International Conference

Euro Hybrid
Materials and Structures 2014
10 - 11 April 2014
Stade, Germany

Proceedings

www.dgm.de/hybrid
1

Euro Hybrid Materials and Structures 2014
April 10 – 11

PFH – Private University of Applied Sciences,
Stade, Germany

PREFACE

Performance, energy efficiency and the sparing use of natural resources are playing an even
bigger role in the development of modern systems. This applies to vehicles of any type as
well as to industrial machinery and buildings. Often, innovative materials act as trailblazers
for the implementation of new technologies. In many cases, high-performance components
can no longer be designed by using just one single material or material class. I n order to
fully utilize the specific properties of the materials used, several different materials are
usually mixed in one component, especially in the field of lightweight design. If these
combinations of materials are insoluble compounds, they are called m ulti material design
products or hybrid structures. The term "hybrid" is of Greek origin and means "mixed, of
mixed origin". These place special requirements on joining technology, design methods and
manufacturing and are challenging in other aspects, too.
This conference covers the full range of hybrid design aspects, from materials to design,
manufacturing and application. An effective, resource-conserving use of materials as well
as knowledge about how a material or component behaves are a bsolutely required if you
want to implement technologically demanding solutions not just for moved systems.
The goal of the conference is the exchange of information both among the disciplines
involved and between the scientific community and i ndustrial users. T he new conference
format with its lively mix of presentations with a practical bias and talks focusing more on
scientific aspects is supposed to help achieve that objective.
Stade in north-weste rn Germany has been chosen as venue as an im portant location not
only for aeronautics but also for related suppliers and research centers especially in the field
of composite materials. However, the composite community recognizes more and more that
best solutions are often realized by intelligent combinations of co mposite materials with
metals. The combination of different materials in hybrid structures and material systems
yields to some specific issues. These are addressed in thematic sessions focusing on special
topics. Within the proceeding each session is represented by its own chapter.
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Chapters with manuscripts of the presentations on recent results from research
and development are:
Chapter 1: Adhesion
How do composite parts adhere to other (metallic) materials?
Chapter 2: Interface:
What happens in the interface between the two materials?
Chapter 3: Joining
How to join components of different materials?
Chapter 4: Joint Design:
What are the design solutions for hybrid joints?
Chapter 5: Corrosion and Residual Stresses:
How about galvanic corrosion and thermal residual stresses
in the contact zone of different materials?
Chapter 6: Design:
What is a suitable design for hybrid structures?
Chapter 7: Metal-Metal-Hybrids and Metal Matrix Composites:
How to combine different metals and how to reinforce metals?
Chapter 8: Machining and Processing:
How to machine and process hybrid structures and materials?
Chapter 9: Hybrid Composites:
How can different composite materials benefit from each other?

We wish you a lot of new inspirations and solutions for your technical challenges
and looking forward to seeing you in Stade,

Dr.-Ing. Joachim M. Hausmann,
Deutsches Zentrum für Luft- und Raumfahrt e.V., Köln

Prof. Dr.-Ing. Marc Siebert,
PFH – Private Hochschule Göttingen

The Conference Chairs and Editors of the proceeding.
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NOVEL COUPLING AGENTS AS ADHESION PROMOTERS
BETWEEN THERMOPLASTICS AND METAL

R. Klein1*, K. Burlon1, C. Meyer1, M. Gallei2, M. Appold2, M. Rehahn1,2
1

Fraunhofer-Institute for Structural Durability and System Reliability LBF, Division Plastics, Darmstadt, Germany
2
Technische Universität Darmstadt,

ABSTRACT: Hybrid materials and structures derived from polymers and metals are of high interest in
lightweight construction. Herein the advantages of both classes of materials are combined in an ideal manner. However, low compatibility between polymers and metals often leads to insufficient adhesion. With the
aim of eliminating this drawback, tailor-made coupling agents have been developed and tested.
The presented coupling agents are based on block copolymers, in which one block bears functional groups,
which are capable to anchor at the metal surface or its oxide layer. The non-functionalized block of the investigated polymers is miscible or identical to the polymer to be bound to the metal part. These block copolymers can be deposited on the metal surface from solution by convenient spraying, dipping or painting.
When the thus modified metal surface is brought into contact with a polymer melt, the coupling agent entangles with the polymer matrix causing a strong adhesion.
Various mechanical tests demonstrate the improved adhesion between both classes of materials. Imaging
and spectroscopic investigations of fractured surfaces verify a material failure in the polymer matrix but not
in the interface.
KEYWORDS: thermoplastic/metal hybrid structures, coupling agents, block copolymers
local point transmission of force, which often does
not withstand durable or cyclic mechanical loads
[2].

1 INTRODUCTION
Lightweight construction in mobility applications
contributes essentially to a reduction of energy
consumption. Hence, more and more metal parts
are substituted by such made of plastics [1]. Although plastics offer low densities and in many
cases high strength, they never reach the ductility
of metals. With the aim of combining the properties of both classes of materials, they are joined
together in hybrid materials and structures [2, 3]. In
many cases, hybrid structures are manufactured by
insert or back injection moulding of a thermoplastic polymer melt onto metal parts [4,5]. Other
joining techniques, in which metal parts are
brought into contact with a polymer melt are e.g.
laser welding [6] or laminating [7]. Problems occur
in all these cases due to a low compatibility of the
polymer to the metal surface resulting in an insufficient adhesion.
This problem can be overcome by generating formlocked joins (fig. 1 left). However, this requires a
costly construction of the metal parts and leads to a

Fig. 1

Schematically: Form-locked join and adhesive bonding

More efficient is a two-dimensional force transmission between the two materials by introducing an
adhesive layer (fig 1 right). Such an adhesive layer
can be realized by applying different methods:
Chemical, mechanical or physical surface treatment of the metal part increases the roughness of
the surface or introduces functionalities, so that the
adhesion is improved [8]. Nevertheless, in these
cases the entropy of the polymer chains near the

* Corresponding author: Schlossgartenstr. 6, D-64289 Darmstadt, Germany, +49 – (0)6151 705 8611, roland.klein@lbf.fraunhofer.de
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interface is reduced by deformation of the ideal
coil, that a p olymer chain typically aspires. This
loss in entropy counteracts an adsorption of polymers onto solid surfaces [9] and leads to an insufficient adhesion. From our point of view, the adhesion between polymers and metal can be further
improved by the development of tailor-made coupling agents, which are able to eliminate this drawback.
This can be reached with polymer-based coupling
agents, which can be anchored to the metal surface
or its oxide layer by means of introducing functional groups. The non-functionalized parts of the
polymers have to be miscible or identical to the
polymer to be bound to the metal part. Ideally,
those coupling agents can be deposited onto the
metal surface from solution simply by dipping,
spraying or painting. When the thus coated metal
part is brought into contact with a polymer melt,
the coupling agent entangles with the polymer
matrix and those polymer chains of the bulk material which are nearest to the interface are able to
form an ideal coil with the highest possible entropy
(fig. 2).

chor groups, which can lead to a strong adhesion
between this surface and the polymer.

Fig. 2

2 SYNTHESIS OF COUPLING
AGENTS
Block copolymers can be synthesized by various
methods, depending on the type and nature of the
blocks to be generated. For example, they can be
synthesized by sequential monomer addition in
“living” an- or cationic polymerization as well as
by controlled radical polymerizations, such as atom
transfer radical polymerization (ATRP) or nitroxide mediated polymerization (NMP) (figure 3,
route a) [10]. With these polymerization techniques
and various combinations thereof, a large number
of different block combinations is possible. In
addition, functional groups for an effective (and
even selective) surface anchoring can be introduced by subsequent polymer analogous reactions
of one block whereas the other block is inert to this
reaction.

Schematically: Functionality of block copolymers as coupling agents
Fig. 3

We found that suitable polymer architectures for
such types of functional polymers can be based on
diblock copolymer architectures. Their usage as
coupling agents instead of low molar mass adhesion promoters is advantageous on a variety of
aspects: They do not only decrease the interfacial
tension and increase the compatibility. Furthermore, the block which has to be compatible with a
corresponding polymer can be identical to this
polymer, wherefrom aside a co mpatibility a r eal
thermodynamic miscibility can result. In this case,
the compatibilizer has the possibility to entangle
with the polymer matrix, which results in a higher
stability and durability of the interface. On the
other hand, that part of the compatibilizer which
should be responsible for a connection to a solid
surface can bear a large number of functional an-

Possible strategies for the synthesis of
block copolymers. Route a: Sequential
monomer addition during controlled or living polymerization; route b: coupling of
end-functionalized homopolymers.

Another possibility for the formation of block
copolymers is given by the prior synthesis of two
different end functionalized homopolymers and
their coupling reaction in a second step (fig. 3,
route b). This method is particularly of interest for
monomers, which cannot be polymerized by chain
polymerization but only by step growth polymerization, in which a sequential monomer addition is
not possible or does not lead to block copolymers.
With these techniques it i s possible to prepare a
large number of various coupling agents, which are
tailored to the specific application.
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waveless surfaces or by atomic force microscopy
(AFM) after scratching (fig. 4).

3 SURFACE MODIFICATION OF
METAL PARTS WITH
POLYMER-BASED COUPLING
AGENTS

4 ADHESIVE STRENGTH OF
POLYMER-METAL JOINS

Since the majority of the aforementioned block
copolymers is soluble in common organic solvents,
their application can be carried out rather convenient. A diluted solution of the coupling agents can
be brought onto the surface by spraying or painting. Or the metal part can be dipped into such solutions. After evaporating the solvent, a thin layer of
block copolymers remains on the surface. Due to
the fact that in principle a monolayer of the block
copolymers is sufficient, this coating does not
become visible in most cases. The thickness and
nature of this layer can be characterized by various
techniques. Scanning electron microscopy or fourier transform infrared (FTIR) spectroscopy e.g. are
methods of choice confirming the presence of the
corresponding coupling agent on the surface.

After surface modification it is essential, that the
thus treated metal part is brought into contact with
a polymer melt. Only by this it is possible to ensure
an entanglement of the block copolymers with the
matrix polymers. Necessary entanglement leading
to significant polymer-metal adhesion can be obtained either by injection molding process, by laminating a p olymer film between metal plates, by
laser welding or by the application of a hot melt
adhesive.
Depending on the material application and the
expected forces, suitable test geometries have to be
used. In fig. 5 some examples of test geometries
are given, which have been used to test e.g. the
adhesive shear strength or frontal tensile strength
of polymer metal joins.

Table 1: Comparison of contact angles.

Substrate
Steel (reference)
Steel, coated with polystyrene
block copolymer
Polystyrene [11]

Contact angle
of water
57°
94°
88-95°

In most cases, contact angle (CA) measurements
after surface modification reveal exactly the same
CA values as the neat polymer. This proves the
selective attachment of incorporated polymer functional groups to the metal surface. (table 1)

1 µm
Fig. 4

SEM image of a metal surface, coated with
coupling agents. The adhesive layer has
been scratched with an AFM-tip.

The thickness of the coupling agent´s layer can
either be measured by ellipsometry in case of

10

Fig. 5

Examples of test geometries: a: frontal
joined polymer between metal bars; b: polymer film, laminated between metal plates,
c: metal wire melted in polymer for pull-out
tests.

The following example demonstrates the efficiency
of functional block copolymers as coupling agents:
A steel wire with a diameter of 1.6 mm was sandpapered, etched with concentrated hydrochloric
acid and washed with tetrahydrofuran (THF). Subsequently it was dipped in a solution of a polystyrene block copolymer in THF (3 wt.-%) and pulled
out again. After solvent evaporation it was dipmolded in a melt of impact modified polystyrene
(HIPS) to receive a test specimen after cooling to
room temperature as it is shown in fig. 5c. For the
purpose of comparison, some of the steel wires
were treated equally, but without the usage of
block copolymers.
The force which was needed to pull the steel wire
out of the polymer block was measured in a tensile
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testing machine. Fig. 6 shows exemplarily three
representative tensile curves for these experiments.
It can be concluded, that the wire, which was treated without block copolymers was pulled out of the
polystyrene at a f orce of ca. 275 N, whereas the
coated wires resisted forces of more than 1300 N,
which is nearly a fivefold increase. Moreover, from
the shapes of the curves in fig. 6 it can be learned,
that the failure mechanism most probably is a cohesive fracture, when the steel wire was pre-treated
with block copolymers and an adhesive fracture
without block copolymers: The curve of the bare
steel wire appears similar to that of a brittle material, where the force increases continuously with the
elongation until it fails. Since HIPS is deformed
plastically under stress due to the formation of a
large number of crazes [12], it is expected, that in
case of a cohesive failure, the polymer used in this
experiment should also be deformed before it
breaks. This behaviour can be observed in the
samples, in which the steel wire was treated with
block copolymers. Similar to a typical stress-strain
curve of a p ure HIPS tensile specimen, the force
runs into a plateau, before the wire is pulled out of
the polymer matrix, which demonstrates a material
failure in the bulk.

Various mechanical tests, such as tensile- ,shear- or
peeling tests demonstrate the improved adhesion
between both classes of materials, when the metal
surface is coated with a thin layer of a corresponding block copolymer, before bringing it into contact with a polymer melt. Imaging and spectroscopic investigations of fractured surfaces verify a
material failure in the polymer matrix but not in the
interface. Similar behaviour was found by testing
material combinations of steel, aluminium, titanium or copper with high performance polymers (e.g.
PEEK), impact modified thermoplastics (e.g.
HIPS) or thermoplastic elastomers (e.g. SEBS).

Fig. 7

SEM image of a metal surface after tensile
test. Residual polymer on the metal surface proves a cohesive failure.
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DEVELOPMENT OF AN INTEGRATION ZONE FOR JOINING
POLYMER-METAL HYBRID STRUCTURES
T. Lindner*, C. Friederichs, B. Zillmann, K. Hockauf, B. Wielage, T. Lampke
Institute of Materials Science and Engineering, Chemnitz University of Technology

ABSTRACT: Hybrid material compounds made of a metallic and a fiber reinforced component have a
great potential for industrial applications, especially for ultra-lightweight structures. Advanced joining
methods are necessary to bond these dissimilar material groups. The weakest point within a joined metallic
and fiber-reinforced polymeric (FRP) structure is the interface between them. With this focus we introduce
the idea of thermal sprayed coatings to generate an integration zone for joining a hybrid structure, consisting
of a metal and a glass-fiber-reinforced thermoplastic polymer. This method provides a full-surface bonding
without using adhesives. The low-stress application minimizes the risk for distortion, which is a general
problem when mechanical surface activation processes are used. Furthermore, with the choice of appropriate
coating materials, it is possible to maintain a high bonding strength of the hybrid interface, even if the bulk
metallic component is varied. In our study, a glass-fiber reinforced polyamide 6 (PA6) with a thickness of
2 mm was joined to two different bulk metallic components: an unalloyed structural steel (S235) and an
aluminum wrought alloy (AA6063). Joining was conducted at 285 °C, which was above the melting temperature of PA6. Axial-loading adhesion tests were conducted in order to evaluate the bonding strength. Compared to conventionally grit blasted surfaces, the application of an intermediate bond coat by thermal spraying leads to a significant increase in joining strength.
KEYWORDS: metal/fiber-reinforced polymer hybrid component, integration zone, thermal spray coatings, adhesion test, bonding strength

1 INTRODUCTION
The development of hybrid material compounds is
regarded as a key technology for the use in loadadapted, weight-optimized constructions. Based on
the specific properties of the single components it
is possible to develop adapted hybrid material
concepts that enable an energy- and resourceefficient separation of the construction into functional sub-units. Within this context, the joining
technology is of decisive importance, as it has to
ensure reliable adhesion and load transmission.
There is a huge potential for intensified research,
especially for joining technologies for metalpolymer hybrids. Currently, adhesive bonds,
bolt/rivet mechanical joints and ultrasonic spot
welds are state-of-the-art technologies [1,2]. The
risks of adhesive bonds are the absorption of water,
degradation when disposed to UV and also aging
effects which can weaken the bond strength over
the time. In the case of the mechanical joints with

bolt or rivet, an extra part is needed which increases the weight of the structure. Additionally, cuts
and exposed fibers are imposed due to the penetrating joining element, which causes high stress concentrations, especially in the FRP component. The
ultrasonic spot welding process for joining dissimilar materials is a p romising method to create high
strength joints between different aluminum alloys
and fiber reinforced polymers [2]. New approaches
present a force fit connection by an appropriate
surface modification of the metallic component
with a l aser treatment [3,4,5]. After the surface
modification, an induction heated joining process is
performed [3,4]. The joining process itself is conducted above the plastic side melting temperature
and a mechanical clamping can be realized by the
surface structure gained from the laser treatment.
The results by Roesner et al. [4] show a significant
improvement with a laser structured metal surface,
especially for the combination metal to glass fiber

* Thomas Lindner: th.lindner@mb.tu-chemnitz.de; (+49) 371 531 38287; Chemnitz University of Technology, Institute of Materials
Science and Engineering, D-09107 Chemnitz
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reinforced PA66. The reasons for this phenomenon
are explained by the increased surface area and the
interlocking between plastic and metal [4]. Additionally, the glass fibers are able to move in the
surface structure as well [4]. Besides laser structuring, a simple mechanical grit-blasting process of
the metallic side is discussed in [6]. The highest
bonding strength was achieved with the highest
roughness parameter of the surface. The mechanical surface pre-treatment by grit blasting can leave
a certain amount of residual stresses in the material
[7]. This can lead to deformations, which ends in a
distortion of the structure, especially for thinwalled components.

on at least three samples. In a first step, the bond
strength of conventionally blasted metallic surfaces
and the FRP were determined. S235 steel and the
aluminum wrought alloy AA6063 were used as
plunger material. Blasting was conducted with
aluminum oxide EK-F 24 at a p ressure of 2 bar
with a blasting angle of 70 ° and a d istance of
200 mm. In Figure 1a the test setup for evaluating
the bond strength of the blasted metallic surfaces is
shown schematically. Surface activation was done
for both plungers in the same manner. The FRP
was placed in between the plungers. Then the materials were joined at 285 °C and a force of 300 N.
Finally, the bond strength test was conducted under
tension loading with a velocity of 2 mm/min. In a
second step, thermal sprayed surfaces were evaluated. Arc wire spraying was chosen, as this process
is especially economic. The burner VisuArc 350
from Sulzer was used. NiAl95/5 and NiCr80/20
(both as wires with a thickness of 1.6 mm) were
chosen as spraying materials, as they are typically
used as bond coat material in thermal spraying
[9,10]. For more information on the thermal spraying process, please refer to Tables 2 and 3 ( for
NiAl95/5 and NiCr80/20, respectively).

This study will discuss thermal sprayed coatings
with the focus to high bonding forces between a
metal sheet and an FRP. Thermal sprayed coatings
are known for their porous structure and high
roughness that delivers a high specific surface area
which has a g reat potential for a high bonding
strength between the two materials [8]. An infiltration of the plastic material can be realized by the
open porosity of the thermal sprayed coating and
causes a s mooth transition between the specific
properties of the single components. An individually tailored coating for each material combination
can be realized by variation of the coating material,
thickness and the process parameters, e.g. velocity,
spray distance etc.. Bonding issues that may arise
in special material combinations can be effectively
countered by thermally sprayed layers which serve
as a bonding promoter. More advantages are the
low input of heat and stress in the substrate. This
reduces the risk of distortion, especially for thinwalled metallic structures.

1

5

4

2 EXPERIMENTAL PROCEDURE

2

A glass-fiber reinforced Polyamide 6 ( 2-layered,
bi-directional reinforcement) with a thickness of
2 mm was used in this study. Tensile properties
were determined according to DIN EN ISO 527-4,
at a quasi-static strain rate of 5x10-3 s-1, Table 1.
Table 1: Mechanical properties of the FRP in uniaxial tension.

Fibre orientation
resp. to tensile
axis
FRP - 0°/90°

Ultimate tensile strength
σ u (MPa)
444 ± 73

1

3

1
a)
Fig. 1

Young´s
modulus
E (GPa)
52 ± 7.35

For the evaluation of the bond strength, axialloading adhesion tests were conducted, according
to DIN EN 582. In this test, metallic plungers with
a diameter of 25 mm are bonded by the joining
element which has to be tested. Subsequently, bond
strength is determined by tensile loading of the
joined structure. The values shown here are based
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1
b)

Schematic drawing of the test setup for
evaluating the bond strength. a) grit blasted metallic surfaces and FRP, b) thermal
sprayed layer and FM1000 adhesive pad.
1: Substrate Fixture; 2: Grit blasted surface;
3: Coated surface; 4: FRP; 5: Adhesive
Pad FM1000

Table 1: Parameters for electric arc wire spraying
(VisuArc 350) of NiAl95/5.

blasted metal to the FRP component (Fig. 2). This
result shows, that the weak part of the joining will
be the connection between the coating and the
FRP. The grit blasted substrate condition and the
smallest layer thickness (40 µm) show the highest
bonding strength between the coating and the substrate (Fig. 3). The NiAl5 coating is characterized
by an approximately two times higher bonding
strength, without the additional grit blasting. However, a t hin coating layer gives the best bonding
strength. Therefore, the following studies are limited to the 40 µm layer.
10
9
8
7
6
5
4
3
2
1
0
St
Al

7 mm

Velocity

1.0 m/s

Growth
by step

80 µm

Spraying
distance

130 mm

The sprayed coatings were directly applied onto the
grit blasted or non blasted metallic surfaces of the
plungers. The coating thicknesses given in Figures
3 and 4 include variations within ± 20 µm.
In a first approach, the coating systems were optimized with regard to their bond strength to the
metallic component. Figure 1b shows the setup
which consists of a t hermal-spray coated plunger
which is bond to a grit blasted plunger with the use
of an adhesive pad “FM1000” (from Cytec). In a
second approach, a s election of these coating systems was tested according to Figure 1a.
Table 2: Parameters for electric arc wire spraying
(VisuArc 350) of NiCr80/20.

Fig. 2

240 A

Air

3.5 bar

U

24 V

Line-gap

7 mm

Velocity

1.0 m/s

Growth
by step

40 µm

Spraying
distance

130 mm

70

3 RESULTS AND DISKUSSION
In a first step the bond strength between a blasted
metallic surface and the FRP was measured. This
was done to obtain a r eference value for further
investigations on the thermal spray coatings; Figure 2 gives the mean values and standard deviations for the use of aluminum (Al) and steel (St)
plungers. Comparing the use of aluminum and steel
plungers, the differences are within the range of the
standard deviations. This implies that the bond
strength is identical for both blasted metals. The
mean value of 7 MPa is now set as the minimum
value which should be outnumbered by the thermal
spray coated compounds.
Figure 3 s hows the bonding strength of thermal
sprayed coatings to the substrate as a f unction of
the layer thickness and the coating material. A
reduced layer thickness leads to a s ignificant increase in bonding strength. Furthermore, the bonding strength between the 40 µm coating and the
substrate is about eight times higher that of the
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Bonding Strength [MPa]

I

Bonding strength under axial tension
between grit blasted steel and aluminum to
the FRP.

60
50
40
30
20
10
0

NiAl5
Fig. 3

40 µm non blasted

Line-gap

320 µm grid blasted

25 V

40 µm grid blasted

U

40 µm non blasted

3.5 bar

grid blasted

Air

320 µm grid blasted

200 A

40 µm grid blasted

I

grid blasted

PFH – Private University of Applied Sciences,
Stade, Germany

Bonding Strength [MPa]

Euro Hybrid Materials and Structures 2014
April 10 – 11

NiCr20

Bonding strength of two different coating
materials for grit blasted and non grit blasted substrate and the influence of the layer
thickness.

For evaluation of the bond strength of the thermal
spray coatings, the test setup according to Figure
1a was used. The metallic plungers were coated by
arc wire spraying; previously, on the half of them
the surface was roughed by grit blasting. In a last
step they were joined with the FRP. Figure 4 summarizes the bond strength of the thermal-spray
coated samples with and without previous grit
blasting. The average values of the thermal spray
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coated hybrids were in the range of 10 – 12 MPa.
This represents a s ignificant increase in bond
strength as compared to the conventionally blasted
surfaces (bond strength 6 - 7 MPa, see Fig. 2).
When the metallic surfaces are roughened (by
blasting) previous to the thermal spray process, an
additional slight increase in bond strength is observed. The steel plungers having a higher usable
strength due to the lower standard deviation compared to aluminum plungers by comparable average values.
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2
0
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8

non blasted - 40µm NiAl5
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Bonding Strength [MPa]
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Al

Fig. 4: Bonding strength of the thermal spray
coated metal-FRP hybrids with and without
previous blasting.

4 CONCLUSIONS
Our studies has shown that the bonding strength
between steel-FRP and aluminum-FRP hybrids can
be increased significantly by using NiAl5 thermal
spray coatings, as compared to conventionally grit
blasted samples. With a further grit blasting pretreatment, an additional increase of the bonding
strength can be achieved. Thinner coatings provide
higher bonding strength between the substrate and
the coating material.
The qualification of thermal spray coatings as
bonding promoter for metal-FRP composites provides an adequate alternative to conventional
surface activation by grit blasting. The advantages
of lower residual stresses and a damage-free activation enable new joining techniques. A benefit arises especially for thin-walled materials and sheets,
which gives more possibilities of variations of the
geometry. By increasing the bonding strength, the
geometric dimensioning can also be optimized.
This delivers more possibilities for designing with
such material combinations.
Additionally, the authors pointing out that the presented results are just valid for the tested conditions. The strength can change if the material is
aged by temperature, UV or humidity which needs
to be investigated.

The authors gratefully acknowledge funding by the
German Research Foundation (Deutsche Forschungsgemeinschaft, DFG) through the Cluster of
Excellence “MERGE”.
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UVC TREATMENT OF TECHNICAL TEXTILES
FOR IMPROVED ADHESION OF TPE

J. Wintzer*, J. Walther, J. Leuthäußer
INNOVENT e. V. Technologieentwicklung, Jena, Germany
ABSTRACT: Combination of textile reinforcements with melt processable thermoplastic elastomers
(TPE) offers an interesting technological approach for efficient manufacturing of composite materials which
combine elasticity and high modulus. TPE can be processed relatively easily but their adhesion to high
strength technical textiles like polyamide or polyester fibers is often problematic due to the lack of suitable
adhesion related groups.
Chemical bonds can be cleaved by irradiation with energy- rich short-wave photons and the surface properties of synthetic materials can be changed by different mechanisms, in particular with the aim of producing
or anchoring adhesion related groups.
The paper presents first results of an actual project whose goal is to improve the adhesion of melt processable elastomers onto relevant reinforcement materials by means of short wave UV light (low-pressure mercury lamp with 185 nm and 254 nm emission). Results of laboratory tests regarding surface activation of polyamide and polypropylene fiber materials are shown. These include the influence of process parameters to
adhesion strength and investigations to provide the UVC treatment as gentle as possible to avoid negative
effect on fiber properties.
KEYWORDS: UVC treatment, fiber-adhesion, filament, surface activation, PP, PA, TPE

1 INTRODUCTION
Combination of textile reinforcements with melt
processable thermoplastic elastomers (TPE) offers
an interesting technological approach for efficient
manufacturing of composite materials which combine elasticity and high modulus. However, the
usage of many new material combinations is often
limited by adhesion problems. Thus, it is usually
difficult to achieve a firm and permanent bonding
of thermoplastic elastomer to synthetic fiber surfaces because most of TPE have no reactive groups
which can promote the adhesion as it is the case
with the use of epoxy or polyurethane matrix materials. The preferred way to enhance the adhesion of
TPE is an effective pretreatment of the fibers [1].
Because of deficiencies of conventional chemical
procedures, especially of environmental problems,
different physical techniques of surface modification are investigated [2]. The UVC-treatment of
fibers opens an interesting alternative to plasma or
corona processes. By irradiation of polymer materials with short wave UVC light different effects of

chemical and morphological surface modification
are obtained [3, 4, 5].
Enhanced adhesion properties of different polymer
materials like polypropylene films or PET fibers
were also achieved by excimer laser irradiation at
wavelengths of 193 nm and 258 nm [1, 8]. But the
high radiation power of (pulsed) lasers may effect
changes of the surface morphology and polymer
degradation.
Other authors described that improved wettability
and adhesion performances were produced by UV
treatment of vulcanized latex soles with a mercury
vapour grid lamp in presence of oxygen [6] or by
UV irradiation of polyester fabric with a 222 nm
excimer lamp [4]. A major advantage of U VClamps is the continuous emission of light with
comparatively low radiation power. Therefore it
should be possible to achieve chemical changes at
polymer surfaces without thermal effects. This is
especially important for UVC treatment of synthetic fibers with small filament diameters.
Subject of the current project are investigations on
the application of low pressure mercury lamps in
activation processes of technical fibers based on

* Corresponding author: JW@innovent-jena.de, INNOVENT e.V., Pruessingstraße 27B, D-07745 Jena
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polypropylene (PP) and polyamide (PA). The basic
idea of the development work is to produce adhesion promoting functional groups on the surface of
synthetic fibers by irradiating them with energy
rich light of the short-wave UVC range. Thereby
improved adhesion abilities in compounds with
poor bonding matrix materials should be achieved.
The research on this problem is performed with the
aim of technical application.
This paper presents some aspects and first results
of actual works.

ous mode with a conveyor belt under atmospheric
conditions.
The experimental setup allowed to record temperature, irradiance at 185 nm and 254 nm as well as
the ozone concentration locally and directly on the
treated surface while UVC treatment is in progress.

2 EXPERIMENTAL
Main focuses of previous experimental works were
the assembling of suitable experimental equipment
for the trials of irradiation of fiber material, investigations for evaluation of experimental a nd system parameters for treatment of selected test fibers.
Furthermore tests to measure the effectiveness of
the developed laboratory technique of fiber treatment to enhance the adhesion abilities against TPE
were carried out on representative test compounds.
2.1 MATERIALS
In our current investigations commercial available
technical fibers are used. The described tests however were performed on uncoated and not pretreated continuous monofilaments of polypropylene respectively polyamide.
Selected matrix materials for producing the test
compounds were commercially available TPE
materials on the basis of polyamide (TPA) respectively polyurethane (TPU) of the types UBESTA
or ELASTOLLAN with a suitable working range
and without significant adhesion to the not pretreated fibers.

2.2.2 Experimental Procedure
In order to produce a co mparable surface quality
and remove adhered contaminations the test fibers
were cleaned wet-chemically before further processing.
For UVC treatment using the belt conveyor system,
the fibers were clamped in a frame with a window
of 120 mm * 210 mm and treated as plane specimens on both sides, so that the whole fiber circumference could be irradiated.
Table 1: Parameters of the irradiation experiments

Parameter

Unit

Range

Time of irradiation

sec

30 - 120

Distance of fiber to UVCsource

mm

40 - 150

Intensity of irradiation
at 185 nm on fiber surface

mW/cm² 7.5 – 1.6

Maximum temperature at the °C
specimen (measured next to
specimen while test was running )

32 - 36

2.2 UVC IRRADIATION EXPERIMENTS

The experiments were performed in a p arameter
range which was adapted on previously determined
technological and material specific demands. Time
of irradiation and their intensity were controlled by
varying the conveyor speed and the distance from
lamp to treated surface.

2.2.1 UVC Treatment
The UVC-treatment of the fibers was carried out
using an experimental station designed and manufactured i n-house. The modular concept of the
irradiation system allows the application of different irradiation sources, the variation of several
parameters for the investigation of influence factors, as well as the installation of additional components and test chambers. In this study we present
the results of the treatment tests on synthetic polypropylene- and polyamide-fibers applying UVClight from low pressure mercury lamps emitting
line spectra at 185 nm and 254 n m. For the test
series a height adjustable irradiation unit with an
irradiation area of 380 mm x 400 mm w as used
equipped with 11 s ingle switchable low pressure
mercury lamps (HG-LP classic lamp) of the type
NIQ 60/35XL of the company Heraeus Noblelight.
The irradiation of the fibers took place in continu-

2.3 TESTS OF THE COMPOUND STRENGTH
To evaluate the pre-treatment effect of the particular irradiation experiment relating to the adhesion
abilities, test compounds of the pre-treated fibers
with the above mentioned TPE were produced. The
fabrication of the compounds was made via hot
pressing by using a s pecific compression mould
device and by means of a heated plate press of the
company RUCKS ltd.
The bonding strength between fiber and matrix was
statically tested by single fiber pullout test [9, 10]
using a self made test setup following the example
of the so called T-test which is commonly used for
adhesion tests of conventional rubber-fiber composites (Fig. 1). In this method the single fiber is
embedded in the TPE matrix and the maximal
thread-pullout-strength of the embedded fiber is
determined by modified tensile test. Experimental
results which are shown in tables 4 and 5 were
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obtained for samples with an embedded length of
10 mm.

light sources with emissions in VUV range in presence of oxygen or air [3, 5-7, 11].

%T

0,1
0,09
2
0,08
1

0,07
0,06
0,05
0,04
1650

Fig. 1

1700

1750

1800

cm-1

Principle of testing the maximal threadpullout-strength (T-test)
Fig. 2

3 RESULTS AND DISCUSSION
3.1 EFFECT OF UVC-IRRADIATION ON
FIBER MATERIALS
Regarding the application of mercury low pressure
lamps for treatment of synthetic fibers, it must be
noted, that especially the energy of 185 nm photons
is sufficient to break most of organic bonds. Degradation reactions can result, if the fiber material
absorbs irradiation energy in the range of polymer
bonding energy. The use of short-wave UVC light
for treatment of reinforcing synthetic fibers can
only be successful, if the surface activation can be
performed with preservation of fiber properties.
Therefore it is necessary to investigate effects
caused by short-wave UVC radiation of synthetic
fiber materials.
3.1.1 UVC Irradiation of Polymers
in the Presence of Air
Additional secondary reactions caused by attack
and/or addition of photochemical activated oxygen
species occur if the irradiation of polymer materials
takes place under atmospheric conditions, i.e. in
the presence of oxygen. Polar active centres can be
generated in result of such processes. The generation of oxygen containing structures by 185 nm /
254 nm UVC irradiation of polypropylene (PP) in
presence of air was proven by means of Fourier
Transform
Infrared
Spectroscopy
(FTIRSpectroscopy) and X-ray Photoelectron Spectroscopy (XPS) [8]. Analyses of polypropylene foil
before and after the UVC treatment show an increase of carbonyl bonds on the polypropylene
surface (Fig. 2, Table 2). This result corresponds
with described effects of chemical surface modification of polymers by irradiation with other UVC
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Comparative FTIR transmission analysis of
polypropylene foil (spectrum detail) before
(1) and after (2) 185 nm/ 254 nm UVC
treatment in presence of air; increase of
C=O signal

The adhesion properties of the polymer surface
may be improved thereby. These surface analytical
results support development regarding the use of
short-wave UVC for pre-treatment of fiber materials, especially of synthetic materials based on non
polar polymers.
Table 2: XPS results of the PP surface analysis
before and after 185 nm/ 254 nm UVC treatment in
presence of air (20 min)

No. Pre-treatment
1
2

without
UVC / air
I 185 nm = 1.4 mW/cm²
I 254 nm = 8.9 mW/cm²

[Atom %]
C1s
O1s
99.6
0.4
93.4
6.6

3.1.2 Influence of UVC Parameters
on Fiber Strength
Influence of high photonic energy can induce undesirable damages of fiber material because of
thermal stress or photolytic cleavage of chemical
bonds in polymer chains even inside the fiber.
Such effects were observed in experimental treatments of synthetic polyester fibers or polypropylene foils using short-wave UVC laser sources [3, 5]
and also in treatment of polymer material using
mercury vapour grip lamp [6]. Realizing a gently
irradiation of synthetic fibers is particularly challenging because most of the products have very
small diameters in the range of only a few micrometers. That’s why the treatment effects must be
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surface active, but thereby a small depth effect is
required to save the quality of bulk material, especially mechanical properties. Effects induced by
UVC light depend on the emission spectrum of the
UV light source and on the absorption properties of
the irradiated system. Previous research had focused on effects of UVC irradiation on chemical
and morphological surface modification. Reviews
which include investigations of influence of short
wave UVC irradiation on fiber strength were not
found.
Our current project studies regarding the use of
mercury low pressure lamps with 185 nm and 254
nm emission wavelength concern the influence of
important treatment parameters like duration or
intensity of UVC irradiation on tensile strength of
selected fiber types.
In table 3 some results of corresponding test series
with monofilaments of polypropylene (PP) and
polyamide 6 (PA 6) are listed. In these experiments
the UVC radiation was modified by varying the
duration and the distance of UV light source from
the treated fiber surfaces.

3.2 ADHESION TESTS
The described laboratory process (2.2) was used to
perform exploratory trials regarding UVC pretreatment of fiber materials to improve their adhesion in fiber reinforced thermoplastic elastomers.
First results of tests with treated filaments for compounds with polyamide thermoplastic elastomer
(TPA) and polyurethane thermoplastic elastomer
(TPU) matrix materials are shown below (tables 4
and 5).

Table 3: Influence of irradiation time (t) and distance of mercury low pressure radiation source (h)
on tensile strength of UVC treated 200 µm PP- and
160 µm PA 6-monofilaments (average value of 15
samples in relation to untreated filaments); tensile
strength of untreated fiber: 200 µm PP 18.6 N; 160
µm PA6 14.1 N

t
[sec]
0
30
30
60
60
90
90
120
120

h
I max
[mm] [mW/cm²]
0
40
7.1
80
4.3
40
7.1
80
4.3
40
7.1
80
4.3
40
7.1
80
4.3

tensile strength [ %]
PP
PA6
100
100
100
100
100
100
100
100
100
100
84
98
92
98
63
94
75
98

Parameter ranges which combine material related,
technical and economic aspects were selected because of the application-oriented nature of the
project works. Experimental results show - particularly in the case of PP - significant influence of
duration and intensity of UVC irradiation on the
tensile strength of tested filaments. But also parameter sets of UVC treatment without loss of
tensile strength were obtained. The test results
allowed to save the preferred parameters for exploratory tests regarding UVC pre-treatment of
synthetic fibers to get improved adhesion properties.

3.2.1 Adhesion Tests with TPA Matrix Material
The T-test results of first laboratory tests show that
the UVC irradiation of PA 66 fibers according to
the developed process causes significantly higher
adhesion of fibers in the TPA matrix material.
While untreated fibers show no adhesion in the
used TPA (pull out strength < 1 N), the pull out
strength which was gauged in tests with UVC
treated fiber samples is significantly higher (more
than 13 N).
Table 4: T-test results of exploratory tests on UVC
pre-treatment of PA 66 monofilaments (0.16 mm)
for improved adhesion of TPA (type UBESTA)

UVC treatment
without treatment
UVC Option 1
1.8 J/cm²
UVC Option 2
3.4 J/cm²

Extraction Fracture
force
<1N
100 % adhesive
> 12 N

80 % cohesive

> 13 N

100 % cohesive

With the applied T-test method most of the samples show cohesive fractures of fiber material because of increased pull out strength that is higher
than tensile strength of embedded 160 µm PA 66
fibers.
3.2.2 Adhesion Tests with TPU Matrix Material
Improved adhesion properties of UVC pre-treated
fibers were also obtained in tests with matrix material based on polyurethane (TPU). Table 5 presents
several results of test series with technical PA
fibers.
There the effect of U VC irradiation of fibers is
compared with other methods of fiber treatment.
The treated fibers were processed into composite
samples directly following the specific pretreatment procedure.
It can be seen that through application of treatment
processes using the 185 nm / 254 nm UVC radiation significantly higher adhesion strength in the Ttest samples was achieved. In addition the experimental results suggest promising possibilities of
combination of UVC treatment and chemical coatings.
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Table 5: T-test results (pull out strength) of PA66
fiber-TPU-composites using various pre-treatment
methods without (1-3) or with (4-5) using of 185 nm/
254 nm UVC irradiation (I 185 nm = 7.1 mW/cm²; fiber
diameter 1 mm)

No. Pre-treatment
1
2
3
4
5
6

without pre-treatment
coating 1
coating 2
UVC irradiation
coating 1
and UVC irradiation
coating 2
and UVC irradiation

[4]
[5]

Pull out strength
[N]
< 10
12
29
27
54

[6]

79
[7]

4 CONCLUSIONS
These results suggest that it may be a promising
approach to use short-wave UVC light of mercury
low pressure lamps to develop new methods for
pre-treatment of technical textiles for improving
their adhesion properties in composites with TPE.
Applying the laboratory process for UVC pretreatment resulted in significantly increased adhesion strength of fiber-TPE test composites. Suitable
parameter ranges could be found in the result of
exploratory analyses about the effect of UVC irradiation process on fiber tensile strength performing
the UVC test series on these materials. It is planned
to continue and expand the current developments
with the aim of establishing application-relevant
and efficient approaches for using of short-wave
UVC light in treatment of technical fibers.
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LASER TREATMENTS OF TITANIUM SURFACES IN DIFFERENT
ATMOSPHERES FOR IMPROVED ADHESION PROPERTIES
J. Haubrich1*, K. Schulze1, J. Hausmann1
1

German Aerospace Center/Deutsches Zentrum für Luft- und Raumfahrt e.V. (DLR)

ABSTRACT: We present a first study on the effects of the ambient gases of a laser pre-treatment on the
interface and bond strength to a thermoplastic polymer, polyetheretherketone (PEEK). The pretreatments of
titanium TiAl3V2.5 surfaces were performed with a pulsed Nd:YAG laser in air, oxygen, nitrogen and argon. SEM investigations showed macro-structuring at the micron scale and superimposed fine nanostructuring. We characterized the initial and residual bond strengths by means of single-lap shear experiments prior
and after degradation for 7 days in 80°C hot H 2 O, respectively. The initial strengths of the surfaces laser
treated in air, oxygen and nitrogen were comparable at around 77 MPa, whereas for samples pretreated in
Argon slightly lower strengths of 67±6 MPa were obtained. After degradation, the absolute strength loss
varied from 11% (air) to 24% (Ar). While laser treatment in reactive gases still led to comparably high
strengths (~64 MPa), the pre-treatment in Ar caused a significant loss of the residual strength (52 MPa). The
shear strengths and degradation results correlated with changes in the nanostructures created by the laser
irradiation, which was substantially less in case of argon compared to those obtained in reactive gases. The
presence of titanium oxides was detected by EDX on all four surfaces.
KEYWORDS: Adhesion, adherend, surface pre-treatment, pulsed laser, ageing, titanium grade 9,
TiAl3V2.5, thermoplastic polymer, polyetheretherketone (PEEK).

1 INTRODUCTION
Chemical and structural properties of joining surfaces are a major factor determining the strength
and degradation resistance of adhesive joints. Especially for thermoplastic polymers like PEEK,
which are commonly considered to bond only by
comparably weak physical interactions and mechanically, the surface preparation is a key factor.
Several reviews have been published on the topic
of surface preparations to provide good adhesion,1-3
particularly for titanium metal and alloy surfaces.3-7
Their focus was geared mostly towards chemically
reactive, thermosetting adhesives. A lot less is
known about the requirements and effects of surface pretreatments suitable for primarily or purely
physically consolidating thermoplastic polymers.812

Among the known surface preparation methods,
the laser ablation treatment for surface cleaning
and modification with continuous-wave or pulsed
lasers has lately attracted great interest from both
fundamental research and industrial application.
Depending on the laser parameters and the gas
atmosphere, e.g. air,13-16 O 2 ,13,17 N 2 ,13,17 or inert
gases13 chemically and structurally different functional films can be formed on the metal. The films,
in turn, influence the bonding, solidification and
crystallization of the polymers and, thus, play a

role for the stability of the near-interfacial region in
the polymers.
Molitor et al. found that treatments of titanium
surfaces with an excimer laser affected macroscopic roughness little, but led to improved wettability
and work of adhesion of epoxy resins.15 Applying
an epoxy primer immediately after laser ablation
was concluded to be important for the stability of
the joint.
In one of the first studies of the structural and
chemical properties of the functional layers created
by laser irradiation, Baburaj et al. identified microcolumnar oxide arrays, which after in situ oxidation formed clusters of submicron-sized oxide
particles with micro-pores.18 These authors proposed that the structure allowed better mechanical
interlocking and wettability.
Lavisse et al. studied the chemical composition of
similar laser-induced oxide layers on Ti substrates
with a pulsed Nd:YAG laser.19 For small laser
fluences (< 25 J/cm2), the layers were colorless or
pale yellow. From a combination of XPS and Raman measurements, titanium oxo-carbo-nitrides
were identified. At higher laser fluence, rough
sample surfaces with purple and blue colorations
were obtained that showed increasing formation of
anatase and rutile TiO 2 in Raman experiments.
In a more recent study performed in a highly clean
and well-controlled environment of a closed
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XPS/laser apparatus that allowed for in situ analysis without need of sample transfers through ambient air, the effects of pulsed Nd:YAG laser exposures in nitrogen and oxygen gases on Ti substrates
were studied as a function of gas pressure and laser
parameters by Ohtsu et al.17 At low N 2 pressures
(< 13.3 kPa), only non-stoichiometric titanium
oxide layers with small amounts of nitrogen were
observed. At higher pressures, an oxo-nitride layer
was formed on t op of stoichiometric titanium nitride. Repetition of the laser shots promoted the
formation of the oxide layer, but the oxide layer
formed by laser irradiation differed from that naturally formed on stoichiometric TiN in high-purity
oxygen atmosphere.
Another comparative study of laser treatment in
different atmospheres carried out by Ciganovic and
co-workers showed the formation of a v ariety of
morphological features with generally increased
roughness.13 Structures formed in air or oxygen
were smoother, periodical and dome-like oxides
according to SEM/EDX, while the ones obtained in
nitrogen were porous. A local EDX analysis of the
“cone” tips of these porous structures indicated
only the presence of titanium and nitrogen, suggesting that a titanium nitride was formed. Formations produced in helium atmosphere were distinctively different in the sense that microholes/pores and cracks dominated the surface, but
also here oxides were detected.

oxide formed allowed a better long-term stable
adhesion.
A correlation between the laser fluence or ablation
efficiency (duty cycle and power) and the final
adhesion properties of the PETI-5 polyimide was
first searched by Palmieri et al.21 Single-lap shear
experiments showed increasing strength and durability with increasing laser ablation duty cycle and
power. While changes in surface chemistry were
concluded to be the origin of the significant improvements in apparent shear strength below
400mW ablation power, less significant improvements occurring at higher powers were traced back
to steeply increasing surface roughness. These
results supported previous observations that surface
roughness is a secondary factor influencing the
bond strength of a lap shear specimen prepared by
laser ablation less than the surface chemistry for
this reactive, “pseudo-thermoplastic” resin.
Vide infra, this not only underlines the importance
for a detailed analysis of the chemical, structural as
well as the mechanical and degradation properties
of the functional interface of the adherend, but also
the need for a s imilarly detailed f undamental understanding of the polymer’s interface region. Even
in case of thermoplastic materials, the surface
chemistry is a key factor that can e.g. strongly
influence coordinative and ionic bonding of organic functional groups such as carbonyls, alcohols or
imides common to adhesive compounds.
Previous studies by our group have shown that
laser-treatments allow the formation of strong
Titanium-PEEK-interfaces with high initial
strengths and favorable degradation resistance
against humidity.22,23 The formation of a nanooxide with tightly packed, vertical columnar structures of broad size distribution (0.5-1 μm length
and 0.1-0.2 μm in diameter) was concluded from
TEM micro-sections. TEM/EELS suggested that
the core of the columns consisted of TiO and separate XPS experiments confirmed that the upper
layer corresponded to TiO 2 . Both micromechanical adhesion to this porous nanostructure
and macro-mechanical bonding to undercuts and
large macro-features were observed.
Fracture surfaces of single-lap shear samples evidenced primarily ductile failures in the interfacial
region of the polymer, often leaving behind traces
of the polymer. However, the failure occurred also
in and beneath the columnar oxide layer. The
mechanism of micro mechanical adhesion appeared
largely unaffected at high mode I load, whereas
fracture surfaces tested at high mode II load
showed rather large amounts of residual PEEK
within undercuts. The two mechanical interlocking
mechanisms decreased by the hydrothermal aging.
In this preliminary study we focus on the mechanical shear strength achievable with laser pretreatment in different process gas atmospheres and
the degradation properties of these so formed inter-

Zimmermann et al. performed XPS and XRD
investigations of oxide layers formed by a laser
treatment in air for the purpose of improving the
adhesion to a one-component, hot-curing epoxy-

based adhesive.16 The removal of surface contaminants as well as the formation of a nanostructured
top layer exhibiting a l arge effective surface and
nanometer roughness was observed. This functional surface consisted of a nanoporous, coral-like
oxide of ca 200 nm thickness and near-TiO 2 stoichiometry after several treatment repetitions. After
a single irradiation cycle, a fraction of nitrogen in
an effective charge state close to a nitride on titanium was measured. XRD, however, showed only
crystalline α-TiO and Ti 2 O suboxide phases, suggesting that the outer TiO 2 , and TiO x N y layers
were amorphous. This is consistent with studies by
del Pino, who observed crystalline TiO and Ti 2 O
with XRD below amorphous Ti 2 O 3 and TiO 2 layers detected with Raman.20 The laser i nduced
oxidation leads to the presence of a surface
layer with cracks but improved, hydrothermally
stable adhesion properties.16
A related coral-like but homogeneous nanostructured oxide layer was reported by Kurtovic
and co-workers, who also found a much cleaner
surface after laser treatment compared to chemical
processing (e.g. alkaline etching) with XPS experiments.14 Wedge test and floating roller peeling
measurements indicated that the nano-structured
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faces. We report scanning-electron investigations
of these laser-formed nanoporous functional films,
which show different degrees of nanostructured
rough and porous (“coral-like”) surfaces that are
ideal for the intrusion and bonding of polymers.

treated with the laser in air and subsequently stored
on air at room temperature for 7 days did not show
differences in the morphology or adhesive properties. Hence, also all kind of surface reactivity conceivable in air at room temperature (e.g. reactions
of “reduced” defects like oxygen vacancies or Ti
interstitials
encountered
in
imperfect,
rough/amorphous or sputtered TiO 2 ,24 as well as
reduced Ti ions from suboxides like Ti 2 O 3 and
TiO with O 2 or H 2 O) is quenched very quickly
after the laser treatment.

2 EXPERIMENTAL DETAILS
2.1 SAMPLE MATERIALS
All investigations were carried out with the titanium alloy TiAl3V2.5 (commercial grade 9). SEM
experiments were carried out on laser pre-treated
surfaces of rectangular 72×10 mm2 titanium stripes
of 1.6 mm thickness. The titanium material was
obtained from Timet Germany GmbH. It was polished with grade 320 S iC polishing paper and
cleaned with acetone prior to laser treatment.
For the determination of the bonding strength in
the lap-shear experiments, we chose the thermoplastic polymer PEEK (poly-ether ether ketone) as
model adhesive compound. PEEK foil with high
crystallinity (LITE TK procured from Lipp-Terler
GmbH, thickness 100 µm) was cleaned in isopropanol and acetone.
The oxygen, nitrogen and Ar gases used to flush
the laser cell during the pre-treatment were of purity 5.0 (99.999%).
2.2 LASER TREATMENT
The laser pre-treatment was performed with a
pulsed Nd:YAG laser “CL20” (1064 nm, pulse
length 110 ns, Gauss laser profile) with an average
laser power of 20 Watts manufactured by CleanLasersysteme GmbH, Herzogenrath. The employed
laser process parameters were:
• Power: 60%
• Frequency: 70 KHz
• Duty cycle: 40%
• Line distance (y): 0.03 mm
• Scan speed (x): 3000 mm/s
• Repeats: 1
An average fluence of 5.17 J/cm2 and laser intensity of 4.7×107 W/cm2 was, thus, affecting the surface. The overlap resulting from scan speed and
line-distance was ca 3 4% in x (scanning) and ca
54% in y (transverse) direction.
Each sample was placed in a s mall laser-cell that
was flushed with as process gas at a high flow rate
for the pre-treatment. The laser beam penetrated a
window transparent at 1064 nm on the top of the
laser cell before impinging on the surface. After the
laser treatment, the samples were removed from
the cell and quickly transferred through ambient air
into vacuum storage (ca 10-3 mbar). This accounted
for the formation of surface oxides on the samples
laser treated in Ar atmosphere, but did not affect
the interface properties of the other samples any
further. It was tested and found that samples pre-
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2.3 BONDING, DEGRADATION AND LAP
SHEAR EXPERIMENTS
Single-lap shear samples were produced from pairs
of the laser-treated titanium stripes, which were
bonded together with an overlapping area of ca
10×5 mm2 using PEEK foil with a homogeneous
thickness of 100 µ m (Fig. 1). The dimensions of
our lap-shear samples have been derived according
to German standard DIN EN 1465. This standard is
convenient for the testing of adhesive bonds glued
with thermosetting based adhesives.
However, the bond strength between titanium and
PEEK foil is generally about three times higher
compared to bonding strength between metals and
thermosetting adhesives, hence leading to much
higher loads and stresses for the specimen. In order
to reduce stress concentrations, and avoid plastic
deformations or even the failure within the titanium
stripes of the lap shear specimen, the joint area
was, thus, reduced.
The lap-shear samples were assembled in an appropriately formed tool with a small brass weight
put right on-top (ca 35 g on each joint), to which
thermocouples were attached. No additional pressure was applied during the bonding process.
The bonding was performed in ambient air in a
laboratory furnace (model P330 by Nabertherm)
under temperature control with type K thermocouples touching the top metal strip above the bonding
end.
With a roughly linear heating rate of 3.5 K/s the
sample setup was annealed to 668±5 K (395±5°C).
The temperature was held for 15 minutes and before passively cooling back to room temperature in
the furnace (at ca 0.5 K/min down to ca 130°C,
thereafter at ca 2 K/min).
For each laser atmosphere, minimal statistical sets
of 3 samples were prepared for initial strength
characterization and 3 for degradation experiments.
The degradation of the adhesive interface was
carried out in 353K (80°C) hot deionized H 2 O.
Each 3-sample set of the all four atmospheres were
exposed in this medium for nearly 7 days (161h).
The measurements of the maximum shear strengths
were carried out with an Instron model 5566A
universal testing instrument equipped with a 10 kN
load cell (series 2525, model 804). The accuracy of
the measured maximal stresses at fracture was
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better than 0.5%. A slow extension rate of
1mm/min. was chosen, which corresponds to quasi
static conditions. Since PEEK as a v isco-elastic
material, its elastic and failure properties depend
on the rate of perturbation.
For the correct calculation of the bonding
strengths, the true adhesion area of each sample
was determined by averaging the fracture surfaces
of both sample parts. The fracture surfaces were
measured with a Zeiss stereo-microscope model
SteREO Discovery V12.

Of each set of samples, 3 samples were tested
without hydrothermal ageing in a lap-shear experiment to characterize the initial bonding strength of
the created joint (Fig. 2).
Single-lap shear experiments provide a simple and
quick means to study bond strength. However, two
disadvantages are inherent to this experiment setup,
i.e. the superposition of mode II and mode I stresses,25 and the occurrence of mechanical stress peaks
at the two ends of the joints,25 but they do not alter
our conclusions. No significant plastic deformation
of the metal stripes was detected.
We found that the laser treatment in air (75±6
MPa) leads to equivalent initial strengths as treatments in O 2 (77±3 MPa) or N 2 gas (78±5 MPa).
Only the pre-treatment in Ar atmosphere fell off
slightly below this level with 67±6 MPa. This
implies that the reactive gases play an important
role in the morphological and chemical surface
modification. The irradiation of the pure (clean)
but structurally modified metal substrate from the
treatment in Ar subsequently to air does likely also
lead to an immediate oxidation of the rough metal,
but this functional joining surface is poorer in its
properties. Microscopic and spectroscopic investigations give insight in structural differences, depth
and chemical nature of the functional surfaces
(Chap. 3.3).

Fig. 1

Lap-shear specimen used for rapid characterisation of bond strength.

2.4 SCANNING-ELECTRON MICROSCOPY
Prior to SEM and EDX investigation, a ca 0.6nm
thin Pt layer was deposited with a sputter-coater
(Baltec SCD 500) on each laser-treated titanium
reference surface and the fracture surfaces of the
lap-shear samples.
The SEM investigations were conducted with a
Zeiss Ultra 55 scanning electron microscope
equipped with Gemini electron column and an
Oxford Instruments Penta FETx3 EDX analyser
(analysis software INCA). The imaging was conducted with primary beam energies of 10 a nd 15
keV employing the installed SE2, InLens and the
AsB detectors.

3 RESULTS AND DISCUSSION
3.1 INITIAL BOND STRENGTH
Sets of 6 lap-shear samples have been prepared by
laser pre-treatment of the joining surface in each of
the four atmospheres (air, O 2 , N 2 and Argon) and
subsequent bonding with the PEEK foil at ca
395°C as described before. Additionally, metal
stripes of the same titanium material were lasertreated without subsequent gluing identically to
provide reference surfaces for SEM investigations
of the effects induced by the laser.

Fig. 2

Initial bond strengths [MPa] measured for
the single lap-shear samples from titaniumPEEK bondings after laser treatment of the
metal joining surfaces in various gaseous
media.

The standard deviations are rather sizable, which
can be traced back partially to the mechanical polishing of the metal specimen before exposure to the
laser. The comparably low reproducibility of manual polishing leads to differences in the surface
quality, and, hence, in the local reflectivity/absorption of the laser energy, which in turn
strongly affects the efficiency of the surface modi-
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fication. Larger sample sets will have to be considered in our future work to improve the statistics of
the obtained results.
Stereo-microscopic analysis of the fracture surface
were performed to determine the true area of adhesion (Fig. 3), which commonly varied less than 5%
around the size of the PEEK slips cut for bonding
(5×10 mm2).
The optical images suggested in most cases that the
dominant fracture mechanism was an adhesive
failure at the interface, whereas cohesive failure
mechanisms contributed only to a minor degree.
Large, characteristic PEEK features left behind on
one side of the sample corresponded to identically
shaped areas on the other metal specimen where
essentially no polymer was seen (Fig 2). However,
a bluish-grey coloration in large parts of these
“PEEK bare” areas compared to the laser treated
areas outside the joining region was observed. This
is due to a thin PEEK layer remaining after fracture
on the whole adhesion surface as imaged with
SEM.26 The results of optical microscopy are qualitatively misleading and this method should not be
relied on for a co rrect understanding of fracture
and adhesion phenomena.

serves as a well-controlled model experiment to
study the occurring degradation mechanisms.
The absolute residual strength (Fig. 4, left axis) of
the lap shear joints followed the same general trend
already observed for the unaffected specimen, but
the discrepancy between reactively gas atmospheres and inert Ar was enhanced further: while
the laser treatment in air (67±6 MPa), O 2 (61±5
MPa) or N 2 (63±1 MPa) lead to consistently stable
results around the average of 64 MPa, the aged
specimen pre-treated in Ar gas achieved only values of 52±4 MPa.
For surfaces pre-treated in air, the joint was found
to be very stable after the exposure to the degradation medium (Fig. 4, right axis/black triangles):
89% of the initial bond strength was retained. The
joint surfaces laser treated in nitrogen and oxygen
exhibited slightly smaller residual stability (81 and
79%). The slight difference between the laser pretreatment in air, and those in O 2 and N 2 is likely
not significant and can be attributed due to the
limited sample sets used and to reproducibility.

Fig. 3

Example of a stereo-microscopic image of
the fracture surfaces on a titanium specimen laser treated in air (note the patterning
the laser creates outside the joining area).
For easier comparison, the right sample
image has been mirrored along the metal
stripe axis. Clearly the mirror-like features
of thick PEEK layers on one side correspond to “nearly” bare areas on the laser
treated surface of the opposite metal substrate. Given are the values that are measured for determining the true joint area.

3.2 INVESTIGATION OF THE BOND
DURABILITY
The remaining 3 samples of each set underwent an
accelerated degradation for 7 da ys in 80°C hot
deionized H 2 O before mechanical testing and microscopic characterization. This procedure provides
a first estimate for environmental aging of bond
joints by humidity or direct water exposure and
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Fig. 4

Residual bond strengths [MPa] and relative
fraction of initial value [%, right axis] measured after degrading the laser pre-treated
single lap-shear samples for 7 days in
80°C hot H 2 O.

It seems unlikely that neither of the two pure gases,
N 2 and particularly O 2 , would lead to a joining
surface matching that formed by laser irradiation in
air more closely (although it cannot be generally be
ruled out that the chemistry may deviate due to the
presence of the both components or even other
gases, e.g. CO 2 ). Preliminary SEM and EDX data
support this expectation since only small differences in the spectra and morphologies were found
(Chap. 3.3).
From a p urely technical perspective, there is no
advantage to be gained in terms of strength or
resistance against humidity by performing the
surface pre-treatment in oxygen, nitrogen, or even
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inert gas atmospheres versus a pre-treatment in air.
This, however, does not rule out that other properties may be positively affected e.g. the stability of
the attachment of the functional TiO x N y interface
created in using nitrogen to the metal substrate
(exploit properties of wear resistant coatings) below towards cyclic stress or the resistance against
more corrosive media.

and trenches is very close for the surfaces pretreated in air and O 2 (Fig. 6 (a) and (b)), whereas
the structure imaged on the specimen irradiated in
N 2 atmosphere seemed slightly finer (Fig. 6 (c)).
The features on the joining surface pre-treated in
inert Argon gas were substantially different: much
less dense, much smaller clusters or disordered
layers (Fig. 6 (d)). In fact, imaging these fine structures particularly on the latter samples was quite
demanding since beam damage due to the scanning
electron beam affected the visible structures within
a few minutes despite using small beam currents
and changed the detected appearance towards
large, coalescing features.

3.3 SURFACE MORPHOLOGY
SEM investigations were carried out with the pristine titanium alloy reference surfaces modified by
laser treatment analogous to that for the lap shear
joints.
A macro structure is observed at the micron scale
with average feature sizes between 1 and 60 µm
(size of the laser spot) consistent with our previous
results (Fig. 5).22,23 It appears independent of the
gas atmosphere. It is characterized by large droplets, depressions, rims and undercuts. Scanning
velocity and line distance of our process lead to
multiple irradiations of parts of each laser spot
(~28% 1×, 56% 2× and 16% 3×), causing a halfmoon like pools surrounded by rims. The formation of the macro structure is governed by the
material properties (naturally) and by pulse duration and energy absorption.27,28 Formation of topography is due to an interplay of heat and mass
diffusion, capillary forces at the surface of the melt
pool (Marangoni effect) and compositional gradients.28

Fig. 6

Fig. 5

SEM images (SE2, 10kV) of a TiAl3V2.5
titanium surfaces laser irradiated in (a) air,
(b) O 2 , (c) N 2 , and (d) Argon. The laserinduced macro-structuring at the micron
scale is a clearly distinguishable feature.

At the nanometer scale, a fine structure with varying degrees of porosity can be observed. The size
distribution and homogeneity of this coral-like,
comparably open structuring with various pores

SEM images (SE2, 10kV) of a TiAl3V2.5
titanium surfaces laser irradiated in (a) air,
(b) O 2 , (c) N 2 , and (d) Argon showing the
laser-induced nanostructuring of the functional adhesive interface.

First, EDX investigations of the surfaces created by
laser irradiation in the four gas atmospheres
showed the formation of TiO x layers. Due to the
information depth of EDX being much larger than
the height of the formed functional films, and the
unknown thickness thereof, a determination of the
stoichiometry of the surface compounds was not
possible with this method. Notably, no clear indication of any sizable amount of nitrogen was on the
surfaces treated in nitrogen due to insufficient
instrumental resolution of the N/Ti/O signals between 401, 497 and 532 eV. While this behaviours
related to behaviours reported by Zimmermann et
al.16 or Ohtsu et al.17, the formation of an oxide or
oxo-ntride contradicts the reports by Ciganovic and
co-workers13, who observed a p ure nitride layer.
XPS measurements with optimal surface sensitivity
will be carried out in the future to determine
whether oxides, or oxo-nitrides were formed.
It can be expected that on the surfaces treated in
Argon, much thinner oxide films form on the tita-
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nium metal upon transfer into ambient air (at room
temperatures) compared to oxidation of molten
titanium in reactive gas atmospheres during the
laser irradiation. Sputter-profiling XPS, SIMS or
TEM/EELS measurements will allow the determination of chemical nature of the lower layers.
SEM imaging of the fracture surfaces (further
publication in preparation26) confirmed that the
failure mode under the superimposed mode I and
mode II loading is pseudo-adhesive, i.e. fracture of
the bonding layer occurs in the near-interface region of PEEK close the functional layer on the
metal. This holds consistently true for all surface
treatments. Only very rarely small parts of oxide or
oxo-nitride layers from the underlying interface
were recognized on residual PEEK layers of the
opposite fracture surface, suggesting that the laserformed functional layers are strongly attached to
the titanium alloy below.
Correlating the measured mechanical shear
strength with the observed nanostructures confirms
that it fills a key role for obtainable bond strengths.
This is consistent with previous studies.14,16,22,23
Since the macro-structuring is comparable in all
four cases, the key differences must arise from the
chemical and morphological nature of the respective nanostructures. The role of macro- and microstructuring for the bonding has been classified by
Venables.3 Besides mechanical interlocking with
features at both size scales, the nanoscale has been
found to be at least as important for the joint properties.29 Moreover, especially the nanostructuring
causes a strong enhancement of the effective surface area which increases the number of surface
sites available for specific chemical (e.g. covalent,
coordinative or hydrogen bonds) or physical bonding (dispersive interactions, e.g. Van der Waals).
The initial strength of the adhesive bonding is
found to be less sensitive to the process gas during
the laser irradiation. The residual strength after
degradation, however, is affected much stronger.
Clearly, the resilience of the adhesive interface and
bonds towards water is much lower for the pretreatment in Argon, which correlates to the lower
degree of nanostructuring. The role of the chemical
composition, atomic structure, thickness and stability of the functional oxide and oxo-nitrides, which
affect e.g. H 2 O diffusion into the joint and dissociation and, hence, bond displacements of PEEK
bonds such as coordinative interactions from the
carbonyl groups (RR’C=O→Tiδ+),30,31 will need to
be considered in future work to develop a better
fundamental of the adhesive bonding and degradation mechanisms and compare the role of the
nanostructure to that of its chemistry.

the mechanical properties and the interface morphology for adhesive bonding to a thermoplastic
polymer, PEEK. The laser pre-treatments of
coarse-polished titanium alloy TiAl3V2.5 surfaces
were performed with a pulsed Nd:YAG laser in air,
oxygen, nitrogen and argon atmospheres using
identical laser process parameters.
SEM experiments of the morphology of the surfaces showed a simultaneous macro structuring at the
micron scale and a superimposed fine nanostructuring. The nanostructure appears coral shaped and
does not exhibit flat and ordered surfaces down to
the achievable resolution of ca 10 nm.
We characterized the initial and the residual bond
(shear) strength by means of single-lap shear experiments prior and after degradation of the adhesive interface for 7 days in 353K (80°C) hot H 2 O,
respectively. The initial strengths of the adherend
surfaces laser treated in air, oxygen and nitrogen
were comparable at on average 77 MPa, whereas
the lap shear samples pre-treated in Ar atmosphere
showed slightly lower strengths of ca 67±6 MPa.
After degradation in aqueous environment, the
absolute strengths decreased on average between
11% and 24%, pronouncing the trend of the pretreatments further. While laser treatment in air (67
MPa, i.e. 89% of initial value), nitrogen (63 MPa,
81%) and oxygen (61 MPa, 79%) resulted in comparable, small strength losses and very sizable
residual bonding strengths, the laser pre-treatment
in unreactive Ar gas lead to significantly inferior
interface strength (52 MPa). Although the relative
loss was only slightly larger (24%) in this case, the
pre-treatment under inert gas environment led to
the poorest measured absolute strength and, thus,
provided no advantages.
Preliminary EDX measurements confirmed the
formation of similar titanium oxides on all four
surfaces, although a small contribution of nitrogen
(oxo-nitrides) on the surfaces laser treated in air or
nitrogen cannot be ruled out.
The trend in the bonding strengths of the four sample groups correlates with the differences observed
in the nanostructuring, yet effects from changes of
the chemical composition of the pre-treated surfaces and the structure on the atomic scale need to be
considered in our future work as they can also
strongly affect or even determine the properties of
the adhesive interface.
From the technical point of view it can be concluded that the additional effort for surface pretreatment in special gases is not necessary; laser
treatment in ambient air provides best properties
for adhesion. However, the study presented is a
basis to elaborate the mechanisms of polymer adhesion at laser treated metal surfaces.

4 CONCLUSIONS
We present a first study on the effects of the different ambient gases used in a laser pre-treatment on
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ABSTRACT: The aim of this study was to evaluate the influence of different surface modification techniques on the bond strength between metal and carbon fibre reinforced polymers (CFRP). Sandwich specimens with a symmetrical layup consisting of unidirectional CFRP with a thin metal layer in the centre plane
were investigated. To improve the fracture toughness of the CFRP-metal interface, various surface modification techniques like grit blasting, silane treatment and titanium dioxide coating were applied. Results were
compared to adhesively bonded and untreated sandwich specimens. To measure the suitability of the surface
modifications short-beam shear tests were used to determine the apparent interlaminar shear strength (ILSS)
between CFRP and metal sheets. The displacement field on the side surface of the specimens was measured
by digital image correlation techniques. This allows to assign signatures in the load-displacement profile to
the occurrence of interlaminar failure. Each surface treatment resulted in a characteristic ILSS value, which
was correlated to fracture surface morphologies. Grit blasted surfaces increased ILSS values, but interfacial
failure was mainly adhesive. TiO 2 coating and silane treatment showed lower ILSS values, but higher degree of cohesive damage. Combinations of TiO 2 coating and silane treatment showed ILSS values almost
identical to those of pure CFRP.
KEYWORDS: surface modification, fibre reinforced metal laminates, interlaminar shear strength
1 INTRODUCTION
Recent progress in the field of hybrid structures
and materials has stimulated the need of mechanically and chemically stable joint technologies to
combine fibre reinforced polymers (FRP) and metals. In aerospace applications, prominent examples
for FRP-metal combinations are fibre reinforced
metal laminates (FRML) like glass fibre/epoxy
reinforced aluminium alloys (GLARE®) [1,2],
aramid fibre/epoxy reinforced aluminium laminates
(ARALL®) [3] or CFRP-titanium laminates [4-6].
While such combinations with lightweight metals
are used in aerospace applications, steel is still the
most widely used construction material in other
fields of engineering, often due to economic reasons. Integration of structural FRP parts in such
industrial areas leads inevitably to the challenge of
joining these different material classes. Due to their
different chemical structure, direct joints of steel

and epoxy resin will result in poor adhesion, which
leads to the requirement of surface treatment and
modifications to achieve a mechanically and chemically stable joint [2,7,8]. To assess the effectiveness of different surface modification techniques
on the bond strength between metal and epoxy
resin, suitable testing geometries that allow evaluation of mode I (opening) or mode II (sliding) interfacial fracture toughness are necessary. To our
knowledge no established standardized test methods exist for FRML for any of the mentioned delamination modes. Other researchers applied a
variety of testing configurations to assess the bond
strength between FRP and metals: Flexural test
specimens with bonded CFRP strips, splice joint
configurations for tensile tests [7], pull-out tests on
CFRP-reinforced metal rods [9], adhesive test
specimens incorporating a p reformed crack [10],
double strap joint tensile specimen [11], single lap
joint and scarf joint tensile test specimen [12] and
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double-notched shear specimens [13], just to name
a few.
Main disadvantages of the mentioned testing methods are seen in the complex specimen preparation
and the inability to compare the measured interfacial bond strength to the interfacial fracture toughness of pure FRP specimens.
Consistent with other authors [5,6] we prepared
sandwich specimens with a symmetrical layup
consisting of unidirectional CFRP with a thin metal
layer in the centre plane. Short-beam shear (SBS)
tests were conducted to determine the apparent
interlaminar shear strength (ILSS) due to the high
significance and low experimental complexity.
We chose the modified SBS test configuration to
assess the suitability of different surface modification techniques to improve the fracture toughness
between steel and fibre reinforced epoxy resin.
Various modification techniques like grit blasting,
silane treatment, titanium dioxide coating, adhesive
bonding and a combination of titanium dioxide
coating followed by silane treatment were applied
to the metal surfaces.
In addition to improve bond strength between
CFRP and metal, aim of the study is also to gain
further insight into the interfacial failure behavior
and to understand its dependence on surface microstructure and surface chemistry.

resulting in increased intermolecular bonding [15],
modification of the surface topology enabling mechanical interlocking and at the same time crack
deflection away from the interface into the bulk
[16], as well as introduction of physicochemical
changes yielding an increase of wettability [17].
Silane treatment was applied to the cleaned and
degreased steel surfaces. 3-Glycidyloxypropyltrimethoxysilane (“Dynasilan® GLYMO”, Evonik
Industries AG) was hydrolyzed in aqueous solutions with concentrations of 0.5, 1, 2, 5 and
10 vol%, respectively. If required, pH-value was
reduced to 5 by adding acetic acid. To promote
hydrolyzation and silanol formation, stirring in an
ultrasonic bath was performed for 10 min. The
steel foils were then dipped into the solution for
10 min (first 5 min in ultrasonic bath). After removing the steel foils from the solution, excess
liquid was blown off the surface using pressurized,
oil-free nitrogen before drying and curing the surface for 10 min at 110 °C. The silanes form a layer
on the metal oxide surface via covalent bonds. At
the same time functional groups of the silane layer
promote chemical bonds to the epoxy resin. In
literature, the possibility of an interphase formation
featuring an intermediate modulus between polymer and metal facilitating stress transfer is also
mentioned [18,19].
Two titanium dioxide coatings of different thickness were prepared by reactive radio frequency
(RF)-sputter technique. A titanium target (grade II)
was used in 10 % oxygen containing argon plasma
at a p ressure of 0.01 mbar and sputter-power of
550 W. Before sputtering some substrates were
cleaned in situ by using an argon plasma to remove
unwanted weak oxide layers and thus improving
interface toughness of the titanium dioxide layer.
The thickness of the titanium dioxide coating was
estimated to be 55 nm and 110 nm, respectively,
based on reference samples. The reference samples
were polished and then half coated at different
sputter times. The thicknesses of the titanium dioxide coatings were measured relative to the uncoated
area using a “Veeco Dektak 8” profilometer. This
allowed the estimation of a growth rate of
1 nm/min. Based on the interference of light, the
homogeneous color of the coated samples suggests
a homogeneous coating thickness.
Combinations of titanium dioxide coating and
subsequent silane treatment were examined. Titanium dioxide is known to be a stable metal oxide
[20] and provides a high number of reactive sites
for silanol deposition.
To compare the suitability of these surface modifications to the widely used film adhesive bonding,
we also used the aerospace approved epoxy film
adhesive “Cytec FM® 73” as reference. For this
purpose, steel surfaces were grit blasted with aluminium oxide abrasive with particle sizes of 106 –
150 μm. After cleaning, the primer “Cytec BR®

2 SURFACE MODIFICATIONS AND
SPECIMEN PREPARATION
Sandwich plates were produced using a symmetrical layup consisting of 10 layers of SGL CE
1250-230-39 unidirectional epoxy-based prepreg
with a nominal thickness of 0.22 mm per layer in
cured state and X5CrNi18-10 steel foil of 0.1 mm
nominal thickness laminated at the centre plane. A
standard curing cycle using 130 °C temperature for
90 min following the materials supplier’s recommendations was used. Different surface modifications were performed on 70 x 70 mm steel foils
prior to curing them with the prepreg material.
We chose an “as received” rolled steel surface as
reference. The steel surface was cleaned in an
ultrasonic bath for 10 min in acetone, 10 min in
isopropanol, 10 min in deionized water and then
dried using pressurized, oil-free nitrogen.
Grit blasted surfaces with different roughness values were fabricated to examine the influence of
mechanical interlocking and increased surface area
on the interfacial fracture toughness. Sand blasting
was performed using particle size distributions of
0 – 50 μm, 40 – 80 μm and 70 – 150 μm, respectively. Aluminium oxide abrasive with particle
sizes of 106 – 150 μm was used to produce coarse
surfaces. It is well known that initial adhesion
levels can be significantly increased by suitable grit
blasting variants [14]. The underlying principle is
discussed in literature: increased effective area
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127” was applied according to material supplier’s
instructions. Finally, the film adhesive was cocured with the epoxy prepreg used.
Surface roughness values of the modified steel
surfaces were measured using a surface profilometer of type “Veeco Dektak 8” prior to laminating.
Results of the arithmetic average roughness R a and
root mean squared roughness R RMS are listed in
table 1.

The apparent interlaminar shear strength (ILSS)
value is calculated, which is related to the onset of
delamination under shear forces parallel to the
layers of the laminate:

Table 1: Roughness values of modified steel surfaces

Surface modification technique
reference, untreated
sand blasted 0 – 50 μm
sand blasted 40 – 80 μm
sand blasted 70 – 150 μm
Al 2 O 3 blasted 106 – 150 μm
TiO 2 (55 nm)
TiO 2 plasma cleaned (55 nm)
TiO 2 plasma cleaned (110 nm)

Ra
[nm]
180
230
258
389
995
206
168
146

R RMS
[nm]
225
290
319
504
1323
252
312
179

3𝑃𝑅
4𝑏ℎ

(1)

τ: apparent interlaminar shear strength in [MPa]
load at the moment of delamination onset
PR:
in [N]
b: width of the specimen in [mm]
h: thickness of the specimen in [mm]
Loading nose and support rollers with 3 mm radius
were used and the support roller distance l v was
adjusted according to following relationship:
𝑙𝑣 = 5 ∙ ℎ�

(2)

ℎ�: arithmetic mean thickness of the specimens in
[mm]

In general, larger particle sizes lead to higher
roughness values. The TiO 2 coating investigated
shows similar surface roughness values as the
reference, whereas pre-treatment via in situ plasma
cleaning seems to reduce the roughness value R a ,
but shows no clear trend regarding the roughness
value R RMS . Surface roughness values of silane
coated surfaces were not measured as this treatment is assumed to have no effect on the topology.
After laminating and curing the sandwich plates,
samples of 20 mm length, 10 mm width and
2.4 mm (3.0 mm for film adhesive bonded specimens) resulting thickness were cut from the cured
laminate using a dry diamond saw cutting process
to avoid preliminary delamination at the CFRPmetal interface due to moisture expansion or intake.

3 TESTING PROCEDURE
During short-beam shear (SBS) test, load is applied
at the centre of the specimen utilizing a loading
nose midways between the supports (Fig. 1).

Fig. 1

𝜏=

Schematic of short beam shear test configuration
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Maximum shear stress is generated at the centre
plane of the specimen [21] (Fig. 2).

Fig. 2

Parabolic shear stress distribution

Thus, with the chosen sandwich configuration of a
symmetrical layup containing a reasonable thin
metal layer at the centre, interfacial failure is expected, as both metal-CFRP interfaces are located
in the region of maximum shear stress.
During SBS test, samples were loaded with a constant displacement rate of the loading nose of
v = 1 mm/min and at the same time the displacement field on the side surface of the specimens was
measured by digital image correlation (DIC) techniques. The post-evaluation of these measurements
allows to assign signatures in the loaddisplacement profile to the occurrence of interlaminar failure.
The two surfaces generated by delamination of the
metal-CFRP interface generated during mechanical
loading were carefully separated by use of a blade
and optical microscopy was performed on the delaminated steel surface.
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4 RESULTS

resin or fibre remnants to the metal interface are
sparse (Fig. 4), indicating low bond strength between metal and CFRP. This was confirmed by
SEM imaging (Fig. 5).
Electron dispersive X-Ray (EDX) mapping of the
steel surface confirmed that failure was almost
completely adhesive. The chemical composition
did not show significant differences compared to a
cleaned steel reference.

As shown for the untreated reference specimen in
figure 3, DIC taken during SBS testing indicates
failure of the CFRP-metal interface at the first
signature of the stress-displacement curve (indicated by a r ed cross). The first signature coincides
with delamination onset, which usually occurs at
the region of maximum shear stress (near the centre plane of the specimen) and in between the lower
supports. With delamination onset (and growth),
the load drops to a lower value. As the bending
stiffness of the specimen is reduced, the slope of
the ascent after delamination onset decreases. Usually further load drops can be observed when loading the specimen further.

Fig. 5

Fig. 3

Representative DIC of untreated sandwich
specimen

Fig. 4

Representative microscopy image of a
delamination surface of untreated steel
specimen

Failure of the sandwich specimens can be adhesive
(delamination of the metal-CFRP interface) or
cohesive (within the CFRP). The latter case indicates a bond strength of the CFRP-metal interface
comparable or higher than that of pure CFRP.
The untreated reference specimens show low ILSS
values with a large spread. This was found to be in
good agreement with the results from optical microscopy, which reveal adhesive failure (delamination of the metal-CFRP interface). Adhering epoxy

Representative SEM image (SE-detector)
of a delamination surface of untreated steel
specimen

Sand blasted and Al 2 O 3 blasted specimen showed
higher ILSS values and thus higher resistance to
delamination (Fig. 6). Still, optical microscopy did
reveal mostly adhesive failure, since adhering fibre
remnants can be observed only sporadically (Fig.
7). Resin-covered as well as resin-free areas could
be identified via SEM imaging (Fig. 8) and EDX
mapping.

Fig. 6

Representative DIC of Al 2 O 3 blasted
sandwich specimen

Silane treatment increased delamination resistance,
since increasing ILSS values were observed with
increasing silane concentration. DIC taken during
SBS testing indicates regions of adhesive (interfacial) and cohesive (within CFRP) failure (Fig. 9).
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tainly assign these to the silane treatment as both
steel and resin may contain small amounts of silicon themselves.

Fig. 7

Representative microscopy image of a
delamination surface of Al 2 O 3 blasted
specimen
Fig. 10 Representative microscopy image of a
delamination surface of silane treated
(10 vol%) specimen

Fig. 8

Representative SEM image (SE-detector)
of a delamination surface of Al 2 O 3 blasted
specimen

Fig. 9

Representative DIC of silane treated
(10 vol%) specimen

Mechanical tests on TiO 2 coated specimens
showed, that a s table metal oxide layer may improve adhesion between metal and epoxy resin.
Surprisingly, in situ cleaning of the surface with
argon plasma before sputtering seems to reduce
delamination resistance, probably due to reduced
surface roughness R a . For both cases the large
margin of error prevents a reliable conclusion. The
thickness of the titanium dioxide coating seems to
influence the delamination resistance. An increased
thickness was found to increase ILSS values. Optical microscopy (Fig. 12), SEM imaging (Fig. 13)
and EDX mapping show qualitatively similar results for all three TiO 2 coating variants tested. For
all samples regions covered with fibre and resin
remnants as well as blank metal regions are observed. Titanium could not be detected on the
CFRP delamination surface by EDX mapping,
indicating a mechanically stable interface between
steel and TiO 2 .

Optical microscopy revealed an increasing ratio of
cohesive failure of CFRP with increasing silane
concentration. Figure 10 exemplarily shows the
delamination surface of a 1 0 vol% silane treated
specimen that is covered almost completely with
resin and fibre remnants. EDX mapping of both the
steel and CFRP delamination surfaces revealed
traces of silicon, though it is not possible to cer-
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Fig. 11 Representative DIC of argon plasma
cleaned and titanium dioxide coated (thickness 55 nm) specimen
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Fig. 12 Representative microscopy image of a
delamination surface of argon plasma
cleaned and titanium dioxide coated (thickness 55 nm) specimen

Fig. 13 Representative SEM image (SE-detector)
of a delamination surface of argon plasma
cleaned and titanium dioxide coated (thickness 55 nm) specimen

Silane treatment of previously TiO 2 coated surfaces was found to yield even higher ILSS values than
without silane treatment. The stable oxide surface
provides a high number of reactive sites for silanol
deposition.
As in the case of silane treatment of the pure steel
surface, higher silane concentrations appear to
increase adhesion. DIC results (Fig. 14) taken
during SBS testing indicate values of interlaminar
shear stresses comparable to those of pure CFRP.
Inspection of the delamination surface reveals that
the majority of the area consists of epoxy resin and
fibres, indicating predominantly cohesive failure
within CFRP (Fig. 15). Again, no titanium could
be detected on the CFRP delamination surface by
EDX analysis. Silicon in small amounts was found
on both the steel and the CFRP delamination surface, but cannot be directly attributed to the silane
treatment, since both steel and resin have intrinsic
silicon content.

PFH – Private University of Applied Sciences,
Stade, Germany

Fig. 14 Representative DIC of argon plasma
cleaned, titanium dioxide coated (thickness
55 nm) and subsequently silane treated
(conc. 5 vol%) specimen

Fig. 15 Representative microscopy image of a
delamination surface of argon plasma
cleaned, titanium dioxide coated (thickness
55 nm) and subsequently silane treated
(conc. 5 vol%) specimen

Bonding of CFRP and metal surface by adhesives
only yields mediocre ILSS values. As revealed by
DIC-analysis (Fig. 16), the adhesive layer was
found to show plastic shear deformation over a
wide range of deformation instead of brittle failure.

Fig. 16 Representative DIC of adhesive film bonded specimen
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ure. For the Al 2 O 3 blasted specimens, no delamination was observed. Attempting to open the interface resulted in pure cohesive failure within CFRP.
Thus, surface roughness can be interpreted as critical parameter to achieve high bond strengths with
adhesive film bonding.
Measured ILSS values of the surface modified
sandwich specimens in comparison to the untreated
reference and CFRP are shown in figure 17.

60.6

To assess the influence of surface roughness on the
bond strength of adhesive film bonding, specimens
which have been sand blasted prior to bonding
using particle size distributions of 0 – 50 μm, 40 –
80 μm and 70 – 150 μm, respectively were also
examined. Due to the ductile failure behaviour of
the adhesive film, the measured ILSS values of
these samples did not differ significantly from the
samples that were Al 2 O 3 blasted prior to bonding,
but opening the interface for microscopic investigations revealed large areal ratios of adhesive fail-
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CFRP (SGL CE 1250-230-39)

adhesive FM73

plasma / TiO2 55 nm / silane 5%

plasma / TiO2 55 nm / silane 2%
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plasma / TiO2 110 nm
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0

reference (untreated)

10

Fig. 17 ILSS values of untreated sandwich specimens, surface modified sandwich specimens and CFRP,
based on at least three specimens for each surface modification technique.

5 CONCLUSIONS
We applied a variety of surface modification techniques to improve the interfacial failure behaviour
in CFRP-metal sandwich specimens.
Compared to untreated specimen, all surface modification techniques were found to improve the bond
strength between CFRP and steel. Al 2 O 3 blasting
increased the ILSS value significantly, indicating
an improved initial delamination resistance, though
microscopy revealed mainly adhesive failure of the
CFRP-steel interface. Mechanical interlocking,
effective surface area, surface energy and thus
initial delamination resistance is increased due to
the grit blasting process [14-17]. ILSS values of
specimens that were treated with silane concentrations of 5 and 10 vol%, respectively, or were coated with titanium dioxide did show ILSS values
lower than Al 2 O 3 blasted specimens, but revealed
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higher degree of cohesive failure. Finally, titanium
dioxide coating followed by silane treatment did
improve ILSS values to 66.3 MPa, which is almost
identical to values of pure CFRP samples (67.4
MPa). This indicates a significant improvement of
the interfacial bond strength, which could be confirmed by optical microscopy, revealing mostly
cohesive failure within the CFRP laminate. The
occurrence of cohesive failure, although ILSS
values of pure CFRP were barely reached, may be
accounted to different effects. Mismatch of the
thermal expansion coefficients of the adherents
(CFRP and steel) may introduce residual stresses at
the interface when cooling down the laminate after
curing at 130 °C. The mismatch of elastic properties may lead to stress concentrations at the interface during loading. Further, metal contact during
curing may lead to formation of an interphase with
different resin properties compared to those of bulk
CFRP [22].
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Film adhesive showed only a marginal increase of
ILSS values compared to untreated specimens due
to yielding at relatively low load levels. However,
maximum ILSS was found to be comparable to
pure CFRP. Moreover, large plastic shear deformation of the adhesive layer and more ductile failure behaviour was observed.
Though SBS tests proved suitable to demonstrate
trends for the surface modifications examined and
allowed consistent qualitative evaluation of the
ILSS of hybrid laminates, a f racture mechanical
approach, i.e. determination of mode I and mode II
fracture toughness via double-cantilever beam
(DCB) and 3-point end-notched flexure (3-ENF)
tests is mandatory for a quantitative comparison.
ILSS values obtained via SBS test are known to be
unreliable with respect to their significance towards true interlaminar fracture toughness values.
There is evidence that compressive stresses tend to
suppress interlaminar shear failure. For specimens
without initial damage, the failure mode is essentially compressive buckling or yielding at regions
near the loading nose [23], which was observable
by the performed DIC measurements.
Further iterations and combinations of promising
modification techniques are envisaged in further
experiments, e.g. combining mechanical interlocking (grit blasting) with surface chemistry approaches (TiO 2 coating and silane treatment). Further, the influence of ageing in different environments (e.g. hot/wet environment) on the bonding
strength of surface treated specimens is a k ey to
understand the relationship between surface microstructure, surface chemistry and macroscopic failure behaviour.
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THERMAL DIRECT JOINING FOR
HYBRID PLASTIC METAL STRUCTURES
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ABSTRACT: Joining technologies for multi-material design and in specific for plastics and metals become more important. Post-Mould-Assembly of plastics and metals is mostly done via adhesive bonding or
mechanically with additional elements such as bolts or rivets. Both techniques have specific disadvantages.
Additional elements put additional weight to the construction component and have a discontinuous stress
distribution. Adhesive bonding needs surface pre-treatment and time costly curing.
A new technology to combine the advantages of adhesive bonding and mechanical joining is the Thermal
Direct Joining of plastic and metal. In this process the metal joining partner is heated up to temperatures
above the melting temperature of the thermoplastic. When a specified joining temperature is reached, the
thermoplastic is pressed under defined force to the heated metal. The thermoplastic melts due to conductive
heat transfer from the metal to the plastic part. Afterwards the joint is cooled under pressure.
The advantages of Thermal Direct Joining are short cycle times, high bonding strengths and no damages by
drilling holes to the joining partners. Heating by a permanent heated stamp is investigated. The joining
equipment was further developed to shorten cycle times, to raise reproducibility and to investigate on optimal process parameters. In this equipment heating and joining are separated so that heating and joining can
be done simultaneously leading to shorter production times. The results show that high tensile-shear
strengths up to 25 MPa can be observed in overlap shear tests for the combinations of aluminium or steel
with PA6, PA6GF30 or organic sheet with PA6.
KEYWORDS: Thermal Direct Joining, Plastic-Metal Hybrid
1 INTRODUCTION
Lightweight design cannot only be achieved by use
of lightweight materials but also by combining
different materials using their specific advantages.
The combination of plastics and metal has a high
potential for lightweight designs. The plastic component can be used in areas where the mechanical
loads are low and the metal component can be used
to bear high mechanical loads. To combine these
very different materials joining technologies for the
combination of plastics and metals need to be investigated.
A new joining technology for joining plastics and
metals is the thermal direct joining. In this process
the metal is heated to temperatures above the melting temperature of the thermoplastic joining partner and pressed to the thermoplastic which melts
close to its surface due to heat conduction building
adhesive forces to the metal.

2 JOINING EQUIPMENT AND
EXPERIMENTAL SETUP
For high reproducibility and short cycle times a
joining equipment is developed, which is fully
automated. The presented equipment is based on
the work of [1]. With this equipment joining tests
between different metals and plastics are performed to investigate on optimal process parameters.
2.1 JOINING EQUIPMENT
The principle of the joining equipment is shown in
Fig. 1.
To shorten cycle times, the heating and joining
process are separated. The transport of the metal
between heating station and joining station is done
with a rotary table which allows heating and joining to be done simultaneously. The heating is done
with a p ermanently heated stamp at temperatures
higher than the deserved joining temperature. After
the heating is finished the metal is transported to
the joining station and the temperature of the joining area is monitored with an IR-Camera. The
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metal cools down and if the joining temperature in
the joining area is reached the joining stamp with
the thermoplastic is pressed to the metal.

plastic fibre reinforced plastic (TP-FRP) with PA6
as matrix material.

Fig. 1

Principle of joining

The process principally can be divided into the
following steps, see also Fig. 2:
1.
2.
3.
4.
5.
6.

Fig. 2

Inlaying
Transfer
Heating
Transfer
Joining
Removal

Process steps of Thermal Direct Joining

The joining pressure can be varied during the joining process to enable a lower joining pressure after
first contact between metal and plastic which can
lead to higher bonding strengths for several plastic
joining processes [2]. To further shorten cool down
times, nozzles which blow compressed air to the
joining area are fixed to the joining stamp. The
cooling is switched on after a certain joining time.
With the shown joining process cycle times of less
than one minute can be achieved.
2.2 EXPERIMENTAL INVESTIGATION
Thermal Direct Joining is mostly common to adhesive bonding. The best bond strength can be observed for shear loads. For this reason the optimisation of process parameters is carried out with overlap-shear specimens, Fig. 3.
As metal joining partners stainless steel 1.4301 and
Aluminium 3.3547 are investigated. The metals are
joined untreated (ut) or sandblasted (sb) to enhance
mechanical adhesion. Thermoplastic joining partners are Polyamide 6 ( PA6), Polyamide 6 with
30 wt% short glass-fibre (PA6GF30) and thermo-

Fig. 3

Overlap-shear specimen

The overlap length for PA6 and PA6GF30 is defined to 5 mm. Pilot surveys show that with higher
overlap lengths only cohesive failure for the plastic
joining partner can be observed which allows no
further information for the bond strength. For the
optimisation of the joining parameters the overlap
length for TP-FRP is defined to 15 mm.
The most important process parameters are the
joining temperature and the joining pressure. For
the first optimisation the joining temperatures are
varied to find the optimal joining temperature for
each combination. With a second step the joining
pressure is varied during the joining process to
investigate on enhancement of overlap-shear
strengths.
After the joining parameters are optimised, the
influence of the overlap geometry on the resulting
bond strengths for TP-FRP is investigated. Hence,
the overlap length and the width of the specimens
for TP-FRP is varied and the resulting bond
strengths are compared to the standard specimen
geometry.

3 RESULTS
Table 1 shows the optimal joining temperatures for
the different material combinations and the resulting overlap-shear strengths.
Table 1: Optimal joining temperatures and resulting
overlap-shear strengths for different combinations

Plastic

Metal

Pretreat
ment

PA6
PA6
PA6
PA6GF30
PA6GF30
PA6GF30
TP-FRP
TP-FRP
TP-FRP

1.4301
1.4301
3.3547
1.4301
1.4301
3.3547
1.4301
1.4301
3.3547

ut
sb
sb
ut
sb
sb
ut
sb
sb
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temperature
[°C]
260
260
260
320
300
340
300
330
330

Overlapshear
strength
[MPa]
12
14
14
18
23
21
9
19
10
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For the joining temperature optimisation two effects have to be considered. On the one hand, with
higher joining temperatures the melt viscosity of
the thermoplastic decreases, which leads to a better
wetting of the metal surface and hence to higher
bonding strengths. On the other hand, with higher
joining temperatures the melt down increases,
which leads to lower load-bearing cross-sections
and higher stress concentration at the beginning of
the joining area, which leads to lower bonding
strengths. The optimal joining temperatures for
PA6 are lower compared to PA6GF30 and TPFRP, see Table 1. For PA6 the resulting loadbearing cross-section after the joining process
needs to be larger compared to PA6GF30 and TPFRP because of the minor basic strength of the
material. A higher melt down for PA6 results in
cohesive failure at lower loads.

The resulting values for optimal pressure profiles
are shown in Table 2.
Table 2: Optimal pressure profiles with sandblasted
1.4301

plastic
PA6
PA6GF30
TP-FRP

p1
[bar]
2
2
3

p2
[bar]
2
1
0,5

t1
[s]
5
5

pk
[bar]
4
4
3

t2
[s]
20
20
20

The optimised pressure profiles lead to higher
overlap-shear strengths for all thermoplastics. The
increase is significant for PA6GF30 and TP-FRP
with about 10 % (see Fig. 5). For PA6 only a minor
increase of the overlap-shear strength can be observed. The reason is the mostly cohesive failure of
the PA6.

The failure mode of PA6 and PA6GF30 is mostly a
mix of adhesive and cohesive failure in the joining
area, cohesive failure dominating. For TP-FRP the
failure mode is also a mix of adhesive and cohesive
failure but adhesive failure dominating. The failure
mode for TP-FRP can be explained with the higher
strengths of the basic material on the one hand. On
the other hand the fibres in the joining area do not
bond to the metal. Hence, in this parts of the joining area adhesive failure is dominating.
To optimise the joining pressure several parameters
during the joining process can be changed (see
Fig. 4). It is reasonable to start with a high joining
pressure (p 1 ) which allows good h eat conduction
and wetting of the metal with thermoplastic melt at
the start. To prevent pressing out all melt to the
welding beat the joining pressure is decreased (p 2 )
after a cer tain time (t 1 ). After the solidification of
the melt the pressure is raised again (p k at t 2 ) to
counter the thermal contraction of the thermoplastic during the cooling phase to minimise residual stresses. The optimal pressures and switching
times are determined with the help of Design of
Experiment Methods to minimize the number of
necessary experiments.

Fig. 5

With optimised process parameters overlap joints
with different overlap lengths and widths are produced.

Fig. 6

Fig. 4

Overlap-shear strengths for different thermoplastics joined to sandblasted 1.4301

Breaking force and overlap-shear strengths
for different overlap lengths

Fig. 6 plots the resulting breaking force and overlap-shear strengths against different overlap lengths
for the combination of TP-FRP and sandblasted
1.4301. It is obvious that with increasing overlap
length the breaking force converges to a maximum.

Principle joining pressure profile for optimisation
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On the other hand the overlap-shear strengths decrease due to increasing joining area. For higher
load transmission the overlap length cannot be
increased.
Fig. 7 plots breaking force and overlap-shear
strength against different specimen widths with a
constant overlap length of 15 mm for the combination of TP-FRP and sandblasted 1.4301. The resulting breaking forces show nearly linear increase
with increasing specimen width and the overlapshear strengths are almost constant. Hence, a increase of joining width is suitable to increase the
total bearable load. The shown results can be compared to the behaviour of adhesively bonded plastic
metal joints [3].
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4 CONCLUSIONS
Thermal Direct Joining of plastics and metals offers a joining technique which allows a reproducible joining at low cycle times and low costs compared to adhesive bonding. The joining process is
fully automatable and offers high-strength joints.
For the combination of stainless steel or aluminium
with PA6, PA6GF30 and TP-FRP optimal joining
temperatures and optimal joining pressure profiles
have been found. It is shown that with optimised
pressure profiles the overlap-shear strengths can be
improved for about 10 % in comparison to constant
pressure profiles.
Investigations on the specimen geometry show that
with increasing overlap length the braking force
raises to a maximum. On the other hand with increasing specimen width the braking force raises
almost linearly.
Further investigations will concentrate on construction methods for Thermal Direct Joined geometries
and the behaviour under application conditions
such as dynamic or static long-term loads and ageing.
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ABSTRACT:

High-performance plastics were im plemented as t ransition structures to join carbon fibre reinforced polymers (CFRP) and aluminium using high pressure aluminium die casting techniques. The transition structure
was established by a plastic injection moulding process of polyetheretherketone (PEEK) on different CFRP
elements with both an epoxy based matrix and a PEEK based matrix prior to the aluminium die casting. It is
shown through micrographic sections that an adhesive bond between the composite and the transition zone
material is established. In the contact zone of PEEK and the aluminium die casting alloy different degradation grades of the plastic evolve. Outgassing of th e plastic results in gas pockets at the PEEK-alu minium
interface depending on the thermal impact. The isolating effect of the polym eric layer prevents the PEEK
based matrix of the CFRP components from delamination, whereas the epoxy based matrix does not withstand the thermal load while casting the aluminium. It is found that the quality of the transition zone depends
on the processing of the application of the PEEK based transition structure onto the CFRP surface. The aluminium wall thickness surrounding the transition zone as the PEEK layer th ickness both have an impact on
the interfaces between the join partners.

KEYWORDS: CFRP aluminium compound, multi-material design, hybrid material, transition structure,

integral joining

1 INTRODUCTION
In the context of a gr owing demand of lightweight
materials in various industries, hybrid metalcomposite designs are becoming increasingly important. Hybrid materials combine the properties of
fibre reinforced plastics and metals and lead to
material properties that are not attainable for one of
the materials alone. Fibre reinforced plastics on the
one hand involve very high specific strength and
stiffness; metals on the other hand provide ductile
behaviour in crash situ ations. This means that materials are no t only substituted by one another but
the specific material properties are used for t he
varying needs in the areas of a construction system.
In particular, the automotive sector re quires connection techniques to join light fibre reinforced
plastics and metal components. [1]
The conventional connecting techniques s uch as
rivets, screws or adhesive bonding involve certain
disadvantages including thickening of material in
joining areas, electrochemical corrosion, the de struction of fibers due to through holes or the lack

of controllability of adhesively bonded parts. An
extensive preparation of the joining components is
necessary for all estab lished mechanical joining
techniques. Especially high tool wear which is
involved in CFRP preparation for fasteners or
costly surface preparation for adhesive bonding are
impedimentary to joining. [2]
Novel integral connection techniques are being
developed using a tran sition structure. This structure establishes a junction between the metal material and t he composite material (typically CFRP).
The challenge lies in the thermo-mechanical robustness of the transition structure to withstand a
direct integration in aluminium high pressure die
casting processes.
The use of a high-performance polymeric transition
structure is cu rrently under investigation. This
layer provides thermal protection for the CFRP part
in the subsequent high pressure die casting process
and serves as an electrochemical isolation between
aluminium and the CFRP component. This decoupling is also necessary due to high electrochemical
potential differences between the joint partners

* Corresponding author: Wiener Straße 12 | 28359 Bremen | Germany, Tel + 49 421 2246-273 | Fax -300
jan.clausen@ifam.fraunhofer.de
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which can result in corrosive degradation of the
aluminium. [3, 4]
In this article, the first fundamental work for the
encapsulation of CFRP elem ents with plastic and
subsequent transfusion with aluminium high pressure die casting a re described. The total compounds are e valuated based on metallographic
sections of the transition zones and tensile tests.

perature which was m easured from 360 °C to
390 °C.
Different PEEK layer thicknesses were applied
using different mould inserts. The processing temperature of the mould was v aried between 145 °C
to 175 °C. The mould temperature highly influences the c rystallization process in t he thermoplastic layer. Wh ile PEEK is semi-crystalline it
inhabits crystallised and amorphous regions. Crystallised areas have a higher density and higher
strength than amorphous regions. The amorphous
regions serve for material ductility. [6, 7]

2 EXPERIMENTAL
2.1 PLASTIC INJECTION MOULDING
CFRP elements with epoxy based matrix from
prepreg CP009 and PEEK matrix were encapsulated through a plastic injection molding process with
a temperature-stable plastic. The piston injection
machine is of the type MCP 100 KSA by HEK. For
a force transmission between the different materials the plastic is ad hesively bonded to the CFRP
part. This is p roduced in the plastic injection
moulding process (Fig. 1). The mould inserts are
located at the upper half of the cavity of the mould
(Fig. 1 a). The CFRP compound is fixed using an
aluminium mount (Fig. 1 b) and the injection
moulding process is carried out in the upper half of
the mould so that only the mould insert of t he
whole cavity is filled with PEEK (Fig. 1 c).
Throughout the process it was fo und, that conditioning of the polymeric basis material plays a
significant role in the processing route. A thermal
treatment was applied to extract the residual moisture from the PEEK basis material. Hig h moisture
contents lead to microstructural imperfections such
as pores, which can be seen on the surface of t he
PEEK layer. This was avoided by 4 h 160 °C thermal pre-treatment.

Fig. 1: CFRP test specimen with PEEK transition
structure and aluminium mount for positioning plastic injection moulding process

All injection tests were carried out with pressures
of 5 – 7 bar and injection time of 10 – 20 s depending on the PEEK layer thickness, cavity filling and
process temperature according t o the plastic melt
viscosity. This depends on the basis material tem-

Fig. 2: Schematic characteristics of crystallization
degree and shrinkage with respect to mould temperature [5]

As the mould temperature has a significant impact
on the crystallization processes it d etermines the
shrinkage of the PEEK throughout the injection
process (Fig. 2). High mould temperatures lead to
low post-shrinkage e ffects which preclude crack
propagation and improve the crystallizationdegree
of the polymer. This ca n increase the the rmal resistance of the polymer and therefore leads to enhanced temperature stability during the aluminium
high pressure die casting process. The refore high
crystallization degrees are encouraged for processing.
2.2 HIGH PRESSURE DIE CASTING
The casting proces s was perform ed on a coldchamber die casting m achine of the type SC N/66
by Bühler. The melt temperature was 710 °C. After
the encapsulation of the CFRP parts with PEEK the
test specimen were positioned in the high pressure
die casting mould. The cas ting parameters were
kept constant by 500 bar holding pressure and a n
average gate speed of 8.1 m/s for aluminium injection. The mould temperature was kept at 180 °C for
all casting tests. The aluminium mount on the test
specimen serves as a barrie r for the aluminiu m
melt and as a p ositioning system as well. In this
process step the alum inium-CFRP hybrid structure
evolves directly from the casting process (Fig. 3).
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lysed as a re the interfaces between PEEK and
CFRP and PEEK and aluminium. (Fig. 5)

Fig. 3: CFRP–Aluminium hybrid structure with
PEEK transition zone

Since the transition struct ure is th ermoplastic the
viscosity drops due to the thermal impact of the
aluminium melt. Outgassing appears in the PEEK
layer. The isolation of the transition zone is measured using thermo elements based on different
isolation layer thicknesses (Fig. 4) with 1.5, 2 and
3 mm thickness. The thermo elements with different PEEK layer thicknesses were positioned directly in the die casting m ould. The te mperature increases more slowly over time for thicker layers of
PEEK resulting in lower temperatures at th e
CFRP-PEEK interfacial zone. Thus thicker layers
provide better isolation within the casting process
as this prevents the heat to dissipate fast in to the
composite. The lowest m aximum temperature is
measured for PEEK layer thicknesses of 3 mm and
settled at aro und 350 °C. The melting temperature
of PEEK is at 343 °C and degradation starts at
550 °C. It can be co ncluded that the PEEK based
matrix material is th erefore protected from degradation but the transition layer possibly degrades at
the PEEK-aluminium interface, while the epoxy
based matrix with heat resistance of 110 °C will
probably be degraded.
Different aluminium thicknesses were app lied to
vary the amount of dissipating heat into the plastic.
It is p resumed that the aluminium wall th ickness
relates closely to the amount of heat dissipation
into the structure and, thus, degradation of the
thermoplastic transition zone.

Fig. 4: Temperature development as measured
directly in the die casting mould during aluminium
casting process with respect to different PEEK layer
thicknesses

3 RESULTS AND DISKUSSION
In this chapter the m aterials are analyse d using
micrographic sections of the cast CFRP-aluminium
transition structures. The matrix material is ana-
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Fig. 5: CFRP-aluminium hybrid structure and its
interface formations

3.1 INFLUENCE ON THE POLYMERIC
MATRIX MATERIALS
Micrographic sections of the CFRP test specimen
after aluminium high pressure die casting show the
carbon fibre laminates within its m atrix (Fig. 6).
The epoxy based layer is a ffected by the thermal
impact of the aluminium melt resulting in delamination and debonding. The heat resistance of the
duromer epoxy based resin is 110 °C. Throughout
the casting process this temperature is overcome
and leads to the delamination effects. (Fig. 6 a))
The PEEK based matrix in Fig. 6 b) does not show
any delamination within the structure. The PEEK
based CFRP compound is more heat resistant
(PEEK degradation starts at: 550 °C) and thus does
not show delamination.

Fig. 6: a) PEEK based matrix after aluminium die
casting with no delamination, b) epoxy based matrix
showing delamination inside the CFRP compound
after aluminium die casting

3.2 INTERFACIAL EFFECTS BETWEEN
THE JOINING PARTNERS
Debonding effects between the PEEK layer and the
PEEK based matrix are seen in Fig. 7, left. Different stages of debonding ar e witnessed with respect
to PEEK layer thickness. In Fig.7 a) no deboning
of the compounds is sho wn as the adhesive bond
still exists. For small cross sections of the PEEK
layer the coefficient of thermal expansion has only
small impact on the total elongation of the stru cture. As th e layer thickness is raised debonding
takes place.
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The degradation layer thickness of the PEEK transition zone was measured as a function of aluminium wall thickness. (Fig. 9)

Fig. 7: Different stages of interfacial effects at the
PEEK-CFRP interface (left) and at the aluminiumPEEK interface (right)

The coefficient of thermal expansion for PEEK for
temperatures above 150 °C is 130*10 -6K-1. The
differences of thermal expansion between the join
partners for thick PEEK layers lead to gap propagation in the cooling process (Fig. 7 b)). Thin
PEEK layers can be transferred into a viscous stage
throughout the casting process and eventually be
adhesively re-bonded to the CFRP structure.
Moreover, it is possible that the holding pressure of
the casting process closes t he gap of the viscous
PEEK layer a nd leads t o compaction of the structure. Thicker layers of PEEK do not fully transfer
into a viscous state and the debonding is sustained
(Fig. 7 c)).
At the PEE K-aluminium interface the degradation
takes place showi ng different amounts of out gassing pores (Fig. 7 e)). As the heat dissipates into
the transition layer th e decomposition temperature
of the PEEK can be exceeded and, thus, lead to
pyrolysis at the aluminium-PEEK interface.
For high aluminium wall th icknesses the layer of
combustion products is raised (Fig. 7 f)). For very
small aluminium wall thicknesses and a well processed PEEK layer with high mould temperatures
in the PEEK injection process no degradation between aluminium and PEEK is fou nd (Fig. 7 d) ).
The degradation layer thickness was m easured
using optical microscopic measurement tools.
(Fig. 8)

Fig. 9: Degradation layer thickness in PEEK based
transition structures with respect to aluminium wall
thickness

It is sho wn that th e degradation layer th ickness is
increased for higher aluminium wall th icknesses.
The thermal impact of higher aluminium thicknesses is raised resulting in material defects close
to the contact area of the PEEK and the aluminium.
This can limit the maximum load transfer through
the structure. To reduce the amount of heat dissipating into the plastic the aluminium wall thickness
should be minimized.
For PEEK layers that were p rocessed with high
mould temperatures high quality PEEK layers are
achieved. Small aluminium wall thicknesses and
the well processed PEEK layers estab lish PEEKaluminium interfaces without degradation layers. It
is found that micro-mechanical interlocking formations are elaborated at the interface throughout
the casting process to form a polymer-metal-hybrid
connection. Through the mechanical interlocking
and the adhesively bonded structure high bond
strength can be achieved. [8]
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Fig. 10: Formation of micro-mechanical interlocking
between aluminium and polymeric transition structure

3.3 TENSILE TEST
Small scale tensile tests were pe rformed on a
Zwick/Roell Z020 and a Zwick/Roell 1476 to evaluate the force transmission of the hybrid connection system. (Fig. 11)
The different matrix materials, both with 2 mm
PEEK-layer, for the CFRP components are compared. The maximum force is measured for the
integral connection between CFRP and aluminium.
(Fig. 12) The test sp ecimen with the PEEK b ased
matrix results in higher residual strength of the
total construction in comparison to the epoxy based
CFRP component. Due to the delamination as
described in chapter 3.1 the epoxy based CFRP
components result in lower maximum forces.
For different PEEK transition layer thicknesses the
maximum forces are com pared. It is found that
small layer th icknesses result in higher maximum
forces. This can be explained by the fact that ga p
formation at t he PEEK-CFRP interface is m ore
likely for thicker PEEK transition layers as ex plained in chapter 3.2.

Fig. 11: Tensile test on Zwick/Roell Z020

Fig. 12: Resulting maximum forces from tensile
tests of CFRP-aluminium hybrid structures a) comparison of different matrix materials b) comparison
of different transition structure (PEEK) thicknesses

4 SUMMARY AND OUTLOOK
Aluminium-CFRP components were joined using
casting technology. Different thermoplastic layer
thicknesses were applied to insulate the CFRP
component from the aluminium melt. This serves
for both an electrochemical decoupling betwee n
the mating parts and a thermal isolation to prevent
the CFRP fro m thermal degradation. Different
matrix materials were used, the epoxy based matrix
showed delamination after processing but the
PEEK based matrix can withstand the thermal load.
From tensile tests it can be concl uded that for the
epoxy based matrix the maximum tensile force is
lower due t o delamination. At the PEEK-CFRP
interface gap propagation after aluminium casting
is noticed. Gap formation is more likely for high
PEEK layer thicknesses which result in lower maximum forces shown in tensile tests. Different stages
of degradation are witnes sed at the PEEKaluminium interface within the PEEK layer de pending on the alu minium wall thickness and its
resulting thermal load on the transition structure.
Well processed PEEK layers tend to withstand the
thermal load due to a higher crystallisation degree.
The aluminium melt can shift the PEEK layer in to
a viscous state and ca n lead to better com paction
for the PEE K-CFRP interface. For aluminiu mPEEK interfaces with no degradation layer micromechanical interlocking formations are present ed
which can lead to higher mechanical strength of the
hybrid structure.
Next work will focus on a so called “in-situ consolidation” of the CFRP semi-finished directly in the
die casting mould. The transformation into a viscous state of the PEEK transition layer can be used
for consolidation of the PEEK based CFRP components within the casting process leading to an inprocess CFRP-aluminium hybrid structure manufacturing.
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EXTENDED ABSTRACT: The driver of innovative products in the automotive and aircraft industry

but also in railway transportation and engineering in general is the reduction of structural weight and finally
energy consumption of future vehicle concepts. So this requirement leads to an increasing application of
materials like aluminum, titanium and fiber rein-forced polymers and their combinations. Current challenges
for the production of light and stiff multi-material systems are suitable joining techniques. A central research
field of WKK is the realization and detailed study of dissimilar joints by ultrasonic metal welding. The ultrasonic welding technique is one appropriate and effective joining technology, especially for hybrid components, wherein the welded structures can be realized in the solid state [1]. In comparison to the well-known
and established ultrasonic welding for polymers, the direction of the ultrasonic oscillation is perpendicular to
the surface of the materials to be welded in case of ultrasonic metal welding, see e.g. [1, 2]. This pressure
welding technology was invented and patented in the early 1930s. It is a solid state welding technique,
where the formation of the bond occurs as a result of a moderate static pressure and a superimposed ultrasonic oscillation, which is parallel to the interface between the parts to be welded without fusion of the metals. In comparison to fusion welding or even other joining techniques like adhesive bonding or brazing,
ultrasonic welding is characterized by a l ow energy input, consequently low temperatures in the welding
zone and very short welding times as well as moderate investment costs. The high frequency relative motion
between the parts forms a solid state weld through progressive shearing and high plastic deformation between surface asperities that disperses oxides and contaminants [1].
The talk gives a brief overview about suitable ultrasonic welding systems and important parameters which
influence the quality of the welds [3]. Two selected examples concerning ultrasonic spot and torsion welding
will be addressed. Besides the ultrasonic welding of dissimilar light metals such as aluminum to titanium
also lightweight hybrid welds between fiber reinforced polymer composites and light alloys will be discussed [4-6], see also Figure 1.
a)

Fig. 1

b)

Ultrasonic welding systems and realized multi-material-structures: a) Torsion welded Al/Ti-joint, b)
Spot welded Al/CFRP-structure
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All realized welds were characterized due to their mechanical properties. Furthermore the welded interface
was investigated in detail by using high resolution electron microscopy and spectroscopy to understand
bonding mechanism and microstructure-property relationships. The high frequency process itself was monitored by online NDT-methods like thermography and laser-vibrometry.
In conclusion ultrasonic metal welding is one promising technique to join dissimilar materials in the solid
state. Possible applications fields can be seen in future vehicles and aircrafts concerning multi-material concepts. Besides the discussed hybrid joints (Al to Ti, Al to CFRP) ultrasonic metal welding is also suited to
realize welds of ductile to brittle materials like metal to glasses or metals to ceramics.
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AN INNOVATIVE APPROACH FOR JOINING OF HYBRID CFRPMETAL PARTS BY MECHANICAL UNDERCUTS
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ABSTRACT: Adhesion constitutes a limiting factor for direct thermal joining of metals and thermo-

plasts. This paper shows that the ultimate load can be significantly enhanced by specific structuring of the
metal surface. Therefore, a concept is developed to create mechanical undercuts with a specialised cutting
tool on the metal surface, thus creating an additional mechanical bond.
Here, the goal is to increase the structural strength by an interlocking effect of mechanical undercuts and
CFRP. This paper provides a new manufacturing process. Additionally, experimental results regarding a
metal-plastic bond joined by mechanical interlocking are presented. The results show that the transferable
load and the energy absorption capability can be increased compared to unstructured specimens. To investigate and optimise the cutting process and to identify an ideal geometry of the cutting tool, a two dimensional
FEM model in ABAQUS is presented. Using the numerical simulation, the cutting process can be modelled
successfully by means of the Johnson-Cook equation for the metal layer.

KEYWORDS: Mechanical structuring, Metal-FRP-Joining, Hybrid technology, Lightweight applications, Numerical simulation, fusion bonding

1 INTRODUCTION
The implementation of modern light-weight technologies in automotive applications increases the
requirements for structural and material investigations. As demonstrated in the development of automobile chassis, it is mandatory to maintain or
even improve the material and structural properties,
while reducing the overall mass. Hybrid materials
based on the combination of metal and plastics
(including reinforced plastics) possess those properties. However, the performance potential of hybrid materials mainly depends on the bond strength
between both materials.
In order to use the full potential of hybrid materials, the goal is to develop novel bonding technologies within the hybrid material. The aim is to structure the surface of the metallic part to establish a
mechanical bond and to increase the transferable
shear load within the bonding zone. This includes
the development of a tool which generates a geo* Corresponding author:

metrically defined surface topography with undercuts. Thereby, structural strength is intended to be
increased by means of an interlocking effect of
mechanical undercuts and CFRP.
Nowadays, hybrid structures, a material combination of metal and FRP, can be manufactured by
various methods. A disadvantage of most methods
is the large number of manufacturing steps and
therefore the limitations in terms of productivity.
So far, the unequal materials have been joined by
adhesive bonding, screws, rivet shanks or the socalled mold-in technique during injection molding.
Mechanical joining techniques can transmit high
forces on the final assembly. Such are, for example, detachable connections like clamp and screw
connections or non-detachable connections like
riveting [1]. However, a disadvantage of these
mechanical joining techniques is the fiber damageing that results from drilling holes for the
connecting elements. Adhesive bonding has been
established as a joining technology and is becom-
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ing more and more significant. However, the
transmitted loads are limited by the missing form
closure. Thus, complex surface preparations are
required for components. To improve the bonding
properties, structuring methods have been developed that allow an additional interlocking effect.
One of them is the IGEL technology. It is based on
a method in which a metal surface is provided with
a pin structure by cold metal transfer welding
(CMT). In component manufacturing, the pins
penetrate the fibre material and thus create an interlocking connection [2]. Another approach is the
creation of a microclamping effect on micron level.
In this structuring process, laser radiation is used to
ablate the metal in combination with melting the
metal [3]. Another known method, which works at
a comparable principle, is the Surfi-SculptTM technology which uses electron beams without ablating
material [4]. All of these research approaches have
in common that they can increase the structural
integrity between metal and FRP for each specific
application by the generation of an undercut surface. Based on literature reviewed, it can be summarized that mechanical locking is a s uitable and
reliable method to improve structural integrity in
hybrid structures. Within the scope of this paper, a
new mechanical structuring method is presented.
This method allows the creation of an undercut
geometry in metal surfaces on a macroscopic level.
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Fig. 1

FEM model of the cutting process, cutting
angle 30°

2.2 MATERIAL MODELING
To simulate the chip formation, a Jonson-Cook
material law [4] is used for modelling the metal
plate consisting of aluminium. With this material
law, a strain, strain rate and temperature dependent
visco-plastic description of the yield stress can be
performed [5]. Due to its suitability for high strainrate applications, this material model is often used
for simulating cutting processes. The JohnsonCook formulation of the yield stress is as follows:

2 MODELING OF THE CUTTING
PROCESS
2.1 FINITE ELEMENT MODELING
To gain a fundamental understanding of the cutting
process, numerical analyses using the FiniteElement-Method are performed in ABAQUS. By
means of a validated simulation model, the cutting
process can be analysed under varying cutting
conditions or tool geometries without performing
further expensive experimental tests. For validating
the model, cutting angles of 15°, 30° and 50° are
investigated. Due to the long calculation time of
three-dimensional machining models, the cutting
process is modelled two-dimensionally. Furthermore, the tool tip is treated as a rigid body to save
calculation time. The work piece is modelled with
dimensions of 2x8 mm and discretised with 8752
plane stress elements (CPS4R). Additionally, the
cutting zone is discretised with a finer element size
of 30 µm to achieve a chip formation. As boundary
condition, the workpiece is fixed in X- and Ydirection as well as the rotation around the Z-axis
both on the sides and the bottom . The tool rotation
around the Z-axis is fixed, the feed is defined by
means of an additional tool coordinate system X T
and Y T . For varying the cutting angle α WP , the tool
is rotated around a defined rotation point.

(1)
In this equation, A is the initial yield stress [MPa],
B is the hardening modulus, n is the workhardening exponent, C is the strain-rate dependent
coefficient [MPa] and m is the thermal softening
coefficient. is the equivalent strain, is the plasthe reference strain rate. [5]
tic strain rate and
The mechanical properties and parameters for the
Johnson-Cook material model are taken from [6].
Table 1: Mechanical properties and visco-plastic
parameters for aluminium [6]

A
B
C
n
m
T melt [K]
T Room [K]

262
162.1
0
0.2783
1.34
925
293.2

The chip separation criterion is described by the
Johnson-Cook failure model, which is also suitable
for high strain rates of metals [5]. The failure model is based on a critical equivalent plastic strain at
the integration points of the elements. Structural
damage occurs when the so called damage parameter D exceeds a value of D = 1.
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(3)
is the equivalent strain increment,
is
Here,
the strain at failure. This strain at failure is expressed in the following equation:

(2)
In this equation d1 – d5 are material dependent
damage parameters and are taken from [6].
Table 2: Johnson-Cook Damage parameters for
aluminium [6]

d1
d2
d3
d4
d5

3 MECHANICAL STRUCTURE
GENERATION
For the experimental validation of the FEM simulation, a test stand is built by the Institute of Machine
Tools and Production Technology IWF. The test
stand allows creation of different single structures
by variation of the impact angle of the tool. Based
on the generated structures, micrographs are prepared and measured. In addition to the single structures, it is also possible to generate sheets with an
individual structure density and structure depth.
3.1 EXPERIMENTAL SETUP
The test stand uses gravitational force to create
undercut structures. The structures are created
manually by a slotting or structuring tool which
impacts the work piece surface at a defined angle.
Fig. 3 and 4 show the test stand and parts of the
measuring technology.

-0.77
1.45
0.47
0
1.6

Additionally, a friction model based on Coulomb
law is used, the friction coefficient µ is set to 0.1.
2.3 RESULTS
Fig. 2 shows a simulated cutting process with a
cutting angle of α WP = 30°. The results show a
good chip formation with highest stresses in front
of the tool tip. With regard to the penetration of the
material by the tool, a mechanical undercut is
formed. Here, the geometry of the undercut depends on the cutting angle α WP . With decreasing
cutting angle, the size of the undercut increases and
vice versa. Due to the performed simplifications,
the calculation can be solved within one hour of
calculation time. Overall, the simulation model
shows good results so the cutting process and undercut formation can be modelled successfully.

Fig. 2

Simulated cutting process in ABAQUS,
cutting angle 30°

Fig. 3

The test apparatus consists of a base frame (2), a
tool slide system (4) and a flexible work piece
holder (8). The slide system, which is connected to
the base frame of the test stand via two linear
guides (3), can be fitted with different devices for
individual structuring tools (5).

Fig. 4
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For determining the impact speed of the tool on the
specimen material, an inductive displacement
transducer (1) is mounted on the tool slider system.
The impact velocity and energy can be varied over
the drop height and the mass of the tool slider
system. The work piece holder (6) which is shown
in Figure 3 is capable of holding testing material
with maximum dimensions of 80x100x5 mm. In
addition, the impact angle [α WP ] between the tool
and the work piece surface can be varied
continuously (figure 5).

The drop height between the cutting tool and the
work piece surface amounts to X TSS = 70 mm. The
impact velocity is approximately 0.7 m/s. In addition to the drop height and the geometry of the tool,
the impact angle α WP between tool and work piece
is a significant parameter. To create different structures, the impact angle is varied between 15°, 30°
and 50°.

Fig. 5

Variable impact angle situation

The measuring platform (7) under the work piece
holder is used to determine the process forces that
are necessary to generate a single structure. For the
exact positioning of the work pieces, the whole
support system is mounted on a manually movable
cross table (8). Due to the exact positioning of the
tool and work piece, the reproducibility of the
formed structure is assured.
3.2 EXPERIMENT PARAMETERS
The structuring experiments are conducted on
aluminium sheets (AIMg3). The work pieces used
are 80x80 mm in size with a thickness of 1.5 mm.
The impact tool is manufactured from wear resistant and hardened cold work steel (15CrV3).
The tool is provided with a revolving cutter cone
with a cutting angle of 30°. In Fig. 6, a sectional
view of the tool geometry is.

Fig. 6

3.3 EXPERIMENTAL RESULTS
To evaluate the structures, micrographs are prepared. The impact angle, the depth and the height
of the geometry as well as the work piece
penetration depth of the tool are investigated. In
Fig. 7, the evaluation based on specimen 03 is
presented. It is generated with an impact angle of
15°.

Tool geometry

Fig. 7

Clamp structure, specimen 03

The total height of the structures is measured from
the surface of the work piece. By varying the angular position of the work piece, structures with a
height of 0.5 mm up to 1.8 mm can be generated.
In Fig. 7, next to the impact angle, the cutting angle
of the tool can be seen. The material thickness of
the structure increases with the depth of tool penetration. In a relatively sharp impact angle, the
thickness of the material in the tip region of the
structure is thin enough for the impact energy to
cause tip curling. At extreme angles such as 10°,
the tool causes a peeling motion. This effect is
shown in Fig. 8. Rudimentarily, it can be also seen
in Fig. 7.

Fig. 8
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The results show a good correlation between the
simulated and the experimentally measured chip
geometries using impact angles of α WP = 15°,
α WP = 30° and α WP = 50°. Both the geometry and
the dimensions of the simulated chips depend
strongly on the impact angle. When using a small
impact angle of 15°, the predicted and measured
height of the chip increase up to approximately
2 mm with a very low thickness at the top. With
increased impact angles of 30°, the height of the
chip decreases to approximately 1 mm and 0,5 mm
when using an impact angle of 50°, respectively.
By means of the presented simulation model, the
impact depth S T can be predicted with good correlation for all investigated impact angles. However,
the simulated height of the chip shows a good
correlation with the experimental results with impact angles α WP = 15° and α WP = 30°.

Fig. 10 Opposite clamp structure

Due to the large number of possible undercuts in
shape, size, width, density and direction, the new
structures offer a high potential for increasing the
structural integrity of hybrid composites made of
metal and reinforced or unreinforced polymers.
.

4 STRUCTURAL INTEGRITY
For initial statements on the performance of the
new structures, tensile testing is conducted on the
base of DIN EN 1465 [8] as thick adherend lap
shear joints fabricated by fusion bonding.

Fig. 9

4.1 PREPARATION OF SPECIMENS
The specimen dimensions are set to 100x25 mm.
The AIMg3 part has a thickness of 1.5 mm whereas the PA6 part is 4 mm in thickness. The basic
parameters for the structuring of AlMg3 are retained. The impact angle α WP is set to 30° (Fig. 9
b). The overlapping area of the specimens is
increased to 30x25 mm, thus altering the DIN
standard. In this area, an area of 6x4 identical
structures is generated. The joining of the parts is
conducted in a two step heat pressing process. The
intrusion of the metal specimen into the plastic is
limited to 0.2 mm.

Comparison of simulation and experiment

With the current tool, geometry surfaces can be
generated on a 6400 mm² work piece. Depending
on the structure density, between 280 structures
with an impact angle of 15° and 520 structures
with an impact angle of 50° can be realised. In
addition to the variation of the structure and
expression of the general structure density, the
local orientation of the structures can be changed.
Fig. 10 gives an example.
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Table 3: Parameters for heat pressing process

heating temperature
Step one
Step two

pressure
10 bar
30 bar

240 °C
time
90 s
15 s

Fig. 11 shows the situation after the pressing operation. The pressing process and the applied temperature cause the plastic to flow beneath the structures, whereby an additional form fit is generated
between the joining partners.
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Fig. 11 CT-scan of the joining partners

The opening angle of the structure is represented
by the cutting edge of γ C = 30°. In contrast to this
output angle, it is lowered to approximately 10° by
the plastic during pressing, whereby the structure
shaping is reduced.
Furthermore, occasional air entrapments are recognisable on the CT image, which also have an adverse effect on the composite structure.
4.2 TENSILE TESTING
The performed testing procedure was based on
DIN EN 1465, as a standard method for determination of the tensile lap-shear strength of bonded
joints. In contrast to the standard specifications,
thick adherends were used to restrict the load to
pure mode II in-plane shear stress. Therefore the
specimens were mounted in a supporting structure,
preventing them from bending (Fig. 12).

Fig. 12 Specimen geometry for experimental investigations

The tests were performed with a load rate of
5 mm/min using a tensile testing machine, the
measured load-displacement curves are shown in
Fig. 13.

Fig. 13 Tensile testing

The unstructured specimen failed abruptly, achieving a maximum load of 2.0 kN at a displacement of
0.58 mm. The failure surface shows mostly adhesion failure with remains of PA6 from the adherend
due to local airpockets. The structured specimen
beared up to 2.7 kN an increase about 30% compared to the reference sample. The higher load
during the test and the larger displacement during
failure, resulted in a higher amount of absorbed
energy caused by the mechanical interlocking
structures.

5 CONCLUSIONS
This paper presents a method to enhance the structural integrity of hybrid metal-plastic composites
by an innovative clamping structure. The clamp
structure is generated into a metal surface by
means of a novel process using a new tool. To gain
a fundamental understanding of the structuring
process, a numerical analysis is performed. The
results of the simulation are validated by experimental investigations. For this purpose, a flexible
test stand is designed and constructed.
To estimate the improvement of the structural
integrity, a first tensile test is conducted. For this
purpose, specimens of structured metal (AlMg3)
and plastic (PA6) are manufactured by direct thermal bonding. Similarly, reference specimens are
prepared with unstructured surfaces. It is shown
that the maximum transferable loads can be increased by 30 %. Furthermore, it is demonstrated
that the structured specimens do not fail abruptly.
This indicates a higher energy absorption capability.
It is demonstrated that the clamp structures improve the structural integrity of hybrid metalplastic materials. In order to determine the best
structure geometry, further investigations are required. Here, the process parameters and the
cutting edge geometry have to be varied. The produced structures are extensively characterised in
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further experiments. Furthermore, the new structuring technique ought to be compared with other
known methods to analyse the full potential of the
clamp structures.
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CHAPTER 4:

JOINT DESIGN
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EFFICIENT JOINT DESIGN USING METAL HYBRIDIZATION
IN FIBER REINFORCED PLASTICS
E. Petersen*, D. Stefaniak, C. Hühne
DLR- Institute of Composite Structures and Adaptive Systems
ABSTRACT:
Present work deals with the design of high performance bolts using the local substitution of CFRP layers
with thin metal sheets. A common method to increase the overall bearing strength is a ramp-up of the CFRP
layup to a thickness, which is sufficient to sustain the loads. This approach is accompanied by negative effects, like an occurring eccentricity and additional weight. The local metal hybridization substitutes the nonload carrying layers in the joining region with metal sheets of the same thickness. Using the metal’s plasticity, the grade of the connection can be increased significantly, while the weight increase is low. Beside the
efficient design of the joint region, a closer look is taken on the transition zone, where the metal layers end
and the stresses are transferred into the pure CFRP. This drop-off zone preferably has a staggered pattern to
transfer the stresses more gradually. An efficient design also includes an advantageous sequence of layer
terminations and drop-off lengths. Comparison of experimental results with nonlinear finite element simulations is used to clarify the origin and propagation of occurring damages. Input parameters are determined on
coupon level and followed by larger size structural level tests and simulation.

KEYWORDS: Fiber-Metal-Laminates, Joining Techniques, Delamination
1 INTRODUCTION
Composites show very good strength and stiffness
to weight ratios in fibre dominated direction. Apart
from the load direction fewer fibres are necessary.
This effective possibility to use the material leads
to the high overall material property to weight
ratios. If the stress situation is very complex and
fibres in many loading directions are necessary, the
weight saving in comparison to a metal design is
vanishing. For an efficient lightweight design it is
not satisfactory to just replace metals with composites without considering the inherent merits and
demerits of the materials.
Negative aspects of composites in comparison to
metals are their lower damage tolerance and bearing behaviour. Especially laminates with high
unidirectional strength and stiffness are very weak
related to above mentioned topics.
One approach to increase the bearing strength is
the addition of layers with 90° fibre direction, what
lowers contradictory the strength to weight ratio in
the dominated loading direction. To minimize the
material effort, the 90°-layers are added locally in
the load introduction region using a gently inclined
ramp-up to minimize the stress peaks.

As eccentricities cannot be avoided completely, the
ramp-up concept is always associated with unwanted bending moments, which have to be considered in the design process and lead to additional
weight.
Obviously, it would result in a great benefit to
combine the positive aspects of both material
groups. Fibre-Metal-Laminates (FML) represent an
approach to build hybrid materials with added
strength and compensated weaknesses. One established material combination is GLARE (glass fibre
epoxy composite & aluminium), which application
region lies in modern airplanes in highly fatigue
stressed parts, where pure metal cannot achieve the
requirements.
Using the metal’s plasticity locally in joining areas
is one approach to overcome one weakness of
composite materials, while preserving the high
strength and stiffness to weight ratios in load direction as in the remaining part.

2 CONCEPT OF LOCAL METAL
HYBRIDISATION
From the idea, which was firstly introduced by
Kolesnikov in 2000 [1] the concept is increasing
the grade of the joining technique without modify-

* E. Petersen: Lilienthalplatz 7, D-38108 Braunschweig, Germany, +49 531295-3063, +49 531295-3035,
enno.petersen@dlr.de

62

Euro Hybrid Materials and Structures 2014
April 10 – 11

PFH – Private University of Applied Sciences,
Stade, Germany

ing the volume. This means the reinforcement is
only intrinsic and hence no eccentricities are occurring. Of course, the structural mass is increasing
because of the higher density of the metal, what
leads to the conclusion to keep the metal volume
fraction as small as possible. Therefore, the metal
reinforcement is only used in the region where it is
required to sustain the loads. This leads to the concept of only locally substituting specific CFRP
layers with thin metal sheets of the same thickness.
In the bolt region, induced loads are carried by the
metal sheets and have to be transferred into the
monolithic CFRP part, what is mainly accomplished by shear in the interface.
Between the ending metal sheet and the adjacent
CFRP ply the stiffness gradient causes stress concentrations. This issue leads to the essential staggered drop-off of the metal sheets in the transition
zone between FML and monolithic CFRP. Fig. 1
shows the concept of local metal hybridisation with
a staggered transition zone.

detail in section 4.1. As the metals plasticity and its
bearing strength is mainly responsible for the fracture volume content in the bearing region, this
aspect is separately discussed in the next section
3.1.
The interlaminar strength is strongly dependent on
the metal surface treatment as part of the bonding
process. Furthermore, the chosen manufacturing
process, especially the process temperature, is
responsible for internal stresses, which are induced
through the different thermal expansion coefficients of metal and CFRP.
A special topic, which has to be considered in the
design process, is related to corrosion in regions
with contact to environmental conditions.
This work deals only with the mechanical issues
and design aspects of the local metal hybridisation.
If possible, further aspects are excluded from present work.

Fig. 1

Concept of local metal hybridisation in
joining

3.1 BOLT REGION
At all, the FML is supposed to show first failure in
the bolt region by bearing and not by net tension or
shear out failure, what means the bolt and edge
distances have to be chosen large enough. Hence,
the load carrying capacity of a bolted joint must be
limited by the maximum allowable plastic strain or
hole expansion. Fig. 2 shows a hybrid bolt region
with bearing failure. The efficient design of the
bolt region was already scope of work in [3], [4]
and [5], where some design basics were achieved
and could be applied to a specific application.

3 DESIGN ASPECTS
Summing up, the FML has to sustain the loads,
what basically means the stresses are not allowed
to exceed the material strength. Composites failure
has to be distinguished in different failure types
related to fibre and matrix failure and the loading
direction.
In contrary to the metals, ductile failure type,
where initial plasticity can be calculated with the
von-Mises yield criterion, the composites failure
type is brittle. Under the appearance of biaxial
stresses the failure can be hindered or supported.
This is related to internal friction aspects. Especially matrix failure is affected by these micromechanical processes, what makes it necessary to consider
complex failure criteria like Pucks Actions Plane
criterion or Cuntzes Failure Mode Concept, which
are both taking these internal processes into account.
Additionally to the intralaminar damage types, the
separation of different layers as interlaminar damage has to be considered. Therefore, a fracture
mechanical approach is used, what is discussed in

Fig. 2

Bearing failure [7]

The nature of the bolt region where the bearing
loads are introduced into the FML is mainly influenced by the necessary metal volume fraction. As
can be taken from the plot in Fig. 3, a higher metal
content leads to higher bearing strength for different types of basic layups.
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Bearing stress for different steel volume fractions [7]

If the bearing strength is related to the density of
the laminate, as depicted in Fig. 4, the graphs are
showing maxima at 20% steel volume fraction for
a 0° dominated layup and 60% for a 90° dominated
layup. The specific bearing strength of the reinforced laminates is not reaching the maximum
values of a quasi-isotropic or even a [50/40/10]laminate, but it has to be kept in mind that at the
same time the part’s overall strength and stiffness
in load direction is much higher.

Fig. 4

have to be considered. Following above mentioned
rules, the substitution of a 45°-ply, concludes also
the substitution of a -45°-ply and because of the
symmetry a second pair of 45°-plies.
3.2 TRANSITION REGION
The loads from the full FML have to be transferred
into the monolithic CFRP laminate by interlaminar
shear.

Bearing stress related to weight for different steel volume fractions [7]

As known from the design process of monolithic
CFRP, some requirements have to be fulfilled,
when plies are substituted. Layers with a smaller
contribution to the overall strength and stiffness, as
90°- or 45°-plies are substituted first. Additionally, restrictions to a balanced and symmetrical layup
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endings to overcome the influence of local stress
concentration effects. From these stress peaks
matrix failure can be induced and continue as delamination or debonding between metal and CFRP,
what is shown in Fig. 5. With debonding along a
metal layer, the FMLs overall stiffness decreases
rapidly but still a reserve to sustain higher loads is
possible accompanied by stress redistribution.
Dependent on the corresponding load concept, the
initial delamination stress limits the load carrying
capacity or a progressive damage analysis has to be
performed.

The reason for the two different solutions of equation (1) is the residual thermal stress which can
increase or decrease the resulting delamination
stress in tension or compression.
For a more detailed solution, a numerical simulation is considered to enable a progressive damage
study, but for a first design approach considering
only first failure equation (1) is sufficient.

Fig. 5

Transition region with occurring
debonding and delamination failure
type [7]

Analytically the critical initial delamination stress
for tension
and compression
between
two regions, a and b, can be calculated as specified
in [7]:
2

del,t,c
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  2   2   IIc
21
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A test campaign is set up, which is based on coupon level tests to determine necessary input parameters. The composite layer’s stiffness and strength
are required. Because of the transversely-isotropic
material behaviour the parameters in direction
parallel und perpendicular to the fibre under tension, compression and shear have to be determined
in static tests. Because of the metals isotropy a
single tension test can be used to obtain the required stiffness, the yield point and following plasticity behaviour.
Additionally the interface fracture toughness between CFRP layers or CFRP and metal has to be
investigated. On a higher level, tests with different
transition zones under tension and bending will be
conducted to exploit information about the damage
propagation. These tests will be conducted in the
near future.

(1)
4.1 FRACTURE TOUGHNESS TESTS
Under the aspect of fracture mechanics the issue of
interface bonding is investigated. Fig. 6 depicts the
possible fracture modes, where the shear mode II is
the most important for the current field of investigation.

With
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With:
the laminate thickness ̂ and ̂ , the laminate
stiffness ̂ and ̂ and the thermal expansion
coefficients ̂ and ̂ in region a and b, the residual thermal stress is σt. Required material resistance against debonding is the critical energy
release rate GIIc, which has to be determined in
static tests.

Fig. 6

Fracture Modes

According to tests for monolithic composites, fracture mechanical tests with metal to CFRP interfaces are conducted to determine the bonding strength
as the critical energy release rate Gc. The test concept is based upon the principle of conservation of
energy as depicted in Fig. 7. The potential energy
under the curve U= Pδ/2 is calculated in dependency of the crack length a. An increasing crack
length a leads to a stiffness reduction and as the
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crack grows the potential energy for a specific load
level P is decreasing. The loss of energy or the
energy difference ΔE between a and a+da is set
equal to the energy required to open the crack and
hence as material resistance against fracture. This
means crack opening is occurring when the potential energy reaches the material inherent value of
ΔE=Gc.

4.2 TRANSITION ZONE TESTS
As essential as the bearing strength is the debonding resistance of the transition region. Different
layers exhibit different stiffness, what leads to a
discontinuous stress distribution over the laminate
thickness. For the ply drop-offs this results in different positions of the initial debonding failure. For
example the abutting points of 90° layer are very
sensitive to matrix cracks, but the load carrying
capacity of the whole transition region lies much
higher. Therefore, a progressive damage characterization has to be realized.
An experimental design approach with thin additional titanium films to reinforce the bolt region
was investigated by Nekoshima et. al in 2012 [2].
Different transition regions were investigated and
compared under the aspect of tension and bending
strength. According to the approach by Nekoshima,
tests to determine the progressive damage behavior
of different composition of the transition region
will be conducted. Layups with 16 plies are required to exhibit sufficient possibilities for the ply
substitution. Tested as reference are specimens
with monolithic CFRP layup and complete substituted layers (full FML). Different transition zone
patterns will be tested as depicted in Fig. 9. To
investigate homogenous and asymmetrical load
situations tension and bending tests will be conducted.

Fig. 7

Scheme of stored potential energy

The common test setup for composites for above
described principle is based on beam type specimen with an artificial starter crack as shown in Fig.
8.

Fig. 8

1.)

2.)

3.)

4.)

Beam type specimens with required parameters

Equation (5) is used to calculate the peel mode I
critical energy release rate GIc, where equation (6)
can be used to obtain GIIc for the sliding shear
mode II. Additionally a compliance calibration
method is used to compensate nonlinearities, therefore the crack growth has to be traced for several
load level.

3*P
2ba

(5)

9*Pa 2
2b*(2L3  3a 3 )

(6)

G Ic 

G IIc 

Above specimens are commonly used to investigate the fracture toughness between different layers
of monolithic composites. It can easily be adapted
to FMLs using an interface with metal and CFRP.
Small occurring asymmetries at the interface can
be neglected.
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Fig. 9

Considered metal drop-offs in the transition zone

The static tests will be accompanied with digital
image correlation recording the strains along the
longitudinal edge especially around the abutting
points. The recorded maximum strain at failure
level is on the one hand an adequate indicator for
the predictive capability of occurring delamination,
on the other hand the measured strains can be taken
into comparison with numerical results to validate
the simulation.

5 SIMULATION
The obtained values from the experimental testing
are used as input for the simulation including the
damage processes.
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Critical energy release rates are basic input for
numerical fracture calculation methods like the
Virtual Crack Closure Technique (VCCT) or the
Cohesive Zone Method (CZM), which are used to
simulate separation processes. The VCCT is based
on the assumption, the energy required to close a
crack must equal the energy required to open it.

edges of an abutting point between metal and a 45°
layer. As can be seen, the stress peaks influence the
adjacent 0° plies and also the interface between 0°
and 90° plies. A separation starting from the abutting point can continue as a delamination and even
propagate over the thickness into arbitrary interfaces. The nonlinear simulation shows the damage
propagation path, which leads to the information
where to change substituted plies or drop-off
lengths to reduce or stop the material damage process.

Fig. 10 Scheme of VCCT

Fig. 11 FE model of transition zone [7]

The deformation energy at the crack front is calculated with the nodal forces at the crack front and
the displacement before the crack front:

GI 

1
[X1u 2 ] ,
2a

(7)

1
[Z1w 2 ] .
2a

(8)

respectively

G II 

Where separation without mode interaction takes
place at:

Gi / Gic  1 .

(9)

As the scheme behind the VCCT, see Fig. 10 and
equation (7-9), is relatively easy to apply, it is
chosen as method for the coupon test benchmark.
From the comparison of simulation and test results
using only the Gc-values as input, the tests their
self and the gained parameters can be validated and
used for higher level simulation.
A nonlinear simulation including progressive failure propagation in the bolt region was performed
by Kolks et. al in 2014 [6], showing a good reproducibility of the bearing behaviour.
The numerical simulation of the transition region
must focus on a fracture mechanical model to calculate the separation between the layers.
Fink [7] already simulated parts of the transition
zone of titanium-CFRP-laminates using the CZM.
Fig. 11 shows the stress concentration around the

6 RESULTS AND DISCUSSION
As the experimental results are not yet available
generic input parameter for the finite element simulation are used allowing only a direct comparison
of the FE results. Considered are 16 ply layups
with a pure 0° or a quasi-isotropic stacking including the transition zones depicted in Fig. 9. In the
following simulations only the pattern of the transition zone is investigated. Required metal content to
prevent bearing failure is neglected.
For the 0° dominated layup (see Fig. 1) stress
peaks occur at the abutting points leading to local
failure, which is the origin for overall fibre failure
and hence, the limit state of the load carrying capacity. Several ply drop-offs at the same position
leads to superposition of the stresses and hence,
higher failure indices, especially for pattern 1 and
2.
For the quasi-isotropic layup failure in the 90° and
45° CFRP plies takes place at an applied load
effecting an overall elongation of 𝜀 = 0.008 for all
patterns. Stiffness degradation and consecutively
debonding occurs and limits the load carrying
capacity. As the value for the debonding resistance
is not yet known the results have to be proved.
One have to keep in mind, the FMLs behaviour is
dependent on the specific circumstances as layup,
load case and the chosen plies for hybridisation.
For example the 0° dominated layup, exhibits a
higher strength in tension than the corresponding
hybrid-steel-laminate A quasi isotropic layup instead becomes strengthened in tension through the
hybridisation, because in loading direction the steel
plies show a larger resistance than the 90° or 45°
plies. Instead the stiffness jumping between the
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Failure index for transition zone 1-4, at 𝜀 = 0.018, 0° dominated layup

CFRP plies and the metal sheets lead to higher
stress peaks and initial debonding, what limits the
load carrying capacity drastically.
Hence, especially for a quasi-isotropic layup the
transition zone pattern should be chosen carefully
with a slightly increase of laminate stiffness between monolithic CFRP region and full FML region to minimize the stress peaks.

7 CONCLUSIONS
This work presents an approach to design fibre
metal laminates for the application in joining techniques, including the transition region. As basic
methods and investigations can be found in the
literature the herein presented approach is according to validated information and additionally considering aspects about the transition zone. Especially the ply drop-off has not been in the focus of
research and is supposed to exhibit a great weight
saving potential.
More detailed statements are possible after testing
and comparison with the simulation has been conducted.
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JOINING OF ALUMINUM AND CFRP PARTS
USING TITANIUM FOILS AS TRANSITION ELEMENTS
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ABSTRACT: Multi-material design allows the adaptation of structural properties to specific local requirements. Especially, aluminum alloys (Al) and carbon fiber reinforced plastics (CFRP) are materials of
great interest for the automotive and aircraft industries. Thus, the research group “Schwarz-Silber” (DFG
FOR1224) located at the University of Bremen aims to develop and investigate novel concepts for advanced
Al-CFRP joining techniques using transition structures. In the “foil concept” titanium (Ti) foils are used as
transition elements. The Ti-CFRP sub-joint is generated by replacing CFRP layers stepwise with the titanium foils. Titanium surfaces are pre-modified by using a pulsed laser treatment to increase the interlaminar
shear strength. The pure titanium side of the hybrid Ti-CFRP laminate is joined to an aluminum sheet using
a heat conduction laser beam process. In this paper, the manufacturing process of such Al-Ti-CFRP joints is
presented. Properties of these specimens are discussed with respect to their behavior in tensile tests. Different failure modes have been observed. A tensile strength of 96 N/mm² in average of all observed failure
locations has been calculated by normalizing the maximum tensile force to the cross-sectional area of the
aluminum base sheet.
KEYWORDS: multi-material design, lightweight design, hybrid joint, laser joining, laser surface treatment, laser welding, adhesive bonding, failure behavior

1 INTRODUCTION
Modern lightweight designs include an increasing
number of multi-material structures in order to
adapt properties to specific local requirements [1].
Hybrid structures are applied in aviation and automotive engineering [2]. Especially, an increasing
demand for multi-material designs using light metals like aluminum alloys (Al) and carbon fiber
reinforced plastics (CFRP) is expected in the future. Figure 1 shows exemplarily the novel multi-material passenger cabin of the BMW i3.
Thus, suitable joining technologies for dissimilar
materials become more important. Currently, mechanical joining techniques like riveting or bolting [3] on the one hand and adhesive bonding [4]
on the other hand are state of the art. In addition,
combinations of both techniques are investigated [5]. In case of thermoplastic matrix materials an
ultrasonic welding process for joining CFRP and
aluminum is also described in literature [6]. However, all techniques require overlapping of the
parts. Moreover, drill holes, which are necessary

for rivets or screws, interrupt the continuous fibers
of the CFRP part being orientated in the direction
of the load path. This interruption along with anisotropic bearing stress of CFRP and locally concentrated load transmission often lead to necessary
reinforcements of the parts in the joining zone by
increasing the thickness. The increased thicknesses
and the overlapping materials result in additional
weight and increased necessary space for the joint.
Furthermore, drilling of CFRP laminates or stacks
of metal and CFRP sheets is still a challenge from
the manufacturing point of view due to the dissimilar properties of fibers, matrices and metal sheets.
Failures like interfacial delamination, fraying or
damages of edges can occur. Especially, high cutting speeds lead to an increase of surface layer
damages in the CFRP material [7]. Overall, a high
risk for contact corrosion has to be considered
when contacting carbon and aluminum directly [8].

* Corresponding author: BIAS – Bremer Institut für angewandte Strahltechnik GmbH, Klagenfurter Str. 2, 28359 Bremen, phone: +49 (0)421 218 58029, fax: +49 (0)421 218 58063, woizeschke@bias.de
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Fig. 1

Passenger cabin of the new car model i3 of
BMW including metal and CFRP parts
[Source: BMW 2013]

The state of the art does not show a satisfying
weight and space efficient possibility to join parts
made of aluminum and CFRP. Therefore, the research group “Schwarz-Silber” (FOR1224) at the
University of Bremen funded by the DFG
(Deutsche Forschungsgemeinschaft) investigates
new concepts to realize Al-CFRP joints by integrating a transition structure, Figure 2. Thus, two
dissimilar sub-joints have to be realized between
the transition structure and the two base materials.
Combinations of welding, casting and textile technologies are applied. The group contains five research institutes. Two concepts pursued by the
group use titanium (Ti) as transition material. Titanium offers excellent mechanical properties and
corrosion resistance combined with low specific
weight [9]. On the one hand titanium wire loops
are used as a transition (“wire concept”) [10]. On
the other hand titanium foils are used (“foil concept”) [11].
aluminum

titanium

CFRP

?
two sub-joints
BIAS ID 130900

Fig. 2

Principle of joining CFRP and aluminum
components by integrating a transition
structure

Joining of aluminum and titanium sheets is documented for overlap, butt and T-joint geometries
[12]. Realized Al-Ti joints often feature a typical
hybrid joint characteristic showing a combination
of welding and brazing due to the significantly
different melting temperatures of aluminum and

PFH – Private University of Applied Sciences,
Stade, Germany
titanium. In case of precipitation hardened aluminum alloys (AA-6xxx) the maximum achievable
strength of Al-Ti joints is limited due to the heat
affected zone [13, p.85]. Thermal joining of aluminum sheets and titanium foil laminates in butt joint
configuration has been first carried out within the
research group “Schwarz-Silber” [11]. In [14] the
strength properties of a first Al-Ti-CFRP joint
prototype applying the foil concept under tensile
loading are presented. Two competing failure
modes appeared within the given experimental set:
(1) Failing of the Al-Ti seam and (2) failing of the
Ti-CFRP hybrid laminate due to delamination. A
specimen which failed due to a combination of
both failure modes is also illustrated. The prototype
shows a medium tensile strength of 77 N/mm²
when normalizing the maximum tensile force to the
cross-sectional area of the aluminum base sheet.
An analysis of the fractured specimens has shown
that the gaps within the titanium laminate are partially infiltrated by the molten aluminum in the
fusion zone [15]. The infiltration depth is not constant with respect to the seam width.
The Ti-CFRP sub-joint within the foil concept is a
metal-plastic bond. The interlaminar shear strength
of such bonds is affected by the surface condition
of the metallic joint partner. A large number of
mechanical and wet chemical methods are state of
the art for surface pre-treatment of metals resulting
in high initial joint strengths when testing adhesive
bonds [16]. However, surfaces created with these
techniques offer an insufficient long-term stability
under hydrothermal interaction [17]. Laser treatments are an alternative to conventional wet chemical methods. The essential cleaning and texturing
of the surface can be realized in a single process
step. Furthermore, waste disposal and the need of
huge bathes are omitted. It is reported in previous
works that commercially pure titanium can be
treated in ambient atmosphere using a pulsed
Nd:YAG laser [18]. A two-dimensional scanning
optic enables a scanning of the laser beam on the
sample surface in x- and y-direction using different
overlap and repetition rates. Multiple laser treatments result in a clean and nano-structured surface
layer. This layer offers a high surface enlargement
and is ideal for durable adhesive joints as this
structure is retained even after a hot wet aging
procedure. Within previous investigations the best
adhesion results have been achieved at a frequency
of 10 kHz and pulse duration of 80 nm [19].
In this paper, the failure behavior in tensile tests of
four fabricated Al-Ti-CFRP joints using modified
geometrical and process parameters and applying a
laser pre-treatment of the titanium surfaces is presented.
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2 EXPERIMENTAL

to finish the CFRP part (step 3). The interspaces
within the titanium laminate could be infiltrated
completely by resin due to its decreasing viscosity
at the beginning of this curing process. Seam defects can result when decomposition of the resin
during the melting process occurs. Thus, welding
of a seal seam is necessary before curing and compressing to avoid resin flow up to the Al-Ti fusion
zone by bridging the gaps between the single foils
of the titanium laminate (step 2). Seam welding is
carried out by a deep penetration laser beam process enabling high aspect ratios of the seam crosssection (seam depth / seam width). That way, full
penetration welding is possible at a comparatively
low heat input. The cured hybrid Ti-CFRP laminate is joined to the aluminum part using a double-sided simultaneous laser beam process (step 4),
which is described in the following sub-chapter.
Al-Ti seams are performed using a 4 kW Nd:YAG
rod laser HL 4006D from Trumpf. A single-mode
fiber laser (YLR-1000-SM from IPG Laser) with a
laser output power of up to 1 kW is used for seal
welding.

2.1 MATERIALS
Aluminum alloy AA-6082 being heat treated in T6
standard is used for the experiments in this paper.
The aluminum sheets have a thickness of 4 mm and
the dimensions 48 mm x 220 mm. Notches of
2 mm width and 4 mm depth were milled into the
front side of the aluminum sheets enabling insertion of the titanium transition laminate structures.
The aluminum surfaces were grinded in the fusion
zone to increase laser absorption and therefore the
heat input in the material.
Titanium laminates consist of three pure titanium
foils (Grade 2), each one of a thickness of 0.6 mm.
The untreated titanium sheets have an average
roughness of Ra = 0.6 ± 0.1 µm.
The CFRP-prepreg layers consist of carbon fibers
being pre-impregnated by a thermosetting epoxy
resin (CYCOM 977-2 from Cytec). The unidirectional layers are oriented in load direction.
Flush laminate edges are realized by mechanical
cutting after assembling and curing of the Ti-CFRP
sub-joints. All metal surfaces have been cleaned
using ethanol before the Al-Ti joining process.
2.2 SURFACE PRE-TREATMENT
The titanium surfaces, which will be joined to the
CFRP layers within the Ti-CFRP hybrid laminate
after assembling, are pre-treated by a pulsed laser
beam process. Treatments were carried out using a
Q-switched CL 250 Nd:YAG laser from
Clean-Lasersysteme GmbH. The system can generate pulse frequencies in the range from 10 kHz to
40 kHz. A frequency of 10 kHz and a pulse duration of 80 ns were used. The laser beam intensity
profile has a Gaussian shape with a diameter of
680 µm (FWHM: Full Width at Half Maximum).
The laser intensity during the pulse is
7.2 x 107 W/cm². The spot meanders over the surface with a line distance of 0.34 mm and a scan
velocity of 3430 mm/s. Each treatment consists of
meanders in horizontal and vertical direction.
2.3 PRODUCTION PROCEDURE OF THE
“FOIL CONCEPT“
Figure 3 illustrates the production procedure of the
foil concept in four steps [11]. First, the titanium
foils and non-cured CFRP-prepreg layers are assembled alternately to join the CFRP component to
the transition structure by creating a hybrid laminate zone (step 1). Load transmission of this
Ti-CFRP joint is defined by the overlapping area
and the interlaminar strength. The thermosetting
matrix material (resin) has to be cured at a temperature of 177 °C and compressed simultaneously
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1. Ti-CFRP laminate assembly
titanium foils

CFRP prepregs
2. Seal welding
laser

3. Compression + curing
F

4. Al-Ti joining process
aluminum
laser
Result: Al-Ti-CFRP joint

aluminum titanium laminate
seam
seal weld

hybrid laminate
CFRP

BIAS ID 130902

Fig. 3

Production procedure of the “foil concept”
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2.4 AL-TI JOINING PROCESS
The aluminum and titanium structures are fixed
onto a clamping device. The aluminum part is
positioned on top to support the wetting process by
the force of gravity. A laser beam is split into two
beams to enable the double-sided simultaneous
joining process. The two beams are guided by
optical fibers to two welding heads mounted on a
gantry system. The collimating and the focusing
lenses have a focal length of 200 mm. Welding
speed is realized by moving the gantry system. The
two laser beams are defocused on the workpiece by
positioning the foci of the beams 49.5 mm behind
the sheet surface. The laser spots are positioned
partly on the aluminum sheet and partly on the
titanium laminate. Argon shielding gas atmosphere
is necessary to ensure protection from surrounding
oxygen using two adapted chambers due to a high
affinity of aluminum and titanium to oxygen during the process. The Al-Ti joint features the typical
characteristic of hybrid seams. The aluminum
having the lower melting temperature is molten in
the fusion zone by the heat provided by the laser
beam while the titanium structure having the higher
melting temperature remains in the solid state. A
thermally induced diffusion process leads to a
formation of intermetallic phases in the interface.

3 RESULTS AND DISCUSSION

2.5 EXPERIMENTAL PROGRAM
In this paper results of tensile tests are shown. An
amount of 12 tensile test specimens having a width
of 15 mm are extracted using a cutting disc from
four produced joint specimens. A fifth of the specimens show a weld defect. Three tensile test specimens of each joint are taken from the seam positions 23 mm, 75.5 mm and 133 mm. The tensile
tests have been performed using an electro-mechanical test machine (Z020, Zwick / Roell)
with a constant crosshead speed of 0.5 mm/min.

3.1 SPECIMEN ANALYSIS
Figure 4 shows a produced Al-Ti-CFRP joint as
demonstration model for the joining technology of
the “foil concept”.
The seam surfaces of the tested specimens are
smooth and show only few light corrugations as
illustrated in figure 5.

aluminum

seam
10 mm

titanium
BIAS ID 140527

Fig. 5

Surface of an accurate seam

In contrast, figure 6 shows a seam defect which
occurred during the joining process of one specimen. An excessive melting of the aluminum and
titanium structures in the fusion zone caused the
process abortion.

aluminum

burnt resin
10 mm

titanium
BIAS ID 140528

Fig. 6

Detected seam defect due to resin residues on the titanium surface in the fusion
zone
20 mm

aluminum

titanium

CFRP

10 mm
BIAS ID 140526

Fig. 4

Produced Al-Ti-CFRP joint as demonstration model for the joining technology of the “foil concept”
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This defect can be explained as consequence of
resin residues on the titanium surface in the fusion
zone. The integrated seal weld prevents an infiltration of the gaps within the titanium laminate by
non-cured resin during the curing process (see
sub-chapter 2.3). However, this specimen demonstrates another risk for failures during the Al-Ti
laser joining process. If resin residues are located
on the titanium surfaces as thin film in the fusion
zone, a self-amplifying process takes place as the
absorption of resin and especially of burnt resin is
much higher compared to aluminum or solid titanium. Thus, the heat input increases significantly
causing the excessive melting of the aluminum and
the titanium in the fusion zone. After the melting of
titanium, heat input is additionally increased due to
the higher absorptivity of molten titanium in comparison with solid titanium. The process has to be
aborted immediately. In figure 6 burnt resin residues can be detected.
3.2 FAILURE BEHAVIOR OF THE
SPECIMENS
Quasi-static tensile tests have been carried out to
measure the strength and analyze the failure behavior. Figure 7 shows the measured strength values.
The strength is given by the maximum force divided by the cross-sectional area of the aluminum base
sheet which is the product of the base sheet thickness of 4 mm and the specimen width of each specimen. The medium specimen width is
15.06 ± 0.16 mm. The medium strength of all tested specimens is 96 ± 10 N/mm².
Within the set of 12 Al-Ti-CFRP specimens different failure locations occurred. Figure 8a demonstrates the fracture within the Al-Ti seam. The
fracture of the seam is located at the front side of
the titanium laminate.

a.

b.

titanium
CFRP

20 mm

c.
CFRP

10 mm
BIAS ID 140530

Fig. 8

N/mm²
100
Fmax / (sAl * bAl)

titanium

Failure locations within the tested set of
Al-Ti-CFRP specimens: a. Al-Ti failure;
b. Ti-CFRP failure; c. CFRP failure
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Al
Ti
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Fig. 7

Measured strength values for all failure locations given by the maximum force divided by the crosssectional area of the aluminum base sheet

73

Euro Hybrid Materials and Structures 2014
April 10 – 11

PFH – Private University of Applied Sciences,
Stade, Germany

The path of crack follows the laminate front side
orientation within the two aluminum overlaps.
Thus, no failure of the interface between the overlaps and the outer foils occurred. A deformation of
both or one of the outer foils can be observed. The
outer foils are bent due to moments being caused
by asymmetrical force transmission through the
aluminum overlaps. Five Al-Ti-CFRP specimens
failed that way having a medium strength of
98 ± 3 N/mm². In contrast, five specimens failed
within the Ti-CFRP hybrid laminate zone due to
delamination (figure 8b) withstanding a medium
load of 102 ± 1 N/mm². Two specimens show a
failing of the CFRP layers at the transition to the
Ti-CFRP hybrid laminate (figure 8c) having the
lowest strength with 76 ± 12 N/mm².
Previous specimens of the foil concept have not
shown the fracture of the CFRP laminate as failure
mode [14]. The low values of these two specimens
being extracted from the same joint specimen are
probably caused by pre-damages of the CFRP
layer, most likely by the carbon fibers during the
production procedure. Nevertheless, the medium
strength of the tested set of specimens is 25 %
higher than the maximum load of previous specimens which are discussed in [14]. In comparison to
those specimens, the heat input has been increased,
a deeper notch depth has been used and a
pre-treatment of the titanium surfaces within the
Ti-CFRP hybrid laminate has been applied. Increasing the heat input has been realized on the one
hand by increasing the laser power from
2 x 1.8 kW to 2 x 1.9 kW. On the other hand, the
absorption of laser energy has been elevated by
grinding the aluminum surface in the fusion zone.
In general, a higher heat input can improve the
wetting behavior of the solid titanium by molten
aluminum. In addition, a higher heat input intensifies the formation of intermetallic phases in the
interface between aluminum and titanium. Compared to the prototype specimens being reported in
[14] a geometrical difference occurs. The three
foils of the laminate are flushly aligned due to the
cutting operation before the joining of the cured
hybrid laminate to the aluminum sheet. Thus, stress
peaks are possibly reduced. Furthermore, the surface pre-treatment causes the higher strength and
especially the low scatter of the results in case of
the specimens failing within the Ti-CFRP joint.
Overall, the measured joint strength has been increased from 77 ± 6 N/mm² to 96 ± 10 N/mm², but
it does not yet exceed the strength of the heat effected aluminum or the CFRP base material, respectively.

4 SUMMARY
The feasibility of the “foil concept” in order to
realize reproducibly integral frontal Al-CFRP
joints has been shown. Ti-surfaces have been
pre-treated to increase the interlaminar shear
strength of the Ti-CFRP hybrid laminate. This and
other process and geometrical parameter modifications result in an increased strength compared to
previous investigations. The specimen set has
achieved a maximum tensile stress within the aluminum base sheet of 96 ± 10 N/mm². In addition, it
has been shown that the cleanness of the titanium
surface in the fusion zone is not only essential for
an accurate wetting and interfacial joint formation
but also for the prevention of inadmissible process
failures due to an excessive melting of the aluminum and titanium in the fusion zone.
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CHAPTER 5:

CORROSION AND
RESIDUAL STRESSES
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SIMULATION BASED HYBRID DESIGN IN TERMS OF
CORROSION PREVENTION –
CHALLENGES, POSSIBILITIES AND LIMITS
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ABSTRACT: Corrosion is an issue to be considered during the layout of hybrid components in terms of
an integrated life-cycle assessment. The talk will give an insight into the challenge of simulating corrosion
processes towards a C AE (computer-aided engineering) like assisting engineering tool for hybrid design.
The topic will be exemplary introduced for galvanic corrosion of magnesium alloy based components coupled to more noble materials and for crevice corrosion at galvanized dip paint coated zinc/steel components
in Comsol Multiphysics.
Galvanic corrosion and even the joining of aluminum based components with magnesium parts results in
serious problems. This work tackles the challenge of combining fundamentals of corrosion with an engineering problem by FEM (finite element method) simulations. Via computer corrosion interface kinetics and the
arising loss of material will be studied. A free surface modelling approach has been coupled to electrochemical computations on different geometries. Further, the interface velocity was calculated by first: solving the Nernst equation inside the electrolyte and secondly: by the computation of interface kinetics applying
the Butler-Volmer equation including Mg(OH) 2 layer formation at varying conditions. This yields in exchange corrosion current densities being related to the modelling approach and the geometrical design.
The second exemplary model can be utilized for a virtual design of a coating setup to be optimized under
corrosion protection action aspects even for hybrids. Therefore, crevice corrosion expansion for different
scenarios has to be studied. The talk presents the progress within this topic for future vehicle design in automotive industry.
Finally, the lecture will focus on the main advantages of the approach without forgetting to mention the
upcoming problems. On major aspect is the ability to optimize structures by tailoring the parameters to get
the most suitable performance. This kind of computer based studies is a v ery useful method to accelerate
developments by saving experimental effort and shortening developmental periods.
KEYWORDS: corrosion prevention, FEM, galvanic couples, crevice corrosion, undermining
1 INTRODUCTION
Nowadays, the automobile industry has to face an
intriguing challenge: On the one hand the ambition
in the society for comfortable mobility rises, which
leads to an increasing demand of greater and more
luxurious automobiles. On the other hand the requirements in nature conservations and sustainable
developments are tightened continuously due to a
growing public awareness in environmental issues
and due to further expanding provisions of the law.
One promising way to solve this issue is the usage
of lightweight construction. Classic materials such
as aluminum or magnesium represent one part in
this field; however, there is an abundant amount of
new hybrid materials as well. This praxis implies a
steadily growing amount of material combinations,

which means in effect a lot more specific corrosion
issues. To overcome this torrent of new tasks and
to limit the development expenses corrosion simulations are a mighty tool. Further positive aspects
are the reduction and shortening of developmental
periods and the conservation of resources which
leads to an even better environmental balance.
Up to now there are many approaches to investigate the corrosion processes and corrosion phenomena. However, these are mainly experimental
approaches with a very specific scope which are
mainly not generalizable [1]. Our simulations are
first aimed to verify our experimental data, but
beyond that to forecast corrosion phenomena like
galvanic corrosion at dissimilar joints or undermining and crevice corrosion on coated parts regarding

* Dr. Daniel Höche: Helmholtz-Zentrum Geesthacht, Institute for Materials Research, Corrosion & Surface Technology,
Max-Planck Str.1, DE-21502 Geesthacht,  ++49-(0)4152/87-1914,  daniel.hoeche@hzg.de
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various types of corrosive exposure. The current
state of research adds up to the simulation of simple geometries like crevices or galvanic pairs [2,
3]. Due to the high complexity of the topic, future
research activities have to be focused on up-scaling
and have to be optimized regarding a r ealistic
traceability.

tions hereafter the coating and the KTL layer will
be aggregated for a s horter computation time. A
further reduction in computation afford can be
achieved while using the symmetry plane in the
center of the scratch, as illustrated in green in figure 2.

2 METHODS
Our simulations were carried out with the software
“Comsol Multiphysics”. Therefore, the specification of the geometry of a component as well as the
knowledge of all boundary and starting conditions
are essential [4]. Comsol solves the occurring system of partial differential equations by use of the
finite element method (FEM).

Impairment to steel

5mm

Fig. 2

2.1 GEOMETRIES
2.1.1 Galvanic couples
Corrosion at dissimilar joints is well known. For
the virtual study self-pierce punch rivet joint geometry has been applied. The problem to be solved
is shown in figure 1. From scientific point of view
the electrochemical interaction of Al to Mg has to
be modelled assuming a “to defined” corrosive
media exposure (e.g. liquid film of weak sodium
chloride solution). Based on joint properties various parameters like the edge height or the head
area can be optimized to achieve most suitable
corrosion prevention performance.

1cm

Fig. 1

Model punch rivet joint geometry applied
for galvanic corrosion simulations; a light
microscopy image of a corroded sample in
the top left corner

2.1.2 Crevice corrosion
As component geometry a model is chosen which
consists out of a simple scratch in a co ated galvanized steel plate as seen in figure 2. The galvanized
steel plate is first coated with a layer out of KTL
(cathodic dip coating) and is varnished afterwards
with a s pecial coating system. The impairment is
brought in with the aid of a milling machine to be
assured of the reproducibility of the width and the
depth of the impairment. In the described simula-

Illustration of the standard model for the
described simulations; a practical
scratched sample seen from above via
light microscopy in the bottom right corner

2.2 COMSOL
In the simulation software “Comsol Multiphysics”
the underlying equations are included. The most
important ones for the purpose of corrosion simulation are listed below. The Nernst-Planck-Equation
as depicted in equation (1) describes the transport
of all diluted species,

∂ci
= −∇N i = Di ∇ 2 ci − z i Fu mig ,i ∇ ⋅ (ci ∇Φ)
∂t

(1)

where, N i is the flux, D i is the diffusion coefficient, c i is the concentration, z i is the charge, u mig,i
is the migration mobility of species i respectively,
F is the Faraday’s constant and ϕ is the potential.
The first summand deals with the Fick’s law of
diffusion and the second summand describes the
motion of charged species in an electric field. Convection has been neglected.
The governing Butler-Volmer-Equation (2) describes the “corrosion” current density distribution
along the electrode/electrolyte interface arising
from potential differences,
η
 αnFη 
 (1−α ) nF



RT 
− e  RT  
j = j 0 e 



(2)

where, j is the current density, j 0 is the exchange
current density, α is the charge transfer coefficient,
n is the number of electrons involved in the electrode reaction, R is the universal gas constant and η
is the overpotential. Depending on the situation
(galvanic load / position on the polarization curve)
equation (2) has different solutions (e.g. Tafel
approximation). For various engineering materials
the right choice of it and its application, become a
serious problem [5, 6]. Equation (3) represents the
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reaction rates of the participating chemical reactions,
−η

k = k 0 ,i ⋅ e k B T

(3)

where, k is the reaction rate, k 0,i is the rate constant
of reaction I, η is the overpotential, k B is the
Boltzmann constant and T is the temperature. And
the Laplace equation (equation (4)) for the description of the electric potential
∇ 2Φ = 0

(4)

All involved equations are strictly coupled and
cannot be seen for themselves. Therefore an analytical solution is not accessible and numerical methods are required. “Comsol Multiphysics” uses the
finite element method which means a segmentation
of the whole geometry in an arbitrary number of
small elements. The differential equations are then
solved approximately in each of these elements.
Those solutions can be steadily assembled over the
boundary conditions to receive a consisting solution for the initial geometry.
Theory for galvanic corrosion computations based
on the same approach but has to be modified to
gain accuracy. Required model extensions (layer
growth, surface coverage by corrosion products or
porosity effects at the interface) have been published in the EuroCorr2013 conference proceedings
[7]. Novel activities are in progress to close the gap
between model and reality.

Fig. 3

Mixed potential U Ag/AgCl (color coded) and
current flow (arrows) due to galvanic corrosion.

The electrolyte potential is very close to Mg potential (measured values at Mg: -1.56V and Al: -0.6V
versus Ag/AgCl). Thus, anodic dissolution and at
least the corrosion rates are strongly related to the
anodic polarization behavior of Mg. Progress in
designing a galvanic couple can be found in [8-11].

2.3 STARTING AND BOUNDARY
CONDITIONS
All required starting and boundary conditions were
either gained from electrochemical measurements
like impedance spectroscopy and polarization
curve measurements or taken from actual literature.
Furthermore some material parameters like density
or conductibility are received from external suppliers.

3 RESULTS
3.1 GALVANIC COUPLES
Calculations presented here just offer a partial
insight into the issue. The modelling approach has
been used to calculate the anodic dissolution of the
Mg part by also taking care on corrosion layer
formation under 0.1% or 1% NaCl solution exposure assuming a moisture film of 0.4 mm thickness.
The corrosion current is mainly limited by the
cathodic (diffusion limit) reaction of the Al side.
The computed corrosion potential distribution at
the beginning is shown in figure 3.
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Fig. 4

Corrosion current density changes along
the metal/electrolyte interface within one
day due to Mg(OH) 2 precipitation (corrosion reaction product).Green line indicates
the z – component of the interface position.
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For understanding, controlling and tailoring the
corrosion, the electrical current has to be minimized. Figure 4 illustrates the development of the
corrosion current density along the entire electrolyte/electrode interface under the mentioned conditions.
By optimizing the set of design parameters (e.g.
avoiding edges) corrosion ability can be reduced
even during the hybrid design.
3.2 CREVICE CORROSION
The simulation of the impairment as shown in
figure 2 can be treated as a galvanic pair composed
of the steel plate and the zinc layer. This case is
pictured in figure 5 in an enlarged scale. Furthermore, the mesh is shown in this figure. The mesh
illustrates the elements needed for the FEM. Another advantage while using Comsol is displayed
as well. It is possible to adjust the size of the mesh.
This option is very valuable in reference to the
varying interest in different locations of the geometry. Areas in the upper right corner of figure 5 are
far away from all presumed significant activities
and hence reveal a relatively wide grid. In contrast
there is a very fine mesh in immediate proximity to
the contact between steel and zinc where the main
processes are expected to occur. In this illustration
the size of the mesh is so fine it cannot be graphically resolved.

Fig. 6

Current density distribution (red arrows)
and the potential versus NHE (color coded) inside of the electrolyte at t=0

This procedure is repeated by the software until the
ending time of the simulation or any other stopping
condition is reached. In figure 7, the corrosion
progress can be seen after an observation time of
one week. The corrosion progress amounts to
200 µm under defined conditions.

Fig. 7

Illustration of the corrosion progress after
one week exposure time under defined
conditions (U NHE )

4 DISCUSSION

Fig. 5

Enlarged illustration of the discussed impairment, inclusive of the mesh

Once the geometry and the mesh are specified, the
starting and boundary conditions are included,
whereby the initial (t=0) stationary current density
distribution and the corresponding potential versus
the normal hydrogen electrode (NHE) are calculated as shown in figure 6.
This initial current density distribution induces the
corrosion current and with that the corrosion of the
zinc coating. The dissolution of the zinc is treated
in Comsol through an evolution from the electrolyte into the previous zinc domain. As a co nsequence of the modified geometry the potential and
therewith the current density distribution vary as
well.

4.1 SCIENTIFIC ASPECTS OF THE
SIMULATIONS
Computation of galvanic corrosion is rather simple
assuming static conditions. Software for e.g. for
cathodic protection layout design is available [12,
13]. Such a design requires knowledge on electrochemical response of the coupled or interacting
materials and a constant corrosive load. In fact, this
is far away from reality all the more in automotive
industry. The results being shown here take care on
time dependent phenomena like corrosion layer
growth, pH value – variations or surface deformation and thus come closer to reality. Nevertheless, there is a n eed on further progress in model
extension. Current simulations allow good approximations on layout design for components assuming predefined test conditions. Joints based on e.g.
screws or rivets can be optimized by minimizing
corrosion currents due to:
•
•
•
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There are many more aspects to be considered,
especially when post-treatments and coatings cause
the need of new “scientific” model approaches, as
it has been shown here for crevice corrosion.

There is a plenty number of other aspects and challenges like the prediction of corrosion on welds or
even the prediction of stress-corrosion-cracking
initiation. The last to be mentioned here is the time
dependence. To gain an engineering tool being
practically applicable, the relative error of the corrosion forecast has to be acceptable. Interdisciplinary time dependent modelling becomes essential.

Zn → Zn 2+ + 2e −
Zn 2+ + 2OH − → Zn ( OH )2

(5)

Simulations predicting crevice corrosion depend on
relatively basic assumptions, for example corrosion
products of the zinc of higher order are neglected.
We considered only the first order of zinc corrosion to zinc hydroxide, as shown in equation (5).
Further reactions of the zinc are not considered to
be essential for the basic understanding. Moreover,
the precipitation of all corrosion products as described by the solubility product in this model
which would lead to their adsorption of the steel
surface is neglected. One of the next steps performed in the simulations will be the investigation
of adsorbed species and their influence on the corrosion process. Furthermore, it will be interesting
to take a look particularly at the electrolyte parameter set. Especially the influence of the correlation between the constitution of the electrolyte and
the general framework as temperature or pressure
on the corrosion process will be essential to understand. Further challenges arise in more complex
geometries in which for example cavities can be
formed and where the corrosion conditions change
over time. Conceivable are changes in the pHvalue or the enrichment or depletion of certain
species. Moreover, it will be vital particularly for
aluminum but for other materials as well to bear
the passivation in mind. It is unavoidable to consider the adsorption of corrosion products in this
context.
4.2 SIMULATION OF CORROSION FOR
HYBRID DESIGN
4.2.1 Challenges
In addition to the mentioned aspects especially in
hybrid lightweight construction it will be necessary
to consider geometries with more than two components since these models will lead to more complex
current density distributions and potentials. In this
context the correct modelling of corrosive exposure
(including convection effects) will become a d ecisive goal.
One of the major issues in predicting corrosion are
local effects. Aluminum or Magnesium alloys for
example have the affinity to pit. In case of, the full
anticorrosive performance of an engineering material becomes detrimental changed and also its mechanical properties. A big challenge on coating
design occurs, especially if they should work on all
materials.
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4.2.2 Possibilities and advantages
The possibility to obtain a CAE like assisting engineering tool for hybrid design is a tremendous
benefit in the material development. Due to the
simulations it is possible to achieve a determination of material parameters and combinations without the need of expensive examinations. Considerably more the prototypes are already of a higher
maturity which implies further positive consequences for the development time and costs.
The approach is not only limited to metallic engineering. CFK – hybrids can be handled as well as
shown in [14].
4.2.3 Limits
In addition to the mentioned challenges which are
includable in the simulations, there are some fundamental limits for the simulations. On that point,
the timescale of corrosion needs to be mentioned.
There will be no way to simulate the corrosion of
the whole lifetime of an automobile due to the
chaotic environmental conditions and the human
factor. It will be essential to have practical corrosion tests which enable an acceleration of the corrosion processes. These tests provide invariable
conditions in a manageable timescale so that a
simulation of corrosion is not beyond reach.
Due to the high complexity the correct prediction
for interaction of different types of corrosion and
its way of changing the functionality becomes a
future goal which cannot be achieved by current
models. Industrial respectively research activities
have to be forced and funded.

5 CONCLUSIONS
It is pointed out that a simulation of corrosion is
achievable and that in this context a reduction in
the development budget and development time in
industry seems very realistic. The crevice corrosion
model for example demonstrates a good agreement
to corrosion experiments as performed in climate
chambers. The correlation between parameter
changes and the corrosion progress is as expected.
Summarizing, an opportunity for the corrosion
simulation is revealed which will be applicable in
hybrid lightweight construction and which will
play an essential role in detecting risks of corrosion
even during design. In the future such aspects can
be eliminated in an effective and sustainable way.
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EXPERIMENTAL IDENTIFICATION OF SOURCES AND
MECHANISMS INDUCING RESIDUAL STRESSES IN MULTILAYERED FIBER-METAL-LAMINATES
D. Stefaniak1*, E. Kappel1, M. Kolotylo1, C. Hühne1
1

DLR, Institute of Composite Structures and Adaptive Systems

ABSTRACT: In this paper the reduction of thermal residual interply stress in fiber metal laminates is
focused which may significantly lower the mechanical properties of the laminate. At first, the necessity of
stress reduction in different laminate configurations is discussed, enabling the evaluation of the benefit and
the potential of specific configurations to lower their residual stress level. Different influencing factors are
than considered and specific serial examinations are conducted on CFRP-UD-Steel specimens in fiber direction, systematically modifying intrinsic and extrinsic factors during manufacturing. The impact of these
parameters is then measured on the deflection of asymmetric specimens providing some promising approaches to encounter manufacturing related thermal stresses in fiber metal laminates.
KEYWORDS: Fiber Metal Laminate, Residual Stress, Curing Stress, Hybrid Laminate
1 INTRODUCTION
Fiber Metal Laminates (FML) are hybrid composites consisting of metal sheets bonded to fiber
reinforced plastics [1, 2]. It is used as structural
material or as local reinforcement. In both cases,
the resulting properties need to be predictable. In
addition to its constituents their composition and
bonding play an important role as well as their
manufacturing history [3-5] and the resulting residual stresses [6-14]. The most well-known FML
is the glass fiber reinforced laminate GLARE as it
is used in the upper panels of the A380 to extend
fatigue life. The utilized aluminum has a 3.8 times
higher Coefficient of Thermal Expansion (CTE)
than the GFRP which shows a slightly lower stiffness [7]. In transverse direction the CTE of both
constituents is nearly equal. Thermal residual curing stresses are therefore comparably low in contrast to any combination with CFRP [2, 15]. However, some combinations with CFRP are quite
promising and therefore the interest in research to
encounter for this difficulty increased in the past
years. For example, TiGr (Titanium Graphite) and
HTCL (Hybrid Titanium Composite Laminate)
were investigated by Boeing and NASA to provide
high specific stiffness and strength at environments
with high temperature [16]. Another approach is
the UD-CFRP-steel laminate, also providing outstanding specific stiffness and strength properties.
For uniaxially loaded parts only fibers in load direction are used while metal layers substitute other
ply orientations. Hence, stiffness and strength in

0°-direction are not reduced compared to the use of
variant fiber directions, while residual-strengthafter-impact is improved compared to pure unidirectional (UD-) laminates [17]. In another application, local steel or titanium reinforcements increase
the bearing strength [18-20]. Thereby metallic
sheets replace single CFRP layers in the joining
area allowing an increased joining capacity compared to pure CFRP laminates.
However, as curing temperature is above operational temperature, the differing coefficients of
thermal expansion inevitably lead to residual stress
in the laminate which can cause deformations.
These interply stresses may significantly lower the
mechanical properties of the hybrid laminate, especially when difference in thermal expansion is high
or the fraction of a single constituent is low. Therefore, the development of manufacturing-induced
residual stresses needs to be conceived fundamentally as an empiric approach is unrewarding.
Different investigations have been performed to
reduce residual stresses in pure composite as well
as in fiber metal laminates, utilizing modified curing processes [11, 12, 21-23] , an additional clamping tool to reduce thermal mismatch [13] or poststretching to reduce residual stress level of an already cured laminate [10].
This paper compares different approaches to enable
the selection of the most promising method. As the
present work focuses on uniaxially loaded laminates made from UD-CFRP steel a o nedimensional analysis is performed.

* Corresponding author: Ottenbecker Damm 12, 21684 Stade, +495312953744, daniel.stefaniak@dlr.de
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2 IMPACT OF RESIDUAL STRESS

Based on the permanent strain after failure εM,A, the
effective elongation of the metal at failure εM,ult. is:

Also residual stress influences fracture properties,
shear- and compression strength as well as fatigue
of the laminate, a simple unidirectional approach
considering tensile strength only, is discussed and
applied to typical material combinations.
2.1 Bilinear Approach
Different constitutive uni- and biaxial material
models were developed, accounting for lay-up,
mechanical and thermal loading and the effect of
plasticity and reversed plasticity (‘Bauschinger
effect’) [7]. However, the advantages of the bilinear model or MVF-approach (Metal-VolumeFraction) for preliminary investigation are simplicity and its predictions of laminate stiffness EL and
yield strength σL,y. are quite accurate [7]. For a
narrow strip with fibers along the length and the
Poisson effect free to occur, the stress-strain relationship can be described by Hook’s law for the
one-dimensional case (see Fig. 1). The laminate’s
longitudinal stiffness EL and the thermal expansion
coefficient in fiber direction αL can be predicted by
the rule of mixture as a function of the metal volume fraction φM [24]. In this approach the yield
strength σM,y. of the metal instead of the typically
measured technical elastic limit εM,0.2 is needed. It
can be determined as follows:
𝜎𝑀,𝑦. = �𝜀𝑀,0.2 −

𝐸𝑀,𝑝𝑙. ∙ 𝐸𝑀
𝜎𝑀,0.2
�∙
𝐸𝑀,𝑝𝑙. 𝐸𝑀,𝑝𝑙. − 𝐸𝑀

𝜀𝑀,𝑢𝑙𝑡. =

𝐸𝑀,𝑝𝑙. =

𝜎𝑀,0.2
+ 0.002
𝐸𝑀

𝜎𝑀,𝑢𝑙𝑡. − 𝜎𝑀,0.2
𝜀𝑀,𝑢𝑙𝑡. − 𝜀𝑀,0.2

Fig. 1

(4)

In literature it i s assumed that at cure temperature
there are no internal stresses present and curing
stresses are a f unction of curing temperature only
[10]. Later investigations showed these assumption
not being accurate [25-27], therefore an additional
stress free temperature Tsf is defined to be lower
than curing temperature Tcure,max. The residual cure
strain of the metal layer εM,R and the composite
layer εC,R are estimated with the help of the differential temperature ∆T between the stress free temperature Tsf and the operation temperature Top..
𝜀𝑀,𝑅 = ∆𝑇 ∙ (𝛼𝑀 − 𝛼𝐿11 )

(5)

When the residual strains after cure are known, the
yield strength σL,y. and the ultimate strength σL,ult. of
the laminate can be predicted with the corresponding elongations εL,y. and εL,ult.. EL,pl. describes the
plastic stiffness of the laminate after passing the
yield point of the metal:
εL,y. =

σM,y.
− εM,R
EM

(6)

σL,y. = [EM ∙ φM + EC ∙ (1 − φM )]
σM,y.
∙�
− εM,R �
EM
𝜎𝐶,𝑢𝑙𝑡.
𝜀𝐿,𝑢𝑙𝑡. =
− 𝜀𝐶,𝑅
𝐸𝐶

(1)

The required effective elongation at the technical
elastic limit εM,0.2 and the plastic stiffness of the
metal EM,pl. are calculated by:
𝜀𝑀,0.2 =

𝜎𝑀,𝑢𝑙𝑡.
+ 𝜀𝑀,𝐴
𝐸𝑀

σL,ult. = σL,y. + EL,pl. ∙ �εL,ult. − εL,y. �

(2)

𝐸𝐿,𝑝𝑙. = 𝐸𝐶 ∙ (1 − 𝜑𝑀 ) + 𝜑𝑀

(3)

(8)
(9)

𝜎𝑀,𝑢𝑙𝑡. − 𝜎𝑀,0.2
(10)
𝜀𝑀,𝑢𝑙𝑡. − 𝜀𝑀,0.2

Bilinear stress-strain behavior of metal-fiber-laminates for one-dimensional case [28].

84

(7)

Euro Hybrid Materials and Structures 2014
April 10 – 11

PFH – Private University of Applied Sciences,
Stade, Germany

2.2 Different FML Configurations
For a s pecific combination of fiber-reinforced
plastic and metal, inter-laminar residual stresses
and the laminate´s yield strength are significantly
influenced by the constituent’s volume fraction.
This relation is shown for steel (St), titanium (Ti)
and aluminum (Al) in combination with HTS- and
IM-carbon fiber reinforced epoxy. The material
data of the specific material is summarized in Table 1.
All examinations are following the narrow strip
assumptions described above with fibers aligned in
the considered direction only. Fig. 2 and 3 s how
the relations between volume fraction and elastic
modulus as well as volume fraction and weightspecific elastic modulus, respectively.

Fig. 2

Fig. 3

Significant stiffness differences can be observed
even for low metal volume fractions, whereas the
specific elastic moduli are more similar. Aiming
for low metal volume fractions, the consideration
of residual stress becomes more essential. This
relation is shown for HTS-fibers in Fig. 4 (for
∆T = -160 K) at room temperature for a system
cured at 180°C.
With lower metal volume fraction an increased
amount of the yield strength is forfeit to the residual cure stresses. The yield strength of an Aluminum-CFRP laminate with 5% metal volume fraction is reduced by more than 50% as a result of the
residual cure stresses. These relations are even
more distinctive for the IM-fibers, as shown in
Fig. 5.

Fig. 4

Yield strength dependency on metal volume fraction with and without (NR) consideration of residual cure stresses
(∆T = -160 K) for HTS-fiber.

Fig. 5

Yield strength dependency on metal volume fraction with and without (NR) consideration of residual cure stresses
(∆T = -160 K) for IM-fiber reinforcement.

Elastic modulus dependency on metal
volume fraction for St, Ti and Al combined
with HTS- and IM-fiber.

Specific elastic modulus dependency on
metal volume fraction for St, Ti and Al
combined with HTS- and IM-fiber.
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Table 1: Material properties.

Material
[-]
CFRP 8552/AS4
CFRP 8552/IM7
Steel 1.4310
Titanium 15-3-3-3
Aluminum 7075

σult
[MPa]
2063 [29]
2559 [32]
2060 [34]
1370 [34]
510 [35]

σp0,2
[MPa]
1980 [34]
1290 [34]
434 [35]

3 RESIDUAL STRESS ALTERATION
Different investigations have been performed in
order to reduce residual stresses in pure composite
as well as in fiber metal laminates. Some approaches utilize modifications of the temperature
process so called ‘smart cure cycles’ [11, 12, 2123] wherefore a detailed investigation on curing
kinetics of the resin system is required [36] [37].
Another approach pursued by J. Xue et al. [13] is
clamping the laminate to compensate the lower
thermal strain of the composite layer by elastic
strain that is raised by a massive steel tool which
has a higher CTE. A further approach is called
‘post-stretching’ and was investigated for GLARElaminates [10]. The cured laminate is stretched
above its yield point to lower residual stresses and
fatigue of the metallic constituent. However, this
approach was never used industrially due to the
obvious difficulties in load introduction and necking of the metallic sheets.
Nevertheless, one factor has not been investigated at any time before: The interaction between
the metallic and composite layer on inter-ply level
during the curing process particularly during heat
up. Investigations performed by Twigg et al. [9]
showed that there is even a stress transfer between
tool and part, see Fig. 6. When vitrification takes
place during heat-up, relaxation times are long and
an interfacial shear stress is present, the shear strain
γ equals γrub. After cure at room temperature TRT,
the frozen strain γfroz leads to a strain gradient
through the thickness of the laminate.
Hence, it can be assumed that as a consequence of
the normal stress, generated by the autoclave pressure, the stress free temperature Tsf is lower than
curing temperature Tcure,max, although no further
modifications are performed. Further investigations
by Stefaniak et al. and Kappel et al. showed that
the stress is dependent on surface roughness as
well [10, 11]. Therefore, an additional surface
roughness dependency as well as autoclave pressure dependency of the curing stresses in FMLs
can be assumed. Investigations performed by
Stefaniak et al. and Kappel et al. also showed that
prepreg architecture shows significant influence on
the introduction and transfer of shear loads at the

E11
[GPa]
132 [29]
162 [32]
190 [34]
116 [34]
71 [35]

α11
[10-6/K]
0.28 [30]
-0.35 [33]
16.4 [34]
8.6 [34]
23.4 [35]

ρ
[g/mm3]
1.59 [31]
1.57 [31]
7.9 [34]
4.78 [34]
2.81 [35]

εult
[-]
1 [34]
2.4 [34]
5 [35]

interface and within the composite layer. Different
prepreg architectures are shown in Fig. 7. Therefore, a material architecture dependency of residual
curing stresses can be deduced.

Fig. 6

Frozen strain in resin layer due to tool-part
interaction [25].

Summarizing all influencing parameters of residual
interply stress in fiber metal laminates a categorization in intrinsic and extrinsic parameters seems to
be adequate.

Fig. 7

Micrographics of UD-laminates using different prepreg systems [25].

Intrinsic parameters are stiffness ratio of composite
and metal, composite lay-up, resin´s gel temperature and glass transition temperature, resin´s CTE
in glassy and rubbery state, fiber CTE, metal CTE,
prepreg architecture and metal surface roughness
as well as the total volume ratio of composite to
metal.
Extrinsic parameters may be further differentiated
in process and tooling related parameters. Process
related parameters are temperature and pressure
characteristics. The tooling related parameters
describe each influence on interaction between the
laminate and its environment, also increasing and
decreasing the influence of process related parameters: tool CTE and stiffness, tool surface rough-
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ness, geometrical locking between tool and laminate as well as any operating consumable in between like FEP-release foil, bleeder sheets or release agents.
However, not each of the mentioned parameters
can individually be modified. Therefore, three
modification types are differentiated:
 Process modification
 Material modification
 Constructive modification

cess modifications as well as the constructive modification are considered only.

A modification of the temperature and pressure
process influences the resin´s behavior as well as
the interply interaction. By utilizing ‘smart cure
cycles’ with cooling and re-heating, resin´s gel and
glass transition temperature as well as its exothermic reaction are influenced [11, 12]. Different
material modifications are conceivable, including
thermoplastic toughening, nano particles or the
surface treatment of the metal surface to alter the
shear stress transferred between the two constituents. However, the most essential objective is to
lower the required resin curing temperature.
Constructive modifications are conceivable for a
predominant direction only. However, for profiles
of unidirectional fiber metal laminates with constant cross section, a clamping similar to the one
proposed by J. Xue et al. [13] may be serviceable.
The principle of the thermal expansion clamp is
shown in Fig. 8. Bending moments are neglected in
the schematic illustration. It seems to be obvious to
only clamp the composite or CFRP layers and
thereby evoke a mechanical strain identical to the
thermal strain of the steel. However, a steel clamping with infinite stiffness is required therefore and
otherwise a mismatch between the strain or elongation of the composite and the steel constituent will
remain. In contrast, thermo-mechanical equilibrium
is achieved when both constituents are clamped by
the tool.
For a g iven material selection and surface treatment, there are no remaining degrees of freedom
for material modification. This approach serves as
basic assumption for the present work where pro-

Fig. 8

4 EXPERIMENTAL TESTING
As manufacturing is part of the investigation, specimens are not cut out of a plate but directly manufactured individually at final geometry. The specimen thickness is selected in a way that the curvature due to specimen´s net-weight can be neglected
in comparison to the curvature investigated. In the
following, the manufacturing or rather testing is
described in which three variations are regarded:
 Variation of effective pressure
 Variation of autoclave process
 Application of thermal expansion clamp
Three specimens are manufactured for each configuration and two basic specimen geometries are
used: Symmetric and asymmetric specimens allow
two different measurement methods.
4.1 Specimens Characteristics
All specimens are 20 mm in width and, except the
clamped specimens, they have a length of 200 mm
with all fibers orientated in longitudinal direction.
The clamped specimens are elongated by the
clamping area and cut to 200 mm length after cure.
Two different lay-ups are used, one symmetric and
one asymmetric, as shown in Fig. 9. The symmetric specimens consist of two stainless steel 1.4310
outer sheets with a thickness of 0.12 mm and a
HexPly-8552/134/AS4 center layer, in order to
eliminate any interaction between tool surface and
specimens. However, as there is interaction expected between the outer and center layer, this may
also result in interaction between the metallic outer
layer and the tool. Due to the same reason, the
asymmetric specimens are manufactured in a d ouble configuration as shown in Fig. 9. The two specimens are separated by an FEP-sheet NowofolNowoflonET and the upper specimen is used for
measurements only.

Relationship for different clamping modes.
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All metallic sheet surfaces were treated with an
AC-130 sol-gel post-treatment after corundumblasting with 105 µm particles and then added to
the laminate stacking within one hour, as described
by Stefaniak et al. [17]. Manufacturer´s recommended cure cycle (MRCC) is used if not indicated
otherwise.
Fig. 10 Thermal expansion clamp.

Fig. 9

Symmetrical and asymmetrical specimens.

Modification of effective process pressure
The effective process temperature was varied in
two ways. As the normal force acting on the laminate is to be varied, the size of the cover plate is
changed. By choosing a larger cover plate, whose
bending stiffness is sufficient to prevent unwanted
bending between the specimens, the effective pressure on a s pecimen can be increased. In combination with two different autoclave pressures, five
effective pressure levels are reached: 6, 8, 12, 16
and 24 bar.
Variation of Autoclave Process
MRCC for the HexPly-8552 prepreg recommends
two heat-up ramps and two dwell stages. The autoclave is heated up to 110°C at 1-3 K/min. After the
60 minute dwell it is heated up again at 1-3 K/min
to 180°C. After a hold of 120 minutes the autoclave is cooled down at 2-5 K/min. This MRCC
cycle is used as reference with heat-up ramps at 23 K/min and cool down at 3 K/min. All the other
three cycles are interrupted after the first holding
phase. Modification M1 is re-heated after reaching
RT at 2-3 K/min and the cure cycle is finalized as
the MRCC. Modification M2 and M3 do not use
pressure at re-heating and therefore an oven is
used. Heating rates are identical to M1, but before
re-heating M3 a period of five days at RT is introduced.
Thermal Expansion Clamp
Tensile force is applied to the laminate during cure
process by using the thermal expansion clamp,
shown in Fig. 10. In the clamping area, the laminate is wrapped around a wedge and the cover plate
is then fixed by seven M16 steel bolts. Additionally, conical spring washers are used to maintain the
applied clamping force.

4.2 Measurement
The basic aims of the measurements on asymmetrical and symmetrical specimens are to receive the
resulting yield strength σL,y. of the laminate and to
calculate the effective residual stress in the metallic
part σM,R.eff. in order to enable the assessment of
each approach applied in this work. Therefore,
three different approaches are used, two for asymmetrical specimens and one for symmetrical specimens.
Asymmetrical Specimens
With the help of the deformed asymmetrical specimens, two approaches are utilized: The measurement of the specimens at room temperature and the
measurement of the specimens during re-heating in
an oven.
For the first approach, the geometrical values a and
S (see Fig. 11) are measured by placing the specimens on scale paper at room temperature 𝑇𝑅𝑇 .
Assuming a constant radius ρ, it is calculated by:
ρ=

4𝑎2 + 𝑆 2
8𝑎

(11)

The radius of Curvature ρ of a bimetallic strip is
given by the following Timoshenko formula [38]:
ρ=

1
��
𝑚𝑛 (12)
6(𝛼𝑀 − 𝛼𝐶11 )�𝑇𝑠𝑓 − 𝑇𝑅𝑇 �(1 + 𝑚)2

𝑡 �3(1 + 𝑚)2 + (1 + 𝑚𝑛) �𝑚2 +

Where 𝑡 is the total thickness of the strip, 𝑚 is the
thickness ratio of metal to composite and n is their
ratio of the Young´s moduli, respectively.
For a given radius at room temperature this allows
the calculation of the stress free temperature 𝑇𝑠𝑓 .

Fig. 11 Measurement of deformed specimen.

For the second approach six specimens at a time
are clamped at one end and placed in an oven. The
oven door is replaced by a heat resistant glass panel
to allow taking pictures during heat-up. The specimens are then re-heated with a heat rate of 2 K/min
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and a picture is taken every 30 sec showing specimens and measured temperature. The geometrical
values a and S are than analysed in the pictures
with the software ImageJ. Regression analysis of
the variable provides the stress free temperature
𝑇𝑠𝑓 .

ing methods. An increase of pressure from 6 to
24 bar reduces the residual stress by 44%.
Identical reduction is achieved when re-heating
with autoclave pressure applied (M1), see Fig. 13.
The same re-heating procedure without pressure
being applied, even increases stress compared to
the reference MRCC, as interaction and transferred
shear stress is reduced. However, the same procedure as M2 with additional five days storage at RT
before re-heating decreases stress significantly.
This may be a consequence of the cure state progressing at RT, lowering the stress free temperature
𝑇𝑠𝑓 . This relation raises the necessity to combine
the period at RT with the applied or even an increased pressure.

Symmetrical Specimens
The symmetrical specimens are tested on a Zwick
1476 testing machine. As result of tensile testing
εL,y. , σL,y. and EL are received, enabling the calculation of residual strain εM,R and residual stress σM,R :
εM,R =

σM,y.
− εL,y.
EM

σM,R = EM εM,R

(13)
(14)

5 RESULTS AND DISCUSSION
Three samples of each configuration are manufactured and measured. However, the error bars representing two standard deviations are not observable
in diagrams showing variable a, radius ρ or stress
free temperature 𝑇𝑠𝑓 . Hence, error bars are neglected in the following. As testing of the symmetrical specimens is not finished at closing date of the
paper, these results are going to be presented at the
conference only. The residual stress calculation
based on temperature measurement, shows 20%
higher values in average than the residual stress
calculated with Timoshenko´s formula based on
the specimen´s deformation at RT. As the slenderness ratio is very high, this may be a consequence
of an increased shear deformation in the neat resin
layer between the two constituents and not a co nsequence of shear deformations itself. Although
this issue requires further investigation, the quintessence is identical for both measurement methods.

Fig. 13 Residual stress in steel layer depending on
autoclave process.

Comparison of the residual stress achieved by the
use of the thermal expansion clamp proves it to be
the most effective method. However, the clamping
may only be applied to particular parts.

Fig. 14 Comparison of different approaches.

Fig. 12 Residual stress in steel layer depending on
effective pressure.

Increasing effective pressure decreases the residual
stress as it can be seen in Fig. 12 for both measur-
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Compared to the reference MRCC, the stress free
temperature was decreased by 69 K. For the test
specimens with 41% metal volume fraction this
would lead to an increase of yield strength of 6%
only. However, applied to more critical configurations with lower metal volume fraction, this may
lead to a significant strength increase.
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6 CONCLUSIONS
The bilinear approach presented and applied to
typical fiber metal laminate configurations underlines the need of methodologies to lower or eliminate manufacturing related residual stress for a
particular operation temperature as for some of the
configurations a 50% reduction of the yield
strength is caused by residual stress when cured at
180°C. It could be shown by specific serial examinations conducted on CFRP-UD-Steel specimens
that some of the applied approaches show promising results as a reduction of residual stress of 67%
could be achieved.
Also exploratory, the results indicate that an interaction between the two constituents is present
during cure, which has not been considered before.
This interaction lowers the residual stress in a way
that a thermo mechanical calculation assuming the
laminate stress-free at cure temperature, will provide incorrect results. Exemplary, for the present
material combination and the manufacturer´s recommended cure cycle of the prepreg, the residual
stress would be overestimated by 49% percent.
This experimental investigation on influencing
factors provides a starting point for more detailed
investigations on single parameters, although the
two applied approaches on asymmetrical specimens do not provide consisting results for the
magnitude of the residual stress. An additional
measurement technique based on standard tensile
testing will complete the performed investigation
and provide additional information on the residual
stress level.
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ABSTRACT: Stainless steels, widely used in many industrial sectors for their good corrosion resistance
have seen their purchasing price increase. In these economic and regulatory environments, a shift to lower
purchase cost materials, while maintaining the desired properties, would allow manufacturers to remain
competitive. The technological purpose is to find an alternative to stainless steels using surface modified
low-cost substrates.
In this work, we focused on a strategy of new hybrid sol-gel coatings composed of aluminium and silicon
alkoxides to develop innovative architectured sol-gel coatings for corrosion protection on DC04.
The effect of the Si/Al ratio of the aluminium and silicon precursors has been investigated as well as the
addition of polyethylene glycol (PEG), used as plasticizer. Corrosion resistance of hybrid coatings was evaluated by immersing hybrid coatings in fluids as water, hot water and sodium chloride solution. Results show
the importance of the Si/Al ratio on the anticorrosive performances of the corresponding sol-gel coatings.
KEYWORDS: Low-carbon steel, anticorrosive sol-gel coating, immersion tests
1 INTRODUCTION
Degradation of metal alloys such as steels is due to
the electrochemical reaction between the material
and the environment (e.g. Cl−, O 2 and H 2 O species) to form oxides and hydroxides of iron which
constitute rust [1-2]. Stainless steels contain various alloying elements (Cr, Ni, etc) which give
them good anti-corrosion properties. For example,
Cr gives the stainless steel its corrosion resistance
by forming a thin layer of chromium oxide. It
makes the corrosion rate of the steel negligible,
thus preventing contact between the alloy and the
more or less aggressive surroundings agents. [3-4].
Mild steels characterized by their low carbon content and containing alloying elements in trace
amounts render them sensitive to corrosion as no
protective layer can be formed. So that, unlike the
above ‘passive’ substrates, mild steel presents a
huge challenge as the substrate is inherently ‘active’ and suffers easily from rust.
In general, the protection of mild steel is realized
by several methods including, the use of sacrificial
Zn coatings [5], barrier coatings such as electroplated Ni and Cr [6] or via chemical conversion
using phosphate-based (phosphatation) [7]. The use
of sacrificial Zn coatings is very effective against
atmospheric corrosion, but it has a poor heat resistance (due to the low melting point of zinc) and
poor resistance to abrasion (zinc is a soft metal). In

many cases, the anticorrosive property of a zi nc
phosphate pre-treatment is not sufficient to cope
with outdoor exposure conditions while electroplated Ni and Cr, although very effective, is relatively expensive. Surface treatments involving
chromates are very efficient against corrosion since
they lead to the formation of a Cr-rich oxide conversion coating on the outer layer of the substrate.
However Cr(VI) based treatments have not been
specifically chosen for metals which show limited
passivity, e.g., steel and their use is prohibited as
chromium(VI) is classified as Carcinogenic Mutagenic and Reprotoxic [8]. Sol–gel derived protective coatings have been explored to face the increasing demand for the development of chromatefree, environmentally friendly anti-corrosion metal
protection materials [9-13].
Sol–gel route consists in sequential reactions of
hydrolysis/condensation of inorganic alkoxides to
obtain inorganic network [14-17]. In recent years,
many academical [18,19] and industrial works [20]
postpone interesting results involving coatings
obtained by sol-gel for protection against corrosion. Alkoxysilane precursors are commonly involved in sol-gel processes; indeed alkoxysilane
based coatings provide a robust and reliable uniform coating [21]. In addition, these coatings can
not only ensure the adhesion between the metal
substrate and the organic coating via chemical
bonding but they also provide a thin but effective
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barrier against oxygen diffusion to the metal interface due to the development of a dense siloxane
network [22,23].
The incorporation of organic molecules such as
organoalkoxysilane, whose organic groups are
covalently attached to the silicon atom, leads to the
formation of a modified siloxane network. The
hybrid final material is formed by the intimate
combination of two organic and inorganic networks containing both –Si–O–Si– bonds but also
an organic polymeric network [24].
The introduction of corrosion inhibitors such as
salts of cerium(III) improves the properties of the
coatings against corrosion [19, 25]. Furthermore
coatings deposited on metal alloys containing nanoparticles of inorganic oxides such as silica [26],
alumina [27], zirconia [28] or cerium dioxide [29]
are used in efficient multilayer systems. Recently,
developed work on steel substrate involving epoxy
derivatives (diglycidyl ether of Bisphenol A
(DGEBA) and glycidoxypropyltrimethoxysilane
(GPTMS) (Fig. 1)) and silica particles show an
increase in the hardness of the surface [26]. Finally, a recent investigation on low-cost stainless steel
has highlighted the real interest of using plasticizers into an hybrid tetraethylorthosilicate (TEOS)
and 3-(trimethoxysilyl)propylmethacrylate (MAP)
based coatings to increase barrier properties and at
last to replace expensive stainless steels [30].
To date, hybrid coatings on active corroding materials such as carbon steels are poorly developed, it
is not the same for other metals that naturally form
a passive layer on their surface [4, 31–33]. This
situation can be explained by the very high corrosion rates of these metals which makes their corrosion protection highly difficult to achieve. One of
the key challenges of this technology is how the
sol-gel can be formulated to obtain highperformance anticorrosion on mild steel. This system should combine the ‘‘barrier protection’’ effect
of hybrid silicated coatings with the ‘‘active protection’’ effect of the cerium inside the coatings.
The aim of this work was to study the sol-gel formulations of aluminium isopropoxide (AIP) ,
glycidoxypropyltrimethoxysilane (GPTMS), in
presence or not of polyethylene glycol (PEG) as
plasticizer within an hybrid coating applied on lowcarbon steel. Developed formula of the reactants
are given in figure 1. The optimal Si/Al ratio and
concentration of PEG to increase the anticorrosive
performances of the sol-gel coating has been highlighted by immersion testing. The innovative architecture system will be design combining bilayer
coatings containing or not an optimal concentration
of plasticizer.

2 EXPERIMENTAL PROCEDURE
2.1 SAMPLE PREPARATION
Cold-rolled steel substrates, DC04 low-carbon steel
which composition is given in Table 1 were used.
70mm×35mm×1mm sized samples were cleaned
with acetone and pre-treated following these two
steps: 5 min immersion in alkaline degreasing
solution maintained at 60°C to remove all traces of
oil following the design of the plates, then 5 min
immersion in hydrochloric acid at room temperature in order to remove oxides or compounds on
the surface of the sample and improve wettability.
Samples are finally washed in ethanol and dried in
air. The surface roughness Ra is of the order of 0.8
to 1 µm after cleaning.
Table 1: Chemical composition of DC04 low-carbon
steel (Fe balance).
Element

C%

Mn %

Ni %

Cr %

Mo %

Mass %

0.047

0.26

0.010

0.016

≤ 0.005

2.2 SOL AND COATING PREPARATION
S1 formulations were prepared by mixing
glycidoxypropyltrimethoxysilane (GPTMS) and
aluminium isopropoxide (AIP) in different molar
ratios: 1.4, 2.4, 3.4 and 5.4, in isopropanol. Distilled water containing 0.01 mol.L-1 cerium nitrate
hexahydrate (Ce(NO 3 ) 3 ,6H 2 O) was then added.
The sol was stirred during 24 h at room temperature.
S2 formulations were prepared by mixing
glycidoxypropyltrimethoxysilane (GPTMS) and
aluminium isopropoxide (AIP) in different molar
ratios: 1.4, 2.4, 3.4 and 5.4, in isopropanol. Distilled water containing 0.01 mol.L-1 cerium nitrate
hexahydrate (Ce(NO 3 ) 3 ,6H 2 O) was then added,
and finally distilled water containing PEG at different concentrations (0, 2 and 20 g.L-1) was added.
The sol was stirred during 24 h at room temperature.
a

b

c
Al

O
3

Fig. 1

Semi-developed formula of GPTMS
(glycidoxypropyltrimethoxysilane) (a),
AIP (aluminium isopropoxide) (b) and
PEG polyethylene glycol (c).

The sol-gel coatings were obtained by dip-coating
procedure at a controlled withdrawal rate of 20 cm
min−1. Single- and double-layered coatings were
carried out. For the monolayer, the coating was
dried in an oven at 50°C for 30 min and 110°C for
2
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2 h. To elaborate multi-layered systems, the coating is dried after each dip 1 h at 50°C then the final
heat treatment is processed: 50°C for 30 m in and
110°C for 2 h.
Each experiment was realized in triplicate.

ings. In this work, we chosen to use the later which
is a powder that facilitates its handling compared to
other aluminium alkoxides. In order to increase the
solubility of the alkoxides, which are generally not
or a little miscible in water, isopropanol was used
as solvent.

2.3 CHARACTERIZATION OF THE SOLS
AND THE COATINGS
The viscosity of the sols were measured with a
Rheomat RM100 rheometer for shearing rates
ranging between 644 and 966 s−1.
The thermal analysis of the sols and the xerogels
were performed using the device SETARAM (TGDTA92).
Microstructural properties of coatings were observed by scanning electron microscopy (SEM)
with a JEOL JSM-6400 SEM instrument and by
optical microscopy with an optical microscope
VHX 1000 Keyence 3D.
Thickness measurements were determined with the
optical microscope VHX 1000 K eyence 3D. For
this measurement, the sample was embedded in
epoxy resin and polished with different grades and
felts after curing.
Coating roughness is evaluated by white-light
interferometry (Zygo Instruments).
The corrosion behavior of coatings was evaluated
by immersion tests which consists in immersing
coated samples in fluids (tap water, chloride solution) at different temperatures in a thermostated
bath. After each immersion time (24 H, 48 H, etc)
in the solution, samples were observed by optical
microscopy.

a

10 µm

b

10 µm

Fig. 2.

SEM images of surface morphologies of
DC04 low-carbon steel after metallographic attack: contrast (a) and topographical (b) informations.

a

3 RESULTS AND DISCUSSION
The scanning electron micrographs of the substrate
after metallographic attack (Nital 2 mL HNO 3
65%, 100 mL EtOH) are presented in Fig. 2. It
reveals the ferritic microstructure with the presence
of spheroidized perlites, characteristics of a soft
annealing (Fig. 2a) to facilitate cold forming or
machining. Microstructural topography differences
are highlighted by the presence of grains in relief
(Fig. 2b). The rolling tracks of the finished product
are shown in Fig. 3 with the metal rolling direction
after cleaning.
According to the literature, the sol formulation is
based
on
glycidoxypropyltrimethoxysilane
(GPTMS), largely used to develop anti-abrasion
hybrid coatings [34, 35], providing good
mechanical properties (strength/hardness) to coatings but also good adhesion properties [26]. This
organoalkoxisilane is often associated to an
aluminium alkoxide such as the aluminium
tri(secbutoxide). Few authors reports that the isopropoxide derivative, AIP, provides also good
abrasion and corrosion resistances [36] of the coat-

10 µm

b

10 µm

Fig. 3.

SEM images of surface morphologies of
DC04 low-carbon steel before (a)
and after (b) cleaning.

S1 sols were prepared by mixing GPTMS and
aluminium isopropoxide (AIP) in isopropanol,
distilled water containing 0.01 mol.L-1 of cerium
nitrate hexahydrate (Ce(NO 3 ) 3 ,6H 2 O) as inorganic
corrosion inhibitor was then added to the formulation for its self-protection against the corrosion.
Given its anticorrosion properties, it is now accept3
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ed and verified by EIS, that the presence of cerium
nitrate in the matrix sol-gel increases the barrier
properties and self-healing coatings properties [37,
38]. The authors hypothesize that in the hybrid
coating cerium migrates to the substrate / c oating
interface and precipitates as oxide-hydroxides of
cerium at the point of corrosion and eventually
may clog the defects. Studies on aluminium tri-secbutoxide (ASB)-epoxy-based sols showed by SIE
that there was an optimal concentration of cerium
nitrate to not exceed to keep the barrier properties
of sol-gel coatings [39, 40]. Indeed, it was observed that the anticorrosive properties are greatly
decreased when the concentration of cerium nitrate
is more than 0.01 mol L-1. Different ratios
GTPMS/AIP have been studied in the range 1.4 7.4. The sol was stirred during 24 h at room temperature.
Two types of reactions are essentially involved in
the sol formation and the equations of the reactions
are given below. One consists in hydrolyzing the
alkoxides to create reactive hydroxyl groups (Eq. 1
and 2), the other is the condensation reaction where
alkoxy groups (alcoxolation) or hydroxyl groups
(oxolation) are condensed to give Si–O–Si and SiO-Al bonds to build the inorganic network [Eq. 3 9].

dried at 50°C for 30 min and then treated at 110°C
for 2 h.
3.1 INFLUENCE OF THE RSi/Al RATIO
The silicon/aluminium ratio, R Si/Al has been studied, because change in the R Si/Al ratio induces the
change of the structure of organic-inorganic network. The pH, the hydrolysis ratio H 2 O/MOR (H)
and H 2 O/alcohol ratio (R) are important parameters for sol-gel reactions, therefore they have been
systemically controlled.
Silicon/aluminium ratio was varied from 1.4 to 7.4.
The clearest sol was obtained with the ratio R Si/Al =
5.4, this sol is named S5.4. Single- and doublelayered coatings were carried out with the previous
sol in order to evaluate the effect on the increase of
the deposits thickness and also the coating morphology. Fig. 4 presents optical (Fig. 4a) and SEM
(Fig. 4b) micrographs of the cross-section of
mono-layered and bi-layered coatings respectively.
When a bi-layer system is processed with R Si/Al =
5.4, the average coating thickness is increased from
2 to 5 µm, the coating is homogeneous, crack-free,
covering and leveling (Fig. 4b). It is required to
have a sufficient thickness to fill and level the
uneven surface of the steel DC04, since the topography of the substrate is very irregular (the arithmetic roughness is about 0.8 to 1 µm). So that, bilayer systems are then systematically investigated.
resin
coating
5 µm

a

steel

resin

The hydrolysis of the methoxy groups of GPTMS
and then the silanols condensation leads to the
formation of the organically modified siloxane
network. Because the silicon atom holds three
hydrolysable functions it i s able to form a three
dimensional inorganic network. Epoxy functions
may also lead to polymerization reaction by ringopening in the formation of an ethylene oxide polymeric network. The cross-links between these
organic and inorganic networks come from preexisting covalent bonds in the molecule of GPTMS
and the final material obtained consists of the intimate combination of the two organic and inorganic
networks.
The heat treatment has been determined by thermal
analysis of the xerogels which shows two main
trends. The presence of a stable and densified material until 250°C and the slow degradation of organic matter from 250° to 600°C. So in order to
preserve the organic moiety of the coating, it was

coating

5 µm

steel

b
Fig. 4.

Optical and SEM micrographs of a)
monolayer and b) bilayer-coated systems with a R Si/Al of 5.4 ratio on DC04
low-carbon steel

Coating anticorrosion properties of bilayer systems
were evaluated by immersion in different kind of
fluids (tap water at 20°C and 60°C and NaCl solution at 20°C). When immersed in tap water at 60°C
and NaCl solution at 20°C (Fig. 5), coatings suffer
from corrosion as soon as 48 h. As coatings are
resistant in tap water at 20°C, immersion tests are
directly realized at 60°C.

4
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smaller amount of AIP . This sol composition is not
well-adapted to the anchoring of the coating on the
sample to ensure the adhesion between the metal
substrate and the organic coating. Coatings from
S7.4a and S3.4b present several pittings as soon as
7 h in immersion tests. Finally, the coating S3.4a
shown better result in immersion as it appears only
a small pitting at 48 h.
Following these observations, four new formulations were investigated by decreasing the
R Si/Al =3.4, 1 and 2 p oints down: S2.4a, S2.4b,
S1.4a and S1.4b (Table 2). For a R Si/Al given, the
concentration of [Si] in S2.4a and S1.4a is the same
as S3.4a (1.31 mol.L-1), whereas for S2.4b and
S1.4b, the concentration of [Al] is the same as
S3.4a (0.38 mol.L-1). The sol S1.4a is milky and
not homogeneous, so it was not deposited. Coating
from sol S2.4a presents a lot of pittings as soon as
24 h in immersion and performances are worse
than coatings from S7.4a and S3.4b.
Finally the coatings S1.4b and S2.4b shown the
best results since at 96 h in immersion tests no
pitting are observed. Figure 6 presents the pictures
of samples of the reference (S5.4) and promising
coatings during immersion in tap water at 60°C.

c

48h

48h

Evaluation of anticorrosive properties of
coated systems with a R Si/Al of 5.4 ratio
after 48 h immersion in a) tap water at
20°C, b) tap water at 60°C and c) NaCl
-1
(35.5 g L ) at 20°C

To investigate the influence of the R Si/Al ratios on
coating anticorrosion properties, new formulations
were investigated. The H and R ratios, [Si] and
[Al] concentrations, viscosity and pH values are
recapitulated in Table 2. The hydrolysis rate, H
varies from 2.3 to 11.2 and the R is in the range 4.9
to 9.7, these sols are mostly aqueous. As the ratio
R is slightly modified, the viscosity of sols is not
impacted unless for S1.4b which R = 9.7. The sols
pH are acid and around 4. Immersion tests are
processed in tap water at 60°C.
First, four new formulations were investigated 2
points, up and down R Si/Al =5.4: S7.4a, S7.4b, S3.4a
and S3.4b (Table 2). For all formulations, H and
[Al] concentrations are roughly constant. The [Si]
concentration in S7.4a and S3.4a is almost the
same as S5.4 (1.3 mol.L-1), whereas for S7.4b and
S3.4b, the [Si] concentration is respectively higher
(1.66 mol.L-1) and lower (0.95 mol.L-1). Coating
from sol S7.4b didn’t adhere well to the substrate
after the dip-coating process. The formulation is
composed of a large amount of GPTMS and a

S5.4

S3.4 a

S2.4 b

S1.4 b

48h

48h

96h

96h

Fig. 6.

Pictures of coated systems using different R Si/Al ratios after different immersion
times

Table 2: Characteristics of elaborated sols
Characteristics

S5.4

S7.4a

S7.4b

S3.4a

S3.4b

S2.4a

S2.4b

S1.4a

S1.4b

HH2O/M(OR)

4.7

4.9

3.6

4.3

6.8

3.5

6.6

2.3

11.2

RH2O/ROH

6.8

6.8

6.8

6.8

6.8

6.1

8.2

4.9

9.7

[Si] (mol.L-1)

1.34

1.36

1.66

1.31

0.95

1.31

0.94

1.31

0.55

[Al] (mol.L-1)

0.25

0.18

Viscosity (mPa.s) 12 ± 1
pH

3.8

0.22

0.38

0.28

0.55

0.38

0.94

0.38

9±1

8±1

7±1

9±1

11±1

10±1

/

5±1

3.4

3.3

3.7

3.8

3.9

4.2

/

4.7

3.2 EFFECT OF THE PEG 35000
CONCENTRATION
As explained, it is required to have a s ufficient
thickness to fill and level the uneven surface of the
steel DC04 and reach good barrier properties. This
increase in thickness can be given by increasing the

sol viscosity via introduction of a plasticizer. The
PEG 35000 was chosen thanks to its great molar
mass which makes it possible to significantly increase the viscosity. Moreover, it is easily incorporated in aqueous solutions and commonly use in
such formulations [23]. Bilayer coatings with different R Si/Al ratios have been tested without and
5
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with plasticizer at 2 and 20 g.L-1. The viscosities of
different sols are given in Table 3. The results
show that, even if the plasticizer incorporated has
an important molar mass, it is observed that the
viscosity remains unchanged when a small amount
(2 g.L-1) is added for any sol elaborated. When the
concentration grows up to 20 g.L-1 the sol viscosity
increases in particular for S1.4 and S3.4 sols.

due to the organic-inorganic network structure
which is dependent on the R Si/Al ratio and the incorporation of PEG 35000 in the network. F. Ansart et al. [23] has reported that, at a macroscopic
scale and in given conditions, observations of
TEOS/MAP/PEG 35000 coatings showed that they
can be insufficiently polymerized, so that the layers
are so much saturated with solvent that water cannot infiltrate anymore. Indeed, the introduction of
the PEG 35000 into the sol involves a thickness
increase of the coatings but limits the solvents
evaporation during drying, so that the layer can be
porous if the material is not enough densified with
curing. Literature reports that the “barrier effect”
obtained with PEG 35000 system could be due to
either the solvent saturation of the layers or the
dense and water repellent layers obtained [23]. To
verify these hypothesis, the drying for each layer
must be adapted, in particular, time and temperature have to be studied and optimized. Given the
final heat treatment used (50°C for 30 min and
110°C for 2 h), the second hypothesis, dense coating, would better fit.

Table 3: Viscosity of sols with different R Si/Al ratios
and PEG concentrations
Viscosity (mPa.s)
[PEG 35000]
(g.L-1)

S5,4

0
2
20

S3,4a

S2,4b

S1,4b

12

7

10

5

10

10

9

6

15

16

14

15

The best performances in immersion in tap water at
60°C of the corresponding coatings have been
recorded (Fig. 7). Whatever the R Si/Al ratio, for a
small content of plasticizer (2 g.L-1), the performances in immersion tests are identical compared
with no plasticizer addition (Fig. 7). The small
amount of plasticizer incorporated did not change
neither the viscosity of the sol and therefore the
coating thickness, neither the organic-inorganic
network structure, so it did not modify the barrier
properties of coatings.
S5.4
[PEG35000]= 2g/L

S3.4a
[PEG35000]= 2g/L

S2.4b
[PEG35000]= 2g/L

S5.4
[PEG35000]= 20g/L

S3.4a
[PEG35000]= 20g/L

S2.4b
[PEG35000]= 20g/L

48h

71h

46h

S1.4b
[PEG35000]= 2g/L

Fig. 8.

55h

Fig. 7.

55h

96h

Pictures of coated systems with different
R Si/Al ratios and PEG 35000 at 20g/L after different immersion times

96h

Pictures of the coated systems with
different R Si/Al ratios and PEG 35000 at
2g/L after different immersion times

When the PEG 35000 concentration is 20 g.L-1, the
coating with a R Si/Al ratio of 1.4 is not retained
because of an inhomogeneous deposit. In the others
cases, the addition of 20 g .L-1 of plasticizer increases the thickness significantly but the performances in immersion keep depending of the R Si/Al
ratios. Figure 8 shows the samples for R Si/Al = 2.4,
3.4 and 5.4 ratios with a concentration of PEG
35000 of 20 g.L-1. Especially, for a R Si/Al ratio of
3.4 and a concentration of PEG 35000 of 20 g.L-1,
the coating thickness increased from 5-6 to 8-9 µm
(Fig. 9). The micrographs of the bi-layer crosssections show that the coating is homogeneous,
crack-free, covering and leveling.
The differences in terms of performances in immersion tests between the three systems could be

resin
coating

a

10 µm

steel

resin
coating

5 µm

steel

b
Fig. 9.

(a) Optical micrograph of the bilayercoated system S3.4a
(b) SEM micrograph of the bilayer-coated
-1
system S3.4a, PEG 35000 20 g.L

For this GPTMS-AIP formulation improved corrosion properties were observed when the R Si/Al ratio
is decreased to 2.4 or 1.4 (with or without 2 g.L-1
of PEG 35000) indicating that the concentration in
aluminium equal to 0.38 mol.L-1 is well-adapted for
6
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the adhesive properties. If no change has been
observed when PEG is added at low concentration
(2 g.L-1) neither in immersion behavior neither in
the thickness, introduction of the plasticizer in
higher amount (20 g.L-1) in S3.4a has permit to
increase the coating thickness.

tions in bilayer coatings allows to increase the sol
viscosity. In this case, the thickness of the deposits
increased improving the barrier effect. Multilayered systems were developed to adjust the
thickness and present a composition gradient which
optimization of drying step will allow to obtain an
efficient system.
Scratch tests won’t be investigated as the substrate
roughness was not well-adapted. To further characterize the anticorrosion properties, electrochemical
studies are in progress. The spectroscopic measurements of Ce content and oxidation state by XPS
in the coatings are now in progress. The concentration of Ce is planned to be varied in order to study
its effect on the anticorrosion properties.

3.3 ARCHITECTURED SOL-GEL
COATINGS
Given the previous results, two architectured systems consisting of two bilayers were prepared (Fig.
10). The advantage of these systems is to have a
first bilayer well-adherent to the substrate (constituted by the coating from the sol S1.4a or S2.4a
with addition of plasticizer concentration PEG
35000 equal to 2 g.L-1) and a second bilayer allowing to increase thickness (constituted by the coating
from the sol S3.4a with the addition of plasticizer
PEG 35000 concentration equal to 20 g.L-1), thereby increasing the barrier properties of the coating.
System 1

System 2

RSi/Al=3.4, [PEG 35000]= 20
RSi/Al=1.4, [PEG 35000]= 2 g.L-1

RSi/Al=3.4, [PEG 35000]= 20 g.L-1
RSi/Al=2.4, [PEG 35000]= 2 g.L-1

DC04

DC04

g.L-1

The figure 11 shows the pictures of the architectured systems 1 and 2 after immersion in tap water
at 60°C. The system 2 presents very poor anticorrosion properties since from 7 h sample is totally
corroded and the coating is detached. By contrast
system 1 reaches anticorrosive properties until 168
h in immersion but the coating loses the covering
and leveling aspect.

7h

S1.4b
[PEG35000]= 2g/L
S3.4a
[PEG35000]= 20g/L

96h

This work was performed in the framework of a
joint laboratory, called CETIMAT, where
CIRIMAT and CETIM collaborate for some aspects of their research.
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CHARACTERIZATION OF THE CORROSION INFLUENCE ON
THE FATIGUE BEHAVIOR OF INTRINSIC CFRP-STEEL-HYBRIDS
M. Klein1*, D. Hülsbusch1, F. Walther1, M. Bartsch2, J. Hausmann2, M. Frantz3,
C. Lauter3, T. Tröster3
1

Chair of Materials Test Engineering (WPT), TU Dortmund University
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3
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ABSTRACT: Hybrid structures provide the opportunity to design load-adapted components by complete
or local CFRP strengthening and offer a high potential for lightweight construction. Such components are
exposed to mechanical and environmental loads under service conditions, e.g. in automotive applications. In
the present study the influence of a pre-corrosive deterioration and in-situ salt spray load on the fatigue behavior of two intrinsically produced hybrid structures with different steel constituents was investigated using
in-situ strain and temperature measurements in order to obtain a precise description and prospective prediction. The corrosion behavior was characterized in potentiodynamic polarization measurements and afterwards correlated with the fatigue results, yielding a process-structure-property relationship of the corrosion
influence on the fatigue performance. Both hybrid structures exhibited galvanic corrosion, yet one material
combination showed significantly higher corrosion rates leading to a worse fatigue behavior observed in
single step tests with pre-corroded specimens and in corrosion fatigue tests in salt spray environment. Light
microscopy investigations were performed to describe macroscopic mechanical-chemical properties on microstructure basis.
KEYWORDS: intrinsic hybrid structures, fatigue, load increase test, corrosion, potentiodynamic polarization

1 INTRODUCTION
Hybrid components offer a high potential for light
weight applications, e.g. in the automotive industry. By load-adapted design through complete or
local CFRP strengthening, the total weight of such
components can be significantly reduced, leading
to an improvement in driving dynamics and especially to a reduction of the fuel consumption [1, 2].
The hybridization of these components can be
carried out intrinsically, which means that the joining of the constituents, as well as the production of
the component, is performed in a s ingle energy-,
time-, and cost-efficient production step.
In automotive applications the components e.g. of
the chassis are exposed to fatigue and corrosion
loads. Because of the combination of two different
electron-conducting materials, the corrosion behavior is complex and depends on the material selection [3, 4, 5]. A strong susceptibility to corrosion
usually also degrades the fatigue strength. Therefore, the interdependency between corrosion resistance and fatigue strength has to be known and

understood to improve material and component
properties.
The aim of this study is the investigation of the
influence of corrosion on the microstructure and
the dependent mechanical properties under cyclic
load of two intrinsically produced hybrid structures
with different steel constituents. For this purpose,
potentiodynamic polarization measurements were
performed for a characterization of the material
selection dependent corrosion behavior of the hybrid structures. The results were correlated with
results of fatigue tests with pre-corroded specimens
and corrosion fatigue tests in salt spray environment to describe the interdependency between
corrosion and fatigue behavior.

2 EXPERIMENTAL METHODS
2.1 MATERIALS
The investigated intrinsic hybrid structures (Fig. 1)
were produced at LiA using an optimized and automatized prepreg molding process.

* Corresponding author: Leonhard-Euler-Str. 5, D-44227 Dortmund, phone: +49 231 755 8028, fax: +49 231 755 8029,
martin.klein@tu-dortmund.de
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Table 1 Mechanical properties of steel constituents

Fig. 1

Shape of investigated hybrid structures

As CFRP constituent 9 layers of a unidirectional
duromer prepreg (SGL, type CE 1250-230-39;
Epoxy resin type E201) were used with a
(90/0/0/90/0/90/0/0/90) stacking sequence. Two
different materials with the trade names DPW600
and DD11 were used as steel constituents.
DPW600 is a dual-phase steel, which is commonly
used in chassis of cars. DD11 is a low priced deepdrawing steel. Properties of these two materials are
summarized in Table 1. The CFRP prepreg was
molded into the steel plates in a heated die at
180 °C for t 1 = 1 min at pressure p 1 = 0.25 MPa
and in a second step for t 2 = 4 min at pressure
p 2 = 0.5 MPa. During the molding process the
epoxy resin was precured and the constituents were
joined by the matrix resin of the prepreg. This
process is schematically shown in Fig. 2. The hybrid structure was then post-cured in a circulating
air oven for 30 min at 180 °C. For the fatigue tests
the plates were cut into specimens with dimensions
of 200 x 20 x 5 mm.

Trade
name
DPW600

Material
number
1.0936

DD11

1.0332

Prepreg molding process [1]

Rm
(MPa)
580
(min.)
440
(max.)

At
(%)
23
(min.)
24
(min.)

2.2 CORROSION BEHAVIOR
The corrosion behavior of the single steel and
CFRP constituents and of the whole hybrid structure was investigated in potentiodynamic polarization measurements in 0.1 mol L-1 NaCl solution at
pH7, in which the pH values were adjusted using a
0.1 mol L-1 KOH solution. A standard three electrode system, consisting of a silver chloride electrode (Ag/AgCl) as reference electrode and a
graphite electrode as counter electrode, was used
for the measurements. As working electrodes the
single constituents and the hybrid joints were used.
The specimens were abraded with emery paper
from 18 to 5 µm. Then, a copper wire was attached
to the specimens and the whole specimens, apart
from their front-side, were embedded in epoxy
resin. Before each polarization measurement, the
electrolyte was purged for 30 min with argon and
afterwards the open circuit potential was measured
for 30 min. The measurements were conducted
using a potentiostat (Gamry PCI4300) at a s canning rate of 0.2 mV/s. The experimental setup is
shown in Fig. 3.

Fig. 3

Fig. 2

R p0.01
(MPa)
330 –
460
170 –
340

Experimental setup for potentiodynamic
polarization measurements

2.3 FATIGUE BEHAVIOR
For the investigation of the fatigue behavior, multiple step (load increase) tests and single step tests

102

Euro Hybrid Materials and Structures 2014
April 10 – 11

PFH – Private University of Applied Sciences,
Stade, Germany

were performed. The specimens were subjected to
a stress ratio of R = 0.1 and a frequency of
f = 10 Hz using sinusoidal load-time-functions at
room temperature. Besides an extensometer, type
K thermocouples were attached to the specimens’
surface in order to measure deformation-induced
changes in the specimens’ temperature due to plastic strain processes [6]. The endurance limits of the
hybrid structures for N = 2∙106 cycles were estimated in stepwise load increase tests according to
the measured material responses and afterwards
validated in single step tests [7]. Fig. 4 shows a
specimen mounted in the servohydraulic testing
system (Schenck PC63M, F max = 63 kN) with the
attached measurement sensor system.

Fig. 5

Experimental setup for corrosion fatigue
tests in a self-developed salt spray chamber

3 RESULTS AND DISCUSSION
3.1 CORROSION BEHAVIOR
Fig. 6 shows Tafel plots for the particular steel
constituents DPW600 and DD11, a single CFRP
constituent and of the hybrid DPW600/CFRP and
DD11/CFRP specimens.

Fig. 4

Experimental setup for fatigue tests in air

To evaluate the influence of corrosion on the fatigue behavior, specimens were pre-corroded in
1 mol L-1 NaCl solution for 72 and 120 h and afterwards also subjected to load increase and single
step tests. Furthermore, single step tests were performed in a self-developed in-situ salt spray chamber using a 5 % NaCl solution. The experimental
setup for the corrosion fatigue tests with in-situ salt
spray load is shown in Fig. 5.
2.4 MICROSTRUCTURE
The microstructure of the hybrid materials was
investigated by light microscopy in initial and
defined corrosion states, as well as in corrosion
fatigue states, to evaluate the influence of these
loads on the particular constituents and the interface of the hybrids. The light microscopy investigations were performed using a Zeiss Axio Imager.M1m.
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Fig. 6

Tafel plots of particular constituents and
hybrid metal/CFRP specimens

The single CFRP constituent shows the most noble
corrosion potential E corr , DD11 has the least noble
corrosion potential and the corrosion potential of
DPW600 is in between. Furthermore, the corrosion
current density i corr (i.e. the corrosion rate) of
DD11 is approximately twice as high as that of
DPW600. Due to the high difference in the corrosion potentials, the potential for galvanic corrosion
is the highest for DD11 combined with CFRP,
which can also be observed in Fig. 6. The corrosion
current density of DD11/CFRP is nearly about four
times higher than that of the single DD11. In case
of DPW600 the corrosion current density of
DPW600/CFRP is approximately doubled.
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The characteristic corrosion current densities were
evaluated through Tafel extrapolation using the
Gamry Echem Analyst software, which evaluates
the corrosion currents model-based according to
the Butler-Volmer equation. As a result, deviations
in the evaluation of the corrosion current densities
due to variations in the shapes of the anodic and
cathodic branches were avoided. Based on the
evaluated corrosion current densities, the corrosion
rates ṁ corr were determined according to Faraday’s
law [8]:
m corr =

M ⋅ icorr
z⋅F

(1)

In case of steel M is the molar mass of Fe which is
equal to 55.845 g mol-1 and the valency number z
is equal to 2, assuming that Fe²+ ions are formed,
which react to iron(II)hydroxide and subsequently
to iron(III)hydroxide. In case of CFRP M is the
molar mass of C which is equal to 12.011 g mol-1
and z i s equal to 4, assuming that C4+ ions are
formed, which react to carbondioxide. The determined parameters are listed in Table 2.
Table 2 Results of potentiodynamic polarization
measurements

Material
CFRP
DPW600
DD11
DPW600/CFRP
DD11/CFRP

E corr vs.
Ag/AgCl
(V)
-0.301
-0.544
-0.674
-0.527
-0.642

i corr
(µA/
cm²)
1.9
0.8
1.6
1.9
6.4

ṁ corr
(mg/
A cm²)
1.9
7.3
15.0
17.0
58.0

Fig. 7

Stepwise load increase test with a noncorroded DD11/CFRP specimen

After the sixth load increase, ε a,p starts to increase
during the load step with σ a = 108 MPa. Just before
failure of the specimen, ε a,p increases exponentially. The change in temperature ΔT shows the identical behavior. ΔT increases slightly with each load
increase, but remains constant within one load step
over the first five load steps and starts to increase
in the sixth load step. Before failure of the specimen, ΔT also increases exponentially. According
to the measured material responses, the endurance
limit for DD11/CFRP was estimated to be about
σ a = 90 MPa, i.e. the load step preceding the step
in which the material responses started to increase.
In the same way, the endurance limit for noncorroded DPW600/CFRP was estimated to be
about σ a = 108 MPa. For the pre-corroded specimens, this determination method provided the same
values as for the non-corroded specimens, as
shown in Fig. 8, where ε a,p is plotted as a function
of the load cycles during the load increase tests for
a non- and pre-corroded DD11/CFRP specimen.

3.2 FATIGUE BEHAVIOR
For a co mparative evaluation of the cyclic deformation behavior and for an estimation of the endurance limits of both hybrid structures, stepwise
load increase tests were performed with specimens
in initial state and pre-corroded specimens, which
were immersed for 72 h in a 1 mol L-1 NaCl solution. As an example, the stress amplitude σ a as
controlled variable, the plastic strain amplitude ε a,p
and the change in temperature ΔT are plotted for a
non-corroded DD11/CFRP specimen as a function
of the load cycles N in Fig. 7.
The temperature was measured at three positions
over the specimens’ length and the highest temperature change was used for the evaluation.
Starting at σ a,start = 18 MPa, the stress amplitude
was increased by 18 M Pa after each 104 cycles
until failure. The plastic strain amplitude ε a,p increases slightly with each load increase over the
first five steps, but remains constant within one
step.

Fig. 8

Progressions of plastic strain amplitudes in
load increase tests with a non- and precorroded DD11/CFRP specimen

The plastic strain amplitude for the pre-corroded
specimen shows the same progression as for the
non-corroded specimen over the first five load
steps until 5∙104 cycles. Only after the sixth load
increase, ε a,p of the pre-corroded specimen shows a
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stronger increase than that of the non-corroded
specimen, leading subsequently to higher values
until failure. Both specimens fail nearly after the
same number of cycles. These results show, that
the pre-corrosive deterioration causes a strength
reduction of the hybrid structure, but it d oes not
cause an earlier failure. In this regard, it has to be
mentioned, that in all load increase tests the CFRP
constituent failed, whereas in the single step tests
always one of the steel constituents failed. This
shows, that the load increase tests have the character of a ’cyclic tensile test’. As a result, the constituent with the lower maximum elongation fails first
in load increase tests, whereas the constituent with
the lower fatigue strength fails first in single step
tests. As shown by the potentiodynamic polarization measurements, the steel constituents act as
anodes in the hybrid structures and are therefore
attacked by corrosion. Consequently, the CFRP
constituent was not affected by corrosion during
immersion, leading to nearly the same results for
non- and pre-corroded specimens in the load increase tests.
The estimated values from the load increase tests
were then validated in single step tests with noncorroded specimens until N = 2∙106 cycles in the
same load steps, starting at the respective estimated
endurance limit. The results of these tests are
shown in the S-N curves in Fig. 9. The S-N curves
were described according to Basquin equation:

regarding the endurance limit, but also the sustainable number of load cycles at higher stress amplitudes, underlined by the parameters of the Basquin
equations.
For a comparative evaluation of the influence of a
pre-corrosive deterioration on the fatigue behavior,
additional single step tests with pre-corroded specimens were performed one load step above the
determined endurance limits, i.e. σ a = 126 MPa for
DPW600/CFRP and σ a = 108 MPa for DD11/
CFRP. The specimens were pre-corroded in a
1 mol L-1 NaCl solution for 72 and 120 h. In Fig.
10 the number of cycles to failure N f are plotted as
a function of the corrosion grade.

σ
Nf = a
σ '
 f

1

b




(2)

1

Nf = �

σa − 0.18
�
1550

1

Nf = �

Fig. 9

σa − 0.12
�
531

S-N curves for DPW600/CFRP
DD11/CFRP specimens in air

and

For DPW600/CFRP, the endurance limit was determined to be at σ a = 108 MPa and for
DD11/CFRP an endurance limit of σ a = 90 MPa
was found, confirming the results of the load increase tests. Generally, DPW600/CFRP shows a
higher fatigue strength than DD11/CFRP, not only
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Fig. 10 Influence of a pre-corrosive deterioration
on the fatigue strength of DPW600/CFRP
and DD11/CFRP specimens

DD11/CFRP shows a strong reduction of N f with
increasing corrosion grade, e.g. from the noncorroded specimen to the highest corrosion grade
N f is reduced by approximately 80 %. Whereas N f
of DPW600/CFRP is practically not affected by
corrosion. Hence, these results are consistent with
the lower corrosion resistance of DD11/CFRP
determined in the potentiodynamic polarization
measurements.
In Fig. 11 the results of the in-situ salt spray tests
are displayed incorporated in the already presented
S-N curves (Fig. 9). The single step tests with insitu salt spray load were started one load step
above the determined endurance limits in air and
the stress amplitudes were reduced by the same
load steps as before, until the endurance limit under
salt spray load was reached. The Woehler lines for
salt spray environment were described in the same
manner as for air (Fig. 9). For both material combinations, N f is reduced by nearly the same ratio at
the endurance limit in air through the additional
corrosive load. This also applies to the respective
load steps above and below. The endurance limit
under in-situ salt spray load is two load steps below the endurance limit in air for both material
combinations. Consequently, both S-N curves in
salt spray environment run nearly parallel, which is
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proven by the same cyclic strength exponent
b = -0.41 in both Basquin equations.

a)

1

Nf = �

σa − 0.41
�
29078

1

Nf = �

σa − 0.41
�
24814

2000 µm
b)

Fig. 11 S-N curves for DPW600/CFRP and
DD11/CFRP specimens in air and salt
spray environment

Since corrosion fatigue results from the concurrence of a cyclic deformation and the influence of a
corrosive environment on the material, the level of
the cyclic load also needs to be taken into account
when evaluating the corrosion fatigue strength. For
DPW600/CFRP, approximately the same number
of cycles to failure was reached as for DD11/CFRP
one load step below in all tested load steps. Hence,
the corrosion fatigue strength of DPW600/CFRP
can be considered significantly higher than that of
DD11/CFRP.
3.3 MICROSTRUCTURE
To describe the influence of corrosion and corrosion fatigue on the different hybrid structures on
microstructure basis, specimens in initial and defined corrosion states, as well as in corrosion fatigue states, were investigated using light microscopy.
In Fig. 12 light microscope images of a cr osssection polish of a DD11/CFRP specimen in initial
state are shown. The already mentioned stacking
sequence of the CFRP prepregs can be observed in
Fig. 12 a. Fig. 12 b shows the interface between the
steel and the CFRP constituent. It can be observed,
that particular carbon fibers are in contact with
each other and especially in the 90° layer, adjoining the steel plate, it can be observed, that the carbon fibers do not run straight through the layer,
which probably causes the galvanic connection of
both constituents.

100 µm

Fig. 12 Cross-section polishes of a DD11/CFRP
specimen as a) overview and b) detail

Fig. 13 shows cross-section polishes of
DPW600/CFRP and DD11/CFRP after immersion
for 120 h in 1 mol L-1 NaCl solution. In case of
DPW600/CFRP, the steel plate in Fig. 13 a shows
a rather laminar corrosion along its edges. The
interface between the DPW600 plate and the CFRP
shows no obvious corrosive deterioration. However, the DD11 plate in Fig. 13 b shows very localized corrosion pits, indicating a strong tendency to
galvanic corrosion, which is a result of the great
difference in the corrosion potentials of DD11 and
CFRP. In addition, the interface of the hybrid
structure seems to be more affected by corrosion.
Both damage processes, the formation of corrosion
pits and the degradation of the interface, are possible causes for the earlier failure of DD11/CFRP in
the single step tests.
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a)

a)

200 µm

200 µm
b)

b)

2000 µm
c)

200 µm

100 µm
Fig. 13 Cross-section polishes of a) DPW600/
CFRP and b) DD11/CFRP after immersion
-1
for 120 h in 1 mol L NaCl solution

Fig. 14 shows light microscope images of a failed
DPW600/CFRP specimen, which was tested in a
single step test at σ a = 108 MPa in salt spray environment. The specimen exhibits a corrosion fatigue
crack, which is shown in Fig. 14 a as overview.
Fig. 14 b and 14 c show surface grindings of the
crack. In Fig. 14 a it can be observed, that subsequently to the crack formation in the steel constituent, a delamination of the adjoining CFRP constituent occurred leading to a failure of particular
CFRP layers. Fig. 14 b and 14 c show, that the
edge of the steel plate exhibits numerous corrosion
pits due to the salt spray load, demonstrating again
the tendency to galvanic corrosion of the hybrid
materials. Both micrographs suggest, that the crack
was probably formed at a corrosion pit, because of
the notch effect. Therefore, this failure mechanism
is also a r esult of the galvanic corrosion tendency
of the hybrid structures.

107

Fig. 14 Corrosion fatigue crack in a DPW600/
CFRP specimen as a) overview and b), c)
surface grindings

4 CONCLUSIONS
The fatigue behavior of two different intrinsic
hybrid structures DPW600/CFRP and DD11/CFRP
in dependence of a pre-corrosive deterioration and
an in-situ corrosive load was characterized. The
results were correlated with the material selection
dependent corrosion behavior, which was investigated in potentiodynamic polarization measurements and concurrently observed on microstructural basis. The following conclusions were obtained:
1. The corrosion behavior, especially regarding
the tendency to galvanic corrosion, is strongly
influenced by the material selection. In this regard, DPW600 exhibited a significantly higher
corrosion resistance than DD11.
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2. A great difference in the corrosion potentials of
the constituents causes strong galvanic corrosion effects, like localized corrosion pits and a
degradation of the interface.
3. A low corrosion resistance of the hybrid structure causes a s trong influence on the fatigue
strength of pre-corroded specimens and on the
corrosion fatigue strength.
4. The degradation of the fatigue strength of precorroded specimens and under corrosion fatigue
load is mainly caused by an earlier crack formation at corrosion pits.
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CHAPTER 6:

DESIGN
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ABSTRACT: New functionalities arising from the combination of different kinds of materials in a single
structure are motivating forces in the development of many hybrid structures. Research is focusing on the
load transfer at interfaces of different materials. Motivation for the hybrid structure presented here is to fully
integrate an additional functionality in form of actuating elements in a hosting fiber reinforced polymer
(FRP) structure. A wide range of solid state actuators is available, but for actuation functions in FRPcomponents shape memory alloys (SMA) offer a promising performance in terms of available strain and
stress. Material integrated functionality always leads to a higher degree of complexity regarding material
properties, but enables major improvements in terms of light weight design, exploitation of available space
and reduction of cost due to a less complex assembly.
This paper illustrates the potential and the achievable benefits as well as the key tasks for a successful industrial application of active hybrid structures. In addition to the experimental demonstration of the impressive
performance of these new active hybrid structures, emerging challenges linked to the combination of active
metal (NiTi) elements and FRP components are discussed.
KEYWORDS: shape memory alloy, SMA, fiber reinforced plastic, FRP, active hybrid structure, actuator, function integration

1 INTRODUCTION
Increasing functional integration within technical
products is seen to enable substantial savings. Fiber
reinforced composite materials allow for easy integration of sensors or actuators into structural components, which turns these materials into active
structures, also called smart structures or smart
materials [1]. High performance composite materials are already used in a wide range of applications
and their share is still increasing, as demonstrated
by the latest aircrafts of leading manufacturers
incorporating more than 50 % composite materials
[2].
For actuation purposes shape memory alloys
(SMA) show a promising performance of several
percent of strain and several hundred MPa of
stress. Some special applications of discretely
attached SMA actuators are investigated by Hartl et
al. [3], Browne et al. [4], Quackenbusch et al. [5]
and Yang et al. [6]. The memory effect is based on
the transition between the low temperature martensite phase and the high temperature austenite
phase. A newly formed martensite has a t winned
microstructure. Deformation leads to a detwinning
of the material and a high amount of remanent
strain can be introduced, similar to a plastic deformation. Heating above the austenite start tempera-

ture A S initiates the phase transition to the austenitic phase and finally the material restores its original shape at austenite finish temperature A F . The
effect described and shown in Fig. 1 is the so called
one-way-effect. The sample remembers only the
geometry in the austenite phase. The other shape
memory effect, which can be obtained by a special
training process, is the two-way-effect. The specimen then remembers a specific shape for both
phases. [7]
σ

Twinned
martensite

Detwinned
martensite
1

ɛ

4
T
Fig. 1

Austenite

2

3 Usable
actuation

Detwinned
martensite

Principal of one-way shape memory effect,
(1) pre-straining/ detwinning, (2) deloading,
(3) actuation/ contraction, (4) cooling.
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Even if the effect is temperature driven the forward
transition to austenite can be initiated within a split
second by joule heating. [8]
A direct integration of the high performance SMA
actuator in FRP lightweight components enables to
exploit the maximum benefit. First approaches
towards the direct integration are made by Balta et
al. [9], Turner et al.[10] and Dagiha et al. [11].

tures, opens up new applications and functionalities.
SMA is activated by temperature, enabling two
kinds of structural control. (1) passive control, e.g.
for inlet vents or valves, which are driven by surrounding temperature without additional energy
input or (2) other applications like aerodynamic
control surfaces or clamping mechanisms, which
can easily be activated by joule heating. Key features of active hybrid composite structures, like
those presented in Fig. 3, are the high degree of
freedom in design for complex deformation shapes,
the compact design for functions in areas with low
accessibility and the possibility to deform large
surfaces in a homogenous way.

2 PERSPECTIVES &
CHALLENGES
Comparing an active hybrid structure to the state of
the art, the configuration of a structure actuated by
a discrete mechanism, the differences are obvious
(Fig. 2). Active hybrid structures are leading to a
number of challenges but are also opening up interesting perspectives. Regarding manufacturing
(assembly), quality control and theoretical description for modelling, the well-established standard,
consisting of individual structure and actuator, can
be split up into several components. These can be
handled separately, leading to a simplification of
each of the components but requiring a careful
definition of interfaces. Prior to assembly each
component can be separately modelled, manufactured and the quality assured. The active hybrid
structure in contrast combines many components of
the system on the material level and therefore has
to be designed and manufactured as a whole.
As indicated by Fig. 2, the application of active
hybrid structures offers benefits, too. Reductions of
size and weight can be realized as well as cost
savings due to reducing the complexity of assembly. These advantages can offset the drawback of
the more complex design process. Especially since
completely new functions are enabled, which are
not feasible with the standard solution at all.
Standard solution with
individual structure and
actuator

Active structure with
integrated actuation
function

Air Inlet Vent
Passive Control
Trailing Edge
Active Control

Multiwinglet
Fig. 3

New application concepts feasible with an
active hybrid structure of SMA and FRP.

The concepts described above present an opportunity to improve future products and contribute to
fuel saving and comfort.

3 MASTERING OF ACTIVE
HYBRID STRUCTURES

Fig. 2

Comparison between standard solution
and direct integration of actuation function.

Considering flexible active elements during design
phase instead of stiff, externally actuated struc-

Fig. 4 illustrates the multiplicity of influences on
the effective actuation behaviour when integrating
an actuation function directly. The selection of the
right SMA material is an important step, as it determines the available contraction and elongation
as well as the initial transition temperature. The
actuation itself is the result of the interaction of the
SMA intrinsic effect and the counter acting deformation resistance. The deformation resistance is a
combination of the stiffness of the hosting structural material and present external loads. The maxi-
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mum and minimum temperatures, which the hybrid
structure is exposed to, are defined by the application and are equally important. Finally the bonding
strength and stiffness, i.e. the load transferring
capability of the integration method, represents an
important limit for operation.

Fig. 7. As FRP base structure an epoxy based flax
fiber laminate with 1.6 mm thickness was used.

SMA

Actuation
Behavior
of Hybrid
Structure

Bonding

Fig. 4

• Free strain potential
• One/two way effect
• Nominal transition
temperatures
• Stiffness of
structure
• Section share
Deformation of SMA
resistance • Offset to
neutral axis
• External load

Hot state
Stress level
134MPa
37mm
Stress
0°- direction
178 MPa

0 MPa
26.6mm

• Hot temperature
• Cold temperature
Temperature • Effects of
manufacturing
process
• Loss of strain due to elastic
stiffness
• Temperature dependent
properties
• Maximum possible stress

Fig. 5

Predicted deflection of an SMA FRP structure with embedded one way material, including the load-initiated two way effect.

CFRP laminate

Influences on the actuation of active hybrid
structures.

Three key issues need to be mastered: design,
manufacturing and service.
First, there is a need for the reliable prediction of
the actuation behavior of an active hybrid structure.
Therefore, a design tool is necessary to enable the
development of active structures on the component
level. For a state of the art design processes with
the finite element method to predict the shape for a
certain hot state and a cold state is the basis. The
calculations of hot and cold state shapes for an
originally flat active composite plate with prestrained one-way-effect SMA wires embedded are
presented in Fig. 5. Furthermore, the stress present
in the SMA material is derived.
The second requirement is a reproducible manufacturing process for reliable active hybrid structures.
Most critical here is the temperature. The adhesive
bonding must allow for reliable load transfer at
elevated temperatures during actuation cycles, thus
requiring a hot curing process for cure. Other important aspects are electrical insulation against the
structure and a good interconnection of the actuating elements respectively.
The design of FRP base structures is supposed to
show a small bending stiffness and allow a high
degree of deflection. The FRP base structure in
Fig. 6 is made of CF prepregs in 0.125 mm thickness with a [90/90/0/0/90/90] layup. The possible
deflection of a sample specimen is demonstrated in
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Cold state
Stress level
109MPa

Epoxy resin

Glass layers

Section

SMA wire ø 1mm

Fig. 6

SMA FRP structure consisting of an CFRP
laminate, isolating glass fiber layers and
SMA wire of 1 mm diameter.

A reliable and simple control concept for actuation
of the active hybrid structure is necessary during
service since the overall temperature of the structure is not only dependent on the joule heating but
also on the ambient temperature.
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Cold state

Necessary curing temperature for good
mechanical properties above AF
1

AF
Hot state

Activation of contraction

AS

As to be cured

1 One way effect strain potential is wasted
Two way effect is under compression
during cooling

Initial shape
Fig. 7

Deflection of an active hybrid structure
initiated by joule heating.

Fig. 8

4 MANUFACTURING
The main challenges during manufacturing of these
new hybrid composites are:
1) activating the temperature driven shape
change of the SMA elements during the curing process of the composite material (Fig. 8)
2) the boundary conditions due to the full integration of the SMA actuator: every infinitesimal point of the SMA filament is deforming
the surrounding composite structure, compared to the discretely attached SMA actuator, which can be regarded as a separate system with a single output (Fig. 9).
These challenges are directly linked to the special
behavior of the integrated SMA elements.
Common manufacturing processes of FRP with
thermoset or thermoplastic matrices require an
elevated temperature during processing because a
good mechanical performance, e.g. of the adhesive
interface, is only achievable below (or slightly
above) processing temperature. To avoid an actuation of the SMA during processing different approaches are currently developed.
Furthermore the complete integration of the SMA
wires into the structure requires a h omogeneous
strain distribution along the interface of the two
materials. Even a slight inhomogeneity in the actuation potential along the SMA element will cause a
local overload of the adhesive bonding. The prestraining of the actuating SMA wires was found to
be a critical process in this regard. [12] The process
parameters therefore have to be carefully selected;
otherwise nucleation effects in the detwinning
process can lead to a strongly inhomogeneous
strain distribution.

Time

Contradiction between temperature driven
actuation and necessary curing temperature.

Discretely attached
external SMA actuator

Fig. 9

Integrated SMA
actuator

Change of mechanical system from a single output actuator to a coupled system in
every infinitesimal point.

5 CONCLUSIONS
Reasons, justifying the direct integration of SMA
actuator elements in FRP, are size reduction,
weight reduction and possible cost reduction in
comparison to the standard solution of structure
and discretely attached actuator.
All issues and challenges in mastering active hybrid structures, consisting of fiber reinforced composites and SMA wires, can be overcome by a
carefully chosen design and a cl ever processing,
which is demonstrated by the impressive deflection
of the active hybrid structure, presented here.
Especially the perspective to develop new adaptive
aerodynamic components is promising for the
aeronautical sector as well as for the automotive
sector.
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ABSTRACT: A major challenge of lightweight construction of car bodies, particularly with materials
with high density, such as steel, is the need to use a very low wall thickness. This makes the structures susceptible to buckling, especially in crash load cases.
The DLR’s institute of vehicle concepts therefore investigates the use of hybrid structures, for example by
reinforcing the steel shell of a beam with lightweight cores. This leads to a higher stability of the structure,
especially for the side impact or the pole crash, which results in a much higher weight specific energy absorption.
In order to maximize the performance, a specific balance between several parameters such as the wall thickness, the material properties of the core and material properties of the shell, must be achieved. A multiparameter optimization was therefore conducted, using LS-Dyna and LS-Opt, in order to maximize the
weight specific energy absorption. Also, the impact of different materials on the performance of such structures was investigated.
Possible uses for metal-hybrid structures are a rocker rail, or a door reinforcement, for example. They are
also extensively used in the car body of a lightweight vehicle which is currently under development at the
institute of vehicle concepts.
KEYWORDS: lightweight design, car body, crash behavior, metal hybrid structures.
1 INTRODUCTION
Conventional car body structures consist of metal
shells, which are welded together to form hollow
beams. These structures provide good strength and
stiffness as well as low manufacturing costs, especially at high lot numbers. However, when they are
subjected to a bending load, which is the case during a pole crash, for example, they are susceptible
to buckling.

Fig. 1

Audi A4 rocker panel [1]

At the DLR institute of vehicle concepts, metalhybrid structures are investigated in order to improve the crash behaviour of such car body parts.
The energy absorption of a rocker panel during the
pole crash, for example, is typically only 20 % of
the total energy absorption [2].

2 BASIC PRINCIPLE
In order to improve the rocker panel area, a metal
hybrid design concept was investigated.
This alternative metal-hybrid beam comprises a
steel shell surrounding a lightweight core. Fig. 2
illustrates the principle used. The part of the metallic shell of the beam, which is located on the backside in relation to the pole, is elongated. This Elongation of the metal absorbs the major part of the
energy of the impact. In order to achieve this, the
core of the member does not collapse when bent,
but rather maintains the cross section throughout
the bending process, thereby ensuring that the
section modulus of the member ideally remains

* Pfaffenwaldring 38-40, 70569 Stuttgart, phone: 0711 6862 409, fax: 0711 6862 258, michael.kriescher@dlr.de
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constant for the full duration of the deformation
event. Due to the high degree of elongation on the
rear of the section, the best-suited materials for the
shell are those with good elongation properties
while retaining tensile strength. An example for
such a steel this is the HSD®-steel (High strength
and Ductility), which was developed by the Salzgitter AG. An HSD®-steel combines, for instance, a
yield strength of 620 MPa with a tensile strength of
1000 MPa and a total elongation of 50 % [4].

jected to the same 3-point bending test. A comparison with the reinforced-core rocker panel structures
shows that, for the load cases considered here, the
ratio of energy absorption to component mass can
be increased to more than double that of the reference structure through use of appropriate core
structures, albeit that, at least in the case of the
foam-core variant, the component mass also increases. The result is that the crash load on the
surrounding vehicle structure, e.g. the floor pan, is
decreased. This opens up the possibility that these
structures could be dimensioned with thinner walls,
or even made out of different materials.
In order to verify the simulation results, the geometry of the reinforcement section was simplified to
allow a more cost-effective manufacturing and a
simple test configuration Fig. 4.

Fig. 2

Energy absorption principle

In order to investigate this energy absorption principle, initial simulations were carried out for varying core structures using the crash-simulation-tool
LS-DYNA. For testing the model, a simplified
three-point bending test was used with supports
separated by 1368 mm and an impact pole with a
diameter of 300 mm. The cross-section of the beam
was configured to correspond to the internal reinforcement structure of the rocker panel in a reference vehicle (Fig. 3).

Fig. 3

Fig. 4

Cross section through foam-reinforced test
component

These sections were manufactured by welding
together two 2 m long half sections of DC04 steel.
In this instance, the core structure was formed from
PU foam with a density of 400 kg/m³, manufactured by the DOW Chemical Company. DOW
automotive selected a material variant that was
suitable for the crash requirements and this was
injected into the section via 2 holes.
The sections produced in this fashion were subjected to quasi-static testing on the hydraulic 3-point
test rig at the Institute, with the geometry of the test
configuration set to correspond to that used in the
simulation (Fig. 4).
Testing was conducted with a low penetration
speed of 6 cm/s and demonstrated that the proposed principle could be implemented in the real
world. Hollow sections with identical geometry
were used to provide a benchmark for the anticipated improvements. Using the foam-filling technique, it proved possible to increase the energy
absorption by nearly six times of that of the hollow
section (Fig. 5), although the absolute component
mass itself increased by a factor of 1.7. Consequently, an increase of the mass specific energy
absorption by a factor of 3 could be achieved.

Geometry of the simulation model and the
test setup

3 RESULTS OF TESTING
In order to provide a baseline for the performance
of these structures, the rocker panel from a simulation model for a reference vehicle was also sub2
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Energy absorption and mass-specific energy absorption of foam-filled beam compared to a hollow beam with identical geometry

Force-displacement curves for hollow and
foam-filled sections

Fig. 8

Dynamic 3 point bending test

A dynamic 3-point bending test was also performed on the crash facility of the institute of vehicle concepts and results in a slightly higher force
level, compared to the static test (Fig. 8).

The foam core prevents the formation of a pronounced fold on the compressed side of the section
(see Fig. 6), with the cross section instead remaining relatively constant throughout the deformation
process. This property is also mirrored in the forcedisplacement curve for the section measured during
the test (Fig. 7). This stabilisation of the cross
section through use of the foam core means that the
force required to produce the deformation doubles.
The level of force required is increased right from
the start and is maintained throughout the whole
process. At 420 mm penetration, the point is
reached at which the material tears on the side of
the section under tension, leading to a large decrease of the force level.

Fig. 6

Fig. 7

4 OPTIMISATION
Folding of the compressed side of the beam was
found to be a major limitation to the energy absorption of the beam, especially, if a material with
higher tensile strength is used. Generally, this folding occurs earlier during the bending process, if the
strength of the steel shell is increased in relation to
the compressive strength of the foam core.
Using LS-Dyna, a foam filled beam made of
HSD®600, with a foam core of 200 kg/m³, was
simulated, with increasing wall thickness (Fig. 9).

Formation of fold on compressed side of
hollow (left) and PU foam-filled (right) sections

Fig. 9

3
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The results can be separated into three phases.
During phase I, Starting from 0,1 mm, increasing
the wall thickness leads to higher values of specific
energy absorption.
A local optimum is achieved, at a thickness of 0.86
mm, which marks the beginning of phase II. Increasing the thickness further, leads to a drop in
weight specific energy absorption. At a higher wall
thickness, the ability of the foam core to prevent
buckling of the compression side, is reduced,
which, in combination with a higher weight of the
beam, leads to a decrease in specific energy absorption.
A second method that was investigated, is the selective use of different material and/or wall thickness for the compressed side. A very high strength
steel, with a tensile strength of about 1300 MPa is
used on the compressed side, whereas the rest of
the beam is made of HSD®600, which has a yield
stress of 620 MPa (Fig. 10). An optimisation was
then performed, using LS-Opt, a software for metamodel based optimisation, for a beam with a foam
core of 200 kg/m³ density. The wall thickness of
both materials was then varied between 0.1 mm
and 3 mm. The goal of the optimisation was to
achieve a maximum weight specific energy absorption during 3 point bending, which was achieved at
a thickness of 3 mm for the high strength steel and
0.82 mm for the HSD®600, with a weight specific
energy absorption of 595 J/kg (Fig. 11).

Fig. 11 Optimisation of the weight specific energy
absorption

5 APPLICATIONS
5.1 Ring-shaped frame
As explained in chapter 2, the core structure of the
hybrid beam stabilises the cross section during
bending. Therefore a comparatively large area of
the outer shell is elongated, leading to a high energy absorption. This basic principle was developed
into a ring shaped frame structure (Fig. 12) for use
as a central structural member in a lightweight car
body. The ring shape leads to a wide distribution
of the occurring strain, even in load cases with a
highly concentrated load, such as the pole crash.
The car body is completed by relatively simple,
lightweight sandwich structures, used for the front
and rear structure, the seat bench and the tunnel,
and weighs only 85 kg. The crash behaviour was
investigated by LS-Dyna simulation, resulting in
intrusions in different load cases, which are comparable to a conventional car body, that was used
as a reference (Fig. 13).

Fig. 10 Hybrid beam with two different materials in
the shell

4
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Fig. 14 Y-shaped door reinforcement

Fig. 15 Deformation and deformation resistance of
a lightweight door and a reference

Fig. 12 Development of a ring shaped frame for a
lightweight vehicle concept

6 CONCLUSIONS AND
DISCUSSION
Metal hybrid structures have shown great potential
in crash load cases especially during bending. A
foam filled steel beam was tested to have a 3 times
higher weight specific energy absorption, compared to a hollow beam. The energy absorption of
such beams can be increased even more by optimisation of the wall thickness and/or material properties of the hybrid beam’s outer shell.
The specific deformation behaviour was used for
the design of the passenger compartment of a
lightweight car body, as well as the modification of
a door. Significant weight savings were achieved in
both cases, with very good crash behaviour.
Even though results of simulation and testing show
a similar increase in crash performance, the absolute values of energy absorption may differ by
approximately 20 %. One reason for this is the
difficulty of accurately modelling the properties of
the sandwich core, especially the behaviour during
failure, for example the formation of cracks during
tensile failure. Research is currently being conducted at the institute of vehicle concepts to provide a more detailed description of the material
properties of foam cores, and thus improve the
predictions of FE-simulation for this class of materials [3].

Fig. 13 Crash behaviour of a lightweight car body

5.2 Door reinforcement
Because of their deformation mode, all load cases,
where structures are deformed by bending are generally suited for an application of metal-hybridstructures. Therefore, a door reinforcement was
investigated, by simulation. A conventional door
was modified and fitted with a y-shaped reinforcement, consisting of metal-hybrid-beams. The door
intrusion was simulated according to FMVSS 214
(Fig. 14 and Fig. 15). Compared to a reference door,
the modified structure is 18 % lighter, with a 17 %
higher energy absorption. The maximum resistance
against deformation was also increased, by 14 %.
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MECHANICAL PROPERTIES AND PRESS FORMABILITY OF
TITANIUM-CLAD MAGNESIUM ALLOY SHEETS
H. Inoue*
Department of Materials Science, Graduate School of Engineering,
Osaka Prefecture University, Japan
ABSTRACT: Magnesium is the lightest practical metal and has various excellent properties, such as a
high specific strength, good machinability and good recyclability, but has a low corrosion resistance and
poor cold workability. Titanium, in contrast, has a relatively low density, high specific strength and excellent
corrosion resistance. In this study, titanium with some advantages over magnesium was used to clad the
surface of a magnesium alloy with a much lower density to produce a new light material with improved
corrosion resistance, mechanical properties and formability, in comparison with those of the magnesium
alloy. A sheet of this composite named ‘titanium-clad magnesium alloy’ (TCM), which was produced by
roll-bonding, possesses a much higher strength and better press formability than a monolithic magnesium
alloy sheet. To investigate the practical application of this TCM sheet with a decorative feature to various
industrial fields, a large-sized AZ61Mg/Ti clad sheet coil has been successfully fabricated as a trial sample
to evaluate the performance of TCM.
KEYWORDS: Magnesium alloy, Titanium, Clad metal, Mechanical properties, Sheet metal formability
1 INTRODUCTION
Magnesium is the lightest practical metal with a
high specific strength. Since magnesium also has
various merits such as high vibration dumping
capacity, good machinability, high electromagnetic
shielding ability, high dent resistance and good
recyclability, its alloys have been employed for the
portable electronic equipment cases, the automotive parts and so on. Magnesium, however, is a
flammable metal and has the demerits to be improved, such as low corrosion resistance at neutral
and acid atmospheres and a poor cold workability
resulting from limited slip systems, especially in
the basal texture of the hexagonal close-packed
crystal structure. Owing to the poor workability at
room temperature (RT), magnesium alloys usually
have to be rolled and subjected to sheet metal
forming at relatively high temperatures. In contrast,
titanium possesses a high specific strength due to
its relatively low density and a much better cold
workability than magnesium, together with excellent corrosion resistance and high decorative potential. In view of the fact that the density of titanium
and magnesium is 4.51 and 1.74 g/cm3 respectively, the latter is the more favourable metal for lightening component parts.
Several years ago, we originally produced a magnesium alloy sheet roll-bonded with titanium [1],
namely ‘titanium-clad magnesium alloy (TCM)

sheet’ for the following two purposes. One is to
attain a good corrosion resistance equivalent to that
of titanium through covering the surface of magnesium alloy with titanium, and the other is to develop a new light metallic material that fully exploits
both the high strength and good formability at RT
of titanium as well as the noticeable lightness of
magnesium. This paper describes a process of
fabricating TCM sheets and their excellent characteristics, and then briefly introduces the present
approach for applying TCM sheets to industrial
products [2].

2 FABRICATION OF TCM SHEET
The TCM sheets that have been fabricated so far
are composed of commercially pure titanium and
AZ-series magnesium alloys that include aluminium and zinc.
2.1 CONSTITUENT METALS AND TOTAL
SHEET THICKNESS
The initial trial was carried out using a combination of the softest titanium Grade 1 with the highest
purity commercially available and the AZ31 magnesium alloy (AZ31Mg) with a relatively good
formability among wrought magnesium alloys. The
roll-bonding process, conducted under appropriate
conditions, led to an AZ31Mg/Ti clad sheet of 0.9
mm in thickness being successfully fabricated [1].

* Corresponding author: 1-1 Gakuen-cho, Naka-ku, Sakai, Osaka 599-8531, Japan
phone: +81-72-254-9316, fax: +81-72-254-9912, email: inoue@mtr.osakafu-u.ac.jp
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Following this, an AZ61Mg/Ti clad sheet was also
developed to attain a yield strength higher than that
of the AZ31Mg/Ti clad sheet [2]. In addition, we
attempted to fabricate a thinner clad sheet for lightening component parts and succeeded in fabricating a 0.5-mm-thick clad sheet with titanium and
magnesium alloy layers of the same thickness ratio
as that of the 0.9-mm-thick clad sheet. As the sheet
thickness decreases, it is generally more difficult to
fabricate the clad sheet because thinner sheets of
titanium and magnesium alloy must be rollbonded. Accordingly, excellent cladding technology for fabricating thin TCM sheets will enable
TCM sheets of various thicknesses to be produced
production unless TCM is an extremely thick plate.
Recently an AZ80Mg/Ti-Grade-2 clad sheet with a
thickness of 0.5 mm was also fabricated using the
roll-bonding process [3].

the TCM sheet maintains the relatively high specific strength of Mg alloy.

2.2 ROLL-BONDING PROCESS
The roll-bonding process for fabricating a T CM
sheet of 2 layers (one of Ti and one of Mg alloy) is
schematically illustrated in Fig. 1. The process
involves diffusion annealing after warm rollbonding, and a similar process can be used to fabricate a sandwich-type 3-layer TCM sheet consisting of two surface Ti layers and a co re Mg alloy
layer. In the 2-layer process, the inner surfaces of
the Ti and Mg alloy are mechanically ground to
produce rough surfaces, and these surfaces of the
metal sheets are placed in contact and they are
warm rolled together after heating in an electric
furnace. A bonded state is achieved after warm
rolling. The clad metal is also diffusion-annealed in
an Ar atmosphere to enhance the bond strength and
reduce the strain induced by the mechanical grinding and warm rolling. The Ti-Mg binary system
phase diagram [4] confirms that there is no intermetallic phase between Ti and Mg solid solutions
with very small solubility limits. This suggests that
this system provides favourable mechanical properties for a clad metal, in contrast to the Ti-Al [5] and
Mg-Al [6] systems that can exhibit brittle intermetallic compounds at the interfaces during annealing
after warm roll-bonding. Although it is expected
that little interdiffusion of Ti and Mg occurs at the
interface, we consider that moderate atomic-level
bonding of Ti and Mg takes place. Since it is also
possible that the fabricated TCM sheets do not
possess a sufficient bond strength, the roll-bonding
process must be optimized in terms of the roughness of the ground surfaces, heating temperature in
the furnace, reduction rate in warm rolling, and
diffusion annealing temperature.
The thickness ratio of the Ti and Mg alloy layers
was set to a ratio of 1 to 3 in the 2-layer TCM sheet
in terms of the density, strength and formability.
Under this condition, the 2-layer TCM sheet has a
density of approximately 2.45 g/cm3, which is
lower than that of Al (2.7 g/cm3), and consequently,

Fig. 1

Schematic illustration of the roll-bonding
process for fabricating the titanium-clad
magnesium alloy (TCM) sheet from commercially pure Ti and AZ-series Mg alloy.

3 CHARACTERISTICS OF TCM
SHEET
The Mg alloy layer in the fabricated 2-layer TCM
sheet accounts for 75% of the thickness, and so a
monolithic Mg alloy sheet of the same thickness as
the TCM sheet was used as a reference material to
compare their mechanical properties and their press
formability, i.e. the sheet metal formability, such as
the drawability, bendability and punch stretchability. In this chapter, a comparison of a 0.5-mmthick 2-layer TCM sheet (AZ61Mg/Ti) and a 0.5mm-thick monolithic Mg alloy (AZ61Mg) sheet
annealed under the same conditions is presented.
3.1 MECHANICAL PROPERTIES
The mechanical properties of the TCM and monolithic Mg alloy sheets are listed in Table 1. Cladding of Ti resulted in an increase of the Young’s
modulus from 44 t o 63 G Pa. The latter value is
similar to the Young’s modulus of Al and consistent with a value calculated by the law of mixture. The specific Young’s modulus (the Young’s
modulus divided by the density) was nearly the
same as that of the monolithic Mg alloy sheet. In
terms of the yield strength (0.2% proof stress) and
ultimate tensile strength, the properties of the TCM
sheet greatly exceeded those of the monolithic Mg
alloy sheet for temperatures between RT and 573 K.
In particular, there was a significant increase in the
strength at high temperatures due to effective
strengthening by Ti, which had a higher strength.
The Ti in the TCM sheet is considerably workhardened by mechanical grinding and warm rolling,
and it does not soften to a large extent after diffusion annealing at temperatures lower than the recrystallization temperature (≥773 K). Accordingly,
roll-bonded Ti can have a s ignificantly higher
strength than that of an as-annealed Ti sheet before
the roll-bonding process. However, during diffusion annealing, recovery and recrystallization take
place in the Mg alloy, which has a much lower
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recrystallization temperature than Ti, so that the
Mg alloy in the TCM sheet is in a softened state
similar to that before the roll-bonding process. The
high strength of the TCM sheet can therefore be
attributed mainly to strengthening by the workhardened Ti. It is possible that significant deterioration of the ductility occurs due to the workhardening of Ti. However, the elongation to failure
was about 17% at RT for the AZ61Mg/Ti clad
sheet. The unexpected high ductility is thought to
be because the strong bonding force between the Ti
and Mg alloy in the TCM sheet constrained the Ti
from local deformation, i.e. the Mg alloy layer
suppressed necking at a much lower strain (~ 5%)
of a work-hardened monolithic Ti. Additionally,
the fact that the specific yield strength at RT of the
TCM sheet was nearly the same as that of the
monolithic Mg alloy sheet makes the TCM sheet
an attractive light structural material.

strain is imposed on the surface of the Ti, which
has a better low-temperature formability than the
Mg alloy. Crack initiation in the Mg alloy is suppressed in this case, and so the press formability
(drawability, bendability, and punch stretchability)
will be vastly improved in the 2-layer TCM sheet
in comparison with the monolithic Mg alloy sheet.
In addition, one other reason for the good formability is that compressive stress on the inner side is
favourable for the {10 1 2}< 1 011> twinning, which
leads to the extension along <0001> in the Mg
alloy layer with a basal texture of <0001>//ND, as
shown in Fig. 3. Therefore, applying the 2-layer
TCM sheet to products with Ti layer on the convex
side is preferable for utilizing the excellent formability.

Table 1: Mechanical properties of the 2-layer TCM
sheet and the monolithic magnesium alloy sheet.
The Ti and Mg-alloy layers in the TCM sheet have a
thickness ratio of 1 to 3.
Mechanical property
Young’s modulus at RT (GPa)
Specific Young’s modulus
at RT (GPa/(g/cm3))
Yield strength at RT (MPa)
Yield strength at 473 K (MPa)
Yield strength at 573 K (MPa)
Specific yield strength at RT
(MPa/(g/cm3))
Tensile strength at RT (MPa)
Tensile strength at 473 K (MPa)
Tensile strength at 573 K (MPa)

AZ61Mg/Ti
63

AZ61Mg
44

26

25

246
187
99

185
146
50

102

104

331
218
108

295
181
61

3.2 SHEET METAL FORMABILITY
The 2-layer TCM sheet offers excellent formability
worthy of special mention as shown in Table 2.
When a comparison of the drawability is made at
identical test temperatures, it is clear that the TCM
sheet can be drawn at a much higher speed than the
monolithic Mg alloy sheet. This is an important
point for improving productivity. Furthermore,
drawing at the same speed also permits a reduction
in the forming temperature. The bendability at RT
shows that the TCM sheet performs better than the
monolithic Mg alloy sheet irrespective of the forming speed. The Erichsen value of the TCM sheet is
also considerably higher than that of the monolithic
Mg alloy sheet. It should be noted that all the results in Table 2 are from forming tests carried out
conditions with the Ti layer on the outer (convex)
side. We confirmed that the TCM sheet showed a
moderate formability similar to that of the monolithic Mg alloy sheet when the Ti layer was on the
inner side and that the 3-layer TCM sheet had a
drawability which was inferior to that of the 2layer TCM sheet [1]. When the Ti layer is on the
outer side, as shown in Fig. 2, the maximum tensile
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Table 2: Formability of the 2-layer TCM sheet and
the monolithic Mg-alloy sheet. The Ti and Mg-alloy
layers in the TCM sheet have a thickness ratio of 1
to 3. Sheet forming tests were carried out with the
Ti layer on the convex side.
Press formability
AZ61Mg/Ti
Drawability at a drawing ratio of
1.67 in cylindrical cup
Formable maximum speed at
0.83
423 K (mm/s)
Formable maximum speed at
1.67
448 K (mm/s)
Formable maximum speed at
≥ 16.7
473 K (mm/s)
90° V-bendability at RT
Minimum radius/thickness ratio
≤ 0.2
at 0.167 mm/s
Minimum radius/thickness ratio
≤ 1.0
at 8 mm/s
Punch stretchability at RT
Erichsen value (mm)
6.2

AZ61Mg

Failed
0.167
5.0
~ 4.0
~ 6.0
3.1

Fig. 2

Strain states in the Ti and Mg-alloy layers
on the convex side.

Fig. 3

(0001) pole figure by X-ray diffraction in the
AZ61Mg
layer
of
a
0.5-mm-thick
AZ61Mg/Ti clad sheet.
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4 APPROACH TO PRACTICAL USE
As mentioned above, the 2-layer TCM sheet has a
much higher strength than the monolithic Mg alloy
sheet and the poor formability of Mg alloy can be
improved by cladding with Ti. For practical applications of the TCM sheet, we need to consider the
possibility of recycling. Since the melting points of
Ti and Mg alloy are extremely different (> 1000
K), the constituent metals can be separated and
reused by melting only the Mg alloy layer at a
relatively low temperature above the melting point
of Mg. Moreover, we can fully exploit not only the
excellent mechanical properties and formability but
also the excellent corrosion resistance and decorativeness of the Ti layer. We therefore expect that
TCM sheets can be applied to a wide range of
industrial products. For example, cases for portable
electronic equipment such as notebook computers,
mobile telephones and digital cameras, parts for
airplanes and automobiles, component parts of
welfare and medical equipment such as wheelchairs and medical beds, and component parts for
recreational vehicles such as racing cars and bicycles.
The production of wide and long sheet materials is
necessary for the practical use of TCM sheets. The
AZ61Mg/Ti clad sheets of 0.5mm in thickness, 200
mm in width, and 750 mm in length, have been
fabricated and bent at RT to an angle of 90° with a
curvature radius of 1 mm. The bent products were
obtained with relatively high accuracy, as shown in
Fig. 4. In addition, as shown in Fig. 5, an
AZ61Mg/Ti clad sheet coil of 0.5 mm in thickness,
230 mm in width, and 200 m in length was also
fabricated as a trial sample by using a large rolling
mill. These results suggest that the production of
large-sized TCM sheets is feasible at the present
time. As the next step, it will be necessary to perform rectangular cup drawing tests for practical use.

Fig. 5

Appearance of a 0.5-mm-thick AZ61Mg/Ti
clad sheet coil. The Ti layer is on the inner
side of the coil in view of a warp in the clad
sheet.

5 CONCLUDING REMARKS
We applied the cladding technology for producing
metal laminates of Ti/Al [7] and Ti/Ni [8] to the
research and development of TCM sheets. TCM
sheets were successfully fabricated by the rollbonding process under appropriate conditions, and
they were evaluated in terms of the mechanical
properties and the press formability. It has been
demonstrated that the 2-layer TCM sheet is far
superior to a monolithic magnesium alloy sheet
with an identical composition in terms of both the
strength and formability. Since a large-sized TCM
sheet coil could also be successfully fabricated at a
factory level, we expect that the TCM sheet will
find practical applications in various industrial
fields.
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FABRICATION AND PROPERTIES OF AL-B4C-TIB2 HYBRID
COMPOSITES BY QUICK SPONTANEOUS INFILTRATION
PROCESS
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ABSTRACT: Aluminum matrix composites with high volume fraction of B 4 C and/or TiB 2 ceramic
particles were produced by a novel quick spontaneous infiltration process using powder mixtures of Al-TiB 4 C. The innovation of the process is that it combines a simple pressureless infiltration in air with a combustion reaction in molten aluminum by the aid of doping element such as CuO which accelerates the combustion reaction and wave propagation. This realizes quick infiltration of molten aluminum through the
cavity of pellet within a few minutes and accordingly the process is promising for scale-up production of
composites in a simple and economical way. The microstructures of the fabricated composites exhibit quasicontinuous 3D network structures composed of infiltrated aluminum and B 4 C particles surrounded by the
aggregates of the reaction products. In addition, the fabricated composites exhibited high hardness, high
elastic modulus, and low coefficient of thermal expansion. The properties are depended on the type and the
volume fraction of reinforcements.
KEYWORDS: aluminum, composites, B4C, in-situ reaction, infiltration
1 INTRODUCTION
Over the past decades, metal matrix composites
(MMCs) have been of great interest as promising
candidates for high performance applications in
automotive and aerospace industries [1, 2]. In these
materials, depending on the application and property requirement, commonly used ceramic reinforcements include SiC, B 4 C, TiB 2 , TiC and
Al 2 O 3 . Boron carbide is targeted as an advanced
reinforcement due to its low density, high hardness,
high elastic modulus and low coefficient of thermal
expansion. Titanium diboride has attractive properties like exceptional hardness which is retained up
to high temperature. The combination of both reinforcements results in enhanced properties of the
composites.
The infiltration process is one of the most useful
processes with which to fabricate composites with
a high volume fraction of reinforcements [3, 4].
MMCs can be made in this way with good nearnet-shape characteristics. However, due to the poor
wettability of ceramic particles with a liquid metal,
a molten metal can penetrate into the pore channels
only either with the assistance of an external force
such as additional applied pressure (pressure infil-

tration) or spontaneously through the action of
capillary pressure created when the liquid metal
wets the solid ceramic particles (pressureless infiltration process).
In the present investigation, the feasibility of a
novel quick spontaneous infiltration process (QSI)
is presented that enables to produce aluminum
matrix composites containing high volume fraction
of B 4 C and/or TiB 2 with sound microstructure and
improved properties. The core innovation of the
process is that it combines a simple pressureless
infiltration in air with a combustion reaction in
molten aluminum by the aid of dopant which accelerates the combustion reaction and wave propagation. This realizes quick infiltration within a few
minutes and accordingly the process is promising
for scale-up production of composites in a s imple
and economical way.

2 EXPERIMENTAL
Starting reagents used in the experiments are Ti
(99.5%, 50 μm), Al (99.5%, ~30μm), B 4 C (99.5%,
15.98 μm), and CuO (99.95%, ~10μm). The reagent powders were mixed at the composition listed
in Table 1 for an hour and then compacted at room

* Corresponding author: Korea Institute of Materials Science, 797,Changwondaero, Changwon, Korea 642-831
phone : 82-55-280-3335, fax : 82-55-280-3299, email : jmoolee@kims.re.kr
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temperature into a cylindrical shape to make a
pellet (h=28 mm, d=35 mm, 55-60% of the theoretical density. Green pellets such as that shown in
Fig. 1(a) were obtained.

The obtained composites specimens were wire-cut,
and polished for optical and scanning electron
microscopy. The porosity of the composites was
calculated from the measured density of the composites. The hardness was measured by a XTCamD300 microhardness tester, and the elastic modulus
was obtained by resonant ultrasound spectrometer.
The CTE was measured using a DIL402C dilatometer system.

Table 1. Composition of pellet and matrix alloy

Composition of pellet

Matrix
alloy

Al

Ti

B4C

CuO

C1

6

3

4

0.4

pure Al

C2

6

3

4

0.4

A5083

C3

6

3

4

0

pure Al

C4

3

3

1

0.1

pure Al

Pure aluminum and A5083 (Al-4.4Mg-0.7Mn)
ingots with a total weight of 800g were melted in a
graphite crucible using an electric resistance furnace, respectively. The pellets, each weighing 4050g, were submerged in the aluminum melt at
1173-1193 K. The pellets ignited in the melt, followed by spontaneous infiltration towards them.
About four minutes later, the pellets were removed
from the melt and cooled in air, as shown in Fig.
1(b).

3 RESULTS AND DISSUCSSION
3.1 Shape of composites samples
Figure 2 shows the cross-sections of the specimens
after the QSI process. The composites retained
their initial shape of the pellets well and were free
of cracks; the melts were infiltrated completely up
to the top surface of the pellets. It is note that there
is a mild decomposition at the bottom part of C3. It
is inferred that lack of CuO in the powder mixture
resulted in the incomplete reaction and thus crumbling occurred during the process in the bottom
part of the initial pellet.
Among the specimens, C4 shows the highest of
density and the lowest porosity while C3 shows the
lowest of density and highest porosity as listed in
Table 2. The density and porosity of C1 and C2 is
similar and the values lie between C3 and C4.

Fig. 2

Fig. 1

Shape of (a) initial pellet and (b) final composites sample.

Final shape of each composites sample .
(a) C1 (b) C2 (c) C3 (d) C4

3.2 Microstructures
Figures 3 to 5 show the microstructures of C1, C3
and C4, respectively. All of the microstructures of
the composites exhibited quasi-continuous 3D
network structures. As shown in Fig. 3, C1 is composed of infiltrated aluminum and B 4 C particles
surrounded by a large number of aggregates of the
reaction products throughout the pellets. B 4 C particles are surrounded by the Al 3 BC layer and subsequent a TiB 2 layer as shown in Fig. 3(b) more
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clearly. In our previous study [5], it is suggested
that in C-1, the volume fractions of B 4 C, TiB 2 ,
Al 3 BC and Al 3 Ti were estimated to be 16.3%,
10.4%, 16.4%, and 8.6%, respectively.
C2, which is infiltrated in A5083, shows similar
microstructures with C1. The difference between
C1 and C2 is that there are some yellow phases
which are identified as MgB 2 .

Fig. 3

Fig. 4

Microstructure of C3 sample. (a) optical
micrograph (b) SEM image

Fig. 5

Microstructure of C4 sample. (a) optical
micrograph (b) SEM image

Microstructure of C1 sample. (a) optical
micrograph (b) SEM image

Fig. 4 shows the microstructure of C3 which contains no CuO in the starting reactants. It mainly
composed of the remaining B 4 C and the products
Al 3 Ti. Observing the microstructure with a higher
magnification (Fig. 4 b), it can be found that
around B 4 C there is a thin layer of TiB 2 . Ignoring
the small amount of TiB 2 , it can be calculated that
the volume fraction of B 4 C and Al 3 Ti are 27.52 %
and 35.23 %.
Figs. 5 show the microstructure of C4, which is
composed of infiltrated aluminum and a l arge
number of TiC and TiB 2 throughout the pellets.
The reaction products TiC and TiB 2 were found to
disperse uniformly in the microstructures. In this
sample, the mole ratio of Ti/B 4 C in the starting
reactants is 3, and TiC and TiB 2 are formed according to Equation (1),
3Ti+B 4 C = 2TiB 2 +TiC (1)
The volume fraction of TiB 2 and TiC in C-4 is
calculated to be 25.06% and 9.89%, respectively.
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3.3 Properties
The properties of the composites samples are
summarized in Table 2. In addition, the properties
of the matrix and reinforcing phases are summarized in Table 3. The hardness of the four specimens varies: highest for C1 and C2 and lowest for
C3. The low hardness of C3 may result from the
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lower hardness of Al 3 Ti comparing to B 4 C, TiB 2 ,
TiC and Al 3 BC. A probable explanation of the
higher hardness of C1 and C2 than C4 is that the
total volume fraction of reinforcing particles in C1
and C2 are higher and also the existence of the
remaining B 4 C in C1 and C2 is contributive.

4 CONCLUSIONS

Table 2. Properties of the composites samples.

(1) Aluminum matrix composites with high volume
fraction of reinforcing particles were fabricated
successfully by the quick spontaneous infiltration
method. The microstructural analysis revealed that
the composites exhibited a rather uniform distribution of reinforcements and no evidences of pores or
separated interface in the matrix.
(2) The type and volume fraction of reinforcements
formed in the matrix by the combustion reaction
differed with the initial powder mixture composition and the addition of CuO, and the above microstructural features affected the properties of the
composites.
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ABSTRACT: Due to the overall necessity to economical management it is clear that ceramic fibres are
costly compared to steel on the first sight. But new high priced CMC constructions with the addition of inner
steel pipes can reach economically viability. Since steel pipes applied in the extremely high temperature
creep range need to be jointed and bended, these hybrid structures need welds and show thickness differences in bents. The following considerations came out of a research project funded by the German federal
ministry for education and research (BMBF). Proposed have been metallic liner pipes with reduced weight
and a layered ceramic matrix composite jacket. Therefore numerical and experimental results are presented
for laboratory and real size specimen. A tremendous effect can be reached by these compound pipes as soon
as ceramic fibres will be available in great numbers. As there are more resources effective solutions possible
with more flexibility due to lower mass and lower heat capacity constructive considerations are presented.
KEYWORDS: Hybrid structures, steam temperature, pressure pipes, ceramic fibre, steel, ceramic matrix
composite

1 INTRODUCTION
Hybrid compound pipes, as schematically shown in
Fig. 1, should be applicable in the temperature
range where steel does show relevant creep strain.

Fig. 2

Fig. 1

Schematic structure of hybrid
ceramic-metallic composite pipes

Applications in focus are within the pressure
equipment of high temperature power plants. Additionally remarked is, that also SOFC solid oxygen
fuel cells work in this temperature range. Pipes in
power plants are mostly made of temperature resistant steels, Fig. 2. Whilst the use of steel limits
steam temperature and steam pressure due to creep
damage that shrinks the flexibility for power fluctuations.

Creep rupture strength of several steels for
high temperature applications

The idea to find improvements for these applications is to apply less steel for inner core liners with
a thickness that can stand the internal pressure and
temperature for enough time in case of shut downs
but with an outer ceramic-fibre reinforced composite material jacket that keeps creep damage near to
zero for long time.

2 EXPERIMENTAL
2.1 Laboratory specimen
For experimental investigations a n ew specimen
had to be designed. The dimensions of the hollow
cylindrical liners for the test specimens as shown in
Fig. 3, have been made of ferrite steel
7CrMoVTiB10-10 [1], and have an inner diameter
of 26 mm and a wall thickness of 2 mm. For the

* Corresponding author: Pfaffenwaldring 32, 70569 Stuttgart, phone 0049 711 685 67667, fax 0049 711 685 62761,
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jackets composed of ceramic matrix composite an
unidirectional fibre winding along the circumferential direction as well as woven roving reinforcement with preferred fibre orientation was used,
with thicknesses between 2 m m and 3 mm. There
are two unique CMC material systems with different Al 2 O 3 /polysiloxane composites which have
been developed and manufactured especially for
this hybrid structure application. The laboratory
hollow cylindrical specimen Fig. 3 with and without ceramic jackets are tested at Materialprüfungsanstalt Universität Stuttgart with internal
pressure of 35 MPa (350 bar) at 600°C.

Fig. 4

Creep test damaged specimen tested
under 35 MPa internal pressure and 600°C
temperature

Fig. 5

Measured electrical resistance signal of
liner 5

a … Reference liner
No 4, 9

b … Liner with unidirectional winding from SKT
No 1, 2, 5, 7, 8, 10

c … Liner with unidirectional winding from ISC
No 3, 6, 11

d … Liner with woven roving from SKT
No 13, 14

e … Liner with woven roving from ISC
No 12, 15, 16

Fig. 3

Five laboratory specimens prepared for
short time creep tests

The fibre windings are produced by Schunk
Kohlenstofftechnik GmbH (SKT) and from Fraunhofer Institute for Silicate Research in Germany
(ISC). An example for a d amaged specimen is
shown in Fig. 4.
Due to the creep behavior of the liner steel more
and more pressure has to be carried from the liner
material with time. The strength of the jacket material and the thickness of the windings are choosen
to get damage in a r easonalble time. Fig. 4 also
shows the ends of the two resistance wires that are
implemented in the jacket winding. The signals of
such resistance wires can be logged and an example of such a measurement is shown in Fig. 5 for
liner 5.

Fig. 5 shows the electrical resistance signal of the
NiCr 80/20 wires. During the measurement the
temperature was held constant at 600°C. The damage of the resistance wire occured after 29 h ours,
while the damage of the liner was after 43 hours.
So the signal of accelerated increasing electrical
resistance which is a measure for the elongation of
the resistance wire and with that for the creep behaviour of the hybrid structure was detected before
rupture.

Fig. 6
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Fig 6 shows results that the jackets work as predicted with highly increased time to rupture compared to the reference specimen without jacket [2].
In Fig 6 the “type of CMC jacket reinforcement,
the CMC jacket thickness and the producer is indicatet within the sample name. “REF” means reference specimen without jacket; “UD”: means unidirectional winding and “WR” means woven roving
reinforcement.
2.2 MEASUREMET OF CREEP STRAIN
Because the lifetime of partly handmade jackets is
at least not predictable in advance, it is a necessity
either to perform a proof test or to get a detectable
signal from the hybrid structure. Therefore resistance wires, as in Fig. 7, with different length
inside the jacket have been tested.

Fig. 7

Compound specimen with included NiCr
80/20 resistance wire

For the experimental investigations wires from
80 % nickel and 20 % chromium with a diameter
of 0.3 mm has been used. Compared to other possible materials this NiCr 80/20 shows corrosion
and oxidation resistance at high temperature and
has well known electrical resistance at ambient and
at 600°C, DIN 17470. Platinum wires are available
with very small diameters but have been impracticable for the on site use since these wires very
easily fractured brittle.
2.3 FEASIBILITY STUDY
To meet the feasibility for real applications from
Schunk Kohlenstoff GmbH in Germany (SKT)
[3,4] and from Fraunhofer Institute for Silicate
Research in Germany (ISC) [5] CMC systems have
been developed with different Al 2 O 3 /polysiloxane
composites [6] that could be applied on site on a
real steam pipe of a conventional power plant
GKM [7] during a service break.
The schematic diagram of the temperature curve
that was applied for the ceramic transformation
(ceramisation) process is shown in Fig. 8.
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Fig. 8

Temperature curve for the transformation
of resin to ceramic matrix composite material

As the steel pipe of the field test was on site the
thermal treatment of the ceramic jacket was possible only from the outer side as the inner liner pipe
could be held on a constant temperature of 530°C
near to the jacket area. The usual steam temperature of this pipe is 530°C that should not go beyond, because of residual stresses will release either. The residual stresses of the steel pipe result
from creep strains at 530°C and the cooling to
ambient, [8, 9]. As the ceramisation needs higher
temperature to react in short time the outer surface
could be heated to more than 700°C due to the low
thermal conductivity of the fibre matrix system.
During the heat treatment the fibres can arrange a
near stress free state that is “as freezed” after cooling from this heat treatment. That means that the
outer surface cools down from a temperature higher than the temperature of the contact surface
which keeps partly its plasticity of the resin state,
[10, 11].
Fig. 9 and 10 show jacket windings after heat
treatment.

Fig. 9

Real size jacket (ISC) in real conditions of
the performed field test
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Due to the temperature conductivity of ferrite steel
the temperature gradient over the wall thickness is
negligible small. For a s pecimen heated in a furnace this situation is comparable.

Fig. 10 Real size jacket (SKT) in real conditions of
the performed field test

The protecting outer surface can be seen, the high
strength jacket winding and the resistance wires are
inside. After isolation of the pipe including these
two jackets the power plant is again in service. And
the data from the resistance wires are logged with a
data logger from Agilent [12]. The thickness of
these jackets is nearly one third of the wall thickness of the steel pipe.
The temperature gradient leads itself to residual
stresses after cooling which are in opposite direction to the stresses from internal pressure.

Fig. 12 Temperature curve calculated with finite
differences (liner and jacket)

Fig 12 shows the results additionally to Fig 11 but
additionally with ceramic jacket (RC).

3 ANALYTICAL SIMULATION
To introduce and to explain the basic stress situations that occur in service the following analytical
calculations have been done with microsoft excel
using finite difference methods to describe the
common functions for stress calculations. These
calculations give results for first estimations that
are meaningful even for the control of further numerical calculations with finite elements. Calculated have been temperature gradients, for example
for the laboratory specimen size, a pipe with an
inner diameter of 26 mm, a wall thickness of 2 mm
and a ceramic jacket thickness of 2 mm with an
additionally fictive isolation to get a s urface temperature of max 60°C on the outer surface. Fig. 11
shows the temperature curve for an inner source
temperature of 530°C for the radius range of the
steel liner.

Fig. 11 Temperature curve calculated with finite
differences (liner)

Fig. 13 Temperature curve calculated with finite
differences (liner, jacket, isolation)

The choosen thickness of the isolation was 60 mm
and the heat transfer coefficient was 5 W/(m2/K).
More questions occur for the particular stress
situations for liner and jacket, [13, 14, 15, 16, 17].
Exact results that describe individual CMC jackets
with multifilament fibres can not be expected, but
the balance of forces is mandatory and leads to
average values. For the follwing figures 14 t o18
S_t means stress in tangential direction, S_r means
stress in radial direction and S_a means stress in
axial diraction.

Fig. 14 Stress curves calculated linear elastic
(liner 30 MPa, jacket inner surface 0 MPa)
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Fig. 14 gives the stress curves if only the liner
carries all the load that results from inner pressure
for tangential, radial and axial stresses. It has to be
kept in mind, that a circumferential stress of 200
MPa is quite a lot for a creep load at 600°C.

stress situations will last just for short time due to
creep.

Fig. 18 Stress curves calculated for a contact
pressure of 15 MPa
Fig. 15 Stress curves calculated linear elastic (liner
30 MPa, jacket inner surface 30 MPa)

Fig 15 shows the calculated stress curves for a
situation where the jacket has to bear the inner
load.

Fig. 16 Stress curves calculated linear elastic (liner
30 MPa, jacket inner surface 12 MPa)

Fig 16 shows curves for an internal pressure of the
jacket of 12 MPa. Compatibility conditions must
lead to stress curves that show that the load is
carried in parts from the liner and the jacket. A
stress situation as shown in Fig. 16 can be
calculated for the different elastic behaviour for
liner and jacket with different coefficients of
thermal expansion.

Fig. 17 Stress curves calculated linear elastic
(liner 30 MPa, jacket inner surface 8 MPa)
thickness ratio 0,5 for jacket to liner

Fig 18 shows a stress situation when the load is
carried with a contact pressure of 15 MPa.

4 NUMERICAL SIMULATION
The feasibility of the proposed hybrid ceramicmetallic structure has been prepared and accompanied by a n umber of finite element calculations
with FE-code Abaqus [18].
Numerical calculations are necessary to get results
for every possible state of stress for all simulated
heat treatments and jacket designs. Mainly three
loading cases were considered: thermal stress
caused by temperature change, internal pressure
and time-dependent creep phenomenon of steel. In
the laboratory tests, all the unjacketed and jacketed
cylindrical specimens were tested under identical
conditions with internal pressure of 35 M Pa at
constant temperature of 600°C. The interface between liner and jacket and the interfacial properties
could be simulated by defining a “Contact” between the two pipe surfaces as well as nearby zero
friction. The formation and growth of the oxide
layer on the steel surface were neglected for the
simulations.
According to analytical pipe formula, the Mises
stress and the hoop stress in the case of an unjacketed metallic pipe with 3 mm thickness are 188
MPa and 183 MPa respectively. For a pure metallic
pipe with 6 mm pipe thickness the same internal
pressure generates the maximal Mises stress with
119 MPa and the maximum of hoop stress with
102 MPa. However, the stress situations in the case
of a jacketed metallic pipe cannot be easily gained
by these analytical calculations but more accurately
by finite element calculations [19]. The needed
data for the formulation of the creep law were
gained by means of standard creep tests.

5 DISCUSSION

Compared to Fig. 16 the calculation for a j acket
with half thickness, here 1 mm, shown in Fig. 17
leads to a contact pressure of 8 MPa. At least these
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To interpret Fig. 16 to Fig 18 it is clear that a jacket
takes a p art of the load which depends on the
thicknesses ratio. The maximum stress for the liner
is lowered with the consequence of lowered creep

Euro Hybrid Materials and Structures 2014
April 10 – 11

PFH – Private University of Applied Sciences,
Stade, Germany

strains compared to Fig. 14. To get reasonable
results, the thickness of the jacket should be about
the same as the thickness of the jacket. Limiting is
the strength of the CMC jacket that does not reach
the strength of the fibres [14, 15, 16, 17].
The calculated contact strains at the outer surface
of the liner and the inner surface of the jacket are
statically overdetermined for a s ingle contact
pressure. The stress curves will not be continuous
as in Fig. 16 an Fig. 17. Axial stress in the jacket
occures due to contraction and friction. Differences
of the thermal expansion should not lead to a gap
between liner and jacket. And additional oxides
from corrosion should not burst the jacket.
Therefore the material data and the construction of
the jacket has to be considered. For real jackets in
reasonable dimensions the ceramisation of the
matrix resin is not completed near the contact area
and behaves compatible.
Due to the creep behaviour mainly of the liner the
interface contact pressure grows with time to a
geometrically compatible state. In the example
shown here for the specimen geometry this
pressure grows from 12 MPa to 20 MPa.
With this concept the high strength of ceramic
fibres in CMC structure with small thermal extension and high elastic modulus can be combined. In
order to achieve higher thermal efficiency the operating parameters should be further increased.
Ceramic matrix composite (CMC) materials can
exhibit unique high temperature strength and excellent creep resistance even at temperatures of up to
1200°C, its use as jacket material is expected to
repress the creep mechanism of the metallic liner
by taking over the mechanical load induced by the
internal pressure.
In addition there is a restraint of the creep strain of
the liner as the composite jacket is still in an elastic
state, which causes stress redistribution from liner
to jacket.

the time to rupture of jacketed specimens was effectively increased by several times in comparison
to the reference metallic cylinders (REF1 and
REF2).

6 CONCLUSIONS
To keep in mind is that these hybrid composite
materials have lower weight and lower heat capacity compared to steel.
Residual stress is present after ceramisation, and
will change with creep in service. The number of
shut downs itself is not simple to count as the
strength of a big composit structures are not simply
to calculate. To minimize the risk of failure it is
meanwhile common to introduce recurring proof
tests for structures using fibre reinforcement, e.g.
gas in cylinders.
Experimental results [2, 4, 5] show, that the
strength of CMC specimen is lower than that of
bigger parts with hybrid structure. Regularly recurring tests fulfill the task to put critical jackets out
of service before failing [20, 21, 22]. These tests
can be performed by recurring hydraulic pressure
tests.

7 OUTLOOK
Next step in the development can be seen in the
application for pipe bents in power plants where an
economic application can be reached first, e.g. with
reduced thickness of an austenite steel pipe bent.
Automation technologies known from the fibre
handling for glass fibres are to apply to get products to market.
The proof test conditions for recurring tests are to
develop.
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USE OF THE REFILL FRICTION STIR SPOT WELDING (RFSSW)
PROCESS AS A TECHNOLOGY FOR BONDING OF ALUMINUM
AND FIBRE REINFORCED PLASTICS
Tobias Montag1*, Jens-Peter Wulfsberg1
1

Helmut-Schmidt-University, University of Federal Armed Forces Hamburg,
Institute of Production Engineering

ABSTRACT: This paper shows the feasibility of the Refill Friction Stir Spot Welding (RFSSW) Process

for joining AA6082-T6 aluminum alloy and the short glass fibre reinforced polymer material PA6-GF30.
Special attention is paid to the influence of temperature conditions, plunge depth and a modified method of
the RFSSW-process on mechanical characteristics and the effect on the occurring nub. The study is supported by using the methods of Design of Experiment (DoE) for planning and analysing the tests. The result is a
good feasibility of the RFSSW-process for joining both materials with excellent values for lap shear strength
(> 3,000 N) and shear stress (46.35N/mm2) over a large parameter range with a mean standard deviation of
5.6 %. The main influencing factor is the temperature condition as a result of an interaction between the
setting parameters rotational speed and welding time. For this case two effects of adhesive bonding are identified. The influence of the setting parameter plunge depth and the modified RFSSW process is less or not
existing.

KEYWORDS: Refill Friction Stir Spot Welding (RFSSW), Friction Stir Point Welding (FSpW), glass
fibre reinforced thermoplastic, Aluminum 6081 T6, polyamide PA6-GF30, Design of Experiments

1 INTRODUCTION
The increasing diversity of materials in one product, for example in the automotive industry, requires adequate joining methods for multi-material
bonds. Especially for metal-polymer structures the
research activities for joining technologies are still
rising [1].
The Refill Friction Stir Spot Welding process is a
solid state joining method that was invented by the
GKSS research centre in the year of 1999 [14]. It is
well suited for overlap welds of similar or dissimilar lightweight materials like aluminum [2] and
magnesium [3,4] having good mechanical and
technological properties comparable to the base
material. In case of thermoplastic polymers there
are also good mechanical properties that exceed the
results for conventional joining methods like ultrasonic welding, thermal bonding or microwave
welding [5].
For metal-polymer hybrid structures the state of the
art joining methods, clinching and riveting, are
mechanical fastening methods [6]. The disadvantages of those processes are the higher effort of
time and costs that are caused by using auxiliary
material and additional processes like drilling
holes. Amancio-Filho et al showed the general
ability of the RFSSW-process to reduce those dis-

advantages when applying it to manufacture metalpolymer structures. It is also shown that the deformed metallic volume of the sleeve is forming a
nub inserted into the polymeric partner. The used
materials were magnesium AZ31b and fibrereinforced poly propylene sulfide with 40 vol.%
short glass fibres. In this case the nub height was
very low. [4]
Studies showing the influence of the main setting
parameters and the height of the occurring nub on
the mechanical characteristics are missing. Therefore, this paper presents the general feasibility and
the influence of the main setting parameters on
joining AA6082-T6 aluminum alloy and short
glass fibre reinforced polyamide PA 6 – GF30 by
using the RFSSW-process. In addition a modified
RFSSW-process is developed to increase the effect
of the nub.

2 THE RFSSW-PROCESS
The tool set for the RFSSW process consists of a
clamping ring, a sleeve and a pin (see figure 1).
Sleeve and pin are operated by separate actuators
and can be moved up and down independently. The
main spindle rotates the sleeve and pin with the
same rotational speed and orientation. The process
steps consist of the timed plunging and retracting

* Corresponding author: Holstenhofweg 85, 22043 Hamburg, Germany, Tel.: +49 40 65412871, Fax: +49 40 6541 2839,
email: tobias.montag@hsu-hh.de
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of the rotating sleeve and pin. The main process
parameters are: rotational speed, plunging depth
and welding time.

RFSSW process is not modified and the way of
retraction is unchanged. In case of the pin plunge
the value 0% implies zero retraction and a maximum modified process. In case of the sleeve
plunge the percentage for a modified process is
higher than 100%.

2.1 COMMON RFSSW PROCESS
The common RFSSW process is used for metal or
hybrid metal structures. Hereby, the pin as well as
the sleeve can be used as the plunging element.
Therefore, the process can be divided into two
cycles: the pin plunge and sleeve plunge [2]. The
process steps are displayed in figure 1 for the example of sleeve plunge.
The tool set is put on the material with a defined
clamping force (step 1). After this, the pin and the
sleeve are accelerated to their nominal rotational
speed. Then the sleeve plunges into the material
and plasticises it (step 2, plunging phase). At the
same time the pin is retracted and provides space
for the deformed material. The retraction of the pin
spin is depending on the stroke of the sleeve ssleeve
(see formula (1)), as the volumes of sleeve plunging and pin retracting are equal. The ratio of diameter of the pin dpin and the outer diameter of the
sleeve Dsleeve is called stroke factor.
2

s pin  ssleeve *

Dsleeve  d pin
d pin

2

3.1 PROCEDURE OF JOINING
The welding points are manufactured by a state of
the art RFSSW-welding head and the corresponding tool set. The diameters of the tool parts are
displayed in table 1. The resulting common stroke
factor ssleeve / spin is 1.023. The samples are welded
without surface treatment and are fastened by
clamping claws.
Table 1: Diameters of tool set

tool part
clamping
ring
sleeve
pin

2

2

(1)

After reaching the plunge depth the sleeve is retracted and the pin presses the material back into
the welding point. At the end sleeve and pin are
back to zero level and the tool set is lifted (step 3,
retracting phase). [7]
1

3 BASIC CONDITIONS AND
METHODOLOGY

outer
diameter

inner
diameter

16.0 mm

9.0 mm

9.0 mm
6.4 mm

6.4 mm
---

3.2 PROCEDURE OF TESTING
The samples are prepared and tested considering
DIN 6892 (figure 2). The used testing equipment
for lap shear strength is a ZWICK testing machine
operating with a distance controlled velocity of
2 mm/min. The number of welded samples per
parameter variation is 3.
100 mm

3

30 mm

pin
sleeve

metal
sheets
counter
bracket

30 mm

clamping
ring
welding
point

Ø 9,00 mm

Fig. 2
Fig. 1

Steps of the common RFSSW-Process

2.2 MODIFIED RFSSW PROCESS
The aim of the modified RFSSW process is to
increase the height of the resulting nub that occurs
in case of metal polymer hybrid structures. Hereby,
the stroke factor is modified without changing the
diameters of the tool. The consequence is a reduced
way of the retracting tool part. This increases the
pressure on the plasticized material which is
pushed into the polymer matrix and is also plasticized due to the frictional heat.
An additional parameter is used to characterize the
modification level. This is called percentage of
common stroke factor. For the value of 100% the

material: PA6 GF30
thickness: 10 mm

material: AA6082-T6
thickness: 2 mm

100 mm

Size of the welded samples

3.3 MATERIALS
The AA6082-T6 aluminum alloy is a common
material for high-strength parts that are used e.g. in
the automotive or aviation industry. It offers good
weldability, cold formability and corrosion resistance [8]. The thickness of the used sheets is
2 mm. The polyamide PA6-GF30 is a 30 vol.%
short glass fibre reinforced thermoplastic material.
Because of its good mechanical characteristics in
combination with a low density and low costs it is
used for high performance light weight structures
[9]. The thickness of the used plates is 10 mm.
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3.4 EXPERIMENTAL METHODS
The following experiments are conducted to identify the influence of the setting parameters of the
RFSSW process for joining aluminum 6082-T6
and Polyamide 6 GF30:

Table 2: Parameter variations for feasibility studies




feasibility studies
DoE-based tests

The objective of the feasibility studies is to show
the general possibility of using the RFSSW process
for this application. Depending on the manufacture
results of this test, the decision whether the pin or
sleeve plunge cycle is considered in the following
tests is made. The ranges of the four considered
setting parameters with good joining results can be
identified and are considered for the test plan that
bases on the statistical method Design of Experiments (DoE).
The objective of the DoE-based tests is characterizing the influence of the single parameters and interactions in relation to the command variables lap
shear strength as a criteria for bonding quality, nub
form and nub height. The benefit of this method
lies in a reduced number of necessary tests.
3.5 VARIED SETTING PARAMETERS
Except the stroke factor that is constant for the full
cycle the setting parameters can be set independently for plunging and retracting step. The
rotational speed (n) of the main spindle is given in
rotations per minute and is equal for the plunging
and retracting phase. The time for plunging and
retracting is the second varied parameter. This is
split in t1 for plunging phase and t2 for retracting
phase and is given in seconds. The plunge depth (s)
indicates the stroke of the plunging element in the
plunging phase in millimeters. The way of the
retracting element is calculated automatically with
the given stroke factor. As mentioned in chapter 2.2 the percentage of the stroke factor (PSF) is
also a variable setting parameter.

No.
1s
2s
3s
1p
2p
3p
4p
5p
6p

n
t1 [s] t2 [s]
s
PSF
[1/min]
[mm] [%]
Parameters for the sleeve plunge cycle
3,000
1.20 1.20
1.5
154
3,000
1.50 1.50
0.5
154
2,500
1.20 0.50
1.0
100
Parameters for the pin plunge cycle
3,000
1.20 1.20
1.5
62
3,000
0.90 0.50
1.5
62
2,000
1.35 0.50
1.0
29
3,000
0.90 0.50
1.5
62
2,000
1.20 0.50
1.8
62
3,000
1.50 0.50
1.0
100

4.1.1 DIFFERENCE OF PIN AND SLEEVE
PLUNGE CYCLE
Samples 1s, 2s and 3s are welded using the sleeve
plunge cycle with different plunge depths. In case
of sample 1s and 3s, with a plunge depth of
1.5 mm and 1.0 mm, a flat slice of aluminum adhered at the pin after pulling the tool set from the
samples (figure 3B and C). The polymer material
impurifies the aluminum bonding by being melted
and pressed into the space between sleeve and pin
(figure 3A). This results in the separation of the
aluminum base material and the slice material at
the inner of the welding point. The adhesion forces
of the slice and the pin are strong enough to adhere
when the tool set is pulled off the work piece.
Considering this, the sleeve plunge cycle is only
able to weld with small plunge depths. According
to the high values of plunge depth which are needed to investigate the influence of the nub height,
the pin plunge cycle is used for further tests.
impurified region
at the border of
base material and
flat slice

A

B

C

4 RESULTS
4.1 FEASIBILITY STUDIES
According to earlier feasibility studies with different materials and the experiences in welding aluminum, the parameters shown in table 2 were used
in the feasibility studies for the mentioned material
combination. In this sub-chapter the results are
displayed and the parameter ranges are defined.
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Fig. 3

Impurified region at the bonding area (A);
top side (B) and down side (C) of the flat
slice that is pulled out of the welding point

4.1.2 GENERAL BONDING RESULTS
The tests show a general feasibility of joining both
materials for all pin plunge parameter configurations except 3p. Figure 4 shows the bonding areas
of both materials at the example of sample 2p.
There is a distinctive nub with a height of 1.1 mm
and a small area of adhesive bonding occurs. The
flat film of polymer layer material contains less
glass fibres and is pushed away by the compressive
force of the clamping ring (figure 4B).

layer of polymer matrix

nub

B

A

area of adhesive bonding

Fig. 4

Bonding areas of aluminum lower side (A)
and polymer upper side (B) for sample 2p

4.1.3 TEMPERATURE CONDITIONS
Sample 2s is welded with a high rotational speed,
long time of plunging and retracting as well as a
small plunge depth. The area of melted material is
large and there is no nub occurrence (figure 5).
Therefore, the interaction of rotational speed and
welding time has significant influence on the process temperature. In case of high values (high rotational speed and long welding times) the bonding
results are bad, because a high volume of melted
thermoplastic material is pressed out of the joining
area. As a result the retracting time t2 was set to
0.5 s in all following tests independent from the
plunging time t1. This leads to a defined retracting
phase with a minimum influence on temperature
and increasing comparability between the varied
setting parameters.

PFH – Private University of Applied Sciences,
Stade, Germany
(otherwise it would be sleeve plunge) and the minimum percentage of the stroke factor is 40 % (otherwise the tools may be damaged according to high
translational forces).
Relating to sample 3p with no adhesive bonding
the time for welding must be higher to have higher
temperatures at a rotational speed of 2000 1/min. In
addition there is also a maximum of melted polymer material in case of using high rotational speeds
and long welding times. The result is the limitation
of the parameter variation performance map with
respect to the interaction between both parameters
shown in figure 6.
The plunge depth is restricted in a range between
0.5 mm to get a distinctive nub and 1.8 mm. Otherwise the pin may be polluted by the polymer
matrix.
2.00

WT [s]
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B

melted polymer material

Fig. 5

Bonding areas of aluminum lower side (A)
and polymer upper side (B) for sample 2s

4.1.4 PARAMETER RANGES
The parameter variations 4p, 5p and 6p are used to
verify the results of the first samples and to identify
the parameter ranges shown in table 3.
Table 3: Parameter ranges for DoE-based tests

parameter
n [1/min]
t1 [s]
s [mm]
PSF [%]

lowest value
2000
0.80
0.50
40

highest value
3300
2.00
1.80
100

The ranges of the four setting parameters of the
RFSSW-process are limited by the equipment. The
maximum rotational speed is 3300 1/min, the maximum percentage of the stroke factor is 100 %

32
17

1.20

43

0.80
2000

Fig. 6

no occurence of nub

A

1.60

higher
temperature
range

44

39

41
8

2300

RS [1/min]

3000

lower
temperature
range
3300

Combined parameter range of rotational
speed and welding time with parameter
variations, some example test point numbers given for later explanation

4.2 DOE-BASED TESTS
Relating to the parameter ranges shown in 4.1.4, a
test plan of 44 different parameter variations was
set using the space filling experimental design of
the DoE-method. Figure 6 shows the test points for
the example of the 2D parameter range of rotational speed and welding time as well as some selected
test point numbers for later explanation. After
welding and testing a model for the lap shear
strength in correlation to the four setting parameters is proposed.
4.2.1 INFLUENCE OF TEMPERATURE ON
LAP SHEAR STRENGTH
By analysing the results of the DoE-based tests and
the built model the assumed interaction between
rotational speed and welding time as an influence
of temperature is confirmed. For the purpose of
better comparability a characteristic factor fT of
rotational speed and welding time is introduced as
shown in formula 2.

fT  n *t1

(2)

The interaction plot in figure 7 shows the lap shear
strengths (LSS) over the parameter range of the
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factor fT. Here the lowest LSS can be found for
high rotational speed and long welding time (high
fT-value). High lap shear strength greater than
3,000 N can be achieved for medium and low values of the factor fT.
The results of 32 parameter variations were taken
to build the model. The others were identified as
outliers because of the high deviation of the single
tests or several failures in clamping the samples
before welding. The plot shows an extract of 25
parameter variations including their deviation to
the respective trend line. The real mean square
error (RMSE) is about 770 N. The normed RMSE
is about 20.8 % with respect to the maximum value
of 3706 N achieved for parameter variation number 8. The reason for such a high deviation can be
the reduced repeatability of clamping forces for
both materials. Further tests with an enhanced
clamping jig will show the influence of those forces on the lap shear strength.

ting parameters large deviations of the area size are
observed. The missing surface treatment like cleaning or different clamping forces may be an explanation.

LSS [N]

4000

2000

0
0.8

Fig. 7

2000 1/min
2250 1/min
2500 1/min
2750 1/min
3000 1/min



B

Sample 16.5; 690N; 2400 1/min;
0.8s; 1.1mm; 40 %

Fig. 8

Sample 37.2; 380N; 3000 1/min;
2.0s; 1.1mm; 40%

Examples for none or little adhesive bonding areas caused by effect 1

Effect 2:
The second effect relates to processes at the inner
polymer material. The viscosity of the polymer
material decreases and the glass fibres are losing
bond to the upper protective layer of matrix material in case of the highest values for fT (figure 9A).
In case of lower temperatures the bonding is kept
and good mechanical characteristics are possible
(figure 9B-D).
A

WT [s]

B

2.0

Model of lap shear strength (LSS) in relation to the influence of interaction between
rotational speed and welding time

4.2.2 TWO EFFECTS OF ADHESIVE
BONDING
The results of analysing the bonding layer of the
aluminium plate are showing a high significance of
the adhesive bonding mechanism that is controlled
by temperature conditions on the mechanical characteristics. Two different effects are observed:


A

effect 1 - bonding of the polymer protective layer at the aluminum surface
effect 2 - bonding of the inner polymer
matrix at the polymer protective layer

Sample 7.4; 500 N; 3000 1/min;
1.8 s; 0.8 mm; 65 %,
A = 0 mm^2, fT = 5,400

C

D

Sample 43.1; 3440 N; 2200 1/min;
1.07 s; 0.6 mm; 70 %
A = 77.10 mm^2, fT = 2,354

Fig. 9

Effect 1:
The protective layer consists of pure polymer matrix without glass fibres and is very thin
(<0.1 mm). By melting it acts as an adhesive between the polymer and the aluminum material.
This effect occurs for nearly all samples but the
size of this area differs (figure 8). Samples welded
with low temperature factors fT are having smaller
areas of adhesive bonding (figure 8A, fT = 1,920)
and samples welded with high factors are showing
large ones (figure 8B, fT = 6,000). Comparing
figure 8A and 9B for two samples with same set-
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Sample 16.3; 1940 N; 2400 1/min;
0.8 s; 1.1 mm; 40 %
A = 43.35 mm^2, fT = 1,920

Sample 44.1; 4450 N; 2700 1/min;
1.2 s; 1.4 mm; 55 %
A = 130.87 mm^2, fT = 3,240

Comparing the size of different areas of
adhesive bonding caused by effect 2

Figure 10 shows the relation between the mean size
of the area caused by effect 2 and the lap shear
strength for 16 different parameter variations having a minimum area size of 40 mm2. High area
sizes occur for a wide range from low and medium
fT values (1920 to 4480). It can be concluded that
large areas caused by the second effect are highly
significant for high lap shear strength.
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Fig. 10 Relation of area size and lap shear
strength caused by effect 2, some relating
parameter variation numbers are given–

4.2.3 INFLUENCE OF NUB HEIGHT AND
FORM ON LAP SHEAR STRENGTH
Comparing the results of similar fT values, small
differences of the lap shear strength depending on
the plunge depth are observed. Twice as high values are causing 15 % higher lap shear strength.
Because the RMSE is higher a significant influence
is not attested. Nevertheless there are four different
forms of the nub which mainly depend on the
plunge depth. Figure 11 shows all occurring forms,
their corresponding parameter ranges and the median values of the used plunge depths. Looking at
the seven parameter variations above 3,000 N in
figure 10 the accumulation of nub form 1 (3 of 7)
and form 3 (3 of 7) is detected.
not refilled area
0.1 mm

0.7 mm

Form 1; median PD: 0.60 mm;
range: 0.5 mm – 1.1 mm

Form 2; median PD: 1.10 mm;
range: 0.5 mm – 1.8 mm

0.8 mm

1.3 mm

4.2.4 INFLUENCE OF THE MODIFIED
RFSSW-PROCESS
The assumed influence of the modified RFSSWprocess is not confirmed by the DoE-based tests.
The lap shear strength, nub depth, the nub form and
the depth of the not refilled area are not significantly improved. A reason for this can be found in the
large wear of the used sleeve and clamping ring.
Plasticized aluminum is pushed into the gap between both tool parts and is not available as nub
material. But nevertheless the amount of the missing material is very low. Therefore, no or small
influence on the command variables can be assumed.
4.2.5 DEFINING BEST PARAMETER
VARIATION
Table 4 shows the seven best parameter variations
with lap shear strengths nearby or above 3,000 N
and a distinctive bonding area size.
Table 4: Abstract of results for lap shear strength

No.
8
17
32
39
41
43
44

n
[1/min]
3,100
2,100
2,600
3,300
2,900
2,200
2,700

t1 [s]
0.80
1.33
1.50
1.20
1.10
1.07
1.20

s
[mm]
0.6
1.1
1.5
1.0
1.0
0.6
1.4

PSF
[%]
40
75
70
40
65
70
60

LSS
[N]
3,706
3,529
3,394
3,492
2,992
3,676
3,560

For a direct comparison of the results the lap shear
strength is converted into shear stress by dividing it
by the respective area of bonding that relates to
effect 2 (figure 12). The varying shear stress is
independent from the respective area size and corresponds with the bonding quality at the joining
zone of the inner polymer material.

Form 3; median PD: 1.30 mm;
range: 1.0 mm – 1.8 mm

Form 4; median PD: 1.80 mm;
range: 1.2 mm – 1.8 mm

Fig. 11 Occurring forms of the nub

For the nub forms 2, 3 and 4 a distinctive and not
refilled area is detected. The median depth of this
area is about 0.7 mm and 0.8 mm for nub forms 2
and 3. The not refilled area of nub form 4 has got a
special form and is 1.3 mm deep. The lowest
depths of this area (about 0.1 mm) are achieved
with low plunge depths (see figure 11 nub form 1).
Therefore low plunge depths can be chosen to
reduce the depth of the not refilled area to increase
the surface quality of the welding point.

Shear Stress [N/mm^2]

50
40
30
20
10
0

8

17

32
39
41
43
Parameter variation number

44

Fig. 12 Comparison of shear stress values for best
lap shear strengths
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The best shear stress of 46.35 N/mm2 is achieved
for parameter variation number 43. Due to the
second highest lap shear strength and the low
standard deviation of 5.6 % this parameter variation shows the best results.

al speed / welding time performance map shown in
figures 6 and 7 to reduce the welding time. Better
results may be located in the area not tested.
Constant clamping forces for both materials are
important and may reduce the real mean square
error as an indicator for model quality. As a result
an enhanced clamping jig is developed to clarify
the influence of different clamping forces.

4.3 COMPARISON OF RFSSW AND
COMPETING TECHNIQUES
Compared to other techniques of joining aluminum
alloys and fibre reinforced polyamide (see figure 13), the shear stress of the RFSSW-process is
44 % higher than the values for e.g. ultrasonic
welding of AA5754 aluminum alloy and carbon
fibre reinforced polyamide PA66-CF.
As a surface treatment increased the mechanical
characteristics for ultrasonic welding it may also be
applied for the RFSSW process.
AA6082-T6 / PA6-GF30
AA5754 / PA66-CF
AA5754 / PA66-CF
AA5754 / PA66-CF
AA5754 / PA6

60

Shear Stress [N/mm^2]

50
40
30
20
10
0

RFSSW
(AR)

UW
(AR)

UW
(ST)

IW
(ST)

FSSW
(ST)

Fig. 13 Comparison of different techniques (UW:
Ultrasonic Welding; IW: Induction Welding;
FSSW: Friction Stir Spot Welding, ST: Surface Treatment, AR: Materials joined without surface treatment) [10,11,12,13]

5 CONCLUSIONS
The Refill Friction Stir Spot Welding process is
well suited for joining AA6082-T6 aluminum alloy
and short glass fibre reinforced polyamide PA6GF30 and achieves better mechanical characteristics than competing techniques like ultrasonic
welding. The interaction of the rotational speed and
welding time has high influence on process temperature and is identified as the most significant
parameter for lap shear strength. Good mechanical
characteristics are achieved over a large parameter
range. The effect of the plunge depth is small. By
doubling it, the shear strength is about 15 % higher. The described modified RFSSW process does
not improve mechanical characteristics.
The best parameter variation 43 (n=2,200 1/min;
t=1.07 s; s=0.6 mm) is located at the lower end of
the lower temperature range. So further research
should focus on widening the limits of the rotation-
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ONE SHOT & FAIL SAFE DRILLING OF
CFRP/TITAN/ALUMINIUM STACKS IN IT8 QUALITY
P. Mueller-Hummel*, A. Atarsia
MAPAL, Aalen, Germany

ABSTRACT: Drilling holes into metal is a “Fail Safe” procedure, because the drill (metal drill) and the
malleable capability of the metal compensate the insufficient cutting capability of a worn out drill. Drilling
Composite by using the same drill (metal drill) is not a “Fail Safe” procedure, because composite fibers are
not malleable like metal at all. This fact is the reason why drills for metal are getting very hot by drilling
Composite fibers. Even the diameter of the drilled holes in the carbon fiber parts are getting smaller than the
drill themselves afterwards. The hole in the metal part of the stack remains constant.
This article explains the physical reason and characterizes the special features of a drill to realize a “Fail
Safe Function”, drilling Composite or CFRP/Titanium and –Aluminum stacks. Simplified theoretic models
will show how CFRP/Titanium stacks should be machined “Safe”, inside the cpk tolerance, without scratches and burn marks even when the drill is worn. A new patented Micro Reamer technology provides its user a
guaranty of the hole diameter, in all the layers of the stack, even by drilling more holes then tool live allows. So the tool live end is not a matter of the hole size and there will be no concessions caused by mistakes
in the hole size anymore. The slightly and linear increase of the burr height is like an “In Situ Measure Indicator” of the tool live.
KEYWORDS: Drilling, Composite Titanium Aluminum Stacks, one shot, H8 Quality
1 INTRODUCTION

Fail safe Drilling

Designing an aircraft, the “Fail Safe Design Philosophy” is used for class 1 parts. When a class 1
part fails the Aircraft will not fly properly anymore. Therefore, class 1 part must be analysed on
possible failures. For a “Fail Safe Design Philosophy” all the possible failures will be covered by
special functions of the same or other parts. We do
have a similar situation by machining aircraft parts.
The worth of parts is growing along the manufacturing process chain. In most of the cases drilling is
one of the final operations. I f something goes
wrong on this final operation, the risk of cost for
losing the part is very high. Even when the requested quality of the operation result is not
reached, an expensive concession has to be written
and discussed with the development department.
Even the manual rework, drilling oversize holes,
takes time and includes the risk of further defects.
Selling the part, the customer will reduce the price
based on the number of concessions. I n order to
be safe on concessions, MAPAL has already developed and patented “Fail Safe Strategies” for all
cutting tools in the aerospace. In case of accidentally usage of the tool after his tool life end the part
will not be critical damaged at all.

Drilling of holes into metal is developed for many
years and the tools for drilling holes into metal are
working “Fail Safe” already. If the edge of a drill,
used for metal cutting, gets worn, the system of
margins on the flutes of the drill will forge the
malleable metal to the right size. This plastic deformation release a skin of positive residual stresses and will give the hole a b etter dynamic fatigue
value. That means that the design allowables for
holes, drilled with a worn tool, are better than a
hole drilled with a new tool. This “fail safe function” of a metal drill works fine, because depending to the load of stress, Metal is reacting with an
elastic and even plastic deformation behaviour.
This physical deformation model will compensate
the insufficient cutting capability of a worn out
metal drill.

* Corresponding author: Dr. Peter Mueller-Hummel, Ho BU Aerospace & Composites, MAPAL Dr. Kress KG, Aalen
Phone: +49 (0) 73 61 - 5853381
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scratches in the carbon that comes from retracting
chips. The tool life of the MicroReamer™ is
around 10 times higher than the tool life of the tip.
Due to that, the diameter is always within the cpk
of 1.7 and this gives the tool its “fail safe” capability.

2 EXPERIMENTATION

Fig. 1

Composite has no plastic deformation
capability

1.1 Drilling Composite Material
Instead of that, Composite has a linear elastic type
of stress–strain behaviour only. Using the same
“metal drilling tool” for drilling holes into Composite, the process is not “Fail Safe” anymore.
If the edges of a metal drill gets worn cutting
Composite, the system of margins on the flute
starts to forge the composite fibres onto the right
size. Plastic deformation of composite fibres will
not work, while composite don’t have a plastic type
of stress–strain behaviour at all. Instead of that the
fibres will get benched and pressed into the hole
surface. After a while the fibres will spring back
and lowering the hole size. It looks like the holes in
composite are changing their hole size by some
microns, while the hole in the metal part of the
stack remains constant. The benching and pressing
of carbon fibres generates also a lot of heat. Due to
that, the drill gets hot and the resign pyrolized.
In order to get rid of that MAPAL has developed
and patented a special tool design that takes care of
cutting the fibres even when the tool has reached
the end of its life. Depending on the type of fibres,
the tool life is between 800-1200 holes. Using
these tools, there will be no spring back of fibres
and lowering of diameter after the drilling. Temperature on the tool will remain constantly low
always. With is “fail safe function” there will be no
concession of wrong hole size, even if someone
trailed to drill more holes then usually accidentally. The end of the tool life is occurred be the
numbers of overhanging fibres.
1.2 Drilling of CFRP/Titan/Aluminium stacks
Drilling composite/metal stacks, the holes in carbon fibre is nearly the same like the diameter of the
drill. The hole in the Titanium and the aluminium
is larger due to thermal expansion reasons. In order
to compensate the difference in the diameter and to
eliminate scratches MAPAL has developed and
patented a Mi croReamer™ step on the drill. This
MicroReamer ™ enlarge the smaller diameter of
the composite hole to the size of the larger metal
hole diameter. This also removes all the possible

2.1 Drilling of PPS/Titanium/CFRP stackComposite Material
The drilling of CFRP or metal alone requires completely different tool geometry designs. Compromises de-rived from these designs as average or
intermediate values are insufficient when it c omes
to the drilling of composite materials such as
CFRP/titanium of CFRP/aluminium. It is better to
concentrate on the critical quality standards which
differ from the type of process required. In general,
there is no problem when the drill enters into
CFRP or metal, however, when the drill exits, fibre
overlaps can be generated when machining CFRP
or burrs can be formed with respect to metal. The
ideal geometry is capable to avoid the formation of
burrs and delamination.
Besides the formation of burr, drilling
CFRP/Titanium, the tool geometry has to make
sure that the chip, which exits the bore hole, does
not touch the sensitive CFRP surface at all. Figure
2 shows the design of the drill and the formation of
a chip, that leads us to the best results therefore.
The necessary volume of the flute is quite larger
than the size of the chip and that prevents the
scratches from chips in the composite.
This verification of the theoretical findings with
respect to the drilling of CFRP/titanium shows, that
even the formation of burr is a function of additional heat due to the friction between the chips and
the bore hole. Beside the design of the drill, optimized cutting condition for best chip formation
leads with less additional heat and less scratches in
the composite to a higher quality of the hole (Figure 3).

Fig. 2
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Since drilling usually goes first through the CFRP
and then through Titanium, the optimization of the
geome-try can be focussed on chip and burr formation behaviour [4]. Using flood coolant the best
results were obtained with straight grooved tools
(Figure 1). For dry or even MQL applications with
low speeds and high feeds, like we use on the semi
automatic units, spiral grooved design leads to a
better performance in chip building and removal
capability. For optimized tool life and process
performance, the cutting conditions should be
adapted to the requirements of the different work
piece materials. Tests to reduce the chip size by
using the peck, dwell or hick up strategy have been
quite successful. One other possibility to extend
tool life and to improve efficiency is to use PCD or
CVD diamond coatings. Using an optimized tool
geometry the maximum cutting speed of 30m/min
should not be exceeded [5] in this case since otherwise the diamond will react with the titanium and
becomes TiC [6].
For drilling into Composite/Metal stacks, there are
specific requirements shown in figure 3.

accumulation at the cutting edge leads to the softening of the material. During the further drilling
process the soft metal is formed to a burr and is
being chased by the cutting edge.

3 Results
In the following test we have drilled a PPS 3mm /
TiAl6V4 3mm / IMS M21E stack with 3/16” drill
without MQL. For holes smaller than ¼” MQL is
not mandatory anymore. We have used a special
drill with a patent-ed MicroReamer™ capability
integrated on the tool. As mentioned already, the
life of this MicroReamer™ is roundabout 10 times
higher than the tool life at the tip of the tool. The
following chart shows the constancy of the diameter and the roughness even at the end of the tool
life due to the MicroReamer™. In this case the end
of the tool life is defined after 100 holes.

Fig. 5

Fig. 3

Process safe tools considering all requirements.

Fig. 4

Temperature distribution drilling metal [1]

Measurement 1st layer: 100 holes, end of
tool life, no issue in diameter and surface
roughness

The reason for the tool life is defined by the burr
value in the metal part. Figure 6 shows the continuous increasing of the burr caused by the wear of
the drill tip. This is like an in situ measuring capability of the tool war. By measuring the burr value
we can estimate the remaining drilling capability.
The diameter of the hole in the metal part of the
stack is even quite constant. The same like the
surface roughness.

Fig. 6

Drilling into metal, not the forces at the tip but the
temperatures at the edge of the drill cause the formation of burrs (Figure 4). The maximum temperatures arise on the drill tip [2]. After the breakthrough of the drill the maximum temperature
moves to the edge of the drill. The temperature
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Measurement 2nd layer: 100 holes, end of
tool life, no issue in diameter and surface
roughness. The rising burr indicates the
end of tool life.
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The last layer of composite shows the same characteristic. There is no impact onto the diameter of the
tool even at the end of the tool life. If there is no
fault in the size of the hole anymore, we are safe on
concessions. This fail safe capability will benefit
with lot of savings because concessions are quite
expensive and lowering the price of the manufactured part.

A tool geometry optimized in such a way enables
the drilling of CFRP/titanium at a feed rate of up to
0.15 mm/rev (0.006”/rev) at an axial force of 700
N (Figure 8). Large riveting machine tools are
showing the maximum stability and damping capability. Along the fuselage there are wide areas
where machine tools has no access at all. Here we
can use gigs or tools to mount the semi automatic
machines at the right position to the Aircraft joint.
The whole machine is fixed quite stiff in a concentric collet bush or a twist lock connec-tion. Those
semi automatic machines are equipped with tailor
made bushes in order to guide the drill. This guidance helps to prevent vibration on the tool and even
deep holes, using tools with very long overall
length, are feasible in very high quality. Even PCD
and other very brittle cutting piece material can be
used to reach IT8 quality in one shot. Even in using
the vibratory technology for drilling Composite
/Titanium results into very high cpk values better
than 1.7.

Fig. 7

Measurement 3rd layer: 100 holes, end of
tool life, no issue in diameter and surface
roughness

The cpk of 1.7 was calculated for this application.
The cpk values normally are higher for the dry
drilling as by using the MQL due to the jamming
of wet carbon dust. Sometimes tools are breaking
because of the metal chips cannot pass though the
closed flutes.
Drills designed according to this principle, do not
show any problems with, delamination and fibre
overlaps and effect a very low burr anyway [3].
The latest design will even work under completely
dry applications.
Fig. 9

Tools for the aerospace industry, especially for machining CFRP.

The procedure of using process models described
in this paper helps to develop tailor made solutions
fast and with a minimum of testing. Furthermore
the number of questions being asked in qualification phase or even during the FAI (first article
inspection) keeps low. Also trouble shouting in
serial production is easier when related people
understand the link between effects of defect in
machining composites. The range of MAPAL tools
being available word wide and capable for different
machine tool applications enables MAPAL to offer
solutions in all relevant areas of the aerospace
machining applications. Especially for the machining of CFRP and related stacks like CFRP/titanium
and CFRP/aluminium, all tools for drilling, chamfering, trimming and face milling can be used.

4 CONCLUSIONS
Fig. 8

Optimized tool geometry reduces the axial
force

The new generation of cutting tools are capable for
a “Fail Safe Drilling” of CFRP/Titanium/ Aluminum especially under dry conditions. The tools are
working with a very low axial thrust and temperature condi-tionsThe tools are equipped with a Mi-
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croReamer ™, witch finalize to hole size and removes all scratches in the composite. The life of
the MicroReamer™ is around 10 times higher than
the life of the tool tip. Due to that, the diameter is
always within the cpk of 1.7 and this gives the tool
its “fail safe” capability. This leads us to a very
good hole quality within the IT8 tolerance even
when the worker forgot to change the tool in time.
The tools are running now for 3 years on a power
feed, r obot and riveter application in the aircraft
assembly very successfully. No concessions due to
failure in the hole size has to be done. No complicate hand held drilling of oversize holes had been
necessary since the use of this “Fail Safe Technology”.
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ABSTRACT: Metal/plastic hybrid structures are an efficient solution for making the best use of materials at every point in a product. This article shows the state of the art and current developments for the manufacture of metal/plastic composites in the fields of production and research.
There are three production technologies: insert technology, outsert technology and metal/plastic hybrid technology. In all technologies the metal parts are produced separately from the plastic parts. The injection
moulding process is only used for forming the plastic parts and for joining. The process chains involved are
very long.
Based on the state of the art in the research a concept for a new process combination, which will be developed at the Fraunhofer IWU in cooperation with the Technische Universität Chemnitz, will be presented.
The aim is to combine deep drawing, injection moulding and media-based forming in one die. This process
will produce one part for each press stroke, thus increasing production efficiency and achieving very small
tolerances for parts.
KEYWORDS: deep drawing, injection moulding, media-based forming, hydroforming, hybrid, in situ,
merge, plastic

1 INTRODUCTION
The world is currently characterized by decreasing
natural resources and by global warming resulting
from increasing CO 2 emissions. Greenhouse gas
emissions are heavily influenced by the transport
industry, which has shown persistently high growth
rates worldwide. The use of lightweight structures
could reduce consumption of resources in the
transport industry in particular.
Metal/plastic hybrid structures are an efficient
solution for making the best use of materials at
every point in a product.

2 Production technologies for hybrid
parts
The current state of the art offers three technologies for the manufacture of metal/plastic composite
structures: insert technology, outsert technology
and metal/plastic hybrid technology (Figure 1).
Fig. 1

Hybrid technologies in plastic processes [1]
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Insert technology involves the integration of metal
functional components into a main plastic part
during the injection moulding process.
Metal/plastic hybrid technology can be used to
stiffen a large metal part by means of plastic ribs.
Plastic functional components can also be integrated.
Outsert technology is the opposite of insert technology. Plastic functional components are moulded
onto a main metal part.
In all such technologies, the metal or sheet parts
are produced separately from the plastic parts. The
injection moulding process is only used for forming the plastic parts and for joining the components. The next figure (Figure 2) illustrates the
current industrial process chain for the manufacture
of metal/plastic composite structures.
Fig. 3

Polymer injection forming process (PIF) [3]

3 Examples of applications for metal/plastic hybrid components
Metal/plastic hybrid components have taken root in
recent years, particularly in the automotive industry. These mainly consist of a thin-walled steel
sheet structure in combination with suitably formed
plastic areas for reinforcement [6]. The following
will provide a few examples.
Fig. 2

Production technology for hybrid parts [2]

Metals and thermoplastic fibre composites are
formed in a press. If necessary, they are pre-treated
and pre-heated for the next process. Thermosetting
fibre composites are produced in an autoclave. In
the following step the sheet parts are inserted in an
injection moulding machine for starting the injection moulding process. The process chains involved are very long, therefore new approaches
have to be investigated for shortening this process.
The Netherlands-based company Corus (a subsidiary of Tata Steel Europe) has developed a multistage polymer injection forming process (Figure 3).
In step one, a pre-cut and/or pre-formed polymercoated metal blank is fed into the injection moulding die. Next, the press closes and the metal is
formed by the closing die. After this, the polymer
injection process starts. The polymer coating of the
blank is used to create adhesion between the metal
and the polymer. The metal can also be formed
using the pressurised plastic melt. Finally, the press
opens and the finished product is ejected from the
die.
This process is designed for an injection moulding
press without cushion. Thus, a true deep drawing
process is not possible. There is no information
regarding series production with this process.

3.1 Front ends
Today, passenger vehicle front ends are often fabricated as hybrid components in a process whereby
deep drawn aluminium or steel carriers are placed
in the injection moulding die and overmoulded.
Particular advantages of hybrid design include
weight reduction as well as integration of numerous functions in the plastic components. For example, functional components integrated into the front
end of the Audi TT include headlight sockets,
bonnet catch and cooling unit, screw bosses for
securing the bumper mounts, cable guides and an
extended lower beam to provide run-over protection in case of accidents with pedestrians (lower
leg impact).

Fig. 4
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3.2 Pedal bearing block
Daimler AG and LANXESS have jointly developed the world's first pedal bearing block with a
hybrid design.

frame (bumps, creases) can be replaced by an injected plastic rib structure (see Figure 6).
The roof frame produced using hybrid technology
with plastic reinforcement achieves a p er-unit
weight reduction of around 30%, with no change in
unit price, due to the elimination of the upper steel
sheet shell [6].

4 Research developments

Fig. 5

Mercedes C-Class pedal bearing block [5]

Many safety-relevant automotive subassemblies
can be built to be more lightweight and to have
greater stiffness using a combination of glass fibrereinforced polyamide and steel sheet. The plastic
ribs shown in Figure 5 prevent early buckling and
collapse of the galvanised sheet in case of overload. The metal's high modulus of elasticity enables a d elicate design, while the ductile behaviour
of the sheet prevents the component from breaking
or falling apart during a collision. The illustrated
application example resulted in a weight saving
and cost reduction of around 10 per cent each, in
comparison with an all-plastic solution. Implementing the pedal bearing block in a hybrid design
also opens up the possibility of integrating other
functions, such as brackets for the brake light
switch and clutch master cylinder, etc. [5]
3.3 Roof frame
The roof frame (Figure 6) connects the two side
panels of the car body shell and provides support
for the windscreen.

Fig. 6

Roof frame installation location [7]

It consists of two steel sheets that are welded together to form the profile. With hybrid technology,
the sheet steel necessary for reinforcing the roof
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4.1 State of research
In recent years, research into the manufacture of
metal/plastic hybrid components using plastic
melts as an active medium for forming has gone
beyond industrial applications.
The German Research Foundation (DFG) project
GRK1378 looked into the manufacture of positivefit metal/plastic composites using a coupled process of injection moulding and sheet forming (Figure 7). This involved the use of perforated plates as
well as soldered patchwork plates. However, there
was only local sheet forming resulting exclusively
from the melt. There was no relative movement
between the die and the workpiece, and thus the
tribological system was not taken into consideration [9].

Fig. 7

Manufacture of positive-fit composite metal/plastic hybrid components [12]

The same project also studied the FE (finite element) simulation of the process as well as the influence of non-hydrostatic pressure distribution on
the forming process (Figure 8). It was shown that
the quality of the final component shape depends
heavily on the positioning of the injection point
and the resultant pressure distribution on the component.
Researchers at the RWTH Aachen University also
studied the media-based manufacture of hybrid
metal/plastic composite components using plastic
melt as the active medium [11]. Part of the study
examined different adhesion promoters in processes with exclusively local areas of forming. The
other part of the study entailed an examination of
forming limits in global forming. Drawing foil was
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used in these tests, and there was no adhesion between the metal component and the plastic used for
forming.

divided into two steps which are performed in
sequence in the same mould.
The first step is the deep drawing process to generate the preform of the metal part, after which the
injection moulding process takes place. Besides the
injection moulding, the plastic melt is also used as
an active medium for metal forming, to generate an
undercut or other shape elements. Unlike the polymer injection process from Corus (Figure 3), this
involves a real deep drawing process with blank
holder and die cushion. Accordingly, this process
uses a d eep drawing press in combination with an
injection moulding bolt-on unit instead of an injection moulding machine.
The ability to implement undercuts makes it possible to produce a positive fit in addition to the adhesive bond.
The key factor for the implementation of this process is the controllability of the process combination. The individual requirements and process
parameters do not necessarily exist independently
of one another, and so suitable compromises have
to be found. Take the process temperature for example. In order to achieve the best possible consistency in the injection process, the die being used
as a deep drawing die must be heated in its entirety.

Fig. 8

Manufacture of positive-fit composite metal/plastic hybrid components [10]

As yet, there are no known basic studies regarding
the process combination of deep drawing and forming using plastic melt.
4.2 Currently research works in the MergeProject
4.2.1 The MERGE process
Metal/plastic hybrid components have taken root as
a result of steadily increasing requirements in the
area of lightweight automotive construction. At
present, the production of such components is still
very labour and cost intensive. For this reason, the
excellence cluster "MERGE Technologies for
Multifunctional Lightweight Structures" aims to
develop processes that will enable single-step production of hybrid components at lower prices.
The project will first look at sheet steel and later
will include tubular hybrid components.
The basic concept for the manufacture of sheetsteel-based metal/plastic composite components is
a combination of the processes of deep drawing
and injection moulding with simultaneous application of active media-based forming.

4.2.2 Die
The experimental study of the MERGE process
included the development and fabrication of a die
that enables the described combination of deep
drawing operation and injection moulding with
additional internal high-pressure forming.
Mechanical concept
A CAD model of the entire die is shown in Figure
10 and will be discussed in more detail below.

Fig. 10 Concept of the hybrid deep drawing and
injection moulding die
Fig. 9

Concept of the MERGE process

Figure 9 shows the basic concept for the in situ
manufacture of metal/plastic composite structures
based on working media forming. The process is

Punch
The external geometry of the punch is such that the
deep drawing process produces a cup with a bevelled edge. The upper part of the punch is divided
into four segments for the production of the rib
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structure during the injection process. Each segment can be heated and cooled, with both variothermic processes using the same channel. The
channel of each segment is interconnected with that
of one other segment. The resulting two channels
run in opposite directions so as to enable an even
thermal regulation of the punch. The thermal channels are designed to be close to the surface to enable rapid thermal regulation, while the distance
between the channel loops enables the integration
of other elements such as heating cartridges for
additional heating, or even sensors. In this case a
suitable pressure sensor is installed along with
integrated temperature sensors in one of the segments in order to measure plastic pressure near the
working point. Thermocouples are also used for
metrological recording of the punch temperature.
The complexity of the thermal channels prevents
them from being produced by conventional methods. Thus, the bottom of the punch is produced
first by means of a milling process. This is then
used as the basis for additive build-up of the remaining geometry via laser sintering. The material
used for this is maraging steel 1.2709, because it
has proven to be suitable for sheet metal forming
dies produced by additive manufacturing [8].

that the formed and injected sheet metal remains in
the die plate and cannot be easily removed. The die
plate is segmented for this reason. A separate kinematic process using a r otatable ring allows the
individual segments to be moved outward in order
to release the component for removal.

Fig. 12 Segmented die plate

Like the punch, the die plate can also be thermally
regulated with fluid by means of corresponding
channels. Because of the previously described
segmentation, each segment must have its own
separate connection. For reasons of economy, these
channels are not to be produced by additive manufacture but by conventional means. Each segment
consists of a base element, which has the channels
milled into it, and a cover plate, which is bolted
from the base element side and sealed by means of
corresponding rings.
Blank holder
The blank holder, like the die plate and the punch,
can be thermally regulated and is thus constructed
of two individual segments that are bolted together.
The channel for heating and cooling is produced by
a conventional milling process and has a meandering form that promotes uniform thermal regulation.

Fig. 11 Punch with integrated thermal channels

Cavity
The rough geometry of the die plate corresponds to
the negative of the punch. In addition, the surface
of the die plate is provided with a recess around the
perimeter that is stamped into the sheet metal as a
sub-form by means of the internal plastic pressure,
thus generating an undercut. This undercut ensures
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Die design/simulation
Die loading during the drawing process and the
thermal regulation of the die were studied, independently of one another, in simulations, due to the
complexity of the process. The goal of the simulations was to support the development process of
the die.

regulation is crucial to ensuring the setting of the
plastic when using the process in serial production.
The model for this accounts for one insulating
board above the top die and one below the bottom
die, both of which act as a thermal break from the
forming system.

Deep drawing simulation
The deep drawing process was simulated by constructing a suitable model in ANSA and simulating
it in ABAQUS. Elastic deformations were assumed
for the die, as opposed to elastic-plastic material
behaviour for the sheet metal. The result is shown
in Figures 14 and 15. It should be noted that local
plastic deformations could occur at the corner
regions of the punch. However, this cannot be
established with certainty in advance, because the
simulation uses an explicit solver in which the
dissipation of stress fluctuates significantly in the
contact regions in particular. In general, it c an be
assumed that the relevant regions of the punch will
experience the strongest mechanical and tribological loads.

Fig. 14 Equivalent stresses during the deep drawing process (x-y view)

Fig. 16 Static temperature distribution in the die

The die is heated exclusively via the thermal channels. Their inner wall temperature was assumed to
be a co nstant 85 °C. A boundary temperature of
20 °C was assumed above and below the die. The
result is shown in Figure 16. The even heating of
the die can be clearly seen, especially in the region
of contact with the sheet metal.
Die manufacture
The die was still being manufactured at the time of
going to press. The heating channel and additively
manufactured punch are not yet ready. The following picture shows the back view of the die.

Fig. 15 Equivalent stresses at the punch during the
deep drawing process

Simulation of the thermal regulation of the die
The heating and cooling behaviour of the die needs
to be taken into consideration alongside the structural simulation. Rapid and consistent thermal

Fig. 17 Combined deep drawing and injection
moulding die
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Figure 18 shows the upper die with the divided die
plate.

In serial production, metal sheets are usually cut by
shearing. Thus, the project included successful pretests for shearing the hybrid laminates. It is possible, in spite of the curvature, to cut the laminates
with the same tools used for cutting normal metal
sheets. Due to the small number of tests, it is not
possible to make any conclusions regarding tool
wear. The following picture shows a polished cut
image of the cut laminates. The laminate should be
placed in the tool with the plastic side facing the
cutting punch in order to keep burr formation to a
minimum in the cut-out part.

Fig. 18 Four-way sectioned die plate for producing
an undercut test component

4.2.3 Cutting of hybrid laminates
This combined deep drawing and injection moulding process is not meant to be used solely for aluminium and steel sheet forming. Another approach
to producing hybrid components uses hybrid laminates made from aluminium and fibre-reinforced
plastics. These laminates are being developed as
part of the MERGE sub-project IRD A1 "Largescale manufacture of high-strength, high-stiffness
hybrid material composites". One example is an
aluminium sheet coated on one side with fibrereinforced plastic laminates. These hybrid laminates are currently being produced as rectangular
plates with an edge length of 170 mm. The production of components via deep drawing, however,
requires round plates with a diameter of 150 mm.
Cutting is complicated by the fact that the laminates exhibit a pronounced curvature as a result of
the one-sided coating (Figure 19).

Fig. 19 Curvature of the hybrid laminates used
(approx. 10 mm deflection)
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Fig. 20 Top: glass fibre with 6082; bottom: carbon
fibre with 6082 (punch from top, die from
bottom)

5 CONCLUSIONS
Metal/plastic hybrid structures are an efficient
solution for making the best use of materials at
every point in a product. In the current state of the
art, metal/plastic hybrid components are produced
in a co mparatively long process chain. The metal
components are first produced separately, e.g. by
deep drawing. These components are then placed
in the injection moulding die. The metal/plastic
hybrid component is produced when the plastic is
injected during the injection moulding process. In
recent years, researchers have been studying initial
approaches to forming with plastic melts. This
involves forming, but mostly with plastic alone. No
one has yet succeeded in combining the wellestablished sheet forming process of deep drawing
with injection moulding technology.
Within the context of the MERGE project, researchers have developed a process strategy and
the necessary die technology to combine the processes of deep drawing, plastic melt forming and
injection moulding. The process will take place on
a deep drawing press with an injection moulding
bolt-on unit. The die is mostly complete; the next
steps in the project are to start up the die at the
Fraunhofer IWU and to verify the process chain
design under real test conditions.
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ABSTRACT:

Steel foil carbon fibre reinforced polymer composite (CFK) laminates, (St-CFK) were studied for improvement of the bearing properties. The bearing load was found to double with 25 % ply substitution in the StCFK composite and optical analysis shows extensive plastic deformation in the joint, hence producing a
structural joining method that may fail in a safe and predictable manner. Moreover, extremely thin carbon
fibre plies are known to offer an improved onset of damage and less accumulation of damage prior to the
ultimate failure. The hybridisation of composite materials with steel foils proved to be a convenient solution
to significantly increase the structural load transfer in bolted joints, without the drawback of a higher laminate thickness. In this work, the effects of ply thickness in St-CFK hybrid composite joints are studied in
order to better understand the progression of damage. Both CFK and Hybrid laminates of ply thicknesses 0.3
or 0.03 mm were manufactured and tested using tension, open hole tension and bearing strength. The different ply thicknesses show significantly different damage progression and maximum loads. A finite element
model was also generated in Abaqus 6.10-1. A user subroutine is used to degrade the damaged material
properties of the 3D solid model, according to the Hashin failure criterion. Cohesive contacts are used to
model the delamination between plies, as well as the in-plane inter-fibre failure provided efficient and relatively realistic recreation of the joint behaviour that was observed experimentally.

KEYWORDS: Thin ply composites, steel foil hybrid, B stage curing, failure modelling, bearing strength
1 INTRODUCTION
The increasing use of composites in aviation and
automotive industries has led to increasingly automated production methods such as pultrusion or
resin transfer moulding (RTM) for cost reduction
in the production of carbon fibre reinforced polymer (CFK) structures. Textile preform technologies
are favourable with relatively simple geometries
and constant wall thickness.
This work contributes to the EU FP7 Cost effective
reinforcement of fastener areas in composites
(CERFAC) programme, where the approach has
been applied to the connection of the floor beam
(C-beam) to the omega frame of the fuselage,
shown in Fig 1.
In this connection, several rivets will be replaced
with a single bolt (concentrated load introduction
with a moment free joint). The area of the bolt will
be reinforced by a load introducing patch or ply

substitution while the rest of the part will have a
nominal thickness that is optimised for bending
and tensile stress transfer. The use of a B stage
processing method, whereby the cure may be interrupted at an intermediate B-stage, steel foil reinforcements may be integrated into the part prior to

Fig. 1

Shows a c-beam to omega frame connection in a fuselage (circled), including reinforcement patches (green).

* K. Masania, Institute of Polymer Engineering, University of Applied Sciences and Arts Northwestern Switzerland,
Klosterzelgstrasse 2, 5210 Windisch, Switzerland, +41 56 202 73 72, kunal.masania@fhnw.ch
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a free standing co-cure process. Sihn et al. [1] were
able to show that by adopting thinner plies, that
damage initiation and progression could be significantly supressed. Previous studies by Fink and coworkers have demonstrated the potential of such
ply substitution technologies [2-4] where steel was
also shown to outperform Titanium as an interlayer
due to its superior strength and stiffness. This study
therefore, aims to understand the effect of ply size
in hybrid steel, CFK laminated materials.
The effects and optimisation of the B stage process
have been reported previously in [5], and this paper
focuses on the effect of ply sizes in the hybrid
composite as oppose to the B stage, co-curing
processing method.

tions. A “VKX-200”, Keyence, Germany, 3D laser
scanning microscope was used to obtain the optical
cross sectional images.
The experimental tests were performed using a
Walter and Bai, Switzerland, universal testing
machine equipped with a 1 00 kN load cell. The
tensile strain in the samples was obtained using an
extensometer, type “MFA-12”, Walter and Bai,
Switzerland at gauge lengths of 24 mm (open hole
tensile or tensile) or 50 mm (double lap bearing
tests).

2 MATERIALS
Prepreg, Toray M40JB, CFK ThinPreg TM 80EP736/CF, North Thin Ply Technology SARL was
studied in this work. Two different ply areal
weight; 30 g/m2 (Thin) and 300 g/m2 (Thick), quasi-isotropic composites were prepared using a hot
press and curing at 80 °C and 6 Bar of pressure. In
the hybrid laminated CFK plates, steel foils were
used to substitute the 90 ° layers in the composite,
shown in Table 1.
Table 1: Material designation and lay up that was
studied.
Designation

Lay-up

Ply
thickness
[mm]

Density
[kg/dm3]

Thin_CFK
Thick_CFK
Thin_Hybrid
Thick_Hybrid

[90°,45°,0°,45°]10 s
[90°,45°,0°,-45°] s
[St,45°,0°,-45°]10 s
[St,45°,0°,-45°] s

0.03
0.3
0.03
0.3

1.6
1.6
3.18
3.18

Steel foils, made of austenitic stainless steel 1.4310
were supplied by DLR. The thickness of the steel
foils was equivalent to the 90 ° ply in the substituted laminate (0.03mm or 0.3mm). To improve the
adhesion between the steel foils and the CFK laminate, the Boeing sol-gel surface treatment was
adopted. The surface was first subjected to mechanical treatment (sand blasting) followed by solgel processing. In order to avoid further oxidation,
the surface was coated with an epoxy primer after
the surface treatment process.

3 EXPERIMENTAL

3.1 Tensile and open hole tensile tests
The notch sensitivity of the composites was assessed using ASTM D5766M-95, open hole tension test (H6 6 mm hole) and ISO 527-00 to obtain
the tensile properties of the composite laminate
(see Fig. 2). Samples were loaded using a constant
displacement rate of 1 mm/min and the load, machine displacement and extensometer displacement
were recorded.
3.2 Double lap bearing tests
Double lap bearing shear tests were conducted in
accordance to ASTM D5961M-08 (see Fig. 2), and
employing 8 mm bearing fasteners (f9/H6 fit, 12.9
steel) for all tests due to the superior bearing
strength of the hybrid laminates. Samples were
loaded using a constant displacement rate of 1
mm/min and the load, machine displacement and
extensometer displacement were recorded.

Fig. 2

Shows left, open hole tensile-, and right
double lap shear- tests.

4 RESULTS
Samples of each composite material were taken,
and the fibre volume fraction and void content
measured using ImageJ, with sample images
shown in Fig. 3, where the single steel foils may be
readily identified in the hybrid CFK composites. A
fibre volume fraction of about 57 % was obtained
for the composites, with void contents in the range
1.2 to 2.4 %.

Optical microscopy samples of the CFK and hybrid
composites were prepared by polishing epoxy
resin-embedded samples with a “ TegraPol-21”,
Struers GmbH, Switzerland, using progressively
finer grades of emery paper at intervals of 240,
800, 1200, 2400 grit. Polishing was performed with
3 μm, 1 μm and 0.25 μm diamond polishing solu-
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Polished optical sections of the composite
materials (left to right): Thick_CFK;
Thin_CFK, Thick_Hybrid, Thin_Hybrid.

4.1 Tensile and open hole tensile tests
The thin ply CFK composites were found to possess much higher tensile strengths, upwards of 30
% when compared to conventional composites. The
notch sensitivity was calculated as the ratio of unnotched tensile strength to open hole tensile
strength, and provides some indicate of damage
tolerance from stress concentration (in this case, a
drilled hole). Noticeably higher notch sensitivity,
however, was observed for the Thin_CFK laminates, with about a factor 2.26 difference in the unnotched and notched tensile strength of the composite, see Table 2, as noted by [1].

Hybridisation of the CFK has a f ar greater contribution improvement of open hole strength in the
Thin_Hybrid although again, the Thick_Hybrid
was found to have a higher open hole tensile
strength. Significant decreases (35 and 41 %) were
found in the specific strength for the hybrid materials, and supports justification for the use of processing such as B-stage curing to locally reinforce
structures only in regions of load introduction.
Noticeably different failures could be observed
with the thin ply and thick ply composites, see
Fig. 4. In the thin-ply samples, a n ear horizontal
crack formed through the specimen with little delamination present. The specimens with conventional laminate thickness, however, delaminated
prior to failure at a large area around the hole, and
often failed within the 45° layers. It may be noted
that the significantly larger amount of delamination
may also contribute to the relatively lower notch
sensitivity of the Thick_CFK as fibre plies align to
the load direction during the delamination process.
This was observed in the CFK, as well as for the
hybrid laminates. Typically failure of the composite material was noticed to occur before failure in
the steel foils was measured.

Table 2: Shows notch sensitivity of thin and thick
ply CFK composites.

Designation
Thin_CFK
Thick_CFK

Un-notched
tensile
strength
[MPa]
742
568

OHT Strength
[MPa]

Notch
sensitivity

328
453

2.26
1.25

Fig. 4

The notch sensitivity that was observed was found
to supress somewhat, as would be expected, with
the integration of foils, see Table 3, where the
percentage difference in the mean values may be
found. Noting that although the un-notched tensile
strength of the Thin_CFK is superior to the conventional Thick_CFK, 28 % lower values for open
hole tensile strength and specific open hole tensile
strength were measured.
Table 3: Shows open hole strength of thin and thick
ply composites.

Designation

OHT
Strength
[MPa]

%

Thin_CFK
Thick_CFK
Thin_Hybrid
Thick_Hybrid

328
453
535
589

- 28 %
+ 18 %
+ 30 %

Specific
OHT
Strength
[MPa.dm
3
/kg]
205
283
168
185

%
- 28 %
- 41 %
- 35 %
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Comparison of open hole tensile failure
(left to right): Thin CFK, Thin hybrid, ThickCFK and Thick_Hybrid.

4.2 Double lap bearing tests
The double lap bearing strength of the Thin_CFK
was measured to be about 28 % higher than in the
Thick_CFK composite. The suppression of traverse
cracking and delamination that was observed previously has similarly improved the bearing performance of the composite material. Both hybrid
composites were found to possess much higher
bearing strengths, almost double the pure CFK
composite value with virtually no penalty in weight
when the specific strength was compared for these
sets of tests.
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Table 4: Shows the double lap bearing strength of
thin and thick ply composites.

to be much more delamination related, leading to
buckling and compression of the composite material.

Designation
Thin_CFK
Thick_CFK
Thin_Hybrid
Thick_Hybrid

Bearing
strength
[MPa]
720
562
1153
1091

%
+ 28 %
+ 105 %
+ 94 %

Specific
bearing
strength
[MPa.dm3
/kg]
450
351
362
343

%
+28
+3 %
-2 %

Observing the surfaces of the tested CFK laminates, see Fig. 5, very localised damage was observed in the Thin_CFK (seen as 22 mm delamination in the 90° layer) compared to the Thick_CFK,
where large amounts of delamination (the order of
40 mm in the 90° layer), and fibre breakage could
be seen.

Fig. 5

Bearing failure in the CFK laminates: a)
Thin_CFK, b) Thick_CFK.

In the surface of the hybrid laminates, brittle local
failure in the bearing area was observed, shown in
Fig. 6, compared to large deformation and out of
plane buckling in the Thick_Hybrid laminates.

Fig. 6

Fig. 7

Optical cross section of bearing failure in
the CFK laminates showing: a) Thin_CFK,
b) Thick_CFK (red boxes show washer positions).

When examining the hybrid laminates, Fig. 8, each
sample case was found to buckle and fail in compression/shear. Brooming is evident on the compressive side of the hole where the bolt indented
the laminate. From here, shear kink bands can be
seen to reflect up the walls of the washer supported
region and appear in large compress/shear damage
above the washer confined region of the laminate.
Delamination suppression is evident from the lack
of transverse ply breakage, whilst in the case of the
thick ply; much of the composite material between
the steel foils has fallen out of the microscopy
sample during preparation, evidence of extensive
delamination and damage.
With the higher resolution images, one can see that
the adhesion of the foils to the CFK appears to be
relatively good, although it must be noted that no
adhesion measurements have yet been conducted
for the steel-CFK interface.

Bearing failure in the hybrid laminates: a)
Thin_Hybrid, b) Thick_Hybrid.

The tested and damaged samples were embedded
and sectioned where the left of the image indicates
the bolt location (compression side) and the right
of the image shows the damaged portion of the
composite material (Fig. 7 and Fig. 8).
From Fig. 7, much localised delamination was
observed in the composite, with major failure occurring in compression from the formation of kink
bands in the unsupported region above the washer.
The dominant failure mechanism therefore appears
to be a co mpression, shear failure in the laminate.
Within the thick laminate, delamination could be
observed between all layers. Here failure appears

a)

2x

600µm

2x

b)

600µm

Fig. 8
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Optical cross section of bearing failure in
the hybrid laminates showing: a)
Thin_Hybrid, b) Thick_Hybrid.
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5 MODELLING

subroutine, a damage subroutine and cohesive
contact between plies, see Fig. 11.

A model was developed to gain understanding of
the failure process and provide an assessment of
the relative failure effects of the CFK and hybrid
composites. A 3D explicit damage model was
developed with distinct regions within the model
that were formulated individually, see Fig. 9. An
orthotropic material continuum model was used for
a quarter model geometry using C3D8R hexagonal
elements. Next a local area (red) was modelled as a
layer structure with a 3D damage VUSDFLD subroutine using a Hashin 3D failure criterion [6]. The
steel foil was treated as an elastic-plastic material
using the Johnson Cook formulation [7] for 1.4310
austenitic stainless steel and experimental data.
Orthotropic Material, no damage
Layered structure,
3D damage subroutine

- 45°
0°
45°
Dicke = 1.2 mm

90°

Ø = 6 mm

Fig. 11 Geometry formulation (example of open
hole tension sample for the Thick_CFK).

Inter-ply properties were measured using double
cantilever beam tests, and fitting to cohesive zone
property calibration models. Next mode II and III
parameters were formulated using standard relations from [8] and were formulated individually,
see Fig 12. Three individual formulations were
used to describe the four CFK and hybrid laminates
in this study.

Individual strips,
connected by Cohesive Contact
Fiber breakage subroutine

Fig. 9

Schematic of the developed quarter model
with regions of varying complexity.

The reduction of the element stiffness through the
use of field variables can be relatively easy to implement. However, they rarely correspond to a real
physical aspect of the failure process. Considering
the stress-dependent elongation of an element in
Fig. 10, a strain dependant progressive stiffness
decrease was used to mimic failure of an element
with more realistic softening. Therefore at each
time step, the stress was computed and a Hashin
3D failure check was performed. Element stiffness
was adjusted accordingly, and the load incrementation was increased.

Fig. 10 Element strain dependant degradation.

The region close to the bolt was modelled as individual strips with cohesive contact fibre breakage
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a)

b)

c)

Fig. 12 Shows above, cohesive contact and fibre
break definitions, and below, formulation of
the thick, thin and single complex
(Thin_CFK sub laminate).

Stress versus strain for open hole tests compared to
the simulations is shown in Fig. 13. Stiffness of the
simulated geometry and experiments appear to
match relatively well. For the pure CFK geometries, the failure stress is slightly under-predicted in
both the Thin_CFK and the Thick_CFK. This may
be due to lack of experimental data for all parameters in the model. Nevertheless, good description of
the steel foil hybrid laminates could be achieved.
From the simulations of the Thin_Hybrid, one
could see an instantaneous failure (element deletion) of the 0° plies which resulted in failure of the
steel plies. Whilst with the Thick_Hybrid, a steady
delamination occurred, that results in significant
plastic failure after delamination.
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Fig. 13 Plot of open hole tensile stress versus
strain compared to simulations.

Fig. 15 Plot of bearing stress versus strain for
double lap shear tests compared to simulations.

Interestingly, the progression of delamination is
rather well replicated. The Thin_CFK laminate is
found to debond predominantly in the vicinity of
the global crack, where significant fibre breakage
has occurred, see Fig. 14. Moreover, in the
Thick_CFK, an extended area undergoes significant delamination as was also observed experimentally.

Fig. 14 Image shows above, Thick_CFK and below Thin_CFK laminate simulations for delamination and matrix tensile failure.

Simulations for replicating bearing tests were performed on an 8 node cluster and ran for approximately 72 hours using 20 instances.
Results for the double lap bearing tests were extremely representative of the experimental data,
shown in Fig, 15. In general, the constraint to delamination provided by the out of plane pressure of
the washer, resulted in far less delamination. However, damage onset was suppressed for longer in
the Thin_CFK joint.

6 CONCLUSIONS
Novel combinations of thin ply CFK and steel
hybridisation have been evaluated. The lower delamination tendency of the thin ply composites is
reflected both in the open hole tensile results and
double lap bearing tests, where, interestingly, the
suppression of delamination does not necessarily
improve the strength. The very brittle behaviour of
the Thin_CFK results in a reduction in strength of
over 25 % due to lack of delamination and critical
load reached across the 0° plies more or less instantaneously. The hybrid laminates show smaller
differences in the achieved maximum stresses,
although the observed failures modes remain very
different. With both cases, plastic failure of the
joint was maintained due to the relatively high steel
content, producing a joint that may fail safely.
The developed finite element models were able to
re-create the observed experimental behaviours,
whilst maintaining a relatively small simulation
that is manageable.
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ASSESSMENT OF A MANUFACTURING PROCESS OF CO-CURED
HYBRID COMPOSITE/ALUMINIUM STRUCTURES
R. Agogué1*, S. Mercier1, D. Gomes1, P. Beauchêne1, B. Lamboul1
1

ONERA, Châtillon, France

ABSTRACT: A process of co-curing of composite/aluminium structures is presented. Several surface

treatments from chromate conversion to several anodizing processes have been tested to improve the interface properties between the polymer matrix of the composite and the aluminum substrate during the process.
Methods for monitoring and characterizing surface treatments are presented. To assess the interface properties, single lap joint testing has been performed. The ultimate force at breaking has been found to be highly
dependant of the treatment. The highest ultimate failure force has been obtained with treatments based on
phosphoric acid anodizing. The manufacturing of hybrid materials (composite / aluminum) has been performed, showing that it i s possible to co-cure composite/aluminium structures. Non destructive evaluation
has been used to monitor the delamination areas between composite and aluminium.

KEYWORDS: Composite, aluminium 2024, co-curing, interface properties, non destructive inspection
1 INTRODUCTION
Hybrid composite/metal structures already exist for
aerospace applications. Those hybrid structures are
mainly made of composite for their good performance to weight ratio. Metal inserts are generally
used so as to fill the lack of composite performances, such as conductivity and joining.
In such hybrid structures, where metal and composite are closely in contact, the strength of the interface between metal and composite is fundamental
to obtain a good junction. It is well known that
metal pre-treatments like chromate conversion or
anodizing is beneficial to the adherence of polymers on aluminium [1, 2, 3]. These processes are
for example commonly used in painted aluminium
structures or aluminium adhesive bonding in aerospace industry.
It is therefore of great interest to study the influence of such aluminium treatments in increasing
interface properties in hybrid aluminium/composite
structure.
The classical industrial process is to manufacture
the composite and metal components separately,
prepared them before performing the assembly step
to get the final hybrid structure. This process is
time consuming and some operations, such as drilling of the composite material, could drastically
reduce its performances. To overcome this situation, this study focuses on co-cured processes for
the production of hybrid structures.
This paper aims at presenting the first results obtained during an on-going project on co-cured

hybrid composite/metal structures for aerospace
applications.
Several treatments have been applied on a 2024
aluminium and characterised. Al/epoxy/Al single
lap joints (SLJ) samples have been manufactured in
order to simulate an Al/composite matrix interface,
and SLJ shear tests have been carried out in order
to compare the bonding strength obtained with the
different treatments. Finally, two different ways of
co-curing using an aluminium treatment are presented and discussed.

2 EXPERIMENTAL METHODS
The material used in this study is a 2024 Aluminium alloy (in wt.%: 4.4% Cu, 1.50% Mg, 0.6% Mn,
Al bal. )
90*24*1.6 mm coupons were machined in 1.6 mm
2024 foil and used for both aluminium treatments
and single lap shear tests. 80*70*1.6 mm foil was
used for hybrid composite/Al co-curing tests.
Two carbon/epoxy composites materials were
considered in this study: a quasi-isotropic unidirectional laminate (T700GC/M21, Hexcel Composites) and a twill 2/2 laminate (carbon fibre G0986,
Hexcel Composites) / epoxy resin (RTM6, Hexcel
Composites).
An epoxy based film adhesive FM300-2 (Cytec)
was used for the single lap joint samples.

* Corresponding author: 29 av. de la Division Leclerc, 92322 Châtillon, France, romain.agogue@onera.fr
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2.1 Aluminium surface treatments before joining and co-curing
Six surface treatments have been tested in order to
compare their adherence in single lap shear test.
The aim of these surface treatments is to build a
thin alumina scale on the surface of the 2024 alloy
in order to improve the adhesion between the aluminium and the resin of the composite. The different surface preparations were as follows:
1- Aluminium coupons without any treatment after
machining,
2- wet sand-blasting followed by degreasing in
10% NaOH for 5min. at 60°C, then rinsing in deionised water and etching in 30% nitric acid solution for 2 min. at room temperature,
3- 2 + dichromate etching in a 5g/L CrO 3 + 4.5g/L
Na 2 Cr 2 O 7 + 0.5g/L KF solution during 5 m in. at
33°C,
4- 2 + sulfo-tartric anodizing in a 200g/L H 2 SO 4 +
80g/L C 4 H 6 O 6 solution at 34°C with 15V polarisation during 15 min.,
5- 2 + phosphoric anodizing in a 100g/L H 3 PO 4
solution at 25°C with 10V during 25 min,
6- 2 + sulfo-phosphoric anodizing in a 100g/L
H 2 SO 4 + 100g/L H 3 PO 4 solution at 27°C with
20V during 15 min.
After each surface treatment, the samples have
been rinsed in deionised water and dried at 80°C
during 1h. Samples have then been treated either
with adhesive joining or co-curing with 24h after
surface preparation.
The dichromate etching is well known to improve
adhesion between aluminium and polymers in
adhesive joining or painting systems. But, due to
its CrVI compounds contain, it has only been chosen as a reference in this study to be compared with
other treatment containing no CrVI compounds,
and identified as potential substitutes in aerospace
industry.

3 RESULT AND DISCUSSION

2.2 Al/epoxy/Al joining before single lap shear
test
Single lap joint samples were prepared to assess
the mechanical properties of the aluminium/epoxy
interface. Each lap was made of aluminium 2024
after the surface treatment. The 2 laps were bonded
with a FM300-2 adhesive. The dimension of each
aluminium lap was 90x24x1.6 mm3. The overlapping surface was 24x24 mm².
A special care was taken to limit the storage time
between the aluminium treatment and the curing of
the adhesive to avoid surface pollution. The adhesive was cured 90 m in at 120°C, at 2.5 bar pressure. A sample holder was designed to keep a uniform adhesive thickness of 0.2 mm. Three SLJ
samples were prepared during the same fabrication
(i.e. using exactly the same curing cycle) to reduce
experimental dispersions.

3.1 CHARACTERISATION OF SURFACE
TREATEMENTS
Scanning Electron Microscopy (SEM) has been
carried out on 2024 alloy after surface treatment
for both dichromate etching and anodizing processes.
According to the very thin alumina scale obtained
after dichromate etching, it has not been possible to
characterise the morphology of the layer with
SEM. However, Energy Dispersive Spectroscopy
of the surface (Fig. 1) shows a high oxygen pike on
the treated surface confirming the formation of an
alumina layer, whereas only a very low pike can be
seen on untreated area. It can be noted that no
chromium signal could be identified.

Fig. 1

EDS spectrum of untreated (red) and anodized surface (black) of 2024 alloy.

Fig. 2 a) shows the morphology of the surface of
2024 alloy after anodizing. Contrary to the dichromate etching case, the oxide layer can be observed
by SEM. It can be seen that a porous alumina scale
has been formed as it was expected. Here also, the
EDS analysis of the surface of the anodized surface
confirms that the layer is composed of pure alumina.
The thickness of the alumina layer obtained after
phosphoric anodizing has been determined by SEM
cross section and found to be about 3µm thick.

a)
Fig. 2
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b)

SEM micrographs of a) the surface of 2024
alloy after sulfo-phosphoric treatment and
b) the cross-section of the alumina scale
formed on 2024 alloy after sulfophosphoric treatment

Euro Hybrid Materials and Structures 2014
April 10 – 11

PFH – Private University of Applied Sciences,
Stade, Germany

3.2 MECHANICAL PROPERTIES OF THE
ALUMINIUM/EPOXY INTERFACE
The single lap joint tests were carried out at a constant strain velocity of 1mm/s.
The lap-shear ultimate loads of the samples treated
by different treatments before bonding are shown
in Fig. 3. The maximum ultimate load of the bonded joint was influenced by the surface treatment.
The highest interface properties were obtained for
the phosphoric anodizing and the sulfo-phosphoric
anodizing. The results obtained with sulfophosphoric anodizing were slightly higher than
phosphoric anodizing but not significantly different
according to experimental dispersion. Error bars in
Fig. 3 correspond to the standard deviation of the
three measurements.
Results obtained for sand-blasting and sandblasting + chromate conversion were nearly the
same. It seems that chromate conversion didn't
increase the properties of the aluminium/epoxy
interface.
Fractured surfaces of SLJ samples were also studied (Fig. 4). An adhesive failure mode was clearly
observed for untreated aluminium, sand-blasting
and chromate conversion treatments (Fig. 4a, 4b,
4c respectively). The failure mainly occurred at the
substrate/adhesive interface with large delamination areas. This behaviour is relevant of poor interface properties which is confirmed by the low lapshear ultimate loads obtained in SLJ shear test.
The morphology of the fracture surfaces on anodized samples is more difficult to analyse, but it
seems that the failure is mixed with both adhesive
and cohesive failure. Delamination areas are also
smaller than with untreated, sand-blasted and
chromated samples showing better interface properties which is in good agreement with SLJ shear
test results.

Load at breaking point (kN)

16

aluminium

14
12

sand-blasting

10

chromate conversion

8

sulfo-tartic anodizing

6

phosphoric anodizing

4
2
0
-2

Fig. 3

sulfo-phosphoric
anodizing
1

Effect of aluminium pre-treatments on the
ultimate loads using single lap joint testing
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Fig. 4

3.3

Fractured surfaces of specimen treated by
different processes. a. untreated aluminium; b. sand-blasted; c. chromate conversion; d. sulfo-tartric anodizing; e. phosphoric anodizing; f. sulfo-phosphoric anodizing

MANUFACTURING OF CO-CURED
COMPOSITE/ALUMINIUM
MATERIALS
Composite/aluminium materials have been manufactured in order to test the feasibility of this cocuring process. Two processes were considered:
Resin Transfer Moulding (or RTM) and prepreg
manufacturing.
Concerning RTM process, metallic inserts were put
into a mould with dry carbon fibres. Then a resin
was injected though the fibre preform and was used
both as a matrix for the composite and an adhesive
between the composite and the metal, after curing.
The main objective is to perform one shot injection
and to obtain nearly net shape parts after releasing
the whole hybrid structure. For prepreg manufacturing, prepreg and aluminium inserts were put into
the mould. The pressure applied during the process
make the resin of the prepreg flow to the aluminium interface and then formed the composite/aluminium interface.
Hybrid materials were manufactured as following:
the RTM6 resin, used for RTM process, was cured
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75 min at 160°C then post-cured 90 min at 180°C;
the T700/M21 prepreg was cured 2h at 180°C.
This results shows that it i s possible to co-cure
composite/aluminium structures.

nation zone and of the bonded composite/aluminium interface.
The next step is to benchmark the interface
strength of the manufactured samples which has
not been done during this preliminary work. Furthermore, other surface treatments, such as phosphoric anodizing or sulfo-phosphoric anodizing,
will be considered for the co-curing composite/aluminium materials.

4 CONCLUSIONS

Fig. 5

Hybrid composite/aluminium material manufactured

To test the feasibility of co-curing composite/aluminium parts, two surface treatments were
tested for the manufacturing of co-cured hybrid
materials: untreated aluminium and chromated
conversion. Chromated conversion treatment has
been chosen first because it is commonly considered as a reference treatment for composite/Al
joining.
Samples were examined using standard ultrasonic
immersion inspection (C-scan) at 2.25 MHz from
the aluminium side. The temporal gate window
was centred around the metal/composite interface.
Local delaminated areas are suspected from the Cscans obtained with untreated aluminium samples
(Fig. 6).
This suspected delamination areas were not observed on samples with chromated aluminium.
C-scan
100
90
80
70

pas y

60
50
40

A process of co-curing of composite/aluminium
structures was presented. Several surface treatments were tested to improve the interface properties between the polymer matrix of the composite
and the aluminum substrate. The interface properties were assessed using the SLJ test and by examinating the factured surfaces. The best interface
properties were obtained for the phosphoric anodizing and the sulfo-phosphoric anodizing.
Hybrid materials (composite / aluminum) were
manufactured with different treatments. The effect
of the surface treatment on delamination between
composite and aluminium layers was observed
using ultrasonic inspection. No delaminations were
observed for sample with chromated aluminium.
According to the results of the SLJ tests, a better
composite/aluminium interface properties would be
obtained with phosphoric anodizing and the sulfophosphoric anodizing.
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Ultrasonic inspection of a hybrid material
untreated aluminium. The suspected delaminated areas appear in red/yellow in the
scan image.

The ultrasonic inspection (Fig. 6) has to be confirmed by micrograph observations of the delami-
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HYBRID COMPOSITES
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MULTIDIMENSIONAL ANALYSIS FOR
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ABSTRACT: Hybrid materials, e. g., metal-plastic structures, are very important to realise lightweight
designs for industrial applications. Despite the high technological challenge, the manufacturing techniques
still provide versatile development potential. Especially the integration of separate production techniques in
one single tool opens new possibilities of successfully designing a continuous process chain for hybrid components, suitable for the resource-efficient mass production.
Within the Cluster of Excellence “MERGE Technologies for Multifunctional Lightweight Structures”, a
modelling approach for the resource-efficient process design of the manufacturing of hybrid structures,
which is based on a multidimensional analysis, will be developed. In addition to technological optimisation,
the energy-efficiency, the cost-effectiveness, the robustness as well as the production readiness will be considered even at the early phases of development. The decision process for an optimal production strategy is
supported by the evaluation of process-related data and statistical analyses. The integrated valuation methodology consists of different levels, which take into account the complexity and variety of process chains for
hybrid components. A user-friendly implementation of the methodology in the web tool Detact enables the
integration of different departments (e. g., R&D or production) along the entire process chain.
KEYWORDS: resource-efficient process, hybrid component, energy-efficiency, cost-effectiveness,
robustness, production readiness, maturity analysis, Detact

1 INTRODUCTION
A hybrid component is a net-shaped structure of
multiple materials, which is produced without the
use of hot or cold bonding or joining techniques. In
doing so, the different materials will be connected
only using forming or casting technology, where
the connection can be form-fitting as well as firmly
bonded [1].
In general, the pursued aim of the design philosophy of lightweight construction is a maximum
weight saving. At the same time raw materials,
energy, and money should be saved [2]. These can
be conflicting objectives which have to be taken
into account. Despite the positive properties of
lightweight construction, the savings in the use of
the product must be compared to the additional
costs in the product manufacturing. In addition, the

system reliability must be considered. Therefore,
an interdisciplinary approach that includes not only
technical requirements, but also economic boundary conditions has to be used for the process evaluation [2].
Within the Cluster of Excellence MERGE scientifically based planning methods for hybrid products
and processes are developed. Especially by the use
of a holistic process chain evaluation, which takes
into account the complexity and variety of process
chains for hybrid components, the most efficient
combination of methods, production technologies,
and/or products should be determined. For example, the traditional manufacturing method (e. g.,
components are firstly manufactured individually
and then assembled to a hybrid component) is
compared to a merged process chain (e. g., cou-

* Corresponding author: address: Reichenhainer Str. 77, 09126 Chemnitz | phone: +49 371 531-38677
fax: +49 371 531-838677 | email: jeannette.katzenberger@mb.tu-chemnitz.de
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pling of forming processes/assembly steps in one
single tool).
To validate the planning methods, they will be
applied to a reference process chain for producing
a metal-plastic hybrid component. This reference
process chain follows current trends of lightweight
design: On the one hand, two different materials
(metal and plastic) are combined in order to exploit
the positive features of both. On the other hand, a
hybrid manufacturing process is designed by integrating different manufacturing processes (deepdrawing and injection moulding) in one single tool
which leads to an enormous reduction of the process chain, as shown in Fig. 1.

2 PROCEDURE MODEL FOR
PROCESS CHAIN EVALUATION

Fig. 1

Reduction of process chain by the merged
processes

Another important aspect of the planning method is
the user-friendliness, which will be achieved by the
implementation in the web tool Detact. The aim of
Detact is to support the process design in the early
phases of development by integrating different
departments, involved in product and technology
development, along the process chain. With the
central provision of complex design and manufacturing data as well as using statistical analysis, the
optimisation of processes and products can be
supported.
In the following sections, the conceptualised procedure model for a holistic process evaluation will
be explained. Subsequently, the multidimensional
analysis with its three different views (energy, cost,
robustness) will be discussed in more detail. This
analysis is the basis for the consideration of the
suitability for mass production, which should finally ensure that developed technologies meet the
specified objectives and requirements of series
production. Finally, the implementation of the
holistic approach in the web tool Detact is presented.

Products often consist of a multitude of components, parts, etc., similarly process chains are usually a composition of various processes, which in
turn can be broken down in sub-processes and
activities. The performance of both, products and
process chains is influenced by a huge number of
heterogeneous factors [3]. This has to be taken into
account when evaluating (alternative) products,
process chains, or bundles of products and process
chains. However, this complexity of decision problems implies a high complexity of the evaluation
task. To handle this challenge, it is suggested to
use a p rocedure model which systematically divides the evaluation task into subtasks and, thus,
enables a structured evaluation [3, 4]. Subsequently, such an appropriate procedure model will be
presented briefly (according to [5]). Its core characteristics can be described as follows:
• It enables the evaluation of bundles of product
and process configurations. Especially in the
context of lightweight structures, product and
process configurations are often closely interrelated [6]. To take into account the interdependencies between product and process characteristics, the procedure model comprises a productrelated dimension (with products, their components, parts, etc.) and a p rocess-related dimension (with process chain, processes, subprocesses, and activities). In cases of focusing
either product or process decisions, the respective other dimension can be faded out widely,
e. g., by setting requirements for the characteristics of products, components, etc. as a b asis
for the evaluation of alternative process chain
configurations.
• It consists of different levels. In order to enable
the systematic handling of the multitude of potential product and process configurations as
well as influencing factors, it is suggested to
break down the overall evaluation task hierarchically. On the subordinated levels single
evaluation tasks can be accomplished in more
detail (e. g., the evaluation of highly relevant
components or processes or the forecast of
dominant influencing factors).
• The definition of the single steps of the evaluation at each level follows fundamental ideas of
the decision theory. Most of these steps refer to
one of the basic elements of decision models:
target figures, alternatives, environmental factors, result functions, and their outcomes.
Fig. 2 illustrates this procedure model which is
described briefly now with a focus on t he evaluation task mentioned in section 1.
In the first step, system boundaries have to be defined. One the one hand, this refers to the product
and process-related dimensions. For the product-

173

Euro Hybrid Materials and Structures 2014
April 10 – 11

PFH – Private University of Applied Sciences,
Stade, Germany

relevant dimension, a hybrid component with specific characteristics is defined as the product which
has to be manufactured.
The evaluation task focuses on configurations of
process chains for manufacturing hybrid components and, thus, the process-related dimension.
Fig. 1 presents the boundaries of the system for the
considered reference process chain of producing a
metal-plastic hybrid component. For the marked
part, process chain alternatives resulting from the
merging of processes have to be identified and
evaluated. On the other hand, the first step also
comprises the definition of the relevant life cycle
phases and of the time frame.
The second step refers to target figures. Here, the
relevant technical and economical figure(s) – energy efficiency, costs, robustness – has (have) to be
identified, clearly defined as well as weighted
regarding their importance.
In the third step, the alternatives are addressed.
This means, the product-related objects (product,
component, part, etc.) and/or the process-related
objects (process chain, process, sub-process, and
activity) and their respective decision alternatives
(technologies, manufacturing methods, etc.) are
analysed and modelled. This also comprises the
validation of the feasibility of different objectrelated alternatives, e. g., the configurations of
different processes in a p rocess chain. If there are
highly relevant sub-alternatives in step three, decisions regarding these sub-alternatives are prepared
on one or more subsequent sub-levels.
In the specific case of merging processes, typically
the number of process steps is reduced. This is
accompanied by a modification of processes and
the resources that are necessary for them (materials/parts, machines, tools, etc.). In addition, interdependencies between the different components of

a hybrid product, between the different processes,
and between components and processes have to be
taken into account.
In the fourth step, decision-relevant environmental
factors have to be identified, analysed, and their
(expected) outcomes measured (forecast). “Environmental” refers to the decision problem being
considered. Thus, environmental factors comprise
factors from outside a co mpany (such as market
prices, demand) as well as factors from inside
(existing equipment, capacities, expected output
etc.). For groups of such factors scenarios with
specific assumptions about the future outcomes of
the factors can be created.
The fifth step comprises the formulation and application of result functions which capture the relationship between the characteristics of the alternatives, the outcomes of the environmental factors
and the (elements of) target figure(s). Since merged
processes are seldom realised at the moment, the
formulation of result functions will be a particular
challenge.
In the sixth and last step, the target figure outcomes are calculated. They reflect the performance
of the alternative being considered and should be
used as the prior basis of decision-making. In the
case of more than one target figure, methods of
multi-criteria decision-making have to be applied.
However, due to the high complexity, the restricted
availability of data, and the corresponding uncertainties, the results should be interpreted carefully
and reflected critically. To handle uncertainty, it is
suggested to conduct sensitivity analyses to show
how deviations from the expected outcomes of
environmental factors might influence the target
figures and/or to identify critical values of these
factors.

Fig. 2

Procedure model for product and process chain evaluation [5]
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The steps of the sub-procedure model are connected in a system of feed forward and feedback loops:
The results of one step are input of a subsequent
step and might also be relevant for preceding steps
initiating the reopening of these steps. Similarly,
the evaluation steps of procedure models at different levels and of the product-related and the process-related dimension are linked by an intense
flow of information consisting of feed forward and
feedback loops.

In the third step, the theoretical process energy is
calculated. This calculation needs different parameters, which can be difficult to determine.
In the fourth step, the real energy consumption is
measured. For this purpose, digital electricity
measurement technique is used to determine the
instantaneous power (P) over a s pecific time period. The results obtained in the third and fourth
steps are subsequently evaluated in the fifth step.
For the evaluation of the target variable, the cycle
efficiency η process , is calculated. Then the cycle
efficiency is compared with the variable defined in
the first step. Finally, improvement proposals for
the process optimisation based on energy balancing
will be created in the last step.
The definition of a system boundary as well as a
target variable is the basis point for the energy
evaluation of the process chain. The considered
process chain in MERGE combines the forming
and the injection moulding technology (see Fig. 1).
Thus, a reduction of the process chain is ensured.
The aim of the energy evaluation is the comparison
of the reduced MERGE process chain with the
original process chain.
The target variable of the energy evaluation is the
cycle efficiency η process and it is determined by the
ratio of the ideal process energy E ideal, process to the
real process energy E real, process. The cycle efficiency
shows the relation between the effort and the benefit. This variable allows a co mparison of different
processes.

3 MULTIDIMENSIONAL
ANALYSIS
3.1 ENERGY EVALUATION
The demand for energy efficiency in production
engineering requires the implementation of suitable
strategies and methods.
A method for the energy evaluation has been developed in MERGE. The methodological approach
of this method is the method for comparability of
manufacturing processes and process chains from
Stiens. The method of the cycle efficiency is oriented by the cumulated energy demand KEA. In
the methodology the ideal energy expenditure of
each manufacturing process is calculated or determined, and then placed in relation to the total required energy expenditure [7].
The implementation of the developed method can
be divided into six steps (see Fig. 3).

η process =

E ideal, process
E real, process

(1)

The ideal process energy E ideal, process is calculated
with the process parameters and the real process
energy E real, process is measured on the equipment of
the process. The calculated cycle efficiency value
will be ranked by a six level category of efficiency.
These categories are independent of the considered
process chain. A general characterisation of the
energy efficiency categories are shown in Table 1.
These categories are developed for general interpretation of different processes.
Table 1: Categories of the cycle efficiency

Fig. 3

Categories of
efficiency
A
B

Method for energy evaluation (MEE)

The first step defines the system boundary and the
command variable of the considered process chain.
The second step comprises the performance of a
structural analysis and modelling of the system.
Here, the Input-Throughput-Output-model (ITOmodel) can be implemented. The input-output
analysis is a method of elucidation of functions of a
system based on investigation of the relationships
between the input and output [8].

C

D
E
F
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Characterisation
High energy efficiency
Energy efficient
An optimisation of the process
parameters for an energy
efficient process is needed
A fundamental procedure for
the process dimensioning is
needed
Low energy efficiency
Not energy efficient
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If the result indicates that further improvements
have to be performed in order to improve process
efficiency, then specific measures must be undertaken. These measures will be shown as a list of
performing procedures, which can also be implemented in the first step of the methodology. The
procedure will be evaluated again and prioritised.
In the next step a detailed action plan is generated
and the procedures will be implemented in the
process chain.

turing processes), they should be taken into account additionally.
Since a process chain consists of various processes
(and sub-processes, activities), for determining the
costs of the process chain it is advisable to calculate the costs of every individual process separately
(their relevance assumed). According to the procedure model, this calculation is performed at the
process level. For calculating the costs of a p rocess, the relevant cost categories have to be identified, firstly (SP2). In many cases, the relevant costs
of processes can be divided into direct manufacturing cost (manufacturing wages) and machinedependent costs. This is also assumed in the calculation scheme in Fig. 4. For achieving a high significance of results, at least the machine-dependent
costs should be broken down into smaller cost
items, e. g., depreciation, interest costs, energy
costs, costs for operating materials, maintenance
costs, and tool costs [9].
Fig. 4 shows a structure for the calculation of the
costs of process chains which is derived from the
frame of an overhead percentage calculation and
may include a ca lculation of machine-dependent
costs using machine hours or process times, respectively. This comprises the (direct and indirect, if
relevant) material cost as well as the aggregated
cost of processes. Additionally, specific direct cost
of manufacturing and residual indirect manufacturing cost might be relevant and, then, have to be
taken into account [4]. For example, merged processes will usually require new product-specific
tools which will cause specific direct costs of manufacturing.

3.2 ECONOMIC EVALUATION
As mentioned above, merging of production processes or production methods for manufacturing
hybrid components will result in alternative process chains configurations. These alternatives
should also be efficient from the economic point of
view. Therefore, also an economic evaluation of
process chain configurations is necessary. Since
decisions in the early phases of life cycles typically
have a huge influence on costs, such an evaluation
should be enabled as soon as possible [4]. Also the
economic evaluation will be supported by using the
procedure model presented in section 2 (see
Fig. 2). Subsequently, the steps of this model with
specific requirements concerning economic efficiency will be discussed.
After having defined the system boundaries (including the time frame) (P1), an appropriate economic target figure has to be determined (P2). If it
can be assumed that i) monetary consequences are
focused, ii) every process chain alternative yields
approximately the same output and, thus, the same
revenues, and iii) a static model is sufficient to
capture the economic consequences with regard to
time, then, the costs of the process chain are an
adequate economic target figure [3, 4]. However,
only those parts of the target figure which are relevant for decision-making should be taken into
account. This strongly depends on the evaluation
objects that are analysed and modelled in step P3.
In the example of manufacturing the metal-plastic
hybrid component, the integration of different
manufacturing processes in one single tool as well
as the resulting reduction of the number of processes will certainly affect the consumption of
input factors such as materials, machines, or tools
and the corresponding material costs as well as
costs of the manufacturing processes within the
system boundaries. Hence, all material and manufacturing cost items of the metal-plastic component
that are affected by the process chain alternatives
and differ in dependence of them should be comprised by the target figure costs. In the language of
cost accounting, these are (the relevant) costs of the
product manufactured. Here, they are denoted as
costs of process chain [4].
If there are further relevant effects of process chain
configurations on processes outside the system
boundaries (e. g., on up- and downstream manufac-
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Fig. 4

Structure of costs of process chains [4]

The costs of process chains and processes are influenced by a huge number of external and internal
factors. Thus, for calculating these costs, these
factors have to be identified and their expected
future outcomes determined (P4 and SP4). On the
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one hand, this necessitates the design of one or
more scenarios for the relevant external factors
such as material prices, wage rates, demand, etc.
On the other hand, internal factors (working hours,
machine hours, energy consumption, etc.) have to
be analysed and forecast with respect to the process
(chain) alternative being considered.
These tasks are complicated if innovative process
or process chain configurations are considered in
their early life cycle phases – as it is typical for
merged processes or process chains. In such cases,
the uncertainty of some factors (e. g., acceptance,
demand) is comparatively high, so that it is advisable to consider more than one scenario in order to
cover the range of potential trends. Since the innovative processes and process chains are not realised
yet in industry or even in research surroundings,
little data is available and the options of data acquisition (e. g., measurements) are restricted. To handle this problem, ITO-models can be used. They
describe the input and the output of a p rocess in
dependence of each other and of the parameters of
the process operation (throughput) [10]. Secondly,
methods of development-concurrent calculation
can be applied, e. g., a similarity calculation for
deriving the cost of new processes from that of
similar existing ones [11, 12] (e. g., from realised
processes for manufacturing hybrid components).
At this point, it is necessary to generate a thorough
understanding of the innovative merged processes.
Using result functions (e. g., production functions,
cost functions), from the outcomes of relevant
external and internal influencing factors the quantity and price components of each cost item, the cost
items themselves, and, afterwards, the costs of a
process are derived (SP5 and SP6). In the final step
of the procedure model, these costs of processes
can be interpreted and critically reviewed. Furthermore, sensitivity analyses can be conducted. In
many cases, the best of the alternative process
configurations can be selected on basis of their
costs (SP6). This is not possible, if the alternative
process configurations require different inputs
and/or yield different outputs and, thus, influence
other processes of the process chain. In such cases,
a bundle of process configurations has to be selected at the process chain level [3].
The costs of this process configuration are an element of the costs of the process chain and, thus, an
input of the cost calculation at the process chain
level which can be executed according to Fig. 4.
Similarly to the process level, these costs have to
be interpreted and critically reviewed, and sensitivity analyses can be conducted in order to prepare a
decision about a process chain configuration (P5
and P6).

process chains. The robustness of processes is
reflected in the generated product quality. Through
a variety of process and material variations (e. g.,
caused by external influences, batch variations or
tool wear), there are often significant variations in
the forming result. Thus, the achieved quality of
the components (e. g., dimensional accuracy, surface finish, strength) is outside the specified tolerance limits. In this case, the process is referred to
as non-robust.
Within MERGE the robustness of processes is
defined as capable and controlled at the same time
[13]. Capable means that a manufacturing process
is suitable for producing a product and the
achieved quality meets the defined tolerance limits
completely. The term controlled means in turn that
the values of the essential characteristics just
change very slightly or only in a known way and
thus are repeatable and predictable.
For the design of robust processes in the product
development or production phase a number of
different methods (e. g., FEM or quality control
chart) are available. At the moment, that does not
always lead to the desired success, as they usually
do not or just in a small extent include variations in
the input parameters. However, for a robustness
evaluation of the manufacturing of hybrid components, which is usually characterised by very different material properties with a partially low tolerance range, a multi-criteria analysis including realistic environmental variables is of significant importance.
Therefore, the aim is to develop a method that
allows a robustness analysis along an entire process
chain in order to ensure the reproducibility and
robustness of new production technologies for
hybrid components.
The developed concept of robustness analysis
consists of three main steps (shown in Fig. 5),
which are also parts of the procedure model (see
Fig. 2).

3.3 ROBUSTNESS EVALUATION
The third view of the multidimensional analysis
deals with the robust design of manufacturing

Fig. 5

Steps of robustness evaluation

In the first step, a process analysis in terms of an
ITO-model must be carried out. Next to identifying
the important process parameters as well as their
effects and interactions (supported by DoE), the
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individual process steps and the corresponding
parameters are mapped in a modelling tool (Detact). This serves for a better understanding of the
process.
In the second step, the actual robustness analysis is
performed. Therefore, on t he one hand the target
values of the product or the process (e. g., quality
characteristics, surface quality, absence of cracks,
strength) and on the other the corresponding tolerance limits must be determined.
By means of the subsequent analysis, the compliance of the tolerance limits is checked. The determination will be done by 100 % testing or random
sampling. The result is represented by the robustness indicator. It indicates whether the process can
be classified as robust or non-robust. The robustness indicator consists of the individually defined
quality criteria. These in turn are formed by means
of a function of key figures. A visual representation
in form of a traffic light will show the percentage
deviation from the predefined limit (for more detailed explanation see Table 2).

4 SERIAL CAPABILITY

Table 2: Traffic light classification

Col. Process property
Robust process (controlled and capable)
Non-robust process
(controlled but incapable)
Non-robust process
(not controlled and
incapable)

Further action
No optimisation
needed
Optimisation
required, minor
effort expected
Optimisation
required, major
effort expected

It is contemplated that already the quality criteria
can be shown by a traffic light system. If the value
of a quality criterion is already slightly outside the
defined target values (marked as yellow), then the
robustness indicator will be classified at least as
yellow as well.
For the traffic light classification no intermediate
categories, as they are used within the illustration
of the energy evaluation, were implemented. According to the definition of robustness in MERGE,
it is only distinguished between capable and incapable as well as controlled and not controlled.
Furthermore, it is assumed that a capable process
always requires a controlled process [14]. Therefore, all of these cases can be covered easily with
only three colours.
If a process has proven to be non-robust at the end
of the second step, then a process optimisation can
be carried out in the third step. This is done with
the determined influencing parameter of the first
step. After a completed optimisation the robustness
evaluation has to be performed one more time.
Thus, the success of the optimisation can be assessed.
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To ensure that the examined technologies meet
their objectives and the requirements of a resourceefficient series production, additional considerations are necessary which identify risks and deficits
as well as potentials in an early phase of development. For this purpose, a novel methodology for
the maturity analysis has been evolved. Maturity is
generally understood to mean the assessed development status of an object (technology, product or
process) at a specific time by characteristic indicators in relation to phase-dependent requirements on
them [15]. By using the methodology for determining the maturity during the entire origination process, a quantitative basis is provided, which increases the transparency of the development status.
Thus a goal-oriented approach is made possible
and the operational decision-making process is
supported.
When developing the methodology, the following
aspects were of particular importance:
• Reducing the time and effort, which is needed
to assess the maturity
• Use of quantitative rateable information as the
basis for the maturity model
• Integration of the results from the multidimensional analysis with its three different
views (energy, cost, robustness)
• Provision of calculation rules and possibilities
for adaption
• Provision of several options for evaluation and
visualisation
The developed methodology is divided into the
three parts initialisation, conception and realisation
[16]. The initialisation phase contains preliminary
considerations, which support in particular the
creation of the maturity model. At the beginning of
the initialisation phase the p (p ∈ ℕ) development
levels of a technology and the associated characteristic indicators have to be defined. Additionally,
the points in time for determining the maturity and
the objectives (technological, ecological, economical, and operational) as well as the reference persons for data acquisition need to be set. Within the
conception phase the data and information will be
analysed and qualified, so that quantitative rateable
and machine-readable variables can be established.
For this purpose also the results from the multidimensional analysis (energy, cost, robustness) will
be integrated. Based on these variables, several
criteria C ij have to be formed for each level of
development. In the course of this, it is possible to
define weightings w ij for the criteria. The realisation phase comprises the calculation of the maturity
levels as well as the subsequent evaluation and
visualisation. The several steps of the realisation
phase are illustrated in Fig. 6.
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The basis is a methodology for the representation
of objects and parameters of production processes
with the focus on the analysis of process chains
from a t echnical-technological point of view [18,
19]. By extending this approach, the specific parameters and methods of the mentioned views have
to be integrated into one model. The procedure for
this requirements analysis has four steps:

Fig. 6

Methodology for maturity analysis

Fig. 7

After the acquisition of relevant information and
the transformation into the variables, the criteria
can be determined. Afterwards the maturity for
each development level ML i and the overall maturity ML tota l of the technology, including phasedependant factors f i for importance, can be calculated. Concerning this matter the following calculation rules are to be used:
n

∑w C
ij

MLi =

ij

j =1
n

⋅ 100

∑w

(2)

5.1 REQUIREMENTS FOR A NEW
METHODOLOGY
The stated objective is to implement a holistic
analysis of process chains. Therefore the following
classified demands are derived from the three domains. On the one hand, requirements on the software usability, like reusing of objects, are made; on
the other hand all scientific information, such as
wage rates or real energy consumption, must be
contained.
Table 3: Requirements for a methodology

ij

j =1

Use-oriented
Process chain presentation and modelling

Model-oriented
Process chain as ITOmodel with system
boundaries
Define global parame- Define parameters with
ters
tolerance range
Define formulas based Collect data based on
on domain knowledge domain knowledge
Holistic analysis on all Single process or multidomains
criteria analysis, DoE
Determine the viewa- Display results and
ble degree of inforpotentials
mation
Problem related result Compare alternative
presentation
process chains

p

MLtotal =

∑ f ML
i

i =1

Procedure model to proof the methodology
adaptability

i

p

∑f
i =1

(3)

i

i ∈{1, ..., p}; p∈ Ν ; MLi , MLtotal ∈[0,100]
In order to be able to derive recommendations for
action, risks and deficits have to be identified.
Thus, it is important to analyse the results of the
maturity determination. Several examples for evaluation and visualisation can be found in [16]. By
applying the methodology on different technologies, generic variables as well as criteria should be
identified and the variety of evaluation options is to
be extended and refined.

5 HOLISTIC EVALUATION
MODULE
The different analysis procedures of process chains
have to be combined into one methodology by
using a model-based approach [17]. The main
objective is the holistic analysis of process chains
through a software tool. This tool must be capable
of analysing, evaluating and rating additional scenarios, like varying batch sizes or changing market
situations for resources.

5.2 APPLYING TO THE EXISTING
METHODOLOGY
Next, the selected methodology has to provide
proof of its usability, thus the determined requirements must be considered in the methodology. The
procedure basically consists of four steps with the
differences in MERGE [20]:
1. Process Model (see Fig. 8)
• Visualisation of process chains with information flows
• Notation with inputs and outputs (triangle)
• Resources (trapeze) and information objects
(circle) to describe a process (rectangle)
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• Parameter with tolerance limits
2. Data Collection
• Logging the state change of components
• Detecting the interaction between settings and
item properties
• MERGE: estimated values instead of experimental series
3. Data Analysis
• Along the entire process chain based on the
collected data with timestamps
• Statistical analyses
• MERGE: energy and cost analyses
4. Knowledge Utilisation
• Process characteristic forecasting based on
the property-setting correlation
• Process regulation for target property values
• MERGE: holistic process chain comparison

requirements analysis. A redevelopment is not
planned in MERGE; therefore an existing software
tool must be used. In a market research the following demands were made on a fully integrated solution:
• Consistent support (from the manufacturing
process design to modelling and process control)
• Evaluation of process alternatives regarding to
the domains
• Centralised data management in the process
context with decentralised acquisition
• Analysis of experimental series
• Online evaluation
• Adaptability to project progress
All demands are met by the web application Detact
[21]. Also the identified requirements from 5.3,
such as the design of experiments, are mostly
scheduled for future versions of Detact. The implementation of other MERGE specific functionalities is also possible by the development team.

6 CONCLUSIONS

Fig. 8

Process chain representation in Detact
(Version 1.1.1 [21])

5.3 DERIVED REQUIREMENTS
The methodology chosen in 5.2 does not cover all
requirements, so extensions are necessary.
Currently a separate notation for employees is not
provided, but the object type "resource" can be
used in MERGE as alternative. Therefore an extension of the notation is not absolutely required.
For the evaluation of costs and energy the analysis
methods must be expanded. A deposit of formulas
at the single process steps or a calculated parameter
at the objects must be offered. If there are multiple
methods for determining a parameter those must be
selectable. The design of experiments should be
possible as well.
For visual evaluation of the individual parameters
the relevant control system must be integrated, like
the traffic light system for robustness evaluation.
Also additional model representations, like Sankey
diagrams, are possible.
Finally, it must be possible to compare alternative
process chains. This requires an appropriate representation of the alternatives, because so far only
one process chain can be evaluated.
5.4 IMPLEMENTATION
The software implementation is not part of this
research; however, it is the logical conclusion of a
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The paper described the multidimensional analysis
of resource-efficient manufacturing of hybrid components. It has been shown which steps the procedure model for a process evaluation includes and
how the multidimensional analysis, with the different views (energy, cost, and robustness), builds the
basis for the assessment of suitability for series
production. Finally, the relevance of Detact and the
implementation of the analysis were shown.
In summary, the future challenge of lightweight
design will be the realisation of a lighter and economically feasible overall system [2]. Therefore, a
systematic analysis with clearly defined boundary
conditions and system limits is particularly important (see Fig. 1). An analysis without such precise definitions involves the risk of a too complex
and extensive evaluation, which is not suitable for
industrial production. Furthermore, an interdisciplinary approach, including technical requirements
and economic conditions, must be used to capture
the complexity of a process or process chain for
hybrid components. However, the fact of uncertain
or imprecise data in the early phases of development must be considered. It can be called the paradox in the development processes [15]. At the
beginning of the product development, the number
of product features which can be influenced is still
very high, yet there is only a limited number of
data for the evaluation available. Therefore, uncertainty or a l ower accuracy of the results must be
expected. Only with the progressive development
and more precise product features a reliable analysis (based on consistent, valid data) is possible.
This problem of uncertain data in the early design
phases of new production technologies or products
must be fully considered in further studies.
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INFLUENCE OF A 3D-REINFORCEMENT
DESIGN ON THE STRUCTURAL MECHANICS OF
CO-BONDED CFRP JOINTS
M. Jürgens1*, A. Nogueira2, H. Lang2, E. Hombergsmeier1, K. Drechsler3
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ABSTRACT: Primary aircraft structures benefit from the weight savings potential of carbon fiber reinforced plastics (CFRP) which is strongly determined by the applied structural joint design. Throughthickness reinforcements address the issue of an efficient load transfer between adherents and an improved
level of joint damage tolerance. This innovative technology encompasses their cost and time efficient manufacturing and their beneficial contribution to mechanical joint properties. The impact of an advanced reinforcement design on structural mechanics is investigated by the execution of quasi static single-lap shear
(SLS) tests. A correlation between design parameters and load bearing capability, strain to failure and joint
stiffness is stated. Recommendations are given for the significant improvement of each of these properties
and for dealing with the arising trade-off.
KEYWORDS: CFRP, Z-reinforcement, Joints/joining, Damage tolerance
1 INTRODUCTION
Carbon-fiber reinforced plastics (CFRP) are increasingly used in primary aircraft structures due to
their weight saving benefits gained by superior
specific in-plane strength and load-related design
[1]. Considering the anisotropic material behavior
and laminar structure of CFRP, major challenges
arise in the field of structural joint design. Their
load carrying fiber structure and out-of-plane properties have to be considered [2]. Adhesive bonding
of composite joints maintains the load carrying
fiber structure and curing of both CFRP and adhesive are integrated into one process. However,
shortcomings like spontaneous joint failure, poor
out-of-plane or peel stress resistance and a lack of
appropriate non-destructive testing (NDT) methods
require a more damage tolerant joint technology.
Therefore, so-called ‘chicken rivets’ are usually
used to create a secondary load path, which however interrupt the load carrying structure in the
composite. Fibers are cut by drilling the laminate,
its cross-section is reduced significantly and delamination may occur in the surrounding area [3].
A number of different z-reinforcement technologies have been developed with the goal of mechanically interlocking adhesive bonded CFRP adherents. Progress has been made on methods like Z-

pinning [4, 5], HYPER joints [6] and CMT welded
pins [7] to name a few.
An innovative joining technique was designed to
handle the trade-off between the weakening of the
adherent’s material and the abrupt failure of an
adhesively bonded interface [8]. A l ow-thickness
sheet of titanium or stainless steel with bent reinforcement elements in the z-direction is positioned
between two CFRP adherents before or during the
co-bonding process. These out-of-plane directed
pins work as damage arresting features to the joint
by creating a secondary load path through a meso
scale mechanical interlocking. In this way, the
fibers are not cut but only deflected and the overall
bonding area is enlarged with the pre-preg resin
being connected to the pre-treated metal surface.
Bending technology requires a r ectangular pin
cross section, of which the higher area moment of
inertia is aligned with the loading direction. Pin
shapes can be designed depending on the actual
loading case, i.e. straight for shear stress conditions
and undercut to retain out-of-plane or peel stress.
A rising volume share of reinforcements is expected to lead to a stronger lateral fiber distortion
and thereby to a degradation of the composite’s inplane properties without improving the structural
mechanics to the same extent. In this work, an
advanced sheet design is investigated varying a set
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of geometrical parameters on single lap shear specimens to find an optimal z-reinforcement-density
and -array in the joint area.

adherent on an enlarged, roughened and cleaned
metal surface.

2 MANUFACTURING
The presented approach allows integrating reinforcement elements into the co-bonding process of
two CFRP laminates without any additional machining of adherents. Spiked metal inserts (figure 1) are introduced into a p re-impregnated laminate (prepreg) during its curing cycle. Insertion of
these reinforcements into dry fabrics has also been
successfully proved, but will not be further discussed in this publication [8].
Low thickness metal sheets of 0.2 mm are laser-cut
to shape the pin geometry that is bent out-of-plane
in a subsequent process step. The respective tooling was developed by Hölzel Stanztechnik and will
be extended allowing the precedent stamping of the
metal foil instead of laser cutting to optimize the
machining process, by considering future high-rate
serial production of the inserts.

Fig. 1

Detail of a metallic sheet with out of plane
bent pins for the manufacturing of reinforced CFRP/CFRP single lap shear joints

For the first curing step, the reinforcement sheet is
positioned on the uncured laminate and in an autoclave with elevated pressure and temperature, the
metal spikes can penetrate the fiber / matrix system. Subsequently, the second, uncured adherent is
placed on the reinforced area of the cured hybrid
laminate and also set under pressure and temperature. A 3D reinforced joint is manufactured using
the curing steps of the co-bonding process, as explained in detail in [8].

3 EXPERIMENTAL
3.1 MATERIALS AND SPECIMENS
Specimen adherents were manufactured from HexPly® M21/198/T800S medium grade unidirectional
prepreg, provided by Hexcel. A quasi-isotropic
layup {+45/-45/0/90/0} S was used to compose the
laminates with a nominal thickness of 1.93 mm.
Stainless steel 1.4301 was used to produce the
reinforcement sheets with six different types of pin
layouts (see figure 3), positioned in the 25.4mm²
overlap area of the single-lap shear joint geometry
(figure 2). The metallic sheets were sandblasted
and plasma treated to increase the adhesion to the

Fig. 2

SLS specimen geometry

Fig. 3

Reinforcement sheet arrays investigated
with 5x4 and 6x5 single and double pinned
windows; arrays 5 and 6 are stress and
flexibility optimized respectively

Basic arrays of 5x4 and 6x5 (array 1 and 3) were
investigated and modified to derive information
about the influence of a varying pin spacing (array
2 and 4), a stress optimized layout (array 5) and the
design of the pin carrying sheet structure (array 6 1,
see figure 3). Pin density is adjusted by the amount
of windows that contain the reinforcing elements
and its number per window, i.e. in the underlying
study one or two of them. Since the sheet forming
process does not allow a s ymmetric array of pins,
an average pin density and pin spacing was calculated, respectively. Distance from the barycenter of
the corner located windows to the lateral and to the
longitudinal edges of the overlap area was chosen
to be 2.5 and 1.5 mm respectively for reasons of
geometric constraints. For unsupported single-lap
shear test configurations, secondary bending causes
peel stresses and thus stress concentrations in the
lateral edges of the joint overlap area. Moreover,
longitudinal elongation of the overlap area is zero
in the center and increases towards the edges. Array 5 is expected to take account of the superposition of peel and sheer stresses, saving material in
the area of low stress levels. Performance of arrays
with pin rows only at the lateral overlap edges are
1
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planned to be published soon. Array 6 was designed to save material of the load bearing metal
foil and also to investigate the influence of a more
discontinuous interface between CFRP adherents
and reinforcement sheet. This structure is more
flexible and expected to be useful in applications of
a curvature / double curvature joint geometry, e.g.
in the stringer run-out area of an aircraft fuselage.
A sheet thickness of 0.2 mm was investigated that
affects the rectangular pin cross-section, which is
defined by 0.6x0.2 mm. Pin height (bottom to top
of the triangular head shape) depends on the bending radius. An in-plane pin height of 2.4 mm results in an out-of-plane height of approximately
1.73 mm with a bending radius of 0.5 which was
found not to result in micro cracks in the area of
plastic deformation at the root of the pin. FM®
300K epoxy film adhesive supplied by Cytec Industries was applied after the first curing cycle on
the embedded reinforcement sheets and cured together with the fresh adherent during the second
autoclave cycle.
Macro-specimens were manufactured in an aluminium mould to obtain a reproducible joint quality
and a reasonable amount of specimens per curing
cycle. A maximum of 2 reinforcement configurations with 5 specimens from each can be processed
per mould and cycle.

er, discontinuities were observed in the non-linear
section of the curves for all arrays which are assumed to result from crack propagation through the
pin rows of the reinforced joint area. Finally, a
rising amount of pins per joint area seems to be
detrimental to the joint stiffness which needs to be
considered in the following discussion of mechanical results.
Mean shear strength of all pin arrays investigated is
shown in figure 4.

3.2 TESTING
Quasi-static, unsupported tensile tests were performed on a Zwick Z250 with a load range of up to
250 kN and a 0.5 % reaction force recording tolerance. Specimens were loaded displacement controlled with a crosshead velocity of 13 mm/min.
The displacement at the overlap area was recorded
using a 50 mm extensometer. All test runs were
performed at an atmosphere of 23 °C and 37 %
relative humidity. Micrographs shown were taken
with a Reichart-Jung Polyvar microscope.

4 RESULTS
Figure 4 shows the load transfer characteristics for
all configurations investigated. Mean shear stress is
plotted versus local joint displacement.
Shear stresses are calculated by dividing the load
specimens are set under by the actual overlap area.
The local joint displacement is the distance the
extensometer recorded during testing. In the beginning of the testing sequence, shear stresses for
both, baseline specimens and reinforced joints
follow a linear slope. Depending on the pin layout
introduced into the joint, growth decreases slightly
before (arrays 3, 4 a nd 5) or significantly after
(arrays 1 and 2) the ultimate failure of the baseline
configuration. Unlike earlier investigations on
reinforced CFRP joints [7, 8], no distinct first failure event could be determined, because no fillet but
a rectangular corner geometry was chosen. Howev-
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Fig. 4

Mean shear stress plotted versus local
displacement for 3D reinforced CFRP
joints

Fig. 5

Mean shear strength of arrays showing a
varying pin spacing and layout

It can be derived clearly from figure 4 and figure 5
that the reinforcement arrays with a higher pin
density lead to a higher shear strength. The increase of shear stress related to the co-bonded
baseline configuration varies between 23 %
(11.7 ± 0.9 MPa) and 53 % (14,5 ± 0.9 MPa) for
array 1, containing 20 pins and array 5, with 60
pins respectively. Even though the number of
spikes and their position in the overlap area equals
for arrays 4 (13.3 ± 1 MPa) and 5, the stress optimized layout performs better in terms of shear
strength. To get a more distinct understanding of
the correlation between shear strength and pin
spacing (i.e. density), a corresponding plot was
created (figure 6) taking data of arrays 1, 2, 3 and 4
only, for reasons of comparability.
A higher pin density in the overlap will be investigated in order to get an estimation of how the curve
would continue for a lower pin spacing than considered in this work.
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Fig. 6

Array 1

Array 2

Array 3

Array 4

Array 5

Correlation between shear strength and pin
spacing of reinforced joints; from right to
left: array 1, 2, 3 and 4

Recalling the improvement of damage tolerance as
one of the main criteria to judge the joint performance, strain to failure is to be paid even more
attention on compared to shear strength.
shows the respective values for all pin arrays investigated in comparison to the reference joint.

Fig. 7

PFH – Private University of Applied Sciences,
Stade, Germany

Mean strain to failure of arrays showing a
varying pin spacing and layout

The stress optimized array 5 by far leads to the
most significant increase of failure strain of 114 %
to 0.2 ± 0.01 mm, compared to the co-bonded reference joint (0.09 ± 0 mm). Contrary to the values
for the joint shear strength in figure 6, relative gaps
between the single and double pinned windows are
not existent (array 1 versus array 2) or vice versa
(array 3 versus array 4) regarding failure strain.
Array 3 (0.17 ± 0.03 mm; 30 pins) exceeds the
strain values for array 2 (0.15 ± 0.01 mm; 40 pins),
even containing 10 pi ns less in the overlap area.
Also considering the failure strain for the array 5
reinforced joint design (44 pins), it can be derived
that in this case even more the smart positioning of
pins weighs higher than the sheer pin number introduced into the joint area. A correlation between
pin amount per overlap and strain to failure does
not exist like it does for shear strength values.
Characteristic fracture surfaces of all reinforced
joints are shown in figure 8.

Fig. 8

Fracture surfaces of all reinforcement arrays; cohesive failure at crack initiation and
subsequent inter/intralaminar failure is
clearly visible for configurations 1, 3, 4 and
5

Regardless of the pin number and layout, no pin
was sheared off array 1, 3, 4 and 5 but pulled out
during testing and cracks were propagating through
the first or both 45° plies which was already observed before [8]. Joints are expected to stand a
higher level of deformation energy if pins could
absorb more energy by an increased extent of plastic deformation, i.e. shear off. A mechanical interlocking on macro scale in the pin head area is assumed to be an appropriate mean [7]. Secondly, the
crack initiation is dictated by and located in the
area of high peel stresses at the edges of the overlap area where the adhesive fails cohesively. Compared to the epoxy adhesive, the epoxy resin of the
pre-preg is less ductile and promotes the crack to
propagate through the 45° plies, which serves as an
explanation for the decreasing stiffness of the reinforced joints (figure 4). A correlation between
(local) pin density and extent of inter/intralaminar
failure can be drawn by the depicted fracture surfaces. It can be concluded that there is a certain
amount of pins in front of the crack front that forces the crack to bridge it by propagating through the
next ply. A rough estimation based on the underlying fracture surfaces would be 3 t o 5 pi ns. This
hypothesis requires the assumption of the crack
front not propagating laterally, but that it is influenced by the 45° angle of the first plies at the interface to the reinforcement sheet. Array 3, 4 a nd 5
show a crack propagation also through the second
45° ply and the area covered on the fracture surface
by the latter named depends on the local pin density. In this context, the specimens’ stiffness decrease is to be correlated directly to the observations stated above. It decreases with the amount of
stress applied (figure 4), which reflects the degradation of the laminates’ intrinsic toughness the
more the interlaminar damage propagates. Also,
pin surrounding plies serve as a supporting structure which raises the resistance of the pins against
bending. Fracture surfaces show a decreasing bend-
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ing angle of the pins for an increasing amount of
plies surrounding them. Therefore an optimized
head shape is even more important to increase the
pins’ plastic deformation and thereby energy absorption during joint loading. The specimens reinforced with a pin layout following array 2 display
an intralaminar failure which needs to be further
investigated. The crack propagates from the adhesive bonded interface through the reinforcement
sheet after initiation and causes fibers to detach
from the surrounding resin.
A micrograph of a lateral cross-section of an array
4 reinforced joint, approximately 10 mm from the
edge of the overlap area is shown in figure 9.

sequent combination of stamping and bending of
metal foils.
The implementation of these metallic reinforcements into the joint leads to significant increases in
shear strength and maximum elongation endured
during quasi-static single-lap shear testing. An
increasing amount of pin density in the joint area
leads to an increase in shear strength compared to a
co-bonded baseline joint. When the pin array is
optimized towards the stress conditions applied to
the joint, shear strength is further increased and
elongation to failure reaches up to 114 %. Less
resin concentrations and fiber ondulations are assumed to result in a better adhesion of the laminate
to the reinforcement metal foil in the unpinned
center of the overlap. It has to be taken in account
that the increase of pin density was observed to be
detrimental for the joint stiffness, caused by an
increase of inter/intralaminar crack propagation in
the joint area.
Future work will focus on an increased pin density
at the edges of the overlap area of single-lap shear
joints to improve through thickness strength. These
investigations will be also supported by an optimized head shape design of the pins to achieve a
macro mechanical interlocking with the laminate.
Different methods of surface pre-treatment for
both, CFRP and sheet surface will be tested in
order to investigate possible optimizations to the
joint’s performance. An evaluation will be performed under static and fatigue load and under
varying environmental conditions. Furthermore,
energy based tests will be done to determine the
fracture toughness of reinforced CFRP joints on
double cantilever beam (DCB) and end notched
flexure (ENF) specimens.

Fig. 9

Micrograph of pins after final joint failure;
resin agglomerations and pores at the foot
of the pin’s bending radius are visible

On the very left bottom the carrying sheet is perceptible with a co nsiderable amount of resin agglomerations and pores right next to it, under the
pin root, i.e. radius. Cracks in the same area indicate the lateral bending of the pin along the loading
direction applied, caused by resulting shear stresses. Fiber distortions, resin nests, pores and cracks
(pin head) are discontinuities that lead to a decreasing shear strength and elongation to failure of the
joint, as can be concluded from a comparison of
respective values for arrays 4 and 5 (see figure 5
and figure 7). Shear stresses are lowest in the center area of the joint and thus pins are detrimental to
the laminates’ in plane properties and to the
CFRP/metal interface. Joint properties are not
improved to the same extent by positioning reinforcement elements in the center of the overlap
area.

5 CONCLUSION AND OUTLOOK
In the present work it was shown that with the aid
of an improved manufacturing process, 3D reinforcements for CFRP/CFRP joint applications can
be produced (cost and time efficiently) by the sub-
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ABSTRACT: The bac kmolding of c ontinuous fiber-reinforced thermoplastics – so-cal led composite

sheet – is based on the idea of combining the benefits of injection molding with those of semi-finished composite sheet. In this way it is possible to not only benefit from the outstanding weight-related strength of the
composite sheet but also achieve a high level of stiffness by backmolding the part with rib-like structures
and integrate the forming process for the composite sheet into the injection molding process. This study
analyses key process parameters of the backmolding process in regard to their influence on the bond strength
between the composite sheet and t he backmolded thermoplastic component, based on a si mple twocomponent peel specimen and a two-component tensile test specimen.

KEYWORDS: Composite sheet; backmolding; continuous fiber-reinforced; thermoplastics
1 INTRODUCTION
As a consequence of the climate debate, car manufacturers are forced to develop lightweight, resource-saving vehicles. Parts that were formerly
made of pure steel or aluminum are nowadays
often designed as hybrid structures of a plastic/metal composite. Here, the two-dimensional
structures are frequently backmolded with rib
structures of short fiber-reinforced thermoplastics
in order to attain the necessary stiffness [1].
By increasing the stiffness, it becomes possible to
use continuous fiber-reinforced thermoplastics
(commonly known as composite sheet) in the structural and semi-structural area o f the car [1, 2].
These materials have a very high weight-related
strength and are th us predestined for u se as lig htweight construction materials. They do, however,
still lack the stiffness of steel and aluminum that is
necessary to justify their application in automotive
construction.
A big advantage of composite sheet compared with
sheet steel or aluminum is that the forming process
can be integrated directly into the injection molding process [2, 3]. To do this, the composite sheet
is heated by contact or infrared heating to a suitable
forming temperature, then formed with the closing
stroke of the injection molding tool, and subsequently backmolded [2, 4]. In this way it is p ossible to achieve a high level of functional integration,
because functional elements such as s nap hooks

* Corresponding author:

and clips can be integrated without the need for any
additional process steps in the finished part [2].

2 EXPERIMENTAL SETUP
In this study, the process of backmolding composite sheet with short fiber-reinforced thermoplastics
is examined in particular with regard to bond
strength. Based on the tests, a material-specific
model is created to describe the bond strength in
the examined test window. This should provide an
overview of the possible applications and limitations of such composites in the automotive industry. For t he study, a si mple two-component peel
specimen with a co mposite sheet insert was produced by injection molding (Figure 1).

injection molding
component
composite

Fig. 1

Two-component peel specimen

Warburger Str. 100, 33098 Paderborn Germany, +495251/603838,
email: christopher.budde@ktp.upb.de
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Composite

restricted gate
IR heater
10 mm

Fig. 2

IR heating in the mold

To ensure comparability for the later series p rocess, the composite sheet insert is heate d before
backmolding with an IR lamp (short-wave 1.01.4 µm) to temperatures in the range of the forming
temperature (Figure 2).
To produce the specimens, the process parameters
are varied according to a Design of Expe riments
(DoE) approach in order to be abl e to determine
precisely the parameters that exert a significant
influence on the bond strength. In this study a facecentered central composite experimental design is
used because given the experimental setup it was
not possible to place the st ar-points out of the underlying cubic design [5,6]. The bond strength
(peel resistance) of the fi nished specimens is determined and analyzed in the peel test.
The peel test is p erformed in line with DIN 14 64
using a universal test unit. The composite sheet is
inserted into a hold-down device connected firmly
to the machine frame. Subsequently, the tension
lug is clamped into a clamping claw. This process
is shown schematically in Figure 3.
F
Clamping claw
Hold-down
device

Fig. 4

During the production of the specimens, the process parameters again are varied according to a
face-centered central com posite experimental design. For this purpose, the bond strength (tensile
strength) of the fin ished specimens is d etermined
and analyzed in the tensile test. Therefore the individual ribs are extracted from the plate like shown
schematically in figure 5.
injection molding
component

Injection molding
component
composite

Composite
Fig. 5

Fig. 3

Tensile test specimen plate

Schematic setup of the peel test

In addition to the investigations regarding the peel
test specimen, tensile test specim ens were also
examined. The underlying tensile test specim en
plate (Figure 4) was also produced by backmolding.
Again, the composite sheet is heate d before the
backmolding. However, this heating step is done
outside the mold in an IR emitter array, lik e it
could be used in series production.

Schematical tensile test specimen

By the construction of the test specimen plate and
the extraction of the individual ribs for the tensile
test, it is po ssible to take into account and analyze
the influence of the flow length on the resulting
bond strength in addition to the parameters of t he
backmolding process.
The tensile test is carried out according to DIN 527
with a un iversal testing machine. In this case, th e
specimen is fixed in a hold-down device and the rip
is clamped into a clam ping claw. T he process is
similar to the peel test (Fi gure 3), with th e difference that the rib is drawn by pure normal force and
no peel load occurs.
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3 EXPERIMENTAL PROCEDURE

the main runner up to the gate runner of the single
cavities. Particular attention is to be given to a
restriction of the parabola-shaped main runner after
110 mm from 7 mm to 5 mm.
If the above used experimental designs are analyzed with the help of the methods of statistical
experimental design, the effects of the exa mined
parameters become clear. In this study, the
DESIGN-EXPERT software was used for the
regression analysis [7]. With the previously set-up
Design of Experiments, it is possible to also take
non-linear effects into account.

In the form of polyamide 6 (PA 6) a typical plastic
for the backmolding of continuous fiber-reinforced
plastics is investigated. T herefore a composite
sheet from “Bond-Laminates” (Brilon, Germany)
with a m atrix material based on polyamide 6, a
fiber volume content of 47 % and a 0°/90° fiber
orientation and a p olyamide 6 fr om “Lanxess”
(Dormagen, Germany) with 30 % short fibers as
the injection molding component are use d for t he
peel test specimen. Regarding the tensile test specimen the same materials are used besides the fiber
orientation of the composite sheet being -45°/45°
instead of 0°/90°.
The following face-centered central com posite
experimental design [5,6] was deployed to identify
and quantify the influence of key injection molding
parameters and the effect of the heating-up temperature of the composite sheet on t he bond strength
regarding the peel test s pecimen. The parameters
values were chosen according to the m aterial data
sheets and informations of the manufacturers. Also
the range of the parameters was determined in preinvestigations. Due to the process itself th is is th e
maximum test window, which could be examined
in this study.

Unit

Levels

[°C]

210/220/230

[°C]
[°C]
[mm/s]
[bar]

80/85/90
250/265/280
50/60/70
150/200/250

,

, ,

=
²

Regarding the tensile test sp ecimen the following
full factorial experimental design [5,6] was used to
also identify and quantify the influence of key
injection molding parameters and the effect of the
heating-up temperature of t he composite sheet on
the bond strength. Additionally the flow length is
considered as an influencal parameter. The values
as well as the central point s were a gain chosen
based on m aterial data sheets and m anufacturer
informations. Also the Parameters o f flow length
are given by the mold used to produce the specimen.
Table 2: DoE for the peel test specimen

Factors
Composite temperature
Melt temperature
Flow length

4.1 RESULTS FOR THE PEEL TEST
SPECIMEN
Based on the regression analysis with DESIGN
EXPERT, a squ are model is compiled to describe
the results. After a significa nce analysis, this produces an equation of the second order with twelve
constant coefficients C1 to C12, with which the peel
resistance F can be calculated as a function of the
following parameters: composite sheet temperature
TO, mold temperature TWZ, melt temperature TS,
injection velocity v and holding pressure p.
,

Table 1: DoE for the peel test specimen

Factors
Composite temperature
Mold temperature
Melt temperature
Injection velocity
Holding pressure

4 RESULTS AND DISCUSSION

Unit

Levels

[°C]

220/240/280

[°C]
[mm]

250/270/290
33.5/99.5/166.5

The flow length is given in mm and describes the
flow path covered beginning at the sprue through
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With the coefficients inserted, the model is as
follows:

Peel resistance [N/mm]=
-365.79534 N/mm
+0.08559 N/(mm*°C) * composite temperature
+0.05882 N/(mm*°C) * mold temperature
+2.21460 N/(mm*°C) * melt temperature
+2.05147 N/(mm*mm/s) * injection velocity
+0.16845 N/(mm*bar) * holding pressure
-0.00394 N/(mm*°C*mm/s) * melt temperature
* injection velocity
-0.00037 N/(mm*°C*bar) * melt temperature
* holding pressure
+0.00236 N/(mm*mm/s*bar) * injection velocity
* holding pressure
-0.00356 N/(mm*°C²) * melt temperature 2
-0.01100 N/(mm*°mm/s²) * injection velocity 2
-0.00046 N/(mm*bar²) * holding pressure 2

(2)
The model has a coefficient of determ ination R² of
83.23 %. This shows that, in this test window, the
model is suitable for c orrelating the peel resistance
with the process parameters for the underlying
materials.
Figure 6 sh ows the perturbation plot for the peel
test specimen, based on the DoE. The varied parameters are given on the x-axis, whereby the lower limit of the range is represented by the figure -1
and the upper limit by the figure +1. T he central
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point of the DoE is in the middle (0) of the x-axis.
To look at the individual parameters separately, the
other process values are put equal to the value at
the central poi nt. The respective determined peel
resistance is shown on the y-axis.

Figure 7 shows th e interactions between the ho lding pressure and the melt temperature. At low melt
temperature, an increase in the holding pressure
leads to a rise in peel resistance, which reaches a
maximum in the upper range of the test w indow.
At high melt temperature, this maximum is already
reached at medium holding pressure and a further
increase in holding press ure leads to lower peel
resistances.
Melt temperature
Peel resistance [N/mm]

A ≙ composite temperature
B ≙ mold temperature
C ≙ melt temperature

D ≙ injection velocity
E ≙ holding pressure

Fig. 6

Perturbation plot peel test specimen

A positive gradient shows a p ositive influence on
the peel resistance, just as a negative gradient indicates a negative infl uence on the peel re sistance.
Furthermore, very marked gradients indicate a
large influence of the respective parameter.
It is evident that the greatest influence on the peel
resistance in the examined process window is ex erted by the injection velocity. With increasing
injection velocity, the peel resistance als o rises.
This could be explained by better interfacial contact. By increasing the injection velocity, the injection pressure also rises and the melt is thus pushed
better against the heated composite. However, this
trend stagnates at the up per end of the process
window (parameter stage 1). One reas on for this
lies in the shear heating during the injection process, which is in itially an advantage because it
reduces the viscosity of the melt and thus improves
the interfacial contact bet ween the two materials
being joined together. On the other hand, the increasing temperature can al so mean that initial
decomposition processes take place in the form of
chain degradation in the melt, which has a negative
influence on peel resistance.
Raising the c omposite sheet te mperature and the
holding pressure also initially has a positive effect
on the peel resistance. On the other hand, the influence of the c omposite temperature is sm all (min.
39 N/mm to max. 40 N/mm). It should, however,
be pointed out that the process window with regard
to the composite sheet temperature in the examined
DoE was very small (210 °C to 230 °C). The holding pressure also shows a stagnating or even negative tendency in the upper range of the test window
related to the peel resistance. Here, in teractions
between the individual parameters must be taken
into account.

: 280 °C
: 250 °C

Holding pressure [bar]

Fig. 7

Interaction between holding pressure and
melt temperature

For the mold temperature, no significant influence
on the bond strength can be established (Figure 6).
An increase leads only to a very small rise in bond
strength. For this reason, it is n ot examined any
further in the DoE for the tensile test specimen.
Figure 8 illustrates a typical fracture pattern of the
peel specimen after the peel test.

a)

b)
a)

Fig. 8

500 µm

b)

500 µm

Fracture pattern PA 6 a) failure interface
injection molded component; b) failure interface composite sheet

It can be seen that, with the peeling-off of the injection molding component, the upper layer of the
fiber fabric is damaged (figure 8 resp. 8-b). In
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addition, fibers from the fabric remain stuck to the
injection molding component (figure 8 resp. 8-a).
This is an indication – in addition to the attained
peel resistance – that good bond strength is
achieved. The fracture advances along the uppe r
fiber layer and exposes the glass fibers with the
result that a failure of the fiber-matrix adhesion can
be assumed.
4.2 RESULTS FOR THE TENSILE TEST
SPECIMEN
For the tensile test sp ecimen, too, a regression
analysis based on t he examined DoE was performed by means of DESIGN EXPERT. The resultant square model produces in this case an equation with six constants C1 to C6 with which the
tensile strength can be calculated as a function of
the three parameters: composite temperature TO,
melt temperature TS and Flow Length s.
,

,
3

With the coefficients inserted, the model is as
follows:

Tensile Strength [N/mm²]=
-431,2816368 N/mm²
+3,020991744 N/(mm²*°C) * melt temperature
+0,134224643 N/(mm²*°C) * composite temperature
+4,700454919 N/(mm²*mm) * flow length
-0,005450382 N/(mm²*°C²) * melt temperature²
-1,588486167 N/(mm²*mm²) * flow length²

(4)

The model has a coefficient of determ ination R² of
86.38 %. This shows that, in this test window, the
model is suitable for correlating the tensile strength
with the process parameters for the analyzed polymers.
Figure 9 shows the perturbation plot for the tensile
test specimen, based on the Do E. The tensile
strength is plotted against the respective parameter
stages. Again to look at t he individual parameters
separately, the other process values are put equal to
the value at the central point.
Raising the melt te mperature initially has a p ositive influence on the bond strength, although the
maximum bond strength is also reached before the
maximum parameter settings. The fact that the
bond strength begins to decline in this range may
again be explained by the start o f decomposition
processes in the injection molding component
during the injection process.
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A ≙ melt temperature

B ≙ composite temperature
C ≙ flow length

Fig. 9

Perturbation plot tensile test specimen

In comparison to the outcomes of the peel test
specimens an increase of the composite temperature has a stron ger positive influence on the b ond
strength regarding the tensile specimens. At maximum composite temperature the bond strength is
about 8.5 N/mm² greater than at minimum composite temperature in the process window. The effect
occurs here significantly more apparent, since the
examined process wi ndow compared to the peel
test specimen is much larger (220-280 °C compared to 210-230 °C). This could be achieved due
to the specimens being produced with a different
Mold and being pre-heated externally in an
IR array instead of bei ng pre-heated in the mold
with a single IR heater.
As to be expected, an increasing flow length has a
negative impact on the bond strength. For short
flow paths, the bond strength initially remains
relatively constant, but it decreases more and more
with increasing flow leng ths. The gate restriction
between Level 0 and 1 also contributes to the continuing decrease of the bond strength (the gradient
of the curve is larger). The greater the flow length
is, the greater the pressure loss in the cavity. The
pressure during backmolding acts in a similar way
to the joining pressure when welding plastics.
Through the applied pressure, interfacial contact is
improved. Entanglement of molecules of the com posite sheet matrix with those of the injection
molding component is encouraged. Because of this
the contact conditions in the interfacial area of the
tensile specimen worsen due to the lower pressure
and the bond strength decreases. In addition, temperature of the melt decreases over the flow length,
which also has a negat ive effect on the bond
strength.
Figure 10 shows a t ypical fracture pattern of t he
tensile specimen.
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example materials with different m elt flow indices
and different fiber contents should be investigated.
The fracture pattern and/or the interface of the
composite specimen will also be subjected to more
detailed analysis by the use of m icro-CT. Thereby
it is possible to detect any appearing defects in the
interface and also get a better understanding of the
fiber orientation and t he effects occ urring in t he
interface during the backmolding. It is also in tended to examine glass mat-reinforced thermoplastic
(GMT) inserts and compare them with the c omposite sheet already studied. Apart from having fibers
oriented in th e plane of the sheet, these GMT inserts contain fibers that are ori ented in the height
direction. This could be beneficial for the b ond
strength.

6 ACKNOWLEDGEMENT
Fig. 10 Fracture pattern tensile specimen a) failure
interface injection molded component; b)
failure interface composite sheet

In a similar way to the peel specimen, the fracture
here also occurs along the upper fabric layer. The
top layer of the fib er is ex posed and partially destroyed (figure 10 res p. 10-b) so t hat some of t he
fibers remain stuck to the injection molding component (figure 10 resp. 10-a). This means that, with
the tensile test specimen, too, failure of the fibermatrix bond can be assumed to be mainly responsible for the failure of the bond.

5 CONCLUSIONS
The tests and results presented in this paper illustrate the influence of key process parameters on the
bond strength of a peel test specimen and a tensile
test specimen taken as e xamples of a backmolded
composite sheet structure. The influences for the
two examined test specimen are investigated separately. Based on t he test windows examined, a
maximum peel resistance of about 41 N/mm and a
maximum tensile strength of 28 N/mm² is
achieved. Furthermore, a suitable regression model
is developed for both specimens in order to depict
the parameter relationships in the examined test
window. In this way, it is possible to determine the
optimum parameter settings in the underlying test
window and to maximize the bond strength. All
parameters investigated besides the mold temperature happen to have a significant influence on the
resulting bond strength.
In order to acquire greater process understanding of
the backmolding of composite sheet structures with
the aim of optimizing the bond strength, further
experimental tests need to be performed. The process window especially regarding the peel tests
needs to be expanded. In addition, the influence of
different thermoplastics used f or the backmolding
process also needs to be analyzed in detail. For
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ABSTRACT: Innovative sandwich structures, as hybrid materials, offer the possibility to integrate various functions and thus achieve significant weight reductions for overall constructions. This paper is concerned with the development of weight-optimised sandwich structures with an integrated, energy-efficient
active infra-red (IR) heating element. The objective is to employ an IR heater instead of a forced-air heating
system inside the vehicle’s passenger compartment. Load-bearing structures such as walls, ceilings or floors
are ideal structural components for their application [1]. The technology required to manufacture such structures is derived from the production of multi-layer fibreglass sandwiches panels. The production consists of
a one-step process: Fibre-glass prepregs and foams, honeycombs or other core materials considered to be
suitable for railway applications are moulded into their final shape in a multifunction aluminium tool at high
pressure and temperature.
The scientific objective of the material tests stated in this paper is to verify that efficient, lightweight, structural interior components for trains or other vehicles can be realised using these sandwich panels. However,
the layered structure of these components consisting of composite skin panels, IR heating elements and a
foam core presents challenges which also need consideration.
KEYWORDS: lightweight, infra-red heating, IR, heating foil element, sandwich, delamination, tensile
strength, train, railway, passenger transportation, multi-functional

1 INTRODUCTION
To increase the acceptance of railway transportation in daily life, passenger comfort has become
essential in modern trains. For thermal comfort
purposes special air-conditioning is used not only
to achieve an agreeable temperature, but also to
clean or if necessary to moisten the air [7][8].
Therefore, modern passenger transportation requires an elaborate heating system for establishing
comfortable climate conditions within a vehicle’s
passenger compartment [7][9][10]. Beside conventional forced-air, single wire [18] or silicon mat
heating systems, innovative infra-red heating systems can be used. The latter consist of a heating
foil which is laminated into the top layer of a
lightweight sandwich panel and thereby acts multifunctionally as a carrying structure and as a climate
(regulating) element at the same time.
All these systems give new possibilities in increasing the potential of saving energy [11], resources
and assembling costs, and of direct integration of
additional functions in several different interior
parts, as floor panels or cover parts [1]. Further-

more, the airflow can be reduced due to the direct
radiant heat.
Airflow has an immense influence on comfort
(draughts in particular). According to ISO 7730,
airflow slower than 0.1m/s does not have any negative influence on comfort conditions [11]. Hereby
it can be concluded, that a minimisation of the
airflow by substitution with IR-heating will increase the passenger comfort.
Because interior parts and trim have a share of 30%
of the total mass in today’s railway vehicles and
regional trains [12], with our approach we attempt
to integrate the heating system directly into the
interior structures.
In order to verify the applicability of the IR heating
system within load carrying sandwich panels, the
strength of respective materials has to be analysed
and confirmed. For this, static tests with different
material settings have been carried out and will be
discussed in the following.

2 IR-HEATING SANDWICH PANEL
The IR heating panel discussed in this paper has
been invented to act multi-functionally as a struc-

* Corresponding author: Dr.-Ing. Alexandra Schumann, DLR – Institut für Fahrzeugkonzepte, Pfaffenwaldring 38-40
70569 Stuttgart, +49 711 6862-0, alexandra.schumann@dlr.de
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tural part of a new train concept – the “Next Generation Train” – which has already been introduced
by researches of the German Aerospace Center
(Deutsches Zentrum für Luft- und Raumfahrt –
DLR) [2]. A partition for this rail vehicle concept
was built as a demonstrator. A CAD model of this
mock-up is shown in Fig. 1.
2.1 TECHNOLOGICAL DEVELOPMENT
The main objective of the invention is to achieve a
reduction in weight of more than 20 % including a
cost-effective manufacturing process for large
sandwich structures compared to an equivalent
conventional structure used for passenger compartments. A load carrying sandwich panel which
is part of the passenger compartment structure has
been chosen to verify the feasibility of such an
integrated heating system in terms of geometry,
production and materials, load cases, etc. An innovative IR heating system with functional integration can contribute to achieving this goal.
According to recent restrictions on railway manufacturing, the sandwich concept has to fulfil fire
safety standards and given requirements for chemical resistance.

Fig. 2

Thermography of an IR heating panel with
temperatures of up to 60°C

Further, IR radiation is perceived differently by
people than heated air that transfers heat to the skin
through convection. Compared to forced-air heating, ventilation and air-conditioning (HVAC) systems, the start-up time of such an IR heating system is longer. However, due to an expected long
operation period this is not considered to be negative.
The possibility to heat up the panel to 60°C does
not necessarily mean that is has to be used in longterm work with this temperature. Where the possibility of skin contact is given, the temperature
easily can be reduced to 30-40°C or less. Material
problems due to the temperature did not occur in
any of our tests.

3 MATERIAL DEVELOPEMENT

Fig. 1

Technology demonstrator partition: The IR
heating system (green) is implemented in a
sandwich panel as a wall element.

2.2 HEATING PERFORMANCE
The thermographical picture in Fig. 2 shows the
distribution of heat inside an operating IR heating
panel. It is possible to heat the panel up to over
60 °C which is considered to be a sufficient performance to establish a co mfortable climate inside
the passenger compartment.

When choosing materials or developing new concepts in the railway research field, meeting structural requirements, fire protection and chemical
resistance standards is considered to be one of the
main challenges.
Every structure has to fulfil the structural requirements [13] and all materials used have to fulfil the
fire safety requirements strictly [3].
In order to meet these requirements, the sandwich
concept is based on an innovative sandwich structure that comprises an insulating foam core with
surface sheets in which the IR-heating system is
implemented in the form of a resistance heatingfoil. The functional integration by implementing
the IR-heating system creates a significant increase
in energy-efficiency. Regarding tooling and manufacturing technologies, a flexible and innovative
tool design for the production of low and medium
sized components is required.
3.1 STRUCTURAL SETTINGS
The integrated heating medium consists of a f oiltype PET-carbon matrix which is conductively
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connected by copper wires inside of the structural
component.
Delamination caused by tensile stress might occur
between the top layers and the heating foil. Tensile
tests show the performance of the selected sandwich materials with integrated IR-heating systems.
Details are explained below.

4 DIMENSIONING

3.1.1 Top Layers
Fibre-glass prepregs with two different masses per
unit area due to different filament diameters were
used for the top layers of the sandwich probes:
•
•

Bonding of 2D and 3D elements (node onto node)

2D elements
edge length ca. 2-3mm

Airpreg PY 8335,
Airpreg PY 8242.

3.1.2 Core Materials
Tests were conducted with three foams commonly
used as core materials, namely two PET foams
with different densities and one PMMA foam.
Additionally, cores of cork [4] as well as of balsa
wood [5] were tested:
•
•
•
•

Designing of the top layer as sandwich structure
was carried out by means of an FEM-simulation.
Load requirements were defined according to
standard load conditions – particularly according to
DIN 12663 [13] – and in terms of stiffness and
strength dimensioned in comparison with wooden
ceiling panels.

PET rigid foam (T90/150; T90/100),
PMMA foam (RHC 71S),
Cork material: CoreCork Amorim
Balsa wood Airex Baltek SB

3D elements
edge length ca. 2-3mm

Fig. 3

3.2 MANUFACTURING METHODS
As for the manufacturing process, different manufacturing procedures can be applied [6]. For example, it is possible to manufacture dry wrought materials by filament winding and afterwards applying
an injection technique based on a thermoset matrix.
Further, it is also possible to apply a resin injection
bath before winding, and by that to process the
fibre composite matrix system directly.
In case of the given precondition that an IR heating
foil shall be integrated into the sandwich construction, structures with thermoset matrices would
provide decisive advantages compared to thermoplastic matrices particularly in terms of thermal
resistance. As for thermoplastics, these properties
could only be realised with expensive highperformance materials.
Furthermore, variants which do not provide a base
for a flat sandwich structure cannot be considered
for the manufacturing process. Hence, procedures,
such as filament winding, pultrusion or centrifugation, can already be excluded.
As for the remaining methods, in particular investment costs for manufacturing facilities as well
as the production quantities of these structures need
to be taken into account.
The implementation of the heating foil is always to
be considered. Promising variants could be the
spraying method, compression moulding or injection process.
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Simulation model for the dimensioning of a
ceiling sandwich panel

4.1 MODELLING
This required discretising the sandwich structure
through 3D solid elements as core structure and 2D
plane elements as surface layers, in order to consider the core structure’s shear strength as well as
force application points besides failure types of the
top layer.
Given the fact that the panel to be calculated is
rather thin, it was designed in the calculation model
by using 2D elements. All core and reinforcement
layers as well as all layers for inserts for later bolting were modelled with 3D elements.
4.2 SIMULATION RESULTS
The analysis of the FEM calculation structure was
carried out using three representative load conditions according to DIN EN 12663 [13].
In these calculations, both the deformations and the
maximum loads in the cover layers and the core
structures were evaluated. For the strength analysis
for the sandwich cover layer, the maximum stresses were analysed and for the core structure the
maximum shear stresses were evaluated. Fig. 4
shows the deformation and bending of the sandwich panel by a load case of 5x9.81m/s² (5-g) in zdirection.
Overall results show that with a weight reduction
calculated by the FE-model of up to 40% a similar
stiffness of the sandwich structure could be
achieved.
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There are several modes of failure for sandwich
panels: insufficient stiffness or stability for top
layers, bonding elements or core materials, as well
as points of load transmission or local loads [14].
However, one drawback of the conducted modelling is that failures in the interface of top layer and
core could not be shown in detail yet, since required material characteristics were not available.

Fig. 4

Deformation and bending of a sandwich
ceiling panel in z-direction for a 5-g load:
max. 0.4mm

Hence, further tests like flatwise tension tests or
drum-peel tests [15] became necessary in order to
determine that the adhesive bonding between foam
and ceiling panel through the resin is sufficient
[16][17].
4.3 MATERIAL TESTS
As listed above, various sample configurations
were tested: fibre-glass prepreg panels with two
different resins as well as five different core materials. These were PET foams in two different densities, a PMMA foam as well as cork and balsa wood
(refer also to 3.1). These experiments helped to
analyse the properties of the interfaces between the
different layers, especially the core and the composite matrix. The influence of the IR heating layer
was also examined.
The carbon foil used as heating medium plays a
distinctive role within the layer structure of the
material probes. It is incorporated between top
layers and core and provided with a perforation
that allows the adhesive matrix to penetrate
through the medium. Hence, no full-face connection, but rather a selective bonding is given.
4.4 TEST SETUP
In order to analyse the flatwise tensile strength of
the multi-material-design structure, tests were
carried out according to ASTM C297/C297M-04.
Fig. 5 shows the testing device used with universal
joints for optimal force transmission. The tested
foams were placed between the middle plates applying an epoxy adhesive (Fig. 6).

Fig. 5

Tensile test rack for sandwich testing samples according to ASTM C297/C297M-04

4.5 TEST RESULTS
Based on these tests, assumptions regarding interface properties and adhesion between the matrix
resin and the core materials could be analysed.
The interaction of the various layers and materials
revealed noteworthy effects.

Fig. 6

Test specimens: no delamination occurred
between IR-heating foil and foam

The test results show in particular that hardly any
influence caused by the resin occurred on the
strength or adhesion between the top layer and the
core. In other words, both systems are applicable
depending on the application.
Instead of the selective interface as used in this
simulation, other force transmission modalities can
be applied, such as lateral distributed hook-andloop fasteners which e. g. could be used for casing
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elements. Further, effects of this punctual connection between the IR heating system and the MMD
(“Multi Material Design”) composite were also
analysed by vertical tensile tests conducted in accordance to ASTM C297/C297M-04.

point of failure determined by the tests are displayed.
The test results did not meet the manufacturer’s
specifications. Therefore, a v erification of the
properties is recommended when actually considering the application.
The comparison of the sandwich samples with and
without incorporated heating foil shows clearly that
no significant loss in structural stability arose. A
tensile strength reducing delamination occurred
only in case of the very rigid core made of balsa
wood and in case of Rohacell foam – both depicted
in Fig. 7 and Fig. 8 at the very right side of the
chart.

5 CONCLUSION

Fig. 7

Comparison of the test results with data
sheet – the manufacture’s data could not
be met

Test results show that the intermediate layer of the
IR heating system with punctual connection causes
no significant influence on the strength values. The
load bearing properties are barely impaired. Delamination between layers only occurred for cores
with very high mechanical properties, like balsa
wood, or high-density PMMA foams. Consequently this means that the mechanical properties of
these core structures cannot be fully utilised.

Strength properties of sandwich materials with
different material combinations in top layer and
core were examined in calculation models and in
tensile tests.
On one side, the results of the study at hand verify
through simulations and tests that these sandwich
structures can be employed for railway applications
such as load bearing wall or ceiling panels in passenger compartments. Additionally, no negative
impact could be determined caused by the integrated heating foil that, on the contrary, even improves
the climate conditions in terms of passenger comfort. How far the passengers’ perception of comfort
will be influenced by IR radiation will be analysed
by using a climate model in further research.
When developing the concept, integrating fixation
points by partially inserting suitable material segments or inserts has also been considered in order
to bear higher loads. However, with high-quality
surfaces (thin decor layers) “slight marks” around
the inserted material segments (e. g. SMC segments) emerged. For these cases, further studies
regarding the MMD structure and the manufacturing technology will be indispensable.
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Fig. 8

Analysis of the influence from the IRheating foil onto the adhesive and mechanical properties of the complete MMD-setup

The graphs displayed in Fig. 7 and Fig. 8 show the
results of the tensile strength test in comparison to
the specifications given in the data sheets and material tests conducted with and without the heating
foil. Various combinations of top layers and core
materials as well as the tensile strength up to the
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