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Abstract 

The European Parliament and Council has defined a mandatory specific emission target 
of 95 g CO2/km by 2020 for passenger cars. Vehicle weight is a significant factor 
contributing to fuel consumption. Reducing the weight of the vehicle can be one 
promising option for decreasing CO2 emissions, which becomes a top priority for the 
automotive industry. In this research, two approaches were used to address the need. One 
involved developing structural parts using fibre reinforced plastics (FRP), and the other 
involved designing and developing FRP–metal hybrid laminates, which were constructed 
by reinforcing FRP locally to the metal surface. Existing joining techniques such as 
riveting, bolting, adhesive joining, ultrasonic welding, and flow drill joining techniques 
require additional processing steps to perform the joining, which could considerably 
increase processing time, cost, and energy expenditure. The present work describes a 
method to join FRP and metals using the adhesion strength of the investigated polymers. 
The developed FRP–metal hybrid laminates combine the advantages of metal and FRP 
together. Steel hot-stamping is known to yield very high strength. Fibre reinforced 
plastic–metal hybrid laminates were developed using hot stamped steels to transfer their 
superior mechanical properties to the final structure. To utilize the complete lightweight 
potential of thermoset and thermoplastic polymers, FRPs and FRP–metal hybrid 
laminates were developed using both the polymers. Along with this increased demand for 
FRP structures, there is growing interest in a repair technique in the automotive industry. 
The second objective of this thesis consists of designing and developing a new repair 



 
 

technique, which regains the strength and stiffness properties of the damaged part. The 
existing scarf repair technique is not suitable for thin laminates, which have limited access 
to the damaged area. Perforation damages were introduced into the FRP structures using 
a low-velocity impact load. A modified injection repair technique is used to repair these 
damaged FRP structures. Non-destructive techniques were utilized to understand the 
damage and the effectiveness of the repair. 

Keywords 
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fibre metal laminates (FML), lightweight construction, composite/metal hybrids, impact 
behaviour, fracture, repair, injection repair 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Bibliographische Beschreibung 

Santhanakrishnan Balakrishnan, Venkateswaran 

 

Endkontur nahe Halbzeuge zur lokalen Verstärkung und Reparatur faserverstärkter 
Kunststoffe 

 

Dissertation am Fachgebiet Polymerbasierter Leichtbau, Brandenburgische Technische 
Universität Cottbus-Senftenberg, Cottbus, Deutschland, 2020 

 

126 Seiten 

14 Tabellen 

91 Abbildungen 

206 Literaturstellen 

 

Referat 

Das Europäische Parlament und der Europäische Rat haben für 2020 ein verbindliches 
Emissionsziel von 95 g CO2/km für Personenkraftwagen festgelegt. Das 
Fahrzeuggewicht hat einen signifikanten Anteil am Kraftstoffverbrauch. Die 
Reduzierung des Fahrzeuggewichts ist daher eine effektive Methode zur Verringerung 
der CO2-Emission und stellt ein Hauptziel der Automobilindustrie dar. Dazu wurden 
zwei Ansätze verfolgt. Der erste betraf die Entwicklung von Strukturbauteilen auf Basis 
faserverstärkter Kunststoffe (FKV) und der zweite die Auslegung und Entwicklung von 
FKV-Metall-Hybrid-Laminaten. Letztere wurden durch die lokale Verstärkung von 
Metallbauteilen mit gefügten FKV-Komponenten realisiert. Die bekannten 
Fügeverfahren wie Nieten, Verschrauben, Kleben, Ultraschallschweißen und 
Fließlochschrauben machen zusätzliche Arbeitsschritte notwendig, welche die 
Herstellungszeit, die Kosten sowie den Energiebedarf erheblich vergrößern können. Die 
vorliegende Arbeit beschreibt eine Methode zum Fügen von FKV und Metall mittels der 
Adhäsionsfestigkeit des untersuchten Polymers. Die entwickelten FKV-Metall-Hybrid-
Laminate kombinieren die Vorteile der FKVs und von Metall. Pressgehärteter Stahl weist 
sehr hohe Festigkeiten auf. Die FKV-Metall-Hybrid-Laminate wurden unter Verwendung 
pressgehärteter Stähle entwickelt, um deren herausragenden Eigenschaften auf die 
Struktur zu übertragen. Zur Erschließung des gesamten Leichtbaupotentials von 
duroplastischen und thermoplastischen Polymeren werden FKVs und FKV-Metall-



 
 

Hybrid-Laminate mit beiden Kunststoffen hergestellt. Aus der gestiegenen Nachfrage 
nach FKV-Strukturen resultiert ein wachsendes Interesse der Automobilindustrie an 
Reparaturmethoden. Das zweite Ziel dieser Arbeit besteht in der Auslegung und 
Entwicklung einer neune Reparaturmethode, welche die die Festigkeit und Steifigkeit des 
beschädigten Bauteils wiederherstellt. Das bekannt Schäftreparaturverfahren ist für 
dünne Laminate nicht geeignet, bei denen nur ein begrenzter Zugang zum beschädigten 
Bereich besteht. Mit einer Aufpralllast mit niedriger Geschwindigkeit wurden 
Hohlraumschäden in die FKV-Strukturen eingebracht. Es wird eine modifizierte 
Injektionsmethode zur Reparatur der beschädigten FKV-Strukturen verwendet. Mittels 
zerstörungsfreier Verfahren werden der Schaden und die Effektivität der Reparatur 
bewertet. 

Schlagworte 
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Metall-Laminate (FML), Leichtbaukonstruktion, Komposite/Metall-Hybride, 
Impactverhalten, Bruch, Reparatur, Injektionsreparatur 
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1 Introduction  

Fibre-reinforced plastics (FRPs) are widely used for structural applications in the 
automotive industry due to their superior specific strength/stiffness, light weight, high 
damping, and good corrosion resistance. The European Parliament and Council states that 
the average specific emission target of CO2 for passenger cars should, by 2020, be 95 g 
CO2 emission per kilometre [1]. According to a report from Volkswagen, vehicle weight 
causes 23% of the fuel consumption [2]. Japan’s ministry of transportation released data 
regarding the relationship between the vehicle weight and CO2 emission which suggests 
that reducing the vehicle weight by 100 kg could decrease CO2 emissions by 20 g/km [3]. 
Thus, reducing the weight of the vehicle could be one promising option for reducing CO2 

emissions. Due to their lightweight potential, the demand for composites in the 
automotive industry is continuously increasing. Carbon Composites e.V. suggests that the 
demand for carbon fibre within the automotive sector is relatively high and will exceed 
the demand of the aerospace and aviation sectors (including defence) by the end of 2020 
(Figure 1). In addition, the transport industry consumes one-third of glass-fibre-reinforced 
plastics (GRP) production [4].   

 
Figure 1: Global demand of carbon composite in various sectors [4]. 

At present, carbon fibre costs about €42 per kilogram, but the price is expected to decline 
to €14 per kilogram by 2040 [5]. This expected reduction in cost is driven by the 
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development of low-cost carbon fibre from a polyacrylonitrile (PAN) precursor or even 
a lignin-based precursor as an alternative to current oil/gas-based precursors, which could 
reduce the raw material cost by 30–40% [6]. In addition, the reduction of process cycle 
time will reduce 60–80% of processing cost due to expected developments in rapid-curing 
resins, and as a consequence, investment and labour costs will be reduced. The price 
reduction of carbon fibre will lead to parts with prices comparable to aluminium (only a 
20–30% price gap) by 2030 [5]. The ability to automate the resin transfer moulding 
(RTM) process led to serial production capability for the structural components in BMW 
i3. Volvo utilizes a high-speed RTM process to rapidly produce composite transverse-
leaf springs [7]. Huntsman Advanced Materials developed a cost-efficient compression 
moulding process that requires a process time of less than one minute [8]. The over-
moulding process combines stamp forming and injection moulding, which allows the 
rapid development of complex parts. At present, 100% of FRP composites are utilized in 
low-volume production, while 100% of steel/aluminium is utilized for large-scale 
production. The focus of automotive industry for future material design is to mix FRP 
structures, aluminium structures, and steel/aluminium materials to develop a material 
mixture for large-volume production [2]. FRPs are often combined with steel or 
aluminium to improve fatigue strength and damage tolerance, in particular during high- 
or low-velocity impact loading. FML showed significant improvement in strength 
compared to FRP. The complex multi-material constructions can be achieved by a variety 
of techniques. Thermoset FRP are often joined using mechanical joining techniques such 
as riveting, bolting, or adhesive joining, whereas thermoplastic FRP can be combined 
with steel using a flow drilling technique, mechanical joining, or polymer adhesion 
technique [9]. Multiple methods to modify the microstructure of metal are available to 
improve the bonding; these include corona treatment, sand blasting, or etching 
techniques. Metal/polymer/metal (MPM) sandwich sheets such as Hylite, Bondal, and 
Litecor available in the market feature a thermoplastic polymer core between the metal 
layers, and they are specially developed for the automotive industry due to their sound 
damping and vibration resistance properties [10,11]. As a result, advanced new 
processing techniques, price reductions in carbon fibre, and future trends point toward the 
evolution and importance of FRP and multi material design (MMD) in automotive 
industry. At present, the FML were developed by an expensive and time-consuming 
autoclave process, which is not acceptable for the high-production requirements of the 
automotive environment [12].  

Along with these advancements in composites in the automotive industry, a need for a 
repair technique occurs. Mechanically fastened repairs can cause local notch stresses, 
which are used to restore strength temporarily. Scarf repair, an adhesive-bonded repair, 
can be used for permanent repair. However, this method requires material to be removed 
in a 1:20 ratio between the thickness and length of the repair, thus, it cannot be suitable 
for all FRP composites [13]. Injection repair can be mostly utilized for samples with 
undamaged surface. Thus, there is no standard repair technique available to repair thin 
FRP composites with damages in both sides.
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2. Problem 

The provision of energy-efficient and mass-production-compatible multi-material 
construction methods requires proper adhesion to transfer the load among the materials. 
Mechanical joining techniques such as riveting, bolting, or pinning joints require circular 
holes within the FRP structures. But these design-based holes interrupt the flux of the 
force in fibre direction, which creates high stress concentrations close to the notched area. 
These high-notch-stress concentrations are often failure initiation regions in structural 
parts [14–17]. As a consequence, this weakens the FRP component significantly and 
prevents the complete exploitation of the lightweight potential of composites. Drilling is 
often the final operation during assembly, and any associated defects lead to rejection of 
the composite parts. In the aircraft industry, drilling-associated delamination is 
responsible for 60% of all part rejections during the final assembly of an aircraft [16]. In 
addition, mechanical joining requires several extra joining elements, which increase the 
overall weight of the structure. 

Adhesive joining techniques are mostly used in noncritical secondary structures but are 
not preferred for structural applications. Since most of the high-strength adhesives 
available are brittle, they have a poor impact performance, meaning that any impact 
significantly reduces the toughness of the adhesive joints. Adhesive bonding produces 
environmental pollutants in the form of volatile organic compounds during processing 
[9,18]. Recently developed advanced joining techniques such as ultrasonic welding [19], 
friction spot joining [20], and flow drill joining techniques [21,22] have been considered 
to be better alternatives to mechanical or adhesive joining. However, adding an additional 
joining processing step into the production not only increases investment and processing 
costs but also the processing time during production. Thus, the available techniques were 
not suitable for mass-production, either due to their processing defects or due to their time 
consumption. To achieve a large-volume production by utilizing a multi-material design, 
composites should be joined with metals without any additional joining techniques and 
without processing defects like holes.  

In the liquid composite moulding (LCM) process, a fibre reinforcement is draped over 
the mould surface and a resin is injected under pressure to develop a composite laminate. 
Wrinkling is one of the most common flaws that occurs during the draping of the fabric. 
Wrinkling of the fabric within the composite could severely reduce the quality of the 
finished composite laminate [23,24]. Kinematic draping allows the simulation of fabric 
draping, but while this method is fairly efficient, it cannot be taken into account load 
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boundary conditions such as tool–fabric interaction and the influence of binder forces 
[24]. Thus, there is a growing interest in the exact prediction of fabric wrinkling 
behaviour. To capture the forming behaviour of fabric, an intensive material 
characterization is required [25]. Accurate prediction of the resin flow is essential to 
ensure complete saturation of the fabric. To predict resin flow accurately, it is necessary 
to identify the permeability of the fabric [26]. As a result, to develop a high-quality 
composite laminate using an LCM process, exact prediction of wrinkling behaviour and 
permeability of the fabric is required. 

In 2012, Lamborghini’s advanced composite research centre assembled a repair group 
called “flying doctors”, which consists of people responsible for the composite repair of 
Lamborghini cars worldwide [27]. Due to the luxury and expense of these supercars, the 
number of vehicles sold is limited (with 2,121 cars sold in 2012). The repair process 
typically takes between 3 and 14 days, which is tolerable because of the low number of 
cars. But use of FRP in the automotive industry is growing exponentially and there are 
no standard repair techniques available to repair them. Large volume production of FRP 
is expected in the future. Thus, FRP repair is a continuous and major concern for the 
automotive industry. 

Traditional mechanical joining repair techniques, such as riveting and bolting aim to 
quickly restore strength and out-of-plane buckling, but these processes induce design-
based holes within the composites, which damage the fibres. Since fibres are load-bearing 
and responsible for the strength of the entire structure, they are not suitable for FRP repair 
with effective strength restoration [28]. The scarf repair technique used in the aerospace 
industry requires multiple processes such as identifying the damage, removing the 
damaged part, preparing a new custom patch, and bonding them together with adhesive 
[29]. This time-consuming process requires highly skilled specialists, and the quality of 
the repair depends on the specialist’s knowledge [30]. Aside from its time consumption 
and costs, the performance and quality of the repaired part remain a major concern. The 
limited number of experts in scarf repair brings additional challenge to vehicle 
manufactures. Scarf repairs are difficult to perform in thin components, because removing 
the damaged area at lower scarf angles is necessarily inaccurate and difficult to perform. 
Thus, the reparability of many commercially available composite vehicles is a major 
challenge. As a result, there is significant interest in the development of a stable and less 
time-consuming FRP composite repair techniques in the automotive industry.  

Developing FML by bonding metal with FRP using the adhesion of polymer can reduce 
the joining processing steps, which not only reduces the processing time but also avoids 
drilling holes into the structure to join the parts. The injection repair technique is a process 
of reinjecting resin back into the damaged part. This repair technique can save time and 
result in good mechanical performance. However, it requires an undamaged surface on 
one side. Thus, a repair technique is required to repair thin FRPs which have damages on 
both sides to avoid the premature disposal of damaged FRPs in a landfill.
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3 Target 

To achieve a large-volume production using a multi-material design with composites and 
metals, the automotive industry requires a major reduction in production time. The 
present work aims to develop an omega shaped beam, a commonly used shape in 
automotive applications, using hybrid construction with FRPs and metals. The following 
necessary functionalities of the hybrid construction must be ensured: 

 It must improve the strength, stiffness, and lightweight properties of the material 
and must have the ability to transmit very high loads during impact. 

 It must utilize the complete lightweight potential of multi-material construction, 
and no fibre should be damaged while processing or joining.  

 It must have the ability to offer significant advantages in weight, production time, 
installation and processing costs compared to their metal counterparts. 

 A joining technique must also be developed that can ensure good bonding 
capabilities and no delamination during joining.  

 
Figure 2: Schematic overview of developing a mass production-compatible hybrid beam (Source: 
Audi AG). 

The objective to develop a mass-production-compatible hybrid beam can be achieved by 
reinforcing FRPs locally on the metal structures (Figure 2). The low-cost and good 
facture-toughness behaviour of metals and the lightweight, high strength, and stiffness 
properties of FRPs were combined in order to achieve good performance. Both, 
thermoset- and thermoplastic-based hybrid structures were developed. The adhesion 

Multi-material 
design of FRP 

and metal 
structures 

Metal component Fibre reinforced plastic (FRP) 

 Strength and stiffness improvement 
 No destruction of fibre during joining  
 Complete usage of lightweight 

potential  
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between metal and FRP is achieved solely based on the polymer adhesive strength, which 
prevents the design-induced holes required in mechanical joining techniques. Thus, the 
complete lightweight potential of the developed hybrid beam can be utilized. In addition, 
the polymer adhesion technique used in this study will prevent any additional time-
consuming joining techniques. In addition to the development of a mass-production-
compatible hybrid beam, FRPs using thermoset and thermoplastic composites were 
developed using the vacuum-assisted resin transfer moulding technique (VARTM) and 
press forming technologies. The objective of developing thermoset FRPs using the 
VARTM process was achieved by an accurate prediction of fabric wrinkling and flow 
behaviour. The local fabric buckling was experimentally analysed using a picture frame 
shear test. The numerical critical shear locking-angle results were validated with 
experimental results. Commercially available finite element analysis software was used 
to simulate the draping behaviour of fabric in the constructed mould. The permeability of 
fabric was measured on the 0° and 90° direction using a one-dimensional permeability 
characterization technique. The measured permeabilities were used in a numerical filling 
simulation software, and the evolution of the filling using different strategies was studied, 
as a result of which the strategy with the lowest filling time was chosen to develop the 
thermoset FRPs. 

The scarf repair technique is a commonly used repair technique in aerospace and provides 
a less expensive alternative to replacing thick aerospace parts. The automotive industry 
uses thinner composite components than the aerospace industry, however, and scarf 
removal cannot be performed accurately on thin laminates and is thus not suitable for 
automotive composites. Thus, a reliable and quick alternative repair technique is needed 
for the composites used in the automotive industry. The present work aims to develop a 
reliable repair technique that can restore the strength and stiffness properties of the 
undamaged composite. The repair objective is achieved by a modified injection repair 
technique, in which a low-viscosity resin with a high glass transition temperature is 
reinjected into the damaged composite. The process is not time-consuming and does not 
require any additional material removal process. It is also suitable for thin automotive 
composites. Several studies have been performed aiming to restore the strength and 
stiffness properties of the damaged FRP using several methods: 

 Developing representative FRP parts 
 Inducing failure in to the FRP parts using low velocity impact damage  
 Analysing failure behaviour and responses under impact using non-destructive 

techniques such as ultrasonic and computer tomography 
 Repairing the fabrication using an injection repair technique 
 Testing and analysing the safety of repaired parts using destructive flexural tests 

This thesis aims to contribute significantly to future development in the fields of local 
reinforcement of FRPs in metals and FRP safety improvement by presenting a flexible 
and low-cost repair technology and a methodology to develop high-quality composite 
laminate. 
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4 State of the art 

4.1 Composite structures 

4.1.1 Fibre reinforced plastics  

Fibre reinforced plastics are obtained by incorporating fibres in one or more directions in 
a polymer matrix. By combining these materials, the FRP can obtain superior structural 
properties than what the individual components by themselves can attain. Within the FRP, 
the fibre reinforcements bear most of the load and affect the structural performance of the 
part, while the polymer matrix binds the fibres together and distributes the forces evenly 
among the fibres. The matrix also protects the fibres from the environment and shields 
them from handling damages. Matrices generally have worse mechanical properties 
compared to those of fibres, but they can influence multiple mechanical properties, such 
as thermal, fatigue, shear, tensile, and compressive properties. Fibre-reinforced plastics 
are widely used for structural applications due to their superior strength and stiffness 
properties at low density. Thus, they are highly suitable for lightweight application. The 
structural performance of the FRP is strongly dependent on the direction and length of 
the fibre. Thus, the FRP can also be tailored for each individual application by modifying 
the orientation and length of the fibre and type of polymer matrix [31]. 

The polymers utilized to develop FRPs can be classified as thermoset and thermoplastic 
polymers. After the curing process, thermoset polymer chains are rigidly joined with 
strong covalent bonds, whereas thermoplastic polymer chains are joined with weak 
bonds, such as van der Waals attractions. Thus, even after curing, the thermoplastic-based 
FRPs can be deformed by applying heat and pressure, which is not possible in thermoset-
based FRPs. Which polymer is chosen determines the type of process and processing 
conditions to develop the FRP. 

Thermoset FRP 

Liquid composite moulding (LCM) is the most commonly used processing technique to 
develop thermoset-based FRPs. Due to the flexibility of RTM technology and its range 
of potential applications, the current production volume of the process has increased by 
300% compared to 1998 [4]. According to the McKinsey report, if a lignin-based 
precursor is introduced into market with the necessary processing technology to reduce 
tact-time to 1–2 minutes, the carbon fibre cost could be reduced by 67% [5]. Thus, 
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continuous development of FRP components using RTM technology is one of the major 
requirements of the composite industry. Resin transfer moulding technology is one of the 
preferred options to develop FRP parts with complex geometry and at high production 
rate. The RTM process requires the injection of liquid resin into a rigid mould under 
pressure to impregnate the draped fibrous preforms.  

Fibre draping prediction 

During the initial draping stage in the LCM process, the two-dimensional fibrous 
preforms must be draped over the three-dimensional complex curve shaped mould. Fabric 
does not exhibit isotropic behaviour like metals, and it has relatively high tensile 
properties in comparison to in-plane shear and out-of-plane bending. Fabric warp and 
weft directions demonstrate very high stiffness and hence tend to reorient, because of the 
low shear and bending resistance of the fabric. Hence, these modes mostly govern the 
draping behaviour of the fabric. The fabric deformation modes are described below. 
Figure 3 (b) illustrates the tensile nature of the fabric, which is slightly different from that 
of unidirectional (UD) material initially. During the initial load, the undulated yarns 
straighten themselves, and further loading causes a direct load on the yarns. Hence, for 
woven fabric, there is an initial straightening phase immediately followed by a direct 
tensile-loading phase similar to UD or non-crimp fabric (NCF) material, as seen in Figure 
3 (b).   

 

Figure 3: (a) Fibre straightening in woven fabric under tensile load and (b) Tensile response of 
woven fabric vs UD or NCF fabric loaded in fibre direction [32,33]. 

The fabric shear deformation mode is shown in Figure 4. A shear load on the fabric causes 
a rotation of warp and weft around the point of intersection. In the initial state of shear, 
the deformation is governed by the friction between warp and weft [34]. Further loading 
causes the tows to compress each other (fibre jamming or compaction), and the shear 
force tends to increase faster. This compaction or jamming causes the fabric to 
demonstrate higher shear stiffness, and further loading leads to out-of-plane buckling or 
wrinkling. The deformation of fibres significantly affects strength and stiffness properties 
of the final part [35,36][37][38].  
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Wrinkling is one of the most common flaws in the development of FRP parts. Thus, to 
develop a successful structural FRP component, it is necessary to understand the 
deformation behaviour of fibres and their accurate prediction of wrinkling onset. To 
summarize, the fabric shear behaviour is governed by the initial state of low shear 
stiffness before locking [Ginitial] and a state of high shear stiffness after locking 
[Glocking].   

 
Figure 4: Different states of shear deformation within a plain weave representative unit cell [39]. 

Two methods are used to simulate the draping of woven fabrics, namely, kinematic 
draping and the solid mechanical-forming approach. In the first approach, the drape 
behaviour of the fabric is approximated to a simplified mechanism in which the fabric 
experiences pure shear, with the integral tows rotating freely at crossover points. This 
behaviour can be modelled simply by mapping these crossover points onto the curved 
mould shape [40]. This approach is simple and fast, but the drape solution is more 
dependent on the mould geometry, and the solutions are not accurate for geometries 
which do not have uniformly curved surfaces. This method also does not consider the 
material behaviour and hence results in the same draping pattern regardless of fabric/fibre 
structure [41–43]. The solid mechanics approach can be applied at the micro roving level, 
the meso yarn level, and the macroscopic part level. The micro and mesoscopic approach 
is computationally too expensive to model [44], and draping studies thus focus on the 
macro level and represent both weft and the warp yarns as single layer. Along with fabric 
in-plane and out-of-plane stiffness properties, the model also considers forming 
parameters such as blank holder force, tool velocity, tool-ply, and ply-ply friction. To 
perform a macro-level draping simulation, the tensile, shear, and bending behaviour of 
the fabrics is required. The tensile behaviour of the reinforcement can be characterized 
using tension tests. The bending stiffness of the fabric can be measured using either a 
simple cantilever test or a Kawabata bending test [45]. The elastic in-plane shear response 
of the fabric can be characterized using mechanical techniques such as a picture frame 
and bias extension test [46,47]. Within these two techniques, the bias extension test does 
not require any special tooling and can be performed by applying a tensile load on fabric 
with a principal direction of ± 45° in a uniaxial tensile test machine. However, a bias 
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extension test exhibits an inhomogeneous state of shear within the fabric coupon. In 
addition, fabric coupons tend to slip and slide within the clamps in a bias extension test 
beyond a certain displacement. Picture frame shear tests, by contrast, induce shear 
uniformly [48–50] and thus offer certain advantages in comparison to a bias extension 
test. 

Flow prediction 

The RTM process requires the injection of liquid resin into a rigid mould under pressure 
to impregnate the fibrous dry preforms. The design of inlet and outlet vents plays a critical 
role in achieving the complete impregnation of the investigated fibrous preform. 
Designing these vents cannot always be done through experimental trial and error 
optimization, as this is costly. In addition, to reduce the processing time required to 
completely impregnate the fibrous preforms, it is necessary to predict the flow of injected 
resin into fibrous preforms. Flow prediction using a numerical simulation can be a 
suitable alternative to an expensive and time-consuming experimental trial and error 
method.  

Flow simulation software such as PAM-RTM, LIMS, Moldex3D, and Polyworx could be 
able to predict the flow filling time, flow front position, dry spot, and injection pressure 
requirements. A numerical flow simulation is typically modelled using Darcy’s law:  
𝑄𝑄
𝐴𝐴

= −𝐾𝐾
𝜂𝜂
∙ ∇𝑃𝑃                (1) 

where Q is volumetric flow, A is the cross-section area of fibrous preform, η is viscosity, 
K is permeability, and ∇P is pressure gradient. As shown in equation (1), permeability is 
a necessary parameter to run such a flow simulation. In the simple case of an isotropic 
material, permeability is a scalar quantity. For anisotropic materials such as fibrous 
preforms, permeability can be expressed as a second-order tensor (equation [2]). 

K=�
𝐾𝐾𝑥𝑥𝑥𝑥 𝐾𝐾𝑥𝑥𝑥𝑥 𝐾𝐾𝑥𝑥𝑥𝑥
𝐾𝐾𝑥𝑥𝑥𝑥 𝐾𝐾𝑥𝑥𝑥𝑥 𝐾𝐾𝑥𝑥𝑥𝑥
𝐾𝐾𝑥𝑥𝑥𝑥 𝐾𝐾𝑥𝑥𝑥𝑥 𝐾𝐾𝑥𝑥𝑥𝑥

�              (2) 

For the sake of simplicity, coordinate systems were considered to coincide with the 
principal direction of permeability tensor (eigendirection of tensor), after which the 
permeability tensor can be simplified to equation (3) [51–55]. 

K=�
𝐾𝐾1 0 0
0 𝐾𝐾2 0
0 0 𝐾𝐾3

�               (3) 

K1, K2, and K3 represented the three principle permeabilities corresponding to in-plane 
(warp and weft) and through thickness directions, respectively. The in-plane permeability 
values were of particular interest to FRP manufactures. Thus, an in-plane permeability 
2D tensor is presented in equation (4). 
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K=�𝐾𝐾1 0
0 𝐾𝐾2

�                          (4) 

Accurate prediction of both K1 and K2 permeability were necessary to perform a flow 
simulation. Two commonly used experimental techniques to determine in-plane 
permeability were a linear and radial technique [56,57]. Radial injection could determine 
the permeability ellipse within single experiment. The linear technique offers higher 
repeatability due to its simplicity as a measurement technique, allowing permeability to 
be measured in one direction. The advantage of using a linear technique over radial 
injection is the ability to conduct both a saturated and an unsaturated flow experiment. 
However, linear injection technique is highly sensitive to a “race-tracking” effect, a 
phenomenon of localized resin flow front deviation due to the presence of a small edge 
between fibres and mould, which could induce local permeability variation [58–60]. 
Avoiding race-tracking is necessary to achieve accurate permeability results. Thus, 
special attention must be paid while cutting and positioning the fibrous preform within 
the mould [57]. Meier et al. [61] suggested that by using silicone strips to fill the gap 
between the edge of the fibre and the mould, race-tracking can be avoided.  

Thermoplastic FRP 

Thermoplastic FRPs have better fracture toughness and damage tolerance than thermoset 
FRPs [62], in addition to providing better recycling convenience and mass production 
capabilities [63,64]. Furthermore, processing thermoplastic FRP is faster and provides 
multiple joining methods with metal structures, such as ultrasonic welding [65] and flow 
drill joining techniques [21,22]. Engineering thermoplastics have received significant 
attention in the automotive industry [66], particularly in electric and hybrid vehicles. 
Polyamides are of particular interest due to their high toughness over a large range of 
temperatures, better impact damage tolerance, abrasion resistance, and easy handing [67]. 
In spite of these advantages, however, little attention has been given to research related 
to the damage behaviour and mechanisms under low-velocity impact of UD polyamide-
6 (PA-6) composites. Most studies present the impact behaviour of short- or long-fibre-
reinforced PA-6 composite [68–70], but no publications have thus far reported flexural 
after impact (FAI) behaviour in UD G/PA-6 composites. Existing studies have focused 
on the impact strength for a fixed processing parameter, but processing parameters can 
also influence impact strength. Thus, it is necessary to study the influence of processing 
parameters on impact behaviour. 

4.1.2 Fibre metal laminates  

At present in the automotive industry, most of the structural materials in high-volume 
production cars are made of metals [71]. An overview of the associated costs with respect 
to lightweight constructions in the automotive industry [72] is provided in Figure 5. The 
requirement for the potential weight saving in body weight without compromising 
performance is continuously improving. Hybrid structures were a requirement to an 
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optimized lightweight construction. FRP is used as structural material where requirement 
for strength to weight ratio is high. Fibre-reinforced plastics can be combined with metals 
to develop fibre–metal laminates (FMLs), which further improve fatigue strength, 
damage tolerance, and in particular high- or low-velocity impact loading [73–75]. An 
additional layer of elastomer material in an FML can have a positive influence on material 
damping [76,77], and FMLs can combine the advantages of metal and FRPs [78]. Many 
factors dictate the ultimate strength of FML, including fibre volume faction, metal of 
choice, and metal–matrix interface [79].  

 
Figure 5: Influence of designs, weight and rate of lightweight construction on vehicle cost in 
automotive industry [72]. 

Design requirements have led to increased interest in FMLs in the automotive sector. An 
example can be seen in BMW 7 series, which has replaced several components with FRP 
materials, as shown in Figure 6 [80]. However, certain components cannot meet the 
design requirements if replaced completely with FRPs, for example, the crashworthiness 
of an FRP B-pillar is not equivalent to that of a metal one. A solution to achieve a 
lightweight design in such components is through FML laminates. There are two 
approaches of FML manufacturing [81]: either using thermoset composites or using a 
thermoplastic composite. Commercially available thermoset-based FMLs include 
aramid-fibre-reinforced aluminium laminate (ARALL), carbon-fibre-reinforced 
aluminium laminate (CARALL), and glass-laminate-aluminium-reinforced aluminium 
(GLARE) [82]. The development of thermoset-based FML has been driven primarily by 
the aircraft industry to utilize the damage tolerance of the FML. In numerous research 
projects, the manufacturing and joining processes of these laminates have been optimized, 
the elasticity and strength behaviour under aviation-typical stress spectra and quality 
assurance test methods have been described. Due to lower tensile and compressive 
strength and poor impact behaviour and residual strength, ARALL has found far fewer 
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applications than GLARE [83–85]. For example, areas of the upper fuselage, wing 
underside and the vertical stabilizer of the Airbus A380 that are subjected to tensile stress 
consist of GLARE [86]. However, these FMLs require a time-consuming and expensive 
autoclave process, which renders them unsuitable for a high-volume production 
environment [12,87].  

 
Figure 6: Usage of lightweight materials in the body-in-white (BIW) of the BMW 7 series [80]. 

Fibre-reinforced plastics are often combined with metals using mechanical joining 
techniques such as riveting, bolting, or adhesive joining. Mechanical joining requires 
circular holes within the FRP structures, which interrupt the flux of force in the direction 
of the fibres and create high-stress concentrations near the notched area. These high-
notch-stress concentrations often trigger failure in structural parts [14–17,88]. In addition, 
adding joining elements adds additional weight to the structure, which weakens the FRP 
component significance and prevents the optimal exploitation of its lightweight potential. 

Adhesive joining techniques are mostly used as basic sealant function or in noncritical 
secondary structures in the automotive industry but are not preferred for structural 
applications. Since most of the high-strength adhesives available are brittle, they have 
poor impact performance, and impact significantly reduces the toughness of the adhesive 
joint. Adhesive bonding produces environmental pollutants in the form of volatile organic 
compounds during processing. Adhesive bonding has limited durability in wet and 
corrosive environments [89–92]. Recently developed advanced welding techniques such 
as friction-spot welding, laser welding, or ultrasonic welding techniques were considered 
to be better alternatives for mechanical or adhesive joining [93,94], but these techniques 
have limitations, such as the thickness of the bonding partners, joining size, and 
processing temperature. Thus, the above-mentioned joining techniques limit the complete 
utilization of MMD using FRPs and metals. Hence to achieve a large-volume production 
by using a multi-material design, composites should be joined with metal counterparts 
without any additional joining technique and without processing defects like holes; that 
is, adhesion between metal and FRP should be achieved by the polymer adhesion strength. 
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The provision of energy-efficient and mass-production-compatible multi-material 
construction methods requires proper adhesion to transfer the load among the materials. 
Modifying the surface roughness could improve the adhesion between FRP and metal 
[95–97]. However, Bresson et al. [98] reported that excessive roughness could have a 
negative influence on bonding strength due to its ability to decrease adhesive resin 
penetration, increase void formation, and introduce localized stress concentration. A 
rough surface could influence wettability and surface energy [99]. To avoid adhesive 
failure between metal and FRP, a proper surface treatment of metals is necessary. 
Metal/polymer/metal sandwich sheets such as Hylite, Bondal, and Litecor were 
developed with thermoplastic polymers and sheet metals [10,11,100]. Applications of 
these sheets are mainly the reduction of the noise emission in the metal-based structures, 
and indeed, these MPM sheets successfully reduced 20 dB of noise level compared to 
conventional steel [101]. However, these commercially available laminates do not have 
fibres in their composition. 

4.2 Composite damage and its assessment 

4.2.1 Damage in composite structures 

The use of FRPs in structural and semi-structural components was increased due to a high 
structural-performance–to–weight ratio. The most commonly used fibres were carbon, 
glass, Kevlar, or Zylon fibres. Nevertheless, due to the anisotropic behaviour of FRP 
composites, properties were directional dependent and show complex damage 
mechanisms [102]. Damage behaviour depends on the fibre, matrix properties such as the 
layup sequence, boundary conditions, and the presence of structural flaws during 
processing [103]. Thus, deformation, damage, and fracture in FRPs are more complex 
compared to metals and alloys. The ability of materials to undergo plastic deformation 
plays a major role in their ability to absorb impact energy. Thus, the ductility behaviour 
of the polymer influences the failure mechanism of the FRP composite when they are 
subjected to impact [104]. Understanding various damage mechanisms and their 
evolution into failure is necessary to develop structural and semi-structural FRP 
components. Thus, the purpose of this section is to provide an overview of damages and 
their mechanism. 

Damage tolerance evaluation 

Damage detectability can be classified into three areas, namely, undetectable damage, 
detectable damage, and immediately detectable damage. The classifications primarily 
pertain to composites used in aerospace by U.S. aviation authorities under advisory 
circular, AC 20-107B [105], but these categories can also be used for composite used in 
other industries. The residual strength of the composite damage in response to the impact 
of damage detectability is shown in Figure 7.  
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Figure 7: Residual strength versus damage size [106,107]. 

 Undetectable damage that may go undetected during field inspection, or it may be 
a possible manufacturing defect. Commonly such damages include small 
delamination, porosity, small scratches, and minor environmental damage. 
Substantial data on these undetectable damages has shown that these damages 
could be able to retain the ultimate load limit (UL) of the designed composite 
structure.  

 Detectable damages can be identified during regular inspection. They should be 
able to withstand the lower load limit (LL) of the FRP structure. These damages 
should be repaired to increase residual strength up to the UL. 

 Obviously detectable damage can be detected by an operations or maintenance 
person without special composite inspection skills. These damages have a large 
damage capability at or near the LL after a short interval. They should be inspected 
further to understand the extent of the damage to the surrounding areas and must 
be repaired to increase the residual strength up to the UL.  

Damage mechanism  

Classification of the damages based on detectability was not sufficient to completely 
understand the damage mechanism of a composite structure under impact loading. Due 
to their high heterogeneous microstructure, FRPs undergo different damage mechanisms 
depending on impact velocity. These impact responses can be classified as low-velocity 
impact (LVI), intermediate-velocity impact (IVI), and high-velocity or ballistic impact 
(HVI) [108]. Among these impacts, LVI is considered to be most important and 
dangerous, because it can result in undetectable damages, that is, barely-visible impact 
damages (BVID). Composite structures under BVID must support extreme loads. If the 
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damages become visible, that is, larger than BVID, necessary repair or modification of 
the structure must performed. The damage evolution of composites under impact is shown 
in Figure 8. 

 
Figure 8: Various damage mechanisms in composites when they are subjected to impact load 
[106]. 

Layer of fibres are hold together by the adhesion of the matrix material in FRPs. Thus, 
when an FRP is subjected to damage, fracture is initiated in the form of matrix cracking. 
The crack begins to pass around the fibre, which induces interfacial debonding and further 
crack growth. The continuous process of damage initiation leads to delamination or 
interlaminar crack propagation, which is one of the most critical damage mechanisms in 
composites due to its high reduction of stiffness and compressive strength of the material 
[109]. Koloor et al. found that interfacial delamination lowers flexural strength by up to 
46.7% compared to non-damaged laminate [110]. Subsequent damage leads to fibre 
breakage and finally to structural fracture [111]. 

Impact response to laminate thickness 

The thickness of the laminate plays an important role in the impact damage mechanism. 
The influence of thickness on damage is explained in this section. When thick laminates 
are subjected to impact, the bending deformation can generally be neglected, and the 
composite laminate can be considered to be a semi-infinite body [112]. Thus, highly 
localized contact stress occurs on the impacted surface in the form of matrix cracks [113]. 
The damage further progresses downwards in the thickness direction, which forms a pine-
tree pattern (Figure 9, a). In thin laminates, by contrast, due to the presence of bending 
stress, the initial damage begins in the lowest layer. The intra-ply cracks and delamination 
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propagates from the lower layer to the impacted surface. Thus, the damage forms a 
reverse pine-tree pattern (Figure 9, b). 

 
Figure 9: Impact-induced damage pattern in (a) thick and (b) thin laminates [113]. 

4.2.2 Damage assessment 

To identify the non-visible damages, a proper technique to detect these damages is 
required. A damage detection technique should not damage any of the material tested. 
Several non-destructive testing (NDT) techniques are available to evaluate different 
damage types in composites, but no single technique is available to evaluate all damage 
types. Thus, the potential NDT techniques that could be utilized to identify BVIDs are 
explained in this chapter.  

Infrared thermography 

Infrared thermography (IRT) is a non-contact technique that involves using infrared 
radiation to identify defects or any material damage. Studies have been made on 
composites using IRT to identify delamination [114], impact damage [115,116], and 
fatigue damages [117,118]. Two approaches can be used in IRT: passive and active. In 
the passive approach, IRT is used to thermally scan the composite without external heat 
being applied to the material. This technique is used to investigate materials that are at a 
different temperature compared to the ambient air temperature. Active IRT involves the 
application of a controlled heat input with the intension of inducing thermal contrast 
within the material. If there are any defects, a temperature change is generated in the 
surface of the specimen due to a different thermal conductivity between the defects and 
undamaged region. From the generated heat, information about the defects of the 
specimen can be recorded [119]. Infrared thermography is particularly suited to thin 
specimens (2–16 mm thick) rather than thick ones (> 16 mm thick), because in thicker 
specimens, the flaw can appear deeper than the surface, leading to less heat fluctuation 
compared to defects positioned close to the surface. Thus, for thicker specimens, the 
defect must be larger than the thickness of the part [120,121]. The change in ambient air 
temperature between day and night could potentially enable passive IRT to utilize wind 
blade damage for testing [122]. For composites utilized in automotive, the inspection 
mostly takes place inside a building, and the resulting change in ambient temperature 
could thus be too small. This reduces the usage of passive IRT to detect only major 
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structural discontinuities [123]. In active IRT technique, pulsed phase thermography 
(PPT) and pulsed thermography (PT) are the most commonly used thermal stimulating 
techniques to investigate composites. The most popular technique is PT, in which a heat 
pulse warms the part using one or more high-intensity flash lamps. The time period for 
heating composites is on the order of a few seconds [121,124]. Infrared thermography has 
several advantages and disadvantages, for use in an inspection. The major advantage is 
that it allows the inspection of parts that are accessible from only one side, while the 
greatest disadvantages are that it comes with a high capital investment of IR utilities and 
the need for highly trained technicians to inspect the defect. 

Ultrasonic testing 

Ultrasonic Testing (UT) uses high-frequency sound energy to detect flaws or defects in 
the material. In UT, two approaches can be used: a reflection or transmission technique 
[125]. Typical UT inspection equipment consists of a pulser/receiver and transducer and 
display devices. The pulser/receiver produces an electrical pulse of a high voltage, while 
the transducer generates high-frequency ultrasonic energy. This sound energy propagates 
in the form of waves. In the reflection technique, the receiver and pulser are placed on the 
same side of the material, whereas in the transmission technique, the receiver is placed 
on the exact opposite side of the pulser [126]. The time taken for the wave signal to reflect 
will be different if it is in contact with any damage or crack within the specimen, 
compared to an undamaged region. This delivers the depth of the flaw when the wave 
speed is known for a certain material.  

The UT device can be in contact or have a non-contact inspection. A major disadvantage 
faced by researchers using direct non-contact inspection is the need for a liquid coupling 
agent between the transducer and the sample for proper transmission (without large 
attenuation) of ultrasonic waves into the material [126,127]. This problem can be 
overcome using an electromagnetic acoustic transducer (EMAT), a unique transducer that 
does not require couplant gel for electrically conductive materials. It can also be used for 
non-conducting composites. Removable aluminium foil tape is adhered to the surface of 
the composite, and the ultrasonic waves generated on the tape can propagate into a non-
conducting composite with ease [128]. Several studies have been made on composites 
using UT to identify delamination, cracks [126,129], and impact damage [130,131]. The 
major advantages associated with the UT techniques are that the depth of penetration to 
detect the flaw is usually higher than other NDT methods, single-side access is sufficient 
to test the specimen, estimating the size and shape of the defect is highly accurate, 
minimal sample preparation is necessary, it provides instantaneous results, and the system 
can be automated. The major disadvantages of UT are that rough, irregular in shape, very 
small, very thin, or non-homogeneous specimens are difficult to inspect, and in any case, 
highly skilled technicians are required [132,133]. 
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Digital shearography 

Digital shearography (DISH) is a laser-based, optical full-field and non-destructive 
technique similar to holography but able to measure the derivatives of the displacement 
(strain), whereas the holographic technique can only measure displacement. It also can 
overcome sensitivity to external vibration. This is the most common problem faced in 
optical interferometry techniques. Shearography requires a laser source to illuminate the 
sample, so that a speckle pattern is formed. Additionally, a video image shearing camera 
is used to record the speckle pattern, which coherently combines it with an identical but 
laterally displaced version of itself. The recorded images before and after the application 
of the load are processed in a computer and a correction of the images result in a fringe 
pattern. The fringe pattern contains the displacement derivatives of the surface [134,135].  

Shearography has become a qualitative inspection technique to measure the delamination 
in composite structures, and it is also capable of producing full-surface strain 
measurement. Shearography has already been gaining increasing acceptance for use in 
testing composite materials in the automotive industry [136]. Shearography inspection is 
the most promising inspection method to determine a defect in honeycomb sandwich 
structures. The main advantages of DISH evaluation are that it is a non-contact testing 
technique which is relatively fast and does not require any coupling with complex 
scanning equipment. However, the accuracy of the defect detection depends on the depth 
of the defect, and its size should exceed the thickness of the specimen. In addition, 
shearography is not suited to determine the depth of the defect [137]. 

4.3 Repair composite 

4.3.1 Scarf repair  

Scarf-bonded joint repair requires the removal of the damaged area. Afterwards, a new 
repair patch is inserted into the parent material. The new patch can either come in the 
form of a soft or hard patch. Soft patches can be either in the form of resin injection or 
prepreg material and are attached to the parent material. Hard patches involve an 
additional step of fabricating a patch using a mould. Subsequently the hard patch is 
bonded to the parent material using a high-strength adhesive. The patch also has an 
influence on the repair strength. The extent of the damage is identified using the non-
destructive techniques explained in Section 4.2.2. The machining of the damaged material 
can be done using variety of techniques, such as conventional milling, or with modern 
techniques such as laser ablation or waterjet machining. The scarfing angle is the angle 
at which the material is removed from the parent material. The scarfing angle and the 
machining of the composites play an important role in the performance of the repair. 
Lowering the scarfing angle can improve the strength of the repair. A shallow scarfing 
angle (typically 3°) provides an acceptable stress level in the repair [138]. Along with the 
angle, the most commonly used patch types are stepped and scarf patches. The schematic 
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representation of the stepped and tapered scarf repair is shown in Figure 10. Stepped 
repair is easier to perform than scarf repair but causes high stress concentration on the 
step corners, which could negatively affects the strength of the repair [139].  

  
Figure 10:  Cross-sectional view of stepped and scarf repair. 

The repair is based on soft-patch technique (wet lay-up, prepreg stacking over an adhesive 
film) and hard patch technique (bonding a precured patch using an adhesive; Figure 11). 
In a prepreg-based repair, layers of prepregs are placed on the machined surface along 
with an adhesive film. The adhesive ensures good bonding between the parent material 
and the repair patch. After the patch is applied, the repaired laminate must be vacuum 
bagged and cured [140,141]. In a wet lay-up technique, dry reinforcement material is 
placed on the machined surface and resin injected using a VARTM process. The resins 
used for the wet lay-up are normally of low viscosity compared to prepreg resins, and 
they can be cured at room or elevated temperature [142–145]. Therefore, a wet lay-up 
resin may produce more brittle bond lines at the repair connection compared to a film 
adhesive used in the prepreg repair. Hence, to improve toughness in wet lay-up repair, 
dissolvable TP fibres are used. Several studies have been conducted using TP fibres as an 
interface fibre in wet lay-up repair, and notable improvement was found in mode I and II 
fracture toughness [146–149]. Transportation of the TS prepreg is expensive, as a 
refrigeration unit may be required for transport and storage. In addition, material can be 
wasted if they are not processed within shelf life of the TS prepreg. Using wet lay-up can 
be cost effective compared to the prepreg technique, since it requires no special 
refrigeration unit and has a longer shelf life in atmospheric conditions [145,149].  

Hard-patch repair requires an additional step of manufacturing the patch, which is 
adhesively bonded to the parent laminate. Wrinkling or ply distortion problems faced in 
the soft patch approach can be solved by using hard patches [150], but this process is 
time-consuming and expensive and is also associated with additional patch formability 
limitations in repairing complex curved contours [145]. The adhesive can be cured either 
in an oven or by using induction curing. Induction curing is an electromagnetic heating 
technique for a rapid and efficient localized uniform heating [151,152]. Mahdi et al. 
identified that both oven and induction curing provides similar strength in adhesive bond 
repair [153]. Wales et al. reports that the tensile strength of the resin-infused scarf repair 
is 12–14% lower than the tensile strength of the scarf repair processed with a hard patch 
[149]. [140,141] report that prepreg soft-patch repair on CFRP samples is better than 
adhesive-based hard-patch repair. While the wet lay-up technique cannot, the other two 

Scarf angle 

Scarf repair Stepped repair 

Parent laminate Repair patch 
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techniques can be used to repaid TP composites, and all three techniques can be used to 
repair TS composites. Apart from the repair techniques, a variety of processing 
parameters, such as sample preparation (machining the surface to the required geometry) 
and surface preparation (to improve the bonding strength) could also affect the repair 
quality. 

 
Figure 11: cross-sectional view of (a) the wet lay-up repair technique, (b) the prepreg-based repair 
soft-patch technique, and (c) the hard-patch repair technique. 

The damaged material must be removed to attach a new patch. Composite machining not 
only depends on the fibre and matrix material but also on the layup and fibre volume 
fraction. A variety of machining techniques, such as conventional process (milling), as 
well as non-conventional processing techniques (laser ablation and waterjet abrasion), 
can be used to prepare the composites. 

4.3.2 Injection repair 

To reduce shear stress in the scarfing-repair technique, the suggested ratio between the 
thickness and length of the repair is 1:20 or higher [141]. For example, in a 4-mm thick 
composite, the suggested minimum length of repair area is 80 mm. Not all composite 
parts can be that much wider for a scarf repair, and an alternative technique is needed for 
such a composite. To this end, the injection repair technique (Figure 12) can be used. In 
the injection repair technique, a low-viscous room-temperature curing resin is injected 
into the damaged composite part. The success of the injection repair depends on the 
proper selection of the resin, which mainly depends on the surface energy and viscosity 
of the resin. Suggested resins for the injection repair are epoxy, cyanate ester, and 
cyanoacrylates. Epoxy adhesive provides good mechanical performance at a low cost. 
Cyanate ester resin contains ring-forming shaped cyanate (-O-C≡N) functional groups 
that can undergo a thermally initiated cyclotrimerization (an addition process) reaction. 
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A high glass transition temperature (220–270°C) and low moisture absorption ability 
makes cyanate esters resin the preferred resin for high-temperature applications [154]. 
Low-viscous bisphenol E cyanate ester (BECy) has gained popularity in injection repair 
due to its high cured glass transition temperature and room-temperature processing [155]. 
Bisphenol E cyanate ester resin has outperformed bisphenol A-based bifunctional epoxy 
in all mechanical tests, both at room temperature and at a high temperature of 200°C 
[156]. Cyanoacrylate is a one-part adhesive that requires no crosslinking agent and can 
undergo rapid polymerization. However, cyanoacrylate does not have thermal stability 
over 100°C and can be fully depolymerized at 200°C. Hence, cyanoacrylate cannot be 
used for composite in high-temperature applications [157]. 

 
Figure 12: Setup used for injection repair using bisphenol E cyanate ester (BECy) resin [158]. 
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To inject and eject the resin, an inlet and vent holes are needed. Inlet holes are drilled at 
the centre of the damaged area, and multiple vent holes are drilled on the damaged 
periphery of the composite plate. M. Thunga et al. [159] used a hole diameter of 3.175 
mm (1/8 inch) for both inlet and for six evenly-spaced vent holes around the edge of the 
delaminated area. The holes were drilled approximately ¾ of the thickness of the laminate 
[159]. Prior to resin injection, samples were prepared by air blasting and acetone rinsing 
to remove the scattered piece of dust from the microcracks and vent hole. After drying, 
resin is injected into the inlet hole in the presence of a vacuum, which ensures good 
penetration of the resin into microcracks and the delaminated area [155,158,159]. The 
cure cycle depends on the chosen resin. During the preparation stage, heating the sample 
could help extract pollutants (water, acetone, etc.) [160]. The injection repair could be 
able to restore compressive strength, with the repair efficiency based on a compression 
after impact (CAI) test being as follows: 95% in CFRP plate using epoxy [160], above 
100% in 3 mm Bismaleimide/carbon fibre composite using BECy [159], 70–85% in a 4-
mm Bismaleimide/carbon fibre composite using BECy [159], 71–114% in a 4-mm CFRP 
plate using epoxy [155], and 92.4% in a 4-mm CFRP plate using a cyanoacrylate resin 
injection [155,161]. However, the injection repair cannot restore the tensile strength of 
the composite because it does not replace the damaged or broken area with new fibres 
during repair [161]. Holes created during the injection repair only have adhesives without 
any fibre reinforcements. However, no proper study has focused on these design-based 
holes (inlet and multiple vents) created for the repair process and their effect during 
failure. Therefore, the following section presents the necessary precaution that must be 
considered while drilling the damaged composites based on notch stress studies. 

Drilling hole for injection repair 

Holes created on a composite interrupt the force flux of the fibres and result in high stress 
concentration near the notched area. This stress concentration weakens the significant 
properties of the composites [88,162]. The quality of these holes, which are produced on 
the laminates, play an important role in the performance of the components. Cutting 
parameters and tool geometry/materials are the influencing parameters in the hole quality 
and the performance of composite. By optimizing the cutting parameters such as feed rate 
and cutting speed and by selecting the correct tool, delamination, or fibre pull-out, can be 
reduced [163]. Common tool materials are high-speed steel (HSS), tungsten carbide (WC) 
and polycrystalline carbide (PCD). Drill tools made of WC outperform the HSS material 
tool when machined under the same processing condition. Tungsten carbide tools showed 
no considerable wear during the processing [163]. However, the PCD drilling tool shows 
better surface finish compared to HSS and WC tools. Tool wear and surface finish depend 
on working with an appropriate grit of the tool [164,165]. Various materials and 
geometries used to machine composites are shown in Figure 13 (a) and (b), respectively. 
Drilling using step drills and eight-faceted drills on GFRP minimized the damage, but the 
use four faceted drills did not minimize the damage [166]. Drilling on CFRP using 
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standard drills (twist drills) and special drills (core drills, candle stick drills, saw drills, 
step drills) shows that all special drills can be operated at higher feed rates (short cycle 
time) without delamination compared to the standard twist drill [167]. Processing 
parameters such as feed rate and cutting speed influence the delamination during drilling. 
Various authors suggested that the delamination increased with increasing feed rate and 
cutting speed [168].  

 
Figure 13: (a) Tool materials used to drill polymeric composite [163]; (b) Geometries used to drill 
FRP (1. standard twist drill, 2. step drill, 3. candle stick drill, 4. dagger drill, 5. multi-faceted drill, 
6. core drill) [169].
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5 Polymer composites 

5.1 Thermoplastic composite 

Fibre reinforced plastics were developed from glass fibre and polyamide-6 (PA-6) 
polymer. Unidirectional glass/PA-6 prepreg is used to develop [02,902]s layup sequences 
of orthotropic laminates. PA-6 is a hydrophilic polymer, that is, it is sensitive to water 
[170] and has the ability to absorb moisture from the environment. Thus, prior to pressing, 
glass/PA-6 prepregs were dried in an oven at 60°C for 12 hours. The press-forming 
technique was utilized on a Rucks KV275 press to produce a 300 x 300 mm flat plate 
(Figure 14).  

 
Figure 14: Development of continuous fibre-reinforced laminates using the press-forming 
technique. 

The manufacturing process of press-forming technique can be divided into four stages:  

 Drying at 60°C for 12 hours prior to manufacturing 
 Heating and plasticizing of the PA-6 matrix (P, TH, t) 
 Consolidation and solidification (15°C per min until 180°C at P)  
 Cooling of the FRP (room temperature cooling) 

Where P is the pressure and TH is the heating temperature. 

5.1.1 Process parameter identification – P,TH,t 

Visual inspection 

Eleven types of processing cycles are investigated in this article, and the list of processing 
parameters is detailed in Table 1. The samples were analysed by visual inspection to 
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identify the processing condition which gives an optimal impregnation quality. To 
minimize the material utilized during the preliminary investigation, a [0,90]s layup was 
used during initial trial experiments. The melting temperature for investigated polyamide-
6 is 225–235°C. Thus, 225°C is identified as the lowest heating temperature (TP_FRP#1) 
and it is increased by 10°C. A sample which has a processing temperature lower than 
235°C (TP_FRP#1) does not provide enough heat to melt PA-6 sufficiently to provide 
good impregnation.  

 
Figure 15: Schematic representation of squeeze flow. 

An open mould without surrounding walls was used during pressing. The polymers were 
squeezed out of the mould. Squeeze flow is a type of fluid flow in which material is 
compressed using two parallel plates and fluid is squeezed out radially (Figure 15) [171]. 
The length of polymer squeezed out of all four sides after the experiments is measured, 
and the average value is documented in Table 1. TP_FRP#2, TP_FRP#3 and TP_FRP#4 
sample were pressed for 120 seconds. All three samples has good bonding with squeeze 
flow less than 10 mm, but the samples had few matrix burn-off regions. Thus, these three 
samples were not selected for its matrix burn-off regions. The pressing time was reduced 
to 60 seconds for the remaining samples. For samples TP_FRP#5, TP_FRP#6 and 
TP_FRP#7, increasing squeeze flow was observed with increasing pressure. Reduction 
in matrix burn-off regions was observed with reducing pressing time. Samples (#8 to #11) 
with a pressure of 1.11 to 2.77 bar along with a temperature range of 235–255°C and 60 
second pressing time give good impregnation quality with low squeeze flow. No matrix 
burn-off regions were seen in samples (#8 to #11).  

Table 1: Various processing cycles investigated in the study. 

Sample no. Layup Pressu
re,P 
[bar] 

Temp.,T
H [°C] 

Time, t 
(seconds) 

Visual inspection  

Preliminary study: goal to identify the best impregnation quality, analysed by visual 
inspection 

TP_FRP#1 [0,90]s 2.77 225 120 Not impregnated together 

p, T, t 
Top mould 

Bottom mould 

Fiber  

Polymer 
squeezed out 

X 

Z 
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TP_FRP#2 [0,90]s 2.77 235 120 Good bonding and < 5 
mm of squeeze flow 

TP_FRP#3 [0,90]s 2.77 245 120 Good bonding and < 5 
mm of squeeze flow 

TP_FRP#4 [0,90]s 2.77 255 120 Good bonding but 5-10 
mm of squeeze flow  

TP_FRP#5 [0,90]s 2.77 265 60 Good bonding but 5-10 
mm of squeeze flow  

TP_FRP#6 [0,90]s 5.00 265 60 The material flowed 
outside the pressing 
mould due to high 
squeeze flow (> 10 mm) 

TP_FRP#7 [0,90]s 10.0 265 60 The material flowed 
outside the pressing 
mould due to high 
squeeze flow (> 10 mm) 

TP_FRP#8 [0,90]s 1.11 245 60 Good bonding and < 5 
mm of squeeze flow 

TP_FRP#9 [0,90]s 2.77 245 60 Good bonding and < 5 
mm of squeeze flow 

TP_FRP#10 [0,90]s 2.77 235 60 Good bonding and < 5 
mm of squeeze flow 

TP_FRP#11 [0,90]s 2.77 255 60 Good bonding and < 5 
mm of squeeze flow 

Tensile test procedure and results 

From the preliminary visual inspection of various processing configurations, four 
processing conditions (Table 1) had minimum squeeze flow (< 5 mm). These four 
samples (samples TP_FRP#8 to TP_FRP#11) were further investigated using tensile test. 
Tensile test was performed on specimens according to standard ASTM D3039, using 
series LFV walter+bai multipurpose dynamic testing machine. Tensile load was applied 
at a constant speed of 2 mm/min. Using specimen with dimensions of 250 mm in length 
and 25 mm in width. Layup of composite is changed into [02,902]s. Tensile results were 
shown in Figure 16. The tensile test results show that the sample TP_FRP#8 has the 
highest tensile strength and modulus. 
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Figure 16: Tensile strength and modulus of the investigated samples. 

Fibre volume, porosity fraction test procedure, and results 

Porosity is the volume fraction of voids in the composites and is one of the major process-
induced defects that could affect the performance of the composite. Porosity plays a key 
role in the strength of a composite structure. The presence of porosity can cause local 
stress concentration and could affect the service-life of composites. Studies found that 
there is a reduction of 7% in interlaminar shear stress for increase in every 1% of porosity. 
It is necessary to manufacture parts with a low porosity fraction (below 2.5%) in order to 
utilize them in structural parts [172]. Porosity fraction (ϑvoid) is estimated by comparing 
the theoretical density (ρtheory) and actual density (ρactual) of the composite using a standard 
ASTM D2734 (equation 5). 

ϑ𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = �ρ𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒−ρ𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎
ρ𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

� ∗ 100                   (5) 

Theoretical density is calculated from fibre volume fraction (equation 6), and actual 
density is calculated by measuring mass and dimensional parameters.  

ρ𝑡𝑡ℎ𝑒𝑒𝑣𝑣𝑒𝑒𝑥𝑥 =  ρ𝑓𝑓V𝑓𝑓 + ρ𝑚𝑚V𝑚𝑚              (6) 

ρf, the density of E-glass fibre, is 2.55 g/cm3, and ρm, the density of polyamide-6 polymer, 
is 1.12 g/cm3. Vf and Vm are the fibre and matrix volume fraction. 

Fibre volume fraction was calculated experimentally using DIN standard ISO 1172:1996. 
The test specimen was weighed (mprobe) and calcinated at 600°C for one hour to burn all 
the PA-6 present in the specimen. The remaining fibre is weighed to measure the fibre 
weight content of the laminates (mf). From the measured fibre weight content, Vf is 
calculated using equation 7.  

V𝑓𝑓 = 1

�1+
1−𝑊𝑊𝑓𝑓
W𝑓𝑓

∗
ρ𝑓𝑓
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�
                            (7) 
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where fibre weight content (Wf) is the ratio of mass of the fibre (mf) to the mass of the 
specimen (mprobe). 

The influence of processing conditions on thickness, porosity, and fibre volume fraction 
are shown in Table 2. The processing parameters have an influence on the specimen 
thickness. At low pressure, the sample has high thickness (sample TP_FRP#8), whereas 
if the pressure is increased with temperature, the thickness is reduced (sample TP_FRP#9 
and TP_FRP#12). However, even with increased pressure, if the temperature is reduced, 
then the thickness is high (sample TP_FRP#10). The fibre volume fraction (Vf) results 
presented in this section were obtained by testing three specimens for each processing 
configuration. From equation 5, the porosity fraction is calculated for each and individual 
specimen. The processing conditions influence both porosity and Vf, but there is no clear 
pattern which can be derived from the results.  

Table 2: Influence of processing conditions on thickness, porosity, and fibre volume fraction. 

Sample Thickness [mm] Porosity [%] Vf [%] 

TP_FRP#8 1.96 ± 0.05 1.05  33.36 ± 0.42 

TP_FRP#9 1.63 ± 0.06 1.68 32.94 ± 0.46 

TP_FRP#10 1.85 ± 0.07 1.41 30.16 ± 0.34 

TP_FRP#11 1.59 ± 0.01 1.07 31.15 ± 0.42 

5.1.2 Impact and flexural investigation 

Barely visible impact damages such as matrix cracking, interfacial debonding, 
delamination, or fibre breakage caused by low-velocity impact reduce performance. Thus, 
the influence of processing parameters on the impact and flexural behaviour were 
investigated in the selected four samples.  

Low-velocity impact 

All samples were cut to 150 x 100 mm by an ATIKA ST 300 wet saw cutter utilizing a 
water-cooled diamond cutting disc. For uniform comparison during impact, all samples 
were impacted with 35 J of impact energy according to DIN ISO 18352 standard using 
an Instron Ceast 9350 machine with a measuring head of 45 kN. The measuring head 
records the values once the impactor hits the sample. Using a sample holder (Figure 17), 
a holding pressure of 1.3 bar was applied on the sample. Thus, the movement of the 
samples was arrested in all three directions before impact. A lightweight tup holder is 
available in the impacting machine, which is used to add additional weight to the impactor 
during the experiment.  Four samples were impacted for each configuration. A 3.258-
kilogram impactor was impacted from a height of 1,095 mm. The impactor speed at the 
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starting position was maintained at 4.570 m/s, and the speed was increased to 4.635 m/s 
during the impact. 

 
Figure 17: Impact-experimental fixture in an Instron Ceast 9350 machine. 

 

X 

Z 

Sample holder 

Direction of impact 

Sample to be 
inserted 

Adjustable 
height stand 

Operating console 

Impact tower 

Lightweight Tup Holder 
(2.0 to 5.0 kg) 

Anti-rebound system  

Hemispherical 
impactor 

-5

-3

-1

1

3

5

-40

-20

0

20

40

0 4 8 12 16

V
el

oc
ity

 [m
/s

]

En
er

gy
 [J

]

Time [ms]Test 1
Test 2
Test 3
Test 4

0

1000

2000

3000

4000

5000

0 5 10 15 20

Fo
rc

e 
[N

]

Displacement [mm]

Test 1
Test 2
Test 3
Test 4

a) e) 



                                                                                                                                
5 Polymer composites 

31 
 

 
Figure 18: At 35-joule impact: energy and velocity vs. time response for samples a) TP_FRP#8, 
b) TP_FRP#9, c) TP_FRP#10, and d) TP_FRP#11; force vs. displacement response for samples 
e) TP_FRP#8m f) TP_FRP#9, g) TP_FRP#10, and h) TP_FRP#11. 

Figure 18 (a–d) shows the time history versus velocity and energy absorbed from 35 J of 
impact energy with different specimens. The positive velocity value in the graph shows 
the downward motion of the impactor, while a negative value indicates upward motion. 
Bounce time describes the time at which the velocity of the impactor becomes zero. As 
all specimens were rebounding, it can be concluded that there was no perforation in any 
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of the samples. Specimens with high stiffness show a high resistance against the 
downward motion of the impactor compared to a flexible specimen. Thus, bounce time 
depends on the stiffness of the specimen [173,174]. If a specimen shows a high bounce 
time, the sample has low stiffness properties, and vice versa. The bounce times of the 
investigated samples are shown in Table 3. As observed in Figure 18 (a–d), the maximum 
energy is reached at the bounce time and Table 3 shows this behaviour during all the tests. 
The absorbed energy is more than 34 J.  

Table 3: Maximum load, maximum deformation, bounce time, absorbed energy, and the absorbed 
energy–to–impact energy ratio of the various tested samples. 

Sample Max. 
Load    
(N) 

Max. 
deformation 
(mm) 

Bounce 
time (ms) 

EAbsorbed 

(J) 
EAbsorbed/
EImpact 
(%) 

TP_FRP#8 Test 1 

Test 2 

Test 3 

Test 4 

Mean 

STDEV** 

5065.71 

4880.45 

3357.84 

4353.62 

4414.41 

766.25 

16.24 

16.40 

19.35 

16.74 

17.18 

1.459 

5.57 

5.46 

7.29 

5.68 

6.00 

0.86 

34.99 

34.84 

34.94 

34.71 

34.86 

0.124 

99.97 

99.55 

99.82 

99.16 

99.63 

0.365 

TP_FRP#9 Test 5 

Test 6 

Test 7 

Test 8 

Mean 

STDEV 

3398.37 

3346.26 

3132.06 

3166.79 

3260.87  

131.20 

21.49 

20.36 

20.80 

20.05 

20.68  

0.624 

7.61 

7.14 

7.26 

7.12 

7.28 

0.22 

34.70 

34.67 

34.68 

34.51 

34.64  

0.088 

99.16 

99.06 

99.10 

98.61 

98.98  

0.253 

TP_FRP#10 Test 9 

Test 10 

Test 11 

Test 12 

Mean 

STDEV 

5169.92 

4782.03 

4805.19 

3728.36 

4621.38 

621.28 

14.69 

17.44 

15.19 

17.89 

16.30 

1.596 

4.89 

5.77 

5.09 

6.23 

5.49 

0.61 

34.34 

34.57 

33.91 

34.14 

34.24 

0.282 

98.12 

97.56 

96.89 

97.56 

97.84 

0.807 

TP_FRP#11 Test 13 

Test 14 

Test 15 

Test 16 

3832.57 

3710.99 

3184.16 

3126.27 

18.79 

19.15 

21.39 

22.23 

6.48 

6.55 

7.50 

8.07 

34.02 

34.48 

34.40 

34.43 

97.22 

98.52 

98.30 

98.38 
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Mean 

STDEV 

3463.50 

360.19 

20.39 

1.681 

7.15 

0.76 

34.33 

0.209 

98.11 

0.597 

STDEV **: standard deviation 

Force-displacement history for the samples impacted with 35 J were shown in Figure 18 
(e–h). There was an increase in the maximum deformation and decrease in the peak loads 
for samples TP_FRP#9 and TP_FRP#11. The two other remaining samples showed the 
maximum peak force, lowest bounce time, and maximum deformation during impact. 
These observations indicate that increasing the pressure to 2.77 bar and the temperature 
to more than 235°C (samples TP_FRP#9 and TP_FRP#11) decreases the stiffness 
properties of the G/PA-6 composite, which could reduce the resistance to impact damage.  

Damage characterization 

To understand and identify the different damage mechanisms with respect to processing 
parameters and their effect on flexural behaviour, a µ-CT was used. µ -CT is an inspection 
technique that uses X-rays to inspect the inner structure of the object. Post-mortem 
damage mechanisms at the point of impact were observed and analysed using a BRUKER 
µ-CT SkyScan 1172 scanner. The post-impact µ-CT scanned images along the X–Z and 
Y–Z axes are shown in Figure 19, with the X-axis being the direction of 0° fibres. The µ-
CT scanned images show the layup sequence utilized in the study.  

On visual inspection, two samples had visible fibre damage on the back surface (Figure 
19, b and d). In the other two samples, there was no visible fibre damage, but the influence 
of delamination was visible on the back surface (Figure 19, a and c). Three-dimensional 
visual analysis of the composite structure provides the user with a basic understanding of 
what is present within the structure. From these images, it is possible to view the 
delamination and fibre breakage. Figure 19 shows the post-impact damages in the 
investigated samples. From the experimental investigations, four failure types can be 
observed: 

1) Delamination failure in the impacted side between (layers 1 and 2) 
2) Debonding between layers 6 and 7 (0° and 90° layers)  
3) Crack propagation within layers 3–6 (90° layers)  
4) Fibre breakage in the backside of the composite (layers 7 and 8) 

Delamination failure occurred on the impacted side in sample TP_FRP#10, but remaining 
three samples showed no damage indication on their impacted side. Debonding was 
observed on all the four samples investigated, but crack propagation was observed on 
sample TP_FRP#8 and TP_FRP#10, and fibre breakage was observed in the other two 
samples (sample TP_FRP#9 and TP_FRP#11).  
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Figure 19: Post 35 Joule impact image in the X–Y plane and CT-scanned image in Z–X and Y–Z 
planes for samples a) TP_FRP#8, b) TP_FRP#9, c) TP_FRP#10, and d) TP_FRP#11. 
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Samples that show no fibre failure had the maximum load absorption during impact. 
Despite these different failure types, damages occurred on the lower layer of the 
composite; that is, the damage propagates from the lower layer to the impacted surface. 
This pattern of failure is called a reverse pine-tree failure pattern and is due to the 
thickness of the investigated samples. Since the investigated samples were of thin 
laminates, a reverse pine tree damage pattern is observed in the laminates (Figure 7, b); 
that is, the intra-ply cracks and delamination propagates from the lower layer to the 
impacted surface.  

Pre- and post-impact flexural investigation 

The post impact strength of the composites was evaluated by three-point bending tests. 
To identify the extent of flexural strength reduction due to impact, data for the flexural 
strength of the undamaged specimens (reference specimens) was required. Thus, for each 
specimen type (damaged and undamaged), four samples were evaluated according to the 
standard ASTM D 7264/D 7264M. Tests were performed in a series LFV walter+bai 
multipurpose dynamic testing machine. Three-point bending load was applied at a 
constant speed of 10 mm/min (Figure 20). The dimension of the test sample is shown in 
Figure 20 (b), and the sample width was maintained at 75 mm. 

 
Figure 20: a) 3-point bending test fixture; b) Schematic loading diagram of the samples tested. 

Among the investigated samples, samples TP_FRP#8 and TP_FRP#11 had the highest 
and lowest flexural strength, respectively, and TP_FRP#9 had the median value among 
the tested samples. Post-impact results from a three-point bending test show that the 
sample with the highest flexural strength prior to impact had the lowest flexural strength 
post-impact (sample TP_FRP#10). Even though sample TP_FRP#11 had fibre damage, 
it had better post-impact flexural performance compared to TP_FRP#9 and TP_FRP#10. 
Sample TP_FRP#8 had the lowest flexural modulus prior to impact, but post-impact, it 
had the highest flexural modulus and strength (Figure 21). From the three-point bending 
investigation, sample TP_FRP#8 had the highest flexural strength and flexural modulus. 
Sample TP_FRP#10 had the highest flexural strength, but its tensile strength was lowered 
by 14.94% compared to sample TP_FRP#8 (Figure 16). 
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The influence of processing conditions on the porosity and fibre volume fraction is 
complex, and there is no clear pattern to it. Prior to the impact, void fraction does not 
have much of an influence on flexural strength, but post-impact, it has a high influence 
on flexural strength reduction. Among the tested samples, TP_FRP#8 and TP_FRP#11 
had the lowest void fraction, of 1.05 and 1.07%, respectively. Post-impact, these two 
samples had the lowest flexural strength reduction, of 17.97 and 15.20%, respectively. 
The void fraction was increased to 1.41 and 1.68 in samples TP_FRP#9 and TP_FRP#10, 
respectively. Correspondingly, post-impact, flexural strength reduction was increased to 
24.68 and 33.75%, respectively. TP_FRP#8 had the highest fibre volume fraction and 
lowest void fraction, which influence the post-impact flexural performance. Thus, 
TP_FRP#8 had the highest flexural strength and modulus.  

 
Figure 21: Flexural strength and modulus on the investigated samples prior to impact and post-
35-Joule impact. 

481,23

423,95

481,6

414,92

394,71

319,53

319,22

351,84

23,37

24,31

24,50

24,63

19,90

18,69

16,94

17,92

0

5

10

15

20

25

30

0

100

200

300

400

500

600

G
PA

-6_01

G
PA

-6_02

G
PA

-6_03

G
PA

-6_04

G
PA

-6_01

G
PA

-6_02

G
PA

-6_03

G
PA

-6_04

Fl
ex

ur
al

 m
od

ul
us

 [G
Pa

]

Fl
ex

ur
al

 st
re

ng
th

 [M
Pa

]

Flexural strength [MPa] Flexural modulus [GPa]

Pre Impact Post 35J Impact

Vf (%) 33.36    32.94    30.16   31.15
Vvoid(%)      1.05      1.41      1.68 1.07
Thickness 1.96      1.63      1.85     1.59 
(mm)

TP_FR
P#8

TP_FR
P#9

TP_FR
P#10

TP_FR
P#11

TP_FR
P#8

TP_FR
P#9

TP_FR
P#10

TP_FR
P#11



                                                                                                                                
5 Polymer composites 

37 
 

5.2 Thermoset composite 

5.2.1 Influence of process selection 

Thermoset composite was developed from two different techniques, namely, RTM and 
VARTM. The latter process has economic relevance for cost-effective production. As 
shown in Figure 22, the VARTM process uses a one-sided fixed-bottom tool (1), and the 
upper tool is in the form of a flexible transparent vacuum bag (2). With the help of sealing 
tape (3), the vacuum bag is sealed together with the bottom mould. The fibrous preforms 
(4) are placed on the lower tool and compacted. A vacuum is generated between the 
injection lines (5) and vent lines (6). An epoxy resin with hardener is injected into the 
fibres by opening the infusion line to impregnate them. To ensure uniform flow behaviour 
of the polymer resin (8) and to realize complete impregnation of the fibrous preform, a 
flat distribution medium (7) is placed along with them. The distribution medium increases 
the flow speed of the resin. As a result, the impregnation of the fibrous preform proceeds 
from the distribution medium mainly in the thickness direction of the layer structure. This 
technique can significantly reduce injection times and result in homogeneous matrix 
distribution. This method was originally established as the seeman composite infusion 
moulding process (SCRIMP) to realize long flow paths in the fabrication of large 
components. A peel-ply (9) and a perforated separating film (10) are placed between the 
fibrous preform and the distribution medium to detach the distribution medium from the 
component after curing. 

 
Figure 22: Development of thermoset FRPs using the VARTM technique. 

 
Figure 23: Design of the RTM mould using SolidWorks. 
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The second technique, the RTM process, can impregnate the fibrous preform in a closed 
mould with wet thermosetting resin under pressure. The RTM process is used to develop 
thermoset FRPs, as shown in Figure 23. The fibrous preform is placed within the closed 
mould, which is closed by a socket-head screw. The resin system is injected from the 
injection port, and after the complete impregnation of fibre, the remaining resin is vented 
out using a vent port.  

 
Figure 24: A flat RTM bottom mould with cured glass/epoxy FRP. 

Twelve layers of glass fabric 220 g/m² (Interglas 92145) from PD-INTERGLAS 
TECHNOLOGIES GmbH, Erbach, Germany, were used to manufacture [03,903]s 
TS_FRP laminate. Injected HP-E3000RI epoxy resin and HP-E120RI hardener from HP 
textiles, Schapen, Germany, were mixed in a 100:30 ratio, as suggested by the 
manufacturer. A colourless silicone gel was used along the edge of the reinforcement and 
mould to avoid the localized resin flow front deviation (Figure 24). The silicone gel was 
cured for 4 hours until it became a semisolid. After curing, the resin injection began. The 
silicon strips prevent the race-tracking phenomenon. Eight layers of glass/PA-6 [02,902]s 
prepreg were used to develop glass/PA-6 FRP, which leads to a final TP_FRP laminate 
with a thickness of 1.96 mm. To attain a similar final thickness value and allow for a 
direct comparison with TP_FRP, four additional glass layers were used, which leads to 
the cured TS_FRP laminate with a thickness of 1.97 mm. 

Tensile test procedure and results 

The influence of the processing techniques on the tensile properties was investigated 
using a tensile test according to ASTM D3039 standard using series LFV walter+bai 
multipurpose dynamic testing machine. The tensile load was applied at a constant speed 
of 2 mm/min, and the dimensions of the specimens were set to 250 x 25 mm. Six 
specimens were used for each FRP developed using each technique. Representative 
tensile strength-extension curves of the investigated FRP laminates are shown in Figure 
25. The calculated tensile strength was 338.38 MPa and 341.25 MPa for FRPs developed 
from RTM and VARTM, respectively. The tensile modulus was calculated as 7.63 GPa 
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and 8.36 GPa, respectively. The tensile results show that VARTM samples have similar 
tensile strength and modulus compared to RTM samples.  

 
Figure 25: Tensile strength vs extension curves of the samples a) TS_FRP_RTM and b) 
TS_FRP_VI. 

5.2.2 Impact and flexural investigation 
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Figure 26: At 22 J impact: energy and velocity vs. time response for samples a) TS_FRP_VI and 
b) TS_FRP_RTM; force vs. displacement response for samples c) TS_FRP_VI and d) 
TS_FRP_RTM.  

Samples developed from both techniques were investigated for their impact behaviour 
and influence on flexural performance of the FRP. Samples were impacted at 22 J of 
impact energy according to the DIN ISO 18352 standard using an Instron Ceast 9350 
machine with a measuring head of 45 kN. Three specimens were impacted for each 
configuration. A sample holder with holding pressure of 1.3 bar was applied on the 
sample. An impactor of 2.258 kg was used to impact the specimen from a height of 1,095 
mm. The impactor speed was maintained at 4.41 m/s during the impact. The impact-
experimental fixture is shown in Figure 17. Figure 26 (a and b) shows the time history 
versus velocity and energy absorbed during 22 J of impact energy for two investigated 
samples. Table 4 shows the measured variable during the impact tests. Both investigated 
samples had a similar impact performance, that is, similar load absorption, maximum 
deformation, and bounce time. The absorbed energy shows a value of more than 21.4 J. 

Table 4: Maximum load, maximum deformation, bounce time, absorbed energy, and absorbed 
energy–to–impact energy ratio of the various tested samples. 

Sample Max. Load 
(N) 

Max. 
deformation 
(mm) 

Bounce 
time  
(ms) 

EAbsorbed              
(J) 

EAbsorbed/
EImpact 

(%) 

TS_FRP_
VI 

 

 

 

Test 1 

Test 2 

Test 3 

Mean 

STDEV** 

4156.78 

4069.94 

4174.15 

4133.62 

55.83 

11.64 

11.69 

11.62 

11.65 

0.03 

4.30 

4.21 

4.02 

4.17 

0.14 

21.42 

21.42 

21.52 

21.45 

0.05 

97.36 

97.36 

97.81 

94.51 

0.25 

TS_FRP_
RTM 

Test 1 

Test 2 

Test 3 

Mean 

STDEV** 

4232.04 

4046.78 

4156.78 

4145.20 

93.17 

11.32 

11.62 

11.66 

11.53 

0.18 

3.95 

4.04 

4.08 

4.02 

0.06 

21.81 

21.91 

21.81 

21.84 

0.05 

99.13 

99.59 

99.13 

99.28 

0.26 

STDEV **: standard deviation 

The post-impact strength of the FRP composites was evaluated by three-point bending 
tests. For each sample, four specimens were tested according to the standard ASTM D 
7264/D 7264M. To have a uniform comparison with thermoplastic FRP, the thermoset 
FRP composites were also tested according to the identical parameters to those used 
during the three-point bending test of thermoplastic FRP (Figure 20); that is, the specimen 
width was reduced to 75 mm and a load applied at a constant speed of 10 mm/min. Three-
point bending results of investigated glass/epoxy samples are shown in Figure 27.  
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Investigation shows that both TS_FRP_VI and TS_FRP_RTM samples have similar 
flexural performance prior to and following impact. Epoxy polymer is brittle compared 
PA-6 polymer. The ductility behaviour of the polymer influences the failure mechanism 
of the FRP composite when they are subjected to impact. After a 22 J impact, the flexural 
strength of TS_FRP_VI and TS_FRP_RTM were 51.20% and 51.80%. The process 
chosen for the manufacturing of glass/epoxy FRP had only a negligible influence on its 
flexural performance, while TP_FRP#8 sample (glass/PA-6 thermoplastic FRP) from 
chapter 5.1.2 had only a 17.97% flexural strength reduction, even after a 35 J impact. 
Thus, glass/PA-6 FRP has better flexural after impact performance compared to 
glass/epoxy FRP.  

 

Figure 27: Flexural strength and modulus on the various samples prior to impact and post 22 J 
impact.
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6. Local reinforcement of composites in metals 

6.1 Metal selection and investigation 

Reinforcing FRPs to the existing steel body structure could achieve potential weight-
savings without any major changes in existing assembly lines. Computer-aided 
engineering (CAE) studies found that by either replacing the existing structures with 
lighter reinforcement or incorporating additional local reinforcement in the body-in-white 
(BIW) could save ~1.5% of vehicle weight without compromising crash performance 
[175]. Bonding metal with FRPs using polymer adhesion eliminates the additional 
processing steps required for joining, which not only reduces the time and cost but also 
avoids the holes drilled on the structure to join them. Numerous steels are suitable for this 
application, with one of the candidates for this case being manganese–boron steels, which 
can be strengthened by using heat treatment processes. In the group of manganese–boron 
steels, 22MnB5 steel has been extensively used to produce hot stamping parts due to the 
hardenability of the material achieved by using a heat treatment process. To avoid a 
separate joining process and to save time, a one-shot hybrid structure was developed by 
the local reinforcement of composites in press-hardened 22MnB5 steels. The chemical 
composition of 22MnB5 is detailed in Table 5. Initially, the material is composed of 
approximately 70% ferrite and 30% pearlite.  

Table 5: Chemical composition of 22MnB5. 

Elements C Mn Si Al Ti B Cr P S 

Max. wt. [%] 0.25 1.35 0.4 0.08 0.045 0.004 0.25 0.023 0.01 

6.1.1 Metal surface preparation 

Heat treatment on 22MnB5 steel 

Hot stamping of 22MnB5 steel is known to yield a very high strength of up to 1500 MPa 
depending on the final microstructure. For conventional hot stamping, the material must 
be heated above the austenitization temperature, to around 950°C and held for 
approximately 300 seconds in order to obtain a homogenous austenite phase in the 
workpiece. The austenitization time depends on the coating technique and blank 
thickness. After heating, a rapid transfer to the stamping tool set is performed. Forming 
is performed with a high tool velocity in order to ensure that the temperature of the 
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stamped parts remains in the austenite phase when the forming process starts. After the 
forming step, the stamped part is quenched in the forming die. The die is closed until the 
part reaches the martensite finish temperature, where the phase transformation is 
completed. For applications in which the part is fully martensitic, the cooling rate should 
be above the critical cooling rate of 27°C/s [176]. Although the cooling rate has a large 
effect on the final quality of hot-stamped parts, there are several process parameters, 
which also have an effect on the final properties after quenching. Deformation while the 
material still remains in the austenite phase causes expansion of the grain boundary area 
and as a result, the density of ferrite nucleation sites increases. In the heating step, the 
holding time and temperature of the austenitization also influence the grain size. This 
means that higher temperatures and longer holding times may introduce bulky plate 
martensite and result in a reduction of the tensile strength. Nowadays, hot-stamped parts 
can be provided with tailored properties, which is highly useful, for example, for B-pillar 
[177]. The combination of soft and hard zones in one part improves the crash 
performance, because the soft zone absorbs the most energy during the impact and the 
hard zone provides anti-intrusion properties. The local properties of the part are obtained 
using locally varying cooling rates. Hot stamping of conventional 22MnB5 is 
commercially used to improve the strength of parts in the automotive industry. 

Investigated 22MnB5 steel specimens were divided into three groups, soft (M1), medium 
(M2), and hard (M3). The medium and hard specimens were heated to 950°C with a 
holding time of 5 minutes and transferred from the furnace to the cooling process in 
roughly 5 seconds. Cooling was performed by natural convection at ambient temperature 
for the M2 specimens and by forced convection with an air velocity of about 5 m/s at an 
ambient temperature of 25°C for M3 specimens. To measure the cooling rate of M2 and 
M3 specimens during the quenching process, a thermocouple type k was attached at the 
centre of the specimens. The locations of the measurements are shown in Figure 28 (a).  

 
Figure 28: Locations of a) thermocouple, b) hardness measurements, and c) surface roughness 
measurement. 

The cooling curves resulting from both cooling strategies are shown in Figure 29. The 
cooing rates before the start of the phase transformation are 7.7°C/s (M2) and 10°C/s 
(M3). The beginning of the phase transformation can be recognized from the release of 
latent heat, which causes a deflection point in the cooling curves. To clarify the phase 
transformation of M2 and M3, the thermal histories are projected onto a continuous 
cooling transformation (CCT) diagram of 22MnB5. Considering the cooling rate of M3 
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specimens, the ferrite transformation starts at around 650°C and the bainite 
transformation takes place at about 550C. Finally, martensite forms below 400°C. The 
starting point of phase transformation of M2 is lower than that of M3. Therefore, a lower 
amount of latent heat is released compared to the M2 specimen. This indicates that the 
final fraction of ferrite in M3 is less than that of M2. 

 
Figure 29: CTT diagrams showing the cooling rates of M2 and M3 specimens. 

To evaluate the mechanical properties of each specimen, hardness tests were performed 
using a Vickers hardness tester on five positions (Figure 28, b). Average hardness values 
were calculated from the measured values. The average hardness was 232 HV for M2 and 
282 HV for M3, respectively. According to the hardness measurements, an approximation 
of the final phase fractions of both specimens can be calculated using a CCT diagram of 
22MnB5, as detailed in [178,179]. According to the CCT diagram, the final phase fraction 
and the hardness of the specimens quenched down at cooling rates of 6°C/s and 12°C/s is 
ferrite (ξf 6°C/s = 0.05, ξf 12°C/s = 0.03), bainite (ξb 6°C/s = 0.75, ξb 12°C/s = 0.20), and martensite 
(ξm 6°C/s = 0.20, ξm 12°C/s = 0.77). The calculated hardness values are 240HV and 383HV. 
By interpolating between the phase fractions and the hardness obtained from the CCT 
diagram, the approximated final phase fractions can be calculated as shown in Table 6. 

Table 6: Summary of the microstructure, hardness, and average roughness of the investigated 
steel. 

Sample Ferrite 
fraction 

Pearlite 
fraction 

Bainite 
fraction 

Martensite 
fraction 

Hardness 
[HV] 

Average 
roughness 
(Ra) [µm] 

M1 0.8 0.2 - - 152 0.488 
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M2 0.05 - 0.75 0.20 232 12.154 

M3 0.044 - 0.596 0.36 282 11.463 

Rudawska et al. [180] suggested that increasing roughness could enhance bonding 
strength. Grit blasting is a widely used surface preparation technique for modifying the 
surface roughness of metals. When the heat treatment was performed on the steel at 
950°C, the AISi coating on the steel was destroyed. Thus, grit blasting on the M2 and M3 
sample does not have an influence on its surface modification, and a grit-blasting surface 
preparation technique was not performed on M2 and M3 steel. Average roughness (Ra) 
of each investigated steel sample was measured three times using the Surtronic 
profilometer (Figure 28, c). The M2 and M3 samples had high surface roughness values 
compared to the M1 steel. 

Surface preparation technique (Grit blasting) 

Grit blasting surface preparation technique was performed on M1 steel. Two different 
grits are utilized in this study using a Unicraft SSK 2.5 sandblasting cabinet: 
VITROBLAST, a blasting abrasive based on hollow as well as flat glass and white-fused 
alumina based on aluminium oxide. Both these abrasives are supplied by ampeco 
abrasives (Dinslaken, Germany). The experimental design is shown in Table 7. All the 
samples were blasted with a 90° impact angle. After sand blasting, all samples were 
cleaned in acetone.  

Table 7: M1 samples utilized in this study and their corresponding grit blasting processing 
condition. 

Sample 
name 

Type of abrasive Pressure 
(bar) 

Size of the 
abrasive (µm) 

Hardness of 
abrasive (Mohs) 

M1_Ref - - - - 

M1_SB1 Hollow and flat glass 1 350-1500 6 

M1_SB2 Hollow and flat glass 2 350-1500 6 

M1_SB3 Hollow and flat glass 3 350-1500 6 

M1_SB4 White fused alumina 1 180-250 9 

M1_SB5 White fused alumina 2 180-250 9 

M1_SB6 White fused alumina 3 180-250 9 

6.1.2 Surface roughness measurement and scanning electron microscopy  

Surface roughness  

Average roughness parameter (Ra) was used to characterize differences between the 
samples, which was found to be the best roughness parameter for erosion condition 
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monitoring [181]. After the M1 steel was sandblasted, the Ra was modified in each 
sample. Increasing the pressure increased the Ra. The size of white-fused alumina 
particles was 180–250 µm, whereas the size of glass particles was 350–1500 µm. When 
compared to glass particles, sandblasting with white-fused alumina produced high 
roughness. Thus, sand blasting using smaller-sized abrasive provides high roughness, 
whereas the larger abrasives lead to low roughness. The finer grit particles could produce 
a smoother surface [182,183]. White-fused alumina have a higher hardness than glass 
particles. Thus, increasing the hardness of the grit particle increased the roughness. 
Among the investigated M1 samples, M1_SB6 had the highest Ra, of 1.62 µm.  

 
Figure 30: Average roughness of the investigated steel.  

Texture of the samples before (M1_Ref) and after grit blasting (M1_SB6) were scanned 
by means of KEYENCE 3D surface profiler VR-3000 (Neu-Isenburg, Germany), as 
shown in Figure 31.  

 
Figure 31: Three‐dimensional surface profiles of a) M1_Ref and b) M1_SB6. 
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The laser profiler scans the sample surface with a focused laser beam and displays a 3D 
profile. The minimum resolution of a 3D surface profiler was 0.5 nm. The measurement 
range in the X–Y plane was 2.0 x 2.0 mm. The reference sample M1_Ref (Figure 31, a) 
exposed a smooth surface. Due to the change in roughness after sandblasting, sample 
M1_SB6 showed a higher number of peaks and valleys, as shown in Figure 31 (b).  

SEM investigation  

The surface topographies of the samples were investigated using scanning electron 
microscope (SEM) from TESCAN Mira II (Brno, Czech Republic) operated at 15 kV. 
The results are presented in Figure 32. 

 
Figure 32: SEM micrographs of the samples after sand blasting: a) M1_SB1 b) M1_SB2 c) 
M1_SB3 d) M1_SB4 e) M1_SB5 e) M1_SB6. 

All samples exhibit a lot of peaks and valleys. The surface texture becomes more 
developed with increasing roughness. Bahbou et al. found that maximum adhesion can 
be achieved for blasting angles close to 90° [184]. Thus, the sand-blasting was performed 
at 90°. Furthermore, Bahbou et al. found that at higher blasting angles, forms hook-shaped 
profiles, which might explain the higher adhesion at this angle. Amada et al. found that 
adhesive strength exhibits a maximum value after blasting at 75° [185]. Griffiths et al. 
suggest two different material removal mechanisms, and at a blasting angle of 90°, 

a) b) c) 

d) e) f) 
100 µm 15 kV x700 100 µm 15 kV x700 100 µm 15 kV x700 

100 µm 15 kV x700 100 µm 15 kV x700 100 µm 15 kV x700 
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material removal by indentation was observed [181]. In this case, particles form an 
indentation as a result of impact. The indentations overlap each other and create a rough 
surface. Furthermore, Valášek et al. claimed that this mechanism produces a rougher 
surface than others [186].  

6.1.3 Surface energy and contact angle investigation 

Prior to local reinforcement of FRP on the steel surface, the surface energy of the steel 
was calculated using the Owens–Wendt–Rabel–Kaelble (OWRK) method [187]. The 
OWRK theory combines two fundamental equations, namely, Good’s equation (equation 
8) and Young’s equation (equation 9), which describe the interaction between solid 
surfaces and liquids. The fundamental equations are as follows:  

γSL = γS + γL − 2�γSDγLD − 2�γSPγLP            (8) 

γS = γSL + γLcosθ               (9) 

where 𝛾𝛾𝑆𝑆 is the overall solid surface energy, 𝛾𝛾𝑆𝑆𝐷𝐷and 𝛾𝛾𝑆𝑆𝑃𝑃 are the dispersive and polar 
components of the solid-surface energy, respectively, 𝛾𝛾𝑆𝑆𝑆𝑆 is the interfacial tension 
between solid and liquid, and 𝜃𝜃 is the contact angle between solid and liquid. 

Overall surface tension of the wetting liquid (𝛾𝛾𝑆𝑆) can be calculated from its dispersive 
component (𝛾𝛾𝑆𝑆𝐷𝐷) and the polar component (𝛾𝛾𝑆𝑆𝑃𝑃) of the surface tension of the wetting liquid 
[188], as shown in equation 10: 

 γL =  γLP + γLD             (10)  

Both equations (8 and 9) are combined to form the OWRK equation, as shown in equation 
11. 

γL(1 + cosθ) = 2��γSDγLD + �γSPγLP�          (11) 

Three different wetting liquids were utilized in this study, and their surface tensions are 
presented in Table 8.  

Table 8: Surface tension and its polar and dispersive components for the wetting liquids utilized. 

Wetting liquid Total surface 
tension 

𝛄𝛄𝐋𝐋 (mN/m) 

Dispersive 
component 

𝛄𝛄𝐋𝐋𝐃𝐃 (mN/m) 

Polar component 

                                
𝛄𝛄𝐋𝐋𝐏𝐏 (mN/m) 

Water [189] 72.8 21.8 51.0 

Ethylene glycol [190]  47.7 26.4 21.3 

Diiodomethane [189] 50.8 49.0 1.8 
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For each wetting liquid, the contact angle was measured five times using dataphysics 
OCA 25 equipment. Prior to measurement, each sample was cleaned with acetone. Since 
the volumes of the droplets were always less than 10 µL, the effect of the drop’s impact 
due to its weight can be neglected [191]. The wetting oil utilized for the contact angle 
measurements requires 10–15 s to reach a steady state [191]. Thus, the contact angles 
were measured after 16th second. To calculate the surface energy from the known values 
(γL, γ𝑆𝑆𝑃𝑃, γLD, cosθ), equation 11 was transformed into equation 12.  

γL(1+cosθ)

2�γL
D

= �γSP�
γL
P

γL
D + �γS𝐷𝐷            (12) 

Equation 12 is in the form of y = mx + b. Thus, by plotting a graph between γL(1+cosθ)

2�γL
D

 

and �γL
P

γL
D and creating a linear trendline, the slope of the line provides the value of the 

polar component of the solid surface energy, γSP, and subsequently the dispersive 
component can be calculated from the linear trendline. 

Investigation on commercial 22MnB5 steel  

The wettability of the investigated liquids is shown in Figure 33. Water has the highest 
surface tension, followed by diiodomethane and ethylene glycol. Islam et al. suggested 
that there would be a change in contact angle with respect to the roughness [192]. Among 
the investigated samples, the M2 and M3 samples have the highest roughness values. The 
sample with lowest roughness (M1_Ref) has the lowest diiodomethane contact angle, and 
the sample with the highest roughness (M2 and M3) has the highest diiodomethane 
contact angle. In the M2 and M3 samples, the contact angles of all three liquids have 
similar values, whereas in the remaining samples, a variation in contact angle between 
each liquid can be seen. The contact angle of ethylene glycol and diiodomethane exhibits 
a stagnant contact angle value between samples M1_SB3 to M1_SB6. 

 
Figure 33: Contact angle of M1_SB4 sample for the three different liquids used. 

Figure 34 shows the Owens–Wendt plot for the different samples. From the linear 
trendline, a polar and dispersive component of the surface energy was calculated. Figure 
35 (b) shows the trend in the surface energy with respect to the different surface profiles 
of the samples. For M1 steels, even though there is a variation in surface energy, no 
concrete correlation with the roughness profile is observed. Harris et al. [193] suggested 
that smoother surfaces exhibit higher surface energy values, and a similar pattern can be 

Water Diiodomethane Ethylene glycol 

96.07° 74.50° 59.69° 
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seen in the investigation. The M1_Ref sample, which had the lowest roughness, had the 
highest overall surface energy value, while the samples with high roughness (M2 and M3) 
had the lowest overall surface energy value.  

 
Figure 34: Owens–Wendt plot for the investigated samples. 

 
Figure 35: (a) Contact angle and (b) surface energy of the investigated samples.  
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6.2 Local reinforcement of FRPs on M1 steel 

6.2.1 Processing of hybrid composite  

Local reinforcement of thermoplastic FRPs on M1 steel  

 
Figure 36: Development of FRP-reinforced metal laminates by local reinforcement of FRPs on 
the metal surface using a press-forming technique. 

An experimental press-forming setup was utilized to reinforce thermoplastic glass/PA-6 
FRP on the 22MnB5 steel specimens. Unidirectional glass/PA-6 prepregs from JUP 
Composites GmbH, Zwickau, Germany, with 35% fibre volume fraction were stacked 
with steel in [[02,902]s-steel] layup sequence and press formed using a Rucks KV275 hot 
press to produce a 150 x 150 mm FRP-metal hybrid composite (Figure 36). Three 
different microstructures of 22MnB5 steel were utilized to develop FRP-metal hybrid 
composites. Prior to the stack-up of the prepreg and steel, the steel surface was cleaned 
with acetone to remove debris.  

Among the processing conditions investigated in Section 5.1, the TP_FRP#8 sample 
produced FRPs with the highest mechanical performance. Thus, the same parameters 
were chosen for the investigation. The manufacturing process consisted of the following 
four steps: 

 Drying at 60°C for 12 hours prior to manufacturing 
 Heating and plasticizing the PA-6 polymer (1.11 bar, 245°C, 60 seconds) 
 Consolidation and solidification (15°C/min until 180°C at 1.11 bar)  
 Cooling the FRP reinforced metal laminate (room-temperature cooling) 

Local reinforcement of thermoset FRPs on M1 steel  

A unidirectional glass fibre with a [03,903]s layup sequence is placed on the steel surface 
in a flat mould. HP-E3000RI epoxy resin and HP-E120RI hardener mixed in a 100:30 
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ratio is injected to impregnate the fibres. Post-curing, FRP are successfully reinforced on 
the steel surface. Similar to a thermoplastic–metal FRP hybrid composite, the surface 
treatment on the steels were studied to understand the adhesion behaviour of epoxy to it. 
Only M1 steel samples were selected for the investigation.  

6.2.2 Flexural study  

Three-point bending tests were evaluated according to the standard ASTM D 7264/D 
7264M using a Zwick roell Z050 static materials testing machine with a 30 kN load cell. 
To identify the influence of pre-treatments of metal on flexural strength, a reference 
specimen with no pre-treatment was also tested. Four specimens were tested using a three-
point bending test for each sample type. Surface roughness, SEM, 3D profilometry, 
contact angle, and surface energy investigation of the utilized samples were explained in 
Section 6.1. After three-point bending, test-failure behaviour was investigated using light 
microscope Zeiss Stemi 2000-C (Jena, Germany). Further investigation was studied using 
a scanning electron microscope from TESCAN Mira II (Brno, Czech Republic), operated 
at 15 kV. 

Local reinforcement of thermoplastic FRPs on M1 steel  

The nomenclature of the samples investigated was shown in Table 9. Figures 37 (a) and 
(b) show the light microscopic image of the sample TP_ML1_SB4 before and after three-
point bending tests, respectively. Interface debonding between metal and FRP was the 
main cause of failure during the three-point bending test. All other samples exhibit similar 
failure behaviour. Even though the failure mechanism is similar, flexural strength and 
modulus vary among the samples. 

 
Figure 37: Microscopic picture of the TP_ML1_SB4 sample a) before three-point bending test 
and b) after three-point bending test. 
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Table 9: Nomenclature of the investigated samples. 

Sample name Information  

TP_ML1_Ref Reinforcing [02,902]s glass/PA-6 FRP on ML1_ Ref steel  

TP_ML1_SB1 Reinforcing [02,902]s glass/PA-6 FRP on ML1_SB1 steel  

TP_ML1_SB2 Reinforcing [02,902]s glass/PA-6 FRP on ML1_SB2 steel  

TP_ML1_SB3 Reinforcing [02,902]s glass/PA-6 FRP on ML1_SB3 steel  

TP_ML1_SB4 Reinforcing [02,902]s glass/PA-6 FRP on ML1_SB4 steel  

TP_ML1_SB5 Reinforcing [02,902]s glass/PA-6 FRP on ML1_SB5 steel  

TP_ML1_SB6 Reinforcing [02,902]s glass/PA-6 FRP on ML1_SB6 steel  

 

Samples with sand blasting pre-treatment have a better flexural performance compared to 
reference sample (Figure 38), which correlates with the observation of Vallittu et al. 
[194].  

 
Figure 38: Flexural strength and modulus of the investigated thermoplastic based hybrid samples. 
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similar behaviour is seen in the flexural modulus of the samples. The flexural modulus 
increases with respect to the water contact angle and roughness of the sample until a 96° 
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flexural modulus. For example, samples TP_ML1_SB2 and TP_ML1_SB6 have a water 
contact angle of 100.7° and 101.9°, respectively, and both have a similar flexural 
modulus, which is lower than the flexural modulus of samples with a 96° water contact 
angle (TP_ML1_SB4 and TP_ML1_SB5). The contact angles of the other two liquids 
(diiodomethane and ethylene glycol) show no obvious relationship to the flexural 
properties of the samples. In contrast, the surface energy depends on the contact angle of 
all three liquids. Since the contact angles of diiodomethane and ethylene glycol do not 
have proper correlation with flexural properties, the relationship between surface energy 
and flexural properties is indirectly affected. Thus, even though there is a relationship 
between water contact angle and flexural modulus, no relationship with the surface energy 
was found. 

Considering the surface roughness (Ra) of the specimens, increasing roughness results in 
an increase in flexural modulus of the samples until the value of TP_ML1_SB5 is reached. 
However, even though Ra of TP_ML1_SB6 is higher than Ra of TP_ML1_SB5, there is 
no increase in flexural properties, which can be related to the increase in the water contact 
angle beyond 96° for sample TP_ML1_SB6. Considering the flexural strength, increasing 
Ra also results in incremental increases in flexural strength (except TP_ML1_SB3) until 
an Ra of 0.89. Further increase in Ra above 0.89 reduces the flexural strength. Among the 
pre-treated samples, those which were sand blasted using white-fused alumina 
(TP_ML1_SB4, TP_ML1_SB5 and TP_ML1_SB6) have a higher flexural strength and 
modulus compared to the samples sand blasted with hollow and flat glass  
(TP_ML1_SB1, TP_ML1_SB2 and TP_ML1_SB3). Even though sample TP_ML1_SB6 
was sandblasted at 3 bar of pressure, it had a lower flexural modulus and strength than 
samples TP_ML1_SB4 and TP_ML1_SB5. According to Rudawska et al. [180], the 
surface properties are more affected by abrasive material than by sandblasting process 
parameters. In this work, sample TP_ML1_SB4 had the highest flexural strength, whereas 
sample TP_ML1_SB5 had the highest flexural modulus. 

Local reinforcement of thermoset FRPs on M1 steel  

A surface pre-treatment investigation of M1 steel to improve bonding performance of 
PA-6 on steel surface shows that sand-blasting using glass particles has poor surface 
roughness compared to white-fused alumina sand blasting (Figure 30). This affects the 
adhesion performance of the PA-6 to 22MnB5 steel surface. Hence only white-fused 
alumina sandblasted samples, that is, samples M1_SB4, M1_SB5, and M1_SB6, were 
selected for the study. The nomenclature of the samples investigated is shown in Table 
10.  

Table 10: Nomenclature of the investigated samples. 

Sample name Information  

TS_ML1_ Ref Reinforcing [03,903]s glass/epoxy FRP on ML1_ Ref steel  
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TS_ML1_SB4 Reinforcing [03,903]s glass/epoxy FRP on ML1_SB4 steel  

TS_ML1_SB5 Reinforcing [03,903]s glass/epoxy FRP on ML1_SB5 steel  

TS_ML1_SB6 Reinforcing [03,903]s glass/epoxy FRP on ML1_SB6 steel  

 

TS_ M1_SB4 had better flexural strength, followed by TS_ M1_SB5 and TS_ M1_SB6, 
respectively (Figure 39). Compared to the reference sample, the pre-treated samples using 
sand blasting have better flexural strength. 

 
Figure 39: Flexural strength and modulus of the of the investigated thermoset-based hybrid 
samples. 

Figure 40 show the light microscopic image of the investigated sample after a three-point 
bending test. During the thermoplastic investigation, all investigated samples showed 
metal/FRP interface failure, whereas in the thermoset counterparts, the failure behaviour 
varied between the samples. As shown in Figure 40 (a), the reference sample (TS_ML1_ 
Ref) had metal/FRP interface failure but the other three samples had additional failure 
behaviours, such as interface failure within FRP. Different failure mechanisms influenced 
the bonding strength between M1 metal surface and epoxy. Even though the failing 
mechanism was different, the influence of roughness on the flexural strength and modulus 
properties were similar to both polymers. As with the thermoplastic investigation, the 
initial increase in Ra resulted in flexural strength improvement, while further increases 
resulted in a reduction in flexural strength (TS_ML1_SB6). 
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Figure 40: Microscopic images after three-point bending test of a) TS_ML1_Ref, b) 
TS_ML1_SB4, c) TS_ML1_SB5, and d) TS_ML1_SB6 samples. 
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Figure 41: SEM images of the fracture surfaces of TS_ML1_SB4 sample after three-point 
bending. 

Sample TS_ML1_SB4 had the highest flexural properties, followed by TS_ML1_SB5. 
Thus, these two samples were of particular importance to the study. To reveal the failure 
modes, SEM investigations were performed on both samples after three-point bending. 
In SEM, the specimen must be conductive, and gold was thus deposited as a conductive 
coating material on the surface of the specimens using a Cressington 108 auto apparatus, 
which produced a uniform gold nanocoating on the surface and allowed for fractography 
without artefacts. Figures 41 and 42 present an overview of the damages in samples 
TS_ML1_SB4 and TS_ML1_SB5, respectively. Both the samples show damages such as 
interface failure between 0° and 90° fibres, matrix cracking, delamination, and cracks. 
These damages, in addition to metal/FRP interface failure, leads to additional flexural 
properties in both samples.  
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Figure 42: SEM images of the fracture surfaces of TS_ML1_SB5 sample after three-point 
bending. 

6.3 Local reinforcement of FRP on hot stamped steel (M2 and M3) 

To have a uniform comparison between thermoplastic and thermoset reinforcement on 
steels (M1, M2 and M3), the optimal samples from the investigation in chapter 6.2.2 were 
selected (TP_ML1_SB4 and TS_ML1_SB4) and compared with the present 
investigation. In addition, the flexural performance will be compared with plain FRP’s 
too. TP_FRP#8 and TS_FRP_VI samples were chosen from the chapter 5.1, 5.2 
respectively due to their high flexural and impact performance during their respective 
investigation. Similar to chapter 6.2.1, glass/PA-6 prepreg is reinforced into the M2 and 
M3 steel using press forming technique and VARTM techniques was used to reinforce 
glass/epoxy to surface of M2 and M3 steel. Surface roughness contact angle and surface 
energy investigation of the M2 and M3 steel were explained previously in chapter 6.1.  
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Similar to chapter 6.2.1, three-point bending tests were evaluated with constant head 
speed of 2 mm/min according to the standard ASTM D 7264/D 7264M using a Zwick 
roell Z050 static materials testing machine attached with a 30 kN force sensor. To assess 
reproducibility, four specimens were tested for each sample manufactured under identical 
conditions. Even though both thermoset and thermoplastic FRP samples had similar 
thickness, the flexural performance is varied between them. Three-point bending results 
of the investigated samples were shown in Figure 43.  

 
Figure 43: Flexural strength and modulus of the investigated samples. 

Thermoset based on glass/epoxy (TS_FRP) has a high flexural strength and modulus 
compared to thermoplastic based glass/PA-6 (TP_FRP). TS_FRP has a better flexural 
performance compared to TP_FRP samples. Thermoplastic based FRP-metal hybrid 
laminates TP_ML1 has a poor flexural performance compared to TP_FRP and a similar 
behaviour can be seen in thermoset laminates too. The three-point bending test results 
suggest that the sample heat-treated samples (TP_ML2 and TP_ML3) have a stronger 
interface compared to the samples manufactured without heat treatment (TP_ML1_SB4). 
Figure 30 shows that heat treatment on steel increases the average roughness (Ra) of the 
steel. i.e., Ra of M2 and M3 steel samples were 12.154 and 11.463 μm, which is high 
compared to 0.897 μm Ra of ML1_SB4 steel sample. In addition, Figure 35 (b) shows 
that M2 and M3 samples had the lowest overall surface energy value compared to other 
investigated M1 steel. High roughness and low overall surface energy influence high 
adhesion of PA-6 polymer towards M2 and M3 steel surface. In the TP_FRP sample, the 
failure occurs with the fibre breakage. The failure behaviour of the investigated 
thermoplastic based FRP-metal hybrid laminates was shown in the Figure 44.  
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Figure 44: Microscopic images after three-point bending test of a) TP_ML1_SB4 b) TP_ML2 and 
b) TP_ML3 samples. 

Sample TP_ML1_SB4 shows no damage within the FRP but in the interface region 
between the FRP and the metal, Figure 44 (a). Thus, to damage the FRP sample, a high 
flexural force is required to break the fibres, whereas the sample TP_ML1_SB4 requires 
lower forces to induce interface failure. Due to this reason, the TP_FRP samples show a 
higher flexural strength and modulus than the TP_ML1_SB4 samples. Thus, the ultimate 
interface strength of TP_FRP samples is lower than the strength required to induce low 
energy damage like matrix cracking. Due to this low interface strength, the samples 
TP_ML1_SB4 have a low flexural strength and modulus. TP_ML2 and TP_ML3 show 
different failure behaviour compared to TP_ML1_SB4 samples, which shows that in 
addition to the interface failure, the samples also undergo additional damage like fibre 
breakage in 0° plies, fibre/matrix debonding within 90° fibres, interface failure within 0° 
and 90° plies, Figure 44 (b and c). 
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 Figure 45: SEM images of the fracture surfaces of a TP_ML2 sample after three-point bending. 

5 µm 15 kV x10000 20 µm 15 kV x3000 

Fiber-matrix 

debonding 

in 90° fiber 

Broken 0° fiber 

e) f) 

50 µm 15 kV x1000 

500 µm 15 kV x90 

50 µm 15 kV x900 

100 µm 15 kV x500 

0° fibers 

Matrix cracking 

0° fiber breakage 

Crushed fiber 

Interface delamination 
between metal and FRP 

Fiber-matrix 

debonding in 90° fiber 

ML2 steel 

ML2 steel 

Interface failure between 
0°and 90° plies 

90° fibers 

Interface failure between 
metal and FRP 

a) b) 

c) d) 



                                                                                                                                
6. Local reinforcement of composites in Metals 

62 
 

 
Figure 46: SEM images of the fracture surfaces of TP_ML3 sample after three-point bending.  
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SEM analysis allowed for compiling an overview of damage modes in the samples 
TP_ML2 and TP_ML3 as shown in Figure 45 (a) and 46 (a). It can be seen from Figure 
45 (b) that the TP_ML2 samples undergoes fibre fractures on the 0° fibres, which is an 
extreme form of damage that can be found in a composite. Figure 46 (b) show similar 
behaviour for a TP_ML3 sample. Figure 45 (c and e) shows the fibre-matrix debonding 
within 90° fibres in a TP_ML2 sample. In addition to fibre-matrix debonding within 90° 
fibres (Figure 46 (d)), the sample TP_ML3 also undergoes fibre-matrix debonding in 0° 
fibres (Figure 46 (c)). Crushed 0° fibres were found in Figure 10 (d) for sample TP_ML2. 
Fractured 0° fibres are shown in the Figures 45 (f) and 46 (f) for samples TP_ML2 and 
TP_ML3, respectively.  

In the investigated FRP-metal hybrid laminates, interface failure between metal and FRP 
may lead to final failure during flexural testing. Thus, the various failure modes observed 
in the SEM analysis in the samples TP_ML2 and TP_ML3 should have occurred before 
the metal-FRP interface failure. In a composite, the damage process is always driven from 
low energy consumption failure (like matrix failure) to final stage (fibre failure) which 
requires high energy level [195]. It can be speculated that for the samples TP_ML2 and 
TP_ML3, the matrix cracking in the 90° fibres occurs first.  With further loading, the 
crack extends into fibre-matrix debonding in 90° fibres, then to the interface failure within 
0° and 90° plies, followed by fibre breakage in 0° fibres and finally an interface failure 
between metal and FRP. Fibre fracture causes the ultimate failure in a composite laminate 
[196]. Since TP_ML2 and TP_ML3 samples show fibre fracture during three-point 
bending, the interface strength between FRP and metal must be high. Due to their strong 
interface strength, the samples TP_ML2 and TP_ML3 showed high flexural strength and 
modulus properties. 

TP_FRP show a higher flexural strength and modulus compared to TP_ML1_SB4 and 
TP_ML1_SB5 samples, but lower flexural performance compared to TP_ML2 and 
TP_ML3 samples. Compared to their thermoplastic based hybrid composite counterparts, 
thermoset based hybrid composites showed different flexural behaviour. i.e., TS_FRP 
show a higher flexural strength and modulus compared to hybrid metal laminates. Within 
the thermoset based FRP-metal hybrid laminates different flexural performance was 
identified compared to its thermoplastic counterparts. Sample with the heat treatment 
(TS_ML2 and TS_ML3) has poor interface compared to the M1 samples with sand 
blasting (TS_ML1_SB4). TS_ML2 and TS_ML3 samples had 23.30% and 16.14% lower 
flexural strength than TS_ML1_SB4 sample. But flexural modulus properties were 
similar to each other. For example, compared to TS_ML1_SB4 sample, flexural modulus 
was reduced only by 0.68% and 2.82% for TS_ML2 and TS_ML3 samples respectively. 
The failure behaviour of the investigated thermoset based FRP-metal hybrid laminates 
after three-point bending tests were shown in the Figure 47.  
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Figure 47: Microscopic images after three-point bending test of a) TS_ML1_SB4 b) TS_ML2 and 
b) TS_ML3 samples. 

Sample TS_ML1_SB4 has severe failure compared to TS_ML2 and TS_ML3 samples, 
which explains its higher flexural performance. In TS_ML3 samples, no metal/FRP 
interface failure was seen on the light microscope investigation. In order to understand its 
low flexural performance, additional investigation using SEM was performed on the 
samples after three-point bending test. Figure 41, 48 and 49 show the overview of damage 
in samples TS_ML1_SB4, TS_ML2 and TS_ML3, respectively. Both TS_ML2 and 
TS_ML3 samples show a similar failure behaviour with an interface failure within 0° 
fibres, fibre breakage of single fibres and matrix cracking. Since both samples had similar 
flexural properties, the damage processes were also similar.  

X (0°) 

Z 

b) 

c) a) 

M2 steel 

Interface failure 
within 0° plies 

 1 mm 
M3 steel 

Crack in 90° plies 

90° fibres 

0° fibres 

ML1_SB4 steel 

Cracks within 
 90° plies 

Interface failure  
between 0° and  
90° plies 

 1 mm 

 1 mm 



                                                                                                                                
6. Local reinforcement of composites in Metals 

65 
 

 
Figure 48: SEM images of the fracture surfaces of TS_ML2 sample after three-point bending.  

The study of the flexural behaviour shows that PA-6 show stronger adhesion to heat-
treated 22MnB5 steel (ML2 and ML3) compared to commercially available 22MnB5 
steel. But epoxy show poor adhesion to heat-treated 22MnB5 steel compared to 
commercially available 22MnB5 steel. PA-6 polymer has a better adhesion towards steel 
compared to epoxy polymer. Similarly, thermoplastic based FRP-metal hybrid laminates 
required complex and severe damages to undergo failure during three-point bending test 
compared to its thermoset counterparts. For example, in the TP_ML2 and TP_ML3 
samples, there was fibre breakage of the entire ply (Figure 44 (b and c)), but TS_ML2 
and TS_ML3 samples had single fibre failure. This failure behaviours shows the reason 
for its high flexural properties of TP_ML2 and TP_ML3 compared to TS_ML2 and 
TS_ML3. But comparing only the plain FRP, thermoset based glass/epoxy had higher 
flexural strength compared to thermoplastic glass/PA-6. Among the investigated FRP-
metal hybrid laminates, TP_ML3 had the highest flexural strength and modulus 
properties. Followed by TP_ML2, TP_ML1_SB4 and TS_ML1_SB4 samples 
respectively. 
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Figure 49: SEM images of the fracture surfaces of TS_ML3 sample after three-point bending.  

6.4 Impact and failure behaviour 

For uniform comparison during impact, all samples were impacted with 22 J of impact 
energy according to DIN ISO 18352 standard. All samples were cut to 150 x 100 mm by 
a waterjet cutter. Low velocity impact tests are performed on the samples using an Instron 
Ceast 9350 machine with a 45 kN force sensor. Using a sample holder (Figure 5), a 
holding pressure of 1.3 bar was applied on the sample. Thus, the samples were clamped 
in all three directions before impact. An impactor with a mass of 2.258 kg was used to 
impact the specimens from a height of 1095 mm. The impactor speed at the starting 
position was 4.25 m/s. The impact-experimental fixture is shown in Figure 17. The impact 
behaviour of the investigated samples were analysed and compared using the following 
parameters: 
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i) Maximum load required to induce the 22 joules of impact energy into the 
sample. 

ii) Maximum deformation induced during the impact. 
iii) When compared to flexible specimens, specimens with high stiffness will 

induce high resistance to the impactor. Thus, the time at which the impactor 
bounces back is a measure of the stiffness of the specimen. Hence, the bounce 
time, i.e., the time at which the velocity of the impactor attains a value of zero 
was evaluated. 

iv) The energy absorbed by the specimen was also determined.  

6.4.1 Impact performance of 22MnB5 steel (with and without heat treatment) 

To identify the influence of heat treatment, all three steel samples (i.e., M1, M2 and M3) 
were impacted at 22J. Impact parameters during the impact are shown in Table 11. Figure 
50 shows the force-displacement response for a 22 J impact energy for the investigated 
metal specimens. After heat treatment (M2 and M3), the 22MnB5 specimens require 
higher loads compared to the M1 steel. Ferrite and perlite phase fractions present in M1 
steel are reduced during heat treatment, and bainite and martensite are present in M2 and 
M3. The presence of these phases increases the hardness of these steels, which yields a 
high resistance against deformation. Thus, M2 and M3 specimens require higher forces 
compared to M1 steel. For the heat-treated steel, the state M2 requires higher load levels 
to induce the 22J impact energy compared to the M3 state. Similarly, the M2 state shows 
the lowest maximum deformation and bounce time among the pure metal samples. 
Although the M3 state has a higher hardness than the M2 state, the higher amount of 
martensite in M3, which is the hardest phase, reduces the overall performance in the 
energy absorption during the impact. It is worth noting that all specimens rebounded the 
impactor. Hence, it can be concluded that no perforation occurred in any of the samples.   

Table 11: Maximum load, maximum deformation, bounce time, absorbed energy and its ratio to 
impact energy of various tested samples. 

Sample Max. 
Load (N) 

Max. 
deformation 
(mm) 

Bounce 
time (ms) 

EAbsorbed  

(J) 

EAbsorbed/
EImpact  

(%) 

M1 Test 1 

Test 2 

Test 3 

Mean 

STDEV* 

6374.1 

6298.8 

6287.2 

6320.0 

47.18 

6.78 

6.73 

6.59 

6.70 

0.09 

2.48 

2.48 

2.43 

2.46 

0.02 

20.73 

20.63 

20.63 

20.66 

0.05 

94.22 

93.77 

93.77 

93.92 

0.26 

M2 Test 4 7647.7 6.04 2.17 20.71 94.13 
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Test 5 

Test 6 

Mean 

STDEV 

7254.1 

7294.6 

7398.8 

216.50 

6.19 

6.04 

6.09 

0.08 

2.24 

2.20 

2.20 

0.03 

20.62 

20.62 

20.65 

0.05 

93.72 

93.72 

93.85 

0.23 

M3 Test 7 

Test 8 

Test 9 

Mean 

STDEV 

7097.7 

7288.8 

7364.1 

7250.2 

216.50 

6.40 

6.31 

6.64 

6.45 

0.08 

2.31 

2.27 

2.33 

2.30 

0.03 

20.43 

20.53 

21.60 

20.85 

0.05 

92.90 

93.32 

98.18 

94.80 

0.23 

STDEV *: standard deviation 

 

-22
-18
-14
-10
-6
-2
2
6
10
14
18
22

-5
-4
-3
-2
-1
0
1
2
3
4
5

0 2 4

E
ne

rg
y 

[J
]

V
el

oc
ity

 [m
/s

]

Time [ms]

Test 1
Test 2
Test 3

(a) (d) 

(e) (b) 

0

1500

3000

4500

6000

7500

0 1 2 3 4 5 6 7

Fo
rc

e 
[N

]

Displacement [mm]

Test 1
Test 2
Test 3

0

1500

3000

4500

6000

7500

0 1 2 3 4 5 6 7

Fo
rc

e 
[N

]

Displacement [mm]

Test 4
Test 5
Test 6

-22
-18
-14
-10
-6
-2
2
6
10
14
18
22

-5
-4
-3
-2
-1
0
1
2
3
4
5

0 2 4

E
ne

rg
y 

[J
]

V
el

oc
ity

 [m
/s

]

Time [ms]

Test 4
Test 5
Test 6



                                                                                                                                
6. Local reinforcement of composites in Metals 

69 
 

 
Figure 50: Results of 22 J impact energy tests: velocity vs time response for samples a) M1 b) M2 
c) M3: force vs displacement response for samples d) M1 e) M2 f) M3. 

6.4.2 Impact performance of thermoplastic based FRP-metal hybrid laminates  

The FRP-metal hybrid laminates were unsymmetrical. Thus, the side of the impact could 
influence the damage behaviour. In order to reduce the number of experiments, only the 
sample with highest flexural strength (TP_ML3) was studied initially. Three samples 
were impacted on the metal side and another three on the FRP side. When the TP_ML3 
sample was impacted on the FRP side, the impact performance was lower compared to a 
metal side impact. During the impact test, force-displacement curves of TP_ML3 FRP 
side impact exhibit high fluctuation compared to the curves of TP_ML3 metal side. The 
relationship between the force fluctuation during impact and type of damage in composite 
laminates was investigated by [197,198]. It was found that large force fluctuation is due 
to the onset of delamination. Thus, the impact on the FRP side of the laminates could 
have higher delamination compared to the metal side impact. Thus, the failure behaviour 
was observed to depend on the impact side. After impact testing, the TP_ML3 sample 
was sectioned and observed visually to understand the damage behaviour. Figure 51 
shows that impacting on the metal side a lower amount of damage compared to impact 
on the FRP side.  

 
Figure 51:   Cross section view of TP_ML3 sample when impacted on the a) metal side and b) 
FRP side. 
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The failure types that occur during impact testing is explained in Figure 52. Plastic 
deformation occurs in 22MnB5 steel. Thermoplastic polymer exhibits both elastic and 
plastic mode of fracture. Thus, elastic/plastic deformation occurs in TP_FRP. For the 
FRP-metal hybrid laminates, the direction of impact influences its damage behaviour. 
Impact on metal side results in plastic deformation in both layers as shown in Figure 52 
(d). In contrast, debonding between metal and FRP layer was created, when the specimen 
was impacted on FRP side as shown in Figure 52 (c).  

 
Figure 52: Failure mechanism of various samples: a) TP_FRP#8 b) 22MnB5 metal c) FRP-metal 
hybrid laminates impacted on the FRP side d) FRP-metal hybrid laminates impacted on the metal 
side. 

In order to understand the influence of bonding strength on impact damage behaviour, 
impact tests were performed also on other two remaining samples. All samples were 
impacted on the metal side. As far the impact in the hybrid composite is concerned, 
independent of the direction of impact, the hybrid composite has a better performance 
regarding bounce time, peak force and deformation compared to TP_FRP#8 and the pure 
22MnB5 specimens (Table 11 and 12).  
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Figure 53: Results of 22 J impact energy tests: velocity vs. time response for TP_ML3 sample 
impacted on a) the metal side b) the FRP side, force vs displacement response for TP_ML3 sample 
impacted on c) the metal side and d) the FRP side. 

Table 12: Maximum load, maximum deformation, bounce time, absorbed energy and its ratio to 
impact energy of various tested samples.  

Sample Max. 
Load 

(N) 

Max. 
deformation 
(mm) 

Bounce 
time  
(ms) 

EAbsorbed  

(J) 

EAbsorbed/
EImpact  

(%) 

TP_ML3 
(Metal 
side 
impact) 

Test 1 

Test 2 

Test 3 

Mean 

STDEV 

8411.9 

8417.7 

8139.8 

8323.1 

158.79 

5.03 

5.20 

5.19 

5.14 

0.09 

1.88 

1.95 

1.93 

1.92 

0.03 

20.60 

20.03 

20.69 

20.44 

0.35 

93.63 

91.04 

94.04 

92.90 

1.62 

TP_ML3 
(FRP side 
impact) 

Test 4 

Test 5 

Test 6 

Mean 

STDEV 

7954.6 

7896.7 

7746.2 

7865.8 

107.57 

5.18 

5.64 

5.37 

5.39 

0.23 

1.97 

2.15 

2.03 

2.05 

0.09 

21.18 

20.32 

20.99 

20.83 

0.45 

96.27 

92.36 

95.40 

94.68 

2.05 
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impact) 
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Mean 
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5.02 

4.97 

4.94 

4.97 

0.04 

1.90 

1.87 

1.83 

1.86 

0.03 
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20.59 

0.57 
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TP_ML1_
SB4 
(Metal 
side 
impact) 

Test 10 

Test 11 

Test 12 

Mean 

STDEV 

8151.46 

8527.77 

8626.19 

8435.14 

250.55 

5.21 

5.11 

5.11 

5.14 

0.05 

1.93 

1.92 

1.91 

1.92 

0.01 

21.18 

21.08 

21.08 

21.11 

0.05 

96.27 

95.81 

95.81 

95.96 

0.26 

TP_ML1_
SB5 
(Metal 
side 
impact) 

Test 13 

Test 14 

Test 15 

Mean 

STDEV 

9031.45 

8684.08 

8579.87 

8765.13 

263.44 

4.88 

5.23 

5.03 

5.04 

0.17 

1.82 

1.93 

1.86 

1.87 

0.05 

21.08 

21.18 

21.08 

21.11 

0.05 

95.81 

96.27 

95.81 

95.96 

0.26 

TP_FRP#
8 

Test 16 

Test 17 

Test 18 

Mean 

STDEV 

3867.3 

3531.5 

3693.6 

3697.7 

167.93 

16.63 

14.03 

13.14 

14.16 

1.81 

4.68 

4.87 

4.72 

4.76 

0.10 

20.79 

20.99 

20.87 

20.88 

0.10 

94.50 

95.40 

94.86 

94.92 

0.45 

6.4.3 Impact performance of thermoset based FRP-metal hybrid laminates 

The impact investigation results for the thermoplastic based FRP-metal hybrid laminates 
suggest that impacting on metal side provides better impact performance. Thus, the 
thermoset-based samples were impacted only on the metal side. Along with three different 
FRP-metal hybrid laminates, TS_FRP was also impacted to study the impact 
performance. Three samples were impacted for each sample type (Table 13).  

Table 13: Maximum load, maximum deformation, bounce time, absorbed energy and its ratio to 
impact energy of various tested samples.  

Sample Max. 
Load     
(N) 

Max. 
deformation 
(mm) 

Bounce 
time 
(ms) 

EAbsorbed 

(J) 
EAbsorbed/EImpact              
(%) 

TS_ML1
_SB4 

Test 1 

Test 2 

Test 3 

Mean 

STDEV** 

6437.80 

6623.06 

6733.06 

6597.98 

149.22 

5.95 

6.00 

5.80 

5.92 

0.10 

2.29 

2.31 

2.25 

2.28 

0.03 

20.14 

20.14 

20.04 

20.11 

0.06 

91.56 

91.56 

91.11 

91.41 

0.26 

TS_ML2 Test 4 7711.46 4.84 1.88 20.21 91.86 
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Test 5 

Test 6 

Mean 

STDEV** 

7688.31 

7653.57 

7684.45 

29.14 

4.77 

4.86 

4.82 

0.05 

1.87 

1.89 

1.88 

0.01 

20.11 

20.11 

20.14 

0.06 

91.40 

91.40 

91.56 

0.26 

TS_ML3 Test 7 

Test 8 

Test 9 

Mean 

STDEV** 

7641.99 

7711.46 

7809.88 

7721.11 

84.36 

4.92 

4.85 

4.90 

4.89 

0.04 

1.90 

1.89 

1.90 

1.89 

0.00 

20.21 

19.92 

19.92 

20.02 

0.17 

91.86 

90.54 

90.54 

90.98 

0.76 

TS_FRP
_VI 

Test 10 

Test 11 

Test 12 

Mean 

STDEV** 

4156.78 

4069.94 

4174.15 

4133.62 

55.83 

11.64 

11.69 

11.62 

11.65 

0.03 

4.30 

4.21 

4.02 

4.17 

0.14 

21.42 

21.42 

21.52 

21.45 

0.05 

97.36 

97.36 

97.81 

94.51 

0.25 
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Figure 54: Results for 22 J impact energy testing: velocity vs time response for samples a) 
TS_ML1_SB4 b) TS_ML2 c) TS_ML3 d) TS_FRP, force vs displacement response for samples 
e) TS_ML1_SB4 f) TS_ML2 g) TS_ML3 h) TS_FRP. 

Figure 54 shows the force-displacement results. The investigations show that the impact 
behaviour is similar to thermoplastic based FRP-metal hybrid laminates. i.e., the samples 
made from heat treated steel have better impact performance compared to samples made 
from M1 steel. Also, the FRP-metal hybrid laminates show better impact performance 
compared to plain 22MnB5 or TS_FRP samples. When the results are compared with 
thermoplastic based FRP-metal hybrid laminates, the thermoset based FRP-metal hybrid 
laminates have poor impact performance. For example, TP_ML2 had a maximum force 
of 8426.4 N but TS_ML2 sample had only 7684.4 N. Even though both samples were 
made from the same 22MnB5 steel, the polymer chosen for the study determines the 
impact performance. Similar impact behavior is found with samples made from M1 and 
M3 metal, too. Epoxy polymer is brittle compared PA-6 polymer. The ductility of the 
polymer influences the failure mechanism when they were subject to impact. The ductility 
of epoxy influences the maximum deformation of the specimen during impact. The 
specimens have lower deflection compared to their thermoplastic counterparts. Thus, if 
PA-6 polymer is utilized to produce FRP-metal hybrid laminates, the sample exhibit 
better impact performance compared to epoxy polymer. 
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7. Generic demonstrator part 

7.1 Flow prediction 

7.1.1 Measurement of permeability  

Permeability of the reinforcing fibres is a necessary input parameter to perform a 
numerical simulation of liquid composite moulding processes such as the RTM process. 
Permeability characterizes the resistance of the fibres to the resin flow. The permeability 
of the utilized fabric was measured using a one-dimensional permeability measurement 
technique. The permeability of the porous medium is calculated using the one-
dimensional form of Darcy's law: 

𝑋𝑋𝑓𝑓𝑓𝑓2(𝑡𝑡) = −2𝑡𝑡 𝐾𝐾𝑥𝑥𝑥𝑥
𝜂𝜂(1−𝑉𝑉𝑓𝑓)

∙ ∆𝑃𝑃           (13) 

where Pin and Pout  are the inlet and outlet pressure; ∆𝑃𝑃 is the pressure difference – that is, 
∆𝑃𝑃 = (Pout - Pin); Xff (t) stands for the position of the flow front with respect to time t; 𝜂𝜂 is 
the viscosity of the injected fluid; Kxx is the permeability of the porous medium in the 
direction x; and Vf is the fibre-volume fraction.  

 

Figure 55: Representation of experimental characterization using a one-dimensional frontal 
injection with constant inlet pressure. 

The dynamic viscosity of the injected liquid was measured according to the DIN 53019-
1 standard using a rotational viscometer PCE-RVI 2 V1R from PCE Instruments UK Ltd 
(Southampton, UK). The permeability of the fabric was measured in both warp and weft 
directions. Schematic representation and the setup of the one-dimensional permeability 
measurement device are shown in Figure 56. 
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Figure 56: Schematic representation of the one-dimensional permeability measurement device.  

WIKA pressure sensors were installed at both inlet and outlet. A QuantumX MX840B 
data acquisition module from Hottinger Baldwin Messtechnik GmbH (Darmstadt, 
Germany) was utilized to measure pressure and temperatures at inlet and outlet.  Catman, 
a data acquisition and analysis software, was used for data visualization, analysis, and 
storage during and after the measurement. A Logitech-HD Pro Webcam C920 camera 
system was used to capture the flow front. The room temperature during the experiment 
was measured as 20°C. The dynamic viscosity of the sunflower oil was measured at 20°C 
as 162 mPas.  

 

Figure 57: Race-tracking along the top edge of the preform during the permeability measurement. 

During initial experiments, injected oil undergoes race-tracking, a phenomenon of 
localized resin flow front deviation, which could induce local permeability variations 
(Figure 57). Race tracking occurred due to the presence of gaps at the edges between 
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preform and mould. To avoid race-tracking, the gaps were closed by using colourless 
silicone. Thus, this technique prevented the race-tracking phenomenon.  

Fibre-volume fractions were calculated from the areal weight and thickness of fabric 
stacks as 41.48% and 41.92% for the warp and weft directions, respectively. By 
measuring the position of flow front with respect to time, the permeability of fibre stacks 
in warp and weft directions were calculated as 1.11224 E-10 ± 2.855 E-11 and 1.22027 E-

10 ± 2.445 E-11, respectively. Since the fibre stacks consist of woven fibres, permeability 
in both directions has similar values. 

 

Figure 58: Flow simulation is compared with the experiment at a) 7 seconds, and b) 295 seconds. 

For the flow simulation, the exact parameters measured in the experiments were used.  
The pressure difference between the two pressure sensors was measured as 0.966 bar. 
The calculated permeability values of fabric, viscosity of oil at 20°C, and pressure 
difference were utilized in the simulation. For the Z-direction permeability (K3), one-

at 7.0 sec a) 

at 295.0 sec 
b) 
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tenth of K1 was used. Figure 58 shows a comparison of flow front position between 
experiment and simulation result. Oil required 371.50 sec to impregnate the carbon fibre 
preform during the experiment, whereas during the simulation, 382.23 sec resulted in 
complete impregnation. A minor time difference of 10.73 sec was noticed between two 
flow-front positions. Thus, at the complete impregnation position, experiment flow front 
is 2.88% slower compared to the simulation flow front. 

7.1.2 FEM simulation of different injection strategies 

The RTM moulds were expensive to manufacture. Thus, an accurate understanding of the 
inlet and outlet points before construction of the mould was necessary. Preliminary flow 
simulation studies with different injection strategies were helpful in designing the RTM 
mould, and flow simulations of various injection strategies were performed on ESI PAM-
Composites simulation software. In addition to minimizing the injection time, numerical 
study of the flow behaviour also helped to prevent resin rich and void regions.  

 

Figure 59: Different injection strategies utilized in the study through PAM-RTM simulation. 

The flow simulation process consists of three steps: designing the part, meshing, and 
RTM flow simulation. The dimensions of the omega profile are shown in appendix Figure 
2, and the part was designed using SolidWorks. The part design was exported to the ESI 
PAM-Composites software, which can perform the other two processes, namely, meshing 
and RTM flow simulation. Figure 59 shows the four flow simulation strategies utilized in 
the study: 

 Strategy a) one inlet and a straight-line outlet in the opposite direction 
 Strategy b) two inlets and a straight-line outlet in the opposite direction 
 Strategy c) two inlets and an omega shaped outlet in the opposite direction 
 Strategy d) three inlets and a straight-line outlet in the opposite direction 

To understand the influence of injection port placement, more than one injection port was 
used for strategies b, c, and d. When more than one injection port was used, all were 
activated at the same time. 

- Injection point 

a) b) c) d) 

- Outlet  - Flow direction 
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Figure 60: Filling-time variation among the injection strategies: a) strategy a, b) strategy b, c) 
strategy c, and d) strategy-d. 
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The X and Y-direction (K1 and K2) permeability values obtained from the one-
dimensional permeability measurement technique were utilized in the numerical study. 
Epoxy resin HP-E3000RI and hardener HP-E300RI from HP textiles, Schapen, Germany, 
mixed at a 100:30 ratio, was used for the experiments. Viscosity of the mixture was 
measured at 20°C as 332.846 mPas.  

A simulated flow pattern for four different injection strategies was shown in Figure 60. 
To have a uniform comparison across simulations, a similar mesh size was used. For all 
four injection strategies, resin would able to fully impregnate the fibrous preform. Resin 
flows faster toward the flat region compared to the curved regions. For strategy (b), which 
uses one additional injection port, impregnation time was reduced by 42.06%. Thus, 
increasing the injection port reduces filling time. Even though the number of injection 
ports was the same for strategies (b) and (c), filling time varies. Placing both injection 
ports on same side (strategy b) reduces the filling time further comparted to strategy (c). 
Compared to strategy (b), further increasing the injection port to three (strategy d) reduces 
the filling time further by 11.58%. Strategy (d) could able to completely impregnate the 
preform at 12.09 minutes and was chosen as the optimal strategy to impregnate the 
preform.  

One bar of pressure was utilized in the study. Pressure was increased from one bar to 
three and six bars for strategy (d). Increasing the pressure further reduces the filling time. 
At the six-bar injection, resin could impregnate the preform in two minutes (Figure 61). 

 

Figure 61: Influence of pressure on the filling time in strategy (d). 

7.2 Fabric draping prediction 

An accurate prediction of wrinkles and fibre orientation after forming is necessary, as 
these defects decrease the compressive strength of the part and reduce its life span. To 
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capture the forming behaviour of fabric, an intensive material characterization must be 
performed.  

7.2.1 Material characterization of the fabric  

Tensile test of fabric 

The carbon fabrics were tensile tested according to the ASTM D 5035 standard using 
Instron ElectroPuls E10000, a linear-torsion all-electric dynamic test machine, which has 
a load cell capable of measuring a 7-kN static load. Tensile load was applied at a constant 
speed of 0.5 mm/min, and the dimensions of the specimens were set to 135 x 20 mm 
(Figure 62, b). The thickness of the fabric was 0.3125 mm. Since the investigated carbon 
fibre is woven, the same results were also used for weft direction. Four tests were 
performed on the warp direction, and an average behaviour was used to calibrate the 
numerical model. The width of the fibre was maintained as 8 yarns for each sample. To 
provide a better gripping to the clamping region, three different types of clamp tabs were 
tested:  

 A layer of adhesive tape  
 No clamping tabs, meaning that the carbon fibres were directly clamped 
 Curing the clamping area using ethyl 2 cyanoacrylate adhesive  

 

Figure 62: a) Dimension of the tensile test specimens, b) tensile test experiment according to the 
ASTM D 5035 standard, and c) stress-strain response for the investigated experimental samples. 

A large amount of slippage occurred with the utilization of adhesive tape. Due to slippage 
within the clamping tab, no fibre breakage occurred. Thus, adhesive tape clamping was 
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not used further. When carbon fibres were directly clamped, there were failures at the 
edge of the clamping region, and the results were thus not used. When clamping regions 
were cured using a “super glue” (ethyl 2 cyanoacrylate adhesive), the clamping region 
became solid. During a tensile test of carbon fibre with this clamping technique, there 
was no slippage or failure at the edge of the clamp. Thus, ethyl 2 cyanoacrylate adhesive 
curing of clamping was utilized for tensile test of the fabric. Tensile results obtained with 
ethyl 2 cyanoacrylate adhesive curing of clamping region were repeatable (Figure 62, c). 
Engineering strain is calculated using initial gauge length and the measured displacement 
from testing. Stresses are calculated by considering the fabric as a homogeneous 
continuum and hence by using a simple rectangular section of 25 mm x 0.3125 mm. Since 
tensile stresses are quite low during draping, tensile behaviour was used only for a strain 
range from 0 to 0.020. 

Shear test of fabric 

Shear deformation behaviour of the fabric was characterized using a picture-frame test 
set-up. A picture-frame test of woven fabrics consists of a hinged frame with four bars of 
equal length assembled in a tensile testing machine. A tensile force is applied diagonally 
on the opposing corners of the picture frame, inducing shear on the woven fabric. The 
pulling force caused the frame to move from its initial square configuration to a rhomboid. 
As there are no existing international published standards for a picture-frame test 
measuring the shear angle of the fabric, a rhombus frame was designed and constructed 
with initial frame size of 180 x 250 mm (shown in Appendix Figure 1). The tested fabric 
properties were shown in Table 14.  

Table 14: Physical properties of the investigated carbon fabric. 

Fabric ID   Fibres Areal density 
(g/m²) 

Weave 
Pattern 

Number of 
warp ends/cm 

Number of 
weft ends/cm 

ASKACA™ A-
38 200 tex (3k) 

Carbon 245 Twill 2/2 6 6 

The load measured without the fabric corresponds to frictional force (𝐹𝐹/), whereas with 
the fabric, it corresponds to shear load (𝐹𝐹//). Shear force (Fs) can be calculated from 
equation (14), where offset value 𝐹𝐹/ is the frictional force in the frame and 𝐹𝐹// is the 
machine-recorded value during the test with fabric. The frame must have low friction 
during the experiment. Plain-sleeve bearings were utilized to connect the four bars. To 
measure the friction, the picture frame was tested without the fabric in the Zwick roell 
Z050 universal tensile testing machine, which has a 30-kN load cell. During the 
experiment, the force corresponding to crosshead displacement were measured. Three 
different crosshead speeds, of 50, 100, and 200 mm/min, were used until the frame 
reached 90 mm displacement. For each crosshead speed, tests were performed three times 
(Figure 63). Average frictional force without fabric (𝐹𝐹/) was measured as 1.6 N, which 
was used in equation (14) to calculate shear force (𝐹𝐹𝑠𝑠).  
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𝐹𝐹𝑠𝑠 = 𝐹𝐹//−𝐹𝐹/

2 𝑐𝑐𝑣𝑣𝑠𝑠𝑐𝑐
                (14) 

𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 = √2𝑆𝑆𝑓𝑓𝑒𝑒𝑎𝑎𝑚𝑚𝑒𝑒+𝑣𝑣
2 × 𝑆𝑆𝑓𝑓𝑒𝑒𝑎𝑎𝑚𝑚𝑒𝑒

; Shear angle (µ) = 90°-2𝜃𝜃                  (15) 

Shear stress (τ) = Fs 
𝐴𝐴

= 𝐹𝐹
2.𝑙𝑙.𝑡𝑡.cos (45°−µ

2)
                    (16) 

Lframe is the length of the frame, and d is the displacement measured during the test. µ is 
the shear angle of the fabric. The shear stress (τ) can be calculated from the shear force 
(Fs) and sheared area of the fabric (A), where l and t were the length and thickness of the 
fabric, respectively.  

 

Figure 63: Picture frame test without fabric at various cross head speed. 

Picture-frame test with carbon fabric was performed on the same machine at a constant 
speed of 50 mm/min. Three tests were performed to measure the shear load of the 
investigated carbon fabric. All recorded responses showed strong noise, as a 30-kN load 
cell was used at low force values. Raw machine data was smoothed using an averaging 
technique, and finally, a mean curve was used to further calibrate material model. Shear 
force vs shear angle curves were obtained using force-displacement responses. Warp and 
weft tows are orthogonal to each other at zero displacement. As a result, the shear angle 
is 0° at the beginning. Increment in displacement induces decrement in the opening angle 
of the shear frame, which causes shearing in the fabric. Thus, a rotation of the warp and 
weft tows occurs with shear angle increment. Shear force and shear angle increase linearly 
due to friction in the cross points of the fabric. With greater displacement, the warp and 
weft tows begin to pack tightly to a point at which the tows are not able to freely rotate, 
which results in a steep increase in the force and stiffness of the fabric. The point at which 
this phenomenon occurs is called the locking angle, and this is the characteristic 
parameter for the drapeability of a textile. Further increases in the displacement result in 
wrinkling, and the fabric begins to buckle out of the plane.  
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Figure 64: Shear stress vs. shear angle response of the investigated carbon 245 g/m2 twill 2/2 
fabric. 

The locking angle was determined graphically by intersecting the tangent to the linear 
curve of the shear angle-force graph. Two tangent lines were created, one for the shear 
angles in the range of 5–10° and another for the last five degrees. Due to the inertia of the 
system, a shear angle below 5° was nonlinear. In addition to overcoming static friction, a 
tangent line was not considered for shear angles below 5°. Three tests were performed to 
measure the repeatability of the locking angle, and the average locking angle was 
measured as 32.09° (Figure 64).  

Bending test of fabric 

 
Figure 65: Bending test experiment. 

Hamila et al. suggested that bending stiffness is very small for textile reinforcement due 
to its fibrous nature [13]. To study bending deformation, a simple experimental set-up is 
used, as shown in Figure 65. A 25 x 230 mm fabric is place on the mould and allowed to 

Undeformed  Locked fabric Shear initiation  

0

0,01

0,02

0,03

0,04

0 5 10 15 20 25 30 35 40 45

Sh
ea

r 
st

re
ss

 [M
Pa

]

Shear angle [°]

Test_1
Test_2
Test_3
Mean

Average 𝛄𝛄_𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥: 32.09° 

20mm 

Deformed fabric  



                                                                                                                                
7 Generic demonstrator part 

85 
 

deform out of plane due to its self-weight. The deformation in the fabric was recorded 
with a digital single-lens reflex camera, and the captured picture was processed with 
ImageJ, an open-source program to measure the maximum deformation. A 3.905-mm 
deformation was measured in the mid-point of the deformed fabric. 

7.2.2 FEA analysis and material model validation  

An LS-DYNA solver is used to achieve a macro level draping simulation. The material 
model MAT_REINFORCED_THERMOPLASTIC [MAT_249] offers the possibility of 
simulating the forming behaviour of a thermoplastic material. The matrix is formulated 
as a thermal elasto-plastic material and reinforcement as an anisotropic hyper-elastic 
material. Since the draping of dry fabrics is intended in the current work, very low 
properties are used for the matrix in the material model so as not to disturb the overall 
response. The stress response is calculated as an addition of matrix and reinforcement 
contributions.  

Tensile test -FEA 

  

Figure 66: a) FEA vs. experimental response of the tensile test experiment; b) FE model of the 
tensile test; FE model showing the c) displacement and d) tensile stress contour (MAT_249). 
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A tensile test is simulated using fully integrated shell elements. Figure 66 (b) shows the 
FE model of the tensile test. Green and blue are rigid bodies. A green body is fixed in all 
directions except Y, and a blue body is fixed in all directions. Rigid bodies are used to 
introduce displacements and constrain the ends. Figure 66 (a) shows the load versus 
displacement response for a numerical against an experimental mean. Based on the 
comparison, the curves had a good match between them. Thus, the numerical tensile 
behaviour can be used in a draping simulation.  

Picture frame test: FEA 

The FE representative model of the experimental picture-frame test was constructed as 
shown in Figure 67. Red regions represent the fabric. Regions in which fabric is clamped 
to the plates are represented using rigid bodies. Similar to tensile-test simulation, fully 
integrated shell elements [ELFORM = 16] are used. The bearing regions are modelled 
using stiff truss elements. The pulling node is free to move only in the Y direction, and 
its displacement in X and Z and rotations in all directions were constrained. 

 
Figure 67: a) FE model of the picture frame test; b) FEA vs. experimental response of the picture 
frame test; c) shear angle contour (MAT_249). 
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MAT_249 can be used to model unidirectional as well as woven and non-crimp fabrics. 
To model the investigated woven carbon fabric, equation 10 was defined to model the 
elastic shear response for the variable METHij, which is tailored for woven fabrics. To 
produce an accurate force-displacement response, the frictional force (1.6 N) is subtracted 
from the experimental graph. As shown in Figure 67 (b), the simulation results show an 
acceptable correlation with the experimental results. Thus, it can be used to model the in-
plane response of the investigated carbon fabric. 

Bending test: FEA 

The FE representative model of the experimental bending test was constructed as shown 
in Figure 69 (a). Fully integrated shell elements [ELFORM = 16] are used to model the 
fabric. In the material card Mat_249, transverse shear modulus that are normal [G23] and 
along the direction of fibre [G31] can be used to describe out-of-plane behaviour. Varying 
these values manually showed negligible effect on the bending behaviour of the fabric. 
Part_composite available in Ls-Dyna defines only one integration point (IP) per layer. 
Running the model with one integration showed a stiffer response in comparison to the 
experiment. The bending behaviour in the current study was identified by varying the 
position on the integration points in the FE model to match the experimental deformation 
test [199]. Integration rules are defined in natural coordinate system. Three relative 
distance for the IP to the middle plane is chosen as 0.125, 0.1, and 0.075, as seen in Figure 
68.  

 
Figure 68: Available and modified relative distance of the IP to the middle layer. 

For each simulation, the maximum deformation on the mid-point of the fabric is 
measured. Since gravity loads are used in the simulation, the model is run for 1 s to 
achieve a steady state. Maximum out-of-plane displacement was measured as 11.61 mm, 
5.975 mm, and 3.904 mm for the relative distances of 0.075, 0.1, and 0.125, respectively, 
which shows that the relative distance from the IP to the middle layer has a significant 
influence on the bending deformation of the fabric. As shown in Figure 69 (b), a 0.125 
relative distance of the IP to the middle layer shows good agreement with the 
experimental value of 3.905 mm. This value can be used to model the out-of-plane 
response of the investigated carbon fabric. 
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Figure 69: a) FE model of the picture frame test; b) out-of-plane displacement response of the 
fabric due to its self-weight with 0.125 relative distance from the IP to the middle layer. 

7.2.3 Deformation of the fabric  

Draping setup: Experimental  

The carbon fabric with twill 2/2 weave was tested experimentally using the setup shown 
in Figure 70 (a). Three steel pillars were used to connect the black holders through the 
punch. 0/90°-oriented carbon fabric 250 mm in length and 300 mm in width was placed 
on the bottom mould. The punch was lowered, and the first contact was made from the 
blank holder with 40 N dead weights, which maintains the load on the fabric irrespective 
of the movement of the punch. As shown in Figure 70 (b), the movement of the punch 
drapes the fabric. The punch was removed to measure the deformation in the fabric. The 
initial experiment was performed without the blank holder, so there was no tension in the 
fabric, resulting in a large shear angle and wrinkling within the omega shape. After 
applying a blank holder, tension from the blank holder force created tension, which 
prevented large shearing in the omega shape of the part. 

 
Figure 70: a) Experimental setup of the draping process and b) movement of the punch causing 
the deformation in the fabric. 
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Draping setup: FEA  

The FE representative model of the experimental draping test was constructed as shown 
in Figure 71. Omega shaped punch with a length of 340 mm was used. A constant blank 
holder force of 80N (40N for each blank holder) was applied to hold the blank with the 
bottom mould. A rectangle composite blank has dimensions of 250 mm in length, 300 
mm in width, and 0.3125 mm in thickness. Fully integrated shell elements [ELFORM = 
16] are used for all bodies.  

 
Figure 71: FE model of the draping test.  

Comparison between experimental and FEA results 

The experimental draped fabric is shown in Figure 72 (a). The edge of the fabric 
undergoes shear deformation. No wrinkling occurred on the fabric. The deformation in 
the fabric was recorded with a digital single-lens reflex camera, and the captured picture 
was processed with ImageJ, an open-source program to measure the shear angle in the 
fabric. A straight line along the weft and warp directions of the tows were drawn and the 
angle between them calculated, which also allows the measurement of the location of the 
points from the centre of the fabric. Shear angles were measured in various points, as 
shown in Figure 73 (a).  

 
Figure 72: The results of the omega shaped drape using a) experimental setup and b) the FEA 
model. 
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Numerical simulation of the draping procedure gives the final draped geometry of the 
blank. As shown in Figure 72 (b), a shear deformation was observed on the edge of the 
fabric in the FEA model, which shows an acceptable agreement with the experimental 
draped fabric. Similar to experimental measurement, shear angles were measured in the 
same points in the blank. These points allow the numerical model to be validated. 

 

Figure 73: a) The location of the shear angle measuring points; experimental vs. numerical shear 
angle comparison on b) Side-A and c) Side-B. 

Both sides of the fabric undergo different shear behaviour. High shear deformation was 
observed only on one side of the fabric, Side-A. Thirteen points were measured on both 
sides of the fabric. The points were measured at 50 mm from the edge of the fabric, as 
shown in Figure 73 (a). Experimental and numerical shear angles measured on both sides 
of the fabric are shown in Figure 73 (b and c, respectively). Side-A has high shear 
compared to Side-B. On both sides, from points 1 to 9, the FEA accords well with the 
experimental results. The shear angle observed between these points is below 6°. The 
maximum shear angle deviation observed between experimental and numerical results is 
below ± 2.5°. The blank holder load also creates in-plane shearing in the fibres below the 
blank holders. The fabric below the blank holder undergoes high shear compared to other 
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regions. For the fabric below the blank holder, more than 2.5° shear angle deviations were 
observed between experimental and numerical results. In both the experimental and FEA 
studies, shear angles were less than 12° and were thus less compared to the locking angle 
of the fabric. Thus, no wrinkling was observed during the draping process. 

7.3 Thermoplastic-based omega-shaped demonstrator part 

A press-forming technique was utilized on a Rucks KV275 hot press to produce a 
thermoplastic-based omega-shaped demonstrator part. During the investigation in Section 
5.1, TP_FRP#8 laminate had the highest tensile and flexural strength among the 
investigated laminate. Thus, the same processing parameters were chosen to manufacture 
the omega-shaped laminate.  

7.3.1 Glass/PA-6 laminate 

The manufacturing process can be divided into the following stages:  

 Drying at 60°C for 12 hours prior to manufacturing 
 Heating and plasticizing the PA-6 polymer (1.11 bar, 245°C, 60 seconds) 
 Consolidation and solidification (15°C/min until 180°C at 1.11 bar)  
 Room temperature cooling  

The developed omega-shaped Glass/PA-6 laminate is shown in Figure 75 (a). 

7.3.2 FRP–metal hybrid laminate: Reinforcing glass/PA-6 FRP on M1 steel 

A forming die was designed and constructed with the dimension shown in Figure 2 in the 
appendix. The 22MnB5 steel was formed using a HYDRAP HPDZb 500 press with a 
maximum pressing force of 5000 kN at the Chair of Mechanical Design and 
Manufacturing, BTU Cottbus – Senftenberg. 

 
Figure 74: Process chain during the construction of the omega-shaped mould. 

Spring-back deformation due to the elastic and plastic characteristics of metal occurred 
after the forming process. To develop omega-shaped FRP–metal hybrid laminates, a 
mould that can accommodate the formed steel is required. Thus, the constructed mould 
for the press forming should also consider the spring-back of the formed steel. Three steel 
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samples were scanned after forming using an industrial non-contact GOM ATOS Core 
3D scanner, which measures the deformation in all three samples (Figure 74).  

ATOS Core sensor projects are fringed onto the measuring object. The two cameras 
within the sensor system capture the measuring process and produce the 3D coordinates 
of the camera image pixels. The sensor captures data only on the points visible to both 
cameras simultaneously. To scan the complete object, more scans were performed from 
a different position. To combine scans within a common coordinate system, reference 
points were used around the scanned object. To remove the reflection of the scanned 
object, the surface was sprayed with thin layer using NORD-TEST Entwickler U 89 
spray. Scanned samples were post-processed, and deformations in the samples were 
measured and compared with the original design. Analysing the deformation using a 
GOM correlate revels that the spring-back in all three samples was at an acceptable level. 
SolidWorks was used to design a mould which considers the deformation in the formed 
steel. The designed mould was constructed using the CNC machine at the FMPA research 
and material testing centre, BTU Cottbus – Senftenberg. 
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Figure 75: Manufactured a) glass/PA-6 laminate and b) FRP–metal hybrid laminate. 

The press-forming manufacturing process can be divided into the following stages:  

 Drying at 60°C for 12 hours prior to manufacturing 
 Placing the omega-shaped formed steel within the mould 
 Closing the mould and heating it to 245°C. 
 Opening the mould after it reaches 245°C and pacing the glass/PA-6 prepreg on 

the surface of the steel  
 Heating and plasticizing the PA-6 polymer (1.11 bar, 245°C, 60 seconds) 
 Consolidating and solidifying (15°C/min until 180°C at 1.11 bar)  
 Cooling the FRP-reinforced metal laminate (room-temperature cooling) 

Developed omega-shaped FRP-metal hybrid laminates are shown in Figure 75 (b). Only 
M1 steel without any heat treatment was studied in this chapter. However, steel with heat 
treatment can also be constructed in a similar way.  

7.4 Thermoset-based omega-shaped demonstrator part 

7.4.1 Carbon/epoxy laminate 

The draped fabric was utilized for the demonstrator part. Strategy (d) requires the shortest 
time to impregnate the reinforcement (Figure 60). A lab-level omega-shaped RTM mould 
was designed using SolidWorks for injection strategy (d) and contained three inlet holes. 
It was fabricated using a CNC portal milling machine, BZT-PFE1010-PX, from BZT 
Maschinenbau GmbH (Westring, Germany), which allows repeatability of about +/- 0.01 
mm. The bottom mould was constructed using a 6061 aluminium block, while the top 
mould was designed and constructed using a transparent acrylic glass GS blocks. The 
experiment was performed on the manufactured mould, as shown in Figure 76 (a). The 
manufactured demonstrator omega shaped part is shown in Figure 76 (b). No wrinkling 
defects were identified in the manufactured part.  

Local reinforcement of G/PA-6 FRP on omega shaped 22MnB5 steel 

b) 
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Figure 76: a) RTM experiment to develop the omega shaped demonstrator part and b) the 
manufactured part. 

7.4.2 FRP–metal hybrid laminate: Reinforcing carbon/epoxy FRP on M1 steel 

RTM mould considering spring-back was manufactured as explained in Figure 74. 
Carbon 245 g/m2 twill 2/2 fabric can be draped on the omega-shaped tool without leading 
to wrinkle defects. The same fabric was used for the development of FRP–metal hybrid 
laminates using the vacuum infusion technique. The mould constructed to consider steel 
spring-back was used for the manufacturing of the part. The steel was placed on the one-
sided fixed bottom tool and 8 layers of carbon 245 g/m2 twill 2/2 fabric draped on its 
surface. The flexible transparent vacuum bag was sealed with the bottom tool. Epoxy 
resin HP-E3000RI and hardener HP-E300RI with a mixing ratio of 100:30 was injected 
to manufacture the thermoset-based FRP–metal hybrid laminate as explained in Section 
5.2. The manufactured laminate is shown in Figure 77.  

 
Figure 77: Manufactured carbon/epoxy based FRP-metal hybrid laminate. 
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8. Repair of FRP  

Scarf-bonded joint repair requires the removal of damaged areas. Thus, not all composite 
parts used in the automotive industry are suitable for this repair technique. Due to the 
flexibility of repairing thin laminates, an injection repairing technique was chosen in the 
study. The repair process chain used in this study consists of five major steps: 

1) Developing the representative FRP part 
2) Inducing failure in the form of impact damage 
3) Analysing the failure using a non-destructive technique 
4) Undertaking injection repair fabrication 
5) Testing and analysing the safety of the repair 

Thermoplastic FRP parts are developed using a press-forming technique, as explained in 
Figure 14, whereas thermoset FRP parts are manufactured using the VARTM technique, 
as shown in Figure 22. Uniform failure within FRP was achieved through low-velocity 
impact using an Instron Ceast 9350 machine, as shown in Figure 17. Since the damage 
might be internal and non-visible to the naked eye, a non-destructive technique (NDT) is 
required to analyse the impact failure. Variety of damage detection methods are available 
to detect the extent and degree of the damage. Among these, the ultrasonic C-scan is best 
suited to detecting a variety of damages within FRP composites [200]. Thus, an ultrasonic 
C-scan technique was used to identify the extent of damages. The injection repair 
processing parameters and conditions were modified to identify the processing conditions 
required to achieve a high maximum strength restoration. To reduce experiments, only 
thermoset FRPs were repaired.  

8.1 Injection repair of flat glass/epoxy laminate 

To conduct the repair investigation of thermoset-based glass/epoxy, [03,903]s laminates 
were manufactured using commercially available 220 g/m² unidirectional (UD) E-glass 
(Interglas 92145, aero finish) fibre. Epoxy resin HP-E3000RI and hardener HP-E120RI 
from HP textiles, Schapen, Germany, were mixed in a 100:30 ratio, as recommended from 
the manufacturer. Low-velocity impact was induced in three velocities, including 13 J, 
22 J, and 35 J. Post-impact, the flexural properties of the laminates was investigated and 
are presented in Figure 78. The flexural strength of the unimpacted sample was chosen as 
100%, and the flexural strength reduction was calculated as 27.60%, 51.20%, and 58.62% 
for 13 J, 22 J, and 35 J, respectively. The results shows that for 13 J and 22 J impact, the 
flexural strength reduction is very high. 22 J of impact was chosen, and damage resulting 
from 22 J of impact is shown in Figure 79. The specimen is impacted on the front side.  
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Figure 78: Flexural strength and modulus on the various samples prior to impact and post-low-
velocity impact on the damaged samples.  

 
Figure 79: Visual inspection of the impacted sample on the a) front side and b) back side. 

 
Figure 80: (a) Portable OmniScan SX 16:64PR Ultrasonic Phased Array Flaw Detector system; 
(b) illustration of working theory. 
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Damaged behaviour is studied using the OmniScan SX 16:64PR Ultrasonic Phased Array 
Flaw Detector. The ultrasonic scan setup used in the study is shown in Figure 80. The 
probe is placed on top of the impact-damaged specimens and generates a high frequency 
sound energy, which detects the damages within the FRP. The ultrasonic C-scan shows 
the nature of the damage in the oval shape, as shown in Figure 88. 

8.1.1 Developed injection repair techniques 

The injection repair setup designed in the study to fill the delaminated area with resin is 
shown in Figure 81. In the repair setup, the syringe with the epoxy resin is connected to 
the 316 stainless-steel one-way threaded-end adapter using a luer-lock. The other end of 
the one-way threaded-end adapter is connected to an 8-mm-thick aluminium plate. The 
aluminium plate and front side of the damaged FRP laminate is joined using a vacuum 
sealant tape. The back side of the laminate is vacuum bagged in conjunction with a vent 
outlet. Vacuum pressure is applied to the vent to remove the atmospheric air. Resin is 
injected into the delaminated area through a syringe, as shown in Figure 81.  

 

Figure 81: Injection repair setup. 

Since the injected resin should have the ability to impregnate the delaminated areas, the 
viscosity of the injection resin is a crucial parameter in the process. Russell et al., Moghe 
et al., and Hautier et al. utilized an epoxy for the injection repair, and the viscosity of the 
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injected epoxy resin is 0.65, 0.5-1, and 0.19 Pa.S, respectively [160,201,202]. Injected 
HP-E3000RI epoxy resin and HP-E120RI hardener from HP textiles, Schapen, Germany, 
were mixed in a 100:30 ratio. The viscosity of the mixed epoxy system at 22°C was 
measured according to the DIN ISO 2555 standard using the viscosity meter PCE-RVI 2 
V1L, from PCE Instruments UK Ltd, Southampton Hampshire, United Kingdom. 
Measured viscosity is 0.3328 Pa.S. 

In the suggested technique, initially 25 ml of resin is injected into the laminate using a 
syringe without applying a vacuum. The vent connected to the vacuum foil is clamped to 
arrest the outlet of the resin. After clamping the vent, the resin is kept within the laminate 
for 15 minutes to impregnate the delaminated area within the laminate. Russell et al. [202] 
suggested that the application of a vacuum during the repair process could help the air 
trapped within the specimen escape. Thus, after 15 minutes, the vacuum is applied, and 
the clamp is released to remove the excess resin and the air trapped within the resin. Using 
this repair procedure, various injection repair processing parameters and conditions were 
modified. These are listed as follows.  

Technique 1  

Post-impact, the samples had a circular dent at the point of impact, which made the 
damaged area very rigid. Thus, performing the repair without adjusting the dent would 
result in a finished laminate with a dent. To remove the dent, the fibres must be made 
flexible. A 2-mm circular hole was drilled at the point of impact to make the damaged 
fibres flexible and to inject the epoxy resin into the laminates. Thus, the centre circular 
hole would serve dual purpose. Thunga et al. [159] suggested that the depth of the holes 
can be maintained at three-fourths the thickness of the laminate. Thus, eight other 2-mm 
holes are drilled within the delamination, as shown in Figure 82 (b). Post-drilling, the 
fibres become less rigid. Thus, performing a repair can made the sample flat. The 
aluminium plate with the syringe is attached to the front side of the laminate, and vacuum 
foil is sealed using a sealant tape on the back side. A vacuum pump is attached to the 
vacuum foil. Epoxy resin is injected into the laminate using the syringe, and after 15 
minutes, vacuum pressure of 1 bar is applied through the vacuum pump. The vacuum is 
maintained continuously for 24 hours within the specimen to cure the resin as suggested 
by the manufacturer.  
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Figure 82: Injection holes at the a) front side and b) back side for technique 1, injection repair of 
glass-epoxy laminates. 

Technique 2 

 
Figure 83: Injection holes at a) front side and b) back side for technique 2, injection repair of 
glass-epoxy laminates. 

Technique 2 is similar to technique 1, but instead of eight holes in the reverse side, six 
holes of 2 mm each were drilled, as shown in Figure 83. The same epoxy resin was 
injected from the front side using a syringe. The remaining steps were same as in repair 
technique 1. 

Techniques 3, 4 and 5 

Techniques 3, 4, and 5 are similar to technique 2. Instead of eight holes in the reverse 
side, four holes of 2 mm each were drilled. The position of the holes varied among these 
three techniques, as shown in Figure 84. Epoxy resin was injected from the front side 
using a syringe, and the remaining steps were same as in repair technique 2.  
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Figure 84: Images of the front and rear surfaces of specimens repaired by techniques 3 (a and b), 4 (c and 
d), and 5 (e and f).  

Technique 6 

In technique 6, no injection repair was performed on the damaged sample. Instead, only 
a patch was attached to the sample. The shape of patch could influence the repair 
efficiency. Ying Tie et al. [203] investigated the influence of patch shape on repair 
performance. By investigating five different types of patch shapes – circle, square, 
rhombus, hexagon, and octagon, [203] found that the repair performance of the circular 
repair patch was best compared to the other shapes. Thus, the circular patch shape was 
chosen for this investigation.  
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Figure 85: The geometric information of the repaired specimen using a circular patch repair. 

The influence of the size of the circular patch on the repair efficiency was also studied by 
[203], who found that the circular patch with radius of 2.5 r (where r is hole radius) leads 
to better repair performance. In the current damage, there is no hole in the plate, as 
suggested in the study of [203]. Thus, the circular dent that occurred on the front side of 
the plate due to the impact is chosen as a diameter to calculate the patch radius (Figure 
85). From the dent diameter of 14 mm, the radius of the circular patch was calculated as 
17.5 mm. This particular technique was performed to understand the influence of the 
patch repair. A [0]4 layup configuration was chosen for this technique. 0° patches were 
aligned to the 0° of the damaged laminates. Patches were also made from the same 220 
g/m² unidirectional (UD) e-glass (Interglas 92145, aero finish) fibres. Similar to the parent 
laminate, epoxy resin HP-E3000RI and hardener HP-E300RI were used for patch 
fabrication. Due to superior bonding performance, loctite EA 9394 adhesive was widely 
used in a variety of applications, including helicopter spar structures, composite joints, 
military aircraft, and space applications [204]. Thus, loctite EA 9394 was chosen for the 
bonding the patch. A 35-mm [0, 90]s layup circular patch was bonded to the damaged 
laminate on the front side using a two-part Loctite EA 9394. The adhesive was cured at 
66°C for 1 hour using an ENATRON O-K 430/500/18-U convection oven from 
Elektrotechnologien und Anlagenbau (ENA) GmbH, Staßfurt, Germany. The curing 
duration was recommended by the adhesive manufacturer. 

Technique 7 

A new repair technique was chosen from the combination of T5_Repair and T6_Repair. 
From the injection repair investigations, T5_Repair had better flexural performance 
compared to its counterparts. Thus, technique 5 was performed on the damaged laminate, 
and 2 mm holes were drilled, as shown in Figure 84 (e and f). After drilling the circular 
holes, the laminate was placed within the vacuum bag, and injection of the epoxy resin 
was performed in the presence of vacuum pressure. After curing the laminate, technique 
6 was followed on the same laminate; that is, a [0]4 circular patch of radius 17.5 mm was 
attached to the damaged sample on the back side. 
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8.1.2 Flexural investigation of the repaired laminates 

Influence of holes drilled 

The utilization of the vacuum during these injection repair strategies helped the 
delaminated layers and broken fibres to align back to its original position. Visual 
inspection of the repaired samples was performed and is shown in Figure 86. Before 
repair, the damaged samples had visible fibre damage on the back surface (Figure 79). 
Irrespective of the number of drilled holes, visual inspection suggests that there is no 
visible fibre breakage as seen in the damaged samples. Post-curing, due to the injection, 
the surface of the repaired sample was coved with a thin layer of cured epoxy resin. The 
excess cured resin was sanded to smooth the surface. 

 
Figure 86: Images of the front and back surfaces of specimens repaired by T1_Repair (a and b), 
T2_Repair (c and d), T3_Repair (e and f), T4_Repair (g and h), and T5_Repair (i and j).  

Flexural behaviour of the repaired specimens was investigated using a three-point 
bending test. The success and effectiveness of the repair was validated by the restoration 
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of flexural strength and modulus by the repair technique. To identify the restored strength 
through the repair, flexural properties of the undamaged and damaged specimen without 
repair were also measured. Thus, for each specimen type (damaged, pristine, and 
repaired), three samples were evaluated according to the standard ASTM D 7264/D 
7264M. Tests were performed at a constant speed of 10 mm/min in a series LFV 
walter+bai multipurpose dynamic testing machine, shown in Figure 20. A three-point 
bending test after injection repair shows that there is improvement in flexural strength in 
all repaired samples (Figure 87) compared to the damaged sample. As far as the flexural 
modulus was considered, all five injection techniques had better flexural modulus 
compared to the original sample. Including the central holes, T1_Repair and T2_Repair 
had 9 and 7 drilled holes, respectively, compared to 5 holes in the other three techniques. 
T1_Repair and T2_Repair had poor flexural strength performance compared to other 
three techniques, indicating that the number of drilled holes could influence repair 
performance.  

The damaged specimen had severe damage near the point of impact. This damage 
consisted of cracks, delamination, and broken fibres. Interlaminar damage occurred in the 
areas surrounding the severe damage. Of the injection repair techniques, T5_Repair had 
all its five holes within the severely damaged area. Thus, during the injection in 
T5_Repair, due to the bonding strength of the injected epoxy, there was re-bonding of the 
damaged cracks, delamination, and broken fibres, all of which facilitated the recovery of 
the flexural strength and modulus in the injection repair. Thus, T5_Repair had the highest 
flexural strength compared to the remaining repair strategies, which suggests that drilling 
injection holes within the severely damaged areas can improve the repair performance.  

 
Figure 87: Flexural strength and modulus on the investigated samples. 

715,3

350,9

442,7

422,2

476,2

484,5

534,2

574,2

662,5

34,1

25,0

34,2

38,8

37,2

34,0

37,9

39,8

44,5

0

10

20

30

40

0
100
200
300
400
500
600
700

Pr
es

tin
e

D
am

ag
ed

Te
ch

_0
1

Te
ch

_0
2

Te
ch

_0
3

Te
ch

_0
4

In
je

ct
io

n
re

pa
ire

d

Te
ch

_0
6

Pa
tc

h 
+

In
je

ct
io

n

Fl
ex

ur
al

 m
od

ul
us

 [G
Pa

]

Fl
ex

ur
al

 st
re

ng
th

 [M
Pa

]

Flexural strength [MPa] Flexural modulus [GPa]



                                                                                                                                
8 Repair of FRP 

104 
 

 

Figure 88: Ultrasonic scanned image in the X–Y plane for the a) damaged sample and b) repaired 
sample using technique 5.  

The repair procedure, which restores 80% of the original strength of the material, can be 
considered a permanent repair technique [205,206]. During the three-point bending test, 
the pristine sample was considered to have 100% flexural strength and modulus. The 
optimal injection repair strategy, T5_Repair, had restored 74.68% of the original flexural 
strength and 111.03% of the original flexural modulus. Even though T5_Repair improved 
the original flexural modulus of the specimens, it does not, however, meet the 80% 
restoration of flexural strength required for permanent repair. Among the repair samples, 
T5_Repair had the highest strength restoration. Thus, T5_Repair sample was further 
investigated using an ultrasonic C-scan, and the scanned sample is shown in Figure 88. 
There is still some delamination present in the sample, but the amount of delamination 
reduced was high. This reduction in the delamination could be the reason for the strength 
restoration, and the presence of minor delamination could be the reason that the repair did 
not meet the permanent repair requirements.  

Influence of patch layup 

A [0]4 patch layup was chosen for the study. The patch layup had better repair 
performance compared to injection repair, as it was able to restore 80.28% of flexural 
strength. It also led to an increase in flexural modulus to 116.75% compared to the pristine 
sample. The long and continuous 0° fibres in the patch acts as a load carrier, which could 
help distribute the stress uniformly and continuously. The result indirectly helps in repair 
fabrication when it is implemented as a permanent repair technique, because when the 
layup of the parent-damaged laminate is unknown, the repairing technician can cut only 
the unidirectional fibre and align it in the 0° direction of the damaged specimen.  

Influence of T7_Repair 

The patch layup recovery strength barely satisfies the requirement for a permanent repair 
technique. Thus, a new technique was developed with the combination of T5_repair and 
T6_Repair. T7_repair improvement was higher compared to its all counterparts. The load 
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versus displacement curves for pristine, damaged, and T7_repair samples are shown in 
Figure 89. The final repair recovery flexural strength and modulus was 92.61% and 
130.51%, respectively. One reason for this could be that it utilises the advantages of both 
injection and patch repair techniques.  

 
Figure 89: Load versus displacement curves for pristine, damaged, and T7_repair samples. 

8.2 Injection repair of an omega-shaped carbon/epoxy demonstrator  

The omega-shaped glass/epoxy demonstrator part was investigated for its repair 
suitability. 22 J of impact energy was chosen for all the samples in this study according 
to the DIN ISO 18352 standard. Low-velocity impact tests were performed on samples 
using an Instron Ceast 9350 machine with a 45 kN force sensor. The samples were 
clamped in all three directions, as shown in Figure 90. An impactor with a mass of 5.258 
kg was used to impact the specimens from a height of 427 mm. The impactor speed at the 
starting position was 2.893 m/s. The impact damages measured using the Portable 
OmniScan SX 16:64PR Ultrasonic Phased Array Flaw Detector system was shown in 
Figure 91 (a). The perforation damage was present in the sample, as shown in Figure 91 
(b and c).  
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Figure 90: a) Impact-experimental fixture in Instron Ceast 9350 machine and damage after impact 
on the b) front side and C) back side. 

In repairing the 22-J-impacted flat glass/epoxy laminate, technique 7 had highest flexural 
strength recovery. Thus, this technique was chosen to repair omega-shaped carbon/epoxy 
laminate. The repair process consisted of the following four steps: 

 Remove the perforation by drilling a circular hole on the centre and applying 
vacuum pressure 

 Performing injection repair using epoxy resin, as shown in Figure 84 (e and f) 
 Curing the epoxy resin at room temperature  
 Attaching a [0]4 carbon/epoxy UD patch on the laminate using a two-part Loctite 

EA 9394 
 Curing the adhesive at 66°C for 1 hour using a convection oven 

Initially, the perforated samples were drilled with 2 mm circular hole on the centre, 
followed by applying vacuum pressure to make the damaged fibres flexible. Even after 
vacuum pressure, the fibres were rigid, with 2-mm holes. However, with a 3-mm circular 
hole on the centre, the fibres became flexible after 1 bar vacuum pressure. Injection repair 

X 

Z 

Sample 

Adjustable 
height stand 

Sample 
holder 
Clamp 

Perforation damage 

Impact tower 

Lightweight 
Tup Holder 
(4.30 kg) 

Hemispherical 
impactor 

a) b) 

c) 

Fibre breakage 



                                                                                                                                
8 Repair of FRP 

107 
 

was performed using epoxy resin, as suggested in Section 8.1. An ultrasonic scanned 
image of the laminate after the injection repair is shown in Figure 91 (b). The delaminated 
region was reduced after the repair, which shows that the injection repair technique can 
be suitable for laminates with other combinations of materials. As explained in 
T7_Repair, permanent repair can be achieved by bonding a circular [0]4 UD carbon/epoxy 
patch with radius of 2.5 r on the impacted side using Loctite EA 9394 adhesive.  

 
Figure 91: Ultrasonic scanned image in the X–Y plane for the a) damaged omega shaped 
carbon/epoxy laminate and b) the repaired sample using technique 5.  
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9. Conclusion 

Fibre-reinforced plastics were increasingly used in structural application. The processing 
parameters to develop these structural parts play a crucial role in determining 
performance. To this end, the material-specific implementation of technologies such as 
RTM, VARTM, and press-forming techniques were investigated. The development of the 
new material combination requires a basic and fundamental knowledge of how the 
material behaves when it is processed. Investigation into the squeeze flow during the 
processing of glass/PA-6 composite using a press-forming technique produced 
knowledge essential to selecting the processing parameters. The influence of the 
processing parameters on the low-velocity impact response and post-impact flexural 
behaviour of thermoplastic and thermoset composites were investigated. In addition, 
different damage mechanisms with respect to processing parameters were identified by 
means of X-ray-computed tomography investigations for glass/PA-6 composite.  

Traditional mechanical joining techniques such as rivets, bolts, and screws to join 
mechanical fasteners with FRP lead to destruction in the load-carrying fibres. These 
design-based holes interrupt the force flux in the direction of the fibres and create high-
stress concentrations near the notched area. This limits the complete utilization of the 
lightweight potential of these MMDs using FRPs and metal. Recently developed 
alternative joining processes such as laser welding, friction spot welding, and ultrasonic 
welding techniques require additional processing steps for joining and increase capital 
expenditures. The main focus of the investigations was to join metal and FRPs using 
polymer adhesion strength. The influence of surface energy, contact angle, and roughness 
on adhesion improvement was investigated. To this end, the economically viable grit-
blasting surface modification process was used in the study to modify the surface energy 
and roughness of the metal surfaces. Modification of the surface energy resulted in 
adhesion improvement between metal and FRP. Investigation shows that the size and 
hardness of the abrasive particles influence the roughness of the steel surface. Increasing 
size in combination with decreasing hardness of the abrasive particles decreased the 
roughness of the surface. When the roughness of the metal surface was increased, there 
was improvement in adhesion strength between metal/PA-6. However, excessive 
roughness could have a negative influence on bonding strength due to its ability to 
decrease the penetration of the adhesive resin, increase void formation, and introduce 
localized stress concentration. In the developed MMD, composites were joined with 
metal without any additional joining technique and without processing defects such as 
holes.  
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The direction of the impact on a multi-material component could influence its structural 
performance. The developed metal/FRP multi-material component had metal on one side 
and FRP on other. The main focus of the investigations was to study the influence of 
impact direction on structural performance. To this end, a low-velocity impact 
investigation was performed on both sides. In addition, various failure behaviours 
associated with different material combination and its direction of impact were detected.  

The specimens studied so far were all flat panels. To transfer the fundamental knowledge 
gained through the processing and performance of a flat plate demonstrator into a curved 
shape, a complex omega-shaped demonstrator part was developed. However, during the 
development of an FRP with a complex geometric shape, the fibre reinforcement draped 
over the mould surface could not have any processing defects such as wrinkling. 
Wrinkling of the fabric within the composite could severely reduce the quality of the 
finished composite laminate. In a liquid composite moulding process, the resin is injected 
under pressure to develop a composite laminate. Accurate prediction of the resin flow is 
essential to ensure complete saturation of the fabric and to reduce the processing time. A 
high-quality composite laminate was developed using a liquid composite moulding 
process by predicting the flow and wrinkling behaviour of the fabric. The permeability of 
the fabric, a primary input for the flow prediction, was measured on the 0° and 90° 
directions using a one-dimensional permeability characterization technique. 
Commercially available software such as ESI PAM-Composites and LS-Dyna were used 
to predict the flow and draping behaviour of the fabric. The essential input parameters for 
the draping simulation, such as the tensile, shear and bending properties of the fabric, 
were necessary to support the draping model. The tensile, shear, and bending 
characteristics of the investigated fabric were measured using tensile, picture-frame, and 
bending tests in the fabric. The numerical prediction of the draping behaviour was 
experimentally validated, which shows that model has a good agreement with the 
experiment results. The draping behaviour of the carbon fabric showed that the 
demonstrator design cannot have any wrinkling onsets when the fabric is formed. 
Investigation of flow and draping behaviour allowed the development of a complex 
omega-shaped carbon/epoxy thermoset demonstrator part. In addition, it allowed the 
production of a multi-component demonstrator using carbon/epoxy FRP and metal, which 
completely utilizes the lightweight potential of both fibre-reinforced plastics and metals.  

Due to the complexity and anisotropic behaviour of composite, damages could be 
undetectable, that is, BVIDs. Traditional mechanical joining repair techniques, such as 
riveting and bolting, aim to quickly restore strength and fix out-of-plane buckling but are 
not a permanent repair procedure. Two repair techniques, namely, scarfing repair and 
injection repair, have the potential to be used as repair techniques. However, scarf repair 
requires a 1:20 or higher ratio between the thickness and length of the repair and thus 
cannot be utilized on all composites. Injection repair, meanwhile, is mostly utilized on 
samples with an undamaged upper surface. Thus, a repair technique was required to repair 
a thin FRP laminate with damages on both sides. To this end, an injection repair setup 
and procedure to repair a perforated FRP laminate which utilizes an ultrasonic scan to 
identify the non-visible damages was developed in the study. Good impregnation into 
matrix cracks, fibre breakage, and delamination was achieved using the injected low-
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viscosity epoxy resin. Re-bonding due to the bonding strength of the resin facilitated the 
strength recovery of the damaged composites. The injection repair technique using epoxy 
resin had restored 74.68% of the original flexural strength. However, this did not fulfil 
the condition to be considered as a permanent repair solution, that is, the recovery of 80% 
original strength. To achieve the objective of developing a permanent repair solution to 
repair a thin FRP laminate which has damage on both sides, the injection repair strategy 
was combined with a patch repair technique. Post-injection repair, a two-part Loctite EA 
9394 adhesive was used to attach the patch to the damage laminate. The recovery of 
flexural strength and modulus of this combined repair technique were 92.61% and 
130.51%, respectively, which satisfies the requirements of a permanent repair solution.  

A reduction in the delaminated region on the carbon/epoxy demonstrator after injection 
repair reveals that the repair strategy can also be extended as permanent repair technique 
for complex geometries, as well as for other material combinations. Both adhesive and 
injected epoxy resin can be cured at room temperature. This technique does not require 
time consuming, complex, and costly preparatory work, and the developed repair 
procedure can thus be adopted in automobile repair shops as a permanent repair 
procedure. However, not all auto mechanics and technicians are knowledgeable about 
FRP composites and their processing. Thus, training may be required to repair these 
damaged parts using this technique. The work performed could be an initial step toward 
the development of a permanent solution to repair thin FRP laminates which have damage 
on both sides.  
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Appendix  

Figure 1: Dimension of the Picture frame setup. 
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Figure 2: Dimension of the omega shaped part. 
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