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Preface 

Every two years, Technische Universität Braunschweig in collaboration with ITS Mobility, organises 
the conference “Faszination hybrider Leichtbau”. The conference brings together experts from re-
search and industry, in order to address leading research priorities and future challenges of the industry 
in the field of hybrid lightweight Design. The conference is held in the city of Wolfsburg, Germany.   

 
Initiated in 2003, the conference was held for the seventh time in 2018. As in previous years, hybrid 
and functional lightweight design continued to be the focus of the event. Lightweight design is a key 
technology in the development towards sustainable and resource-saving mobility. This applies in par-
ticular to the automotive industry, as automobile manufacturers are operating in a field of tension be-
tween customer requirements, competition and legislation. Hybrid structures combine the advantages 
of different materials (e.g. fibre-reinforced plastics and metals) and have a high potential for minimiz-
ing weight, while simultaneously expanding component functionality. The future efficient use of func-
tion-integrated hybrid structures in vehicle design requires major innovations in vehicle development 
and production technology. This constitutes a great need for new methods and technologies for eco-
nomical lightweight design in mass production – in particular when taking into account the increasing 
requirements in terms of variant diversity, safety and quality.  

 
Consequently, the focus of the conference was on new methods and technologies for the development 
and production of function-integrated, hybrid and high volume ready lightweight solutions in vehicle 
design, as well as, the exchange of experience between experts from industry and science.  

 
The program included 50 presentations and was framed by top-class keynotes, which broadened the 
horizon of this conference to digitalization, electro mobility and autonomous driving. A particular 
highlight was the opening lecture of Johann Jungwirth (Executive Vice President of Mobility Services, 
Volkswagen Group of America). We would like to thank our speakers and the over 250 participants 
and are pleased to present these conference proceedings. 

 
 
 

Wolfsburg, 23rd November 2018 
 
 

Prof. Dr.-Ing. Klaus Dröder Prof. Dr.-Ing. Thomas Vietor 
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ABSTRACT 

Multi material design represents the current forefront of the lightweight design trend for automotive 
mass production. The combination of different materials (such as metals and fiber reinforced compo-
sites) can be used to improve components in terms of various requirements (component properties, 
manufacturability, costs, etc.). With the reduction of component weight, low costs and feasibility in 
mass production, hybrid design approaches are the ideal compromise for the mass automotive light-
weight construction of the future. However, there is currently no selection strategy for a specific defi-
nition of potential hybrid component areas. The basis for developing a selection strategy for potential 
vehicle sections in multi material design is a comprehensive overview of current examples. The acqui-
sition and analysis of more than 150 components from the automotive industry and research make it 
possible to identify the main implementation features and drivers of hybrid design in automotive en-
gineering. This contribution shows that the potential of hybrid design approaches in vehicle technolo-
gy can usually be limited to a few arguments, such as cost-efficiency or weight reduction. The article 
shows that the hybrid design is marketed as an innovation feature. A particularly suitable group of 
components for the application of hybrid design could only be identified to a limited extent. A state-
ment about the “correct” use of multi material design based on the compilation of current examples 
could not be identify clearly. This confirms the need for a targeted selection strategy for multi material 
components or an improvement indicator. 

1 INTRODUCTION  
Today’s drivers of society, such as compliance with regulatory CO2 limits, comfort requirements of the 
customer and an acute range problem of electric vehicles, causes the automotive industry to build their 
vehicles in a lighter way. Additional weight due to larger accumulators, additional comfort features, 
customization measures and multimedia equipment can be compensated by reducing weight elsewhere 
in the vehicle. The predominant mass shares of the vehicle are after Schöpf [1] the vehicle body and 
the drive technology. These provide the best basis for applying lightweight design in the vehicle. For 
implementing lighter vehicles, the example of automotive body in-in-white is followed by two signif-
icant approaches. In the field of high-class vehicles, with low and medium quantity (<200,000 pcs/ 
annum), light metals and fiber reinforcement plastics are increasingly used. Vehicle bodies, such as 
these of the Mercedes AMG GT or the Audi A8, consist of a high percentage of aluminum. Partially 
magnesium is used in the area of the outer skin and the attachments as well. Similar extremes are to be 
noted in bodies with a high proportion of fiber reinforced plastics, as in the VW XL1 or the BMW i3 / 
i8. The Body of these vehicles is characterized by spaceframe and monocoque design or a hybrid form 
of it. In the high-volume mass production of automobiles, such as the Volkswagen Golf or the Toyota 
Auris (> 1,000,000 pcs/annum), lightweight design measures are mainly characterized by the use of 
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high-tensile steel materials. These can be adjusted in their properties to the respective component re-
quirements and hold, by saving material with the same or improved component properties, a high 
lightweight design potential. In addition, the use of these steel materials can be integrated without 
extensive expenses (monetary and structural) in the current production line. The gap between the 
lightweight steel design in high circulation and the use of light metals and fiber composite plastics in 
the small and medium series can be assigned to the multi material design. 

1.1 Definition of Multi Material Design  
Hybrid design is defined in the current literature as the best or targeted combination of different mate-
rials to fulfill the technical task of the lightest possible component in an economical way [2, 3]. In 
addition to the common definition Kleemann et al. [4] divide the multi material design (MMD) into 
three different levels. The level is fixed to the specific combination of material groups. The lowest 
level is characterized by a mixture of similar materials, such as the combination of steel alloys in the 
subgroup ferrous metals. The Level 2 hybrids are characterized by the combination of different mate-
rial subgroups, such as ferrous metals with non-ferrous metals in the main group of metals. A Level 1 
Hybrid is defined as a combination of different major groups, such as the combination of metals with 
fiber composites or nonmetals. The combination of materials and semi-finished products must always 
be understood within the limits of a component. 

In extension of the plane model of hybrid construction according to Kleemann et al. [4] the bound-
ary of a multi material part for this contribution is defined as follows. 

 

 

Figure 1: Context multi material design and conventional lightweight design based on  
Kleemann et al. (2017) [4] 

1.2 Challenges and focus of contribution 
In the design process of components many higher-level factors play a role in measuring the success of 
a component. In the case of conventional lightweight solutions, the focus is often on reducing compo-
nent weight and improving component properties. The evaluation of conventional lightweight design 
measures can be based on evaluation parameters such as the specific stiffness or the lightweight design 
grade according to Klein [2]. Well-known lightweight strategies provide additional guidance in the 
implementation of possible lightweight solutions. Furthermore, there is a wealth of experience in the 
design of conventional lightweight components made of metals, light metals and fiber reinforced 
composites. The limits can thus be estimated very well for the developer and the predictive quality 
through simulation allows a specific statement about the feasibility of developed component concepts. 
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With regard to multi material design the participation of this knowledge is limited, since the design of 
hybrid components always requires (according to 1.1) the symbiosis of several materials/semi-finished 
products in one component. This leaves some questions unanswered which can only be partially esti-
mated using conventional methods and existing experience. What poses new challenges for the prod-
uct development, are points, such as the combination of different materials, the “correct” use of mate-
rials, the high degree of freedom in practicable solutions and usable potential. Since, according to the 
current state of the art, only limited solutions exist for the evaluation of hybrid components. This con-
tribution is part of the development of a method for evaluating components for implementation in 
multi material design with optimum potential utilization. As a first overview, the article presents the 
current state of the art and deals with the specific features of hybrid design methods. 
 

 METHODOLOGY 2
For determining and evaluating potentials of multi material design, this article describes the prepara-
tion of a market study. This survey deals with the elicitation of the widest possible scope of application 
of the design in the automotive industry. Therefore, the survey aims to show as an overview a current 
status which is still in process. In the following, the boundary conditions and the format of the survey 
are shown. The results are presented in the form of a chronological overview as well as in an evalua-
tion of specific features and potentials of multi material design from research and automotive applica-
tions. 

2.1 Boundary conditions and format of the survey 
In order to be able to depict the current state of multi material design, a more than 2.5-year market 
research has been carried out. This includes determining specific use cases of the last 30 years. The 
focus of the study is on structural components made of metals and / or thermoplastic fiber reinforced 
plastics used in the automotive industry and the associated research with MMD levels (HYL) 1 and 2. 
The study was created as a collection of components and demonstrators in the form of a table-based 
database. The sources are information from suppliers, service providers, OEMs and manufacturers of 
production equipment for the automotive industry or the automotive environment. The cases of appli-
cation are taken from the usual technical literature, the specific trade press, trade fairs and press re-
leases. The search and selection of possible applications took place in two stages. In the first step what 
has been selected, were all applications in multi material design and some fiber-reinforced composite 
components with properties of particular interest. Thereby the considered components must be a 
structural component or have a reference to the vehicle structure. In a second stage, the component 
database has been summarized according to the level of maturity and assessable information of the use 
cases. As a basis for this investigation, 147 use cases remain after the second stage. 

2.2 Categorization and structure of the component database 
The cataloguing of the use cases takes place in the component database in the form of a tabular list. In 
addition to the serial number, an illustration, the year of publication and the component name and the 
use cases are classified in the list according to nine other criteria (see Table 1). As a representative 
example, this table shows a multi material rear wall of a Mercedes Benz S Class exhibited at the 
Lanxess booth at K2016 traid fair.  

Using the defined criteria, it is possible to create a precise idea of the structure, the materials used, 
the integration of the individual component in the vehicle and the represented benefits of using the 
multi material design method. The most important comparative figures are the criteria of the number 
of pieces and the readiness level. Booth of these allow a realistic statement about the actual reasons for 
using multi material design. In the case of all publications, it must be assumed that prototype compo-
nents or concepts can only be implemented to a limited extent and their proclaimed features may be 
positively exaggerated. Quantity and readiness level are used as weighting in the evaluation of the 
characteristics and thus reinforce the actually exhausted potentials of hybrid design in addition to the 
occurrence of a component in the database. 
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Table 1: Sorting criteria of multi material parts overview 

 Possible  
Content 

… Example 

Nr. 1 … 147  1 

Figure 

 

 
 

 
Name Multi Material Part  Rearwall 
HYL 1,2,3  1 

Range of 
application 

Structural component 
Doors, flaps, lids, hoods 

chassis 
interior 

drivetrain 
vehicle safety 

holder, brackets, hinges 
wheels 

demonstrator 

 Structural component 

Manufacturer 
Research Institute 

OEM 
Partner 

 LANXESS 
Daimler AG 

Readyness 
Research demonstrator 
Industrial Demonstrator 

Serial component (Model, Date) 
 Serial component, Mercedes Benz S 

Class (222) 

Circulation  Pieces per day  approx. 200 
Material 
information  

Material T 
Material U  Steel (n.n.) 

Durethan BKV 60 H2.0EF 

Composition  
Spec. Material V 
Spec. Material W 

Internal Material Connection   
 

Metal sheet component 
Ribs by injection molding Connection 

by form closure 

Connection 
to Subsystem 

By adhesive  
By welding  

By joining technology X 
 Integration in conventional welding 

and adhesives production line by spot- 

Date 2018  2013 
Source Link, Reference Y  [Lanxess, K2016] 

Benefit  Weight reduction 
Benefit Z  Weight reduction  

Increased stiffness 
   

 
 

 MULTI MATERIAL DESIGN IN AUTOMOTIVE INDUSTRIES 3
AN FURTHER RESEARCH  

Multi material design in automotive industry – With the use of a hybrid frontend, a multi material 
component is being used for the first time in large-scale automobile production. In 1998, Ford installed 
in the Model Focus (C170) a plastic-coated multi-layered sheet metal component. With this, the man-
ufacturer places the first significant component in multi material design of the last 30 years in a pro-
duction vehicle [5]. In the following year, Audi equips the A2 light-weight vehicle with a frontend in 
multi material design as well. In the years following the turn of the millennium, the design is used in 
countless other hang-on and structural parts. In order to give an overview of the last 30 years in the 
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automotive industry, a summary of the component database is shown in Figure2. In the process, repre-
sentative components have been selected, through which the milestones of the multi material design 
can be demonstrated. The examples are arranged according to the year and the approximate number of 
pieces (estimated from the date of the vehicle or taken from the source). In this case, only one source 
or the respective vehicle was named, although several companies and research institutions could be 
involved in the development and implementation of the application examples. 

 
 

 
Figure 2: Time course of multi material design in automotive Industries 

Additional picture sources: [5, 6, 7, 8, 9,12,13,18,19,20,21,22,23,24,25] 

The first milestone in the history of multi material design in the automotive industry is the fundamen-
tal combination of polymers and metals in a mass-produced component. In most cases, one or more 
metal parts, later also fiber reinforced plastics, serve as a supporting structure. To realize complex 
structures in the connection and integration of add-on parts as well as structural stiffening of the basic 
structure, for example in the form of ribs, thermoplastics are used in the molten state due to their high 
flexibility of form. Short and long fiber reinforced thermoplastics are applied by injection molding or 
extrusion molding. From the beginning, the combination of different materials is the biggest challenge 
in the focus of the design approach. Possible solutions for the connection problem are form closure, 
adhesion promoter systems and adhesives. For the first components around the turn of the millennium, 
the connection via form closure connection is preferred. The expression of form closure is defined in 
this case by the term “undercut”, as they arise during the injection molding or encapsulation of a per-
forated sheet metal semi-finished product in the form of buttons or collar. The roof cross member and 
the frontend of the Audi A6 C5 from 2001 can be cited as representative examples. In the later stages 
of multi material designs, surface structuring by machining, laser treatment or the welding of pin 
structures on the sheet metal semi-finished products, extend the classical application. In contrast, 
technologies such as primer systems and adhesives usually have to be applied to the corresponding 
semi-finished products in an additional process. That’s why these connection methods where consid-
ered as uneconomic in the early phase. From the years around 2010, the philosophy of multi material 
design changes significantly. The industry’s ambition to use the design as a cost-effective lightweight 
alternative for mass production implies efficient production with good integrity in existing industrial 
processes and low cycle time. This characterizes the concept of the multi material component, created 
in the so-called “one-shot” process [10]. The second milestone in the timeline of multi material design 
is therefore the industrial use of bonding agent systems. Examples include the cockpit cross member 
and the lock carrier of ErlingKlinger AG from 2015 [11]. The cross member was the first component 
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in the form of an aluminum based structure in combination with a powder bonding agent system and 
short fiber reinforced plastic in the automotive mass production (Mercedes Benz). Another difference 
in the development of the multi material design is expressed around the year 2010. Until 2010, the 
automotive industry (OEM) and their supply chain (plastics industry, machinery and plant construction, 
tool manufacturers) involved in the implementation of serial components, as of 2010, more and more 
research institutions (universities, research societies) engaged in the development of this design ap-
proach and the production technologies. In addition, the period after 2010 is characterized by diverse, 
new technology forms in the multi material design. The combination of metal shells with cast rib 
structures [12], use of biopolymers and natural fibers in structural components [13] as well as the in-
tensive use of continuous fiber reinforced semi-finished products with thermoplastic matrix (tapes, 
laminates, organic sheets) in load path equitable production or even as substitution of the metal part 
[14, 15] show manifold applications of hybrid design in industry. 

Multi material Design in Research – Research generally forms the basis for developing new tech-
nologies. In terms of multi material design it exists a variety of different test specimens and test setups 
similar to the industrial use cases. In the investigation of multi material composites, the focus is on the 
material combination and its connection, the achievable properties of the overall composite as well as 
the manufacturing processes and production of specimens regarding the application in the automotive 
mass production. The basis of the research are standard tests already known from material research, 
such as the tensile shear-, 3 point bending-, 4 point bending test or a torsion test, with classical coupon 
samples based on defined standards (e.g. DIN 53283 or DIN EN ISO 178). In addition to the coupon 
samples, test specimens have been established which deal with specific issues of multi material design. 
The specific test specimens referred to below as technology specimens focus on new connection con-
cepts, adapting and developing new production methods as well as determining optimal process pa-
rameters. Examples include the technology specimen of the Cluster of Excellence “Merge” and the 
developed thermoforming process [16] or the developed hybrid joining technique of the Fraunhofer 
IWS [17]. Since coupon samples according to the standard and extended technology specimens take 
into account the geometric characteristics of a possible application only to a limited extent. The ex-
periments are carried out in an approximate form usually with specimens close to the application (e.g. 
U-shaped or hat-profiles). Probably the best-known example of applied research in the field of multi 
material construction is the “Erlanger” carrier. Basic questions were answered on the basis of the test 
specimen in preparation for the later series production of the Ford Focus C170 front end or the roof 
cross member of the Audi A6 C5 and various other applications. The spectrum of investigations in-
cludes possible combinations of materials and semi-finished products, the combination of materials 
(form fit, material bond), the manufacturing processes (injection molding, extrusion molding) or the 
structural design (integration of functional elements, maximum performance, minimum weight, etc.). 
Figure 3 shows the application spectrum of a hat profile with ribbing, the same or similar “Erlanger” 
carrier, in relation to its component applications. 

 

 
Figure 3: Ribbed profiles as research focus of multi material design in automotive Industries 

Additional Picture Sources: [5, 6, 7, 8, 9,12,13,18,19,20,21,22,23,24,25] 
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 CHARACTERISTICS OF MULTI MATERIAL DESIGN  4
To analyze the specific features and potentials of multi material design, the individual components are 
summarized in groups. The parts are sorted by the subordinate category and frequency of entries in the 
part database. The main evaluation aspects, the characteristics and the potentials of all the different 
types of components with the highest frequency, are shown in Table 2. Parts with low quantity in the 
database are not shown in Table 2. However, they are included in the following overall analysis. 

 
Table 2: Characteristics and released potentials of multi material parts 

Component 
No. of 
Parts in 

Database 

Characteristics 
 (geometrical, composition,  

average HYL)  
Released Targets/Potentials 

Frontend/ Ra-
diator Support 18 

Multi-part sheet metal 
shells  

Reinforcement ribs from 
SFC  

Partial reinforcement by 
organic sheet and tape ma-

terial  
Functional elements and 
connections from SFC 

Ø HYL: 1 

Weight reduction  
Increasing component space 

Increasing strength 
Simplified montage of attachment 

parts 
Reduction of production complexity 

Functional integration 
Economic efficiency (cost neutral) 

Saving corrosion protection by 
means of adhesion promoter layer 

Seat back/ 
Seat shell 15 

Body of organic sheet and 
tape material as substitution 

for sheet metal 
Reinforcement ribs from 

SFC 
Partial reinforcement by 
sheet metals or profiles  

Ø HYL: 2 

Weight reduction  
Increasing component space (in-

crease comfort) 
Increasing strength/rigidity 

Energy absorption capacity in case 
of crash 

Functional integration 
Economic efficiency (cost neutral) 
Requirement-appropriate design for 

various variants 

Pillars (a-, b-) 13 

Body of sheet metal 
Full and partial reinforce-

ment by  
organic sheets, tape materi-
al, high strength steel and 

FRP patches 
Reinforcement ribs from 

SFC o. LFC 
 Ø HYL: 1 

Weight reduction  
Part integration  

Reduction of production complexity 
Economic efficiency (cost neutral) 
Requirement-appropriate design for 

various variants and crash 
 

Cross member 
(roof, bumper) 12 

Body made from sheet 
metal or organic sheet 

Reinforcement ribs from 
SFC 

Ø HYL: 1 

Weight reduction  
Part integration  

Reduction of production complexity 
Reduction of process time  

Economic efficiency (cost neutral) 
Requirement appropriate design 

… … … … 
    

 
After summarizing the information from the component database in Table 2, it should be noted that the 
collected components of multi material design can be subdivided into two basic approaches according 
to their characteristics. One category includes flat shell designs based on metal sheets or continuous 
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fiber-reinforced semi-finished products (primarily organic sheets). In addition, functional elements and 
reinforcing structures made from plastics (usually fiber-reinforced) or light metals via casting pro-
cesses (injection molding, die casting) and press processes (extrusion, patching) are partially applied 
on the shell construction. On the other hand, there are complex injection-molded components with a 
high level of freedom of form with load introduction elements and reinforcements (profiles, lock 
beading sheets) made of metals. Partially, in both approaches additional applications, such as tape 
materials or fabric fragments, are found for the load path-compliant reinforcement of the component 
made of continuous fiber-reinforced semi-finished products. Regardless of the approach, the compo-
nents often occur in the form of a substitution of the materials. The geometry and the internal limits of 
the part can change. The outer limits of the component usually remain untouched. The integration of 
the components into the vehicle can thus be ensured by the joining processes established in the series, 
such as spot welding, screwing, adhesive bonding, etc. With the achieved goals and elevated potentials 
through by using multi material design, the applications of the component database focus on the eco-
nomic efficiency and achieved weight reduction with constant or increased component properties. 
What must be mentioned to increase economic efficiency, are the potentials of component and func-
tional integration as well as a modified (improved) manufacturing process. By integrating individual 
parts of an assembly into a complex component and by implementing additional functions or function-
al elements, as well as the production of hybrid components in one production step (one-shot), the 
economic efficiency can be increased. In particular, eliminating process steps, decreasing process time, 
saving of components and joining operations as well as tools are argued [5, 26, 27, 28]. Especially 
multi-layered shell components with many individual parts and interfaces to other attachment or body 
parts, such as front ends, door panels, A-, B-pillars, etc., are suitable for implementation of potentials 
named above [29, 20]. The reduction of the component weight matters in terms of multi material de-
sign. The saving of CO2 emissions as well as the mass compensation of heavy accumulators in electric 
vehicles are the main drivers for multi material lightweight design in vehicle design [6, 30]. As an 
economical alternative to conventional, more cost-intensive lightweight design, multi material design 
offers the possibility of saving weight even for high-volume vehicles. The cost effectiveness always 
depends on a proper material application (correct material in the right place) [31]. In the majority of 
cases (see Figure 2), the sheet metal component remains to be made from metal and its weight is re-
duced by optimizing wall thicknesses and using high strength steels or light metals [30]. The addition-
ally applied fiber-reinforced plastics ensure a component performance which is reasonable with re-
spect to the reference structure or mostly improved with less weight. Adhesion promoter systems addi-
tionally support the flexible application of the plastic material and allow a more targeted connection to 
the metal semi-finished product without excess material [7]. Depending on the approach, the metal 
construction can also be completely replaced by a plastic construction, which is only supported by 
metals where the loads be applied. Thus, weight savings (e.g., at seat backs) of up to 50 % are possible 
by using multi material design [32]. The aspects of component integration mentioned in terms of in-
creased cost-effectiveness and the combination of the established technologies of deep-drawing and 
injection molding into a compact process also contribute to reducing the weight and the required in-
stallation space of the component due to the equalized components and joining areas [8]. 
 

 DISCUSSION  5
Publications from the years 2006 and 2008 represent the multi material design as already established 
technology in the automotive serial production [5, 8]. The component analysis of these contribution 
seems to confirm this impression at first glance. A good half of the examples are found in a 
close-to-production context or even in a vehicle. Multi material design is used especially in add-on 
parts (frontends, holders, pedals, etc.), in the form of injection-molded components with reinforce-
ments made of metal or organic sheets. However, apart from the components originating in the field of 
plastics technology, many of the examined components cannot be identified in the high-volume seg-
ment. Components such as the roof cross member of the Audi A6 C5 were even replaced by conven-
tional metal parts in the following vehicle generation. Multi-material design methods are often used in 
high-priced segment vehicles or as sample components that were produced in small quantities in a 
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laboratory process close to mass production. Compared to pure plastic parts or sheet metal parts in 
steel shell construction of current vehicles, multi material design in the large-scale automotive series 
are therefore only conditionally considered to be established in 2018. However, Figure 2 shows a trend 
in which the designs could find more use in the following vehicle generations. The increasingly high 
number of research projects and the stable use of hybrid design approaches in the high-price segment 
suggest that this design approach will increase in the next decade. As a cost-effective alternative to 
conventional lightweight design, the cost-effectiveness for the further development of multi material 
design will be the decisive factor. In every publication, economics has always been associated with 
reducing weight and increasing component performance or the improved manufacturing process. In 
comparison to the determined diversity of potentials by Inkermann et al. [33] and Kleemann et al. [4] 
only few of the theoretically possible aspects are shown in the publications. On the one hand, it is pos-
sible that some of the potentials are subordinated to those mentioned above, or that they have not been 
communicated in the publications for specific reasons (secrecy, strategy, etc.). On the other hand, the 
question remains unanswered why only a minimal part of the potentials, reduced to the points of 
economy, manufacturability in the “one-shot” process and lightweight design for hybrid design, is 
significant. In the interplay of large-scale production and competition of conventional lightweight 
design approaches, these are probably the marketable aspects which make multi material design inter-
esting. How precisely the components were selected and their potentials for improvement by multi 
materials design were estimated, can only be inferred from the sources to a limited extent. In view of 
the restricted potentials and only marginally published reasons for the application of the design on 
explicit components, this currently indicates a strategically shaped selection in the interests of boosting 
the company’s image. Multi material design serves as an innovation feature for the products of manu-
facturers and plant manufacturers. This strengthens the chain of reasoning of marketable aspects at the 
heart of the development of multi material parts and emphasizes the importance of economics in de-
sign. 
 

 CONCLUSIONS AND FURTHER RESEACH  6
The study presented in this paper deals with the analysis of characteristic and potentials of components 
in multi material design. 147 components are described by properties such as component structure, 
material combination used and advantages of a multi material design. As a result of the analysis, the 
current state of research and industry as well as the main application reasons are shown. It should be 
noted in this context that the application of the design method depends on three main features. In addi-
tion to the reduction of the component weight and the shortest possible production time / a highly op-
timized manufacturing process, the economy is the focus of the design. All determined potentials of 
the design are subordinated to the cost question as a kind K.O. criterion. Furthermore, it has been 
found that due to the strict cost limit, multi material design can be well marketed as a type of low-cost 
lightweight design. The targeted use of materials creates the impression of the highest technology and 
innovation, which can be integrated into large scale production vehicles through low component costs. 
Whether the proclaimed improvements from the sources can ultimately be implemented on a scale 
suitable for mass production can only be assessed to a limited extent. The selection of the published 
applications in multi material design and the identification of potential for improvement could not be 
answered clearly from the sources of the study. It could only be found a tendency to attachments in 
injection molding and shell construction, as the most common applications. Since the component 
analysis is currently based on industrially influenced sources, the survey will be expanded in the fur-
ther course to scientific studies on the use of multi material design methods. These could show a dif-
ferent perspective on the design and, assess the aspect of cost-effectiveness more neutrally. Further-
more, the influence of the “Erlanger” beam on the design is to be examined more closely. It is im-
portant to understand why exactly this geometry is particularly suitable in a large number of examples 
for the implementation of multi material design. The results derived from this study will, in conjunc-
tion with the overall scope of the component analysis, be incorporated into the creation of an assess-
ment strategy of components in multi material design. 
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ABSTRACT 
Advanced manufacturing of automotive lightweight structures implies the introduction of new process 
steps into traditional process chains. Due to the combination of materials and their functional integra-
tion, those process steps show increased complexity. As a result, manufacturing faces new challenges 
regarding a constant and high product quality. A widely discussed approach to encounter these new 
challenges is the analysis of manufacturing process data by applying data mining methods. Benefits of 
the underlying digitalization approach are found in extensive transparency, product quality assurance, 
decision support or even in an automated manufacturing control. 

Application fields of data mining in manufacturing of lightweight structures, the design of an ap-
propriate context-based data acquisition infrastructure and special aspects of lightweight structures 
manufacturing influencing the CRISP-DM data mining workflow are discussed. The application of 
machine state recognition in extrusion of a glass fiber reinforced plastic rib structure exemplifies the 
proposed aspects. 

 

  INTRODUCTION 1
Data mining is a process of analyzing a given dataset in order to derive models and detect interde-
pendencies as well as patterns. The two main targets of data mining are description and prediction. 
Descriptive data mining produces new and nontrivial information based on a given dataset. Predictive 
data mining generates models of the system described by the underlying dataset [1]. A widely used 
standard of industrial applications of data mining is the Cross Industry Standard Process for Data 
Mining (CRISP-DM) [2]. The methodology consists of six phases with forward and backward de-
pendencies between phases making it nonlinearly. Descriptive and predictive data mining in manufac-
turing can be used in different ways, such as monitoring and reporting, planning and optimizing, rec-
ognizing and reacting as well as predicting and acting. Especially predict and act offer many possible 
applications to support manufacturing, e.g. causal analysis of quality or manufacturing problems and 
prediction of failures or disturbances [3].  

However, there are several reasons preventing the widespread application of data mining in manu-
facturing. Programmable logic controllers (PLCs) of manufacturing machines are able to exchange 
shop floor data in real-time, but cannot provide all relevant data for analytics, e.g. vibrations, by 
themselves. Consequently, reliable, accurate and efficient sensors need to be selected and installed. In 
the field of data integration and communication, manufacturing is faced with data from various 
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sources having varying meaning, wording, units and values. Approaches for standardization like Au-
tomationML and OPC UA try to unify data exchange, but still face considerable implementation ef-
forts. Even the modeling of manufacturing data with data mining methods still faces obstacles because 
of a lack of effective, accurate and reliable algorithms and analytics methods [4]. 

In the automotive sector, lightweight structures are an approach to reduce tailpipe emissions during 
the use phase of a car. A hybrid approach, e.g. multi-material mix of metal and fiber reinforced plastics 
(FRP), even enhances the lightweight potential under consideration of mechanical requirements. 
However, in comparison to common single material structures, the manufacturing of hybrid light-
weight structures is more complex due to more production steps, making process and quality control 
substantial challenging. As manufacturing becomes more complex, data mining can be a valuable ap-
proach for mastering the complexity. Throughout this paper, the terminology of lightweight structures 
is interpreted as hybrid structures in the context of the automotive industry. 

 
From this point forward the paper is structured as follows: 
Section 2 reviews aspects of the acquisition and analysis of manufacturing data, covering challenges in 
data acquisition as well as goals, procedures and application fields of data mining in manufacturing. 
Then, section 3 presents a framework for applying data mining in the context of lightweight structures 
manufacturing. Within the framework of context-specific application fields, a tailored data acquisition 
infrastructure and impacts on the CRISP-DM are discussed. Afterwards, section 4 demonstrates the 
application of the framework in the scope of an extrusion process of glass fiber reinforced plastic rib 
structure as an exemplary process. Special emphasize is on the data mining workflow and performance 
evaluation of different data mining methods in order to perform a machine state recognition. Finally, 
the essential findings of the framework are sketched and necessary research is outlined. 

 

 ACQUISITION AND ANALYSIS OF MANUFACTURING DATA 2

2.1 Acquisition of Manufacturing Data 
As the underlying data set strongly influences the performance of data mining methods, accurate and 
reliable manufacturing data needs to be acquired [5]. The variety of data and possible data sources in 
manufacturing is huge and depends on the individual production process. In this way, a production 
process can be described by input and output variables, such as raw materials and their material char-
acteristics. The process is designed and controlled by design and control parameters such as holding 
times and tool temperatures for instance in the case of hot forming. Actual process information such as 
actual tool positions, occurring forces and pressures is available by means of status data. Performance 
criteria can be determined at runtime of the process, such as time per part, or downstream in test pro-
cedures, such as wall thicknesses. Further data can be acquired through capturing 
 logistic-related data,  
 internal and external influencing factors such as actual humidity,  
 job-related data from ERP systems or  
 publicly accessible data such as weather or social media data.  

However, not all data sources have to be used for a specific analysis task [3]. The performance of data 
mining methods, e.g. Support Vector Machine, can even decrease due to too many different features. 
Based on feature selection methods, it is possible to exclude irrelevant features and thus reduce the 
complexity and computing time of the model [6]. In the course of data acquisition, several technical 
challenges have to be solved and thereby pre-processing efforts have to be taken into account. An 
overview of challenges and examples from industrial praxis is shown in Figure 1. Depending on the 
application, however, further challenges may arise. 
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Figure 1: Challenges in acquisition and preprocessing of manufacturing data [5,7,8] 

2.2 Analytics of Manufacturing Data 
Data mining describes a process of discovering novel patterns from a large given dataset in which 
algorithms are applied to extract new information. Moreover, data mining is in some cases used as a 
synonym for the process of knowledge discovery from data (KDD) [1]. However, the focus of KDD is 
on the overall process of discovering useful pattern in data, whereas data mining is one process step in 
this [9]. The KDD can be divided into three major phases: data pre-processing, data mining and data 
presentation [10]. 

Data mining, as a general technology, can be applied to various kinds of data as long as the given 
data is meaningful enough for a specific application. Depending on the goal of the process, data min-
ing methods can be divided into predictive and descriptive (Figure 2). Even if the boundaries between 
these two categories are not sharp, the differentiation is helpful to understand the overall discovery 
goal [9]. 

 

Figure 2: Overview of data mining tasks [11,12] 

Prediction is based on the selection of some data or variables to predict unknown or future values of 
other variables. However, description tries to find patterns which outline the data in an adequate way 
that can be interpreted by the user [9].  

In order to achieve the specific objectives of prediction and description, there are various data 
mining methods. Classification designates the learning of a function that assigns data elements to one 
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of several predefined classes. Regression is the learning of a function that can predict data elements 
with a continuous variable. Unlike classification, clustering maps data into several classes (clusters) 
that are naturally defined by the data through similarity metrics or probability density models [13,14]. 

An often referenced process model for data mining is the CRISP-DM shown in Figure 3. It is use-
ful for all kind of production processes. This includes the manufacturing of lightweight structures. 

 

Figure 3: Framework for data mining – CRISP-DM [2] 

 
First step to get into the CRISP-DM cycle is the business understanding. Based on the business objec-
tive, this step determines the data mining goal. The next step in CRISP-DM is the data understanding. 
The challenge within data understanding is to determine and collect all relevant data and get a first 
idea of possible interactions. Once the data has been collected they must be merged and transformed to 
fit the requirements for the selected analysis model. This takes place in the data preparation phase. The 
following path in CRISP-DM towards modeling is not just unidirectional. Differed types of mathe-
matical models need different types of input. The selection of a mathematical model for the modeling 
phase depends on the data type, data amount and the analysis goal. Its complexity can range from sim-
ple linear regression to complex machine learning algorithms. Machine learning algorithms offer the 
opportunity to predict the product quality or to find parameter combinations that are not obvious at the 
beginning to improve the product quality. Finally, in the steps evaluation and deployment, the conclu-
sions drawn from the results are applied to the business case [2]. 

 

2.3 Application Fields of Data Mining in Manufacturing 
In manufacturing, there are several application fields for the use of data mining. Some of them are 
explained in the following (Figure 4). The field of process control and optimization includes the iden-
tification and modeling of influencing factors to optimize the overall process such as parameter mod-
els for most energy efficient process parameters. The field of machine control deals with the under-
standing and control of a specific machine behaviour. An example for this application field could be an 
automated state recognition with cluster analysis for idle shutdown. However, quality management 
ensures quality compliance through efficient checks and feedback. Therefore, decision trees for pre-
diction of product quality based on process parameters could be used. The field of maintenance pur-
sues the goal of preventive avoidance of failure for example by predicting failures. Moreover, energy 
monitoring systems can be used to optimize the energy consumption within a plant. Furthermore, the 
knowledge about the energy consumption of machines can also be used for predictive maintenance 
[3,15]. 
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Figure 4: Potential application fields of data mining 

 FRAMEWORK – DATA MINING IN MANUFACTURING OF LIGHTWEIGHT 3
STRUCTURES  

3.1 Application Fields of Data Mining in Manufacturing of Lightweight Structures 
The manufacturing of lightweight structures consists of several sequential process steps, where differ-
ent materials are produced and subsequently joined into one multi-material preform. Afterwards pro-
cess steps such as injection moulding and hybrid pressing take action. 

In this production environment, knowledge of the interaction of the process parameters is particu-
larly important in order to be able to manufacture the products in the desired quality. In addition, data 
mining can support quality management, e.g. through virtual models that enable direct quality control 
during the production process and a more detailed cause-effect analysis. 

There are several application fields where data can be exploited in manufacturing of lightweight 
structures via different data mining methods. In the following some applications for hybrid mul-
ti-material components and the role of machine state recognition is introduced. 

With the help of data mining, the complexity of the production of hybrid structures can be reduced. 
On the one hand, this allows product quality to be optimized for complex multi-stage value-added 
processes in the hybrid lightweight manufacturing chain. Such an application case can exist, for ex-
ample, with a large number of possible influencing variables which may be non-linearly connected and 
which could hardly be controlled by humans themselves. Moreover, with the help of data mining, 
drape effects for the positioning during hybrid press processes can be analysed and optimized. Hence, 
the production failure due to wrong positioning can be counteracted. 

On the other hand, machine state recognition can serve as an enabler to support process planning. 
In general, information about the current process step can be supplemented with further data such as 
temperatures. This is particularly elementary in complex, converging processes, such as the production 
of hybrid structures, since these must be coordinated to ensure high product quality. Furthermore, 
standard behaviour can be determined for different process states. When deviations occur, quality as-
surance checks can be triggered automatically. Moreover, data mining can be used for predictive 
maintenance. If specific process data drift, this can indicate a defect in individual machine components 
(e.g. higher pressures of the hydraulic pump). 

 

3.2 Framework for the Design of a Data Acquisition Infrastructure 
The data acquisition and processing challenges described in section 2 affect the design of a data col-
lection infrastructure. For example, an appropriate database concept can be determined by evaluating 
the volume, velocity and variety of data to be managed. The design of a data acquisition infrastructure 
also strongly depends on the respective application (e.g. cross-site analyses), the integration of existing 
IT systems as well as the analysis goal. For example, if process parameter correlations are to be re-
vealed once, there is no need for a cost-intensive IT infrastructure; manual data collection over a short 
period of time can serve the purpose. 
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The framework for the design of a data acquisition infrastructure consists of three layers, as shown 
in Figure 5: (1) shop floor layer, (2) data layer and (3) application layer. The framework is exemplified 
by the manufacturing of lightweight structures in the automotive industry. 

 

Figure 5: Technical framework for data acquisition and analytics 

 
Influences on the application layer result out of a variety of disciplines that are involved in research, 
development, manufacturing and testing of lightweight structures – e.g. design, production technology, 
materials science and life cycle engineering. The availability of live or historical data can add value 
within each discipline and to an interdisciplinary collaboration. In the field of life cycle engineering, 
for example, life cycle assessments can be performed in real time [16]. For this reason, vertical scala-
bility across several applications and user groups accessing the central historical database as well as 
the ability to evaluate production data in real time must be taken into account when designing the data 
infrastructure. Consequently, the data layer has to serve the requirements of real time capability and 
historical data access. One approach to satisfy the requirements is the lambda architecture [17]. A 
speed layer for real time handling of new incoming raw data stores data temporarily and parameterizes 
precomputed models. In Figure 5 the speed layer is represented by the diagonal lined databases and 
their direct links to the application layer. The historical data access is made possible by a batch and 
serving layer architecture, represented by the loosely dotted databases in Figure 5. Both layers are 
characterized by a high latency, whereby pre-processed data, e.g. production machine is turned on, is 
stored persistently in the batch layer and application-tailored calculations on the historical data are 
stored in the serving layer. The NoSQL database format allows flexibility in data storage due to the 
highly inhomogeneous manufacturing processes involved in the value-added chain for hybrid compo-
nents. The lambda architecture and data pre-processing, e.g. filtering of irrelevant raw data, ensures a 
high performance and cost-efficient data layer. The manufacturing data can be enriched via metadata 
such as layouts and test results or data out of ERP systems. On the shop floor layer, the manufacturing 
data is acquired via energy meters and PLCs. Depending on the data requirements of the application, 
further data can be acquired through horizontal scaling with additional sensors. For instance, ambient 
data can be made accessible through low-cost sensors that are capable of modern communication pro-
tocols like MQTT [18]. 

 



Data mining applications in manufacturing of lightweight structures 21 

  

3.3 Framework for the Application of Data Mining in Manufacturing of Lightweight Structures 
The general CRISP-DM cycle is presented in section 2.2. To describe why data mining is especially 
interesting for hybrid structures, the focus will be on the cycle steps, data understanding and data 
preparation. Figure 6 shows the comparison between a hybrid and a metal structure for these two steps. 
The chosen example is quite generic. However, one possible goal of this data mining example could be 
product quality. For example, answering the question which parameter or parameter combination leads 
to the most stable quality level. The three groups of parameter considered in this example are: 
 Quality parameter for each raw material (e.g. yield strength) – (Qp) 
 Process parameter for transforming the raw material into a part (e.g. cutting speed) – (Pp) 
 Interacting parameter for two materials in a hybrid part (e.g. surface quality for bonding) – (Ip) 

 

Figure 6: Comparison of data understanding and data preparation for metal and hybrid structure 

 
These three groups represent the input for the data understanding step. The data must be collected for 
each material or material combination. A part of the data understanding also is a first investigation on 
global interrelationship. Figure 6 shows the influence on the data understanding step if just one further 
material is added for the hybrid structure. This more than doubles the number of relevant parameter 
groups. 

The strength values, as a quality characteristic for a material, is a good example to show what this 
means in detail. For a metal, the relevant strength value is the yield strength. For an FRP, on the other 
hand, several strength values for fibers and matrix are required, which, in connection with the stacking, 
result in several direction-dependent strength values. It is extremely difficult to identify interrelation-
ships in such data without pre-processing. 

Therefore, the data preparation phase must start early in order to calculate the previously described 
relationships and bring them in a specific format. The target data format of the data preparation step 
depends on the selected model (e.g. machine learning algorithms). Figure 6 shows an example of how 
a second material in a hybrid structure significantly increases the number of parameters in the struc-
tured table. In the example, FRP and metal have the same quality and the same amount of process 
parameters. However, as described above, this is a clear underestimation. 

In summary, the number of parameters determines the use of a structured data mining approach. 
For hybrid structures, however, this is not the only reason to use data mining. The combination of dif-
ferent materials and manufacturing processes leads to many possible interactions which are not obvi-
ous at first glance but which could influence the quality of the final structure. 
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 EXEMPLARY APPLICATION – MACHINE STATE RECOGNITION IN EXTRUSION 4
OF GFRP RIB STRUCTURES  

To demonstrate the application of data mining in the light of manufacturing of lightweight structures a 
machine state recognition of an extrusion process at the Open Hybrid LabFactory is performed. The 
Open Hybrid LabFactory, located in Wolfsburg, Germany, offers excellent possibilities and resources 
for the research, development, production and testing of hybrid components for the future topics of the 
automotive industry, digitalization and resource efficiency. The extrusion is carried out on a 2,500t 
hybrid metal forming press. The multifunctional press is capable of different process variants like cold 
forming, warm forming, sheet moulding compound (SMC) and resin transfer moulding (RTM) and is 
characterized by a combination of high pressing force and high speed. On a hybridized demonstrator 
(u-profile consisting of high-strength steel and organosheet) a rib structure made of glass-fiber-re-
inforced PA6 is extruded to increase the stability of the test carrier. The holding time and temperature 
are varied in a total of 18 test runs. 

The exemplary machine state recognition is motivated by industrial demands for economic com-
petitiveness of lightweight structures compared to conventional product design. Increased efforts in 
manufacturing of lightweight structures result due to high material costs, more complex manufacturing 
processes and characteristics of interfaces between different materials. In regard to these cost drivers, 
digitalization measures can serve as a catalyst for quality and productivity. Digitalization measures, 
such as product quality assurance and predictive maintenance, can be enabled by a machine state 
recognition, which is shown in the following exemplary application. A cost-efficient quality assurance, 
by process parameter based quality test triggering, can be implemented by determining individual 
tolerance ranges per process parameter and machine state. The recognition of machine states can also 
enable predictive maintenance by performing a time series analysis of characteristic values, e.g. lowest 
parameter or median, per machine state. The exemplary extrusion process is characterized by six ma-
chine states as shown in Figure 7. In idle mode (cluster 1), the press punch is in its highest position. 
The process begins with a rapid sink of the punch (cluster 2), which is followed by slow sink (cluster 
3) when entering the die. During processing (cluster 4), the punch is held constant. After finishing 
processing, the punch rises slowly (cluster 5) at first, until it changes into rapid rise (cluster 6) and 
finally idle mode again. 

 
Figure 7: Machine state recognition as enabler for quality assurance and predictive maintenance 

According to CRISP-DM the goal of the data mining measure is defined at first. The goal of the ex-
emplary application is to generate a reliable machine state recognition through testing a selection of 
supervised learning algorithms against an optimal machine state dataset, generated in an initial clus-
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tering phase. The complete data mining workflow is shown in Figure 8. Business understanding is 
followed by data understanding. The data is collected with a sampling rate of 50 ms, comprises 48 
variables, like timestamp and data of each of the four press cylinders, e.g. actual position, velocity and 
supply pressure adding up to 1,6 mio. data points. In order to explore the data, a linear correlation 
analysis of all variables is performed, utilizing this as knowledge for data preparation. Four independ-
ent variables (actual press force [kN], actual velocity [mm/s], actual supply pressure [bar] and actual 
cylinder force [kN] of cylinder 1) where selected for k-means clustering.  

As stated above, the exemplified extrusion process is characterized by six obvious machine states 
(idle, rapid/slow sink, processing and rapid/slow rise), which should be identified by the algorithm. 
The k-means clustering results of different choices of k are visualized in Figure 8, where the actual 
velocity (positive and negative values for punch rise and sink) is plotted on the x-axis and the actual 
punch position on the y-axis. An analysis over different choices of k showed that k = 8 delivers the 
best fit, capturing all six target states (Figure 8, III). The reason for this is to be found in the idle state, 
which has several characteristics (e.g. supply pressure on/off), that are more clearly detected by the 
algorithm, than the switch between fast and slow sink. For instance, k = 6 (Figure 8, I) delivers two 
different idle clusters and k = 7 a third idle cluster (Figure 8, II). Moving backwards to the data prepa-
ration phase of CRISP-DM, the three clusters all describing idle modes are pooled and mislabeled data 
points were manually clustered (Figure 8, IV). 

 

Figure 8: Generation of ideally labeled datasets via iterations of k-means clustering 

 
After dividing the process data into meaningful machine states by applying a k-means clustering, the 
focus of the further analysis is on classification to assign given process data to predefined machine 
states. Within the scope of this paper, methods of probabilistic neural network (PNN), decision tree, 
random forest and support vector machine (SVM) are taken into account. For each method, one data 
mining model was developed for the given data and implemented in the software KNIME. For the 
purpose of modeling different machine states, 785.650 data sets were included. The input data was 
split into two partitions, one for training and one for test data. The share of the training data set is 80 %, 
while the test data set comprises 20 %.  
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Table 1 graphically shows the results of the analysis of the different data mining methods consid-
ering the different machine states. To ensure comparability between the results of the methods, recall 
as well as precision are considered. Using recall, the proportion of objects correctly classified as posi-
tive in the total number of objects that are actually positive can be determined. However, precision can 
make a statement about the proportion of objects correctly classified as positive in the total number of 
positive classified objects [19]. In order to display the results properly, the method of heat mapping is 
used to make the large amount of data intuitively understandable for the observer. Therefore, the heat 
map is separately calculated for recall and precision over all machine states. In this context, a dark red 
hue means a low value, a yellow hue a medium value and a green hue a high value of the respective 
criteria. Furthermore, all data mining methods were performed with and without sampling. The aim of 
sampling is to be able to examine and compare possible data sets for the individual clusters. 

 
Table 1: Results of recall and precision for several data mining methods 

 
Beginning with the results without sampling, the values of predicting the idle machine state show high 
values for recall and precision for all applied methods. This can be traced back to a high number of 
idle states captured in the data set, which facilitated all methods to learn the characteristics of the idle 
state well. While the results of rapid sink show for precision values of almost 1 for all methods, sig-
nificant fluctuations occur for recall. The worst result is achieved by the PNN with a value of 0.34 
followed by SVM with 0.80. The methods of decision tree and random forest reach a value of 0.98 and 
1. With respect to the slow sink, the PNN achieves a recall of nearly 0, while the results of the other 
methods are between 0.97 and 0.996. For precision, comparable results appear. Regarding the recall of 
processing, PNN performs with the lowest value of 0.69 while the methods of decision tree, random 
forest and SVM have results of almost 1. In contrast to this, all methods show a strong performance 
for precision with values above 0.95. The subsequent machine state of rapid rise has a recall of 0.22 
for PNN, 0.86 for SVM and values of 1 for decision tree and random forest. Precision shows similar 
results except for SVM which achieves 1. The slow rise can improve its recall result for PNN and 
SVM to 0.81 and 0.97. For precision, all methods achieve a value of 1. 
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Compared to this, the results with sampling show comparable results. Overall, improvements in 
recall can be observed for previously underrepresented clusters like rapid sink or rapid rise. This be-
comes particularly clear with the example of the data mining methods PNN and SVM. In addition, it 
can be stated that the overall recall improves, while a deterioration occurs in precision when using 
sampling. This can be related to the fact that when calculating the precision value, data is used that is 
not subject to sampling. As a result, the distribution of data between the individual clusters is inhomo-
geneous. 

In the course of benchmarking different data mining methods, the execution time of the models is 
of particular importance. Table 2 shows the execution time of every method with and without sam-
pling. 

 
Table 2: Execution time of data mining methods 

 
Method Without sampling [s] With sampling [s] Difference [%] 
Decision Tree 688.8 330.9 –52 
Random Forest 205.9 370.2 +79.8 
PNN 1168.3 340.7 –70.8 
SVM 20624.2 1248.3 –93.9 

 
Based on the data without sampling, random forest shows the shortest execution time with 
205.9 seconds, while SVR with 20624.2 seconds shows the longest time. Within these limits, decision 
tree has an execution time of 688.8 seconds and PNN of 1168.3 seconds. Compared to this, using 
sampling can reduce the execution time up to 93.9 percent for SVM. The comparably high execution 
time of the random forest with sampling differs widely from the results of the other methods. This 
should reduce the execution time during sampling. The fact that this did not occur in this case can be 
attributed, if necessary, to high calculation requirements when executing the models in parallel. 
Therefore, further tests must be carried out with a higher computing power to check whether the re-
sults can be reproduced. 

Overall, the analysis of the results of all machine states shows that PNN is less suitable for the 
classification of machine states compared to the other methods examined, even considering the sam-
pling. In a direct comparison of all machine states, random forest and decision tree show the best re-
sults for the evaluation criteria recall and precision. The results of both methods are comparably good 
and are characterized by a short execution time. Furthermore, the analysis of the results concludes that 
SVM is less suitable for rapid changes in process parameters. This becomes particularly clear by 
comparing the results for recall when changing from rapid to slow sink and rise machine state. Thus, it 
can be concluded that data points that are located well apart are less suitable for classifications with 
SVM. Moreover, the method requires a comparably long processing time. 

 SUMMARY AND OUTLOOK  5
In this paper, the application of data mining in the context of lightweight structures manufacturing is 
covered. As the manufacturing of lightweight structures often draws on emerging production technol-
ogies and combines different process routes (e.g. prepregs and metal inserts being combined in hybrid 
injection moulding), quality and process control becomes more challenging. In order to enhance com-
petitiveness, data mining-based information can be utilized in a wide selection of potential application 
fields. Prerequisite for the application of data mining is the collection of relevant and reliable manu-
facturing data. In anticipating challenges in data acquisition, a cost-efficient and goal-oriented data 
infrastructure can be designed to boost the efficiency of the digitalization measure. The CRISP-DM 
can serve as a methodological framework for conducting a data mining approach. As highlighted, the 
application field of lightweight structures influences mainly two phases of the framework – data un-
derstanding and data preparation in terms of higher efforts for selecting and pre-processing relevant 
data. 
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The exemplary application of machine state recognition demonstrates one application field of data 
mining in manufacturing to enable extensive applications like quality assurance and predictive 
maintenance. By evaluating precision and recall, an excellent performance of the methods decision 
tree and random forest has been revealed. However, the performance of a data mining method strongly 
depends on parameterization and data set. Those effects are sketched out by the performance im-
provement of SVM and PNN when applying sampling. Furthermore, it would be worth investigating 
to what extent the performance of SVM can be increased by previous feature extraction. Additional 
studies should be conducted regarding model robustness. In the scope of the exemplary application, no 
statements concerning transferability are yet possible for different process variants run on the same 
machine, e.g. hot forming, cold forming, or in an extreme manufacturing of lot size one. The expan-
sion of the outlined approach from data mining to cyber-physical production systems could further 
increase the economic potential of the digitalization measure.  
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ABSTRACT 
This paper gives an overview about different one-shot processes of hybrid forming and joining of 
semi-finished products using conventional forming presses. An example of forming with a variother-
mal tool is given by forming a sandwich structure. Different aspects of the forming process are ad-
dressed, including the interlayer formation during the process. Here, the objectives are the complete 
impregnation of the fibres, the consolidation and a firm bond. It is shown, that in contrast to that, the 
objective when forming a sandwich sheet is to prevent delamination. For forming a hybrid battery tray, 
a process was developed that combines the advantages of organic sheet forming and compression 
molding. In order to predict the quality of the bonding of the glass mat reinforced thermoplastic to the 
organic sheet the temperature evolution is numerically analysed. 
 

 INTRODUCTION 1
The importance of fiber reinforced plastics (FRP) in automotive lightweight construction as well as the 
associated substitution of metallic materials is steadily increasing. In addition to the traditional appli-
cations in the interior, a rising number of structural parts consist of fiber-reinforced plastics or a com-
bination of different materials (hybridization). This shift from the application of mono-materials to 
multi-material structures causes considerable research needs in different fields of production engi-
neering, ranging from the basic materials and the associated processing techniques to the applied 
analysis methods. The overall objective is to enable affordable lightweight construction.  

At the Institute of Forming Technology and Machines (IFUM), the main focus is set on the devel-
opment of hybrid forming processes, which can be integrated in conventional pressing technology 
such as that used in the pressing plants of the forming industry. A further focus is put on the develop-
ment of reliable analytical methods in order to support the process design. Hereby the high-production 
capabilities and analysis know-how of the already existing forming technologies is exploited, reducing 
the capital investment for the production of hybrid structures to a minimum. The evolution of analysis 
methods is based on the development of simulation approaches using commercial software of the re-
spective field. The objective is to properly predict the influence of process factors on the forming pro-
cess and reducing the number of expensive experimental investigations to a minimum.  

In case of the production of hybrid materials the interlayer formation can be identified as a main 
process factor, which must be considered in the process analysis. Depending on the semi-finished 
products either a bonding must be achieved or a debonding must be prevented. By combining the indi-
vidual materials, the advantages of the individual material groups can be combined with each other, 
taking advantage of synergy effects and optimally exploiting lightweight construction potential. 
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1.1 Hybrid forming processes  
There are two principal approaches regarding the forming of metal-FRP-hybrid components. On one 
hand, the composite partners can be joined before the forming process or after two separate forming 
processes [1, 2]. On the other hand the joining and forming can be realized in one single process step. 
Sandwich composites with a pre-impregnated carbon fiber reinforced polymer (CFRP) core and steel 
cover sheets as well as one-sided pre-impregnated reinforced CFRP steel composites can be formed 
together and cured later. The epoxy resin of the prepreg adheres to the steel surfaces and produces a 
firm adhesive bond after curing [3, 4]. While predominantly thermoset plastics have been used in in-
dustry so far, FRP with a thermoplastic matrix are increasingly being used. The main reasons for this 
are the shorter processing time, better recyclability and the applicability of thermal joining processes 
[5]. 

A series of research projects for the production of multilayer composite components from thermo-
plastic hybrid fabrics and metal sheets in combined one-step forming processes are carried out at the 
Dresden University of Technology [6, 7]. The combination of metallic sheets as well as flat FRP 
semi-finished products with 3D-structures formed by injection and compression molding enables the 
introduction of a further dimension in the production of components. For example, car B pillars can be 
reinforced with a three-dimensional rib structure [8]. Furthermore, assembly groups can be combined 
in one component due to the increased freedom of design. 

Alternative methods to pure forming technologies are hybrid injection molding processes, which 
integrate the forming of sheet metal semi-finished products when closing the injection mold [9, 10]. 

1.2 Simulation and modelling of hybrid forming processes 
The development of new forming processes for hybrid components involves the development of nu-
merical methods, which support the process analysis. The applied simulation software must provide 
different modelling approaches for the respective geometries, the respective material models and con-
tact options in order to model the variety of different contact interactions.  

For modelling metallic components in a forming process a variety of different material model for-
mulations exists, which have been implemented and tested extensively over the past decades, driven 
by the wide field of application. Standardly, elastic-plastic material models are applied. In case of iso-
tropic material properties the von Mises yield criterion can be used. For taking into account anisotropy 
approaches such as the Hill yield criterion are available [11].  

In case of fibre reinforced thermoplastic sheets the current commercial finite element software 
packages offer previously homogenized material formulations. Here, due to the lower computational 
effort, preferably models are used that describe fibres and plastic as a smeared area continuum. In case 
of fibre reinforced sheet modelling the geometry is discretized with shell elements, whereby the dif-
ferent material behaviours of the fiber and the matrix are modelled simultaneously. Two different ap-
proaches can be used: the coupled modelling approach and the homogenized FE modelling approach. 
The embedded modelling approach is based on a particular discretization, overlaying two separate 
elements and thereby its respective material models (see Figure 1a), whereas in the homogenized FE 
modelling approach the different material models are superposed in one material model (see Figure 
1b), requiring just a conventional mesh. The forming of a fibre reinforced thermoplastic sheet, which 
is fully consolidated before the forming process is called draping. The decisive factor in the simulation 
of a draping process is the determination of the fibre orientation. By calculating the deformation gra-
dient and the associated shear angle, the fibre orientation in the corresponding forming stage can be 
determined numerically. A prediction of the fibre direction after the forming process forms the basis of 
an improved structural analysis. The stiffness of the thermoplastic matrix is strongly temperature de-
pendent and has a strong influence on the wrinkling behaviour during the forming phase [12]. There-
fore the thermodynamic properties of the composite must be precisely modelled [13].  

The modelling of the interface between different materials takes place regarding the material com-
bination and the respective process conditions. In case of forming sandwich sheets, the failure modes 
of the interlayer are of interest. However, in case of simulating one shot processes, the focus is set on 
the bond formation in the interlayer of the semi-finished products during the process, predicting its 
respective influence on the structural stiffness and strength. 
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Figure 1: Modelling approaches for the simulation of fibre reinforced thermoplastic: a) coupled modelling ap-

proach b) homogenized FE modelling approach [14] 

 PROCESS AND SIMULATION DEVELOPMENT 2
In this chapter the development of two process strategies for forming hybrid components are present-
ed. Numerical and experimental analyses have been conducted and the results are presented.  

In the first section the forming process of a sandwich structure is described. The second process 
comprises of forming a scaled battery tray consisting of an organic sheet and glass mat reinforced 
thermoplastic (GMT). The focus in both processes is set on the joining zones of the respective com-
ponents.  

2.1 Stamping of sandwich structures 
Commercially available semi-finished products are either fully impregnated and consolidated FRP 
products or sandwich sheets without any fibers in the core layer. Current process routes focus on pro-
cessing these kinds of materials.  

In order to process partially impregnated, unidirectional CFRP tapes stacked with steel cover sheets 
a process route was developed, in which the stack is heated, formed, impregnated and consolidated in 
a single-stage forming tool. The fibers can be orientated to the load direction depending on the com-
ponent and load requirements. The cover sheets add a ductile component that protects the CFRP core 
against external loads (impact, chemically aggressive media). Additional Polyamid 6 layers are used 
between the FRP and the steel sheets to improve the bonding to the steel sheet (see Figure 2). Other 
adhesives have not been applied. The composite is created solely by thermal direct joining of the Pol-
yamid 6 onto the metal surface. 

 
Figure 2: Used semi-finished products for production [15] 

2.1.1 Conception of the heating-cooling strategy 
For heating, impregnation and consolidation within one forming tool a heating concept according to 
the temperature-time curve in Figure 3 was developed. The components of the forming tool were 
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heated above the melting temperature of the thermoplastic matrix. Subsequently, the semi-finished 
products were formed and the fibers were impregnated under prolonged pressure. For consolidation 
and removal of the component, only the active area along the surface contour of the tool was cooled, 
while the core of the forming tool remained at elevated temperature. After the component had been 
removed, the cooling was deactivated and the heat energy stored in the tool flowed back to the surface, 
allowing a quick reheating of the tool. 

 
Figure 3: Conception of the temperature-time course of the forming process [15] 

Figure 4 shows the thermographic images of the forming die tool during the cooling phase. It can be 
observed that a few seconds after activating the cooling, a clear temperature gradient was established 
in the mold. After about 45 s, the removal surface temperature of about 160 °C was reached, whereas 
the core temperature remained at 250 °C. The reheating of the die surface to the forming temperature 
of 250 °C was carried out during these experiments within 5–6 min and thus about in a quarter of the 
time, which would have been required for reheating the whole forming die. 
  

 
Figure 4: Thermographic image of the variothermal forming die with tool cooling close to the surface [15] 

2.1.2 Production of sample components 
With the help of the designed tool system, experimental tests were carried out for the production of hat 
profile components. Such a component is shown in Figure 5. Both, an adhesive bond and a complete 
impregnation were successfully achieved in the whole part. The highest impregnation and consolida-
tion qualities were obtained at mold temperatures of 245–260 °C.  
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Figure 5: Hybrid steel-CFRP-steel component [15] 

Figure 6 depicts different cross sections of the bottom area of the hat profile to show the influence of 
tool temperature on the consolidation results. It can be observed, that at a tool temperature of 230 °C 
the impregnation of the fibers and the consolidation of the part were insufficient. Ideal results without 
any defects were obtained with a tool temperature of 250 °C. By raising the tool temperature to 280 °C, 
thermal degradation took place over a dwell time of 30 s. 

 

 
Figure 6: Effect of tool temperature on impregnation and consolidation quality [15] 

Due to being the limiting factor of the overall component strength, the objective had been to obtain a 
firm and stable adhesive bond with the metallic surface within the forming process. This topic is fur-
ther pursued in the OHLF project Mobilise, in which adhesive and mechanical model approaches are 
analyzed and evaluated by taking into account the process parameters of pressure and temperature of 
the interlayer as shown in Figure 7 to create a simulation model for analysing a one-shot process with 
respect to the interface correlation in order to predict the strength of hybrid forming components.  

 
Figure 7: Parameters of the contact interface in a hybrid forming process 

2.1.3 Investigations for the interface of sandwich structures 
The formation of a firm adhesive interlayer between the hybrid components is important, in case of 
forming and joining semi-finished components in one forming process step. In case of using 
pre-bonded materials, the focus is shifted from creating a bond to maintain a stable bond in the form-
ing process. Delamination during the forming phase is an important failure mechanism for sandwich 
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structures (see Figure 8). For an efficient analysis during the process design phase of composite mate-
rials the layer interactions have to be taken into account. In general, delamination results from com-
bined loading conditions, which arise in the forming process. In order to measure the strength of the 
interface, various experimental methods such as the Double Cantilever Beam test [16] or T-Peel test 
[17] have been developed. These are used to characterize the interlaminar fracture toughness  𝐺𝐶 .  

 
Figure 8: a) Traction-separation curve acc. to [16], b) Sketch for modified tensile test, c) Damage failure value 

from FE simulation [17] 

On the left side of Figure 8a a traction separation curve is shown, which represents an interface failure 
with critical values of traction T and separation δcrit. More details can be taken from [18]. In order to 
investigate the damage behaviour of the interface of a sandwich structure (thickness 1.2 mm) with 
sheet metal outer layers (HC steel) and a polymer core under shear loading a modified tensile test was 
carried out (see Figure 8b). The interface characteristics were implemented with regard to the traction 
separation approach and the numerically calculated damage value, presented in Figure 8c. For the 
considered layer configuration and loading state, no significant failure were detected [19].  

2.2 Development of a combined compression molding and draping process 
As part of the BMBF project ProVorPlus, the IFUM developed a combined process consisting of organ-
ic sheet forming and compression molding process, which enables the production of a scaled battery 
tray. The battery tray consists of a shell, featuring a step-geometry as well as a tunnel-geometry. The 
tunnel is reinforced with help of a stiffening rib. For the shell geometry an organic sheet material and 
for the rib structure a glass mat reinforced thermoplastic was chosen (GMT). A focus in the evaluation 
of the results is set on the bonding between the organic sheet and the GMT. 

2.2.1 Technological process design 
The organic sheet is formed by folding a cross-shaped blank and forming the step geometry and a 
tunnel-geometry. The GMT material is used to locally reinforce the organic sheet shell geometry with 
a rib structure. The cross cut is clamped centrally on all four sides by a clamping frame and fed by 
springs. During the forming process, the corner edges of the cross blank butt-join. The major challenge 
is the forming of the tunnel area. As previous experimental and numerical studies of an organic sheet 
forming process have shown [20, 21] the double-curved geometry causes wrinkling at the transition 
between tunnel and wall area (see Figure 9). At 4.5 mm before dead bottom center (BDBC) the organ-
ic sheet comes into contact with the tool and the formed fold gets crimped.  
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Figure 9: Wrinkling, experimental and numerical results [20] 

In order to prevent fiber breakage when compressing the fold, local fiber shearing can be induced by 
reducing the clamping width in the tunnel area and virtually prevent wrinkling (Figure 9). 

 
Figure 10: Prevention of wrinkling [20] 

In order to develop the organic sheet and compression molding process the organic sheet forming pro-
cess described in [20, 13] was supplemented by a GMT compression molding process. For this pur-
pose, cavities and an additional sheet gap of 1 mm in the tunnel area were provided for the compres-
sion molding process. A main objective is to limit the distribution of the GMT material to the tunnel 
geometry. The sealing is achieved by a defined contact between organic sheet and forming tool at the 
front face and flanks of the tunnel.  

The punch is used as a lower tool. The heated GMT mass is placed in the gap of the tunnel geome-
try, followed by positioning the heated organic sheet blank over the punch. Subsequently, the tool is 
closed. 

2.2.2 Numerical process model 
The simulation of the combined draping and compression molding process involves the challenge of 
combining the fundamentally different model approaches of the individual processes. The change in 
shape of the organic sheet takes place primarily by shear. As previous studies show the thermoplastic 
matrix cools down strongly during the forming process, which leads to an increase of the bending 
stiffness of the composite [13]. Since the forming takes place in a temperature range from 150 °C up to 
270 °C, the material properties of the organic sheet were measured at elevated temperatures.  

The simulation of the combined processes was carried out in LS-Dyna, as it allows the combination 
of the draping process and the compression molding process in one simulation model. The setup of 
this model is an extension of the organic sheet forming process model presented in [13]. For modeling 
the organic sheet the homogenization approach, shown in Figure 1b is chosen. The selected material 
model combines both, the influence of the fibres and that of the thermoplastic matrix. 

In order to determine the evolution of the temperature distribution during the process, it is assumed 
that the organic sheet has a direction-independent thermal conductivity. Due to the purpose of rein-
forcing the overall structural strength and stiffness, the rib structure must be properly bonded to the 
tunnel region. Therefore the temperature of the interlayer between the GMT and the organic sheet 
must exceed the melting temperature at least on one side of the bond. This thermal process is imple-
mented in the simulation model by modelling the heat transfer between the organic sheet and GMT.  
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Figure 11: Set up of the simulation model for the combined draping and compression molding process [21,22] 

2.2.3 Experimental and numerical results 
The experimental results show that at the time of contact between organic sheet and extrusion com-
pound in the tunnel, the cavities are already sealed at the end faces by the unfolded organic sheet. Fur-
thermore, it comes to sealing on the 5 ° steep flanks of the tunnel between organic sheet and the stamp. 

 
Figure 12: Battery carrier made of organic sheet (fiberglass PA6) and GMT (PA6) [21] 

The forming result of the combined process is shown in Figure 12. It comes to a full mold filling of 
the cavities. Between the GMT and the organic sheet a cohesive bond is formed. The compression 
molding process was successfully limited to both flanks and to the front face of the tunnel area. 

A good overall consolidation in the bottom (Figure 13a) and wall area (Figure 13c) were achieved. 
A sharp radius and high tensile loads leads to matrix migration, in which fibers accumulate at the inner 
radius (Figure 13b) and matrix at the outer radius. During the joining at the edges the fiber reoriantate 
perpendicular to the cutting plan. No clear joining zone and a mixing of the loose ends of the fiber 
bundels is observed. Furthermore no voids has been detected in the the joining zone. In order to ex-
amine the bonding between the organic sheet and the GMT the tunnel area was cut and the intersection 
prepared for microscopic examination (see Figure 14). The surface of the organic sheet properly bonds 
to the GMT. A seamless transition from the organic sheet to the GMT is realized. 
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Figure 13: Consolidation quality and fiber orientation in the bottom, radius and wall area of the battery tray 

 

 

Figure 14: Cross section of a joined edge of the battery tray 

The simulative results show that the wrinkling observed in [20] arises as well in the combined process. 
Thus the GMT component does not prevent wrinkle formation. Furthermore it can be observed that the 
temperature of the flank areas starts to decrease early. Due to the temperature decrease, the stiffness of 
the matrix material increases strongly, restricting further forming of the fabric. Later in the process the 
tunnel areas come into contact with the tool and the temperature starts to decrease until a contact with 
the GMT is realized. The higher temperature of the GMT leads to a temperature rise in the organic 
sheet at the end of the forming phase, exceeding the melting temperature. The predicted remelting of 
the surfaces properly explains the observed bond formation in the experimental process. 

 
Figure 15: Simulation results of the formed battery tray with rib structure and temperature-time curves 

for selected regions [21] 
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 CONCLUSIONS 3
Two different processes, which have been in the centre of research at the Institute of Forming Tech-
nology and Forming Machines, were presented. In the first process a variothermal tool was developed 
for the forming of a sandwich structure in one single forming step. The main objectives have been to 
achieve a complete impregnation of the fibres, the consolidation and a firm bond. It were shown, that 
in contrast to that, the objective when forming a sandwich sheet is to maintain a firm bond and prevent 
delamination. It was shown, that with an interface analysis in the forming process simulation, the de-
tection of interlaminar failure can be realized beforehand.  

In the second project a combined draping and compression molding process was developed and an 
analysis of the forming process was conducted with help of a finite element analysis. In order predict 
the interlayer formation the heat transfer between both constituents was included in the simulation 
model. The experimental and simulative results were compared and showed a good agreement.  
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ABSTRACT 

In times of major changes in the field of automotive drive concepts, lightweight construction as a key 
technology is particularly important for the reduction of vehicle mass and thus for sustainable mobility. 
The most significant synergy effect can only be achieved considering all three principles of light-
weight construction: material-, structural- and system-lightweight construction. 

As a part of the BMBF-funded project thermoPre®, by pursuing this approach the substitution of a 
motor carrier in die-cast aluminum construction with steel attachments was investigated. For this pur-
pose, the entire potential of the lightweight construction on the reference component was determined 
and maximized including a cost-efficient production. The result is a continuous glass fiber reinforced 
thermoplastic (gfrp) component, which shows the high potential for weight and cost minimization by 
integrating existing attachments and inserts into the component manufacturing process. 

Based on the aluminum component, a material appropriate design with subsequent topology opti-
mization and final component design was carried out. Using the finite element method simulations, a 
load-capable component design was determined. The final design of the engine carrier and the neces-
sary material blanks came from a series of optimization loops, which ultimately led to the production 
of prototypes. These were tested according to the requirements of the OEM, inter alia crash tests, 
whereby an equal and partly even improved performance was proven. 

Confirmed by the good results from this research project, the implementation of a mass production 
of such components is planned. 

 

1 INTRODUCTION 
In the field of individual mobility not only new drive concepts but also lightweight constructions are 
given a major role to reduce greenhouse gas emissions. At the time of combustion engines, lightweight 
construction is necessary to save fuel. However, in the context of electric mobility the lightweight 
construction is also highly relevant to balance the high masses of the lithium-ion batteries in order to 
minimize energy consumption [1]. By reducing the weight of an electric vehicle by using lightweight 
construction also the mass of the batteries can be reduced, whereby a an iterative reduction of the total 
mass of the vehicles is initiated [2]. Especially with the already expensive technology of electric vehi-
cles, it is important to focus on cost-effective lightweight technologies that are suitable for a 
large-scale production. 

Within a funded project by the German Federal Ministry for Education and Research (BMBF), the 
substitutability of an existing engine carrier in die-cast aluminum design with attachments made of 
steel by a newly developed carrier made of glass fiber reinforced thermoplastic was investigated. The 
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major aim was the minimization of component weight and costs while maintaining the mechanical 
performance of the metal part. For this, the complete development process from component design, 
component calculation to prototype manufacturing and its testing was realized within the scope of the 
project. In the following, the results of these single work packages are presented. 

 

 DESIGN OF COMPONENT 2
The starting point for the development of an engine carrier made of fiber-reinforced thermoplastic is 
the standard engine carrier from the VW e-Golf, which is made of an aluminum cast. To mount addi-
tional electrical equipment, e.g. power electronics and charging unit, separate steel sheet components 
are used at the standard engine carrier. These steel sheets are complex stamping and forming compo-
nents and have to be assembled in an additional manufacturing step. The individual components of the 
engine carrier are shown in Figure 1.  

The engine carrier for the VW e-Golf has been completely redeveloped with the aim to receive a 
lighter and cheaper component. Thus, various optimizations of the structural design and the manufac-
turing process were necessary. Due to the low material stiffness of gfrp compared to aluminum, the 
structural stiffness of the new component had to be improved by using the fully available design space. 
Furthermore, the component price is also directly affected by the components mass. In addition, espe-
cially for the comparatively new materials such as gfrp, the material prices are still significantly higher 
than those of classic materials such as steel. Therefore, there is still a high motivation for lightweight 
construction in automotive engineering. 

 

 
Figure 1: Standard engine carrier made of aluminum and steel sheets (left); new developed engine carrier made 

of gfrp (right) 

The new engine carrier is made of thermoPre® prepregs and glass mat thermoplastic (GMT) material. 
The unidirectional thermoPre® material with a [0/0/90/0/0]n-lay-up was used as base layer to achieve 
high strength and energy absorption during crash with no abrupt failure. The preferred direction of this 
4:1-lay-up is parallel to global y-direction. To increase the structural stiffness of the component a rib 
structure made of GMT was used. The component was made in a compression molding process. Dur-
ing the entire development process, attention was paid to the implementation of a cost-effective com-
ponent. This means that all production steps have to be finished during the compression molding pro-
cess. For this purpose, through holes as well as metal inserts were inserted directly into the component 
during the compression molding process. Firstly, this obviates the subsequent milling process and 
secondly, fibers are forming around the inserts during the process, which increases the load carrying 
capacity of the load application section. In order to avoid subsequent processing steps like the applica-
tion of face sheets, the component was designed as an open rib structure, even if closed profiles can 
achieve higher structural bending stiffness. However, the biggest costs and mass savings are achieved 
by the function integration. By integrating the mounts of the power electronics and charging unit into 
the plastic component, the complex production of steel brackets can be omitted. In addition to the 
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weight reduction and the gain in stiffness, the reduction of assembly time is a major advantage, too. 
Figure 1 shows the comparison of the metal and the plastic design. It can be clearly seen, that the inte-
gration of the mounts results in a more complex design. However, the component can be produced in 
one production step due to the good flow properties and fulfills the same requirements as the standard 
metal part.  

In summary, it was possible to develop a component design that is both lighter (up to 23 %) and has 
the potential to save costs (up to 47 %) by integration many of the several components into one struc-
ture and its production process.  

 COMPUTATION AND SIMULATION 3
Load cases for the computation and simulation of the new developed engine carrier base on the me-
chanical requirements of the standard aluminum cast component. For this, numerous static load cases 
were calculated with the relevant load directions x- and z-direction, according to the vehicle coordi-
nate system. 

For an ideal design of the rib structure, a topology optimization was carried out. The completely 
available design space was determined. Therein, the density and thus the mechanical characteristics 
were varied over the component in local sections. Taking into account the restrictions of the stiffness 
and the production technology, a lightweight and production-ready rib design with the same stiffness 
like the standard part was determined. In this case, manufacturing restrictions such as minimum and 
maximum rib width, spacing between ribs and the direction of demolding of the manufacturing pro-
cess were considered during the optimization. The result of the optimization is shown in Figure 2 a). 
This result forms the basis for the design of the new developed component. Figure 2 b) shows the final 
rib design.  

 

 
Figure 2: Results of the topology optimization a) and b) and the material specific analysis of component 

failure c) and d) 

The assessment of the component strength has to be material specific. Due to the mainly isotropic 
material behavior of the GMT, the equivalent stress according to “von Mises” is used to evaluate the 
strength and the failure of the ribs (see Figure 2 c). The continuous fiber reinforced material thermo-
Pre® has an anisotropic material, more precisely a transversal isotropic 23 behavior. For this unidirec-
tional material behavior, special physically based failure criteria have to be used. For computation of 
the engine carrier the Failure Mode Concept (FMC) according to Cuntze was used. This failure crite-
rion differentiates and evaluates five possible failure modes of an unidirectional material: fiber failure 
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due to compression and tension loads as well as matrix failure due to compression, tension and shear 
loads [3]. Figure 2 d) side shows the inverse reserve factor according to the FMC for a chosen load 
case.  

As a result of the simulation, the new developed engine carrier fulfills the same strength require-
ments as the aluminum cast carrier. Due to the small available design space, the stiffness requirements 
were only partially fulfilled. 

 

 TESTING RESULTS 4
The basis for comparing the performance between the standard and the new developed engine carrier 
was a static 3-point bending test, wherein a load was applied in the z-direction to the mount of the 
gearbox. 
 

 
Figure 3: Force-displacement-curve of component testing in a 3-point bending test according to  

z-direction of the car coordinate system 

Figure 3 shows the force-displacement-curves of the engine carrier made of different materials in a 
3-point bending test. The blue line shows the results for the standard engine carrier made of aluminum 
cast, the green represents the results of the carrier made of thermoPre® and the dashed blue line de-
picts the carrier made of another thermoplastic material reinforced with an 4:1 fabric, Quadrant 
GMTex. It can be clearly seen, that the engine carrier made of thermoPre reached the highest max-
imum force (16.8 kN) of the three materials. The aluminum cast component has a failure load of only 
12.1 kN but a higher stiffness, as we can see on the slope at the beginning of the curve. Because of the 
non-linear material behavior of the aluminum component and the high maximum force of the thermo-
plastic carrier, the thermoPre® and aluminum cast carriers have nearly the same stiffness at the break-
ing point of 12.1 kN. The deflection of the aluminum cast and the thermoPre carrier at the load of 12.1 
kN are 14.0 mm and 14.5 mm. Therefore, the stiffness deviates only about 3.4 % between these two 
carriers. In addition, the brittle material behavior of the aluminum cast carrier is clearly visible. 
Achieving the maximum force results in a sudden reduction of the force and a component failure. The 
thermoPre® carrier has a much more benign failure behavior. After reaching the breaking load, there is 
also a sudden reduction of force, but the component does not fail totally. After the breaking jkload, the 
thermoplastic carrier shows a ductile behavior with a high residual strength over a displacement length 
of at least 30 mm. The GMTex carrier, although made in the same tool like the thermoPre® carrier, 
shows significantly lower stiffness and strengths but a more ductile behavior than the thermoPre® 
carrier. 



Hybrid components with function integration for crash related applications in electromobility 47 

  

Table 1 depicts the results of the 3-point bending test. In addition to the maximum forces, the stiff-
ness as a function of force and displacement, the energy and the mass of the three tested carriers are 
also listed. The thermoPre® achieves a 40 % higher maximum force and a six times higher energy 
absorption than the standard aluminum cast carrier. 

Table 1: Results of the 3-point bending test according to z-direction of the car coordinate system 

 
 
In addition to the static tests, dynamic tests were performed on a drop tower, too. Because the drop 
tower had no measuring instruments, only a comparative testing was carried out. Meaning that both 
components (standard aluminum cast and thermoPre® carrier) were loaded by a punch with a diameter 
of 256 mm, an initial velocity of 33,8 km/h and an impact mass of 45 kg. In total, both components 
were loaded with about 2 kJ of impact energy. The crash behavior was evaluated during the test by 
means of a high-speed camera. 
 

 
Figure 4: Failure behavior of engine carrier made of aluminum after an impact test 
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Figure 4 shows the standard carrier after the crash test. As already seen in the static test, also in 
dynamic testing the aluminum cast carrier shows a very brittle material behavior. The carrier splits into 
at least four fully divided parts with no residual carrying capacity. High-speed videos from the testing 
also confirm the low absorption of energy. 

Figure 5 depicts the new developed engine carrier made of thermoPre® after the impact test. It can 
be seen, that there are some damages around the mount of the gearbox as well as the load introduction 
points. However, the whole component is still attached so that the component has a residual carrying 
capacity. 

 

 
Figure 5: Failure behavior of engine carrier made of gfrp after an impact test 

In summary, it can be said, that the new developed engine carrier exceeds the requirements of the alu-
minum cast carrier in terms of strength and energy absorption. At the breaking point of the standard 
component, the both carriers have nearly the same stiffness and with an increase of the design space, 
the stiffness requirements can be also fulfilled at lower forces. 
 

 CONCLUSION 5
The aim of the research project was the development of an engine carrier including design, technolog-
ical as well as economic restrictions. The starting point was the standard engine carrier, which is made 
of aluminum cast and has got a weight of 7.9 kg. Due to the development of the new, cost-effective 
semi-finished product thermoPre®, the reduction of manufacturing steps through their integration into 
the compression molding process as well as the usage of effective and high-precision simulation 
methods a new engine carrier made of glass fiber reinforced thermoplastic could be developed. The 
new engine carrier made of thermoPre® has a weight of 5,9 kg, which means a mass reduction of 
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about 23 %. In addition to the fulfillment of the strength and energy absorption requirements, the price 
of the component can be reduced as well. Due to the integration of the mounts of the power electronics 
and charging unit, a reduction of tooling and assembly costs can be achieved in addition. Thus the total 
minimal price of the new developed carrier, depending to the production volume, is about 48 % less 
than the price of the standard metal part. Due to the very good material damping behavior of thermo-
plastic materials, the new engine carrier also offers many advantages to reduce noise, vibration and 
harshness levels [4].  

The newly developed technologies were presented using the example of the engine carrier. In sev-
eral other projects it has already been shown that the results of this project can be transferred to other 
components. Part-related positive results can be achieved there, too. 
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ABSTRACT 
A hybrid engine block including a metal supporting structure and a composite plastic housing shall be 
designed and manufactured. The focus lies on the material selection, adapted to the engine block re-
quirements, and the analysis of the joint area by pressure and leak tight tests. Several surface treat-
ments are applied and compared to each other. 

 

  INTRODUCTION 1
For the foreseeable future, the combustion engine will remain a dominating component in the drive-
train, especially for plug-in hybrid strategies. Particularly for hybrid electric vehicles lightweight de-
sign is becoming a great challenge due to the additional mass, generated by the two powertrain sys-
tems. 

However, the potential for further weight reduction and function integration in combustion engines 
by using conventional manufacturing techniques is nearly exhausted. Thus, the research project aims 
at new design methods and manufacturing technologies, such as the combination of conventional met-
als with lightweight materials (e.g. fiber reinforced polymers) to optimize the most challenging 
drivetrain housing – the cylinder crankcase (Figure 1).  

 

 
Figure 1: SI engine (left) and cylinder crankcase (right) [IAV] 
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In addition to the weight reduction, these new materials and methods offer further advantages for fu-
ture combustion engines, for instance a stronger damping of the vibration, resulting in better acoustics, 
or a thermal optimization such as faster heating up and slower cool down. These characteristics make a 
hybrid engine for the next-generation drivetrain an ideal application for new materials. 

 

 STATE OF THE ART 2
Hybrid materials in drivetrain components are nothing special anymore: As an example, the Fraunho-
fer ICT and Sumitomo Bakelite published a motorbike engine including a cylinder case with a metal 
sleeve surrounded by a plastic housing (Figure 2). Lightweight potentials, functionality, and endurance 
have been proved and acoustic measurements have been carried out [1].  

 

 
Figure 2: Plastic cylinder case [Fraunhofer ICT] 

Another example is an integrated plastic valvetrain module for R3 IC engines by IAV, Sumitomo Ba-
kelite and Volkswagen AG Chemnitz. The valvetrain module has completed acoustic tests and a 
>100.000 km test run in a vehicle without noticeable problems.  

 
Figure 3: Integrated valvetrain module [IAV] 

The last example is a gearbox housing for electric vehicles by ARRK Engineering (Fig. 4), which is 
completely made of overmolded thermoplastic organosheets with local carbon fiber reinforcements 
(UD tapes). A weight reduction of 30 % and acoustic optimisations could be achieved [2]. 

 
Figure 4: Hybrid gearbox housing [ARRK] 
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 REQUIREMENTS FOR THE DESIGN 3
A cylinder crankcase must be able to withstand a large number of different load conditions: An overlap 
of tension and pressure, bending and torsion is present. Based on the gas pressures and the cranktrain 
design (Figure 5), a load spectrum of up to 36 kN crankshaft vertical force, 6,5 kN piston horizontal 
force and 110 bar cylinder pressure during ignition have to be assumed.  

 

 
Figure 5: Schematic cranktrain [IAV] 

This leads to static stresses of up to 120 MPa in the water jacket area and cyclic stresses of up to 100 
MPa in the main bearing.  

Moreover, high combustion temperatures and chemical influences have to be considered. The max-
imum surface temperatures within the cylinders are around 180 °C in the topdeck region (Figure 6).  

 

  
 

Figure 6: Surface cylinder temperatures [Volkswagen AG, Group Research] 

Also temperature changes, especially due to start-stop applications have to be considered. Water-glyc-
ol mixtures and fuel-efficient engine oils with high amounts of additives lead to additional load. 

Under these conditions, not only a sufficient mechanical and thermal stability has to be provided 
but also leak tightness in the periphery of hot fluids under high pressure is necessary.  

In conclusion, when designing with hybrid lightweight materials in mind, the cylinder crankcase 
represents a challenging component with high requirements. 
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 DESIGN CONCEPT 4
The design concept includes a fiber reinforced plastic housing, which comprises an inner supporting 
structure consisting of aluminum (Figure 7). 

 

 
Figure 7: Sectional model of a hybrid cylinder crankcase [Volkswagen AG, Group Research] 

The supporting structure (insert), consists of the cylinders, the water-jacket and the upper part of the 
main bearing. A bedplate forms the lower part of the main bearing. The thermal stresses and the oper-
ating forces are located inside the metal insert and the bedplate. A special treatment of the cylinders 
such as APS coating and honing is used to reduce the friction between piston rings and cylinder wall 
as well as improving the blowby behavior and cylinder distortion. 

The surrounding plastic housing forms a portion of the cylinder crankcase which can increase the 
weight reduction potential as a result of the low material density. Moreover, the housing can lead to 
better vibration absorption due to the high absorption potential of the plastic. As a further possible 
benefit the thermal advantages have to be mentioned: In consequence of the low thermal conductivity 
of the plastic, the cylinder crankcase tends to heat up faster and to maintain the operating temperature, 
particularly during start-stop operation. 

The water-jacket can either be placed solely inside the metal insert or between the metal insert and 
the plastic housing. The last mentioned variant has the advantage of a higher weight reduction poten-
tial but the risk of leakage due to the different thermal expansion coefficients of metal and plastic. 
Therefore the decision was made to keep the water-jacket within the metal insert. 
 

 MATERIALS FOR DESIGN CONCEPT 5
When plastics are used as a structural material, especially in powertrain components, it is crucial to 
evaluate the temperature range in which the plastic is required to perform. As shown in Figure 6 tem-
peratures in the cylinder crankcase can exceed 180 °C. However, the mechanical properties of thermo-
plastics like polyamide 6 (PA6) tend to decrease significantly above 100 °C and the residual young’s 
modulus only reaches around 40 % of the value it achieves at 20 °C. Thermoset materials are, there-
fore, the only alternative. 

 
Phenolic resins are the material of choice because of their high temperature as well as media and aging 
stability. Furthermore, the relatively high tensile strength of phenolic resins increases when mineral 
fillers and glass fibers are added to the mixture. When intending a hybrid material application it is 
essential to consider the thermal expansion of the linked materials. The advantage of phenolic resin 
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compounds is that the thermal expansion can be adjusted by the number of fillers added. Thus the 
differences of thermal expansions in the hybrid material can be balanced.  

The process for high volume production is a thermoset injection molding process. The phenolic 
resin compound, which consists of a non-crosslinked polymer, fillers, a crosslinker and processing 
additives, is plastified in a screw at relatively low temperatures. Crosslinking of the compound to the 
final phenolic resin is performed in the mold with a temperature between 170 and 190 °C. A tempering 
process leads to the final mechanical strength as well as media, temperature and aging stability. 

The application of a suitable material with an adapted manufacturing process is useless if the join-
ing zone between plastic and metal – the contact area – isn’t designed properly. Weaknesses of the 
contact area lead to fractures and/or displacements and finally to failures of the composite system. 
Therefore the analysis of the contact area is focused in this article. Therefore pressure tests and leak 
tightness tests of specific hybrid samples were performed. Regarding the contact area within the sam-
ples, different concepts are available: A laser-structuring of the joining zone shall increase the effec-
tive joining area and the formation of undercuts which leads to form locking. Furthermore, an adhe-
sive bond is initiated by applying amino-groups on the aluminum surface by silanization. It is assumed 
that as a result hydrogen bonds could be formed between the silanized surface and the phenolic resin.  

 
For the analyses and the proof-of-concept the sample geometry shown in Figure 8 is chosen: 

 

 
Figure 8: Sample geometry for proof-of-concept investigations [Volkswagen AG, Group Research] 

The aluminum insert is placed in the tool of the injection molding machine and the phenolic resin is 
injected into the geometry. One part of the produced samples are climate aged according to the test 
specification PV 1200 “Testing of Resistance to Environmental Cycle Test (+80/ –40) °C” [3]. Another 
part of the samples are stored in oil as well as glycol respectively according to the Group standard TL 
52682 “PA66, Glass Fiber-reinforced, for Finished Parts Carrying Coolant” [4]. The compressive 
strength, as well as the media density (leak tightness) of the aged and non-aged samples is evaluated. 
A significant innovation of the analyses is a specific testing setup which has been developed together 
with the TU Braunschweig and is used to determine the leak tightness.  

 

 EVALUATION 6

6.1 Surface analysis  
Before primer-application and injection molding process, the surfaces are prepared by laser-roughen-
ing. The scanning electron microscope (SEM) analysis of the laser roughened surface shows several 
rows of similar melting-structures side by side in the shape of small ovals placed one below the other 
(Figure 9, left). The melted material provides the clamping structures for the plastic. 

After the primer-application and the injection molding process, a cross-section through the contact 
area was cut. The microscope-analysis shows that the clamping structures have been undercut by the 
plastic (Figure 9, right), successfully creating a form fit between the two materials. The maximum 
achievable roughness is up to 200 µm. 

 

Plastic: 50 mm

Aluminum
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Figure 9: SEM analysis of the roughened metal surface (left) and cross-section through the metal-plastic contact 

area (right) [Volkswagen AG, Group Research] 

6.2 Effect proof of the silanization 
The effect of the silanization can be shown by the contact angle of a water drop, applied on the metal 
surface without and with silane primer (Figure 10, left). The higher number of hydrogen bonds, 
formed by the silanized surface lead to an increased wetting effect: The water drop extends more and 
forms a smaller contact angle to the metal surface. 

 

  
Figure 10: contact angle (left) and results for a surface with and without primer (right) [Volkswagen AG, 

Group Research] 

Figure 10 (right) shows an explicit reduction of the contact angle due to the increased wetting effect of 
the primer. A significant improvement of the mechanical properties of the plastic-metal-compound by 
use of the primer, additional to the laser-roughening, can be assumed. 

The following injection molding of the phenolic resin and the mechanical tests are carried out with 
laser-roughened samples with as well as without a primer to evaluate the silanization effect in combi-
nation with the plastic. 

Water drop
Contact 
angle 

Needle 
with water
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6.3 Pressure test 
For the pressure test, the plastic part in the middle of the sample has slowly been pressed out by a die 
and the maximum compressive strength has been registered. 
 

  
Figure 11: Pressure test (left) and pressed out plastic (right) [Volkswagen AG, Group Research] 

The results of the pressure tests show a significant decrease of the compressive strength through oil 
aging. The coolant aging doesn’t seem to have a considerable influence: The compressive strength 
remains nearly constant. The loss of compressive strength after the climate change test lies between 
the oil aging and the coolant aging (Figure 12).  

 

 
Figure 12: Results of pressure test of samples with and without primer including the min- and max-value 

[Volkswagen AG, Group Research] 

In each case, the samples with silane primer in the contact area show an explicit increase of com-
pressive strength in general.  
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6.4 Leak tightness test 
The leak tightness test also demonstrates the positive effect of the primer: On average, the samples 
with primer show the lowest leakage (Figure 13). 

 

 
Figure 13: Results of leak tightness test on samples with and without primer including 

the min- and max-value [Volkswagen AG, Group Research] 

Within these samples, the coolant aging seems to decrease the leak tightness the most. Figure 13 also 
shows a large variation within the results. In many cases, the measurement uncertainty extends from 
nearly 1 bar up to 1,4 bar. The explanation is that each column of the diagram includes leak-tight 
samples as well as leaky samples: A leaky sample shows a significant pressure decline during the test 
or even a constant low value around 1 bar, whereas the value of a tight sample remains on a stable 
high level (Figure 14).  

 

 
Figure 14: Pressure curve of a leaky and tight sample in comparison [Volkswagen AG, Group Research] 
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In addition to the average pressure values in Figure 13 it is also necessary to evaluate the number of 
leak tight samples and leaky samples (Figure 15): 

 

 
Figure 15: Amount of leaky samples [Volkswagen AG, Group Research] 

Figure 15 shows an increase of the number of leaky samples without primer in each case: The climate 
change test and the oil aging lead to 20 % more leaky samples, the coolant aging even leads to 100 % 
leaky samples. For the samples with primer, the climate change test has no effect on the amount of 
leaky samples. The coolant aging results in 20 % more leaky samples and the oil aging in 40 % more 
leaky samples. 

 

 CONCLUSION AND OUTLOOK 7
In conclusion, the application of a silane primer is absolutely recommendable for an improvement of 
the contact area between aluminum and plastic. Regarding the surrounding media, the oil-aging has 
significant effects on the contact area. This has to be considered during the detailed design phase of the 
use case “hybrid cylinder crankcase”. As an example, the position of contact areas within oil-bearing 
structures of the crankcase should be avoided. 

 
Until now, a first test block has been manufactured to determine the most challenging problems during 
the manufacturing process. The steps carried out so far include: 

 the manufacturing of the metal support structure 
 a surface roughening process (not yet by laser and primer application) 
 the encapsulating with a thermoset resin 
 the milling of the outer surfaces 
 APS-coating of the cylinder liners (Figure 16).  

Due to the suboptimal treatment of the metal surface before the plastic casting, failures of the contact 
area are obvious. Especially the heat developed during the APS-coating led to further displacements. 

 
For the next prototype manufacturing a re-design considering the conclusions of the first test block 
and the contact area analyses is already in progress. The laser-roughening of at least portions of the 
metal surface and a primer application on the complete surface will be included. 
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Further steps for the cylinder crankcase prototype are: 
 The manufacturing with optimized boundary conditions. 
 An acoustic test to evaluate the effect of the surrounding plastic. 
 Assembly to an engine and the motor powered operation on a test bench to evaluate friction and 

wear. 
 If the motor powered operation succeeds, a fired operation on a test bench follows. 

 
Figure 16: Hybrid cylinder crankcase, pre-manufactured and APS-coated [Volkswagen AG Salzgitter] 

Additional to the already discussed pressure and leak tightness tests more evaluations of the contact 
area are necessary. These further investigations are part of a following OHLF-project and include the 
work packages showed below: 

 A tensile test of roughened samples with and without primer 
 A deeper effect-analysis of the primer. Within this test series, samples with primer but without 

roughening shall be produced and tested. 
 Aging tests of samples with manufactured surfaces: In some cases, it cannot be avoided to man-

ufacture hybrid material surfaces by milling or grinding. As an example, the hybrid cylinder 
crankcase has to be milled/grinded on each side to provide proper leak tightness to the ancillary 
components. In comparison to a “closed” plastic surface, a milled/grinded plastic surface can 
show different properties regarding aging stability, which has to be evaluated. 
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ABSTRACT 
Carbon fibre composites are lightweight, and provide a high strength solution for automotive applica-
tions, however, the associated material and processing costs are relatively high. This project focused 
on the development of a composite front seat back (FSB) by primarily reducing cost through materials 
and component design without compromising safety. The use of cheaper, lower strength materials and 
low-cost production methods was explored. A hybrid light-weight material system consisting of car-
bon fibre non-woven and a low-cost long fibre reinforced thermoplastic was developed. Consequently, 
bonding solutions for dissimilar materials including the exploration of surface preparation techniques 
and their impact on the composite bond strength were investigated. The employment of flame and 
blown ion plasma treatment resulted in a 300 % increase in shear strength between inner and outer seat 
material. As a result, a unique materials and production solution that met the performance criteria with 
continued reduction in weight and cost was achieved. 

 

 INTRODUCTION 1
Increasing demand for light-weighting in the automotive industry is driving the replacement of metal 
components within vehicle structures. In addition to meeting new emission mandates, light-weighting 
also enables the implementation of new technologies that will improve the function of future vehicles. 
Significant effort is being taken to reduce the mass of the vehicle body itself and now attention has 
turned to the interior of the vehicle. The front seats of a vehicle can weigh up to 20kg each and, as a 
result, represent a significant portion of the interior trim mass. 

A composite seat back structure was developed at Carbon Nexus, Deakin University (Australia) 
with a composite car seat manufacturer, successfully producing a two-piece carbon fibre composite 
front seat back (FSB) that achieved a 69 % mass reduction compared to the current steel seat frame 
due to its integrated part design. Along with improved performance, the composite FSB enables im-
proved styling and design freedom that enhances aesthetic appeal and comfort. However, the cost of 
the composite seat back is relatively high due to material costs and its current manufacturing approach. 
In order to decrease the cost of the composite FSB, a multi-material approach was taken. Cheaper 
material and low-cost production methods for the inner structure were explored and a hybrid 
light-weight material system, consisting of carbon fibre non-woven and a low-cost fibre reinforced 
thermoplastic, was developed.  

Consequently, bonding solutions for dissimilar materials including the exploration of adhesion ma-
terials, adhesive promoters and the optimum fabrication technologies were investigated. A strong 
thermoplastic–thermoset interface is critical to ensure structural performance. The interactions be-
tween thermoset and polyamide (PA) are driven by several functional groups. Covalent bonds are 
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formed between amide hydrogens and epoxy groups, and hydrogen bonds form between amide hy-
drogen and oxygen in epoxy resins [1].  

Different strategies have been presented in the past to increase the surface properties of thermo-
plastics in order to enhance the adhesion strength to a dissimilar substrate. The thermoplastic substrate 
surface might be roughened through physical treatment such as sandblasting to increase the bond by 
mechanical interlocking. Chemical surface modifications include acid etching, oxidising flame treat-
ment, corona discharge and graft polymerisation. Flame treatment, corona discharge and plasma 
treatment have shown to be the most effective and widely used methods to functionally activate ther-
moplastic surfaces by increasing the surface energy and functional groups [1, 2, 3]. 

The aim of this project was to investigate suitable bonding solutions to join PA66 and PP thermo-
plastics to epoxy thermosets, including the exploration of surface preparation techniques and their 
impact on the composite bond strength. To provide final confirmation of a successful outcome on 
coupon level, fully sized two-piece front seat backs were fabricated using the most promising bonding 
method identified during the experimental part of this work. Using an iterative approach, including the 
selection of surface treatment, fibre architecture and fabrication technology, a level of performance 
that met industry standards to produce a low-cost composite seat back that could be realistically con-
sidered for commercial application was achieved.    

 

 SURFACE TREATMENT FOR ADHESIVE STRENGTH ENHANCEMENT 2
In order to achieve the maximum adhesive strength between the dissimilar materials two surface 
treatment techniques, propane flame and ion blown plasma, were explored. 

2.1 Propane flame treatment 
PA66 samples were flame treated with a propane torch (PRI2000D, Primus) in the bonding area. A 
distance holder was attached to the torch to ensure a reproducible treatment. The flame was first ad-
justed to maximise the main reaction zone (luminous zone), the hottest and strongly oxidising region 
of the flame. While the overall flame length was kept constant at 50 mm with a luminous zone of 
15 mm, the distance between luminous zone and samples was changed from 5 to 45 mm in 10 mm 
steps in order to maximise the treatment efficiency. The results suggested that a luminous zone 
tip-to-substrate distance of 25 mm modifies and prepares the PA66 surface most effectively showing 
an average contact angle of 22.4°. Closer flame distances lead to thermal degradation of the substrate. 
By increasing the distance to 45 mm, the oxygen rich zone moves out of contact with the PA66 surface 
resulting in a sudden increase in contact angle (54.2°). Table 1 lists the process parameter used during 
flame treatment.   

Table 1: Propane flame treatment parameters 

Treatment parameters: Propane flame 
Luminous zone-substrate distance  [mm] 25 

Nozzle velocity [mm/s] 10 
Path width [mm] 15 
Repetition  [-] 2 

 
2.2 Plasma treatment 
The surface of fibre reinforced PA66 was activated using an ENERCON (USA) plasma technique. The 
technology bombards surfaces with a high speed discharge of ions to clean, etch and functionalise the 
surfaces. Without changing the substrate morphology, plasma treatment successfully changes the me-
chanical and chemical properties of a surface and initiates cross-linking effects. Figure 1 displays the 
plasma treater used in this project and the plasma jet as it was applied at a constant jet tip-to-substrate 
distance of about 10 mm (suggested by the supplier). The sample was quickly moved across the plas-
ma flame with an approximate retention time of 2 seconds. Table 2 shows the process parameters used 
during plasma treatment.  
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Figure 1: ENERCON plasma technique and schematic of surface treatment using blown ion plasma 

 

Table 2: Plasma treatment parameters 

Treatment parameters: Plasma 
Frequency  [kHz] 40 

Jet tip-substrate distance  [mm] 10 
Nozzle velocity [mm/s] 10 

Path width [mm] 10 
Repetition  [-] 2 

 
 

 MATERIALS AND CHARACTERISATION METHODS 3

3.1 Materials 
Three different long fibre reinforced thermoplastic materials were provided as PA66 moulded material 
plates reinforced with 40 % and 60 % glass fibre (PA66/GF40, PA66/GF60) and 40 % carbon fibre 
(PA66/CF40), and a polypropylene sample filled with 40 % glass fibre (PP/GF40). A brief overview of 
the material properties for the various fibre reinforced substrates is shown in Table 3. The carbon fibre 
reinforced epoxy samples were manufactured from carbon fibre non-crimp fabric and epoxy resin 
(HexionTM RIM 935/RIMH 936) with a peel ply surface for improved bonding performance. 

 

Table 3: Fibre reinforced thermoplastic materials to be bonded to carbon fibre/epoxy composite 

Sample ID  Thermoplast Fibre rein-
forcement  

Fibre load-
ing [%] 

Density   
[g/cm3] 

Tensile 
strength 

[MPa] 

Tensile 
modulus 

[GPa] 

PA66/CF40 
PA6.6 

Carbon fibre 40 1.34 294 30.9 
PA66/GF40 Glass fibre 40 1.45 215 13.3 
PA66/GF60 60 1.67 260 19.0 
PP/GF40 PP Glass fibre 40 1.21 150 10.0 

 
 

Fibre reinforced thermoplastic substrates were adhesively bonded to the CF/epoxy composite with an 
epoxy-based high-strength adhesive Loctite Teroson EP 5055 (Henkel) on the day of treatment. The 
adhesive was cured three days at room temperature before lap shear testing.  
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3.2 Contact Angle Measurements 
In order to provide a measure of surface polarity, the water contact angle was measured using a Theta 
Optical Tensiometer modal (CAM101, KSV Instruments, Ltd.) and electro-optics comprising a digital 
video camera connected to a computer (software Attention Theta). The contact angle was recorded by 
depositing 3 µl distilled water on the sample surface. The contact profile between the investigated 
substrate and water drop was captured by a high-resolution camera and the contact angle measured in 
the system software. An average of three to five samples were measured.  

3.3 Lap Shear Test and Bonding of Front Seat Back (FSB) 
Lap Shear Testing was performed according to ASTM D5868-01: Standard Test Method for Lap Shear 
Adhesion for Fiber Reinforced Plastic (FRP) Bonding. Samples were cut into specimen with 25.4 mm 
width and length of 100 mm using a water jet cutter. Lap shear samples were prepared from fibre re-
inforced PA66 and PP and carbon fibre/epoxy composite using an epoxy-based adhesive Henkel 
Teroson EP5055. According to the ASTM standard, the bond length was 25.4 mm. Bonded samples 
were conditioned at 21 °C at 55 % relative humidity for at least 24 hours prior to testing.  

The lap shear test was performed on a 30 kN Instron 5567/5967 machine. A minimum of five lap 
shear samples were tested with a 75 mm grip separation and at a cross head speed of 13 mm/min. The 
individual peak load values and averages were recorded along with the type of failure.  

 

                             
 
Figure 2: Lap shear test set-up and two-piece carbon fibre composites seat back with adhesive bond line 

(orange) 

 RESULTS AND DISCUSSION  4

4.1 Effect of time after surface treatment on surface functionality 
Prior to bonding, the effect of time between surface treatment and adhesive application on the surface 
polarity was investigated. Specimen for each material were treated in two different ways (plasma vs. 
propane flame) and the contact angle recorded immediately after the treatment and again after 1, 2 and 
7 days. A low contact angle refers to a higher surface polarity that is more likely to have polar func-
tional groups that will interact well with the adhesive and/or resin.  

The contact angle as a result of time after the treatment and associated water drop images are dis-
played below in Figure 3. In Figure 3a) the results of flame and plasma treatment for the 
PA66/CF40 % scenario are graphed over time. The results show a remarkable initial drop in contact 
angle after surface treatment from about 70° to approximately 20°. This was followed by a general 
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trend of increasing contact angle as time between treatment and measurement progressed, suggesting a 
degradation of surface functionality. In contrast the PP/CF40 % forms an exception, where the contact 
angle only decreases a small amount from 90° to 72–84° after treatment (Figure 3b). This phenomenon 
might be caused by melting of the polymer that caused physical roughening and exposure of fibres on 
the substrate surface. After another small decrease in contact angle 57–66° after one day, the surface 
polarity remained almost unchanged. For all materials the plasma treatment generally led to smaller 
contact angles compared to the use of propane torch.  

In order to achieve the most effective bond between adhesive and substrate surface, immediate ap-
plication of adhesive after surface treatment is required.   

 

   
Figure 3: Contact angle (and representative droplet images) vs. time after treatment for a) PA66/CF40 % and 

b) PP/GF40 % 

4.2 Mechanical performance of fibre reinforced PA66 and PP substrates 
A series of fibre reinforced PA66 and PP substrates with plasma and flame treated surface modification 
were adhesively bonded to CF/epoxy substrates. Figure 4 depicts the lap shear strength of samples that 
underwent propane flame and plasma surface modification in comparison with non-treated samples. 
While both treatment methods led to 300–400 % increase in bond strength, plasma surface modifica-
tion proved to be more efficient (+12–21 %) for PA66 matrix samples. Much less significant im-
provement in shear strength was observed through surface modification of fibre reinforced PP. Another 
exception with PP matrix composites was that the plasma treatment led to 25 % lower shear strength 
when compared to the flame treated substrates.   

 

 
Figure 4: Lap shear strength of samples with propane flame and plasma treatment 
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The carbon fibre filled PA66/CF40 % material following plasma surface modification performed 
best in the lap shear test and provided a shear strength of 25N/mm2. When comparing the bond 
strength of glass fibre filled substrates PA66/GF40 % and PA66/GF60 % to CF/epoxy, the sample with 
60 % fibre load gave the higher values. This indicates that the surface treatment may have a greater 
effect when applied to substrates with higher fibre content in the PA66 matrix. During the treatment 
process, more fibres may be exposed per area with 60 % glass fibre loaded substrates and consequent-
ly more fibres act as mechanical interlockers to the adhesive.  

As an example, the failure and fracture surfaces of propane flame and plasma treated 
PA66/CF40 % lap shear samples are compared in Figure 5. Untreated lap shear samples failed without 
any remaining adhesive on the thermoplastic surface. Propane flame treated samples disbonded from 
the CF/epoxy substrate at 21N/mm2. The plasma treated samples, failed within the adhesive, at much 
higher stress of about 25N/mm2. The higher shear strength after plasma treatment can be explained by 
more efficient deposition of functional groups using plasma compared to propane flame. This reflects 
the results of contact angle measurements, where the low contact angle observed with the majority of 
plasma treated substrates can be associated with a higher surface polarity that is more likely to have 
polar functional groups that will interact well with the adhesive and/or resin.  

 
 
 
 
 
 
 
 
 
 
 

Figure 5: Fracture surfaces of lap shear substrates showing adhesive failure for untreated and cohesive 
failure for flame and plasma treated samples 

 
Out of the tested materials for the FSB inner, plasma treated PA66 filled with 40 % carbon fibre and 
60 % glass fibre met the seat design criteria of >20 MPa shear strength. Considering the propane torch 
is the less cost-intensive treatment solution, it was the treatment method of choice to prove the hy-
brid-material seat bond and design. The thermoplastic long-fibre reinforced inner was bonded to the 
outer seat shell and tested in a rear-pull test and passed the test and required seat design criteria. 

Structural weight and comparative cost of the first generation CFRP (2-piece) and second genera-
tion 2-piece hybrid CFRP/fibre reinforced PA66 composite seat back are graphed against the original 
steel FSB in Figure 6. The development of a seat back structure with a cost-efficient hybrid material 
approach allowed the exploration of cheaper material and high-volume production methods, which 
resulted in a significant cost reduction of about 30 % over the full resin transfer moulded CFRP seat 
back. Further optimisation is required to achieve a comparable weight to the benchmark FSB fully 
made from CFRP. While the structure benefits from using carbon fibre in terms of weight due to the 
lower fibre density and strength, the use of glass fibre reduces the cost of the structure. In the future, 
bonding methods such as co-curing may further reduce weight and material cost by elimination of 
adhesive.  

 

Untreated Plasma 
treated 

Flame 
treated 
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Figure 6: Weight and cost comparison of a front seat back made from steel, CFRP and hybrid 

CFRP/FR-PA66 (with different fibre loading) 

 CONCLUSIONS 5
Cheaper material and low-cost production methods for a composite seat back structure were explored 
and a hybrid light-weight material system, consisting of carbon fibre non-woven and a low-cost fibre 
reinforced thermoplastic, was developed.  

Surface preparation techniques, such as propane flame and blown ion plasma, to join the thermo-
plastic inner to epoxy reinforced composite outer structure were investigated and compared using 
lap-shear testing. It was found that the surface functionality gradually degrades by each day. Hence, 
immediate bonding after surface modification is key to success.  

While both treatment methods lead to 300–400 % increase in bond strength between inner and out-
er seat material, plasma surface modification proved to be more efficient. Out of the tested materials, 
plasma treated PA66 filled with 40 %CF and 60 %GF met the seat design criteria of >20 MPa shear 
strength. A higher glass fibre content (60 % compared to 40 %) provides improved adhesion by me-
chanical interlocking with the adhesive. Trials on fully sized two-piece front seat backs provided evi-
dence of a strong multi-material seat design.  
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ABSTRACT 
In the field of mobile applications, the use of lightweight structures based on carbon fibres is increas-
ing more and more. Due to its high fracture toughness, the material reacts to mechanical overloads 
usually with invisible initial damage, such as delamination, intermediate fibre breaks or fibre breaks, 
which can lead to failure of the component. Such damage substantially affects the structural integrity 
of the structure, which requires its detection, monitoring and repair. At present, such fracture behav-
iour of fibre composite structures can only be measured with great effort and usually requires long 
inspection times (e.g. computer tomography, infrared spectroscopy or destructive testing methods). 
The monitoring of the structural integrity in real time by means of material-integrated sensors and 
signal processing electronics is therefore imperative and requires novel material and technology con-
cepts for the large-scale functionalization of fibre-reinforced composite structures. 

Due to the laminate shell construction, high-performance composite structures based on fibre-re-
inforcement allow the functionalization by sensors, actuators and microelectronics and thus an im-
provement in the performance and functional density of such lightweight structures. Continuously 
innovative manufacturing technologies for active systems based on micro- and nano-effects offer spe-
cial advantages. These enable the integration of functional elements into textile-based, fibre-reinforced 
semi-finished products and preforms. In order to achieve a reliable integration of additional functional 
diversity, methods are being developed for the design and integration of active transducer elements in 
lightweight structures. For this purpose, a combination of in-situ and in-line processes is used, which 
includes the injection moulding process with functionalized polymer layers to apply electrical contact 
and mass printing processes. 

In this contribution, concepts and strategies for the integration of sensors and their processing elec-
tronics into fibre-reinforced lightweight structures will be presented and their challenges in technolog-
ical implementation as well as their potentials in terms of resource saving will be demonstrated and 
discussed.  

  INTRODUCTION 1
The integration of microelectronic components into hybrid structures allows for the functionalisation 
by sensors, actuators and electronics, and thus, the further improvement of the performance and func-
tional density of hybrid components. Innovative continuous manufacturing technologies for active 
systems based on micro- and also nano-effects offer special advantages that enable the integration of 
functional elements into semi-finished products and preforms. In order to achieve the reliable integra-
tion of additional functionality, methods for the design and integration of active transducer elements in 
lightweight structures will be developed. The final goal is to enable the components to exhibit their 
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intrinsic actuator and sensory effect. A combination of in-situ and in-line processes, including injection 
moulding with functionalised textile layers for electrical contact and mass printing technology will be 
used.  

Due to an increased use of FRP components for the reduction of energy consumption in mobile ap-
plications, the condition monitoring of these lightweight structures is of increasing importance. One 
highly innovative approach is that of in-situ functionalisation during production by using textile tech-
niques. The integration of transducers and electronics into load-adapted FRP components requires 
novel interconnection, attachment and housing technologies. The major research objectives are the 
performance and reliability of signal transfer from hybrid structures to sensors and actuators, as well 
as the energy supply and response data linkage regarding cost-efficient production processes.  

 CHALLENGES AND OBJECTIVES 2
One focus in the further development of intelligent lightweight structures is the integration and in-
crease of the functional density, for instance with integrated sensors and actuators in complex func-
tion-oriented systems. For this, a wide variety of materials such as piezo elements, fiber-optical fibers 
(so-called fiber Bragg gratings), shape memory alloys or strain gauges are available for this purpose. 
This can result in active composites or “smart composites” with specific properties that are particularly 
suitable for the use in loaded components made of fibre-reinforced composites. Although these solu-
tions could prove their functionality on a laboratory scale, they could not be supported by suitable 
manufacturing strategies for competitive series production of components in vehicle and machine 
technology. Most of these components have been developed for aerospace applications and use inte-
grated piezo sensors and actuators in conjunction with equipment and control electronics to adapt their 
geometry or structural dynamics to the acting loads. As a rule, prepreg-based fiber-reinforced compo-
sites are used as the carrier material, whereby the associated technologies were not considered from 
the point of view of suitability for mass production.  

A decisive obstacle preventing the breakthrough of such active lightweight components is the lack 
of production technologies suitable for mass production. These complex systems are installed with 
prefabricated layer materials or as individual elements by means of a manual insertion process into the 
fibre composite or by application to the surface of the fibre composite component, thus counteracting 
automation. A decisive prerequisite for the suitability of a fiber composite solution as a mass product 
is the ability to achieve the highest possible degree of prefabrication and automation.  

 EMBROIDERED SENSORS FOR THE INTEGRATION INTO LIGHTWEIGHT 3
STRUCTURES 

The urgent need to implement innovative approaches in automotive engineering with series technolo-
gies is often countered by insurmountable obstacles due to a lack of mass manufacturing strategies. As 
a result, many innovative ideas and applications – despite impressive laboratory results – cannot be 
realized, so that their growth potential remains untapped. Effective production of intelligent composite 
components takes place if function-determining components are integrated directly into the textile 
structure or if they are applied before they are introduced into the matrix. The preform technology 
itself, together with further developments in textile technology, has made significant progress in recent 
years and is now a series product. 

The production of function- and structure-integrated sensors promises a remedy here. The tex-
tile-technological embroidery process was developed for the production of complex systems during 
preform production ([1] and Figure 1). Therefore, concepts have been tested on simple functional 
samples, which can be produced close to mass production. 

Embroidering, micro system technology and polymers combined in a closed process chain is quite 
unusual so far. However the research results showed that there are novel and future orientated fields of 
applications by embroidery technology. This technology is actually well known in industrial applica-
tions like Tailored Fiber Placement (TFP) for selective reinforcement of high duty plastic systems.  

In both ways, the TFP and embroidery method, fibers or wires can be places in individual patterns 
on flexible base materials. Furthermore, this technique is known for producing micro system structures 
in the field of flexible materials. Thin metallic wires (e.g. constantan® or isaohm®) or conductive 
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coated or rather conductive yarn are used as sensor materials. Embroidery technology are used to at-
tach the sensor material on a non-woven. In principle the shape and dimension can be designed indi-
vidually; see also Figure 1. 

 

 
Figure 1: Tailored Fiber Placement technology for the application of functional wires 

 
The first pilot tests show a high reproducibility of the measurement results and the possibility of dif-
ferentiating between the load directions in the measuring plane. Depending on the desired property 
profile, conductive materials are integrated precisely into the semi-finished textile according to geo-
metric specifications. The resulting sensor module acts directly in the semi-finished product, which is 
integrated three-dimensionally by textile technology. Therefore, a commercial strain gauge and an 
embroidered sensor, which were integrated in a laminated bending beam, were compared. Both sys-
tems were installed in a demonstrator and measured simultaneously. The signal characteristics are well 
matched (see Figure 2).  
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Figure 2: This is an example of a figure 

 

 STRAIN GAUGE MEASUREMENT 4
Strain measurement within fibre-reinforced plastics is limited by the bearable strain of the sensor sys-
tems, which range from 0.1 to 0.2 % (e.g. resistive methods). Thermoset based parts of lightweight 
structures often bear strains up to 2 % and more, which would lead to early failure of strain gauges e.g. 
in the rotor blades of wind turbines after a few load cycles. 

In components subjected to bending loads, the integration of strain gauges close to the neutral fiber 
leads to an increasing alternating load resistance, due to a lower elongation. Further reasons for the 
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integration of DMS are a measuring point protection, no aerodynamic influence on structural parts and 
free selection of the measuring point (also in the component). In order to use the embroidered sensors 
for strain measurement, it is necessary to know the following sensor characteristics established by the 
strain gauge technology: strain sensitivity, gauge factor (k-factor), transverse sensitivity and the fatigue 
behavior. To assess the integration suitability of the sensors in the fibre-reinforced plastics, investiga-
tions in the interlaminar energy release rate were made. 

4.1 Gauge factor (k-factor) 
Each strain gauge has a fixed proportionality factor which describes the relationship between the me-
chanical strain ε of the strain gauge and the electrical resistance change ΔR of the strain gauge in rela-
tion to its electrical resistance R0: ∆𝑅𝑅0 = 𝑘 ∗ 𝜀 (1)

Knowledge of the gauge factor is of central importance for determining the component strain ε. The 
gauge factor was determined with a test device according to the guideline VDI/VDE/GESA 2635. 
Influences of the resistance wire material and the textile substrate on the k-factor were observed. 

The most stable results were achieved with the wire material ISOTAN® on a glass nonwoven 
(Figure 3). For this sensor configuration, a gauge factor of 2.0 is resulting. It can be shown, that a sta-
ble k-factor is achieved with a suitable material combination [2]. 
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Figure 3: Mean values of the k factors as a function of the component strain 

4.2 Transverse sensitivity 
The strain conditions on the surfaces of structures are generally biaxial. This means that, in addition to 
the strains acting in the measuring direction, lateral strains also occur with bonded strain gauges. 
These transverse strains influence the resistance of the strain gauge and distort the measuring result of 
the longitudinal strain. The inverse loops of the embroidered sensors lead to a relatively large change 
in the electrical resistance of the sensor in the event of transverse strain. This change in resistance is 
therefore a not to be neglected source of error for the exact determination of the actual longitudinal 
strain [3]. 

The transverse sensitivity q of a strain gauge is defined as the ratio of the strain sensitivity trans-
verse to the measuring direction and longitudinal to the measuring direction [4]: 
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𝑞 = 𝑘𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒𝑘𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙  (2)

The result of q = 3.7 % is feasible [5], as transverse sensitivities of up to 4 % are specified for wire 
strain gauges [3]. 

4.3 Fatigue behaviour 
The fatigue tests of the embroidered sensors were carried out with a vibration testing system (Figure 4). 
For this investigations, the embroidered sensors were integrated into fibre-reinforced plastic bending 
beams. 

 

Vibrator (TIRA)Four-wire connection

Embroidered sensors Bending beam

 
Figure 4: Embroidered sensors on a vibration testing system for investigations in the fatigue behaviour 

 
The samples were loaded to cyclic bending stresses. As reference sensors strain gauges from HBM 
(1-LY48-6/120) were used. The tests showed no fundamental difference in fatigue behaviour between 
commercially available strain gauges and the embroidered sensors. The fatigue behaviour is a material 
property of the strain gauges [6]. Since the embroidered sensors are made of the same material, the 
same fatigue failure (Figure 5) compared to the strain gauges has been expected and also occurred. 
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Figure 5: Fatigue behaviour of strain gauges as reference 
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4.4 Interlaminar energy release rate 
In order to quantitatively evaluate the integration capability of the embroidered sensors in the laminate, 
the characteristic value of the interlaminar energy release rate G1C for laminates with and without inte-
grated embroidered sensors was determined and compared. The interlaminar energy release rate G1C 
indicates the resistance of fibre-reinforced composites to interlaminar crack propagation [7], whereby 
the quality of the bonding and the influence of the embroidered sensors on the fibre-reinforced com-
posites are characterized. 

The samples consist of 24 layers of glass fiber prepreg [PR-UD EST 250/635]. The embroidered 
sensors and strain gauges were placed in the middle layer of the laminate. The sample width is 20 mm 
and the sample thickness 5 mm. The tests were carried out in accordance with DIN EN 6033 and the 
application of force in the tensile testing machine was realized by means of hinges. The test speed of 
the tensile test was 10 mm/min (Figure 6). 

 

Hinge

Crack propagationSample with sensor
 

Figure 6: Experimental set-up for investigations in interlaminar energy release rate 

 
The interlaminar energy release rate G1C is calculated by dividing the applied energy w by the delami-
nation area: 𝐺1𝐶 = 𝑤𝑎 ∗ 𝑏 (3)

The delamination area is calculated from the sample width b and the crack length a. The following 
results were achieved: 

 
Table 1: Resulting interlaminar energy release rate 

 Interlaminar energy release rate [J/m²] 

Laminate with embroidered sensor 893 

Laminate with strain gauge 935 

Reference without sensor 902 
 

It can be seen that the interlaminar properties of the fibre-reinforced composites were hardly influ-
enced by the embroidered sensors and strain gauges. 
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 CONCLUSION 5
Embroidered sensors showed the potential to measure strain in fibre-reinforced plastics. Compared to 
commercial strain gauges, the transverse sensitivity of the embroidered sensors is higher, but with 
q = 3.7 % within an acceptable range. For certain combinations of functional wire and textile substrate 
material, stable k-factors can be achieved. The fatigue behaviour is comparable for embroidered sen-
sors and commercial strain gauges. 

Considering strain measurement using embroidered sensors, for each configuration (functional wire, 
textile substrate and sensor geometry) existing sensor characteristics of the strain gauge, such as 
k-factor, transverse sensitivity and temperature response must be determined in accordance with 
VDI/VDE GESA 2635. 

Compared to commercial strain gauges, the embroidered sensors have the advantage of shape 
freedom. Furthermore, the functional material can be positioned where desired and the semi-finished 
products can be handled robustly when integrated with plastic processing technologies.  

 

 PROSPECTS 6
Composite materials will continue to prevail over conventional materials if they succeed in integrating 
greater functionality into the components by means of mass production and thus become competitive. 
At the same time, however, the lack of material ductility of fibre composites (glass, carbon, aramid 
fibres, etc.) must be compensated for by means of intelligent strategies. So far, technical textiles have 
made a very significant contribution to the successful implementation of such strategies. 

The most important lightweight components are made available using well-known textile technol-
ogy processes. In contrast, technical embroidery plays a rather subordinate role in fiber composite 
component technology due to the lack of manufacturing strategies in the series of textile manufactur-
ing processes. The best-known application to date has been achieved with the Tailored Fibre Place-
ment process. With this process, extremely lightweight construction can be achieved in composite 
components with minimum use of material through maximum utilization of the reinforcing fiber. 

The change in shape of the fiber composite structure (e.g. curvature/bending) generates a signal by 
means of the structure-integrated sensors, which can be used for any control functions, for example in 
vehicle and machine technology. Embroidery technology thus provides the basis for the development 
of new ways of mass production of competitive products in fiber-reinforced plastic composite con-
struction with integrated sensor properties. This is the only way for new product families to enter se-
ries production. The decisive contribution here lies in creating the conditions for component develop-
ments that for the first time meet the conditions of a mass market. Thus, the current production tech-
nology deficits can be solved for a variety of problems using embroidery technology, e.g. manual con-
trols, structure monitoring devices or automatic transmission controls for the automotive sector. 
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ABSTRACT 
Digitization, autonomous driving and lightweight construction are the major future challenges in au-
tomotive engineering. This means that more and more complex driver assistance systems, engine con-
trol units, infotainment systems, actuators, sensors, etc. must be installed and wired. However, from a 
lightweight point of view, these cables are additional weight without any structural benefit and only 
affect the weight balance. 

Within this paper a new approach to integrate conductor tracks directly into composite structures is 
presented. In contrast to conventionally integrated conductor tracks, the conductor tracks which are 
presented here are designed for load carrying purposes. As a result, the wiring costs, the assembly 
costs and the weight can be reduced significantly. Carbon Fiber Reinforced Polymers (CFRP) are used 
for this purpose, which show great potential for lightweight construction and, due to their layered 
structure of individual layers, enable the integration of load-bearing conductor tracks. 

Instead of conventional copper wires, different metal foils are inserted into the CFRP vehicle 
structure stack and used as a conductor track. The single layers can be stacked and arranged individu-
ally. In this way, the efficiency of the overall structure can be controlled and optimized. 

In order to be able to analyze and evaluate the potential of CFRP with structurally integrated con-
ductor tracks, analytical calculations, mechanical tests and investigations of the electrical properties 
are carried out. Finally, a demonstrator is manufactured to prove the power supply and the bus com-
munication within the CFRP-structure. 

 

 INTRODUCTION 1
The increasing number of driver assistance systems, engine control units and complex infotainment 
systems in the automotive industry also increases the cabling effort for the various sensors and actua-
tors. The cable harness connects all these systems with each other and ensures both the power supply 
and the data connection between the individual components and control units. 

In a modern automobile structure, there are up to 1,500 cables which have to be fastened and con-
tacted, compare to Figure 1 [1]. These cables are summarized in the wire harness, which is one of the 
most complex elements. The harness can hardly be processed automatically and thus 95 % manual 
work [2]. 

The electrical system of a car not only comprises the main cable harness, but also various self-suffi-
cient sets of wires, which are installed in doors, seats, roof or engine. Overall, the cable lengths adds 
up to about 3 km [2]. Additional there are also various connector housings, contacts and splicepoints. 
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In order to attach the wiring harnesses safely in the vehicle and to prevent scrubbing on the body, 
the conductor tracks must be fixed with hoses, guides, cable ducts and clips. As a result, an additional 
weight of 60 kg for the entire vehicle electrical system is not unrealistic [2]. 

 

 
Figure 1: Highly complex wiring in an automotive vehicle [1] 

Not only the production of the wiring harnesses but also the installation of the wiring harnesses into 
the vehicle is a time-consuming work step, which cannot be automated. This increases both the per-
sonnel costs as well as the downtime of the vehicle during the installation. The just-in-time delivery of 
the harnesses is also a logistical challenge, which is eliminated by a structural integration. 

With the help of conductor tracks which are integrated into the fiber reinforced plastic structures, 
cabling and assembly costs in an automotive vehicle are reduced and the additional weight is de-
creased. The tracks are integrated directly in the supporting structure and thus, able to realize both the 
load transfer, as well as the electrical signals without any loss of functionality. 

The aim of this paper is to summarize the investigations and research results for the structural inte-
grated, load carrying conductor tracks and to implement them at a vehicle underbody demonstrator on 
a suitable model scale 

 

 CONDUCTOR GEOMETRY 2
In order to be able to transmit any electrical signal or power, a cable is used as reference. (Cordless 
transmission systems are not considered at this point). A direct integration of these cables into the 
structure would show a disadvantageous behaviour since the laminate`s smoothness is impaired by the 
cable. The conductor tracks must therefore be adapted to the structure. From the requirements of an 
electrical system, the minimum cross-section of a conductor is specified in general. Under this bound-
ary condition, the shape of the conductor cross-section remains an arbitrary variable. In Figure 2 (left) 
the geometry change of different conductors with the same cross-section is shown. Different conductor 
heights are applied, which, with a constant cross-section, only depend on the conductor width. The 
ratio of height to width of an elliptical cross-section is depicted in blue. A special case of this 
cross-section is the circular cross-section in which the ratio of width to height is exactly w/h = 1. This 
point is shown separately in the diagram on the curve. All electrical wires and cables conventionally 
used to transport information, have a circular cross-section. The height`s influence of a rectangular 
conductor on the laminate as a function of its width, is shown in red. The special case with the aspect 
ratio w/h = 1, a square, is also marked. In addition to these basic geometrical bodies, it is theoretically 
possible that an electrical conductor can assume any desired cross-section. This cross-section can be 
represented as a simple polygon. Each polygon (n-corner) with a real number of corners is located in 
the gray-marked area between the two red and blue colored curves. With an increasing number of cor-
ners, these polygons approach a circular or elliptical cross-section.  

The graph shows that the influence of the conductor height on the laminate decreases continuously. 
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According to Schmidt et al. the integration of round electrical conductors leads to a massive ondula-
tion of the fibers. This may lead to massive delaminations in the laminate under bending load condi-
tions [3].  

In Figure 2, the circumference of a circle and square conductor cross-section is shown at the right. 
The circumference or the surface area of the conductor increases with an increasing ratio of width to 
height. It becomes clear that, although the negative influence of the conductor on the fibers decreases 
with the change in the geometry (fiber constriction), the bonding surface increases to the same extent. 
A good connection between the conductor tracks and the CFRP structure is absolutely necessary. 

With a conductor height of 0.1 mm, the conductor tracks are approximately equal to the fiber layer. 
 

 
Figure 2: Conductors with a constant cross-section: As the width increases, the influence on the laminate 

(blue) decreases as the surface increases (red) 

These investigations show that it is useful to integrate conductor tracks that are as high as a single 
CFRP layer. Assuming that the conductor tracks are designed to be load-carrying, the selection of sen-
sible materials is severely restricted. In order to be able to ensure electrical conductivity, metallic ma-
terials are chosen in this paper. In combination with a fiber composite construction, one approach is to 
use fiber metal laminates (FMLs). FMLs such as GLARE are well known and have been introduced to 
increase the material’s fatigue resistance [4]. 

Kolesnikov has proposed a local FML structure, consisting of several metal foils and a carbon fiber 
structure, in order to increase the joining strength in the joining area [5]. This has been extensively 
investigated, as shown in [6]. Furthermore, the mechanical performance of unidirectional CFRP has 
been improved by using metal layers as presented in [7]. An increased crash safety, especially under 
bending crash loading conditions, is also expected by several authors [8,9]. 

In addition to the already studied mechanical advantages, a further function is now to be added to 
the material: the electrically conductive layers are used to guide the electrical signals through the 
component. As already described, the mechanical properties of fiber composite structures and FMLs 
are adequately studied, so that the electrical properties are discussed in the following.  

 ELECTRIAL CHARACTERISTICS 3
The electronics industry uses silver and copper alloys as standard to ensure electrical conductivity. For 
cost reasons, especially with high material usage as it is needed for cables and leads, the choice often 
falls on copper alloys. 

Figure 3a shows the conductivities of selected materials in descending order. In order to evaluate 
the lightweight potential of the different materials, the conductivity was set in relation to the density of 
the corresponding material in order to determine the mass-specific conductivity of the material. 

In this picture, aluminium and magnesium stand out as lightweight construction materials, as they 
have significantly higher mass-specific conductivity than the classical conductor materials such as 
copper and silver. In general constructions and high-performance materials such as steels, titanium and 
stainless steel (X10CrNi) are by a factor of 12–40 worse than copper, because the electrical conductiv-
ity is significantly lower. 
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Figure 3a: Mass-specific conductivity of different 
materials 

Figure 3b: Comparison of normalized cross-sections 
and weights 

Figure 3b compares the cross-sections and weights of the different materials for equal conductivities. 
The values are normalized to copper. Since silver has a similar conductivity to copper, the additional 
required cross section achieve equal conductivity is marginal. Aluminium and magnesium have a spe-
cific conductivity which is lower by factor 1.51 (for Al) and 2.47 (for Mg) than that of copper. In re-
turn, they must provide a cross-section at least increased by this factor. For steel and titanium it be-
haves in a similar way. Stainless steel, which requires a 40 times larger cross-section, also adds most 
weight to achieve the conductivity. 

The analyses from Figure 3 show that the conductivity of the various materials for consideration in 
a lightweight structure can only be regarded in conjunction with the required cross-section and result-
ing weight. While the weight of all materials increases with volume, magnesium and aluminium have 
a larger cross-section but a 52 % and 53 % lower weight at the same conductivity compared to copper. 
Therefore, from a strength perspective, aluminium and magnesium are more suitable than electrical 
conductors like, copper or silver. 

 MECHANICAL CHARACTERISTICS 4
Although the material selection based on electrical properties, as performed in the previous chapter, 
provides a first glimpse on suitable materials, it does not consider its compatibility to the fiber rein-
forced plastic. For this reason, the materials are examined for their suitability in a CFRP-design in this 
chapter. For this purpose, three scenarios are examined to be able to estimate the suitability of the dif-
ferent metallic materials. The investigations were made by using the classical laminate theory. 

In a first study, a scenario is considered in which the fiber-metal laminate cures at 180 °C during 
fabrication and is then cooled down to room temperature. Subsequently, a laminate structure is con-
sidered, which on the one hand is loaded on tension and on the other hand loaded on bending. The 
laminate which is necessary to hold the strains and bend in a given framework is analyzed in the fol-
lowing. 

The mechanical and electrical properties of all materials used are summarized in Table 1 below. 
 

Table 1: Used material parameters 

  
density young’s 

modulus 
yield 

strength 
shear 

modulus 
thermal 

expansion 

specific 
electrical 

conductivity 
[g/cm³] [GPa] [Mpa] [GPa] [10–6/K] [S/m] 

Silver 10.49 [10] 80 [11] 130 [11] 29 [11] 18.9 [12] 61 [13] 
Copper  8.94 [10] 125 [11] 160 [11] 47 [11] 16.5 [12] 56 [13] 
Aluminium 2024 T3 2.78 [14] 70 [15] 345 [15] 27 [11] 23 [12] 37 [13] 
Magnesium 1.73 [10] 45 [11] 250 [11] 18 [11] 24.8 [12] 22.7 [13] 
Steel C45 7.70 [16] 210 [16] 490 [17] 81 [11] 11.1 [12] 8.6 [13] 
X10CrNi 7.90 [18] 190 [18] 1700 [17] 81 [17] 16.4 [18] 1.4 [13] 
Titanium 15-3-3-3 4.50 [16] 130 [16] 1290 [18] 43 [11] 8.6 [18] 2.5 [13] 
GFRP 2.50[19] 50[19]   4 [19] 7 [18]  0 
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4.1 Residual stresses in composite materials 
As already mentioned, a material system is considered, which cures at 180 °C. Prussak et al. [20] have 
shown in their investigations that the crosslinking of the resin system and the associated interaction 
between the individual layers already begins during the warm-up. Hence, they determine a shear 
stress-free condition for a specific FML at a temperature of 163 °C. [20]. Due to different coefficients 
of thermal expansion, stresses occur within the laminate, when cooling the laminate to room tempera-
ture (T = 20 °C). 

Three different laminates are considered for this study. The first laminate consists only of two met-
al layers which are each enclosed by a fiberglass layer. This corresponds to a metal volume fraction 
(MVF) of 40 %. The second laminate is a unidirectional laminate with a total of 15 fiberglass layers 
and two embedded metal layers. The metal volume content in this stack is about 11.8 %. Stefaniak 
shows in [21] that FMLs with a MVF up to 12.5 % have higher specific properties compared to a con-
ventional laminate. For comparison purposes, the two metal layers are embedded in a quasi-isotropic 
structure and isolated only with a glass fiber layer. The laminate has an MVF of 18.2 %. 

 
The safety factors of the metal layers, after curing process are evaluated.  Regarding to Prussak the 
range from curing point to room temperature is set to a temperature of 143 °C. 

It can be seen clearly that the safety factor only insignificantly depends on the laminate structure, 
but is much more influenced by the material combination. Silver and copper, which are the materials 
with the highest specific conductivity, are already at the limit of their elastic load capacity after cool-
ing down due to their low yield strength. Depending on the laminate structure, the elastic limit is par-
tial even significantly exceeded. The reserve factors of X10CrNi and Titan stand out clearly in the 
figure with about 6 and 10, respectively. These materials still show significant load carrying reserves. 

 

 
Figure 4: Safety factors of different stacking with integrated conductor tracks 

4.2 Laminate under tensile load 
A laminate is considered, which is firmly clamped on one side. This laminate is loaded in the 
x-direction with a force nx. Subsequently, the resulting weight and the reserve factor of the laminate 
are analyzed and evaluated. The starting point for the laminate construction is the laminate 2 from 
Chapter 4.1. For the investigation of the structure integrated conductor tracks, two fiber composite 
layers are replaced by two metallic conductor tracks. The position of the metal layers has no influence 
on the elongation or the reserve factor in a pure tensile load. 

Figure 5 shows the resulting weights of the fiber metal laminates and the glass fiber reference 
structure. 
  



84 A. Pototzky, D. Stefaniak, Ch. Hühne 

 
 

 
Figure 5: Weight of FMLs with tension load and corresponding safety factors 

It becomes clear that the materials silver and copper cannot withstand the stresses and fail early – or 
rather deform plastically – which results in irreversible damage. The metals aluminium and magnesi-
um are able to substitute glass fiber layers and at the same time they are able to produce two elec-
trically conductive layers. Both with approximately the same weight compared to the glass fiber ref-
erence. 

4.3 Laminate under bending load 
A bending moment mx is applied on the laminate from chapter 4.2 and the resulting curvature κx and 
the weight are evaluated. Comparing to the previous Chapter two fiber layers are replaced by two 
metal layers regarding the reference fiber composite structure. Due to the low elastic strain of the met-
als compared to the fracture strain of the fibers, the metal layers are placed near the neutral fiber to 
prevent failure of these layers. The metal layers are separated by one layer GFRP to ensure insulation. 
In this way, neither the metal layers nor the fiber layers fail for the complete examination.  

As a special feature, it can be noticed that X10CrNi and titanium are able to withstand the stresses 
on the outside of the laminate due to their high yield strength and that they can contribute to increased 
bending stiffness. As a result, the number of glass fiber layers inside the laminate can be reduced by 3 
or 2 layers without significantly changing the laminate bending. This leads to a weight reduction of the 
individual fiber metal laminate. Figure 6 shows the weights of the FMLs. For the FMLs with X10CrNi 
and titanium component, two masses are shown depending on the metal position. 

 

 
Figure 6: Weight of FMLs with bending load 
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By comparing the weights from Figure 5 and Figure 6 it becomes clear that with the substitution of 
single glassfiber layers by magnesium or titanium it is possible to produce a reliable structure which is 
lighter than a FRP reference structure with the same performance (magnesium & titanium). In addition, 
two electrical conductor tracks were inserted which are able to conduct a voltage or a current through 
the laminate. With the right stacking the laminates with layers of aluminium or X10CrNi show a 
slightly increased structural weight. This weight must be compared to a wiring harness attached to the 
FRP laminate, depending on electrical requirements. In addition to the cable, which consists of the 
copper component and the insulating sheath, the weight of an externally routed cable harness also 
includes corresponding fastening elements, guides and abrasion protection elements. This mass can 
quickly add up to a size, so that the use of X10CrNi in a composite fiber laminate pays off. The saved 
installation effort to mount the wiring harness is difficult to quantify at this point. 

 

 ELECTRICAL TESTS 5
When designing a component with integrated conductor tracks, it is necessary to determine the mini-
mum spacing between the conductor tracks to prohibit any exchange of charge.  

A charge exchange between two conductor tracks, which function as electrodes, leads to a voltage 
breakdown which occurs as a spark or as an arc. Such an arc destroys the insulation layer irreversibly 
because of its heat development. When designing the component, this scenario must be avoided in all 
circumstances. According to Grote et al. [16], the dielectric strength is equivalent to the electric field 
strength E. The field strength can be expressed by equation (1): 

 𝐸 = 𝑈𝑑  (1)

(E = electrical field strength; U = voltage; d = distance of the conductor tracks) 
 

In addition to the geometric distance between the electrodes (d) and the applied voltage (U), the die-
lectric between the conductor tracks plays a decisive role in the value of the dielectric strength. 

Typically, the average breakdown strength of air is 3 kV/mm [16]. The breakdown strength of a fi-
ber composite is strongly dependent on the fibers and the matrix. In this paper glassfiber reinforced 
plastics were investigated in detail. In contrast to carbon fiber, fiber glass rovings are electrically 
non-conductive. Nevertheless they are able to bear mechanical forces. 

For identification of the breakdown voltage, samples were produced which consist of the two elec-
trodes for applying the voltage and of different glass fiber layers to adjust the distance between the 
electrodes. Among one and five layers of glass fiber fabric were inserted between the electrodes. A 
layer of glass fiber (MTM44-1/GF0903-40 %RW) has a nominal thickness of 0.101 mm, so that the 
breakdown strength can be derived by the number of layers. The electrodes were made out of carbon 
(MTM44-1/CF5804A-40 %RW-DC) on the one hand and on the other hand out of steel 
(X10CrNi18-8). Figure 8 (left) shows the results of the investigation. Two results are displayed in this 
diagram, while the dark blue bar is showing the breakdown strength for carbon fiber layers, the light 
blue bar shows the dielectric strength of the specimen with integrated steel layers. 

 
It can clearly be seen that one layer of GFRP does not yet have an insulating effect. By adding another 
glass fiber layer, a voltage can be set between the two electrodes. The maximum voltage is 650 V for 
the steel conductor strips, which corresponds to the maximum allowed output of the power supply unit. 
The mean dielectric strength of the three samples with the CFRP electrodes is 400 V. The samples vary 
in their dielectric strength between 250 V and 650 V. Here, a phenomenon occurs that a single roving 
of the CFRP woven fabric sticks into the glass fiber layers and reduces the insulation distance. 

According to equation (1), the dielectric strength of the glass fiber fabric with the corresponding 
matrix is more than 3.2 kV/mm. 

Although the breakdown voltage could not be accurately specified, it has been shown that there is a 
risk of short which must be avoided during production. For this, at least two layers of GFRP must be 
used to create a working insulation. 
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Figure 7: Examination of the dielectric strength in the vertical and horizontal direction 

 
In contrast to the previous scenario, the conductor tracks are arranged side by side in order to identify 
the required distance from one another. With this arrangement of the electrodes, the spacing of the 
conductor tracks can be set more individually. This, in turn, also leads to an increase in the manufac-
turing effort, since the conductor paths are precisely cut and aligned with each other by means of a 
measuring instrument. Figure 7 visualizes the difference in a sketch. 

The distances between the electrodes were increased in steps of five tenths of a millimeter and were 
tested after consolidation. The results are shown in Figure 8 (right). The values for CFRP electrodes 
are shown in dark blue and the values for electrodes made of steel are displayed in light blue. For car-
bon fiber electrodes, a voltage can be applied only at a distance of 0.2 mm. At small distances little 
rovings and fiber filaments again lead to a short circuit. Similar to the electrodes arranged vertically 
above each other (Figure 8 (left)), the voltage can only be applied to a part of the samples, while other 
samples exhibit a short-circuit fault. Safe insulation up to 6.5 kV takes place at a distance of 0.5 mm. 

 

 
 Figure 8: Breakdown voltage as a function of the glass fiber layers (left) 

Breakdown voltage as a function of the horizontal distance (right) 

 
The steel foils are safely insulated above a distance of 0.1 mm. According to (1), the breakdown 
strength of the pure epoxy matrix is thus more than 6.5 kV / mm.  

The results show that the steel foils can be characterized very well, the influences of the CFRP 
electrodes have to be examined more detailed. 

 

 SCALED DEMONSTRATOR 6
In order to be able to analyze and assess the potential of fiber reinforced composite with regard to 
structure-integrated conductor paths, a suitable demonstrator for the integration of the conductor was 
developed and built. 

In present project at DLR named Next Generation Car (NGC) a total of three different car concepts 
are developed. One of these car concepts covers an upper class model, which should compare with 
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vehicles such as the Mercedes Benz S-Class or Audi A8. In addition to comfort, this vehicle focuses 
on an intensive fiber-composite-construction in order to achieve the desired structural mass of ≤ 250 
kg (BIW). The drive concept will feature four separate electric motors, powered by hydrogen tanks 
and integrated batteries. Figure 9 shows the concept of the NGC IUV on the left side. 

 

     
Figure 9: The concept of the NGC Interurban Vehicle (IUV) (left) and the more detailed vehicle underbody 

with mounted chassis (right) [22]. 

 
In order to supply the motors of the IUV with the required power, the power supply should be inte-
grated into the CFRP structure. As a target component for this purpose, the underbody region between 
the axes has been identified. (Shown in black, on the right, in Figure 9.) 

Since the requirements for the conductor tracks are not yet finalized, a first demonstrator was man-
ufactured as a proof of concept, which has the standardized power supply and the bus communication 
of conventional automobile. For this purpose a voltage supply and a data communication integrated in 
the CFRP structure are necessary. This demonstrator contains the four required foil conductors: the 
12 V supply voltage, the two CAN-Bus channels and the ground signal. Figure 10 shows the schemat-
ic structure with its layered structure. The individual conductor layers are labeled in the figure. 

 

 
Figure 10: The sectional view of the demonstrator consisting of CFRP cover layers, GFRP insulation and 

conductive metallic intermediate layers 

 
The demonstrator with the structure-integrated load carrying conductor tracks consists of the CFRP 
cover layers as well as the alternately layered GFRP insulation (two layers) and the conductive metal-
lic intermediate layers. The metal layers represent the global cable harness. The inner layers of the 
harness are voltage supply, the outer layers the BUS architecture. (see Figure 10) Any module can be 
connected to this wiring harness. 

The scale is chosen in such a way that the resulting dimensions of approx. 660 mm  270 mm rep-
resent a good compromise between the handling and the demonstrability of the structure-integrated 
conductor tracks. 

Can High Can Low 

GND 

12 V 

CFRP 
GFRP 
Steel 
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The two top layers (top / bottom) consist of a 1.6 mm quasi-isotropic CFRP structure. The middle 
section consists of an alternating structure of glass fiber and steel layers. The steel foils are blasted 
directly in front of the deposit in a special developed blasting system and treated with sol-gel to ensure 
good interlaminar strength (see [21]). The micro section of the structure is shown in Figure 11.  

  
 Figure 11: Micro section of the demonstrator structure (left); micro section of an FML with a significant 

larger MVF (right) 

 
For the demonstrator, only four electrically conductive layers were needed. Figure 11 (b) shows that it 
is easily possible to integrate significantly more layers into the laminate to increase the metal volume 
content and to adjust mechanical properties. 

During the investigation of the demonstrator, no errors could be detected in data communication or 
in the power supply. All connected components have been supplied with power and have received or 
sent commands via the CAN-Bus. 

 

 ELECTRICAL CONNECTION CONCEPT 7
In order to ensure the full functionality of the structure-integrated, load-bearing conductor tracks, the 
tracks must be contacted individually without making any short circuit to the other layers. For this 
purpose, a concept was selected in which the connection points must be determined beforehand and 
planned at design level. Figure 12 shows the eleven attachment points selected in the car underbody 
demonstrator. The points were distributed over the structure at more or less regular intervals in order to 
ensure the most flexible contacting of possible electrical consumers with the structure. 

 

 
Figure 12: Positions of the connection points on the scaled demonstrator 

 
Each plug connection consists of four connection points. The connection takes place at each area over 
the complete thickness of the underbody. The connection regions are geometrically designed so that 
only one layer is affected when contacting the foils (compare detailed view in Figure 12). In this way 
the connection points get to the surface and can then be processed with conventional contact-
ing-concepts. 

steel 

(a) 
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For the vehicle underbody, a concept was chosen in which the foils were drilled perpendicular to 
the surface. Subsequently, a tubular rivet was pressed into the bore and then soldered with a plug. The 
result is shown in Figure 13 (a). Other studies have also shown that a robust way of realising the 
contact is riveting a cable shoe with a blind rivet. (Figure 13 (b)). 

 
 

 

Figure 13: connection concepts: Discretely soldered connector plug (a); Blind rivets with cable shoe (b); 
Rivet nuts (c) 

The mounting of a rivet nut is a variation of the method (b) but has the advantage that a fixed connec-
tion area is created, to which the supply line of an electric load can be flexibly connected. 

 

 CONCLUSIONS 8
The development goals for structurally integrated conductor tracks in an automotive vehicle are the 
reduction of cable and assembly costs and the associated cost and weight savings by replacing the 
classic cable harness with an FML lightweight construction. 

First investigations have shown that it makes perfect sense to use the basic structure of fiber metal 
laminates to integrate conductor tracks into the laminate. Subsequently, various metals were examined 
in relation to their electrical conductivity. Due to their highly conductivity and their low density, alu-
minum and magnesium have proved to be electrical conductors with a high potential for lightweight 
construction. 

The analytical investigations have shown that the classical materials for transmitting current very 
quickly reach their limits of mechanical strength inside an FRP structure. Four different materials were 
identified, by which the integration of the conductor tracks into the laminate makes sense. Aluminium 
and magnesium are useful for highly conductivity requirements and titan and X10CrNi for mechanical 
and electrical performance. 

Finally, the idea of integrating conductor tracks directly into the load-bearing structure was suc-
cessfully demonstrated and tested on a scaled demonstrator. The structure is able to realize the power 
supply and the CAN bus communication without any loss. 

When integrating conductor tracks in fiber metal laminates, the electrical conductivity of the 
load-bearing metallic layers is used as an additional function. In this paper it could be shown that it is 
possible to reduce the weight of the wiring harness significantly or in special cases completely. 

The technology which is presented here is used most meaningfully for high voltage applications, as 
the savings potential of heavy copper cables is largest for this application. 

(c)(a) (b)
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ABSTRACT 
In the automobile industry, bio-based component structures such as natural fiber reinforced thermo-
plastics mostly use fiber fleeces as reinforcement. As example the interior door trim parts of the Golf 
VII are made of natural fiber fleeces. However, the component properties of natural fiber fleeces are not 
sufficient for load-bearing structures. Hence, their application has been limited to interior trim parts.  

In order to expand the use of bio-based fibers for load-bearing components, new technical and 
ecological synergies are necessary. The combination of a thermoplastic PP matrix with a mix of glass 
and flax fibers does create synergistic effects on many properties. As natural fibers bleached flax fibers 
are used. In addition to natural fibers, also the use of recycled short fiber reinforced PP as a matrix 
polymer is investigated. The present study shows that these bio-based and recycled materials can be 
used for load-bearing component structures. Moreover the use of process simulation as a tool for de-
veloping and optimizing the manufacturing chain of a seat shell is presented. 

The purpose of simulating the forming process of a structural part is to determine how the mechan-
ical properties in the final part will be like as these properties highly depend on the fiber orientation. 
Therefore a draping simulation which follows the continuum mechanics approach and takes the mate-
rial behavior as well as the process conditions into account was performed. Since the main objective of 
process simulation is to achieve the convergence between the virtual and the physical product, great 
care must be taken to characterize the material behavior at process relevant conditions which is the 
main input for an FE simulation. Therefore the material behavior was characterized in terms of ther-
mal, mechanical and strain rate depended properties. Subsequently a crash simulation was conducted 
in order to analyze the crash behavior of the seat shell. 

 NATURAL FIBER REINFORCED ORGANOSHEETS 1
When combining reinforcing fibers and polymer matrix, the focus is on material selection and manu-
facturing technology. The semi-finished product consists of four monolayers in the form of a 
bi-directional hybrid weave of natural and glass fibers and of a surrounding low-viscosity thermo-
plastic PP matrix.  
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1.1  Manufacturing process 
In semi-finished product (organosheet) manufacturing, the polymer compound is applied directly to 
the fabric layers in a molten state. By applying pressure the molten matrix is then impregnated into the 
dry fiber reinforcement. Hereafter the continuous organosheet is cut in blanks of desired dimensions.  

The process for manufacturing a hybrid seat shell involves heating the thermoplastic organosheet 
above the matrix melting temperature, transferring the heated organosheet into a shaped tool and 
forming it by closing the cavities. Subsequently the short fiber reinforced PP is injected. This over-
molding material can integrate functions such as rips or visible grained areas and also enhance the 
quality of component edges. The schematic procedure in Figure 1 describes the manufacturing process 
of the composite material as well as a hybrid part.  

 
Figure 1: Manufacturing process [1] 

 THERMAL CHARACTERIZATION 2
In order to achieve a stable process and a homogeneous impregnation, the control of the process tem-
perature is crucial. Therefore the temperature of polypropylene, PP-recyclate and for the additives 
must be above their melting temperature. On the other hand, the processing temperature is limited by 
the low thermal stability of the additives and the natural fibers. The natural fiber structure consists 
mainly of cellulose and numerous accompanying substances like hemicellulose, lignin, pectin, etc. The 
decomposition temperature can be determined by means of thermogravimetric analysis (TGA). In 
Figure 2, the filled bars on the left side describe the temperature range in which the materials have not 
yet melted. On the other side the decomposition temperature ranges are shown. 

 
Figure 2: Processing temperatures for different materials [1, 2] 
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The results in Figure 2 are indicating that the process temperature is limited by the melting point of 
the recycled PP and the decomposition temperature of the bleached flax fibers. Considering a safety 
factor of 5 % the chosen process window is between 180 °C and 190 °C.  

 

 MECHANICAL CHARACTERIZATION 3
The textile fabric of the organosheets is based on glass and natural fibers. The natural fiber yarns are 
flax fibers. The polymer matrix is a low melting polypropylene with a low-viscosity and it is modified 
for improved impregnation with additives like internal release agents, lubricants and coupling agents.  

3.1 Single fiber testing 
The composite’s mechanical properties are essentially determined by the fiber characteristics. There-
fore the aim is to ensure the highest possible fiber volume fraction. Hereby the fiber fineness and the 
binding method play an important role. When using natural fibers as reinforcement material, the 
chemical fiber structure is the most important for the composite properties. While glass fibers absorb 
no moisture, the cellulose-based fibers are very affinitive to water due to the numerous hydrophilic 
groups. The moisture is absorbed from the environment [3] [4]. 

The water absorption of natural fibers also influences the fiber characteristics. The results of the 
single fiber behavior are shown in Figure 3. The single-fiber tensile tests are based on DIN EN ISO 
5079 with a sample number of 50 individual fibers per variant. Therefore bleached and bleached and 
dried flax fibers with the same fiber fineness were used. 

 
Figure 3: Single fiber tensile test 

By comparing the stiffness characteristics, it can be seen that the bleached flax fibers have a lower 
tensile modulus compared to the glass fibers. Both bleached and bleached and dried fibers show simi-
lar ultimate strain whereas the dried fibers have a higher tensile modulus which can be a result from 
the amount of moisture within the fibers. Hence, the moisture in the fibers decreases the stiffness of 
the NF. The GF show a significantly higher ultimate strain which is about 3 %. Hence, bleached and 
dried flax fibers were used for the following production of the organosheets. 

3.2 Organosheet testing 
The organosheets consist of four layers of fabric and a surrounding PP matrix. The fiber volume con-
tent is 52 vol.-%. The matrix in this series of tests consists of an optimized polypropylene without 
recyclate, an internal lubricant and a coupling agent based on maleic anhydride grafted PP. In terms of 
the low thermal stability of natural fibers, the production temperature of the organosheets is set to 
180 °C. 
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Figure 4: Tensile test of biocomposite materials 

In order to evaluate the tensile behavior of the biocomposites, tensile tests have been performed with 
different material combinations and in warp (0 °) and weft (90 °) direction of the fabric. The results 
with or without recycled PP are shown in Figure 4. Both materials show a similar behavior. The stand-
ard deviation is acceptable for all four variants; hence, the material properties are not subjected to any 
great fluctuations. The organosheet without recycled PP has an average tensile modulus of 12 GPa, 
which is approximately 60 percent of the tensile modulus of a conventional organosheets with GF 
reinforcement. Although recycled plastics are subject to molecular degradation which causes a de-
crease in mechanical properties, the organosheets with the recycled PP showed a higher tensile modu-
lus. Compared to conventional GF-organosheets with a tensile modulus of 65 percent is reached. Since, 
due to the chemical degradation recycled PP cannot be used in regular injection molding applications, 
it is suggested to use it as a matrix polymer instead. 

3.3 Strain-rate dependent properties 
In this present study the rate dependent non-linear behavior of a biocomposite material with PP matrix 
was determined in the range of 1 to 100 1/s. Uniaxial tension and shear tests on various specimens 
were conducted at process conditions to obtain load-displacement curves for different strain rates. 

 
Figure 5: Strain rate dependent tensile tests a) PP-GF47; b) PP-NF/GF 

Figure 5a shows the results of the tensile tests of a PP organosheet with glass fiber reinforcement. It 
can be seen from the figures that there is a respond time during the deformation, which becomes larger 
with increasing strain rate. It can also be seen that strain and force enlarge with the increase of the 
strain rate. The highest tensile strength was measured for a 0° specimen at a rate of 100 1/s. Between 
0° and 90° specimens no difference in stress-strain- behavior could be observed. Figure 5b presents the 
load-displacement curves of the natural fiber reinforced organosheet at various strain rates. At the ini-
tial stage of testing, which is elastic deformation, the load enhances almost linearly. Unlike the 
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PP-GF47 the NF reinforced organosheet shows different mechanical behavior depending on the test 
direction. The specimen tested in 90° direction achieved a higher tensile strength than specimen tested 
in 0° direction. This behavior is caused by the different weave and ondulation of the hybrid fibers. The 
maximum overall capability of the natural fiber ogranosheet is lower than the PP-GF47 organosheet. 
Figure 6 represents the failure behavior of the NF organosheet. A typical failure behavior with a com-
bination of normal and shearing breakage can be seen. 

 
Figure 6: Failure behavior of tensile specimen of natural fiber reinforced organosheet conducted 

at Fraunhofer IWU 

 IN PLANE SHEAR CHARACTERIZATION 4
Due to the thermo-viscoelastic material properties of the organosheets, the forming behavior is highly 
dependent on temperature as well as forming velocities. Hence, there is a high importance of charac-
terizing the material under the same thermal and mechanical load as in the real process. Moreover due 
to the deviation from melting and recrystallization point of the thermoplastic matrix, the temperature 
cycle the material undergoes during forming is also of great importance. Therefore it is necessary to 
perform mechanical testing according to the same thermal cycle which is depicted in Figure 7. Here 
the organosheet is heated until process temperature using an infrared heater and following transferred 
into the tool. Depending on transfer conditions the material already loses some heat due to convection 
and conduction to the grippers. Subsequently the tool is closed and the material experiences a 
non-isothermal cooling due to conduction to the steel tool. In this step the cooling rate of the organo-
sheet plays an important role in the forming process as the recrystallization of the matrix is highly 
dependent on the cooling rate [5]. At the end of the process the part reaches almost the tool tempera-
ture and is ejected.  

 
Figure 7: Schematic temperature time history of forming process 
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4.1 Bias extension  
As the changes of the fiber orientation during thermoforming are mostly affected by the in plane shear 
behavior it is presumed as the most important deformation mode during forming [6]. Thus the focus of 
the present investigation was set to the characterization of the shear behaviour.  

While there is no test standard for characterizing the shear behavior of continuous fiber reinforced 
thermoplastics, two methods have been widely used and investigated in the literature – the picture 
frame test and the bias extension test [7–11]. In the present investigation the bias extension test was 
chosen due to the limited capabilities of commonly used shear frames to bear higher loads which can 
occur as the matrix viscosity increases during the recrystallization of the thermoplastic matrix and 
hence, could damage the shear frame or lead to inaccurate results.  

The bias extension test involves stretching a rectangular specimen with a fiber orientation of 45º to 
the direction of the applied axial force. Unlike the picture frame test where the specimen experience a 
pure shear mode of deformation, during bias extension test three different shear zones occur in the 
specimen, like shown in Figure 8. If the fabric is considered as inextensible, no intra-tow slip occurs 
within the sample and the specimen remains flat without wrinkling, the shear angle in region A is al-
ways twice that in region B, while the shear angle in zone C remains zero [8, 11–15]. 

 
Figure 8: Schematic representation of the bias extension test 

As the shear rate has a significant effect on the flow behavior of the thermoplastic Matrix and there-
fore on the onset of wrinkles [16], the experiments were conducted with two constant shear rates: 3°/s 
and 6.43°/s. Also the tensile testing software was only able to process discrete velocity values. Hence, 
the velocity profiles were discretized in a stepwise manner (see Figure 9). The shear angle  in region 
C can be calculated using a kinematical relationship from equation 1 [11, 17, 18].  𝛾(𝑑) = − 2 cos √                   ( 1 ) 

Due to the rate dependent properties of the thermoplastic PP matrix the shear stiffness increases with 
rising shear rate. Hence, in order to evaluate the shear stiffness occurring in the specimen with de-
pendency only to the shear angle, the control of the shear rate is of high significance. With regard to 
equation 1 a nonlinear velocity profile needs to be applied to the ram displacement in order to achieve 
a constant shear rate. For the calculation of the velocity profile a derived form of equation 1 is used. 
As the shear rate 𝜔 is supposed to be constant, the shear angle 𝛾(𝑡) is changing linear over the time: 

  𝛾(𝑡) = 𝜔 ∙ 𝑡             ( 2 ) 

If equation 1 for the geometrical relationship of shear angle  (d) is solved for d and the shear angle is 
replaced by the time dependent function from equation 2, a time dependent equation for the displace-
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ment is achieved. The first derivation of this equation leads to equation 3 where the testing velocity 
depends on time. After replacement, equation 4 where the velocity is depending on the displacements 
is obtained. 𝑣(𝑡) = 𝑑(𝑡) = √ 𝐷 ∙ 𝜔 ∙ sin − ∙ − 𝐷        ( 3 ) 

𝑣(𝑑) = √ 𝐷 ∙ 𝜔 ∙ sin cos √           ( 4 ) 

 
Figure 9: Velocity profiles for 3°/s and 6.43°/s 

As the forming takes places in a temperature range from 190 °C until about 140 °C, 3 temperatures 
were chosen to perform the shear characterization test and to study temperature dependency of the 
material. As it is anticipated that the crystallization of the thermoplastic polymer has an unneglectable 
influence on the forming behavior and subsequently on the mechanical properties of the formed part, 
the characterizations were performed according to the part manufacturing temperature profiles. 
Therefore the shear behavior is analyzed according to the temperature steps during the manufacturing 
process which involves heating the organosheet to 190 °C and subsequently cooling it due to the tool 
contact until the tool temperature is reached. Therefore the specimen were fastened in the tensile test-
ing machine and heated until 190 °C. Then the specimens were cooled down to the desired testing 
temperature by turning off the oven. The specimen temperatures as well as the oven temperatures were 
controlled using thermocouples. Figure 10 shows an example of the measured temperature history on 
top and in the bottom of the specimen. 
 

 
Figure 10: Temperature history of bias extension tests conducted at 160°C  

The results in Figure 11 show a typical load-extension curve with progressively increasing load and 
temperature dependency above 55° shear angle. However, the results are not consistent regarding their 
temperature dependency, i.e. the average load at 160 °C is below the one at 140 °C. Also an anticipat-
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ed increase in shear stiffness with decreasing temperature could not be observed. Thus measurements 
at 190 °C have a significantly higher load-extension curve. 

As the measured forces contains regions with different shear angles and hence, do not exactly de-
scribe the shear force in relation to the shear angle, it is necessary to normalize the forces for further 
use in draping simulation. A detailed review of the normalization methods was presented in [8, 11, 19–
22]. The conducted normalization method is described in [8]. 

 
Figure 11: Bias extension results for 3°/s and different temperatures 

 FE DRAPING SIMULATION 5
In scope of the present work the draping behavior of a NF-PP organosheet is studied in order to opti-
mize the blank geometry. In comparison to a kinematical draping simulation, the finite elements 
method does take many material and process parameters into account for modeling the complex form-
ing behavior [23]. Therefor the used FE draping software Pam-Form 2017 as well as the model of the 
seat shell is introduced in following.  

5.1 Model description 
The material model used for simulating the endless fiber reinforced organosheet also allows the mod-
eling of unidirectional textiles as well as a combination of both as each ply is modelled as a separate 
object trough shell elements. To ensure close to reality results in simulation, the whole forming pro-
cess, containing the tools, the separate layers of the composite as well as the process conditions are 
modelled in Pam-Form. The organosheet plies are discretized through a mesh consisting of a random 
amount of elements which describe not only the geometry but also the material behavior. The forming 
of several material layers is realized by modelling each layer separately with shell elements. Mean-
while the tools are modelled as rigid bodies, which do not experience any deformation.  

5.2 Draping simulation of a seat shell 
The draping model of the seat shell consists of a punch, die and four plies of shaped blanks which are 
hold in place by two locating pins (see Figure 12). As the process delivers a finished part without the 
need of trimming, the blanks need to be trimmed to the desired geometry beforehand. Hence, they 
already contain all the necessary holes and openings for later assembly. In pursuance of achieving a 
stable process, after forming the holes in the blank need to meet the tolerances of the tool in order to 
carry the inserts. This makes the geometry very complex and difficult to form into the die.  
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The tools are modelled as rigid bodies whereas the blanks are discretized by mostly quadrangular 
shell elements. The cavity between the shaped molds has a gap of 2 mm for consolidating the 4 plies 
of organosheets. All objects contain several attributes like material properties, kinematical, load and 
contact boundary conditions which describe their behavior in the respective stages. Thus the tools are 
modeled with different kinematical degrees of freedom. In the first stage, the gravity stage, the or-
ganosheet material is placed on the locating pins through the predefined holes and experiences a grav-
ity force Fgravity (see Figure 12). During the following forming stage the translation of the die is locked 
in all direction, while the punch moves along the z-axis with a predefined speed vpunch. 

 
Figure 12: Model of the seat shell      

5.3 Optimization 
In order to achieve the desired net shape of the organosheet in the manufacturing chain, an iterative 
reverse engineering process is used in the forming simulation. This iteration usually starts with rec-
tangular shaped organosheet plies which are formed according to the earlier described process. After 
the forming simulation reaches the end state, a 3D trim curve which represents the boundaries of the 
net shaped organosheet is orthogonally projected onto the plies. After the curve is projected, the plies 
are unfolded to their first state where there is no deformation. This process is called flattening. This 
step also includes the flattening of the gravity state in which the shell undergoes a certain deformation 
as well. After the first iterative step, the rectangular organosheet is cropped to the new projected curve 
and the simulation of the new shape starts all over again. Depending on the deviation from the first 
generic shape to the second, the organosheet does not yet fit the desired shape as the trimming influ-
ences the organosheet’s in plane behavior and hence, it’s forming properties. This iterative process is 
repeated until the desired shape is reached. Figure 13 depicts an iterative optimization process for the 
seat shell. 

 
Figure 13: Iterative optimization process of blank geometry 
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 CRASH SIMULATION  6

6.1 Modeling the NF-organosheet behavior 
Within the explicit solver Pam-Crash, a rate-dependent material model was used. A three-parameter 
material model is applied to fit the experimental data. In Figure 14 the simulation is shown in compar-
ison to the experimental data: 

 
Figure 14: Comparison between simulational and experimental tensile test results     

6.2 Frontal crash simulation of the seat shell 
The determined material data and material cards were used to perform highly dynamic simulations of 
a frontal crash with a 95 percentile dummy. The crash pulse for the simulation is an ECER17 with a 
delta velocity of 64 km/h. In these calculations a simple failure model was used. In Figure 15 the ef-
fective equivalent plastic strain is presented as a result of the crash simulation.  

 
Figure 15: Crash simulation with a 95 percentile dummy      

The seat shell shows significant deformation in the bottom of the part which is a result of the forward 
displacement of the dummy. The rip structure which is developed during the injection process, trans-
fers the energy into the organosheet structure. In terms of failure behavior the average damage behav-
ior was evaluated and is presented in Figure 16. It is evident that there is a critical area in the seat shell 
where a possible damage behavior can occur.  

The conventional isotropic simulation of the crash test predicts only inadequately the plastic strains 
and the failure behavior in the finished parts. To improve the results, the consideration of the aniso-
tropic behavior represents a very promising option. In many areas a more precise prediction is ob-
tained as a result, whereas in other areas the results do not improve. One of the reasons is that the 
treatment of the experimental data is extensive and is partly based on non-standardized tests methods. 



Numerical and experimental investigation of fiber reinforced biocomposites 101 

  

Furthermore, the description of organosheets has not yet been studied completely, thus making the 
verification of the compiled material cards difficult. There is still a great potential in the processing of 
the experimental data, as well as in the actual determination of the input values.  

 
Figure 16: Damage behavior of the seat shell      

 CONCLUSIONS 7
The objective of the present study was to enable the use of biocomposites in structural parts in auto-
motive applications. Hence, a set of different material characterizations has been performed in order to 
evaluate the mechanical properties as well as for comparison with standard composites materials. In 
the case of thermoplastic matrix composites the temperature is of high importance. Thus the charac-
terizations needed to be performed in function of the temperature. Also due to the viscoelastic material 
behavior, the strain rate plays an important role. Therefore the composite was tested at different strain 
rates as well. The gathered material data was then processed for the use in FE simulations. In scope of 
this work the draping simulation and crash simulation was presented on a hybrid seat shell made of 
biocomposites. The results showed that the use of natural fibers in the combination with glass fibers 
results in a good mechanical behavior, which would not be possible by using natural fibers solely. It 
was also shown that this new biocomposite material can be used for load bearing structures. With re-
gard to the conditioning of the natural fibers, the use of dried fibers is recommended in order to 
achieve higher mechanical properties. 
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ABSTRACT 

New innovative manufacturing technologies allow the production of lightweight structures in mul-
ti-material design. By providing a high functional integration the economic mass production becomes 
feasible, which is needed for their use in car production. However, numerous issues in connection with 
an efficient and cost-effective series production and assembly of lightweight structures in multi mate-
rial design are not yet fully solved. This paper covers three publicly funded research projects with 
participation of inpro. All of them belong to the FOREL-Cluster (research cluster electro-mobility).  

The projects LEIKA (resource-efficient mixed-material construction for lightweight car bodies), 
ReLei (manufacturing and recycling strategies for electric mobility for recycling of fibre reinforced 
lightweight structures in composite hybrid constructions) and SamPa (integral production of hybrid 
lightweight sandwich structures with particle foam and injection moulding for mass production) cover 
several aspects concerned with modern hybrid car-body designs. Common to all of them is the develop-
ment of appropriate simulation strategies followed by virtual safeguarding of the manufacturing process.  

 

 INTRODUCTION 1
The mass introduction of battery electric vehicles into the consumer market poses significant chal-
lenges to the OEMs. While the customer expects the same upfront cost of ownership relative to per-
formance as for cars with an internal combustion engine the OEMs face major changes in car design 
and new production methods. To drive down production costs while retaining customer experience and 
at the same time reducing the environmental footprint of the car new and hybrid materials as well as 
hybrid material combinations are developed. The resulting lightweight constructions are a way to 
minimize material input and usage, the developed recycling strategies secure a second life of these 
high-tech materials in a high-performance part as opposed to dumping it in a landfill.  

 

 LEIKA, RELEI AND SAMPA  2
The projects LEIKA, ReLei and SamPa address various aspects in simulating and safeguarding hybrid 
lightweight constructions. A major challenge for the simulation is the consideration of manufacturing 
processes as well as their influence on the performance of components. Therefore, a software is re-
quired that enables the simulation of process-chains in the virtual world. inpro has developed a soft-
ware solution suitable for series production that links the different simulation systems and maps the 
relevant state variables, see Figure 1. 
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Figure 1: Inpro-Mapper enabling the simulation of complete process-chains 

2.1 LEIKA 
In LEIKA, the focus is on the simulation of the forming of hybrid sheet materials that consist of outer 
layers of metal and inner layers of carbon-fibre reinforced polymer as well as sheet materials with 
outer layers of carbon-fibre-composite with a metal core. After forming the sheets, stiffeners can be 
added through injection moulding. The forming and the injection moulding process have been com-
bined to use only one tool. The combination with other hybrid materials was demonstrated via the 
construction and production of the front part of a car underbody structure, see Figure 2.  

 
Figure 2: Parts and materials used in the LEIKA underbody structure 
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The simulation chain (Figure 3) safeguards the production process and crash safety of the under-
body structure. Therefore, results from each intermediate simulation are provided for subsequent sim-
ulations to ensure adequate initial values. A mapping software used for this task has been developed 
and maintained by inpro. 

 
Figure 3: Simulation chain in LEIKA 

Thus, an overall simulation and optimization for hybrid materials and hybrid combinations of materi-
als becomes feasible. The LEIKA project finished with testing the crash performance of the underbody 
structure. This showed a very good agreement between test and simulation (Figure 4). However, since 
not a complete car with the supporting body-structure, but only part of an underbody was tested, the 
overall performance results of this test cannot be extrapolated to full car crash tests. 

 

 

Figure 4: Crash test on real part (left) and in simulation (right) 

2.2 ReLei 
Carbon fibre reinforced materials usually provide the best weight-performance ratio for car parts. 
However, producing the carbon fibres is energy intensive and expensive. Therefore, an end-of-life 
strategy should encompass the reuse of the fibres. In this process the originally very long fibres get 
chopped and a downgrading of the material is inevitable (Figure 6). In ReLei the chopped fibres were 
used for making fleece mats covering a polymer core expanded by a MuCell process.  

 

 
Figure 5: Simulation chain in ReLei 
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Figure 6: Recovering carbon fibers for further use 

In ReLei new simulation techniques had to be developed to combine several commercial codes in or-
der to simulate the complete process of producing and forming the fleece-mat (Figure 6) which was 
finally used combined with an organosheet for a rear shelf. That rear shelf fulfills all specs for crash. 

 

 
Figure 7: Combining fleece mats with the MuCell process 

Central for the performance is the combination of the MuCell process (Figure 7) with the fibre mats 
made from recycled material. The better this works, the less organosheet (virgin material) has to be 
used in the part. 

The part is produced in a complex single tool, first the pre-heated organosheet and fibre-mats are 
inserted. During tool closing the organosheet obtains its final form and simultaneously the fibre mats 
are preformed (Figure 8). Now the gas loaded polymer is injected between the fibre mats and at all 
areas marked brown in Figure 8 left. In the last step the MuCell process is triggered through pulling 
apart the center area of the tool. 
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Figure 8: Rear shelf after design (left) with organosheet in black, recycled mat with MuCell process in green 
and injection molded polymer in brown. On the right side the upper and lower views after preforming simulation 

are shown 

2.3 SamPa 
The aim of the SamPa project is to overmold parts made of foam particles like EPP (expanded poly-
propylene) with the goal of a class A surface suitable for car interiors (Figure 9). The basic process of 
cavity filling by an airstream carrying the foam particles followed by loading of the cavity with steam 
in order to weld the particles together is well known. Although it is standard since about 60 years the 
simulation of the cavity filling has not yet been performed. However, this is needed for complex tools 
and parts with safeguarded properties. In these, a mutual blocking of the particles is possible, thus 
preventing a successful filling of the cavity. The simulation can ensure, that not only a sufficient num-
ber of injectors is used, but also that their placement is optimal with respect to fill-time and ensuing 
density. 

 
Figure 9: SamPa process, red marked are the main simulation developments 

The filling simulation combines a CFD (computational fluid dynamics) with a DEM (discrete element 
method) simulation, (Figure 10). Particles not only collide with each other but also get influenced by 
the airflow. The airflow in its turn gets disturbed by the particles and the more particles are in the cav-
ity the more the airflow gets blocked. Because the particle number is very high, the CFD simulation 
must be used in an unresolved way, i.e. not having exact boundaries with the particles but seeing only 
a medium density of them (Figure 11). 
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Figure 10: Simulation chain in SamPa 

 

  

Figure 11: Filling simulation of a cavity, intermediate stage (left) and final stage (right) 

Following the filling simulation, a CFD simulation with condensation must be performed. This again 
must be done in an unresolved way because the sheer number of particle boundaries would make mil-
lions of CFD-cells necessary.  

Parts produced with this method can be combined with metal stiffeners to give semi-structural 
properties as well as sensor technology for automated driving. With the availability of new foam parti-
cles made of a wide range of thermoplastics the technology is useful for interior and exterior applica-
tions.  

 
 

3 CONCLUSIONS 
Three different projects funded through the FOREL initiative give new possibilities and solutions for 
high performance lightweight constructions while also retaining a small ecological footprint.  

Complex manufacturing processes require virtual safeguarding through simulation of the entire 
process chain. In particular, the consideration of manufacturing influences is thus possible. This is 
made possible by mapping all relevant state variables and thus the coupling of different simulation 
systems and finite element discretization. inpro uses an internal software solution for this. 
  

 
ACKNOWLEDGEMENTS 

The research and development projects presented here are funded by the German Federal Ministry of 
Education and Research (BMBF) with the funding number 02PJ2770 – 02PJ2781 for LEIKA, 
02PJ2800-02PJ2808 for ReLei and 02P15Z000 – 02P15Z006 for SamPa and managed by the Project 
Management Agency Karlsruhe (PTKA). The responsibility for the content of this publication lies 
with the authors.  
 

 
 
 
 



 
 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019 111 
K. Dröder et al (eds), Technologies for economical and functional lightweight design, 
Zukunftstechnologien für den multifunktionalen Leichtbau, https://doi.org/10.1007/978-3-662-58206-0_11 
 
 
 

CARBON CARRIER – INTEGRATED CONCEPT FOR INNOVATIVE 
INTERIOR STRUCTURES 
 
Michael Hage1, Benjamin Wagner2, Frank Preller3 
 

1 Bertrandt Projektgesellschaft mbH, Ehningen, michael.hage@de.bertrandt.com, www.bertrandt.com 
2 Bertrandt Ingenieurbüro GmbH, Tappenbeck, benjamin.wagner@de.bertrandt.com 
3 Bertrandt Ingenieurbüro GmbH, Tappenbeck, frank.preller@de.bertrandt.com, www.bertrandt.com 

 
Keywords: 

CFRP, GFRP, FRP, Lightweight concepts, Instrument panel, Load path 
 

ABSTRACT 
INNOVATIVE VEHICLE STRUCTURES BASED ON LIGHTWEIGHT FIBRE COMPOSITES 

AND FUNCTIONAL INTEGRATION  
With the common developed concept Carbon Carrier, Bertrandt and SGL show how new vehicle 
structures can be designed. In addition, it shows how it can be possible to make technologies visible 
and touchable to the end customer. The focus of the project is the use of available or soon available 
technologies for glass or carbon fibre reinforced plastics with a thermoset matrix or thermoplastic 
polymer matrix. 

 
Figure 1: Carbon Carrier: the instrument panel as an important body component 
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As a large, spatial interior structure, the Carbon Carrier performs additional functions throughout 
the interior (Figure 1) while remaining within the weight of a classic instrument panel carrier. 

 INTRODUCTION 1
In the field of body development, the preferred materials are high and super-high strength steels and, 
depending on the manufacturer, increasingly aluminum and magnesium alloys. Cast parts, sections and 
body panels are made of these materials. Fibre-reinforced plastics are less commonly used than steel 
and aluminum. The exceptions include specific well-known manufacturers who make large-scale use 
of CFRP and the sports car segment. Interior components are often manufactured from short-fibre 
reinforced materials.  

Lightweight structural components in the aviation industry are made either from metals, such as 
aluminum, magnesium and titanium, or from plastics and, in particular, carbon-fibre reinforced mate-
rials (CFRP). The team at Bertrandt's site in Hamburg has wide-ranging experience of designing and 
developing CFRP components. In addition, the Bertrandt Group as a whole has increased its expertise 
in manufacturing and testing prototypes made from CFRP over recent years.  

In the case of fibre-reinforced composite materials such as CFRP, the properties and the cost of 
components depend on a large extent on the process used and the composition of the material, for ex-
ample, whether thermosets or thermoplastics are used as the matrix and the length, direction and pro-
portion by volume of the fibres, together with the number of layers and the type of semi-finished 
product. With the aim of expanding its skills in the field of vehicle structures, Bertrandt has set up a 
bilateral technology product together with SGL Carbon, a global company in the field of composite 
materials and fibre production.  

The objective is to combine Bertrandt's vehicle development expertise with the materials and tech-
nology competence of SGL Carbon and to develop a technology demonstrator. Work on the project 
began in October 2016 after a cooperation agreement was signed.  

The project is based on a vehicle developed internally by Bertrandt, which is available as a CAD 
model and will be used to provide a package for the technology demonstrator. Two variants of the 
vehicle are available with different powertrains, conventional and fully electric, that will allow differ-
ent stresses and load paths to be investigated (Figure 2).  

 

 
 

Figure 2: Integration of a stiffness-related tunnel load path into the overall Carbon Carrier concept 
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2 THE ASSEMBLY  
An important assembly in a vehicle body is the frame of the instrument panel, which is one of three 
structural components that are bolted to the body. It also represents an ideal introduction to automotive 
manufacturing in the form of a subassembly with an intelligent mix of materials. This makes it possi-
ble to introduce new materials into the vehicle and, at the same time, to continue using large parts of 
existing production lines without major changes. The resulting findings can later be applied to other 
areas of the vehicle.  

The instrument panel frame, which is made primarily from carbon fibre, represents a new concept 
for integrating a number of different functions. The new frame is intended to perform the functions of 
the current instrument panel, instrument panel frame and center console (Figure 3). A unique feature 
of the new component is the integration into the overall Carbon Carrier concept of a stiffness-related 
tunnel load path.  

This new Carbon Carrier (CC) will demonstrate the potential of new structural components when 
used in convertibles and coupés, for example, and in particular those with electric powertrains. This is 
based on the principle that the convertible and coupé body variants need to compensate for the lower 
levels of stiffness that result from the introduction of new requirements, such as a level floor for the 
battery package. In order for the Carbon Carrier to provide support in this area, its structures and its 
connections to the vehicle body, need to be redesigned.  

A significant improvement in its bending stiffness can be achieved by means of a brace on the 
bulkhead that can extend as far as the heelboard.  

The Carbon Carrier can support all the other instrument panel components and consider their re-
quirements. It replaces the conventional module cross beam in the body-in-white, the instrument panel 
frame and the tunnel, including all the relevant functions. 

 

 
 

Figure 3: Configuration of matrix and fibre materials and technologies for each composite component 
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3 THE DEVELOPMENT PROCESS  
During the initial phase of the project, a functional package model was developed for the interior of 
the front of a convertible or coupé based on a non-proprietary body design created in-house by Ber-
trandt. It includes all the important functional and trim-related components of a conventional instru-
ment panel, but with a new and attractive design. For example, the driver will be able to see the central 
load paths and the CFRP components, despite the fact that no purely decorative, exposed carbon fibre 
elements have been used. Because of Bertrandt's many years of experience of automotive development, 
it was possible to develop and integrate the relevant functional components without links to a specific 
manufacturer. The main supporting structures were defined based on this initial package model. Be-
cause the design, simulation and technology specialists at the various Bertrandt sites are used to 
working closely together, they were able to transform the wide variety of early sketches into a refined 
3D concept very quickly.  

At the same time, design sketches were created and turned into a new surface design for this area of 
the interior together with the package model (Figures 4 & 5). The design of the structural components 
gave the interior a more open, light and airy atmosphere, with sharp curves and innovative details to 
create the feel of a sporty electric car.  

 

 
 

Figure 4: Design studies by hand for the project own design and package 

Based on this surface design framework, the structural and functional components were developed 
further and in more detail. The biggest challenge was to identify the configuration of the matrix and 
fibre materials, the fibre length, proportion and orientation, and the layer structure and technology for 
each complex fibre composite component that represented the ideal compromise between the various 
requirements and constraints.  

Other considerations included internal and external connecting and joining methods for the indi-
vidual parts, together with the production and assembly conditions. These had to be determined based 
on visibility, stresses, the selection of materials and the sequence of joining processes.  

The laminate structure was defined in a comprehensive set of specifications that incorporated leg-
islative and consumer protection requirements. The factors that determine the size of the load-bearing 
structural components of the Carbon Carrier include misuse load cases, vibration behaviour and, most 
importantly, the forces specified in the crash load cases. The laminate structure was designed and the 
rib patterns were refined with the aim of creating a lightweight structure that could be easily manufac-
tured.  



Carbon carrier – Integrated concept for innovative interior structures 115 

  

The CATIA V5 Composite Part Design (CPD) module that is used at Bertrandt for designing fibre 
composite components made it possible to include the laminate in the CAD model. The tool enabled 
the transitions between the different areas to be designed in detail and allowed for clear and effective 
communication with the production department.  

 
 

Figure 5: Surface design framework as the base for structural and functional components  

The ongoing detailed development process of the new structure (Figure 6) required close cooperation 
between the simulation, design and production teams. An interface developed by Bertrandt that ena-
bled the CPD data to be transferred directly into the FE model saved a large amount of valuable time.  

In dynamic simulation tools, fibre composites have a much more complex, multi-layered definition 
than traditional materials. These material definitions depend heavily on the type of process and the 
materials used and therefore cannot easily be transferred from one manufacturer of materials or 
semi-finished products to another. For this reason, SGL's existing material cards were used in some 
cases in the simulation process. However, hardware tests were also carried out using predefined sam-
ples in order to identify the analysis parameters.  

The development departments of Bertrandt and SGL worked closely together throughout the entire 
development period. Despite the long distances between the teams, the in-depth cooperation was made 
possible by means of regular meetings at the development sites in Meitingen, Wolfsburg and Rüs-
selsheim and frequent telephone and video conferences. 

 
 

Figure 6: Designed components in detail 
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4 PRODUCTION  
During the process of developing the Carbon Carrier, the engineers focused on ensuring that the mate-
rials, technologies and assembly concepts would be suitable for volume production either now or in 
the near future (Figures 7 & 8). In addition, the latest results of research and pre-development activi-
ties at Bertrandt, SGL and other research institutions were included in the process.  

 

 
Figure 7: Coordinated technologies in the project 

 

 
Figure 8: Cold joining technologies in the project 
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5 CONCLUSION  
A high innovative test structure with the potential for volume production has been developed by Ber-
trandt and SGL working in close cooperation. It demonstrates how new structures can be incorporated 
into modern vehicle concepts. Both organisations have enhanced their knowledge of the volume pro-
duction processes for new types of structural concepts in modern vehicle bodies, starting with the ini-
tial idea and the pre-development activities and also including the design and the close interaction 
between CAD, CAE and production. This knowledge has been put into practice in a demonstrator that 
can be used by both companies to illustrate the different challenges and approaches involved in the 
increased use of fibre composites in the structure of vehicles. The newly developed component has 
excellent structural properties and a pleasing aesthetic appearance. It also forms the basis for the use of 
other combinations of materials and technologies.  

The Carbon Carrier is an innovative, integrated concept for use in interior structures that can be 
presented to large-scale vehicle manufacturers and producers of niche models and incorporated into 
their vehicle concepts (Fig. 9). Bertrandt and SGL regard the new structural component as an oppor-
tunity for working with users and end customers to increase their understanding of the use and behav-
iour of fibre reinforced plastics and, in particular, CFRP. It will also allow more sophisticated compo-
nents and systems to be designed specifically for these materials. In addition, both companies gained 
valuable new experience for use in current and future projects. 

 

 
 

Figure 9: Installation simulation for the entire system – shown with side members 
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ABSTRACT 
In latest body-in-white (BIW) concepts, engineers take into account a wider range of different materi-
als to pursue a multi-material design approach. However, the lightweight potential of common materi-
als like steel, aluminum or even fiber-reinforcement plastics (FRP) is limited. In keeping with the 
motto “the best material for the best application”, a new approach for a top-down material design is 
introduced. With the aim to develop an application tailored material, the multi-material concept is 
adapted for the thickness dimension of the component. Within this contribution a new optimiza-
tion-based design methodology is applied on a stiffness relevant car body part. Starting with bench-
mark simulations of a reference BIW structure, a critical car body component is determined by an 
internal energy based method and a subsequent sensitivity analysis. The identified demonstrator com-
ponent is later subdivided into multiple layers and submitted to a first optimization loop in which the 
developed methodology varies the material parameters for each single layer. Once an optimum for the 
through-thickness properties of the part is found, further optimization loops with concrete material 
pendants and manufacturing restrictions are carried out. The result is a hybrid laminate part consisting 
of steel and FRP plies. To achieve a further improvement in body characteristics and lightweight, the 
investigated part is redesigned by the aim of topology optimization. Finally, the tailored hybrid stacks 
are validated in BIW simulations and compared with the reference. The optimization-based approach 
allows a weight reduction up to 25 % while maintaining or even improving the BIW properties. 

 

 INTRODUCTION 1
Automotive lightweight design is a considerable measure to meet the worldwide need for reducing 
CO2 emissions. In the past, this led to an excessive portfolio development of conventional metals like 
steel or aluminum. However, the lightweight potential of common materials like steel, aluminum or 
even fiber-reinforcement plastics (FRP) is limited. High strength steels play a significant role in the 
design of safe and light car body structures. Nevertheless, the high density and buckling problems 
related to reduced sheet thicknesses limit the achievable mass reduction. Aluminum alloys are well 
known for the potential to improve the strength to weight ratio of car bodies. Nonetheless, in terms of 
stiffness aluminum has a clear disadvantage due to a relative low Young’s modulus. Even FRP com-
ponents, which have superior light-weight characteristics, show limitations for the car body design, as 
catastrophic failure or high production costs. Hybrid materials combine metals and FRP in a manner to 



120 A. A. Camberg, I. Stratmann, T. Tröster 

 
 

offset the drawbacks of every single material and reach an optimum of mechanical properties and costs. 
Nonetheless, the achievable lightweight potential of such materials heavily depends on the loading 
situation, geometry or cross section of the chosen material design. 

To account for these limitations, a new approach is necessary. The “LHybS” (Lightweight Design 
with Novel Hybrid Materials) project aims high to design a material, which different than usual is not 
developed in a bottom-up way, but rather in a top-down manner. Within the scope of the project a new 
optimization-based process is developed, which provides for the first time a methodology that allows 
the design of sophisticated requirement-optimal layered materials. The through thickness property 
profile of the material takes into account not only loading dependent requests, but also demands that 
are related to the direct application of the material in the vehicle. The goal of the project is to develop 
a lightweight hybrid material with processing characteristics similar to materials conventionally used 
in body-in-white production plants [1].  

 

Figure 1: The approach of the LHybS project: from the application to the material profile [1] 

 

 PROPOSED OPTIMIZATION METHOD FOR TAILORED HYBRID STACKS 2

2.1 LHybS Ordered Multi-Material Interpolation 
Structural optimization has been studied extensively over recent decades [2]. Among a variety of ap-
proaches for continuum topology optimization, the density-based “Solid Isotropic Material with Pe-
nalization” (SIMP) [3][4] method had gained a wide popularity and has been successfully integrated 
into commercial software, such as, for example OptiStruct or Tosca [5]. In SIMP, every single element 
within the defined problem space is coupled to an elasticity-density-scaling function with the aim to 
control the elemental mass and stiffness tensor. The elemental material properties are usually ex-
pressed by using a power-law function (1), where 𝜌 is the notional density variable, 𝐸  the upper 
bound of the elastic modulus, and 𝑝 the penalty factor. The possibility of an element-wise variation of 
density and elasticity allows finding a load-optimal material distribution. However, state-of-the-art 
topology optimization has been implemented for single-material design problems what limits the 
achievable weight savings by this method.  𝐸(𝜌) = 𝜌 𝐸 , 𝜌 ∈ 0; 1 ∧ 𝑝 > 1 (1)

To overcome these limitations a modified interpolation scheme for multiple materials was introduced 
in [6]. The proposed extension of the classical SIMP can be formulated for two materials as (2), where 𝐸  and 𝐸  are the elastic modulus for material 1 and material 2, respectively. By letting 𝐸 = 0 the 
classical SIMP definition from (1) can be recovered.  
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𝐸(𝜌) =  𝜌 𝐸 + (1 − 𝜌 )𝐸 , 𝜌 ∈ 0; 1 ∧ 𝑝 > 1 (2)

In general, the extension proposed in [6] requires (𝑚 − 1) design variables for each element to 
take into account 𝑚 materials in the optimization. As a consequence the computational cost increases 
significantly.  

An alternative formulation can be found in [7], where an Ordered Multi-Material SIMP Interpola-
tion is proposed to solve multi-material optimization problems without introducing any new variables. 
In the proposed method, the multiple materials are sorted in an ascending order of the normalized den-
sity variable 𝜌  : 𝜌 = 𝜌𝜌 , 𝑖 = 1, 2, 3, … , 𝑚 (3)

Where 𝜌  is the maximum density and 𝑚 the number of all candidate materials. Introducing ad-
ditional coefficients 𝐴  and 𝐵 , a scaling and a translation coefficient, respectively, and using the 
normalized density variable 𝜌 , the single-material power function (1) can be extended as: 𝐸 (𝜌 ) =  𝜌 𝐴 + 𝐵 , 𝜌 ∈ 𝜌 , 𝜌 ∧ 𝑝 > 1 (4)

 where   𝐴 = ∧ 𝐵 = 𝐸 − 𝜌 𝐴  (5)

Where 𝐸  and 𝐸  are the elastic modulus of ascending ordered material 𝑖 and 𝑖 + 1, respectively 
[7]. 

While the Ordered Multi-Material SIMP Interpolation in (4) is able to describe monotonically in-
creasing trends of elasticity in respect to the normalized density (3), this may not always be the case 
for real lightweight applications. By a way of example, common materials taken into account for mul-
ti-material design, such as steel, aluminum and CFRP do not exhibit a monotonic increase of these 
properties. For this reason the approach presented in [7] is revisited in the present paper. Instead of a 
strictly monotonically increasing function, a coupled exponential function (6) is used to describe the 
relation between the normalized material properties of common lightweight materials. Analogous to 
[7], the LHybS Ordered Multi-Material Interpolation expresses the properties of candidate materials in 
respect to the independent discrete normalized density variable 𝜌  (3). The elastic modulus is regard-
ed as a continuous function with respect to density, obtained from a fit of normalized candidate mate-
rial data by a two-term exponential function:  

𝐸(𝜌 ) =  𝑎 ∗ 𝑒 ∗  + 𝑐 ∗ 𝑒 ∗ , 𝜌 = 𝜌𝜌 , 𝑖 = 1, 2, 3, … , 𝑚 (6)

𝐸 = 𝐸𝐸 , 𝑖 = 1, 2, 3, … , 𝑚 (7)

Where 𝜌  and 𝐸  are the maximum density and elastic modulus of the candidate materials, respec-
tively, and a, b, c, d are fitting parameters of the exponential functions. For simplification, all materials 
are assumed as isotropic and have a Possion ratio equal to 0.3. 

By applying Equation (6) on a set of common automotive lightweight materials, whose properties 
are listed in Table 1, the interpolation curve of normalized elastic modulus with respect to normalized 
density shown in Figure 2 is obtained. 
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Table 1: Material properties of considered automotive lightweight materials and corresponding fitting 
parameters of Equation (6) 

 
Material 𝜌  [ton/mm3] 𝐸  [MPa] 𝜌  𝐸  

CFRP 1.488e-09 133e+03 0.19 0.63 

GFRP 1.996e-09 45e+03 0.26 0.21 

Aluminum 2.693e-09 70e+03 0.34 0.33 

Steel 7.829e-09 210e+03 1.00 1.00 

Fit. param. Eq.(6): a b c d 
 1.977e+13 –165.8 0.1571 1.852 

 

 
Figure 2: Comparison between the classical SIMP and the LHybS approach for scaling the stiffness 

and density 

 
While the LHybS Ordered Multi-Material Interpolation is able to describe the trend of normalized 
properties of real lightweight materials, the zero density for void representation typically found in 
SIMP is lost. However, with the introduced interpolation method we rather want to choose between 
candidate materials than between solid or void. An alternative method for solving this kind of material 
optimization problems was introduced in [8] as Discrete Material Optimization (DMO), where the 
element constitutive matrix is expressed as a weighted sum of constitutive matrixes of each candidate 
material. This conception however is disadvantageous, as each candidate material demands its own 
design variable, while the LHybS approach uses solely the normalized density as design variable. 

2.2 Optimization methodology 
The LHybS Ordered Multi-Material Interpolation can be applied directly on multi-layered shell ele-
ment structures. The only difference to topology optimization is that the material parameterization is 
invoked at the level of shell integration point layers instead on solid element level. Further, to ensure 
manufacturability and uniform properties at stack layers, the integration points of all elements on a 
given layer are clustered into plies. That in turn enables to realize layers of different properties within 
the investigated component and the design of an application-optimal hybrid material. However, the 
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LHybS interpolation approach is still limited to optimize material distribution problems and additional 
design variables, such as material thickness or orientation cannot be changed during one optimization 
run.  

To account for this limitation, the developed material design process consists of two main optimi-
zation runs. After benchmarking the monolithic reference design, the chosen part is subdivided into 𝑁  integration point layers 𝑘, while the overall wall thickness 𝑡 of the part remains unchanged. The 
first optimization run follows in which the algorithm optimizes the material parameters for each ply 
following Equation (6). The optimization problem of the first run of compliance minimization can be 
expressed as in (8), where 𝐶 is the structural compliance; 𝐾, u and 𝑃 are the global stiffness matrix, 
displacement vector and force vector, respectively; 𝜑  is the mass fraction; 𝑀 and 𝑀  is the mass 
of the current and the reference design, respectively; and the superscripts 𝑒 and 𝑙 refer to “element” 
and “layer”. 

Once a global optimum was found by choosing multiple sampling points, the still idealized materi-
al properties of each layer are compared with a material database and replaced by concrete pendants 
by taking into account real material properties, as for example anisotropy. Within the last optimization 
run the layers are optimized in terms of thickness and material orientation. Following (9), the objective 
is again compliance minimization, but here, since the multi-material distribution is known, only layer 
thicknesses 𝑡  and orientations 𝜃  are optimized. The boundaries for 𝑡  and 𝜃  are set in a way to 
meet manufacturing limitations.  

Figure 3 depicts a flowchart for the task of multi-material optimization defined in the introduced 
optimization methodology. 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒: min 𝐶 = 𝑢 𝐾𝑢

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:
⎩⎪⎪⎪
⎨⎪
⎪⎪⎧ 𝑀 ≤ 𝜑 𝑀𝐾𝑢 = 𝑃𝐾 =   𝐾 , 𝐾 =   𝐵 𝐶 𝐵  𝑑𝑉

𝑀 = 𝑀 , 𝑀 = 𝑉 𝜌
        (8)

 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒: min, 𝐶 = 𝑢 𝐾𝑢
𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: ⎩⎪⎨

⎪⎧ 𝑀 ≤ 𝜑 𝑀𝐶 ≤ 𝐶𝜃 ≤  𝜃 ≤ 𝜃𝑡 ≤ 𝑡 ≤ 𝑡         (9)
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Figure 3: Flowchart of the developed method for an optimization-based hybrid design  

 

 REFERENCE STRUCTURE BENCHMARK 3
As a basis for the material development the thyssenkrupp InCar® plus model is used. The InCar® pro-
ject started back in 2006 as a customer-independent car body structure project. The goal of the InCar® 
project was to develop a base for the potential analysis of new material grades and processing concepts. 
A further development and an adjustment to newest crash safety demands was realized in 2014 as In-
Car® plus. The steel-intensive structure of the InCar® plus represents the current state of the art by 
utilizing the usage of hot formed, ultra-high and high strength steels [9], [10]. The stiffness and 
noise-vibration-harshness (NVH) properties of the InCar® plus BIW are investigated in OEM specific 
methods to set a benchmark for the development of the new tailored hybrid materials. The benchmark 
analysis is carried out by tests described below. 

3.1 Global bending stiffness 
The global bending stiffness of the body-in-white is investigated by boundary conditions adapted from 
[11]. For this purpose, two static forces are distributed and applied to the front seat attachment points 
while the BIW is constrained in a static determined manner at the front and rear damper carriers. To 
suppress the influence of local structure stiffness on the determined global value, an evaluation ap-
proach from [12] and [13] is used. By this approach the maximum rocker deflection and a corrected 
reference line given by the clamping points is taken into account. The global bending stiffness follows 
from equation (10). 

 𝑐 = ∑ 𝐹𝑢 , . .  (10)
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Figure 4: Evaluation of the global bending stiffness – loading conditions and the resulting deflection lines 

of the underbody 

3.2 Global torsion stiffness 
The determination of the global torsion stiffness is based on a method proposed in [14]. Here, the BIW 
is loaded by applying a couple of opposing forces on the strut towers while constraining the rear 
damper carriers. To suppress a possible bending of the BIW structure, an enhancement of the boundary 
conditions from [12] is introduced. Hereto, an additional constraint at the middle of the front bumper 
beam is defined to ensure a global torsion of the body. The torsion stiffness is then calculated from the 
twist angle between the strut towers and the introduced torque, see equation (11). 

 𝑐 = 𝑀Φ 𝑁𝑚𝑑𝑒𝑔  (11)

 
Figure 5: Loading and boundary conditions used for the determination of the global BIW torsion stiffness 

3.3 Modal analysis 
To characterize the NVH properties of the BIW an eigenvalue analysis is performed. As reported in 
[15] the eigenfrequencies should be analyzed in free-free boundary conditions. It should be note that 
due to the chosen boundary conditions the first six eigenmodes are related to the rigid body motion 
and are not relevant for the BIW design. Therefore, the first three symmetric modes are evaluated. The 
7th and 9th mode correspond to the first and second bending mode respectively. The 8th mode corre-
sponds to the first torsion mode, see Figure 6.  
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Figure 6: The first three symmetric eigenmodes of the BIW: a) Mode 7 – first bending mode; b) Mode 8 –  

torsion mode; Mode 9 – second bending mode  

3.4 Lightweight Index 
To quantify the trade-off between stiffness and lightweight the so-called “Lightweight Index” 𝐿 is 
introduced. The Lightweight Index describes the purposeful material and package utilization within 
the car body structure and follows from equation (12). As shown in the equation, the global torsion 
stiffness is crucial for the lightweight index. However, as reported in [16], an improvement of the tor-
sion stiffness usually leads concurrently to an improvement of other stiffness properties of the BIW. 

 𝐿 = 𝑚𝑐 ∗ 𝐴 𝑘𝑔𝑁𝑚/ deg ∗ 𝑚 ∗ 10  (12)

 
Figure 7: Evaluation of the Lightweight Index L 

3.5 Component selection 
The investigated body-in-white properties result from an interaction of all car body components. Every 
single part accomplish in terms of a body structure a particular function and contributes with its spe-
cific characteristics to the global body-in-white properties. Depending on the external load, singular 
parts and component groups could be more or less involved in the deformation resistance of the body 
structure. To classify the BIW parts into load case relevant groups and evaluate their importance, a 
strain energy based method introduced in [1] is used. The assessment of a potential component is fur-
ther supplemented by a sensitivity analysis to identify structural parts with a significant impact on the 
global stiffness. With the aim to reduce the computational effort of the sensitivity analysis, the results 
from the prior step are used for a domain reduction. Thus, the sensitivity is analyzed only for ten 
components with highest prorate strain energy values. By increasing the elasticity modulus of these 
particular components, the influence of an improved material on the global characteristic can be eval-
uated. In that manner, it can be ensure that the material improvement will be realized on parts that 
show a high relevance for the global BIW properties and so, additional costs can be justified by better 
overall vehicle characteristics [1].  
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Figure 8: Selected demonstrator part: InCar® plus rear cross member 

 
As a result of the described procedures the rear cross member is selected for a tailored material design 
trail, see Figure 8. In addition to mechanical requirements that have to be satisfied by the new material, 
there are secondary demands for this particular part, as for example damping characteristics, corrosion 
protection or joinability that have to be taken into account within the material design process. These 
needs are investigated and defined in a specific requirement catalogue. 

 

 BIW COMPONENT OPTIMIZATION 4

4.1 Hybrid material design 
Since the global stiffness is directly affecting the “Lightweight Index” 𝐿 of a car body, see equation 
(12), the load case “global torsion” is defined as design relevant. So, the investigation of an optimal 
layer-wise material selection within the selected component is carried out for “global torsion”. To en-
sure a symmetric material design, one left and one right twisting “global torsion” load case is defined, 
what leads to a multi-objective optimization.  

To access a layer-wise variation of the part material parameters, the reference part is divided into 
seven layers. To find the optimal material for each layer, the approach from section 2.1 is used. Based 
on equation (6), the algorithm varies the density and calculates the elastic modulus. It changes auto-
matically the material parameters in each layer which allows finding the optimal material distribution 
for the hybrid laminate. Possible materials are steel, aluminum, GFRP and CFRP. As mentioned in 
section 2.1, both fiber-reinforced plastics are implemented as an isotropic material to reduce the com-
putational effort within the first optimization loop. The optimization results in a stacking sequence that 
consists of steel top layers and a multiple layer CFRP core.  

In the second optimization step, the variation of the thickness of each layer and the orientation of 
every FRP-layer is automatized, while complying with the following constraints. The minimal deliv-
erable thickness of steel ranges from 0.5 mm to 0.6 mm, the thickness for one layer of unidirectional 
CFRP is set to 0.05 mm and the thickness for one layer of CFRP-fabric is set to 0.35 mm. This second 
step includes a loop, in which the routine automatically varies the thickness and the orientation of the 
CFRP in 5° steps. Furthermore, it checks after each variation whether the parameters of the new hy-
brid laminate improved compared to the original steel component. These parameters are global torsion 
stiffness and mass.  

Due to selected FRP pre-products and available material thicknesses, different solutions exist and 
three alternatives of the hybrid laminate are listed in Table 2. The first variant (A) includes 0.5 mm 
thick steel top layers and a CFRP core consisting of 5 unidirectional layers. Based on the different 
material orientations of the CFRP, it is possible to maintain the torsional stiffness while simultaneously 
reducing the mass by 25 %. In variant B a change from unidirectional CFRP to CFRP-fabric is realized, 
what reduces the achievable mass reduction by 2 %. At the same time, the torsional stiffness increases 
slightly (+ 0.37 %). The main difference between variant B and C is the thickness of the steel sheet. In 
the latter variant C, the thickness is changed from 0.5 mm to 0.6 mm. Therefore, the thickness of the 
CFRP-fabric can be reduced from 1.05 mm to 0.7 mm (2 layers instead of 3 layers CFRP-fabric) and 
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as a consequence the mass of the component increases. Nevertheless, with this design the mass can be 
still reduced by 14.6 % compared to the reference. The torsional stiffness remains unaffected.  

The influence of these variants on further BIW properties is investigated in section 5. 

Table 2: Result list of different hybrid stack variants 
 

 Variant A Variant B Variant C 
Layer 1 Steel 0.5 mm Steel 0.5 mm Steel 0.6 mm 

Layer 2 CFRP 0.2 mm 40° CFRP 0.35 mm +45°/–45° CFRP 0.35 mm +45°/–45°

Layer 3 CFRP 0.1 mm 145° CFRP 0.35 mm +45°/–45° CFRP 0.35 mm +45°/–45°

Layer 4 CFRP 0.3 mm 180° CFRP 0.35 mm +45°/–45° Steel 0.6 mm 

Layer 5 CFRP 0.2 mm 145° Steel 0.5 mm - 

Layer 6 CFRP 0.1 mm 140° - - 

Layer 7 Steel 0.5 mm - - 

Global torsional 
stiffness +0.03 % +0.37 % +0.37 % 

Component mass –25 % –23.2 % –14.64 % 

Lightweight 
Index –0.42 % –0.60 % –0.49 % 

 

4.2 Geometry design 
As reported in [17] the deep-drawing of stacked hybrid laminates can lead to complex failure modes, 
as for example delamination, buckling or wrinkling, which, however, can be avoided by an adapted 
part design and special processing techniques. To meet these new material-related manufacturing re-
quirements a redesign of the part geometry is necessary.  

 
Figure 9: Topology optimization of the rear cross member – a) reference design; b) package model of the 

available space; c) result of the optimized topology 

 
At the outset, an investigation of the optimal part design within the available package is carried out by 
the aim of SIMP-based topology optimization. As depicted in Figure 9 c, the torsion-optimal structure 
consists of only few bars forming a truss in the rear underfloor area of the car body. 

Based on the optimal component geometry, space restrictions and forming limitations a new part 
geometry is developed. Additionally, in order to avoid changes in the joining sequence, the quantity 
and location of connection points to adjacent parts are kept unchanged. As shown in Figure 10 b, the 
new part geometry uses almost the entire free package and avoids leaps in the drawing ratio. That 
guarantees a high stiffness and manufacturability of the new hybrid part at the same time. The possi-
bility of a later subdivision into three separate components is also provided by this geometry design.  
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Figure 10: a) the reference rear cross member design; b) new hybrid-optimal rear cross member design 

 
Strictly, the optimization-based material design process introduced in section 2.2 should be repeated 
for the new part geometry, since the changed geometry can lead to a different optimal layer design. 
Nevertheless, as a proof of concept the stacking sequence of variant C is applied to the new part ge-
ometry (variant D, Table 3). Due to a higher overall surface of the new part geometry the achieved 
mass reduction is marginal. However, in comparison to the reference geometry, it is possible to in-
crease the torsional stiffness by 5.89 % and decrease the lightweight index by –5.38 %. A further im-
provement in lightweight potential can be gained by performing a full material design process. This 
will be the subject of future work. 

Table 3: Result list of the optimized new hybrid rear cross member design 

Variant D  Change in BIW Properties 

Layer 1 Steel 0.6 mm 
 Torsional 

stiffness Mass Lightweight 
Index 

Layer 2 CFRP 0.35 mm 
+45°/–45° 

 

+5.89 % –0.45 % –5.38 % Layer 3 CFRP 0.35 mm 
+45°/–45° 

 

Layer 4 Steel 0.6 mm 
 

 

 VALIDATION 5
Finally, the developed materials undergo a series static and dynamic BIW stiffness simulations. The 
results are compared with the InCar® plus reference to highlight the potentials of the tailored hybrid 
material design. In all cases, a redesign of the through thickness properties by a tailored hybrid stack 
leads to a weight reduction while maintaining or even improving the overall vehicle properties, com-
pare Table 4. 
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Table 4: Comparative assessment of static and dynamic stiffness properties of the tailored hybrid stacks 

 Variant A Variant B Variant C Variant D 

Mass –25 % –23.2 % –14.64 % –0.45 % 

Bending 
stiffness –0.71 % –0.71 % –0.72 % –0.40 % 

Torsional 
stiffness +0.03 % +0.37 % +0.37 % +5.89 % 

Lightweight 
index –0.42 % –0.60 % –0.49 % –5.38 % 

1st bending 
mode unchanged unchanged unchanged +0.02 % 

1st torsion 
mode +0.27 % +0.40 % +0.33 % +2.32 % 

2nd bending 
mode +0.07 % +0.07 % +0.04 % +0.02 % 

 

 CONCLUSIONS AND OUTLOOK 6
Numerical optimization processes introduced within the scope of this contribution allowed to design 
novel requirement-optimal hybrid materials directly within a BIW. These materials led to a weight 
reduction of up to 25 % and hold further light-weight potentials. The developed materials were hither-
to investigated only in numerical simulations and coupon based experimental tests. The experimental 
validations on real component geometries are still pending. The chosen demonstrator component will 
be subjected to a series of crash, stiffness and durability tests to point out the qualification for automo-
tive applications. Further, the developed approach will be consolidated to a user-friendly numerical 
tool to provide usability in the serial development of mechanical systems. Distal the automotive field 
the approach could be used for other disciplines, as for example in the aeronautical or energy sector. 
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ABSTRACT 
Components with high performance, such as light weight, long life-cycle, good cost-benefit and other 
specific properties, are a constant goal of the industry. To achieve such performances, a constant pro-
gress is required in both manufacturing and design processes. These two areas must develop together 
and connected, at the same time that one challenges the other. Tailored Forming is a new manufactur-
ing technique in development, which consists in a process chain to create massive hybrid material 
structures made of two different metals. This new technology presents a new range of manufacturing 
restrictions and requires a suitable design methodology to deal with the multi-material problem. The 
objective of this paper is to present an overview of the methodology that is currently being used to 
generate feasible designs for Tailored Forming. This methodology consists in an optimization tool that 
searches for an optimal material distribution and generates a first concept for the component, and a 
parametric analysis that generates a large solution space with a finer ready-to-use design result. Some 
examples of the applicability of these tools are here showed, with focus on a current Tailored Forming 
demonstrator, which is a hybrid shaft. Despite the simplicity of this application, it involves a chal-
lenging implementation, due to the manufacturing restrictions present. At the end, a final design is 
presented, which is not only suitable for the manufacturing process but also raises the advantages that 
this technology provides.    

 INTRODUCTION 1
With the growing needs of the industry for materials and components with higher performance, new 
manufacturing techniques and design methodologies arise. Here, a combination between manufacture 
and design is essential, since one has a direct influence on the other. Thus, although generic design 
methodologies have been used to achieve optimized geometries, such as minimization of weight, the 
presence of manufacture restrictions are constantly neglected, ignoring this natural mutual influence. 
For that reason, it is fundamental that design and manufacture methods stay attached in pairs, where 
the manufacturing technique has a specifically adapted designing tool. 

In this study, we want to present the current research state made in the field of design for hybrid 
components generated through Tailored Forming [1], theme of a collaborative research at the Leibniz 
University. Tailored Forming is a process chain with the objective of creating hybrid solid components 
by using semi-finished work-pieces. One of the advantages that this process offers is the ability of 
combining different metals, such as Steel and Aluminum. This enables components with stress adjust-
ed profiles and, consequently, parts that can handle the same amount of load with less weight, for ex-
ample. 

A new technology such as Tailored Forming, brings not only new possibilities, but also a series of 
restrictions that must be considered in the design phase. For instance, the multi-material design brings 
a big amount of degrees of freedom, requiring a systematic methodology for its construction, as seen 
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in the works of Kleemann [2] and Brockmöller [3]. The use of construction catalogues [4] and know-
ledge-based systems [5] has also been served as support for such designs and its use for Tailored 
Forming has been also investigated [6]. Not only in the methodological point of view, the design pa-
rameters must also be carefully studied and analyzed, in order to explore all the advantages that it 
brings in the most effective way. So, a state-of-the-art research for multi-material design was execut-
ed, in order to find methods that take in consideration all the manufacturing restrictions. Based on that, 
we search for the answer of two main questions:  

 How the material should be distributed in the domain space? 
 How the joining zone between the two metals should be designed?  

For the first question, topology optimization techniques were analyzed and evaluated, in order to serve 
as solution generator. Here, a new method is proposed based on evolutionary algorithms. This new 
method allows a direct control of the manufacturing constraints in the final design, which is seen often 
as one of the disadvantages of topology optimization [7]. Another challenge here is the presence of 
multi-materials in the optimization task, which enlarges the complexity of the problem. The method 
presented here makes use of heuristic approaches to generate fast and practical solutions. As result, the 
concept for some classical problems were generated using different manufacturing constraints and, at 
the end, the method was used for a real application. 

For the second issue, about the joining zone geometry, a finer optimization method is required to 
generate the final model already in a CAD software, where it can be directly sent to manufacture. For 
that, it was used a parametric approach [8], where it is made a characterization of the component based 
on the concept found in the topology optimization step, also considering the manufacture constraints 
involved. This allows the generation of a large number of design solutions with simulations results. All 
this information is saved as a databank, where engineers can analyze and select the most suitable 
solution. 

 METHODOLOGY 2

2.1 Tailored Forming 
Tailored Forming is a new manufacturing technique that allows the construction of hybrid high per-
formance components, being the aim of the Collaborative Research Project (CRC) 1153 [9] estab-
lished at the Leibniz University of Hannover. This technology consists in a process chain that com-
bines different manufacturing techniques in order to produce functional final parts. The process in-
cludes the following sequence: generation of the separated mono-material parts; joining process per-
formed by friction welding, laser welding or compound profile extrusion to generate semi-finished 
hybrid workpieces; metal forming process through high temperatures, such as cross wedge rolling, 
forging or impact extrusion; and finally machining and heat treatments are executed to obtain the final 
piece [10]. Figure 1 shows a diagram with this sequence. 

 

Figure 1: Process chain of Tailored Forming technology (CRC 1153) [9] 
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So, in this initial phase of research, the design process normally starts with the concept generation for 
a component based on the available forming technology. However, in order to expand the possibilities, 
the work of design and manufacture must be parallel, so that new optimized candidates can be deliv-
ered. This requires a design process that take into consideration the limitations of the technique, which 
is the focus of this paper. As an example, we take the design of a shaft, which is one of the demonstra-
tors from the CRC 1153, seen in (Figure 2). This shaft is manufactured through a laser welding of the 
mono-material workpieces, followed by a process of impact extrusion or cross wedge rolling, finishing 
with a machining technology step [10]. 

 
Figure 2: Hybrid shaft example manufactured by Tailored Forming 

The shaft presented in Figure 2 is made of steel and aluminum, with the intent of having steel at the 
region where the mechanical load is more intense (section with higher diameter). Although in this 
example the material distribution is mostly predetermined, it presents already challenges to find which 
design method should be used to reach this result, which will be seen in next section. The geometry of 
the interface between the two materials must be also analyzed and optimized in a way that the manu-
facturing constraints are obeyed. 

2.2 Topology Optimization 
Topology Optimization is a wide scientific area that includes a large number of publications, but still 
offers many challenges in the application field [11]. The pioneer work of Bendsoe [12], where SIMP 
(Solid Isotropic Material with Penalization) theory is introduced. This theory was deeply investigated 
in [13] and also expanded in last decades, such as the development of filters [14] and use of stress-bas-
ed approaches [15].  Many specific applications were researched in meanwhile, such as vibration 
problems [16], use for additive manufacturing [17] and thermal problems [18]. In our current study, 
however, a very specific case is under investigation, which is the use of topology optimization for 
multi-material components and manufacturing restrictions. These are areas where the scientific com-
munity hasn’t agreed in an ultimate solution yet. 

The isolated problem of multi-materials was also largely investigated. The first works in this field 
also worked as an extension of SIMP [13]. Due to the high number of design variables in these prob-
lems, the method becomes complex with the use of more materials. Some other adaptations were made 
to avoid these problems, as seen in [19, 20, 21]. Other recent approaches can be found in [22] and [23], 
where different solving techniques are used to deal with the optimization problem. However, although 
these studies give an essential ground research in the field, it is seen that they don’t focus on a specific 
manufacturing technique, but in a general formulation. This approach was implemented in [24] for a 
3-D printer, but with no manufacturing constraints. With that, multi-material designs achieved in to-
pology optimization methods are not so practical for other current manufacturing techniques available, 
such as Tailored Forming. 

In the field of manufacturing constraints, a similar scenario is found in literature [25]. Some im-
plementations for specific manufacturing restrictions can be found, as seen in [26]. There are also ap-
plications with different optimization methodologies, such as evolutionary algorithms, as proposed in 
[15, 27], or the use of level-set method, as seen in [28]. In [29], a unified method for implementation 
was presented, where many traditional manufacturing methods are related to specific geometric con-
straints. In the current study, a very specific method is in question, which is Tailored Forming. Since it 
is a technique still in development, the manufacturing constraints are not quite established. However, 
some of them can be already translated to the geometric field. In this point of research, the generation 
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of optimized solutions that can’t be manufactured (but are close enough to possible solutions) bring 
also valuable information to the community. 

In order to create an optimization tool that can deal with all the difficulties discussed above, a new 
method was proposed in [7], called Interfacial Zone Evolutionary Optimization (IZEO). This method 
is based on the evolutionary algorithms theory, which is an optimization methodology alternative to 
SIMP that has gained more and more space in research. The state-of-the-art of this technique is called 
Bi-directional Evolutionary Structure Optimization (BESO), as presented in [30]. Evolutionary Algo-
rithms consist in an iterative process, where the structure changes gradually according to a sensibility 
field, as an evolution (Figure 3). 

 
Figure 3: Evolutionary Optimization Process performed by soft-kill BESO [30] 

The objective function here is maximization of stiffness, with a volume constraint, as described in 
Equations (1) and (2). 

 min 𝐟 𝐮                                     (1) 

𝑉 𝑥 = 𝑉∗                                                                           (2) 

Where f is the applied load vector; u is the nodal displacement vector; 𝑁 is the number of elements in 
the mesh; 𝑉  is the volume of an individual element; 𝑥  is the density of the element and the design 
variable; and 𝑉∗ is the prescribed volume. 

Differently from SIMP, that generates the so-called “grey zones” with intermediate densities values, 
Evolutionary Algorithms have final result presented as a 1-0 design, since the algorithm completely 
removes material during the evolution. The actual standard model of BESO is called soft-kill BESO, 
which consists on using a very small density for the void spaces, in order to calculate sensitivity values 
for this region. The use of this technique with multi-materials was also investigated by the same au-
thors in [30] and other recent improvements can also be found in literature, such as in [22], where a 
new filtering scheme and a continuation approach is used. Separately, some approaches of the method 
with manufacturing constraints can be also found, as in [27, 31]. 

In the case of our proposed method, IZEO, a set of restrictions for the evolution is implemented, so 
that the design doesn’t take undesired forms. The basic concept is that in the beginning of our process, 
the whole design domain is set to the first material; then, an initial point of growth is set by the user; 
and from this point on, the second material grows over the first one, interactively. So, the first re-
striction implemented is that the evolution can happen only at the interfacial zone between materials 
(Figure 4).  

 
Figure 4: Scheme showing the evolution process of IZEO 
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The optimization restriction is set to be the proportion of each material in the domain space. The 
sensitivity analysis can be calculated as following: 𝛼 = 12 uTK u     ∀     𝑖 ∈ Λ                                                            (3) 

Where 𝛼  is the sensitivity of the element; u   is the elemental nodal displacement vector; K  is the 
stiffness matrix of the element; and Λ is the set of elements that belongs to the allowable evolution 
area. With these implementations, the addition of manufacturing constraints don’t have to deal with 
the whole domain, but only with the interfacial area to control the design geometry. As well as in [29], 
some geometric constraints were here implemented and, with the combination of them, many different 
restrictions can be described. They are the following: 

 Minimal Member Size: related to how small the structures in the design are allowed to be. In 
mono-material designs, a minimal hole size restriction is also necessary to limit the size of the 
holes. It is implemented through the use of density filters, which are also important to avoid 
mesh-dependency and checkboard problems. 

 Symmetry: restriction that generates symmetric components. It is implemented through a mir-
roring of the sensibilities in the optimization process. 

 Unidirectional Growth: this restriction works like an “extrusion” restriction on mono-materials. 
The evolution here is restricted to only one direction specified by the user. 

 Single Phases: this restriction avoids the “closure” of phases during the evolution. With that, 
both material phases remain continuous and unified during the whole evolutionary process. 

 Outside Surface: here the evolution can happens at any outside surface of the material, in any 
point. 

With all the constraints implemented, different solutions can be achieved for the same problem, ac-
cording to which ones are active. Figure 5 presents some results achieved with IZEO for the classical 
problem of a MBB beam with different manufacturing restrictions. These results present also different 
bi-material and whole component restriction, which means that one kind of restriction was applied to 
form the bi-material component, and a different kind of restriction was applied to the whole compo-
nent. 

 

Figure 5: Steel/Aluminum/Void designs with different bi-material restrictions: (a) no restriction; 
(b) Symmetry and Unidirectional Growth from the right; (c) Unidirectional Growth form the right; 

(d) Unidirectional Growth from the left and Single Phases. All of them have also Minimal Element Size and 
Outside Surface restrictions at the component level 

2.3 Parametric Analysis 
As mentioned earlier, the topology optimization technique for Tailored Forming is a powerful tool for 
concept generation. The implementation of the manufacturing constraints contributes for the robust-
ness of the tool, generating significate designs. However, the model implemented cannot address fine 
problems, such as very specific manufacturing constraints. Another limiting factor, is that the final 
result is discretized in finite elements, which is obviously not reasonable for manufacturability. 
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So, after a concept is generated, the model must be constructed in a CAD environment. Here, the 
final shape of the component can be drawn and specific parametric analysis can be executed. This 
analysis are made in points of interest, which for us is the connection zone between the two materials. 
Here, the software Inventor [32] was used for the construction of the parametric model and an inter-
face with a finite element software, in our case Abaqus CAE [33], was constructed. All the parametric 
data and user-defined results are than saved in a database (Figure 6). 

 

Figure 6: Parametric design process 

As shown in the given diagram, the parametric models are generated with a specific range of parame-
ters and its combinations. With the finite element analysis and database generation, the user can iden-
tify how each parameter influences the design and choose the best option. Naturally, the solutions that 
present not reproducible designs can be filtered, in order to see only those that fit the manufacturing 
process. The choice is then defined as the best design in our solution space and the model for this solu-
tion is already saved as a CAD-model in our database. 

 

 APPLICATION FOR A TAILORED FORMING SHAFT 3
As an example here for the methodology procedure presented, we take the shaft made of steel and 
aluminum that is one of the demonstrators of the CRC 1153. The manufacturing procedure for the 
construction of this shaft is very restrictive, as discussed in section 2.2, generating a very tight solution 
space. Even though, in order to present the capacity of our optimization tool for inclusion of re-
strictions, a 2D model for the shaft was submitted. Although the flexion in a shaft cannot have the 
stress rightly represented in a plane-state simulation, the result generated was close to the expected 
(Figure 7). The objective function here was minimization of weight, where the algorithm tries to use 
the most aluminum as possible, and the optimization restriction was a determined safety factor. 

 

Figure 7: Design result for the demonstrator shaft using IZEO with Tailored Forming restrictions 

 
In order to achieve the result seen in Figure 7, many constraints had to be implemented. Symmetry and 
Growth Direction are naturally present, since it is a symmetric component and the manufacturing pro-
cess consists in joining two parts together through laser or friction welding. A third and more compli-
cated restriction had also to be implemented, which is related to the fact that the steel must be inside 
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the aluminum at the joining zone. This is a very specific restriction inherent to the process and it was 
implemented through the intersection of Growth Direction restriction in three different directions. 

With that, we achieved the expected concept geometry. As discussed, this result contains no rele-
vant solution for the manufacturing side, where a detailed representation is needed, but it showed the 
adaptability of the tool. In the next step, we create the parametric representation of the joining zone 
based on two parameters: length and volume. Figure 8 shows the CAD representation for the connec-
tion zone using a function f(x). 

 

Figure 8: CAD model of the Steel part of the shaft, showing the connection zone surface 

 
To make this description, we used the following equation: 

𝑓(𝑥) = 𝑅 1 − ² ;              𝐿 > ²                                  (4) 

Where R is the radius of the connection zone; L is the length; V is the volume of the interfacial region; 
and x is the axial axis to the shaft. This equation was chosen in order to create a smooth interface, 
where length and volume can act as independent parameters. It is important to remember that this 
function must also take into consideration the manufacturing constraints. 

Finally, the model was submitted to our parametric design process, between Inventor and Abaqus, 
with a large range of parameters. This range must also consider the manufacture restrictions, but some 
parameter combinations might still generate unfeasible designs that must be later excluded. However, 
design solutions that are close enough to a manufacturable solution are also valuable in this point, 
since they can set a target to the manufacturing research. The graph presented in Figure 9 shows one of 
the results of the finite element analysis, which is the minimal stress found at the joining region for a 
variety of parameters L and V.  

 
Figure 9: Finite Analysis result for Maximum Stress found at the joining zone for the solution 

space generated 
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Since only linear elastic cases were evaluated, the magnitude of the stresses are not a concern, but 
the difference between them. Taking this maximum stress as a decision parameter for the joining zone 
geometry, the best solution should be the one that presents minimum stress. This criterion presents a 
very distinct value from the others, since in Figure 9 it is seen the clear presence of a minimum value. 
This result is presented in Figure 10, where it is possible to identify the geometry of the joining zone. 

 

Figure 10: Design solution with smallest maximum stress value at the joining zone and its stress field 

 
Taking a deeper look in the results and analyzing the influence of the parameters, some conclusions 
can be made about the design of this shaft. After observing different kinds of designs, it is seen that the 
angle formed between the shaft surface and the interfacial zone play an important role on the homoge-
nization of the stress. The result presented in Figure 10 also has a uniform stress distribution over the 
joining zone. 

As seen, these conclusions are based in different parameters from the used ones. Although these 
parameters are also controllable with the description made, this shows how the right choice of param-
eters can impact the result, even though here just an explorative method was the focus. However, these 
conclusions are enough to serve in future as guideline rules for this type of construction, facilitating 
the work of design engineers. 

 

 CONCLUSIONS 4
This work presented an overview of the design approach used for the design of Tailored Forming hy-
brid components. Two different techniques were used to address two main objectives of this design: 
evolutionary topology optimization to handle material distribution and parametric analysis to establish 
a connection zone geometry. Both approaches had to include the manufacturing process restriction in 
order to generate reasonable results. 

For the first step, it was seen that IZEO has a good capability to include geometric constraints and 
generate reasonable designs. Although the process is still highly heuristic, a large solution space can be 
generated, providing support to engineers that deals with such complex tasks. For that, the strong lim-
itations present in the manufacturing process can be translated into restrictions in the algorithm, in-
creasing the potential of the use of this tool for Tailored Forming.  The implementations in 2D can 
still be expanded, where other restrictions can be implemented and different objective functions can be 
tested. Even though the results are already consistent, an implementation in a 3D environment enlarges 
the difficulty to set the same geometric constraints, but the implementations of it would follow the 
same logical procedure. 

In the parametric analysis, the approach is quite straightforward. However, the task of making the 
parametric description plays a fundamental role, since it contains the desired geometric restrictions. 
Preferably, the solution space should contain the highest number of solutions as possible, giving the 
possibility of a filtering stage after all, where the user can select only the designs that are suitable for 
the manufacturing process. The design guidelines reached at the end showed the efficacy of such a 
method, transforming a large number of complex data in simple standard practices. 
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At the end, a suitable optimal design for the proposed shaft was reached. Moreover, a suitable de-
sign methodology for Tailored Forming is in development and the area still opens space for a large 
research field. The same process here described can be used equally for different components. Fur-
thermore, the use of such techniques makes possible the achievement of higher performance machine 
components. 
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ABSTRACT 

Hybrid material concepts provide a high variability in the resulting part properties, and thus are often 
applied to satisfy multiple component demands. Fibre-metal laminates (FML) are widely spread in 
aerospace applications and are being used for decades as they show a high lightweight potential and a 
good fatigue behaviour. However, a broad conventional use of hybrid laminates in the automotive 
sector is not existing until today. The high manufacturing costs, caused by the surface pre-treatment of 
the metal layer, as well as long process cycles and a limited formability of current laminates are not 
suitable for automotive applications. 

This paper presents an approach, which allows the processing of hybrid laminates for high-volume 
applications and enables high forming degrees of the manufactured parts. As an additional elastomer 
layer is used to separate the metal from the fibre reinforced layer, carbon fibre reinforced polymers 
(CFRP) can be used instead of conventional glass fibres, preventing a galvanic corrosion between 
carbon and the metal. In addition to the manufacturing process itself, the influence of the formability 
will be discussed with regards to the distribution of the laminate layers, determining achievable form-
ing degrees of the manufactured fibre-metal-elastomer laminate (FMEL) specimen. The laminate be-
haviour during the forming of the uncured laminate will be described by analysing micro sections. 
Furthermore, the results of an experimental modal analysis will be presented in order to determine the 
damping properties of the investigated hybrid laminates. 

  INTRODUCTION 1
The increasing demands of the environmental and climate protection require an economical imple-
mentation of lightweight design in the production of new vehicles [1]. Fibre-metal laminates are being 
used in aviation for more than 30 years as they provide good mechanical properties, a high lightweight 
potential and a good fatigue behaviour [2, 3]. By adding an additional elastomer interlayer between the 
fibre reinforced polymer and the metal layer, the damping behaviour can be increased and carbon fi-
bres can be used instead of conventional glass fibres without inducing a corrosion between the carbon 
and the metal layer [4, 5]. However, a wide implementation of fibre-metal laminates into the automo-
tive sector is currently not rewarding due to the high cycle times and manufacturing costs [6]. Fur-
thermore, current manufacturing processes are limiting to the geometry, especially to the achievable 
bending radii of the manufactured part [3, 7].  
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For this purpose, a novel manufacturing process was developed by Fleischer et al., capable to pro-
duce FMEL components with a high forming degree at low cycle times. The achievable bending radii 
of 1.2 mm at a bending angle of 90° are promising and enable new possibilities for the design of hy-
brid laminates. However, the increased forming degree leads to a redistribution of the laminate con-
stituents in the formed area, which is not fully understood. [8]  

Therefore, the influence of the manufacturing process on the proportion of the laminate constitu-
ents of highly formed FML and FMEL will be investigated in this study. Different laminate variants 
will be compared in order to determine the influencing factors on the distribution of each laminate 
component in the formed region. Furthermore, the influence of an elastomer interlayer on the damping 
behaviour will be characterized by the use of an experimental modal analysis. 

 MATERIALS 2
Fibre-metal laminates consist of alternating CFRP & metal layers, whereas fibre-metal-elastomer 
laminates have an additional elastomer interlayer, separating the metal from the CFRP. In this study, 
aluminium was chosen as metal sheet. Four different layups have been realized, which distinguished in 
the use of aluminium or CFRP as a face layer as well as the presence of elastomer as an interlayer, see 
Figure 1. The shown stacking sequence of the CFRP layer was chosen to obtain a comparable weight 
to stiffness ratio between variant 1-0 and variant 1-1 as well as a comparable laminate thickness of 
variant 1-0, 1-2 and 2-0. Additionally, a symmetrical layup was intended. 
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Elastomer
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Elastomer
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Figure 1: Laminate structure of investigated layups 

2.1 CFRP 
The selected CFRP was a Hexcel prepreg “M77/42 %/UD90/CHS”. The fast curing epoxy resin and a 
nominal sheet thickness of 0.1 mm provide low curing cycles and a variable layup of the CFRP layer. 
Different laminates with a varying stacking sequence of the CFRP layer have been investigated in this 
study, whereas the unidirectional sheets have been arranged to biaxial layer with a symmetrical suc-
cession. For the chosen prepreg, the recommended curing time at a temperature of 150° C and a min-
imum pressure of 5 bar is 120 s. 

2.2  Aluminium 
The metal chosen in this study was an aluminium 2024-T3 with a commercial available sheet thick-
ness of 0.3 mm. The selected alloy is common in FML applications and is used in many previous in-
vestigations and therefore ensures a good comparison to this study [2, 3, 9]. In the available condition 
T3, a minimal bending radii of 1.2 mm at 90° is expected [10]. 

2.3  Elastomer 
The elastomer selected for this study was a Kraiburg mixture “SAA-9579/52” in a sheet thickness of 
0.5 mm, developed for applications with high damping requirements. Optimized for CFRP & metal 
applications, it provides a good adhesion to CFRP with epoxy matrices and to aluminium. Imple-
mented as an interlayer between CFRP and aluminium, the elastomer mixture prevents from galvanic 
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corrosion and compensates the different thermal expansion coefficients in the laminate. For the 
non-cross-linked elastomer mixture, the recommended curing time at a temperature of 150° C and a 
pressure of 23 bar is 300 s. 

 EXPERIMENTAL 3
In order to investigate the process-property relationship on the manufacturing of hybrid laminates, the 
manufacturing process itself is described in the following. The hereby manufactured specimen are 
being investigated by a microscopic analysis to characterise the influence of the forming process and 
the tooling concept on the local layer distribution. Furthermore, the influence of the elastomer inter-
layer on the damping behaviour is investigated by the use of an experimental modal analysis. 

3.1  Manufacturing process 
The basic manufacturing steps for the manufacturing of FMEL parts are shown in Figure 2. During the 
stacking of each laminate component in the beginning, the desired layup is realised. In the second step, 
the two dimensional stack with its non-cross-linked CFRP and elastomer layers is placed in a pressing 
mould.  

CFRP
Elastomer

Metal

Stacking Forming & 
consolidation

Final partFeeding the mould

 
Figure 2: Process scheme for the manufacturing of formed hybrid laminate 

 
In this study, two different mould geometries have been used. For the formed laminates, a double 
v-shaped mould design was chosen as it implements two different bending angles of 45° & 90° (see 
Figure 3 a)). By the use of different mould variants, an additional flexibility of the bending radii (Ri) 
was implemented.  The bending radii investigated in this study was set to 1.2 mm. The sample width 
of formed laminates was 100 mm. Furthermore, an additional flat shaped tool was used for the manu-
facturing of two dimensional specimen in the size of 300  300 mm2. 

After the laminate constituents are placed in the mould, the forming of the laminate takes place in 
one single stroke. The forming step itself is similar to the bottom bending used in the sheet forming of 
metal. As soon as the mould is being closed, the forming of the stack is followed by the consolidation 
of the laminate at 23 bar pressure. After a curing time of 300 s at 150° C, the part can be removed in a 
final step. Figure 3 b) exemplary shows two manufactured FMEL specimen of variant 1-0 and 2-0. 

a) b)
 

Figure 3: a) Tool for the manufacturing of formed laminate; b) Manufactured FMEL profiles of the  
variant 1-0 (right) & 2-0 (left) 
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3.2 Optical analysis 
Different micro sections of formed FML & FMEL specimen have been investigated in order to analyse 
the influence of the manufacturing process and the laminate structure on the layer distribution. The 
sections have been cut by a water-cooled cutting off machine from Struers GmbH type Accutom-5 and 
have been embedded by the use of Varidur 200, a castable mounting compound. The polishing up to a 
grit size of 4000 of the materialgraphic specimen was done by using a grinding polisher type EcoMet 
250  by ITW Test & Measurement GmbH European Headquarters. The optical analysis was done by 
the use of a microscope of the type Leitz Aristomet and the software Olympus Stream by Olympus 
Industrial. 

3.3 Modal analysis 
The influence of an elastomer interlayer on the damping behaviour of two dimensional laminates was 
characterized by the use of a modal analysis. As shown in Figure 4 a), the free-mounted specimen with 
the dimensions of 300  300  2.5 mm³ were suspended by the use of a thin nylon thread. Using an 
impact hammer of the type Kistler 9726A20000, the structure-borne noise was generated (see Figure 4 
c)). Five acceleration sensors of the type Kistler 8692C50 (see Figure 4 b)) have been attached to the 
two dimensional laminate specimen in order to record the vibration. Figure 4 c) shows the frontend of 
the test setup, transferring the data of the attached sensors to a laptop. The desired eigenfrequencies 
and damping coefficients have been determined by the use of the LMS Impact Testing Software, 
transferring the vibration signals to the frequency spectrum by means of a fast furrier transformation. 

a) c) d)

b)

 
Figure 4: Modal test setup: a) Free-mounted specimen; b) Acceleration sensor; c) Impact hammer; 

d) Frontend 

 RESULTS 4

4.1 Layer distribution of formed hybrid laminates 
To analyse the influence of the forming process and the chosen mould concept, the layer distribution 
was investigated in dependence of the distance to the edge of the part. Figure 5 shows the laminate 
proportion of a formed FMEL of the variant 1-0 at a forming angle of 90° and a bending radii of 
1.2 mm. The thickness distribution of the laminate layer in section II to V shows a similar appearance. 
The elastomer layer closer to the convex side of the curve has an average thickness of 777 µm on the 
apex in the four middle sections, whereas the inner elastomer layer has an average thickness of 
165 µm. The laminate distribution of the edge region of the profile, marked with section I and VI, 
deviates to the uniform appearance in the middle of the part. 
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Figure 5: Layer distribution of formed FMEL in dependence of the distance to the part 

 
To analyse the influence of the elastomer on the homogeneity of the CFRP layer, the formed area of 
FML & FMEL was compared. The sections have been cut out of the center of the part, to exclude any 
superpositioning of the layer distribution as a result of a near-edge position. Figure 6 shows the micro 
section of a formed variant 1-0 and 1-2 with a bending angle of 90° and a bending radii of 1.2 mm. 
The CFRP sheets in variant 1-0 show a more homogeneous appearance in comparison to variant 1-2, 
whereas in the latter case, the sheets oriented parallel to the bending axis tend to gain in thickness with 
a growing distance to the concave side. 

500 µm 500 µm

Variant 1-0 Variant 1-2Bending axis
Concave

Convex
 

Figure 6: Micro section of formed laminates with a bending angle of 90° and a bending radii of 1.2 mm 

 
To quantify the gain in thickness of the sheets with a fibre orientation in parallel to the bending axis, 
each CFRP layer has been measured on the apex of the formed region. Figure 7 exemplary shows the 
results of the microscopic measurement. The FMEL with an elastomer interlayer show a certain vari-
ance in the thickness of each CFRP sheet. The average thickness of the sheets orthogonal to the bend-
ing axis is 95 µm, whereas the average thickness of the parallel oriented sheets is 100 µm. In compar-
ison to variant 1-0, the FML show a similar variance in the thickness of each CFRP sheet on the con-
cave side, whereas the average sheet thickness is on a lower level. For example, the first six orthogo-
nal oriented layer on the concave side show an average thickness of 67 µm, the first six parallel ori-
ented sheets are in average 62 µm thick. However, an increase of the thickness of parallel oriented 
sheets on the convex side of the formed profile up to 202 µm can be observed.  
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Figure 7: CFRP sheet thickness laminates with a bending angle of 90° and a bending radii of 1.2 mm 

4.2  Modal analysis of FMEL 
The damping behaviour of hybrid laminates was investigated on the laminate variant 1-0 and 1-1 by 
the use of a modal analysis. Three specimen each variant have been analysed, whereas each specimen 
was evaluated by the use of the mean value out of 5 measuring strokes. The available test-setup 
showed a coherence in the frequency range between 50 Hz – 400 Hz, and thus allowed the comparison 
of the first two eigenfrequencies. As shown in Table 2, the first two eigenfrequencies of variant 1-0 
and 1-1 have an average deviation of 4 and 20 Hz, allowing a qualified comparison of the damping 
rates on both laminates. On the first eigenfrequency, the FML shows an average damping rate of 
0.55 %, whereas the damping value of the FMEL is on average 0.94 %. On the second eigenfrequency, 
the increased damping rate of the laminate with an elastomer interlayer is even more significant and 
exceeds the value of the FML by ~490 %.    

Table 2: Eigenfrequencies and damping rates of laminate variant 1-0 and 1-1 

 Eigenfrequency 
[Hz] 

σ [Hz] Damping rate [%] σ [%] 

Variant 1-0 134 0.45 0.94 0.13 
339 9.93 2.54 0.26 

Variant 1-1 138 2.38 0.55 0.09 
319 2.71 0.52 0.04 

 

 DISCUSSION 5
The introduced manufacturing process enables the manufacturing of fibre-metal-elastomer laminates 
with high forming degrees and a uniform appearance of the laminate constituents. However, an influ-
ence of the tooling concept on the near-edge layer distribution of the laminate within the first 20 mm, 
starting from the edge of the component, can be observed. The non-uniform laminate proportion, 
shown in Figure 5, appears as no vertical flash face was implemented into the pressing mold. Hence, a 
displacement of the viscous resin and elastomer within the first 20 mm of the component edge takes 
place, resulting in an inhomogeneous near-edge laminate structure. 

Despite this peripheral impact, an influence of the forming process on the layer distribution can be 
observed in the formed region. Induced by the different forming behaviour of the laminate constituents, 
the elastomer interlayer on the concave side is suppressed during the forming, whereas the layer on the 
convex side increases in thickness. This effect is not typical in common forming processes of fi-
bre-metal laminates as the hybrid laminate is cured before the forming step takes place. As a result to 
this, the formability of common fibre-metal laminates is limited. The bending radii of a comparable 
FML component with a sheet thickness of 2.0 mm for instance is of the same order of magnitude as 
the metal used in a sheet thickness of 2.0 mm. Higher forming degrees lead to a damage of the materi-
al, for example by delamination or a buckling of the inner layer. In comparison to this, the bending 
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radii of FMEL is limited by the used metal sheet in the sheet thickness of 0.3 mm, allowing a bending 
radii of 1.2 mm instead of 10.0 mm, as applied for a comparable FML. As the forming of the laminate 
takes place in an uncured state, the deformation induced stress into the laminate, especially of the 
CFRP layers, is expected to be lower compared to laminates which are being formed in a cured state. 
However, an analysis of the influence of the forming degree on the mechanical properties using the 
presented FMEL manufacturing process is pending. [7, 10] 

The thinnest elastomer layer observed was measured with 90 µm, sufficient to prevent a galvanic 
corrosion. An interruption of the elastomer sheet was not ascertained. The CFRP sheets of FMEL 
specimen showed a certain variance in its thickness oriented parallel and orthogonal to the bending 
axis, which is returned to the manual manufacturing process and a dispersion of the thickness in the 
prepreg raw material. The average sheet thickness of both orientations is on a similar level, resulting in 
a homogeneous appearance of the CFRP layer. In absence of the elastomer interlayer, formed speci-
men of variant 1-2 reveal thinner CFRP layer on the concave side and a thicker layer in parallel to the 
bending axis on the convex side of the profile. An increase in thickness of the first and the last parallel 
oriented sheet in the CFRP stack of 412 % was observed. This effect is affiliated to the higher stress 
induced to the orthogonal oriented sheets as a result of the missing soft elastomer during the forming 
of the FML, leading to a displacement of resin and fibres to the parallel oriented layer in the convex 
area. 

Investigated by the use of a modal analysis, hybrid laminates with an additional elastomer interlay-
er show a significant increase in the damping rate, especially in the frequency range of the second 
eigenfrequency between 319 Hz and 339 Hz. The frequency dependence of the increase in the damp-
ing rate of FMEL is ascribed to the frequency dependence damping behaviour of the used elastomer 
interlayer. The eigenfrequencies of the tested laminates distinguish in average of 4 Hz respectively 20 
Hz, allowing a comparison of the damping rate in a good approximation. It should be noted, that the 
used elastomer mixture was not optimized for the present frequencies. The maximum damping poten-
tial of an optimized elastomer mixture is currently unknown and supposedly unexhausted. Further-
more, the laminate layup was not optimized regarding to a maximum damping coefficient, hence the 
damping capabilities especially of an increased laminate thickness remain unexploited.  

 

 CONCLUSION 6
In this study, the influence of the forming process on the distribution of the laminate constituents was 
investigated. Two influencing factors could be identified. On one hand, the mould concept led to an 
inhomogeneous edge region of the manufactured specimen. On the other hand, the forming process 
itself influences the distribution of the constituents in the formed area as a result of the individual 
formability of the different layer. Here, the elastomer interlayer reduces the stress of the CFRP induced 
by the forming process, leading to a more homogeneous thickness of the CFRP sheets. Furthermore, a 
significant influence of the elastomer interlayer on the damping properties of the hybrid laminate 
could be observed, in particular in the frequency range of the second eigenfrequency between 319 Hz 
and 339 Hz. 
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ABSTRACT 
For achieving efficient lightweight materials, automotive development focusses more and more on 
hybrid plastic structures. In this context target was to combine plastic and steel to develop a cost and 
weight optimized hybrid structure. Their performance strongly depends on the adhesion between the 
combined materials. Mechanical interlocking is commonly used for the joining of the two materials. 
However, an adhesive bonding of the polymer and metallic surface is more effective. Therefore, dif-
ferent kinds of adhesion promotion primers are available. Several of these were tested by SITECH 
Sitztechnik GmbH and within the project “TRoPHy2” by Salzgitter Mannesmann Forschung GmbH 
and the project partners. Regarding the tested primer systems, the multilayer film-adhesives by nolax 
AG showed the best performance. The film-adhesives were developed for hybrid structures for interior 
parts with decorative applications, for example metal decor parts out of aluminium with a thermo-
plastic back injection moulding layer. 

The suitability of these film-adhesives on steel surfaces was proved within a large test program in-
cluding adhesion, corrosion, forming and other automotive processing steps. Among these tests suita-
bility for large-scale production of film coated steel was also estimated. All tests showed good results. 

At the opening of the Open Hybrid LabFactory e. V. (OHLF) a first hybrid seat structure, produced 
by injection moulding, was presented. This structure was validated regarding to function and safety 
requirements. In view of a large-scale production, first lamination tests were done on the coil coating 
line of Salzgitter Flachstahl GmbH. A series launch is possible and economic lightweight structures 
are realizable. 

 INTRODUCTION 1
Hybrid material concepts are increasingly focused by the development departments of the automotive 
industry. Especially injection moulded polymer-metal hybrid structures show a promising approach for 
cost-efficient lightweight design in a high-volume production. The load-optimized application of the 
two material components allows the utilization of their specific advantageous mechanical properties 
(Figure 1). The joining of the two components is crucial for the overall performance of the load-bear-
ing part. Investigations on different bonding agents show a significant increase of the stiffness and 
energy absorption of hybrid components due to the use of the film-adhesive nolax Cox 490-1 [1]. So 
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far, there is no large-scale production process for the application of the film-adhesive and it is flatbed 
laminated onto the metal sheet in laboratory scale. 

Furthermore, the film-adhesive shows streaks and scratches after flatbed lamination with the 
state-of-the-art process (Figure 2). For these reasons, a coil coating process is being investigated and 
established for the integration of the film-application into serial production. 

 
Figure 1: Polymer-metal hybrid seat structure of SITECH Sitztechnik GmbH 

 
Figure 2: Surface defects in the film-adhesive after flatbed lamination on DX57+Z 

 STATE OF THE ART 2
Film-adhesives can be produced amongst other methods such as blow extrusion, which can be carried 
out as multilayer blow extrusion (Figure 3). The multilayer design allows a better adaption of the lay-
ers to the properties of the bonding substrates. An optimised film-adhesive for polyamide-metal bond-
ing is nolax Cox 490-1. 

 
Figure 3: Multilayer blow extrusion 
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The application of the film-adhesive onto a metal sheet in laboratory scale is performed by means 
of flatbed lamination technique. The flatbed laminator consists of a heating zone for the melting and 
lamination of the film-adhesive and a cooling zone for the solidification. Pressure application is possi-
ble via a nip roll after the heating zone (Figure 4). However, the lamination quality is not always sat-
isfying, as surface defects like streaks and scratches can occur (Figure 2). 

 

 
Figure 4: Schematic view of flatbed lamination 

2.1 Investigations of the influence of flat steel metallic and organic coatings  
on bonding properties 

In laboratory tests, the adhesive strength of the nolax Cox 490-1 for bonding metal and polyamide 6 
(PA6) was evaluated. The tests were carried out with single lap shear samples according to 
DIN EN 1465 (Figure 5). Several material combinations of large-scale produced steel surfaces with the 
nolax film-adhesives and PA6 were fabricated and tested. 

 

 
Figure 5: Metal-polymer-metal single-lap shear specimen for tensile test based on DIN EN 1465  

 
In Figure 6, the results of the tensile tests of steel-polyamide 6 composites with nolax Cox 490-1 are 
shown. The investigation points out the adhesion promoting effect of the nolax film in the direct adhe-
sion bonding of steel with CFRP. However, the combination of electro galvanized steel sheet with 
weldable corrosion protection primer (EG + CCP) shows a higher tensile strength without the 
film-adhesive. The results in material screening demonstrate the adhesion promotion for several steel 
surfaces by the nolax films. Most of the material combinations have tensile shear strengths between 11 
and 13 MPa. On the matter of costs, an additional coating upon the metallic surface is not necessary, in 
order to achieve a high strength. Consequently, it seems promising to laminate the nolax films directly 
onto the metallic coating. 
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Figure 6: Tensile shear strength for several combinations of steel surfaces and polyamide 6 (CFRP). As a 

reference, analogue combinations of steel and PA6 without adhesion promotion films were tested. 
(GI: hot dip zinc coating; ZM: hot dip coating with zinc-magnesium coating; EG: electrogalvanized coating; 

P: pre-phosphated; C: chemically passivated; AFP: anti finger print; CPP: weldable corrosion protection 
primer) 

 
In addition to the tests at room temperature, the tensile shear strength and T-peel strength were exam-
ined at 50° and 80 °C. These samples were combined out of GI coated steel and polyamide 6 (CFRP). 
nolax Cox 490-1 was used as adhesion promotion film. The results are shown in Figure 7. 

 
Figure 7: Tensile shear strength and T-peel strength as a function of temperature. Samples were fabricated 

out of GI coated steel in combination with nolax Cox 490-1 and polyamide 6 (CFRP) 

 
With increasing test temperature, the tensile shear strength decreases. This behaviour is also known by 
structural adhesive bondings. The T-Peel strength seems to be not influenced by the test temperature. 
Values of about 8 N/mm were reached. Based on these results, laminating experiments were started in 
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laboratory. It was shown that the nolax film-adhesives could be easily laminated on steel surfaces in 
pilot plant scale. According to these results, the upscaling on the production line could be realised. 

3.2 Investigations on the process-integrated manufactured bonding 
Typically, the strength of adhesive joints is assessed by single-lap shear testing according to the norm 
DIN EN 1465 [2]. Based on the norm, the single-lap shear test is also used to assess the performance 
of the joint in metal-polymer hybrid structures [1]. In order to investigate the metal-polymer com-
pound in a close-to-reality load case, torsion tests of hybrid technology carriers are conducted. The 
complex design allows the assessment of the thermal mismatch due to environmental influences. Fig-
ure 8 shows the injection moulded hybrid specimen for the investigation of the adhesion in the hybrid 
three-dimensional compound and summarizes the process parameters and materials. 

 

 
Figure 8: Injection moulded metal-polymer technology carrier for close-to-reality tests 

 
For corrosion prevention, the steel component is zinc-coated. In the case of the three-dimensional 
technology carrier, the soft steel DX57+Z with good deep drawing abilities is used. The specimen has 
a polyamide 6 polymer component with fibre reinforcement (PA6 GF30). Injection moulding of the 
technology carrier is conducted according to [1]. It is necessary to assess the impact of the presented 
surface defects (Figure 2) on the corrosion resistance and mechanical properties of the hybrid com-
pound. Therefore, the technology carrier with flatbed lamination was exposed to environmental influ-
ences according to the internal test specification PV 1210 of the Volkswagen AG [4]. PV 1210 in-
volves salt spray tests and varying climate conditions with different humidity and temperature. The 
complex design of the specimen and the thermal mismatch of steel and polyamide 6 lead to a mechan-
ical load in the joining zone. Figure 9 shows the technology carrier after 15 cycles of PV 1210. The 
sample shows several corrosive spots at the cutting edges as well as amidst the surface. Besides the 
ones that result from the previously introduced surface defects, the edges at overmoulded areas do not 
show any significant infiltration.  

 
Figure 9: Technology carrier with flatbed lamination after 15 cycles of PV 1210 
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In addition to the visual inspection of the metal-polymer hybrid compound, destructive tests were 
conducted after corrosive ageing. Prior to the testing at 23 °C and 50 % rel. humidity, all samples are 
conditioned according to ISO 1110 at 70  °C at 62  % rel. humidity. The quasistatic torsion tests of the 
technology carrier at an angle speed of 1,5 °/s as well as the evaluation are carried out analogous to [1]. 
Figure 10 shows the torsion moment plotted against the torsion angle of the quasistatic torsion tests on 
the technology carrier. The reference without ageing is compared to samples that were exposed to 
15 cycles of PV 1210. Determined are the torsion stiffness (ET) between 5 and 50 Nm and absorbed 
energy (WT13) from 0 to 13 °. The torsion stiffness decreases from 14,6 to 13,2 Nm/° (–10 %) and the 
absorption of energy from 950 to 880 Nm (–7,4 %). Possible reasons for the decreased properties are 
the corrosive infiltration of the film in load bearing areas or the ageing of the polymers themselves.  

 

 
Figure 10: Torsion tests of technology carrier with flatbed lamination after 15 cycles of PV 1210 

 
Good lamination quality is crucial for ageing performance and corrosion performance. The investiga-
tions show, that the film-adhesive could possibly function as an anticorrosive, if all surface defects are 
avoided and open cutting edges overmoulded. A suitable production process for the film-application 
including efficient quality assurance methods are highly indispensable, for a successful implementa-
tion of the film-adhesive in the automotive industry. Preliminary tests on laboratory scale proved that 
rolling the adhesive film directly onto a pre-heated metal sheet is feasible. Therefore, the industrial 
scale coil coating was initiated. 

3.3 Development of a large-scale application process for the film-adhesive 
Coil coating is particularly suitable for large-scale application of laminates on flat steel substrates. It is 
a continuous, highly automated and efficient process for coating or laminating metal coils. A scheme 
of the coil coating line of Salzgitter Flachstahl GmbH is shown in Figure 11. Subsequent process steps 
are decoiling, mechanical stitching, cleaning, pre-treatment, drying, primer coating on one or both 
sides, oven curing, finish coating on one or both sides, oven curing, film laminating, recoiling. 

In a first trial, the film-adhesive nolax Cox 490-1 was laminated on GI steel strip. About 250 m 
were coated under testing several production parameters like laminating temperature and speed. The 
upper side was coated with the nolax film while the other surface was coated with a black coil coating 
finish. 
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Figure 11: Scheme of coil coating line of Salzgitter Flachstahl GmbH [3] 

 
The coating quality is crucial for a good performance of the subsequent produced parts and therefore 
an immediate quality test is needed. Different types of test methods were looked at in order to find a 
suitable quick test such as cupping, pressure water-jetting (ISO 16925:2014), cross cut tests etc. How-
ever, these test methods were not able to provide definite differences in quality in the required limited 
time. Proper rapid testing methods for these films have to be developed and are being investigated in 
current research. 

3.4 Enhanced polymer-metal hybrid structures with coil coating 
The single-lap shear specimen (Figure 12) is used to assess the influence of the application process of 
the film-adhesive nolax Cox 490-1 on the tensile bonding strength. Like the technology carrier, the 
injection moulding of the single-lap shear specimen takes place according to [1]. In Figure 12, the 
process parameters and materials are summarized. 

 
Figure 12: Injection moulded metal-polymer single-lap shear specimen for tensile test based 

on DIN EN 1465 

 
Figure 13 illustrates the achievable average tensile strengths and standard deviations in single-lap 
shear tests at 5 mm/min. The reference with flatbed lamination shows a tensile strength of 
12,3 ± 1,0 MPa. For the coil coating process, a correlation can be drawn between tensile strength and 
coil speed as well as the peak metal temperature (PMT). Especially higher coil speeds implicate a de-
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creased tensile strength. The combination of low coil speeds and a PMT above 250 °C lead to compa-
rable results as the reference applicated by flatbed lamination. At the lowest coil speed and the highest 
PMT, up to 14,4 ± 0,2 MPa (+ 17 %) can be reached with coil coating. Furthermore, the overall stand-
ard deviation in the coil coating process amounts to only 20 % of the reference. 

 
Figure 13: Tensile strength and fracture patterns of flatbed lamination and coil coating in single-lap 

shear testing  

 
The corresponding fracture patterns provide additional information about the process quality. In the 
case of the flatbed lamination, a mixed fracture with cohesive parts in the film occurs [cf. 2]. However, 
it shows streaks and scratches in the surface that were already visible right after lamination (cf. Figure 
2). For the coil coating process, the failure occurs more homogeneous and with less surface defects. It 
shows larger parts of adhesive failure that appear mostly close to the metal substrate. It is observed 
that the cohesive failure fraction in the film increases at higher tensile strengths.  

With the coil coating process, the poor surface quality of the flatbed lamination process could be 
significantly improved. Figure 14 shows the comparison of the surface topography of the laborato-
ry-scale flatbed lamination process and the developed coil coating process. The topography of the 
surface (6,5  6,7 mm) is visualized with a confocal microscope. Surface damages like linear scratches 
that are caused by the flatbed lamination, are detected. These partly reach through the entire film down 
to the zinc coating. Furthermore, irregularities of the film thickness can be observed. The coil coating 
process on the other hand shows a mostly undamaged surface with a negligible variation of film 
thickness. 

 
Figure 14: Visual comparison of the achievable surface quality with a confocal microscope 
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In order to examine the improvement in corrosive resistance, metal sheets (200 x 180 mm) with 
film-adhesive applied by flatbed lamination as well as coil coating V1 and V3 were exposed to 
14 cycles of PV 1210. For a defined damage, scratches down to the metal substrate (100 mm) were 
preinduced into the film to assess the resulting infiltration or separation of metal and film (Figure 15). 
All three versions show corrosive infiltrations at the open cutting edges. Surface defects in the flatbed 
laminated film also lead to corrosive infiltration in several spots. The coil coated film performs signif-
icantly better and the infiltration solely takes place where the scratch was preinduced. However, the 
coil coating version with the lowest tensile strength (V1) shows slightly less distinctive corrosive 
marks compared to the highest strength (V3). 

 
Figure 15: Corrosive infiltration of film-adhesive for different application processes after 14 cycles of 

PV 1210 

 CONCLUSION AND OUTLOOK 3
The polymer-metal hybrid technology has been transferred onto a highly safety-relevant component in 
the automotive industry [1]. Load-optimized design and the film-adhesive nolax Cox 490-1, helped 
achieving the target of a cost- and weight-efficient polymer-metal hybrid seat structure that meets the 
safety requirements. The consistent process chain for a close-to-production maturity level has now 
been established by developing a full-scale and highly efficient coil coating process for the 
film-adhesive. Compared to the reference process, the tensile strength of the metal-polymer hybrid 
compound could be improved by 17 % with an increased process stability. Furthermore, the surface 
quality and corrosion resistance could be significantly improved due to the coil coating process. 

Further research has to be done on the investigation of additional load cases. This includes static 
modes  I (tension stress), II (shear stress) and mixed (mixed stress), dynamic loads and more complex 
close-to-reality load cases. In order to identify the ideal process parameters for the coil coating, an 
optimization using DoE-methods has to be conducted in a smaller scale. Since most steel components 
in the automotive industry require corrosive protection, a double-sided film lamination should be in 
the focus of future research and plant design, in order to seal open edges by overmoulding. 

For a holistic estimation in the next step the economic and environmental performance must be 
clarified and evaluated. 
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ABSTRACT 
A modern car body structure is driven by the multi-material design approach. The best material at the 
correct place is the objective. Consequently, components made of dissimilar materials need to be 
joined and the applied joining technology becomes a key issue for crashworthiness and structural reli-
ability. In the present work, connections between steel and aluminium using adhesive bonding com-
bined with self-piercing riveting and their structural design are investigated. The safe application of 
this hybrid joining technology in a vehicle structure requires detailed knowledge about its mechanical 
behaviour. For that purpose, riveted, bonded and hybrid connections need to be characterized under 
tension, shear and mixed mode loading. In the present work, results obtained from a novel test setup 
are presented. The response of self-piercing riveting and adhesive connections is discussed separately 
as well as the interaction between both joining technologies. Furthermore, a new test setup for adhe-
sively bonded and point-wise connected components is presented. Here, load combinations compara-
ble to a vehicle crash are introduced into the connections. The developed setup facilitates successive 
failure of multiple connections and enables a broad validation of numerical connection models. 

 

 INTRODUCTION 1
Stricter legal and social requirements on pollutant emissions and energy consumption of passenger 
cars increase the demand for lightweight vehicle structures. Therefore, a multi-material design ap-
proach becomes essential in the design of a modern car body. However, joining of dissimilar materials 
is a challenging task and requires the application of new joining technologies. Self-Piercing Riveting 
(SPR) in combination with adhesive bonding is widely used in modern car bodies for joining steel and 
aluminium components. Virtual tests using numerical methods are applied to improve the crashwor-
thiness and to ensure passenger safety. Consequently, accurate and efficient numerical models of the 
applied joining technologies are required. These models are calibrated from the mechanical behaviour 
of the connection. The literature provides a variety of experimental setups to characterize connections 
under tension, shear, peel and mixed-mode loadings. Typically, these studies are performed separately 
on SPR connections [1–4] and adhesively bonded connections [5–7]. However, as both joining tech-
nologies are applied in combination, suitable experimental setups for this hybrid joining technology 
are required. The validation of numerical connection models is another important aspect in their de-
velopment. Tests on component level are applied for that purpose. Here, loading conditions compara-
ble to a vehicle crash are introduced while cost and complexity are reduced significantly. The literature 
provides information on component tests of SPR connections [8,9] as well as adhesively bonded con-
nections [10,11]. However, modern steel-aluminium car bodies experience combined failure of adhe-
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sively bonded and SPR connections under crash loading. Consequently, a suitable component test set-
up for hybrid connections is needed. 

In this study, a multi-scale testing approach for bonded SPR connections is presented. A new test 
setup is applied to characterize connections under tension, shear and mixed-mode loading. Here, two 
rectangular plates are joined and assembled to form a cross shaped specimen and loaded up to failure 
of the connection. Riveted, bonded and riveted bonded (hybrid) cross specimens are tested. Further-
more, a novel component test for joined steel-aluminium structures is presented. Here, two Hat Profile 
(HP) sections are joined using adhesive bonding combined with SPR and tested in a 3-point bending 
setup. The setup is optimized to provide a broad validation of numerical connection models. Experi-
mental studies are performed on a steel-aluminium material combination representative for modern car 
bodies. The top sheet of the connection is a cold rolled micro-alloyed steel. The bottom sheet is a 6000 
series aluminium alloy. The sheets are joined using a crash modified, hot curing epoxy adhesive and 
self-piercing rivets. 

 

 CHARACTERIZATION OF BONDED SPR CONNECTIONS 2

2.1 Experimental setup 
The mechanical behaviour of riveted, bonded and hybrid connections was investigated. Here, two 
rectangular plates were overlapped to from a cross shaped specimen. The plates were joined in the 
center by either SPR, adhesive bonding or a combination of both (Figure 1).  

 

 
Figure 1: Cross specimen joint configurations 

 
The adhesive of the bonded and hybrid specimens was cured in the ofen at 180° for 20 minutes. The 
heat treatment might influence the mechanical behaviour of the steel and aluminium plates. Therefore, 
the riveted specimens were subjected to the same cure cycle. 

A new test rig introduced by Sønstabø et al. [12] was applied to characterize connections under 
tension, shear and mixed mode loading (Figure 2). Cross specimens were bolted to a fixed lower part 
and a moveable upper part. The upper part was guided inside a stiff steel casing by low friction roller 
bearings. Hence, the upper part could only move in the direction of the applied force. This was espe-
cially important under shear and mixed-mode loading. Here, the asymmetric configuration could cause 
unwanted rotations and displacements transverse to the loading direction. The rigid design of the new 
test rig ensured good control over the loading mode and boundary conditions. Cross tests were per-
formed under quasi-static loading conditions 
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Figure 2: New cross test rig design 

2.2 Experimental results 
Test results of the riveted, bonded and hybrid cross specimens are discussed in the following. Figure 3 
shows the force-displacement response under tension loading.  
 

Figure 3: Force-displacement response under 
tension loading 

Figure 4: Deformation behaviour under tension 
loading 

 
The highest joint strength was achieved for the riveted configuration. Here, failure occurred when the 
top sheet was pulled over the rivet head (Figure 4a). The initial stiffness of the bonded specimen was 
significantly higher compared to the riveted configuration. The maximum force was reached once a 
crack was initiated at one side of the adhesive specimen. The maximum force and the failure dis-
placement of the adhesive configuration were significantly lower compared to the riveted configura-
tion. The behaviour of the hybrid specimen was defined by an almost sequential loading of the adhe-
sive and riveted connection. Initially, the response was dominated by the adhesive connection. Failure 
of the adhesive layer was initiated from one side. However, the crack propagation was stopped by the 
SPR connection at the center of the specimen. Subsequently, a crack was initiated and propagated from 
the other side. Two force peaks can be observed as a result of that failure sequence. The riveted con-
nection provided further load carrying capacity beyond failure of the adhesive connection. The 
force-displacement response of the riveted and hybrid configuration was comparable after adhesive 
failure. However, the failure mode of the SPR connection was different. In the hybrid configuration 
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the rivet was pulled out from the bottom sheet (Figure 4b). This might indicate a slight reduction of the 
mechanical interlock due to the adhesive layer. The impact on the maximum force and failure dis-
placement of the SPR connection was negligible. Failure of the adhesive layer was dominated by co-
hesive failure for both the adhesive and the hybrid configuration. However, small areas can be identi-
fied where no adhesive is present due to inclusions of air (Figure 4c). These air inclusions were intro-
duced during the riveting process. 

 
Figure 5 shows the force-displacement response under shear loading.  

 

Figure 5: Force-displacement response under shear 
loading 

Figure 6: Force-displacement response under 
mixed-mode loading 

 
In the riveted configuration the force increased almost linear in the beginning. The rivet started to ro-
tate with increasing load. Pull-out of the rivet from the bottom sheet caused connection failure. The 
maximum force under shear loading was significantly higher than under tension loading. No sudden 
force drop can be observed even after the rivet was pulled out from the bottom sheet as the rivet was 
clamped in between both sheets. The initial stiffness of the bonded and hybrid configuration was high-
er compared to the riveted specimens. The shear loading resulted in a more uniform stress distribution 
inside the adhesive layer. The maximum force was approximately four times higher than under tension 
loading. Failure was characterized by a sudden crack inside the adhesive layer. As expected, the be-
haviour of the hybrid specimen beyond adhesive failure was comparable to the riveted specimen. Fail-
ure was also defined by rotation and pull-out of the rivet from the bottom sheet. 

The force-displacement response under mixed-mode loading is shown in Figure 6. The deformation 
and failure behavior of all joint configurations was comparable to the shear load case. The joint 
strength under mixed-mode loading was in between the shear and tension load case. 

 

 COMPONENT TEST 3

3.1 Experimental setup 
A new component test for hybrid connections was developed. Here, two HP sections are joined using 
adhesive bonding combined with SPR and tested in a 3-point bending setup (Figure 7). 
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Figure 7: Principle of the new component test setup for hybrid connections 

 
The SPR process requires access to the joining location from both sides. This is enabled by the open 
geometry of the HP sections. The well-defined boundary conditions of the 3-point bending setup en-
sure a simple correlation with numerical models. Ten SPR connections are distributed evenly over the 
length of the lower HP section. The adhesive layer has a nominal width of 15 mm and a nominal 
thickness of 0.3 mm. The geometry of the HP sections largely determines the loading introduced into 
the connections. It is of foremost importance to subject the connections to a wide range of different 
loading modes to enable a broad validation of numerical models. However, this can hardly be achieved 
with only one specimen configuration. Therefore, two configurations were developed, one for normal 
and one for shear dominated loading. In the normal configuration (Figure 8a), the top and bottom HP 
section have the same height. 

 

 
Figure 8: Bending behaviour of the normal (a) and shear (b) configuration 

 
The top HP section is bent for increasing impactor displacement, while the bottom HP section remains 
straight. This results in a relative displacement normal to the connected surfaces. Hence, the connec-
tions are loaded in tension. In the shear configuration (Figure 8b), the height of the bottom HP section 
is significantly reduced. Furthermore, the top HP section is now made from the thicker aluminium 
sheet and the bottom HP section is made from the thinner steel sheet. Both changes reduce the bending 
stiffness of the lower HP section significantly. The relative displacement is now tangential to the con-
nected surface, resulting in a shear dominated loading. Quasi-static experiments were performed for 
both specimen configurations. 
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3.2 Experimental results 
Figure 10 shows the impactor force-displacement curves for both specimen configurations. 
 

 
Figure 9: Experimental force-displacement curves of 

the normal and shear configuration 
Figure 10: Failure sequence of the normal 

(a),(b) and shear (c),(d) configuration 

 
In the normal configuration, the top HP section deformed plastically underneath the impactor for in-
creasing force. At position 0, a crack was initiated inside the adhesive layer. The maximum force was 
reached right before failure of the first SPR connection at position 1 (Figure 10a). The crack inside the 
adhesive layer propagated towards the center of the specimen for increasing displacements accompa-
nied by successive failure of three more SPR connections at positions 2 to 4 (Figure 10b). The maxi-
mum force in the shear configuration was slightly higher than in the normal configuration. Here, forc-
es increased up to the point where the top HP section started to buckle underneath the impactor. At 
position 0, a crack was initiated inside the adhesive layer. The crack propagated towards the center of 
the specimen for increasing impactor displacement. Figure 10c shows the shear specimen right before 
failure of the first SPR connection. In total, four SPR connections failed in short succession marked by 
positions 1 to 4 (Figure 10d). The bottom HP section remained straight in the normal configuration but 
bent significantly in the shear configuration, successfully introducing different loading modes into the 
connections. Consequently, failure behaviour of the SPR connections differed significantly between 
both specimen configurations. 

  

 CONCLUSION 4
A new test setup was presented for characterizing connections under tension, shear and mixed mode 
loading. Quasi-static tests were performed on riveted, bonded and hybrid cross specimens. Hybrid 
specimens experienced an almost sequential loading of the adhesive and SPR connection. Here, the 
adhesive connection showed a stiffer response and a lower failure displacement. The strength of the 
adhesive connection under shear loading was significantly higher compared to the SPR connection. 
The SPR connection provided further load carrying capacity after failure of the adhesive. The presence 
of an adhesive layer had no significant impact on the behaviour of the SPR connection. The cross test 
results provided valuable information on the behaviour of hybrid connections and will further be used 
to calibrate numerical models. 

A new component test to validate numerical models of steel-aluminium connections was presented. 
Test specimens consisted of two HP sections joined by adhesive bonding in combination with SPR. 
The specimens were tested in a 3-point bending setup up to failure of the adhesive and multiple SPR 
connections. Two specimen configurations were proposed, one for normal dominated and one for 
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shear dominated loading. Both specimen configurations yielded successive failure of multiple SPR 
connections with different failure modes. The developed component test setup is therefore well suited 
for validating numerical models of hybrid connections. The setup will further be tested under impact 
loadings for validation of numerical connection models applied in vehicle crash analysis.  

It was shown, that the mechanical behaviour of a connection can be successfully established 
through experimental tests. However, a full characterization involves an extensive and costly test pro-
gram. Furthermore, the joint behaviour depends strongly on the material combination and a large 
amount of different materials are applied in a modern car body. Therefore, alternative methods are 
required.  A virtual test setup enables an efficient joint characterization without cost and time con-
suming experimental tests. This virtual characterization approach will be studied in future research 
work. 
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ABSTRACT 
New megatrends in the automotive sector like alternative powertrains, autonomous driving or car 
sharing but also continuous improvements like increased safety regulations or CO2-emission standards 
can be influenced directly but also indirectly by an application-orientated selection of the used materi-
al or material combination. Thereby a new generation of material concepts can help to fulfil the partly 
divergent requirements and conflict of objectives consisting of strength, stiffness, energy absorption or 
lightweight. Further, the materials must be suitable for volume production and easy to integrate into 
established manufacturing processes like cold or hot forming and assembling, especially joining. Of 
course, new materials should be cost-effective, recyclable and completely simulatable. 

To reach those targets, material scientists have different approaches like developing a monolithic 
metal or a compound structure, varying by fundamental basics like alloying elements, microstructure, 
number of phases, homogeneity, anisotropy, cross-sectional profile but also layer set-up and order [1]. 

The present paper takes up the mentioned diversity and introduces into different further developed 
material concepts which can be differentiated into opportunities for creating tailored properties of aus-
tenitic cold-hardening stainless steels, surface structured thin steel sheets and steel-polymeric compo-
site structures. For every development, the focus is targeted to the combination of strength, stiffness 
and lightweight with the question how to increase every single value of the combination by using one 
of the new material concepts. 

The target application is thereby the field of alternative powertrains, especially the application area 
of electric mobility. Therefore, three different concept ideas are given for this strategic part of automo-
tive development. One element is to use significantly cross-industry innovations to ensure a fast inte-
gration combined with reliable experience into this new application field. 
 

 INTRODUCTION 1
In 1886 Gottlieb Daimler with his invention of a motorised carriage and Karl Benz with his invention 
of a motor vehicle established the automobile as one new individual private transport technology for 
passengers [2]. Parallel to the development of the automobile with combustion engines, researchers 
also developed successfully on electric vehicles. As two substantial examples Werner von Siemens 
with his electrically powered carriage (1882) or the electric cars developed by Ludwig Lohner und 
Ferdinand Porsche for the world exhibition 1900 in Paris can be pointed out. Passenger cars with 
combustion engines dominate the 20th century because of their significant expanded range, availability 
and price of the fossil fuels as well as the quick refuel process. During the last years, the frame condi-
tions like the increased price and limitedness of fossil fuels but also the social desirability and ac-
ceptance changed. Therefore, electric vehicles experience a renaissance [3]. 

Simultaneously staged megatrends like autonomous driving or car sharing reinforced this trend. Fur-
ther, regions inside Asia and Africa show an increased need for transportation concepts. Especially the 
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topic of “last-kilometre” transportation for goods can be pointed out. In turn, the changing kind of mobi-
lity also results into demands for application-specific material concepts. As the main requirements for the 
mentioned application field of transportation, the key topics of lightweight, strength, stiffness and safety 
(resistance against impact) can be highlighted. At the same time, other important aspects like joinabil-
ity, especially for multi-material-design, but also formability, corrosion resistance, an aesthetic impres-
sion of the surface, global availability, recyclability and the material-specific CO2-footprint (life cycle 
engineering) must be also keep in mind during material selection and vehicle development [4, 5]. 

As one outcome of material development inside Outokumpu to support the efforts of the automo-
tive industry and to realize the future expectations for transport systems, Figure 1 summarizes different 
material-related solutions to fulfil the alleged contra-diction between the four key-topics lightweight, 
strength, stiffness and crash-safety. 

 
Figure 1: Overview of innovative material concepts by Outokumpu 

 AUSTENITIC COLD-HARDENING STAINLESS STEELS 2
Stainless steels with a stable one-phase, fully austenitic microstructure can be developed because of a 
special hardening mechanism called TWIP-effect (Twinning-Induced Plasticity) into the material cate-
gory of ultra-high strength steels. Responsible for this characteristic profile are the coordinated alloy-
ing elements like chromium and manganese reaching in a specific stacking fault energy. As a result, 
the cold-formable material enables an intensive work-hardening during cold-rolling of the material but 
also during cold-forming of the component or during impact situation of the vehicle. At the same time 
an enormous energy absorption can be realized because of the outstanding relation of the mechan-
ical-technological values. By taking advantage of the work-hardening effect, a complete material se-
ries could be created by cold-rolling with just one chemical analysis, view Figure 2. [6] 

 
Figure 2: Mechanical-technological values of Forta H-series 
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The same effect supports the application during an impact or crash-situation. Furthermore, the 
component-manufacturer is able to adjust the local desired properties of the material in dependence of 
the cold-forming degree, view Figure 3. Design engineers can create higher strength or higher ductility 
areas inside one component where the usage conditions of the components require it. 

 

 
Figure 3: Resulting microstructure and mechanical values depending on the cold-forming degree. 

 
In manufacturing of transport system, especially automotive car bodies, engineers use arrangements to 
have the right material at the right place and therefore to reach the relevant properties. Such approach-
es are called “multi-material design” or “using tailored products”. [7] 

A further developed approach in combination with the described material characteristic is therefore 
to initiate areas with a higher strength in combination with areas having a higher ductility. In relation 
to state-of-the-art material usage, this circumstance leads to an additional design criteria for materials 
beside a varying thickness with homogeneous mechanical values. 

2.1 Integrated load-paths 
The material concept of a TWIP-hardening and fully austenitic steel was now complemented by a 
process innovation to create ductility areas inside a high strength matrix having the same chemical 
composition and microstructure inside one material. Figure 4 points out one possible cold-rolling with 
a structured roll inspired by a honeycomb structure to integrate load-paths into the steel. 

 

Figure 4: Cold-rolling with a structured roll to integrate load-paths into steels 

 
Simple wave structure as 1st trials were carried out whereby the waves are displaced to each other to 
realize ductile areas called “combs” or “core” surrounded by higher strength indentations called “load 
paths” or “webs”. The local-shaping is directly related to the above described cold-forming degree of 
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the base material and results with a global view of sample properties in an increased yield strength but 
with nearly original ductility, view Figure 5. The deformed product with cold-formed indentations 
seems to have a better fatigue behaviour by creating a supporting effect of the ductile areas to the 
higher strengthened webs. Furthermore, the thesis of a particularly lower springback during forming 
operations when compared with state-of-the-art homogeneous materials can be formulated. Summa-
rizing the product combines areas of higher ductility embedded in a matrix with a higher strength. The 
resulting product can be used because of its properties in crash-relevant applications like pillars or 
crash-boxes but also in fatigue and strength optimized structures like cantilever cranes, outriggers or 
agricultural machines. 

Figure 5: Effects on the mechanical properties because of inserting load paths 

2.2 Flexible rolling 
Another combination of a process and a material concept to create Tailored properties are flexible 
rolled blanks, which are metal products having different material thicknesses along its length. Usually, 
a subsequent recrystallization annealing process and a galvanizing step follow to the origin flexible 
cold rolling or eccentric rolling process. As a consequence, homogeneous mechanical-technological 
properties result. 

Following the design rule of having the “right material at the right place”, it means for flexible 
rolled blanks in state-of-the-art status just to have the right thickness at the right place. The mechanical 
properties, such as the tensile strength, will maintain at the same value as well as the ratio of the ulti-
mate loads F as the product of the thickness, the tensile strength Rm and the width of the material be-
tween the flexible rolled area and the unrolled area. Thus, it is not possible to create areas with differ-
ent strength and ductility, e.g. for a subsequent forming process or for fatigue depended component 
properties. 

Using a stable one-phase, fully austenitic microstructure with the cold-hardening effect of TWIP in 
combination with the flexible rolling process, a combination of mechanical properties with thickness 
variation can be realized. As a result, the thickness reduction in the further cold deformed areas of the 
initial material is now combined with a specific and balanced local change in the mechanical proper-
ties of the material, such as yield strength, tensile strength and elongation, view Figure 6. 
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 Figure 6: Relationship of thickness and technological values for enhanced flexible rolling 

 
To point out the resulting benefits in mechanical properties, Figure 7 shows a simple way of calcula-
tion for a state-of-the-art flexible rolling process with annealing and galvanizing in relation to the en-
hanced process using a fully austenitic material with TWIP hardening and without a further annealing 
step. 

Figure 7: Relationship of thickness and technological values for enhanced flexible rolling 
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As a consequence, the method of construction changes: State of the art, the higher thick areas are 
used for higher load areas. With this kind of innovation, it is now possible that thinner areas can bear 
higher loads than other areas, depending on the applied material. One further benefit could be that the 
strength can be adapted to the following forming steps of the component manufacturer: Areas like 
flanges which will not be formed during component manufacturing can have a higher strength in a thin 
state. Other areas with a thicker initial thickness can be formed because of the higher ductility and 
therefore thin-out during forming operation. 

 

 PROFILED SHEETS 3
Beside the direct material related lightweight, there exist further lightweight designs like concept 
lightweight design, conditional lightweight design or form and structure lightweight design [8]. The 
last one was applied in a targeted manner to realize lightweight of thin steel sheets just because of a 
local change of the surface structure. One solution was a profiled sheet, in more detail an anisotropic 
corrugated sheet with the geometry represented in Figure 8. The profiled structure was manufactured 
with cold-rolling using double-sided sinusoidal structured rollers. 

 

Figure 8: Profiled structured stainless steel sheet 

 
As a result, a significant higher bending strength of +150 %, depending on the material direction, was 
able to create. At the same time, a lightweight of 27–29 % depending on the microstructure and mate-
rial rigidity can be worked out. Further, an attractive appearance and a modified acoustic-behaviour 
can be added with the present structure. With a view to electric mobility and more specific to battery 
compartments, additional functionalities like sensor and measuring technologies as well as a defined 
thermal management can be integrated into the wave troughs. Setting-up the corrugated sheets as a 
package, functions of a heat exchanger or channels for cooling fluids can be realized. The profiled 
structure can be produced within a standard cold-rolling process for stainless steels. The solution can 
be adapted for all grades of stainless steels as coils or sheets with a width of 1250mm. Thereby an-
nealed but also cold-hardened materials like pointed out in chapter 2 can be used. With the last aspect, 
it is further possible to combine different technologies and material concepts to reach at the end an 
increase of strength, stiffness and lightweight at the same time. Further profiles also with an isotropic 
rigidity are under development.  
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 WELDABLE SANDWICH WITH 3D-PROFILED CORE 4
By using this profiled sheet as a 3D-profiled core material, a subsequent innovation for steel-polymer-
ic composite structures, often called “sandwich structures”, was possible to develop. The key of the 
material innovation is to combine the profiled metal with a polymeric material filled in from two sides. 
A dual-material core with an unidirectional supporting effect results, added by two thin stainless steel 
sheets as outer-layers, view Figure 9 and 10.  

Former sandwich solutions had not been successful in spite of their enormous lightweight potential 
because of their insufficient weldability and a lower stiffness compared to monolithic metals. 

 

 

Figure 9: Up-set of the different layers of Outokumpu’s Weldable Sandwich 

 
The resulting stainless sandwich structure called “Weldable Sandwich” is the first direct weldable 
steel-polymeric composite structure for automotive car body, transport and construction engineering. 
The developed sandwich structure is now able to combine the automotive challenges consisting of a 
reduced weight (–30 %) with an increased stiffness of +80 % compared to a monolithic material with 
the same thickness at the same time. Further, a better behaviour in point of acoustic, energy absorption 
and crash safety is enabled. Thereby no changes during manufacturing are necessary: the Weldable 
Sandwich can be handled like a conventional steel sheet during component manufacturing in point of 
joining, cutting or punching and limited in point of forming. The profiled core, pointed out in detail in 
Figure 10, enables at every time a metallic contact between booth thin stainless outer-layers with the 
result of having a constant electrical current flow during resistance welding. Thereby, no special 
clamping devices, welding machines or specific welding parameters like more-impulse welding or a 
previous displacing of the polymeric core material are necessary. 
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Figure 10: Final structure of the Weldable Sandwich with metallic contacts 

 
Dissimilar welding combinations in a lap-joint configuration with monolithic metals are possible. 
Moreover, also similar sandwich-with-sandwich combinations are possible, view Figure 11. In such a 
case, the current flow can be enabled by the profile over in sum six metal layers. Using typical contact 
diameters for electrode caps of dEL = 5.5 mm, the used profiled sheet core material enables at every 
location a minimum number of two waves as a contact for current flow because of the wave length λ = 
2.5 mm. 
 
 

 
Figure 11: Dissimilar (above) and similar (below) resistance spot welding of the sandwich. 

 
Furthermore, the sandwich solution offers also for mechanical joining processes like riveting ad-
vantages like a significant higher power transmission and compressive rigidity in comparison to other 
tested sandwich structures. The profiled core enables for these cases the possibility of a mechanical 
clamping and additional reinforcement between the core and the joining elements, view Figure 12. 
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Figure 12: Structure of Weldable Sandwich after mechanical joining with a half-hollow rivet 

 
Summarizing, the innovation of a profiled core solves the question how to fulfill the requirements with 
a geometry depending answer: Because of the continuous contact between the metallic outer-layers at 
every time stiffness and acoustic advantages combined with a direct resistance weldability can be ena-
bled. The Weldable Sandwich with its described benefits was awarded with the Best-of-Award for the 
category “material“ during the 15th Materialica Design- and Technology Award-Show for the most 
innovative material development in 2017 (Munich, 10/2017). 

 CONCEPT IDEAS FOR ELECTRIC MOBILITY 5
One effective method to create new products or solutions is to apply cross-industry innovations 
whereby the method deals with drawing analogies and transferring approaches between contexts. Tar-
get is to enlarge the border of the own business to other sectors and areas where the new innovation for 
the own application field is used since many years with a high level of experience and reliability. 
Therefore Vullings and Heleven [9] concluded that “the best way to develop ideas is to look at other 
places”. This method is applied in the following subchapters to introduce new ideas into the market of 
electric mobility. 

5.1 Individualized surfaces 
The electric mobility in combination with other major trends like autonomous driving or car sharing 
changes the requirements of the interior of the future. Because of this, some sources are speaking 
about the “interior as number one factor for future’s purchase decision” [10]. At the same time, the 
outer-skin remains a character-shaping identifying feature of a car. 

Inside this environment, stainless steel with its versatile possibilities of a patterned surface will act 
one important role in human-to-material-contact. Thereby, the well-known advantages of stainless 
steel surfaces for design-applications remain valid and open the possibility for cross-industry innova-
tions. In architectural applications like the Empire-State Building, New York, from the 1930ies or the 
Burj Khalifa as the highest building of the world, stainless steel surfaces are used because of their 
aesthetical and tasteful impression. Furthermore, stainless steel is used in medical and food technology 
because of its antibacterial properties and additionally in the application field of railway vehicles be-
cause of its easy cleanability and resistance against aggressive cleaning media. With a harmonious 
adjustment of optical properties like gloss level or reflection factor in combination with a specific pat-
terned surface, the visual appearance of a scratch-resistant surface can be emphasized.  Furthermore, 
the optical properties can be combined with safety benefits, e.g. used in series applications like the 
underride guard of the Mercedes Benz Actros where design and crash properties are successfully used 
since many years. Summarizing, further developed stainless steel surfaces offer unique features for 
future design concepts and beside that are highly customizable for passengers as well as for brands. 
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5.2 Spring steels as safety protection 
Another cross-industry innovation for electric mobility can be divided with a view to the application 
of springs where ultra-high strength austenitic stainless steels are produced by cold-forming since 
many years. According to DIN EN 10151 [11], tensile strength levels with the EN-code C1900 reaches 
1,900 up to 2,200MPa.  

The properties of cold-hardened spring steels were used to design a crash management system for a 
battery compartment to protect the battery modules and cells inside. The system refers to the physical 
operating principle of a mechanical compression spring combined with a double floor system, view 
Figure 13.  

The last aspect is an additional cross-industry innovation, inspired from maritime navigation, where 
a double-floor between the outer-skin and the inner bottom is statutory since the 19th century and 
serves the ship for an increased safety in the event of grounding or collision. Further, the whole ship 
stiffness increases because the double floor for ships is rigidly connected with inner beams. As a result 
of adapting this well-known concept of shipbuilding in combination with an inside compression spring 
effect now for Battery electric vehicles (BEV), the double-floor system will be yielded because of the 
spring effect and therefore absorb the crash energy without destroying of the inner bottom. Beside the 
fact that the vehicle battery will be directly protected, the forces and accelerations affected to the oc-
cupants will decrease significantly, too. 

Figure 13: Schematically view of the spring system inside a double-floor arrangement 

 
In the case of an underbody slitting, the sharp-pointed object will slip-off if the impact takes place 
with a slanted angle. The contact angle will decrease because of the spring effect. If the underbody 
impact of a sharp-pointed object takes place under a contact angle of 90° without the possibility of 
slipping, the outer-skin absorb the energy even if the sharp-pointed object will introduce into the space 
of the double-floor system but without damaging the battery system itself. 

For every embodiment typical spring values can used to characterize the properties of the crash 
system. One parameter is the spring rate which defines the ratio of a force which contacts the spring 
and the therefore induced displacement of the spring. Depending on the desired crash behaviour, the 
ratio can be shown a linear or a non-linear characteristic. A non-linear progressive characteristic could 
be used if the OEM wants to absorb firstly the energy and at the end creating a high resistance against 
the impact. Conversely, a degressive characteristic can be used if initially a high resistance is desired 
and then the energy will be absorbed. Another spring characteristic is the block length which can be 
defined in general for a compression spring as the situation where all windings rest on top of each 
other. Adapted to the case of a vehicle crash, it is the situation where the energy absorption and the 
thereto related impact of a compression spring system is exhausted. Now the system is compressed 
and further energy must be dissipated over inner beams or cross members. 
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As one calculation example, the final way of the spring system inside the double-floor system 
reaching the block length can be calculated with 0.1 m in the case that a vehicle with 1.5 tonnes 
weight collides under side impact conditions with a speed before impacting of v1 = 60 km/h. 

The battery compartment using such a double-floor system can be executed as a repeatable 
non-destructed system which can be continued used after the crash without further effort by getting 
itself into its origin starting configuration. 

One advantage of stainless spring steel systems is the benefit of corrosion resistance in the wet un-
derbody area of an electric vehicle. Further, stainless steels have a higher acid-resistance in the case of 
a leakage with battery liquid and a higher heat and thermal resistance. The last point is important that 
the battery compartment can maintain the structure during a case of fire. Also this can be interpreted as 
a cross-industry innovation, in this case from exhaust systems. 

5.3 Integrated safety cell 
As an outlook, a further developed safety concept for a battery electric vehicle should be given. Hav-
ing a view to passenger cars until the 1950ies, the disadvantage of having nearly the same material 
strength in longitudinal centre line of the vehicle affected the occupant safety significantly. Béla Ba-
rényi from Daimler AG defines in his DE patent application 854157C a passenger compartment 
whereby the strength decreases constant or in gradual phases in direction of the front and back end of 
the vehicle. The highest strength level of a material was reached inside the passenger compartment. 
Thereby, the security safety cell for passenger cars was invented to protect passengers during an acci-
dent or crash situation. Since then the front compartment and rear end of the car are known as de-
formable zones. Béla Barényi spoke about a centre cell for the higher strength passenger cell and outer 
cells for the softer front compartment and rear end. [2] 

Today, the crash requirements change again by introducing a battery compartment into the vehicle 
floor which is critical against an impact and resulting deformation. In particular, 27 % of all accidents 
happened as side impacts whereby 2 % of all accidents showing a speed of v ≥ 64 km/h. The number 
of side-impacts increases excessive for higher speed levels whereby 26 % of those side-impacts show 
a fatally effect and further 57 % with a severally injury of the occupants. [12] 

The invention of Béla Barényi was adapted by using again the physical operation principle of a 
compression spring and extended also for side impact (y-orientation) and underbody impacts 
(z-orientation), view Figure 14. The battery compartment was integrated into the former passenger 
safety cell whereby the security cell works like a spring on the block. Further, the integrated security 
cell is surrounded by a lower strength energy absorbing area in cross direction as well as in height 
direction of the vehicle. 

It is important to ensure that the physical protection according the UN R94 and R95 standards is 
given to protect against persons touching of the high-voltage components (IPXXB protection). Those 
components must be completely covered. For this, the integrated security safety cell can be designed 
into several inner rooms to separate the passengers from the engine. In this case the before described 
bulkheads known from ships but here in a horizontal orientation can separate the different spaces from 
each other.  

During a rollover situation, the complete weight of the battery components works on the roof 
structure which must be stable without buckling to safe the passengers. This fact can be also integrated 
into the present concept. Also for the roof structure, the security cell can be defined as a 
non-deformable cell surrounded by an energy-absorbing area. 
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Figure 14: Schematically view of integrated safety cell for battery electric vehicles 

 
Summarizing, this vehicle concept leads to a complete new design of vehicles, having a higher seating 
position for the passengers. In time of electric mobility in urban spaces, the traditional vehicle dimen-
sions which are aerodynamically optimized and characterized by a longer length and lower height 
could be changed into dimensions which are more compact in length but enlarged in height. The ne-
cessity of consumption reduction by optimizing the aerodynamic seems to be not relevant for future 
battery electric vehicles in urban areas. 

 

 CONCLUSIONS 6
The present paper places further-developed material concepts within the context of changing customer 
demands and more challenging requirements in the automotive world. Innovative material concepts 
divided by cross-industry innovations could be one substantial enabler to solve these contrary goals by 
dealing with local adjustable properties. This characteristic unites different material concepts inde-
pendent from their micro- or global structure, hardening mechanism or alloying concept. Further, all 
described material concepts combine general development objectives like lightweight, strength, stiff-
ness and energy absorption. Summarizing, current developed material concepts must provide evidence 
about their ability for a worldwide and large scale production in the area of automotive over many 
years. But already nowadays, the outlook can be formulated that these material concepts result in new 
design possibilities, sometimes changing design rules and as demonstrated within the chapter about 
“concept ideas for electric mobility” in new ways of thinking automotive and transportation. 
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ABSTRACT 
The objective of this work is to evaluate the possible uses of bio-based materials (natural fibres, matrix 
systems) and hybrid material concepts for sustainable mobility. In the first stage, this has been elabo-
rated for a door frame and door panel of a Porsche Cayman GT 4 Clubsport (981) as a test vehicle. On 
this demonstrator vehicle, the material concepts optimised in the laboratory for selected components 
are intensively tested in practice in the VLN racing and their suitability for serial production of various 
exterior components will be analysed. The holistic view is divided into three main points: 

 Technical evaluation (mechanics, vibration, semi-finished products, design, calculation) 
 Ecology (LCA) 
 Economy (supply chain, availability, production process, processability) 

This article is focused on the first results of the technical evaluation for the door frame and gives a 
first outlook on the ecology and economy aspects for the used materials. As part of the project, various 
exterior components are manufactured under different weighted aspects that allow the comparison of 
carbon, natural and, especially, hybrid fibre reinforced plastics, thereby highlighting the specific ad-
vantages of different material combinations, e.g. using a combination of flax and carbon fibres for 
reinforcement. In addition to the technical feasibility in terms of material properties and the processing 
methods as well as an ecological consideration, in particular the economic feasibility of these materi-
als is considered. The following chapters present the fundamental strategy of the project which is to 
transfer the results to a sustainable mobility in the future. 

 

 INTRODUCTION 1
In the automotive industry “fibre reinforced plastics” (FRP) have prevailed in recent years. FRPs are 
materials that are made up of at least two different components. They consist of a homogeneous carrier 
component, the matrix, the plastic and, embedded therein continuously or discontinuously, the rein-
forcing component, the fibres. These composites are of particular importance in the lightweight con-
struction sector and, due to their high-grade density-specific properties, are being used more and more 
frequently to replace materials such as steel and aluminium (Schürmann, 2007). When two or more 
types of reinforcing fibres are combined in a matrix in an FRP, the term hybrid fibre reinforced plastic 
(HFRP) is used (Neitzel et al., 2014). Hybridisation fuses the characteristics of two types of fibres in 
one component, and the proportion of their respective fibres allows the ratio between their advantages 
and disadvantages to be steered in a desired direction (John and Thomas, 2008, Amico et al., 2010).  

In the automotive industry, conventional reinforcing fibres such as carbon fibres and glass fibres 
cover the majority of fibre composite technologies due to their good mechanical properties (Flemming 
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and Roth 2003, Neitzel and Mitschang 2004, Schürmann 2007). The steadily growing public demand 
for sustainability, resource-saving and recyclable materials is moving more and more into focus, 
alongside mechanical properties such as the CO2 balance or durability (Müller and Krobjilowski 2003). 
In particular, the hybridisation of conventional reinforcing fibres with natural fibres promises a good 
compromise between mechanical properties and environmental compatibility, as the oil-based fraction 
in an HFRP is substituted or reduced by renewable raw materials (Dhakal et al., 2013, Ramesh et al., 
2013). High-performance fibres such as carbon or glass fibres used as reinforcement induce high 
strengths and stiffness, which decisively determine the mechanical properties of the fibre composite 
material. However, the disadvantageous, very cost and energy-intensive production with a corre-
spondingly poor CO2 balance and the exclusively conventional availability of petroleum-based carbon 
fibres is significantly compensated by the combination/substitution with natural fibres, because natu-
ral/organic fibres offer a number of advantages compared to the conventional (high-performance) re-
inforcing fibres (FNR 2007): 

 low density 
 better splinter behaviour under crash load 
 advantageous acoustic damping properties 
 low raw material costs 
 lower production-related energy consumption and consequently a better carbon footprint 
 physiologically easier handling 
 renewable raw materials, which guarantees a recurring availability 
 advantageous disposal properties 

The aim of the overall project is to develop high-performance hybrid materials and components and to 
investigate their technical, economic and ecological potential for use in the context of sustainable mo-
bility. In addition to classic material development, the focus is on the analysis of recyclability and 
economic considerations, taking into account raw materials and production costs, as well as the tech-
nology assessment (including ecological assessment) of hybrid materials from the point of view of the 
automotive industry.  

The project aims to produce a partially bio-based composite material that meets the component 
specification of the chosen highly stressed demonstrator parts in order to obtain the information re-
quired for a feasible serial production. In addition, the engineering parameters for component design 
for the newly developed bio-hybrid materials are determined. If, for example, a complete material 
substitution of carbon by bio-based fibres for the fulfilment of the individual points of the specifica-
tions for every part is not feasible, synergies through intelligent combinations are used to provide bet-
ter or at least functionally equivalent materials/components with an improved ecological performance. 
Bottlenecks of the bio-based fibres in the area of the mechanical characteristics are compensated by 
functional integration and stress-optimised hybridised structures. Appropriate concepts should also 
focus on the highest possible utilisation of production residues with regard to the conservation of re-
sources and the improvement of the CO2 balance. Politics, industry and science are provided with a 
basis of data for evaluation in order to favour ecologically advantageous hybrid constructions with 
materials based on renewable raw materials. 

 
The project objective of the holistic evaluation is divided into three key points: the technical, the eco-
logical and the economic valuation, which are systematically processed and build on each other, as 
shown in Figure 1. The technical assessment has the largest share in generating the necessary database, 
which is both component-specific and universal. During the project chosen components are mounted 
at the test vehicle and characterised due the racing season. The mechanical characterisation according 
to the corresponding standards of the automotive sector, as well as the recording of the price range 
depending on the purchase quantity supplements the market research with real values, and the aimed 
procedures and methods contain the technical part. As a result, there is a large selection of different 
materials that can easily be compared, supplemented or exchanged, simultaneously thereby providing 
information on cost effects, etc. for other parts in serial production.  
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Figure 1: Core points of holistic assessment of natural fibre reinforced plastics (NFRP) 

 
The technical, ecological and economic evaluations add up to the overall evaluation basis. Each of the 
three core topics is subdivided into further subtopics, which may look at the same aspect from a dif-
ferent point of view. For the ecological and economic parts, it is additionally necessary to figure out 
the data for the whole life cycle of a component part, especially the process data. This is content of 
further investigation: summarising the overall results in an evaluation basis that can individually set 
priorities in its assessment with regard to, for example, ecological advantage, price etc. and thus rep-
resenting a decision-making aid for the manufacturer. 

This article presents the results for the theoretical consideration of a selected door for the Porsche 
Cayman GT 4 Clubsport (981) with a technical view. In the context of the consideration, the effects of 
the individually set priorities are to be compared against each other. 

 

 STATE OF THE ART 2
In particular, the hybridization of synthetic fibres with natural fibres promises a good compromise 
between mechanical properties and environmental compatibility by replacing the petroleum-based 
fraction in a hybrid fibre reinforced plastic (HFRP) with renewable raw materials (Dhakal et al., 2013). 
In the following, selected mechanical properties of an HFRP with natural fibre content will be pre-
sented. When unidirectional scrims are combined into a biaxial scrim or tissue is used, the fibres in the 
different layers are loaded parallel and perpendicular to the fibre direction; a first failure always occurs 
in the transverse stress loaded layers (Hull and Clyne 1996). The fundamental, mechanical processes 
in a hybrid fibre reinforced plastic can be transferred from established FRP and are also subject to the 
conditions defined by Puck (Ehrenstein 2010): 

 The breaking strength of the reinforcing fibre must be greater than the breaking strength of the 
matrix σ𝑓𝐵> σ𝑚𝐵 

 The modulus of elasticity of the reinforcement fibre must be greater than the modulus of elastic-
ity of the matrix 𝐸𝑓> 𝐸𝑚 

 The breaking elongation of the matrix should be greater than the breaking elongation of the fi-
bre ε𝑚𝐵≥ε𝑓𝐵 
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The resulting mechanical properties depend, amongst other things, on the fibre volume content, the 
individual fibre length, their orientation and the fibre-matrix interaction (Sreekala et al., 2002, Amico 
et al., 2010, Fiore et al., 2012, Dhakal et al. Angrizani et al., 2014). For example, Davoodi and 
co-workers (2010) produced a bumper beam from a kenaf fibreglass hybrid and were able to demon-
strate a significantly higher modulus of elasticity and increased tensile strength compared to the con-
ventional, pure glass structure, underscoring the potential for using structural components in hybrid 
construction. Providing a high magnitude of research results, publications of NFRP and especially 
HFRP only a few applications of natural fibres could be found in the automotive sector, e.g. BMW i3.  

Tensile properties 
The tensile strength of an HFRP is significantly dependent on the strengths of the reinforcing fibres 
(Mallik P.K. 2007), (Drzal and Madhukar 1993). Various studies show that the influence on the tensile 
strength of an HFRP by the layer sequence is slight (Amico et al., 2010), (Pavithran et al., 1991). Var-
ious authors investigated the tensile strength of HFRPs with carbon and flax fibres in an epoxy matrix 
and were able to show that as the proportion of carbon fibres increases, the tensile strength, as well as 
the modulus of elasticity, increases, whilst the elongation at break decreases. The reason for this is the 
higher stiffness of the carbon fibre compared to the flax fibres (Dhakal et al., 2013), (Fiore et al., 
2012).  

Flexural strength 
The flexural strength part in general is determined by the tensile and compressive properties of the 
components as well as by the structure of the HFRP. Material failure occurs either by compressive 
and/or tensile loading or shear failure around the neutral fibre (Figure 8) (Kim and May 1998), (Ad-
ams et al., 1990), (Drzal and Madhukar, 1993), (McKenna, 1975). If the stresses in the outer layers are 
higher at a bending load, the logical consequence is to process high-strength fibres into the outer lay-
ers in order to achieve higher flexural strengths (Angrizani et al., 2014) (Pavithran et al., 1991). (Dha-
kal et al., 2013) investigated the influence of the hybridisation of flax fabrics with carbon fibres on 
flexural strength and showed that flexural strength increases compared to flax fibre reinforced epoxy 
due to the higher strength of carbon fibres, but reduces elongation at break. In addition, (Fiore et al., 
2012) a hybridisation has been shown to increase flexural strength. The influence of different fibre 
volume fractions of carbon fibres on a sisal/carbon polyester HFRP was investigated (Noorunnisa 
Khanam et al., 2010) and showed an increase in flexural strength with increasing carbon fibre content.  
 

 MATERIAL AND METHODS 3

3.1 Material 
The natural fibres used in this study were flax fibres supplied by Bcomp, Lineo, Microtex and Com-
posite Evolution. Using different surface weights in the range of 150–600 g/m2, various textures (twill, 
sateen, plain weave and biaxial non-crimp fabric) were used as well. The carbon fabrics used in this 
study were twill weave Hexel 43200 UE and a non-crimp X-C-408 g/m2 supplied by Seartex. The 
matrix was epoxy resin supplied by Sika as well as a bio-based epoxy resin supplied by Sicomin. The 
mould release agent used was Marbocote 625x eco. 

3.2 Component and transaltion to 2D test specime 
The focus in this paper lies on the door. Beside an iterate testing of the door within the racing season 
in the car for lay up and quality comparison three testing points were defined. To simplify and acceler-
ate the comparison between the different lay ups a translation from 3D structure to 2D laminates has 
been carried out. Further the translation enable the use of international standards e.g. DIN. Given that 
the door is manufactured with both an inner and an outer shell, three testing points were localised, as 
depicted in Figure 2.  
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1. Door frame external shell 
2. Door panel external shell 
3. Door frame internal shell 

 

1

2

3

 
Figure 2: Points for material characterisation of inner and outer door shell © Porsche AG 

 
The comparison therefore neglected load paths and 3D structures in the first step. The framework for 
the comparison of the NFRP and HFRP lay-up was defined by minimum requirements on the flexural 
and tensile properties imposed by Porsche AG that is represented due the 100 % mark in the results. 

3.3 Stacking sequences for tested samples 
As shown in Figures 3 and 4, with the exception of the door frame external shell of the HFRP, all 
laminates were manufactured by stacking four layers of different fabrics via vacuum assisted resin 
infusion. For confidential reasons, only the orientation and type (carbon fibre = black, natural fibre = 
brown) of fibre is published. All laminates contain fabrics of all orientations 0/90° as well as +/–45° to 
create a quasi-isotropic laminate. A directional design takes place later in the selected component 
structures. In Figure 3, the stacking sequence of the natural fibre reinforced plastics is shown. While 
using various fabrics for the door frames, a core (orange layer) made from renewable material was 
additionally used for the door panel. 
 

 
Figure 3: Stacking sequence of the natural fibre reinforced plastics for door frame external shell (point 1), 

door panel external shell (point 2) and door frame internal shell (point 3), see Figure 2 as well 

 
In Figure 4, the stacking sequence of the hybrid fibre reinforced plastics is shown. While using various 
fabrics for the door frames, a core made from renewable material was additionally used for the door 
panel, similar to the NFRP doors. 
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Figure 4: Stacking sequence of the hybrid fibre reinforced plastics (point 1), door panel external shell (point 

2) and door frame internal shell (point 3), see Figure 2 as well 

3.4 Sample preparation 
Before lamination, the natural fibres were dried for 60 min at 30 °C via vacuum to a moisture content 
of approximately 3 %. All the laminates were manufactured through vacuum assisted resin infusion 
(VARI) at 4 mbar and they were cured for 8 hours at 80 °C. The number of the layers was varied in 
dependence of the chosen component. Depending on the laminates, the thickness of the samples varied. 
For mechanical testing, the samples were cut with a precision saw DIADISC 5200. 

3.5 Experimental characterisation 
Five samples per laminate were tested for each lay-up through four-point bending tests according to an 
automotive standardisation based on DIN EN ISO 14125 by using a 100 kN Universal Testing Ma-
chine, model Z100 (Zwick/Roell – Germany) and setting the crosshead speed to 1 mm/min. Depend-
ing on material thickness, samples were sized 20 mm  80 mm (thickness ≥ 3.5 mm, span length 
60 mm) and 20 mm  100 mm (thickness ≤ 3.5 mm, span length 80 mm). Tensile properties were per-
formed according to an automotive standardisation based on DIN EN ISO 527-4 by using the same 
machine and testing parameters as were used for the bending tests. Five samples per laminate (25 mm 
 250 mm) for each lay-up were tested. All samples were conditioned for 24 h in standardised condi-
tions (23 °C / 65 % humidity) according to DIN EN ISO 291. 

3.6 Standardisation of fibre content 
To compare the different lay-ups, the fibre mass content was standardised to 50 %. For determination 
of fibre mass content, the different lay-ups were weighted after drying as well as the consolidated 
board after vacuum assisted resin infusion. Fibre mass content defined by ψ according to the equation: 

 
Ψz = wfibre/(wfibre + wmatrix) 

 
where wfibre is the weight of the dry fabric and wmatrix is the weight of used matrix after manufacturing.  

Based on these results, all laminates were standardised to a fibre mass content defined by ψ50 ac-
cording to the equation: 

 
Ψ50 = (xψ / Ψz) * 0,5 

 
where xψ is the measured value of a selected property with determined fibre mass content ψz.  

3.7 Relativisation of mechanical properties 
The different mechanical properties were relativised to allow a verification of the specification of each 
area of the door. Within these requirements, various cases, for example no buckling of the outer shell 
or bending of the door frame, were analysed. All measured values of bending and tensile properties 
with the exception of elongation of break were relativised to the specification of each area of the door.  
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The different properties were defined by xrel according to the equation: 
 

xrel. = (100/xreq) * xmeas 
 

where xreq is the given value of a selected property and xmeas is the measured value of this selected 
property.  

3.8 Comparison of prices 
Prices of the used dry fabrics were provided by the different suppliers. The matrix and the exact pat-
tern size of the door or the required fabric amount were initially neglected at this point. This means all 
presented prices correspond to 1 m2 of dry fabric combination when ordering an amount of at least 
2,000 m2.  
 

 RESULTS AND DISCUSSION 4
The presentation of the results follows the preceding objective of comparing an NFRP with an HFRP. 
In the first part, the requirement is to achieve a minimum of specified characteristic values, while the 
second part compares the effect of different structures on the selected properties (tensile and flexural 
properties, price and amount of renewable material). In addition to selected mechanical properties, the 
proportion of renewable raw materials in the form of the natural fibres used is compared, as well as the 
price for the dry laminate construction with an order quantity of 2,000 m2 and the change in weight 
using different materials and stacking sequences. It should be noted that both the proportion of re-
newable raw materials and the prices refer to 1 m2 of dry semi-finished products. The matrix system 
used and the component-specific area of semi-finished products are not considered in this illustration. 
Furthermore, the share of renewable raw materials makes no statements about the biogenic fraction or 
its influence on the carbon footprint. 

 

4.1 Directional flexural properties of fibre reinforced plastics 
Figure 5 compares the flexural properties of carbon composites with those of flax composites as a 
function of direction respectively fibre orientation. It has to be noted that these values are not adjusted 
to material thicknesses but correlate with each constructed door frame. The fibre mass content and 
thickness of the samples are summarised in Table 1. The load deformation curve for the carbon fibre 
0/90 sample is linear with a small non-linear region at the end of the test and a sudden drop after a 
peak load ending with a breaking at approximately 1.5 % deformation. Changing the direction within 
sample CFRP +/–45, the load deformation shows a linear beginning ending with expanded peak with-
out a sudden drop of load. Compared to CFRP 0/90, the maximum load is reached on average at one 
quarter of load, while deformation increases by one quart. For both flax samples, a non-linear behav-
iour is observed. Notable differences are observed in the near-to-failure zone of the load deformation 
curves. 

The sample NFRP +/–45 showed a similar behaviour to that of CFRP +/–45 with an expanded peak 
of maximum load and no breaking into two parts. However, the max load of NFRP +/–45 is three 
times as much and the deformation more than double that of CFRP +/–45. While CFRP 0/90 showed a 
sudden drop ending in a break, NFRP 0/90 reached its peak of maximum load at the same level, ob-
serving a gradual failure before breaking. On the other hand, the deformation of NFRP 0/90 is more 
than triple that of CFRP 0/90. In comparison, the NFRP showed only little change of load depending 
on the fibre direction, while the CFRP lost a third of its load by changing the fibre orientation by 45 °. 
These observed effects support the idea of a directional usage of high-performance fibres in combina-
tion with natural fibres. 
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Figure 5: Load deformation curves for different fibre reinforced plastics 
 

 
Table 1: Properties of different specimens 

Sample Average max load [N] Thickness [mm] Fibre mass fraction [%] 
NFRP 0/90 397.03 2.083 47 
NFRP +/–45 352.07 2.312 47 
CFRP 0/90 326.75 1.08 57.6 
CFRP +/–45 80.77 0.998 56 

 

4.2 Flexural properties of fibre reinforced plastics 
The results of the flexural strength and the flexural modulus of the three selected characterisation 
points are summarised in Figure 6. The minimum requirements imposed by Porsche AG on the flexur-
al properties is represented due the 100 % mark. In principle, the values of flexural modulus and the 
values of flexural strength were able to reach the specifications of the 100 % mark. In particular, the 
door frames showed an increase in properties due to hybridisation with carbon by up to 100 %. The 
increase in flexural properties is as expected due to the higher properties of the carbon. Due to the 
prescribed test rigs, a test until breakage was not always possible depending on the test specimen 
strength, as otherwise a risk of trapping the specimen between the bearing and the pressure fin was 
risked. 

Contrary to the results of other researchers (Dhakal et al., 2013), in almost all cases the hybrid fi-
bre-reinforced plastics used in the door frame have a higher deformation respectively outer fibre strain 
than the natural fibre-reinforced plastics. Caused by a termination of the testing through a defined 
traverse path of 15 mm the samples showed no failure. Calculating the outer fibre strain according to 
DIN EN ISO 14125, the result of outer fibre strain ε depends on the thickness of the sample according 
to the equation: 

 
ε = 4,7sh/L² 

 
where s is the flexure in mm, h the thickness of the sample in mm and L is the span in mm. 
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Figure 6: Comparison of flexural properties of NFRP and HFRP located in different parts of a door 

 
However, the NFRP of the door frame internal shell and the door frame external shell samples showed 
an averagely greater sample thickness than HFRP, causing a minor outer fibre strain of NFRP when 
interrupting the testing before failure. Both samples of the door panel external shell showed a failure 
through the flexural testing. The flexural modulus and flexural strength of the door shell are only 
minimally different between HFRP and NFRP. In contrast to the door frames, a core material was used 
to exploit the sandwich effect. In return, the samples of the door shell had a significantly higher mate-
rial thickness. During the test, it was observed that a failure of the sandwich structure is caused by 
interlaminar detachment of the cover layers from the core layer. As a result of hybridisation of the 
NFRP with one layer of carbon, the flexural modulus is little higher, but the outer fibre strain is lower. 

4.3 Tensile properties of fibre reinforced plastics 
The components examined in the project are exposed to various stresses during their use phase. Since 
this is a racing car, these are not to be compared with the approval criteria of a vehicle for road traffic. 
Nevertheless, the stresses during a race are the same, if not higher, since the car is often driven at its 
load limit. Also identical are the weather conditions that affect the material. Therefore, the first re-
quirement for the comparison between NFRP and HFRP was defined so that specified values for ten-
sile and flexural properties given by Porsche had to be met. In the following comparisons, these speci-
fied properties are indicated by the 100 % mark.  
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Figure 7: Comparison of tensile properties of NFRP and HFRP located in different parts of a door 

 
The results of the tensile strength and the modulus of elasticity of the four selected characterisation 
points are summarised in Figure 3. All laminates could achieve the required minimum requirements. 
Hybridisation with carbon provides much stiffer, stronger properties over natural fibre constructions, 
demonstrating that flax hybridisation with carbon can significantly improve tensile properties. In par-
ticular, the hybrid structures of the door frame, both the inner and outer shell, show an increase in the 
modulus of elasticity of more than 100 %. The same could be seen for the tensile strength, where im-
provements can be detected of up to 100 %.  

Because the fibres take up a majority of the load in a fibre composite plastic, in particular under 
tensile load parallel to the fibre direction, it is not surprising that through hybridisation with stiffer and 
stronger carbon fibres, these properties increase accordingly. Because of used fabric and scrim struc-
tures, tensile stresses are also applied transversely or at an angle greater than 0 ° to the fibres. With 
tensile stresses across the fibres, the fibres act as a filler rather than absorbing forces. Additional con-
sideration of the effect of the expansion magnification and different number of reinforcing layers or 
basis weights results in a different range of improvements. In particular, the tensile properties of the 
door shell in the outer shell show no or only a very small increase in tensile properties. A core material 
was used for the door shell and, regardless of the top and core layers, the tensile test showed interlam-
inar failure between the layers. The use of a shear-resistant core material to create a sandwich prevents 
full exploitation of the possible elongation at break of the fibres, leading to premature failure. 

 

 CONCLUSIONS 5
The aim of this work was the investigation of a hybridisation of NFRP with carbon fibres. This was 
performed by way of example on a car door for a Porsche Cayman GT 4 Clubsport (981). Three areas 
were chosen, which require different material performance. While isotropic material behaviour is ad-
vantageous for use in the door shell, anisotropic behaviour is advantageous in the door frame. The 
investigations show similar mechanical behaviour for the NFRP and HFRP door panels. Figure 8 
shows, in addition to the mechanical parameters, the price for 1 m2 of dry laminate, the proportion of 
renewable raw materials and the change in component weight with NFRP as 100 %. The graph shows 
a higher proportion of renewable raw materials, as well as a lower commodity price, with almost iden-
tical parameters. By contrast, the component weight is minimally increased. These preliminary results 
support the use of an NFRP in the outer door panel area.  
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Figure 8: Comparison of selected properties of the external door panel manufactured from NRFP and HFRP 

 
Figures 9 and 10 show comparatively different properties of the inner and outer door frame. Both 
graphs show a significant increase in mechanical properties due to hybridisation. Since these are con-
verted two-dimensional test plates and not the real component structures, the anisotropic design of the 
test plate is theoretical. Compared to the NFRP, the price level of the HFRP remains at a similar level, 
as does the component weight. Only the share of renewable raw materials in the form of natural fibres 
is, of course, reduced, similar to the situation in the figure before. However, for both superstructures, 
the share is 40 % above the target share of 30 %. It should also be noted that so far, the matrix has not 
been included. By using a bio-based matrix system, the proportion of renewable raw materials can be 
further increased. Against the background of distributing the force under load of the door frame as 
possible in the door leaf, this offers great potential for a hybrid construction. In the next step, the hy-
bridisation takes place on the basis of the real component structures in order to design them according 
to the load path.  
 

0
50

100
150
200
250

Young's
modulus [%]

Tensile
strength [%]

Flexural
modulus [%]

Flexural
strength [%]Weight [%]

Price 2,000 m²
[%]

Renewable
resources [%]

NFRP

HFRP
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ABSTRACT 
Natural fiber-reinforced polymer composites have already been successfully established in various 
lightweight applications subjected to moderate mechanical stress, e.g. automotive interior. Recently, 
the development of biobased hybrid composites containing both, natural and high-performance fibers, 
gained the attention of research institutions and industry. These new composites offer optimized den-
sity, mechanical performance, have reasonable cost and low environmental impact. The bio hybrid 
composites enable utilization of the advantages of cellulose-based and high-performance fibers in the 
same composite and minimize the limitations of the individual composites. Although this approach 
seems to be a promising solution for several drawbacks, the deficiency of the approaches to improve 
the durability of these composites in outdoor applications limits their market penetration.  

In this project, a specially developed plasma treatment approach, cascade-atmospheric pressure 
plasma is being adapted in order to improve the mechanical performance of the biobased (hybrid) 
composites for the application-oriented use under various environmental conditions, e.g. high humidi-
ty absorption and temperature variance. This study presents selected results of this project including 
the assessment of the plasma treatment of multi-ply textiles and the corresponding influence on the 
mechanical performance of the composites. UD flax tapes and balanced, more isotropic flax fabrics 
were treated under various plasma parameters and integrated into a partially biobased epoxy resin via 
vacuum infusion. The analysis of the textile surface and composite mechanical properties were used 
for the assessment. It has become evident that the selection of the plasma parameters has a significant 
effect on the packing density and wettability of the treated textiles. Controversial effects have been 
observed with regard to the mechanical properties of the composites. An improvement of weathering 
durability is still remaining. 

 INTRODUCTION 1
Nowadays, the amount of industrially produced natural fiber-reinforced polymer composites (NFPC) 
and their advanced derivatives, e.g. biobased hybrid fiber-reinforced polymer composites (bio-HFPC) 
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is dynamically rising [1]. In this context, the leading application field for the textile composites con-
taining natural fibers (NF) is automotive and sport industries. Low density, good mechanical properties 
with regard to the density, cost-efficiency, high-energy absorption and ecological aspects make NFPCs 
attractive for various industry applications. Similar to conventional composites made from synthetic 
fibers, the type of used fibers, textile configuration as well as the matrix type define the properties of 
the product. Exemplary, a unidirectional flax fabric integrated into a thermoset resin would provide 
low undulation and thus a higher reinforcing effect of the fibers than a weaved fabric. At the same time, 
these textiles offer low isotropy, thus offering this higher mechanical performance in a certain direc-
tion. On the other hand, a thermoset resin reinforced with a weaved fabric offers, depending on the 
binding and used yarns, a certain isotropy of the mechanical properties. However, weaved fabrics suf-
fer from undulation and may cause a higher areal weight. Consequently, the selection of the textile 
depends significantly on the manufactured composite and desired product properties.  

Although NFPCs are already being used efficiently in automotive interior, their overall mechanical 
performance, which is not comparable with that of composites containing synthetic high-performance 
fibers, e.g. carbon or aramid, limits their application. On the other hand, e.g. carbon fiber-reinforced 
polymer composites (CFPC) are expensive and suffer from splintering. In this context, the synergetic 
integration of both natural and carbon fibers in one composite appears to be a promising approach to 
combine effectively the advantages of both types of reinforcing fibers in one composite and minimize 
the individual limitations. This approach led to the development of the bio-HFPCs, where fibers of 
diverse origin can be combined synergistically in different ways [2]. The simplest approach to manu-
facture bio-HFPC is stacking, where textiles made of different fibers are placed on top of each other in 
a certain sequence and integrated into a polymer matrix, resulting in a laminate. This approach offers a 
homogeneously distributed mechanical performance within the whole construction part and is suitable 
for the fabrication of flat components, like tailgates, snowboards, skateboards, etc.  

A further drawback for the application of composites containing natural fibers, especially in out-
door applications, is there poor resistance to environmental influences, most notably moisture. The 
hydrophilic nature of the fibers leads to fiber swelling and delamination under moisture exposure. 
Besides water diffusion inside the matrix and matrix defects such as pores, the fiber-matrix interface 
has a significant influence on moisture-induced degradation [3]. 

In order to broaden the use of the NFPCs and bio-HFPCs in outdoor applications, the mechanical 
durability of these materials in various environments and especially under extreme weather conditions, 
e.g. high temperature variance, stress cycles, exposure to water and coldness should be optimized.  

Plasma surface functionalisation on organic substrates tends to homogenise the surface properties. 
Concerning the heterogeneous composition of natural materials, plasma seems to be an interesting tool 
for the optimisation of bio hybrid fiber reinforced plastics. By homogenizing the fiber surface and 
influencing the surface polarity, an improved fiber-matrix interaction and a reduction of weak points 
for degradation are targeted. Low process costs and easy incorporation into continuous processes make 
plasma treatments attractive for industrial applications [4]. 

This study represents selected results of the project aiming to develop a new plasma treatment 
method in order to optimize the durability of NFPC and bio-HFPC. 

 EXPERIMENTAL 2

2.1 Materials 
Initially two flax textiles were selected for plasma treatment; an unidirectional flax fabric (LINEO 
FLAXPLY UD150, 150 g∙m–2) with sizing and a balanced flax fabric (Biotex Flax 200 g∙m–2 22 
Twill) without sizing. The fabrics were cut to plies of 300  300 mm2. 

A biobased resin system (epoxy resin Sicomin Greenpoxy 56 + epoxy hardener Sicomin SD8822) 
was applied for composite manufacturing by vacuum infusion.   

2.2 Plasma treatment 
A plasma source as sketched in Figure 1 was used [5]. Based on a jet induced dielectric barrier surface 
discharge (dbd), a nearly homogeneous plasma cloud is formed. By generating a dbd jet between the 
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high voltage electrode and the dielectrically insulated upper ground electrode, the flow of the process 
gas blows the remote plasma out of the nozzle. The remote plasma generates a so-called floating 
potential on the nonconductive substrate surface, which is taken over by the dielectrically insulated 
ground electrode in the disc shaped bottom of the plasma source. The so formed closed circuit enables 
the generation of reactive species directly on the substrate surface. This discharge circuit consists of 
surface discharges, which enable effective activation up to a diameter of 100 mm. Furthermore, the 
surface discharges allow diffusion into the smallest crevices. This feature leads to the suggestion, that 
this plasma principle could be an effective solution for a homogeneous fabric activation. 
 

 

 
Figure 1: Discharge principle [5] 

 
Figure 2 shows the plasma cloud at a treatment distance of 2 mm at an exposure time of 1/100 s. To 
determine the discharge characteristics, high-speed video recordings were performed at an exposure 
time of 1/6.000 s. The high-speed recording shows isolated surface filaments, which slide out of the 
nozzle (1) and ignite back to the disc shaped bottom of the plasma source (2). The whole plasma cloud 
consists of these filaments and surrounds every cavernous substrate, for example fabric plies. 
 

 

 
Figure 2: Plasma cloud at a 2 mm discharge gap (above), frame of a high-speed video recording of the same 

discharge (below) 

 
Flax fabrics were plasma treated with either argon or a mixture of argon and hydrogen (10 % H2) as 
process gas. With argon as process gas (gas flow 20 L∙min–1), either single fabric plies or 8 stacked 
fabric plies were treated. The distance of plasma source to fabric surface was set to 3 mm, the plasma 
power was adjusted to 150 W. The dbd jet moved with a speed of 4 m∙min–1. The treatment process is 
illustrated in Figure 3. 

With Ar/H2 (gas flow 30 L∙min–1) as process gas, only single fabric plies were treated. The distance 
of plasma source to fabric surface was set to 6 mm, all other parameters remained unchanged.  

 

1 2 
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Figure 3: Simultaneous plasma treatment of 8 fabric plies (Biotex Flax 200g/m2 2×2 Twill) with Ar plasma 

 

2.3 Surface energy measurements 
To determine the plasma penetration throughout the fabrics and the possible amount of simultaneously 
treated plies, nine polypropylene substrates (used as pads) with dimension of 50  200 mm2 were 
plasma treated. The first PP pad was left without a fabrics ply and from the second to the last pad, the 
amount of fabric plies (Biotex Flax 200g/m2 2×2 Twill) was increased up to eight. After the plasma 
treatment, the fabric plies were removed from the PP pads and the surface energy of each PP pad was 
verified. In Figure 4 the experimental setup is shown. 
 

 
Figure 4: Treatment of an increasing amount of fabric plies applied on PP surfaces to identify the plasma 

penetration by measuring the surface energy of the covered PP surface 

 
To verify the surface energy of plastic surfaces, a mobile surface analyzer by company KRÜSS based 
on the OWRK method was used. 

The measurement of the dynamic advancing contact angle according to the modified Washburn’s 
method is described in details by Pucci et al. [6]. For the measurement a rolled piece of textile is 
packed tightly into a cylindrical holder and can be described as a bundle of capillary tubes. A tensiom-
eter is used to track the rise of the weight of the liquid penetrating the textile. The measurement con-
tains two parts: in the first part, the geometric porous medium factor, C, is defined using a fully wet-
ting (zero contact angle) liquid and in the second part, the dynamic wetting angle, ѳ, is calculated us-
ing the defined factor and the measured weight rise with regard to a test liquid. The factor C is an em-
pirical material constant depending on the particle size and degree of packing and determines the 
“wicking rate”, if the textile is modelled as a powder. The following equation (1) is used for the calcu-
lation [7]: 
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 m2 ∙ t–1 = [(c∙r̄)∙ε2∙(πR2)]∙ρ2∙γL∙cosѳ∙(2ƞ)–1 (1) 

 
where m is the weight of the penetrating liquid, ρ the density of measuring liquid, ε the relative poros-
ity and R the inner radius of the measuring tube. The term in square brackets is a constant materials 
factor defined as a packing constant, C. The derivation of the equation is described in literature [5,6]. 

In this study, the factor C is defined using n-hexane and the dynamic angle is calculated with 
2-propanol for the UD flax tape and ethanol for the balanced flax fabric. The size of the analysed tex-
tile samples is 2  30 cm2 (h x l). The weight of the balanced flax fabric and of the UD flax tape is 1.3 
g and 1.0 g, respectively. At least two measurements were performed for each sample. 

2.4 Composite fabrication 
To preserve the plasma effect the composites were fabricated on the day of plasma treatment. The 
composites were composed of 8 fabric plies each. The unidirectional flax fabric was aligned in 0° di-
rection, the balanced flax fabric was aligned in 0°/90°.  

Vacuum infusion with the resin (ratio resin:hardener 100:31) was followed by curing at room tem-
perature for 24 h and tempering at 80 °C for 2 h. 

2.5 Environmental testing 
Accelerated environmental testing was conducted with an environmental stress chamber (Espec 
ARS-1100) on non-treated and plasma-treated balanced flax fabric composites according to the testing 
standard DIN EN 60068-2-38:2009 [8] with application of cold subcycles. During the testing proce-
dure the samples are exposed to a number of temperature changes in the range of –10 to +65 °C under 
a relative humidity of 80 to 93 %. One cycle consisting of 10 subcycles (24 h each) was applied to the 
samples.  

2.6 Mechanical testing 
Mechanical performance of the composites was characterized by tensile and 3-point bending tests. 
Tensile testing was conducted based on the testing standard DIN EN ISO 527-4. Due to fabrication 
issues, the sample dimensions of the UD flax tape composites were restricted to 150 mm  25 mm. 
The samples of the balanced flax fabric composite conform to the testing standard with dimensions of 
250 mm  25 mm.  

3-point bending tests were conducted according to the testing standard DIN EN ISO 14125 with 
sample dimensions of 100 mm  15 mm. 

2.7 CT measurements 
CT measurement of composite samples were performed on a Procon X-Ray CT-AlphaDuo device. The 
samples were scanned at an x-ray voltage of 60 kV and a current of 200 µA with a voxel resolution of 
5.2 µm. For visualization and analysis of the volume data VGSTUDIO MAX 3.1 was used. 

 

 RESULTS AND DISCUSSION 3

3.1 Plasma penetration depth 
In Figure 5 the surface energies of PP pads covered with up to 8 balanced flax fabric plies are shown. 
The results show that all treated polypropylene pads reach the same surface energy (about 50 mN∙m–1) 
despite of the increasing amount of fabric plies. For comparison, the untreated polypropylene pads 
only achieve surface energies of roughly 30 mN∙m–1. Only at an amount greater than 7 plies, the sur-
face energy is slightly decreasing. This leads to the assumption that an individual treatment of each ply 
is not necessary. 
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Figure 5: Dependence of the PP surface energy investigation on the number of fabric plies between PP 

surface and dbd jet 

 

3.2 Effect of plasma treatment on textile surface properties 
The analysis of the untreated UD flax textiles via tensiometry showed that the porous medium con-
stant depends significantly on the orientation of the measured sample. The mean values are presented 
in Table 1. A constant C nearly twice as high as with parallel direction is achieved when the samples 
are measured with perpendicular direction to the reinforcing fibers. When the test liquid rises along the 
fiber the porosity of the sample is higher or the binding between fibers is lower. At the same time, this 
sample shows a significantly lower dynamic contact angle than the untreated samples, which means a 
better wettability. The UD flax sample treated with Ar plasma showed that factor C is significantly 
reduced after the treatment, meaning that the binding between the fibers is higher, i.e. the packing 
density has been increased. The decreased dynamic contact angle after plasma treatment indicates a 
better wettability and thus a higher polarity of the fiber surface.  
 

Table 1: Mean geometric porous medium constant and advancing contact angle of the UD flax samples 

 C [cm5] Ѳpropanol [°] 
untreated (parallel) 3.4 ∙ 10–4 73.1 ± 1.5 

untreated (perpendicular) 7.1 ∙ 10–4 56.0 ± 1.7 
treated with Ar plasma (perpendicular) 2.5 ∙ 10–4 20.4 ± 4.7 

 
 

The mean values of the balanced flax fabric measurements are shown in Table 2. For the balanced flax 
fabric it has been shown that in contrast to the UD flax, the porous medium constant rises after the 
plasma treatment.  
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Further important objective of this measurement was to determine the effectiveness of the plasma 
with regard to the homogeneous treatment within different layers of the textiles. All of the fabric plies 
show very similar values of the factor C and the dynamic contact angle, independent of the location in 
the stack. Thus, it has been demonstrated that the plasma achieves a homogeneous treatment of the 
textiles and a good penetration. All of the three analysed samples possess decreased binding between 
the fibers and increased dynamic contact angle compared with the untreated sample, meaning a lower 
polarity. Physical and chemical changes occurring on the fiber surface after plasma treatment have 
possibly led to this results. The increase of the microroughness and elimination or rather decrease of 
the oxygen amount on the fiber surface is expected to promote these results. The sample treated with 
an Ar/H2 plasma showed the same packing density as in the case of the samples treated with Ar plasma. 
However, the dynamic contact angle increased showing a lower wettability. 

 
Table 2: Mean geometric porous medium constant and advancing contact angle of the balanced 

flax fabric samples 

 C [cm5] Ѳethanol [°] 
untreated 1.0 ∙ 10–4 45.0 ± 6.4 

treated with Ar plasma ply 1 1.8 ∙ 10–4 49.4 ± 8.6 
treated with Ar plasma ply 4 1.7 ∙ 10–4 51.5 ± 5.0 
treated with Ar plasma ply 8 1.9 ∙ 10–4 51.9 ± 4.6 
Treated with Ar/H2 plasma 1.8 ∙ 10–4 60.7 ± 7.4 

 

3.3 Composite morphology 
CT measurements reveal the inner morphology of the composite samples. The UD flax tape 
composites (Figure 6) show a high infiltration of the tapes with only small porosity. There is no 
obvious difference in morphology between the untreated and simultaneously plasma-treated samples.  

 

  
Figure 6: CT images of the untreated (left) and Ar plasma-treated (right) UD flax tape composites 

 
In contrast, the balanced flax fabric composites (Figure 7) show a high porosity, that reflects the lower 
impregnation properties of the unsized fabrics. The impregnation inside the yarn differs between the 
untreated and the plasma-treated sample. While the untreated sample exhibits cavities inside the yarn, 
the plasma-treated sample shows no such cavities. This indicates an improved micro infiltration of the 
treated yarns. Additionally the matrix porosity is distributed homogeneously inside the untreated sam-
ple, while it is concentrated at the upper side of the plasma treated sample. With 2.88 vol-% compared 
to 3.36 vol-% the overall porosity is slightly lower for the treated sample.  
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Figure 7: CT cross sections (parallel to fabric) and porosity distributions (top view) of the untreated (a & c) 

and Ar plasma-treated (b & d) balanced flax fabric composites 

 

3.4 Influence of plasma treatment on mechanical properties 
The argon plasma treatment of the unidirectional flax fabric with sizing results in an improved tensile 
strength of the composite (Figure 8). This is in agreement with the observed improved wettability of 
the textile (cf. 3.2). Interestingly this effect is obtained after simultaneous plasma treatment of all flax 
plies. The treatment of each ply individually would be expected to ensure a homogeneous exposure of 
the textile to the plasma and consequently to show a plasma treatment effect at least as intense as after 
the simultaneous treatment. Instead, the composite containing the separately treated flax plies exhibits 
mechanical properties roughly the same as the reference material. The reason for this behaviour is still 
under investigation. One assumption is that by increasing the amount of flax plies, the amount of 
plasma filaments could be forced to divide into several more filaments by making contact to each rov-
ing of the fabrics. This could lead to a better penetration of the whole fabrics bundle. While the tensile 
modulus shows no effect of plasma treatment, the flexural strength and modulus are lowered slightly 
after the simultaneous flax fiber treatment.  

To understand this contrary behaviour in tensile and flexural testing further investigations about the 
dominating failure mechanisms are necessary. The higher packing density observed in surface charac-
terization of the textiles might result in a more distinct unidirectional reinforcement of the composite 
leading to improved tensile and deteriorated flexural properties.  

After Ar/H2 plasma treatment, this behaviour is even more distinct, with a significantly increased 
tensile modulus of the composite while the tensile strength remains stable. In contrast, the flexural 
properties decrease significantly. 

(d) (c) 

(b) (a) 
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Figure 8: Influence of argon plasma treatment on mechanical properties of the UD flax tape composite 

 
The Ar and Ar/H2 plasma treatment of the unsized balanced flax fabric shows no improvement in 
tensile and flexural properties of the composite (Figure 9). Similar to the treatment of the UD flax 
tapes the separately treated plies of the balanced fabric exhibit lower values than the simultaneously 
treated plies.  

The slight influence of the plasma treatment on the properties of the unsized textiles leads to the 
assumption that the positive plasma effect is coupled with a modification of the sizing present in the 
UD flay fabric. This is supported by the results of the contact angle measurements, where the unsized 
balanced fabric did not show a distinct plasma effect. A modification of the plasma treatment 
parameters might be necessary to achieve a distinct plasma effect.  
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Figure 9: Influence of argon plasma treatment on mechanical properties of the balanced flax fabric 

composite 

3.5 Composite durability under accelerated environmental testing 
Until now, accelerated environmental testing as part of this study was possible only for the balanced 
flax fabric composite and Ar plasma treatment. Results of mechanical testing after the tempera-
ture/moisture exposure are depicted in Figure 10.  

The untreated reference material as well as the plasma-treated sample show a significant decrease 
of tensile and flexural properties. The decrease in tensile modulus of about 50 % is especially signifi-
cant. No obvious effect of plasma treatment is visible. The high porosity of the samples of about 
3 vol-% might determine the low weathering resistance by aiding water uptake into the samples. 
Morphological studies on the ageing and failure mechanisms will follow. The present results indicate 
the importance of preventing high porosity especially in natural fiber bases composites during manu-
facturing. 
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Figure 10: Effect of accelerated environmental testing on mechanical properties of the balanced flax fabric 

composite 
 
Considering the more obvious plasma effect and lower porosity a more satisfying weathering durabil-
ity is anticipated for the plasma-treated UD flax tape composites. 

 

 CONCLUSIONS 4
The presented results demonstrate the suitability of a plasma process based on a jet induced dielectric 
barrier surface discharge to influence the surface properties of natural fibers. The plasma process is 
able to treat several plies of fabric in one step, highlighting its potential for use as inline process.  

Surface characterization tests show that the plasma effect is more pronounced for textiles with 
sizing than without sizing. An optimization of plasma parameters for unsized textiles might be 
necessary.  

Tensile properties of the composites based on the sized UD flax tapes can be improved by plasma 
treatment while the flexural properties decrease.  

In agreement with the surface characterization the plasma treatment of the unsized balanced flax 
fabric has no positive effect on the mechanical properties of the composite.  

Accelerated environmental testing of the balanced flax fabric composites resulted in a significant 
decrease of mechanical properties, independent of a plasma treatment. An increased porosity of the 
samples is expected to determine the low durability of the samples.  

The observed plasma effect on the sized UD flax tapes provides the basis for the anticipation of a 
considerable influence on the durability of the composites, which is the main objective of the study. 
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These tests are currently underway and results will determine the direction of further modification of 
plasma treatment. For example results could lead to the evaluation of different process gases.  

When a positive effect on the NFPC durability by plasma treatment is achieved a transfer of the 
method to hybrid configurations containing natural and carbon fibers will succeed. The influence of 
the electrical conductivity and dense structure of carbon textiles on the plasma process will provide a 
challenge heading towards durable bio-HFPCs for outdoor applications. 
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ABSTRACT 
Structural parts made of fiber reinforced plastics do not play a predominant role in automobile mass 
production due to the costs associated with storage condition, low level of automation, long processing 
times and safety and health regulations. The idea was to develop a holistic approach which can solve 
the problems with understanding the whole process chain from molecule to the finished product and 
integration in common technical infrastructure. A promising strategy was to create a matrix resin 
which combines easy processing of thermoplastics with superior mechanical properties of thermosets. 
The new matrix can pre-applied on all type of fibers. The resulting tack-free prepreg has a long shelf 
life at room temperature in consequence of phase separation of matrix raw materials which can be 
eliminated by raising the temperature. The resulting material has high reactivity and can be cured to a 
thermoset within a few minutes. Individual specification of the material like glass temperature, cure 
rate and toughness can be adjusted. 

 

 INTRODUCTION 1
Fiber reinforced plastics (FRP) are produced with either reactive resins or thermoplastics as a matrix 
polymer. The reactive resins form thermosets with good mechanical properties but require more com-
plex processes to produce FRPs compared to the use of thermoplastics. The goal of this development 
was to combine the advantageous properties of both thermosets and thermoplastics. 

These new fiber-based semi-finished products, such as prepreg, are characterized by matrices that 
can be processed thermoplastically and crosslinked to thermosets. The properties of the resins can be 
formulated in such a way that they can be used in a wide range of applications. Solvents are not need-
ed when manufacturing prepreg using water-based systems. High temperatures, as in the case of 
cost-intensive melt impregnation with conventional thermoplastics, can be avoided, making it possible 
to use heat-sensitive fibers such as polyethylene or cellulose. The innovative resins are dried at only 
moderate temperatures. 

Manufacturing the semi-finished products does not require any new infrastructure. The fiber coat-
ing can be applied roll-to-roll by immersion, knife coating, or spray. After drying, the fibers are pro-
tected against slipping and thus facilitate insertion in the tool that is suitable for the load path. Below 
the softening temperature of approximately 60 °C, the material is not sticky, rather it remains flexible 
and drapable. In contrast to conventional prepregs, it can be stored stably at ambient conditions for 
many months. At temperatures below 60 °C, the shape is stable, and the semi-finished product is still 
workable between the softening temperature and the hardening temperature (above 120 °C). Curing to 
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transfer the prepreg into a thermoset component is carried out either during or after forming, as a sub-
sequent step. To do this, the dry layered structure can be formed in a heating press and cured. Another 
advantage is that the component can be removed from the press while still hot, but the shape is already 
stable (Figure 1). We name this new kind of method for FRP production TvD wich means „thermo-
plastically processable thermoset‟ or in German „thermoplastisch verarbeitbare Duromere‟. 

 

Figure 1: TvD process steps: Prepregs without tack (left), thermoplastically processed semifinished part 
(mid) and thermoset structural part (right) (last two steps preferably carried out in one step). 

 
During component manufacture, as with other procedures for FRP production, mold release agents 
must be used. For this the FlexPlas® release films that have been developed by Fraunhofer IFAM have 
proven particularly useful. These films are shaped with the fiber sheets and have permanent release 
layers with different release properties on both sides. The highly effective release layer leads to easy 
removal of the part from the mold, whereby the side of the film attached to the part does not release as 
quickly and the film remains attached to the component until further use. After removing the film, the 
component can be processed further without the usual surface treatment. 

 

 EXPERIMENTAL 2

2.1 Materials 
Polyamid 6 homopolymer Ultramid® B27 (BASF SE, Ludwigshafen, Germany) was used as thermo-
plastic matrix material PA6. Granulate was cryomilled with liquid nitrogen to a fine powder of 
< 200 µm. Powder dried at 100 °C, 10^-3 bar 24 hours and stored under dry Argon atmosphere. The 
conventional thermoset matrix EP comprised 100 parts by weigth (pbw) of epoxy resin L and 25 pbw 
of curing agent EPH 161 (R&G Faserverbundwerkstoffe GmbH, Waldenbuch, Germany). Both com-
ponents were mixed directly before use with a planetary mixer at 3500 rpm for 1 minute to the ap-
pearance of a clear, slightly viscous liquid. Thermoplastic processable thermoset matrix TvD-0, -1, -10 
and -25 (Fraunhofer IFAM, Bremen, Germany) was an opaque waterborne dispersion with a solid 
content of 50 % and particle size < 1 µm. The different versions contain 0, 1, 10 and 25 pbw of a 
toughener, respectively. Biaxially oriented carbon fiber fabrics (±45°, 300 g/m2, 12,000 filaments per 
fiber) purchased at C. Cramer, Weberei, GmbH u. Co. KG used as reinforcement material without 
further treatment. 
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2.2 Preparation of Carbon Fiber Reinforced Plastics (CFRP) 

In general a single carbon fiber fabric layer with the dimensions of 0.3 m  0.3 m (0.09 m2) and a 
weight of 48 g was combined with 48 g of the different matrix materials. CFRP’s for mechanical 
benchmarking were made of 6 layers. The PA-, EP- and TvD sheets were made in a heated press in a 
closed mold with different curing / hardening conditions. 

Carbon fiber reinforced PA6 was made by powder coating of each fabric in the mold at room tem-
perature. In the next step the mold was closed with a force of 1.111 kN/m2 and heated to 250 °C with a 
heating rate of 5 °C/min. After 30 minutes at 250 °C the composite material was cooled down to 30 °C 
with a cooling rate of 3 °C/min. 

Carbon fiber reinforced EP was made by liquid coating of each fabric in the mold at room temper-
ature. In the next step the mold was closed with a force of 1.111 kN/m2 and heated to 130 °C with a 
heating rate of 5 °C/min. After 10 hours at 130 °C the composite material was cooled down to 30 °C 
with a cooling rate of 3 °C/min. 

Carbon fiber reinforced TvD was made by preparing a dry prepreg first. Fabric was preimpregnated 
with waterborne TvD-dispersion. Prepreg was dried 12 hours at room temperature to remove residual 
water. In the next step dry prepregs were placed in mold at room temperature followed by closing the 
tool with a force of 1.111 kN/m2. In the next phase the temperature was rised to 200 °C with a heating 
rate of 5 °C/min. After 20 minutes at 200 °C the composite material was cooled down to 30 °C with a 
cooling rate of 3 °C/min. 

2.3 Characterization of Thermal and Mechanical Behavior 
Surface topography was investigated with Scanning Electron Microscopy. 1st sample of TvD-10 matrix 
has been dried for 30 minutes at room temperature, and lowered pressure of 10^-3 bar on a sample 
plate. 2nd sample has been dried by the same procedure but additionally cured for another 30 minutes 
at 150 °C. Topographic imaging was generated by using a FE-SEM Leo 1530 Gemini Microscope 
(Zeiss, Jana, Germany) with a accelerating voltage of 7.00 kV and a working distance of 6.1 – 7.3 mm. 

Thermal tests were conducted by differential scanning calorimetry and dynamic mechanical analy-
sis. Calorimetric analysis of (3 – 6 mg) uncured samples was performed using differential scanning 
calorimeter Discovery DSC (TA Instruments – Waters LLC, New Castle, USA) in a temperature range 
of –90–250 °C with a heating rate of 10 °C/min. Melting and curing behavior was determined by inte-
gration of the endothermic melting and exothermic reaction peak. 

To study the accelerating effect of higher temperature on the cure behavior single layers of uncured 
CFR with TvD-10-matrix was cured in a pre-heated oven at 150 and 200 °C within 0, 10, 30, 60, 120, 
300 and 600 seconds. Remaining reaction enthalpy was measured by DSC. 

Dynamic mechanical analysis was performed with cured multilayer CFRP samples with dimen-
sions of 30 mm  10 mm  3 mm (±0.5 mm) by using DMA-Analyzer Q800 (TA Instruments – Waters 
LLC, New Castle, USA) using single cantilever mode with a stress frequency of 1 Hz, in a tempera-
ture range of –150–250 °C with a heating rate of 3 °C/min. Glass transition temperatures were deter-
mined by local maxima of the loss modulus. Glass transition and storage modulus of a carbon fiber 
reinforced thermoplast, thermoset and thermoplastically processable thermoset was investigated with 
PA6, EP and TvD-10. To study the plasticizing effect of water on the matrix materials DMA-speci-
mens of carbon fiber reinforced PA6 and TvD-10 were aged 7 days in water and tested by DMA. 

Mechanical tests were carried out with five specimens of each CFRP sheet with a Universal testing 
machine 100kN (Zwick GmbH & Co. KG, Ulm Germany) at 22 ± 2 °C. Tensile tests according to 
standard DIN EN ISO 527-5 [1], sample type 3 with as test speed of 2 mm/min with a force sensing 
unit of maximum 100 kN. Bending tests conducted in agreement with DIN EN ISO 14125 [2], sample 
dimensions 100 mm  15 mm  3.0 mm (±0.5 mm) and a maximum gage load of 50 kN. 

Fracture mechanics of a carbon fiber reinforced thermoplast, thermoset and thermoplastically pro-
cessable thermoset was carried out with PA6, EP and TvD-10 as matrix polymers. To study the effect 
of toughening on fracture mechanics a formulation without toughening (TvD-0) was compared to ma-
trices (TvD-1, -5, -10 and -25) with increasing amount of toughening agent (1, 5, 10 and 25 pbw). 
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 RESULTS AND DISCUSSION 3
Dried TvD-10-matrix at room temperature has a topology of separated phases dominated by spheres of 
1–5 µm surround with globes of < 0.5 µm. After curing the separation has been terminated totally 
(Figure 2). 

 

Figure 2: SEM images of the uncured, phase separated, TvD-10 layer at RT (left) 
and the at 150 °C cured counter piece with total coalescence (right) 

 
Thermogram of TvD-10 (Figure 3) shows that conglomeration takes place at 55–70 °C followed by a 
sharp exothermic reactionpeak with an onset of ca. 125 °C. The difference in temperature of 55–70 °C 
should achieve a sufficent wetting of fiber surface before curing takes place. 
 

 
Figure 3: DSC-thermogram of TvD-matrix – film forming temperature: 55 – 70 °C 

and curing reaction, onset T ~ 125 °C 

 



Properties from thermoplastic and thermosetting resins combined in fiber reinforced plastics 217 

  

0

200

400

600

800

1000

Lo
ss

 M
od

ul
us

 (M
Pa

)

0

2000

4000

6000

8000

10000

12000

14000

St
or

ag
e 

M
od

ul
us

 (M
Pa

)

-200 -100 0 100 200

Temperature (°C) Universal V4.5A TA Instruments

Raise the curing temperature from 150 to 200 °C leads to an unexpected strong conversion increase 
of CFR-TvD-10 Prepreg (Table 1). A dimension stable CFRP was obtained after only 10 seconds at 
200 °C. Nearly full conversion was achieved within 60 seconds. Within 60 seconds at 150 °C there is 
almost no curing reaction. With increasing thickness of the laminate time at which the laminates core 
is hot enough increases. Therefore, heat transport is limiting curing reaction and thick laminates need a 
longer time. 

Table 1: Reaction conversion of TvD-10 at two different curing temperatures 

 

Time 
[s] 

Tcure 150 °C
Conversion

[%] 

Tcure 200 °C 
Conversion 

[%] 
0 0 0 

10 2 27 
30 2 78 
60 5 93 

120 15 98 
300 73 98 
600 80 99 

 
 

PA6 and TvD-10 provide similar thermal behavior in the temperature range of –150–220 °C. Above 
220 °C TvD-10 shows still high storage-modulus due to high crosslinking. In contrast to the other 
CFRP with highly crosslinked common epoxide matrix (EP), TvD does not show a pronounced Tg due 
to the crosslinking density (Figure 4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: DMA-thermograms (3 °C/min) showing thermal behavior three different 
CFRP’s made from a thermoplastic matrix (PA6), a conventional thermoset 

matrix (EP) and athermoplastically processable thermoset (TvD-10) 

CFRP with TvD-10 

CFRP with PA6 

CFRP with EP 
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The investigation of water absorption on CFRP’s showed only small changes in storage modulus of 
materials made with TVD-10 matrix. In contrast materials prepared from PA6 showed a plasticization 
by water indicated by a decreasing glass transition temperature of more than 20 °C (Figure 5). This 
effect can be explained by crosslinkage of TvD-10 and the high content of amide groups in PA 6. 
 

 
Figure 5: DMA-thermograms (3 °C/min) shows changes of the storage 

modulus for two different CFRP’s before and after water storage 

 
Mechanical properties of TvD-10 are similar or better compared to common resins (PA6 an EP). This 
is shown for the bending as well as tensile strength in Table 2. 
 

Table 2: Tensile and bending strength determined for the CFRP’s 
with different matrix resins at ambient temperature 

 Matrix 
tensile strength 

[MPa] 
bending strength 

[MPa] 
PA6 53,2 ± 1,2 3215 ± 159 
EP 107,3 ± 3,8 7259 ± 1673 

TvD-10 110,4 ± 1,6 11376 ± 555 
 

 
Increasing the amount of toughening agent up to 25 pbw in the TvD-matrix leads to a slight decrease 
of tensile and bending strength. There is almost no effect in mechanical behavior of TvD with 1 pbw 
compared to material without toughening agent (Table 3). 
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Table 3: Rising amount of toughening agent leads to 
an only low loss of tensile and bending strength 

 Matrix 
tensile strength 

[MPa] 
bending strength 

[MPa] 
TvD-25 83 ± 2,2 7892 ± 656 
TvD-10 110,4 ± 1,6 11376 ± 555 
TvD-1 109 ± 1,1 13638 ± 1184 
TvD-0 119,6 ± 1,4 13198 ± 635 

 

  CONCLUSIONS 4
TvD is a smart concept for automatized production of FRP components. Advantages of thermoplastic 
and thermoset properties are combined in one material. Individual specification of the resins (Tg, cure 
rate, toughness etc.) could be adopted through formulation variation. Special resins for different fibers 
and production processes can be formulated. Fixation of prepreg layers relative to each other is possi-
ble by melting the resin locally with short heat treatment. Uncured material cuttings can be recycled 
and used as raw material in other processes. Additional advantages of TvD which are not shown here 
is its high potential for class A surfaces and applicability with pure white woven fiber appearance. 
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ABSTRACT 

The Resin Transfer Molding (RTM) process is the first choice for large-scale production of continuous 
fiber reinforced composite structures due to its capabilities of industrialization and automation at low 
price. However, the process is currently limited to monolithic structures. Low-cost and yet powerful 
foam materials do not seem to be compatible with the manufacturing conditions of the RTM process. 
Available measuring methods do not sufficiently analyze the foam behavior during processing, so that 
expensive preliminary manufacturing tests are necessary. The use of high-performance foam material, 
as known in aerospace applications, is not an alternative due to their high price. 

In order to enable the use of low-cost foam materials, it is important to match material and process. 
For this reason, a simple but highly efficient method based on ultrasonic sensors has been developed 
and patented by the Institute of Composite Structures and Adaptive Systems at DLR. The Foam Anal-
ysis Ultrasound System (FAUSt) enables a quantified property description of foam materials under 
realistic manufacturing conditions for the first time. Without contact to the sample the time-dependent 
deformation of foam materials depending on temperature and pressure can be determined. In addition 
to the material characterization itself, the measurement results benefit primarily the development of 
efficient, material-adapted impregnation strategies. Also process parameter identification for ideal 
processing and quality assurance is supported. Furthermore, the data can be used for numerical simu-
lation methods in the early development process. 

 

 INTRODUCTION 1
One of the main goals for tomorrow’s mobility is to reduce absolute energy consumption of vehicles 
and avoiding harmful emissions, such as CO2 and noise. To overcome these challenges research is 
done on future lightweight vehicle concepts for use in urban and interurban environments in the DLR 
research project Next Generation Car (NGC) (Figure 1). The Interurban Vehicle (IUV) is designed as a 
holistic vehicle concept oriented towards the road vehicle market in 2025. The main features are a fuel 
cell and a CFRP body structure for increased comfort, reduced energy consumption for maximum 
range, energy efficiency and safety. One focus of the work is the realization of particularly light and 
high-strength composite sandwich structure, which can be produced in large quantities [1]–[4]. 
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Figure 1: Next Generation Car (NGC) – Lightweight vehicle concepts for use in urban and interurban 

environments 

 RESIN TRANSFER MOLDING 2
Resin Transfer Molding (RTM) is a closed-mold vacuum-assisted process, where dry fiber material is 
placed and impregnated with reaction resin in a fixed cavity [5]. RTM is primarily used to mold com-
ponents with large surface areas, complex shapes and smooth finishes. The advantages over other 
methods are the achievable component properties as well as the processability. Especially the use of 
reaction resin systems that crosslink by heat supply, allows longer filling times at lower injection 
pressures. With a variety of different and highly automated technologies the process is robust and 
well-suited for a mass production up to 100.000 parts/year [6]–[8]. By using semi-finished products 
process costs can additionally be reduced. The finished component typically has a constant thickness, 
is near net shape with high dimensional stability and surface quality. 

Typical cycle times can be less than 10 minutes per part with 30 s for impregnation and 1.5 minutes 
for curing. The impregnation takes place at up to 15 bar, while the post-injection pressure can be up to 
120 bar. The exothermic reaction of the resin produces both a sufficient reaction rate for short cycles 
and a high glass transition temperature at low process temperature [9]. 

The overall process stability is largely dependent on the performance of the used materials. Since 
pressure and temperature are applied during RTM-Process for injection and curing, when using a foam 
core it must absorb the occurring loads. Therefore the foam core limits the process window. As a result, 
the foam core is responsible for the final component quality as well as the process costs [10]. 

 

 SANDWICH STRUCTURES 3
The use of sandwich structures enables a high bending stiffness with overall low density by attaching 
two thin, but stiff face sheets to a thick, but lightweight core. The face sheets carry tension and com-
pression loads while the core carries shear loads and supports the face sheets to be in position. The 
performance of a sandwich structure depends primarily upon the surface skin and the distance between 
them. A large distance of the face sheets leads to a higher geometric moment of inertia, which results 
in a higher bending stiffness. Due to this arrangement layout with relatively small stress levels in the 
core, and the low density of the core material itself a high stiffness-to-weight ratio can be achieved 
[11]–[13]. 



FAUST: Material characterization of low-cost foam materials for RTM large-scale production 223 

  

 
Figure 2: Principle of sandwich structures: Increase of the specific bending stiffness [14] 

 CORE MATERIALS 4
Widely used core materials are rigid foam core, balsa, and honeycomb. Since the dry fibers are im-
pregnated with liquid resin during the impregnation process, only closed-cell foam materials are used 
in RTM processes. When using e.g. Honeycomb as a core material, the core would be completely 
filled with resin during the impregnation process [15]. Thus, no significant weight or cost reduction 
can be achieved. 

4.1 Foam core material 
There are many foam cores available on the market, which are of different plastics and produced by 
different processing techniques. Most common are rigid foams, or integral foams with densities from 
30 kg/m3 to 150 kg/m3. The choice of raw material determines the properties and therefor the perfor-
mance of the final foam and its suitability as a structural material. In addition to the mechanical prop-
erties, other relevant criteria are the maximum operating temperature, necessary post-processing steps, 
reusability and fire, smoke and toxicity properties. For example foams made of polyurethane (PUR) 
and polyvinyl chloride (PVC) yield good mechanical performance at very low weight in low tempera-
ture applications, while polyethylene terephthalate (PET) possesses also excellent thermal stability. 
Polyethersulfone (PES), and polymethacrylimide (PMI), offer a unique high service temperature, very 
low water absorption, superior damage and impact performance and improved dielectric properties 
[11], [12], [16]. 

4.2 Foam core manufacturing 
The foam core is made from a variety of melted or granulated plastic in a continuous or discontinuous 
process. The foaming operation is performed by physical, chemical or mechanical methods whereby 
air is inserted into the melted plastic. The air is a result of the blowing agent mixed together with the 
raw material or expanding gas during injection molding. Together with the manufacturing conditions 
(vacuum, pressure, temperature, time, mold filling level) and various process steps, like preexpansion, 
dwell time and post processing, the foam characteristic can be customized. For this purpose, the struc-
ture of the foam is changed by the number and size as well as distribution and structure of the cells. 
For the homogeneity of the foam a good mixing is crucial as well as constant filling and processing. 
Since process sensitivity increases with decreasing density, meaning larger cells, deviation in the di-
mensions and mechanical properties of the foam core increase as well [17]. For large scale production 
foam cores are often produced by Reaction Injection Molding (RIM), whereby the inhomogeneity of 
the so called integral skin foam is expressly intended. The liquid plastic is injected into a colder mold 
and the temperature gradient decreases the cell size on the surface. This results in a part with a 
low-density core and cell-free edges. 

For small quantities, the final foam core geometry is made from sheets by bonding, milling, ther-
mal forming or pressing. During thermoforming or pressing, the foam material is shaped under pres-
sure and temperature. Large or complex degrees of deformation can damage the cell structure. The 
consequences are reduced mechanical properties and penetration by the resin system during injection. 
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4.3 Low cost foam core 
Beside the material efficiency, which is usually defined as a mechanical performance per weight, the 
performance per cost plays an important role for cost sensitive applications. The cost of foam materi-
als depends on the raw material costs and the manufacturing process. This also takes into account the 
geometry and quantity. According to Pflug [18] the PET foam with a price between 2 €/kg and 15 €/kg 
belongs to the low cost core materials. 

The core used in this investigation is AIREX T92.100 PET from 3A Composites with a thickness of 
12 mm and 20 mm. The thermoplastic structural rigid foam with closed cells is highly suitable for all 
types of resins and processes. In addition to its very good mechanical properties the foam has an out-
standing price-performance ratio. With an average density of 105 kg/m³ the compressive strength is 
about 1,4 N/mm2. It is also characterized by high temperature stability during processing (up to 
150 °C) and long-term applications (up to 100 °C) without post-expansion. [19] 

 

 MATERIAL CHARACTERISATION 5
Rigid foams can be analyzed with common test methods. Properties of interest are the long term ther-
mal stability, the heat resistance, the compressive strength and the roughness [20]–[22]. These proper-
ties are usually tested by tactile measuring methods based on small, standardized specimens. However, 
the operating conditions or manufacturing constraints deviate from these specified values. Furthermore 
as uniaxial testing is the most common mechanical test used, the results are insufficient to characterize 
foams for three dimensional loads. Although consistent properties, high temperature stability and low 
resin uptake are promised, research shows the opposite. As noted by [23]–[28], the material properties 
in terms of density, strength, thermal expansion and porosity show a different behavior. 

5.1 Preliminary tests 
To proof the mechanical properties of an AIREX T92.100 test specimen, the foam was subjected to a 
simple preliminary test. For this purpose, a foam plate was placed between press plates pre-heated at 
115 °C and applied with 1 MPa compression for approximately 5 minutes. Examination of the panels 
showed that the initial thickness was reduced from 12 mm to 9.62 mm (19.8 % plastic deformation). 
 

 
Figure 3: Preliminary test Compressive strength by means of a press 

 
The determination of the linear coefficient of thermal expansion was performed according to 
ISO 11359-2 from 10 °C to 130 °C with a rate of 3 K/min and reverse. The samples were taken di-
rectly from supplied plates (original) or additionally thermoformed by DLR. Each sample was tested 
twice. All tests were performed using a thermomechanical analysis TMA/SFTA841e provided by 
METTLER TOLEDO. The sample characteristics and test results are shown in Table 1. For different 
samples a non-linear, directional and production-dependent behavior of the coefficient of thermal ex-
pansion (CTE) was identified. Furthermore, the CTE values varied up to a factor of 5 for the same 
sample between Test Run 1 and Test Run 2. Consequently, the supplied data is only valid to a limited 
extent, since the specified values are determined under standard conditions. 
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Table 1: Sample characteristics and test results: CTE 

 
Sample Sample Dimensions

 w  l  t [mm] 
CTE 

Test Run 1
 [10–6 K–1]

 

CTE 
Test Run 2
 [10–6 K–1] 

 

AVG CTE 
[10–6 K–1] 

Standard  
Deviation 
[10–6 K–1] 

CTE  
Data 
Sheet 

[10–6 K–1]

Airex T92.100- 
original A 4  4  12 68,98 139,92 104,45 35,47 76 

Airex T92.100- 
original B 4  4  20 66,15 210,11 138,13 71,98 76 

Airex T92.100- 
thermoforming A 4  4  2,9 200,07 1025,97 613,02 412,95 - 

Airex T92.100- 
thermoforming B 4  4  2,9 199,04 1069,93 634,49 435,445 - 

 

5.2 Measurement methods 
Using an optical technique based on speckle interferometry, Ferreira [23] investigated the behavior 
under thermal loads. For PVC foams, a density variation over the cross section of up to 25 % was 
identified. Furthermore, a symmetrical density gradient of the examined samples was obtained, which 
is due to the manufacturing process. Also, there is no linear coefficient of thermal expansion across the 
thickness of the sample. Scherble [24] analyzed PMI foams and found a dependency between surface 
porosity and material density, pore shape, manufacturing process and finishing. The reduction in po-
rosity results in lower resin uptake and reduced peel strength. Viot [25] developed a measuring cham-
ber for the deformation analysis of PP foams under hydrostatic compression. The deformation of the 
sample is accompanied by high speed image techniques. The foam response under hydrostatic com-
pression shows a non-linear elastic stage, followed by a plastic plateau and densification. Deng [29] 
used a dilatometer for thermal expansion coefficient measurement at low temperatures. 

These studies show that single properties of foams can be analyzed under certain conditions. The 
ratio of sample size to density does not allow valid statements regarding the CTE gathered from TMA 
measurements, since it is not a characteristic cross-section of the real part. However, no measurement 
or analysis method for determination of the foam characteristics under realistic process boundaries, 
both pressure and temperature was found.  

Also process influences and additional boundary conditions of fiber, resin (e.g. exothermic heat re-
lease) or component geometry are not considered by the manufacturer. There is no general incompati-
bility between low cost foam cores and RTM processes. For the processing of foams, however, the 
associated material properties are required. Therefore the process window, regarding pressure and 
temperature, should be determined at first. 

 

 REQUIREMENTS FOR THE MEASURING SYSTEM 6
The measuring system has to fulfil the following requirements: 

 robust and simple measuring method 
 simultaneous and all-sided occurrence of boundary conditions: pressure and temperature 
 controlled pressure application up to 20bar 
 temperature control in a range of 20–180 °C 
 continuous and contactless measurement of specimen size 
 simultaneous measurement of dimension in at least three main axes 
 free movement and elongation of the test sample 
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 adequate ratio of sample size to pore size of the foam 
 variable sample height 
 measuring fluid with matrix-compatible properties in terms of viscosity and wettability 
 

 MEASURING SYSTEM: FAUST 7

7.1 Measurement principle 
The measuring method is based on ultrasound technology without contact to the sample. Position and 
deformation are calculated from distance measured by travel time of sound waves between sensor and 
sample, as seen in Figure 4. 
 

 
Figure 4: Principle of distance measurement with ultrasound [30] 

 
By measuring the difference in time ∆t between the pulse being transmitted and the echo being re-
ceived, it is possible to determine the distance r for a given velocity of sound c. 

 
 𝒓 = 𝒄 ∗ ∆𝒕𝟐  (1)

 
The velocity of sound c of a fluid is depending on the current temperature and pressure, parameters 
which are dynamically varied during the experiments. Therefore this effect has to be compensated for 
precise deformation measurement. 

For the signal generation bare piezoelectric ceramics by PI Ceramic (Figure 5) are used, which are 
used at the Institute FA for the monitoring of fiber composite processes [31]–[33]. Piezoelectric ce-
ramics are cheap ultrasonic sensors and easy to integrate. 

 

   
Figure 5: Bare piezoelectric ceramic (left); Sensor mounted and contacted (right) 
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7.2 Measuring system setup 
The measuring system (Patent No. DE102015114492) consists of four components: measuring cham-
ber, temperature control unit, hydraulic unit and control unit [34], [35]. Figure 6 shows the schematic 
structure and simplified operation. 
 

 
Figure 6: Setup of the measuring system 

 
The measuring chamber contains the test cell in which the sample is analyzed (Figure 7). 24 ultra-
sound sensors are mounted on the inner chamber wall for “three-dimensional” measurement of the 
specimen size. To increase the accuracy and reliability, the sensors are arranged in pairs opposite. Due 
to the fact that ultrasound velocity depends on temperature and pressure an internal sound velocity 
measurement for compensation is integrated in the lower cover. The punctual fixing of foam sample 
by spike leads to a free deformation in all directions. For easy handling of the measurement, mainte-
nance and additional functions, the measuring chamber is designed as a modular system. 
 

 

    
Figure 7: Sectional view of measuring chamber with test sample (left) and ultrasound sensors (right) 

 
The process conditions of the RTM process are supplied by the temperature control unit and hydraulic 
unit. The thermal behavior of the chamber is controlled by a water-operated temperature control STW 
200/1-36-60-H2.1 from SINGLE Temperiertechnik up to 200 °C. The integrated thermocouple close to 
the sample enables a precise temperature control. Pressure is applied in the chamber and thus on the 
sample via the hydraulic unit up to 20 bar designed by DELTA-Fluid Industrietechnik. A resin equiva-
lent fluid is pumped from a storage container into the test cell. The pressure is controlled via the pres-
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sure sensor KISTLER Type 4001A integrated in the upper chamber cover. Thus, both continuous de-
formation and sudden failure of the foam can be considered for various high pressure changes and 
rates of change. Two independently scalable pressure measurement channels with different ranges 
ensure high resolution even with small pressure changes. The integrated temperature sensor provides 
information on the temperature conditions inside the chamber and allows also automatic temperature 
compensation of the pressure signal during the process. 

The control unit includes the stored program control (SPC) for the test sequence including auto-
matic program step, temperature and pressure profile and safety installations. The ultrasonic analysis 
performs the data evaluation of the ultrasonic signals as well as data processing for deformation visu-
alization. In parallel, the central storage of all generated data of the measuring system takes place. 

7.3 Test specimen 
Specimens with a diameter of up to 120 mm and a height of 100 mm can be inserted. No special sam-
ple preparation is required. With the dimensions in the given range the sample represents the final part 
size. It also represents the cellular structure due to the high ratio of specimen-to-pore size. 

7.4  Description of the test sequence 
The measuring process includes four steps shown in Figure 8. First, a rotationally symmetric specimen 
with a digital cutting system is cut out of a plate (1). Second, the measuring chamber is filled with the 
sample and closed (2). Third, the test cell is filled with fluid and compression and thermal load is ap-
plied (3). Fourth, the ultrasound measurement and the deformation calculation of the specimen takes 
place simultaneously (4).  
 

 
Figure 8: Test sequence for foam analysis by measurement system FAUSt 
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 FOAM DEFORMATION MEASUREMENT BASED ON SOUND TRAVEL TIME 8

8.1 Calibration measurement 
The size of the foam sample under the coupled load of pressure and temperature is measured by ultra-
sound waves. The ultrasonic sensors, mounted on the inner wall of the test chamber, send sound im-
pulses through the fluid towards the foam sample. The waves are then detected by the same sensor 
after reflecting from the sample. The time of flight depends on the distance between sensor and test 
specimen and the fluid’s sound velocity. The latter is also dependent of the current temperature and 
pressure, parameters which are dynamically varied during the experiments. Therefore this effect has to 
be compensated, which is done by a dedicated calibration setup. 

In Figure 9 the result of a temperature calibration measurement is shown. The fluid temperature 
was varied from ambient temperature to 120 °C and simultaneously the sound velocity was acquired. 
The correlation shows a strong, but linear dependency between the sound velocity and the tem-
perature. 

 

 
Figure 9: Calibration of Temperature Dependency of the Sound Velocity 

 
Figure 10 shows the relationship of the fluid pressure and the sound velocity, which is less important. 
A pressure decrease of 1 bar has approximately the same effect as a temperature increase of 3.5 K. 

In the test chamber both influences are compensated in a dedicated calibration setup, where the 
fluid’s current sound velocity is measured over a fixed distance. Alternatively compensation can be 
derived from the temperature and pressure measurement and the presented calibrations. 
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Figure 10: Calibration of Pressure Dependency of the Sound Velocity 

8.2 PET foam measurement 
A measurement of AIREX T92.100 PET foam core was performed by the procedure described in 
chapter 7.4 to proof the measurement principle introduced in chapter 7.1. The test specimen has a 
height of 20.14 mm, a diameter of 69 mm and a weight of 8.4 g. The compression load is set to 1 bar 
taking into account the comparison measurement by TMA in chapter 5.1. The sample is heated from 
25 °C to 120 °C and cooled down to 25 °C after approximately 160 min with a heating rate of 
1.5 K/min, respectively –1.5 K/min. Based on the time of flight of the ultrasonic signal the change in 
size is calculated by equation (1). Figure 11 below shows the thickness of the foam according to the 
temperature profile. Starting from 20.14 mm the height increases to an average of 23.55 mm. At the 
end of the test cycle the height of the specimen is 20.17 mm. 

 

 
Figure 11: Proof of principle by PET foam thickness measurement 

 
In terms of the standard ISO 11359-2, the linear coefficient of thermal expansion is calculated from 
the change in thickness at about 178.2 * 10–6 K–1. This is approximately equivalent to the second run 
CTE measurement in Table 1. Nevertheless, the value is about 2.5 times the data sheet value. In addi-
tion, the sample showed an elliptical shape after removal. The smallest diameter is 62.36 mm and the 
largest diameter is 68.98 mm, hence a ratio of 0.9. The height increased slightly to 20.17 mm (increase 
of 0.1 %), as well as the weight to 12.3 g (increase of 46 %). 
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8.3 Results 
In the first series of tests, the measuring principle as well as the functionality of the measuring system 
was tested. The verification of the measuring principle was carried out successfully by determination 
of CTEs. Ultrasonic sensors only consisting of bare piezoelectric ceramics can be used to measure the 
distance between foam core and sensor in a closed tooling. The temperature, pressure and fluid de-
pendence of the ultrasound signal can be compensated by calibration. The measured deformation and 
therefore the coefficient of thermal expansion are of the same order of magnitude as the reference 
method. However, the final dimensions of the sample show uneven strain behavior, indicating direc-
tional material properties. In contrast to the given data the permanent deformation of the specimen 
shows an anisotropic behavior. Also a significant resin uptake of about 46 % compared to sample body 
weight was observed. 

 

 CONCLUSIONS 9
An efficient design of the processes requires not only process knowledge but also a profound and 
comprehensive understanding of the used materials. For this reason, a simple but highly efficient 
method based on ultrasonic sensors has been developed. Embedded into an innovative measuring sys-
tem presented in this paper a quantified property description of foam materials under realistic manu-
facturing conditions is done for the first time. The main advantage of ultrasonic sensors is that the 
measurement is carried out without contact to the test specimen. In addition, the measurement speed is 
relatively high enabling the detection of fast or small state changes. Whereas temperature control sys-
tem and hydraulic system can simulate the production conditions in an optimal way. And also the size 
of the sample takes into account material-equivalent influences as well as manufacturing and compo-
nent-relevant influences. Due to 24 ultrasonic sensors positioned in the chamber, a multi-axis meas-
urement and thus directional determination of the foam characteristics under temperature and pressure 
will be possible. 

Beside the material characterization, the use of experimentally obtained data is primarily seen in 
the development of efficient, material-adapted impregnation strategies. The identified process param-
eter can help to find an ideal processing window and to establish a quality assurance. Furthermore, the 
data can be used for numerical simulation methods in the early development process. 
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