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Abstract

A heavy-duty multi-material-design (MMD) can be realized through the combined use of structured sheet metal
and reinforced plastics (FRP). To exploit the high lightweight potential of the various material groups within a
multi-material system as efficient as possible, a material-adapted and particularly fiber adjusted joining method
must be applied. The present paper primarily focuses on the manufacturing and mechanical testing of novel
multi-material joints with structured sheet metals and carbon fiber reinforced thermoplastics (CFRP). For this
purpose the applicability of the new Flow Drill Joining (FDJ) method, which was developed for joining of
heavy-duty metal/composite hybrids, was investigated.
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1. Introduction

Load-path adapted multi material designs initiate significant savings of energy and material in automotive industry.
Of all the material groups, the combined use of metal sheets and fiber-reinforced plastic (FRP) offers a very high
lightweight potential (Klein, 1997; Rosato, 2005; Goede et al., 2010). With respect to this, metal components are
usually applied for a uniform initiation of concentrated loads. In contrast to that FRPs are more suitable for load
transmission along large distances (Schiirmann, 2005; Kroll, 2009).

In particular, the use of thermoplastic FRPs with high strength and stiffness properties is raised sharply within the
last decade in automotive industry (Ind.Exp., 2013; Witten, 2013). Primarily this is due to comparatively short
cycle times when manufacturing components and the use of inexpensive matrix systems such as polypropylene,
but also higher-quality plastics such as polyamide or polyether ether ketone. Consequently they are predestined for
large scale production of complex lightweight structures (Ddhler et al., 2014).

The use of structured metal sheets also offers a high lightweight potential for multi-material designs (Sterzing,
2005; Malikova et al., 2013). In Particular three dimensional structured sheets with embossed secondary design
elements, vault structures or beadings are characterized by much higher bending stiffness-values than plane sheets.
On the one hand this is caused by a higher moment of inertia and on the other by the strain hardening effect, which
is evoked by the forming process (Viehweger et al., 2002). Compared to a plane sheet metal construction, the wall
thickness can be consequently reduced and ultimately also the component weight.

Through the combined use of thermoplastic FRPs and thin-walled structured metal sheets, weight-optimized
components of a body in white can be developed for vehicle construction. For instance the described
multi-material approach can contribute to increase the rigidity of a body in white structure while reducing weight.
For this the required joining technology takes a central role within the manufacturing process.

The joining of thin-walled structural components, made of FRP and metal sheets, is considered to be an extreme
challenge. Usually - due to the strongly different thermo-mechanical behavior and the divergent material
composition and morphology - primarily mechanical methods such as screwing, blind and punch riveting as well
as hybrid techniques are applicable (Simon, 2005). Regarding this, high and strong local acting joining forces
cause a process-related smoothing of the structured cross-section. This reduces the excellent bending stiffness of
the thin-walled and structured sheet metal components considerably (Viehweger et al., 2005).
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Furthermore the conventional placing of joining elements leads to a sectioning of load bearing fibers at the load
introduction zone of the FRP. As a consequence, high notch stresses are induced, which weaken the FRP
component significant and prevent the optimal exploitation of the high anisotropic lightweight potential (Colins,
2006; Seidlitz et al., 2011). Therefore additional reinforcements like cones and patches are applied at critical notch
stress areas, which consequently lead to a strong over-sizing of the joint, an increased component weight and most
of all space problems. To fully exploit the high anisotropic material behavior of the FRP, the joining process must
be performed very gentle as well as load path adapted (Rotheiser, 2009).

This paper focuses on the qualification of the new flow-drill joining (FDJ) concept — against the background of
thin walled structured sheets (Seidlitz, 2013a). The technology is currently used to join plane metal sheets and
thermoplastic FRPs within wall thickness range of 1.5 to 4.0 mm (Seidlitz, 2013b). In analogy to constructions in
nature, the fibers can be aligned along the force flux lines at the joint of the FRP component. It is possible to
achieve high joining strengths in this way. The fiber realigning effect was proven in tensile shear tests on mixed
joints with structured steel and aluminum thin sheets as well as orthotropic carbon and glass fiber reinforced FRPs
with polyamide 6 (PA6) matrix. Finally the joints were pyrolysed to evaluate the fiber arrangement at the joint.

2. Method
2.1 Specification of Test Materials

Structured thin sheet metals are mostly produced by rolling (rolled structured sheets), embossing (waffle-type
structured sheets), or hydro forming (spherical-type structured sheets). Process-related through the forming
process a high level of strain hardening occurs. In addition to the high bending stiffness values, structured thin
sheets are characterized by increased heat absorption and vibration stiffness. In comparison to plane sheet metals,
this phenomenon is evoked by the larger surface. Therefore they are often used for heat shielding and sound
insulation.

In this paper, orthotropic structured steel and aluminum thin sheets are investigated, which are mainly produced in
roll forming processes. Table 1 summarizes them and gives an overview referring to mechanical properties, the
used alloys, structure pattern, wall thickness and the cross section height.

Table 1. Properties of metallic joining partners

oung's tensile ield cross

material young y pattern section thickness
modulus strength strength :
height

Steel
FeP04 210 GPa 315 MPa 176 MPa 1.8 mm 0.5 mm
(DIEDRICHS)
Aluminium
AlMg2.5 73 GPa 207 MPa 110 MPa S m— 2.4 mm 0.5 mm

Thermoplastic FRP’s in the form of so called organic sheets are flat semi-finished products, which can be prepared
by stacking of unidirectional (UD) pre-impregnated layers (prepregs) and subsequent pressing in at matrix melting
temperature (for polyamide 6: 220°C). Thus thermo formable unidirectional and multidirectional composite
structures with defined mechanical properties can be produced within short cycle times. Furthermore, in addition
to the high specific strength and stiffness properties, thermoplastic FRP’s possess comparatively high damping
characteristics, good crash resistance as well as material immanent recycling properties. Subject matter of the
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investigations are FRP’s with orthotropic glass and carbon fiber reinforcement, embedded in a polyamide 6 (PA 6)
matrix system. Table 2 gives an overview referring to the applied unidirectional (UD) prepreg systems, lamina
lay-up and further specific properties.

Table 2. Properties of GFRP and CFRP joining partners

young's tensile fiber volume
FRP type prepreg lay up modulus strength ratio thickness
E1 = E2 0] =0y
UD glass
GFRP fibre/PA 6 [0/90]; 16.8 GPa 368 MPa 0.6 1.2 mm
(Ticona)
UD carbon
CFRP fibre/PA 6 [(0/90)5]5 49.5 GPa 860 MPa 0.6 1.6 mm
(Ticona)

2.2 Flow Drill Joining Concept

The flow drill joining (FDJ) concept, which was developed at the Institute of Lightweight Construction at
Chemnitz University of Technology, primarily serves to join comparatively thicker thermoplastic FRPs with metal
sheets. The process is characterized by short processing times, high-strength joining properties appropriate for the
force fluxes as well as the high degree of lightweight construction and can be utilized in various industrial sectors.
The essential advantage towards typical joining technologies relates to the fact that no additional auxiliary joining
elements are needed for joining the components.

In order to manufacture a FDJ joint, the plastic flow properties of the metal component are exploited in a targeted
way. With the aid of a rotating mandrel, a bushing is thermo-mechanically shaped from the metallic base material.
While doing so, this bushing is pushed directly through the also locally plasticized thermoplastic FRP component
during the shaping operation and is subsequently pulled over in a positive-locking form when the mandrel is
retracted or in an additional working step (Figure 1).

* Forming the bushing
through the FRP and
realignment of fibers

Metal
Mandrel

= Manufacturing the
closing head through
re-forming the bushing

Forming tool

L)

Figure 1. Process scheme for manufacturing FDJ joints

The rotation of the mandrel and the associated friction serve to release thermal energy which is locally introduced
into the FRP component as a result of the process and thus initiates the partial melting of the thermoplastic matrix.
Therefore, the continuous fibers arranged in the plastic become "moveable" and can be aligned towards the force
fluxes during the shaping of the bushing (Figure 2a).

The described FDJ process was carried out by an automated joining jig (Figure 2b). According to DIN EN ISO
14273, the machine serves to manufacture tensile shear test specimens with a length of 175 mm, width of 50 mm
and an overlapping length of 35 mm. Joining of the comparatively thick walled GFRP and CFRP components can
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be supported by an infrared heating system, which plasticizes the matrix component efficiently within a short

processing time.
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Figure 2. Sample of a conventional Steel/GFRP (1.5mm/3.0 mm) FDJ joint and joining jig

For the investigations AIMg2.5/GFRP and FeP04/CFRP joints were performed. At all specimens, the phenomenon
of realigned fibers could be detected visually around the closing head-side top layer of the FRP component. Due to
the galvanic contact corrosion problem that occurs when carbon fibers and aluminum get in contact under presence

of an electrolyte, the aluminum alloy was not joined with CFRP.

The applied joining point diameter of 5.3 mm was chosen, since most of the mechanical joints in actual body in
white structures show similar geometric parameters. Table 3 summarizes the processing parameters and shows

exemplarily samples of the manufactured FDJ joints.

Table 3. Manufactured FDJ joints

Tensile shear specimen Processing parameters

AlMg2.5/GFRP
(Number of specimens: 5) Joining point diameter: 5.3 mm
R T e Joining force: 15 kN
% ! ‘ . ] Flow drill speed: 4500/min

FeP04/CFRP

(Number of specimens: 5)

Joining point diameter: 5.3 mm
Joining force: 20 kN
Flow drill speed: 3000/min

5« BN : > ] ;
'S EE Lt Heating time: 14 s

('R R RS %

2.3 Determination of the Tensile Strength Properties

The performed specimens of table 3 were tested according to DIN EN ISO 14273. The determination of the tensile
strength properties was carried out with the universal tensile testing machine UPM Zwick/Roell Z 250 (Figure 3).
The pre-load was 10 N. The span width was 100 mm and the test speed 2 mm/min constant.
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Figure 3. Determination of the tensile strength with the UPM Zwick/Roell Z 250

2.4 Determination of the Fiber Arrangement at the Joint

The determination of the fiber arrangement at the specimens occurred with the automatic incinerator "CEM
Phoenix Standard Unit" (Figure 4). Because of the limited space inside the crucibles, cut outs were prepared and
incinerated one hour at 650°C (according to DIN EN ISO 11667) under protective gas (nitrogen), to prevent the
oxidation of the carbon fibers. Hereby the thermoplastic PA6 matrix was completely detached without any
residues from the filaments, which remained afterwards loose and unbound at the metal component.

Figure 4. Automatic incinerator "CEM Phoenix Standard Unit" and CFRP specimen with crucibles

3. Results
3.1 Static Tensile Shear Tests

Figure 5. Damage of failed AIMg2.5/GFRP and FeP04/CFRP FDJ joints
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In the performed tensile-shear test all AIMg2.5/GFRP and FeP04/CFRP specimens fail in consequence of the high
bearing stress, which occurs at the edge of the FRP-holes. The robustness of the joints is primarily - because of the
considerably thinner wall thickness of the structured thin sheets - influenced by the metal components. The highly
acting shear stresses at the joint induce finally bending up the closing head and consequently buckling of the
remaining metallic bushing (Figure 5).

In particular the results of the strength tests confirm, that a high strength potential is achieved by the material
combination FeP04/CFRP, with a determined tensile shear holding force of 644 N (Figure 6, black). In contrast to
that, the values of the AIMg2.5/GFRP FDJ joints are about the half lower (Figure 6, grey). Furthermore it is to
determine, that the stiffness of the joint is significantly lower. This is due to the - in comparison to FDJ joints with
CFRP and steel - substantially lower young's modulus of GFRP and aluminum components (cf. Table 1 and 2 with
Figure 6).

700 700
600 - 600 /I ‘\\
500 - 500 l
Z 400 - Z 40
g 291.5 ] I
- R * - o
g 30 5 300 AN
200 +— 200 Iy
~
100 4 AIMg2.5/GFRP 100 \\
o L B FeP04/CFRP 0 |

0.00 025 050 075 .00 125  1.50

Displacement [mm]

Figure 6. Tensile strength of structured AIMg2.5/GFRP and FeP04/CFRP FDIJ joints and associated exemplary
force/displacement curves

3.2 Global In-Plane Fiber Alignment

Unlike traditional technologies, the FDJ process is carried out from the metal side with heat assistance. With
regard to the FRP components, this kind of process management is gentler on the material since fiber fracture (FF)
is mostly avoided at top layers of the FRP components. Moreover it is shown that, due to the process-induced
realignment in the region of the joining zone, the reinforcing fibers are not only appropriate for the force fluxes, but
also have a higher fiber volume content — similar to construction principles in nature (for example at knotholes). In
the area of the joining point, high fiber content is achieved due to the radial dispelling of fibers during the shaping
of the bushing and to the formation of the closing head with the forming tool (Figure 7).

--- Realigned fibers
O Joining point

D Fiber fracture (FF)

Figure 7. Realigned fibers after incineration of PA6 matrix at top layers of AIMg2.5/GFRP (a) and FeP04/CFRP
(b) specimens
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In comparison to the top plies of inner UD layers of AIMg2.5/GFRP and FeP04/CFRP flow drill joints, the
amount of fiber fractures is increased at inside lying fiber plies (Figure 8).

--- Realigned fibers
O Joining point

D Fiber fracture (FF)

Figure 8. Increased amount of FF at inner (third) fiber layers of AIMg2.5/GFRP and FeP04/CFRP FDJ joints

Fiber fractures are usually induced by the formed bushing. Unlike the closing head-sided UD layers, which will be
first pierced in the later course of the process by the rotating mandrel and, thus, will be expanded continuously, the
UD layers at the metal sheet get in contact for the first time primarily with the formed bushing. Once the mandrel
pierces the metal sheet, a sharp-edged bushing is formed. However, at this time, the mandrel is situated within the
bushing and, therefore, does not contribute to a steady realignment of all fibers in the joining zone. With that, fibers
are partially cut by the sharp edges of the formed bushing until the mandrel - with increasing load adjusted
realignment fibers - completely penetrates the FRP component.

4. Discussion

The Flow drill joining process constitutes a new type of technology for joining sheet metals and FRP components
on a thermoplastic basis in a way appropriate for the force fluxes. During the FDJ process, a bushing is shaped
from the metallic base material with the aid of a rotating mandrel. In this respect, the metallic component is
plasticized locally. Due to the contact heating, the FRP component is melted locally at the same time. While the
bushing is being shaped by the plastic, the then moveable fibers are deviated around the imperfection in a way
appropriate for the force fluxes. Due to the final defined forming of the bushing, the joining members are joined
with each other in both positive-locking and non positive-locking forms. Moreover, the FDJ joint can provide a
defect-tolerant force introduction system for multi-material high-performance structures, which can be subjected
to high loads for applications in large-scale series technology.

The applicability of the FDJ process was positively evaluated for multi-material joints with extremely thin walled
and structured metal sheets. It could be demonstrated that the specific realignment of fibers — in spite of the
strongly different wall thicknesses of the joining partners — could be realized at the investigated material pairings
AlMg2.5/GFRP and FeP04/CFRP. The realignment of fibers was confirmed visually at top layers and by
incinerating the polyamide 6 matrix system, wherein the FRP joint could be analyzed with respect to fiber fracture
(FF). In particular these kinds of failures mostly occur process-related at inner layers of the FRP components.

Through the load and material adapted design of the joints, high tensile shear strengths were determined at
FeP04/CFRP specimens. Against the background of the small standard deviation at both experimental series, it can
be stated that the FDJ joining process works sufficiently and stabile. Furthermore, as a consequence of the
considerably lower required joining forces against conventional techniques, the structures of the patterns are
almost unimpaired. Thus, the high bending stiffness properties of the structured metal thin sheets remains in a FDJ
based multi-material construction with thermoplastic FRP. As part of the investigations it was demonstrated that a
high benefit in weight reduction can be achieved, when applying the suggested lightweight design approach.
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