material variations compared to PBA. However, higher density 
reductions are achieved using the latter. Accordingly, PBA-based in-situ CFRTP sandwich specimens 
with PP-H as core material yield the highest weight specific flexural rigidity and lightweight design 
effect of the experimental campaign and clearly demonstrate the lightweight design potential of this 
material and process combination.  

As third and last objective of this work, a methodology for the predictive characterisation of in-situ 
CFRTP sandwich specimens was taken into focus in order to facilitate their pre-design. For this 
purpose, a flexural rigidity as well as an interfacial bonding model were developed, evaluated and 
validated by correlation with experimental results.  

Two variants of the flexural rigidity model were developed based on different characterisation of the 
integral foam core according to its density reduction. A simplified 3-layer model assuming a 
homogenous foam core was compared to a 5-layer model attributing to the solid core-skin of integral 
foams. A comparison of model predictions and experimental results showed that the 3-layer model 
leads to higher conformities of the predicted flexural rigidity compared to the 5-layer model while 
avoiding the challenging assessment of the core-skin thickness for its calculation. The model further 
showed that with increasing thickness of the facesheets the latter become dominant with respect to 
the total flexural rigidity of in-situ sandwich specimens. However, it was demonstrated that the 
contribution of the core to the total flexural rigidity must not be neglected especially regarding 
sandwich components with thin CFRTP facesheets.  
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The developed novel interfacial bonding model completes the targeted methodology for the pre-
design of new in-situ components. It is based on the non-isothermal healing model of Bastien and 
Gillespie [146] which is combined with a preceded simulation of the interface temperature 
development between UD tape facesheets and injected polymer foam core during the process. It was 
found that the major contribution to interfacial healing is achieved just upon the initial contact of 
CFRTP facesheet and injected polymer core due to the low reptation times of polypropylene and the 
rapid cooling of the interface. The comparison of results of the interfacial bonding model and the 
experimentally assessed interfacial fracture toughness showed good correlation, yet indicating the 
necessity of precise interface temperature simulations. Since the reptation time changes rapidly near 
𝑇  of the facesheet, the predicted degree of healing may distinctly differ from the experimental 
results if the simulation is inaccurate by only a few degrees Celsius. In order to avoid this, the applied 
process temperatures should lead to interface temperatures sufficiently above 𝑇  of the CFRTP 
facesheet matrix in order to ensure proper bonding. 

The quantitative prediction of interfacial fracture toughness showed an overestimation at moderate 
and high process temperatures. The observed difference between the degree of healing and the 
experimentally assessed interfacial fracture toughness is attributed to the incomplete intimate 
contact development. As interfacial bonding is the result of both intimate contact as prerequisite and 
subsequent healing, bonding is reduced if one of these sub-processes is incomplete. The low cavity 
pressure resulting from the LP-FIM variant is assumed to yield insufficient intimate contact within the 
limited process time, reducing the resulting interfacial bonding. The presented model however is 
based on the degree of healing and does not include the intimate contact for the quantitative 
prediction of interfacial bonding. Models for the combined assessment of degree of healing and 
degree of intimate contact yielding a degree of bonding may enable better quantitative correlations 
when LP-FIM is used. However, they require a combined pressure and temperature simulation as 
input and are therefore significantly more complex than the presented model. If HP-FIM is applied, it 
is assumed that the presented interfacial bonding methodology leads to higher quantitative 
correlations with experimental results.  

A demonstration of applicability of the developed models in engineering practice completes the 
present work. A reference steel beam was exemplarily substituted by in-situ CFRTP sandwich 
structures providing the same flexural rigidity yet at lower component weight. After the definition of 
requirements and boundary conditions, necessary input data was collected including material and 
geometrical specifications. The applied core material was PP-H and a glass fibre as well as a carbon 
fibre reinforced polypropylene tape with unidirectional and cross-ply composite layup were used as 
facesheets.  

The optimisation of lightweight design with respect to the defined requirements was conducted by a 
variation of the in-situ sandwich structure as well as facesheet material and layup. The optimisation 
showed that in-situ sandwich structures with unidirectional as well as cross-ply layups yield the 
highest weight specific flexural rigidity with different facesheet thicknesses. If the material cost of 
core and facesheet was included, this led to sandwich structures with thinner facesheets attributing 
to their relatively high cost. The optimised in-situ sandwich variants were compared with the steel 
and an aluminium variant demonstrating the anticipated mass reduction and increase of weight 
specific flexural rigidity. Moreover, the component material cost was distinctly reduced compared to 
steel, using glass and carbon fibre reinforced UD tape facesheets. This was achieved by their low 
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density and high weight specific mechanical properties in combination with the stress equivalent and 
hence efficient application of CFRTP material in the sandwich component. 

After the optimisation of in-situ CFRTP sandwich specimens, the interfacial bonding model was used 
to find appropriate process parameters for their manufacture. Different combinations of melt and 
mould temperatures were found to ensure proper bonding between the facesheets and foamed core 
and were hence considered suitable for the manufacture of in-situ CFRTP sandwich components with 
optimised cost-efficient lightweight design.  

 

9.2. Outlook 
In follow up studies, the use of the high-pressure foam injection moulding variant should be 
evaluated with respect to the lightweight design and interfacial bonding of in-situ CFRTP sandwich 
specimens. Based on the results of this work this should lead to higher weight reductions and hence 
higher weight specific mechanical properties. Moreover, an increase of interfacial bonding is 
expected due to the higher cavity pressures. It is assumed that this would improve the conformity of 
the presented model for the prediction of interfacial bonding based on the degree of healing with 
experimental results. 

Furthermore, the application of the developed models at the substitution of a reference component 
demonstrated the high lightweight design potential especially of in-situ sandwich structures with 
carbon fibre reinforced facesheets. Hence, the use of the latter in applications with highest 
requirements regarding weight specific mechanical properties appears very promising and should be 
evaluated. In addition to the use of other facesheet materials, also the polymer may be altered 
attributing e.g. to higher requirements with respect to working temperatures or flammability.  

In this respect, the present work may serve as pattern for the evaluation and qualification of new 
processes and materials as well as pre-design methodologies for the in-situ CFRTP process.  
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Annex A 
 

Interface Temperature of In-Situ CFRTP Sandwich Moulding: Simulation 
and Experiment 
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Interface Temperature of In-Situ CFRTP Sandwich Moulding: Specimens 
with 1UD and 2UD Facesheets 
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Annex B 
 

DSC Measurements 
 

DSC of as-received UD Tape Celstran® CFR-TP PP GF60-13 

 

 

DSC of consolidated 2UD Tape Celstran® CFR-TP PP GF60-13 
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DSC of annealed 1UD-HC Tape Celstran® CFR-TP PP GF60-13 
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