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Abstract. The further development of in-mold-assembly (IMA) technologies for structural hybrid
components is of great importance for increasing the economic efficiency and thus the application
potential. This paper presents an innovative IMA process concept for the manufacturing of bending
loaded hybrid components consisting of two outer metal belts and an inner core structure made of
glass mat reinforced thermoplastic (GMT). In this process, the core structure, which is provided with
stiffening ribs and functional elements, is formed and joined to two metal belts in one single step. For
experimental validation of the concept, the development of a prototypic molding tool and the
manufacturing of hybrid beams including process parameters are described. Three-point bending tests
and optical measurement technologies are used to characterize the failure behavior and mechanical
properties of the produced hybrid beams. It was found that the innovative IMA process enables the
manufacturing of hybrid components with high energy absorption and low weight in one step. The
mass-specific energy absorption is increased by 693 % compared to pure GMT beams.

Introduction

Hybrid structures made of metal and fiber-reinforced plastic (FRP) exhibit lightweight potential
due to the combination of high mechanical properties and low density. Such multi-material designs
are used in structural applications to reduce the overall mass and increase functionality through
integrative approaches. To be used in large-scale application (e. g. automotive), economic
requirements such as low production costs and cycle times must be met. Therefore, glass-fiber
reinforced thermoplastics are often used, as they provide low material costs and fast
manufacturability. Furthermore, the unproblematic recycling of thermoplastic matrices in comparison
to thermosets is an important factor for sustainable developments. [1]

State of the art. Numerous joining strategies for metal and FRP exist and can be classified into
post- (PMA) and in-mold-assembly (IMA) processes. The separation of forming and assembly with
PMA offers a high degree of design freedom for metal and plastic components and enables common
joining processes such as adhesive bonding or mechanical joining techniques. Drawbacks of PMA
are the additional handling and joining operations, which limit rationalization and automation of the
production. In comparison, IMA processes offer a reduced number of manufacturing steps and lower
cycle times, leading to economic benefits. [2]

Based on recent research and development activities, a trend towards further development of IMA
processes can be identified [1]. The objective is to enable IMA processes for the integrated
manufacturing of complex and highly functionalized hybrid structures.

One of the first IMA processes used is the injection molding of (fiber-reinforced) plastic onto
metal sheet structures [3]. Thin-walled plastic ribs serve as stiffening elements to stabilize the metal
against buckling under pressure load [4]. Furthermore, the plastic can contain functional elements
such as bosses, tabs or snap-fittings and connect several metal sheets to each other to simplify
assembly processes. The plastic flows around the metal component at openings, edges and recesses
and thus achieves a macroscopic interlock of the two materials.

Ehrenstein et al. investigated the influence of coating the metal with bonding agents and plasma
pretreatment of the plastic during overmolding process [5]. Therefore, a u-shaped metal sheet
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component was formed and transferred into the mold where the injection of the FRP ribs took place.
The investigations resulted in an increase of bending and torsion properties of the hybrid structure,
which was attributed to the combined form fit and increased adhesion.

Hoffmann et al. achieved higher joint strengths between metal sheets and molded-on rib structures
by laser pre-treatment of the metal surfaces [6]. The increase in strength was referred to a microscopic
interlock at the undercut structures generated by the laser pre-treatment of the metal sheets.
Comparable bending and torsion tests to the investigations of Ehrenstein et al. [5] were carried out
on a hybrid beam that consists of two aluminum sheets and a FRP rib structure in between, that was
produced by injection molding.

The mechanical properties of injection molded FRPs are limited because considerable fiber
damage occurs in the manufacturing process. Shear-induced fiber breakage leads to reduced fiber
lengths, which in turn reduces both the stiffness and the strength of the FRP [7]. Higher fiber length
and thus better parts’ performance can be achieved with compression molding [8]. Common material
groups for compression processes are organosheets or glass-mat reinforced thermoplastics (GMT).

Modler et al. developed a process called 3D-hybrid that combines the forming and joining of
stacked metal and organosheets via compression molding with an additional injection molding of
LFT ribs [9]. The adhesion between the steel and organosheet is promoted by an epoxy-based
adhesive film that is applied to the steel surface prior to forming and joining. After forming the
stacked metal and organosheets the injection molding takes place in the combined forming and
molding tool. Carrying out three-point bending tests resulted in 44 % higher mass-specific energy
absorption of the 3D-hybrid part in comparison to a reference part that is exclusively made of steel.
Furthermore, a positive effect of an additional closing plate was found out. This steel closing plate
was connected to the 3D-hybrid-part by spotwelding and increased the mass-specific energy
absorption by 107 %.

Fang et al. combined the forming and joining of a metal sheet and LFT rib structure by
compression molding [10]. A metal sheet with applied melt adhesive and an extruded LFT compound
are transferred together into a compression tool. The simultaneous deep drawing and compression
molding could be achieved by using the pressure of the LFT compound to form the metal sheet.
Besides the optimization of the sealing technique and process parameters, mechanical tests were
carried out to analyze the parts’ performance. The researchers came to the similar conclusion as
Modler et al. that an additional metal sheet, joined in a second process step with the hybrid structure
leads to highest mechanical properties [11].

Innovative molding technology. Considering the results of Modler et al. and Fang et al., hybrid
structures exhibit highest bending properties with two metal sheets that are connected and distanced
with an inner FRP rib structure. In order to substitute the additional joining process for the second
metal sheet (closing plate), the innovative molding technology directly forms a glass-mat reinforced
thermoplastic (GMT) rib structure and joins it between the metal sheets. Therefore, two metal sheets
are vertically placed and fixed in a molding tool with vacuum (Fig. 1, a). Hot and plasticized GMT is
then transferred in the cavity and between the metal sheets (Fig. 1, b). By closing the molding tool,
the punch forms the rib structure and presses the GMT onto the metal sheet surfaces (Fig. 1, ¢). With
the help of adhesive films priorly applied to the metal sheets, a surface bonding is achieved under
pressure and temperature. Thus, the forming and joining of the hybrid structure is integrated in the
single-step process.
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Fig. 1: Process sequence of the innovative molding technology

Process Development

Hybrid beam. For the process development a demonstration part is designed, that consists of outer
metal sheets and an inner GMT core structure to propose a lightweight and load adapted hybrid design
for bending structures (Fig. 2). The hybrid beam shows typical geometry elements of real applications
to reproduce parts’ complexity. These include reinforcing ribs and wall thickness variations of the
core structure, load introduction elements with and without threads transverse as well as parallel to
the direction of press stroke. The optimization potentials resulting from a variable cross-section height
and width over the beam length are not considered yet.
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Fig. 2: Design of the demonstration part

The beam length is designed to meet a support distance of 300 mm in a three-point bending load
case. The upper and lower metal belts with 340 mm length and 40 mm width extend beyond the
support distance. Additional edge areas with a 10 mm fillet on both sides fulfill functional and
manufacturing purposes.

The height of the beam was defined to be one sixth of the length to achieve a low shear loading
compared to bending. The total width is composed of the width of the metal belt and an edge area for
manufacturing reasons. The GMT in the edge area of the metal belt makes the process tolerant to
varying amount of material input. This prevents the punch from contacting the metal belts in case of
low GMT filling mass, which could cause wear/damage to the tool. In addition, it is ensured that the
tools’ bottom dead center does not prevent the complete compression of the GMT. With this design,
process-side errors can be reduced.

Three bushings are used for the load introduction elements, which are arranged around the neutral
fiber of the beam in order to not weaken the highly stressed edge fiber areas. The bushings are
surrounded by GMT and embedded directly in the compression molding process. The bushings have
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a thread-like structure on the outer shell to achieve a form fit with the GMT. Standard M8-thread
elements are inserted into the hybrid beam at the head end and have a knurled surface.

The core structure is designed for the selected load case of three-point bending with the help of a
topology optimization. The wall thicknesses vary from 4 to 6 mm and depend on the wall thickness
of the metal sheet in the belt area (fewer metal results in more GMT). All forming surfaces parallel
to the pressing direction are provided with a demolding bevel of 2°.

Molding tool design. The compression molding tool is made of two halves and each has an
electrical temperature control. The ejector system and mandrels for the bushings and thread elements
are located in the lower half of the tool. The ejector system consists of pins and sleeves that are
hydraulically actuated. The pins are strategically placed to vent the lower half of the mold and the
sleeves slide over the core pins onto which the bushings are placed and positioned. The thread
elements are held in position by lateral mandrels perpendicular to the stroke direction, which are also
hydraulically actuated. The lower mold half is designed as a frame into which the punch of the upper
mold half intrudes. The mold frame also serves to position and fix the metal belts. Slippage of the
metal belts before and during the compression molding is prevented by a vacuum fixation, which is
connected to the metal belt from the outside through four channels on each side. In Fig. 3 a section
cut of the closed compression molding tool is shown. The left half of the image shows a central
section cut through the core structure and the right half shows a section cut through the metal belt.

Section cut in core structure Section cut in metal belt
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Fig. 3: Section cut of hybrid beam in closed compression molding tool.

The punch of the top tool contains cover pins for the bushings and pressure sensors for process
monitoring. The cover pins are pretensioned by compression springs and protrude 25 mm from the
mold before the compression molding process starts. When the mold is closed, the cover pins first
contact the bushings before the GMT begins to fill the mold. This prevents GMT from flowing over
or into the bushings which would require a drilling process afterwards.

The membrane surface of the piezoelectric pressure sensors has a diameter of 4 mm and is aligned
perpendicular to the stroke direction. The pressure sensor for pressure measurement P1 is in the lowest
position of the punch and thus points on the web area of the core structure. The pressure sensor P2 is
in the upper end of an adjacent reinforcing rib for monitoring the mold filling.

Furthermore, the tool is connected to a draw-wire sensor and piezoelectric load cells between the
tool and the press to measure the press stroke Z and force K. The measurement is started automatically
via an inductive proximity switch, which is triggered by the top tool 35 mm before bottom dead
center.

Materials. The material used for the core structure is a commercially available GMT with a fiber
content of 52 %, supplied from Mitsubishi Chemical Advanced Materials. The chopped fibers are
randomly distributed and embedded in a mineral filled polypropylene (PP) matrix. This material was
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chosen due to its good flow properties, homogeneous fiber distribution and high weight specific
strength.

The metal belts are made of micro-alloyed steel with zinc coating on both sides
HX340LAD +Z100MBO (1.0933) and a thickness of 1.5 mm. In addition, the steel sheet is provided
with an adhesive film on one side, which is oriented towards the core structure during the
manufacturing process. The PP-based adhesive film is delivered and applied to the steel surface by
nolax.

The bushings are made of aluminum alloy EN AW-2007 T4 (AICu4PbMgMn) and the material
for the thread elements is brass. The mechanical properties of the metal belt and core structure
materials are presented in Table 1.

Table 1. Material properties of metal belts and core structure

Material HX340LAD GMT PP-GF52
Density (g/cm?) 7.85 1.40
Tensile modulus (GPa) 205.00 8.60
Tensile strength (MPa) 448.00 145.00

Process and parameters. The production process is divided into preparation and compression
molding. Preparation includes the manufacturing of all semi-finished products, the heating of the
GMT blanks and the loading of the compression molding tool with those semi-finished products. The
compression molding process consists of the press stroke, the holding time and the opening of the
mold with subsequent component ejection.

For preparation, the metal belts are cut to size using a plate shear. The GMT sheets are contoured
using water jet cutting. The GMT blanks show the outer contour of the cavity and are cut out at the
positions of the three aluminum bushings. In the following, four of the GMT blanks are stacked and
weighed to check the right amount of mass. Afterwards they are heated in a convection oven at 250 °C
for 10 min. Meanwhile, the functional elements are placed on the holding mandrels and the metal
belts are placed and fixed in the mold. A vacuum of -0.8 bar relative pressure is applied for the
fixation of the metal belts. The metal belts are heated conductively due to contact with the mold, that
is constantly controlled to 100 °C. The temperatures on the coated surfaces of both metal belts are
measured with thermocouples (Fig. 4). From the diagram the time interval between inserting the
upper and lower metal belts into the cavity can be seen. After 90 s a constant surface temperature of
91.5 °C is reached on the adhesive side of both metal belts.

Thermocouple Upper belt

Upper belt

0 30 60 90
t/s

Fig. 4: Measurement of belt temperatures after fixation in molding tool and before insertion of
GMT

Lower belt Thermocouple

The compression molding process is executed with a hydraulic press that moves with a speed of
approximately 30 mm/s. After inserting the hot and lofted GMT blanks the mold is closed. For 30 s
the maximum press force is applied. Afterwards the press stroke is locked for further 30 s. After 60 s
in total the mold is opened. Fig. 5 shows the measured process data over time.



1462 Achievements and Trends in Material Forming

500 7 25

400 K 20
% E 300 b bl 15 E
Y 200 2 "'“""“"‘4‘4'.".".’::;:::: ................................ 10 N

P2’ Tl
100 ST T 5
0 L= 0
0 0 20 40 60

t/s t/s

Fig. 5: Measurement of press force K, stroke Z and inner cavity pressures P1, P2. The left diagram
shows the process beginning in detail and the right diagram covers the whole cycle time.

The data recording from the beginning of the process shows the flow process and cavity filling.
First, the pressure P1 increases in the front surface of the punch, which first contacts the lofted GMT.
Then the cavity fills and when the GMT reaches the tips of the ribs, the pressure P2 increases there
as well. During the molding process a maximum force of 467 kN is reached. The maximum pressure
P11is 230 bar and the maximum pressure P2 is 245 bar. After reaching the peaks both pressures
P1 and P2 drop. Pressure P2 drops faster than P1 which can be related to the faster cooling and
shrinkage of the GMT in the rib area due to higher surface-to-volume ratio. The pressure increase of
P1 towards the end of the process can be explained by the pressure decrease in the rib areas. While
the pressure decreases in some areas (ribs), the pressure outside the ribs must increase to maintain the
nearly constant press force.

The 1nitial press speed decreases when the press force increases. The stroke still reduces over the
holding and cooling time which can be explained with the shrinkage of the GMT.

Before ejection of the part, the holding mandrels of the thread elements on the top sides of the part
are pulled out of the mold to remove the form lock. After ejection and a short cooling time, the hybrid
parts are de-burred manually at the ejector points and on the upper outer edge due the closing gap of
the tool. Fig. 6 shows a hybrid beam that was manufactured with the one-step compression molding
process described above. The hybrid beam is milled on two planes on the left side to visualize the
fiber content and orientation.

Fig. 6: Manufactured hybrid beam and visualization of fiber content and orientation

By visual inspection, areas of low fiber content cannot be detected neither in the ribs nor in the
large area of the bar. The fibers flow around the functional elements and lay down on the surface of
the metal belts. Here, the fibers do not show a clear orientation.
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Mechanical Testing Results

Testing method. The mechanical characterization of the manufactured hybrid structure is carried
out following the procedure of Modler et al. [9] and Fangetal. [10] as well as the norm for
characterization of sandwiches [12] in a three-point bending test. The test rig is visualized in Fig. 7.
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ig. 7: Test rig for three-point bendin

The fixture is driven by a servo-electric universal testing machine with displacement control and
a constant traverse speed of 5 mm/min. During the test, the resulting force F' on the impactor and the
surface displacement S of the structure and the test rig are measured optically via digital image
correlation (DIC). The vertical relative displacement of the punch to the support points is defined as
displacement S. From three-dimensional surface displacement the true strain £ is computed.

Before the test, a stochastic surface pattern is sprayed onto the front and the underside of the hybrid
beam to support the DIC. The underside of the beam is optically measured before the test. The hybrid
beam is then placed in the fixture. The impactor is contacted with the hybrid beam and the test
program as well as the data recording is started. During the test, the frontside of the hybrid beam is
optically measured. The test ends at maximum displacement § when the force drops to 10 % of the
peak force F. After the end of the test program, the underside of the hybrid beam is measured again
to correlate the deformation of the lower belt with the undeformed stage. Thereby, a continuous and
a two-stage deformation measurement of the frontside respectively underside of the hybrid beam are
available for test evaluation. From force-displacement (F-S) diagram, the fracture energy E

E=[ Fds, (1)
the stiffness ¢

c=(F,—F) /(s(F,) —s(Fy)) with F; = 0,05F and F, = 0,25 F (2)
and the mass-specific energy absorption SEA

SEA=E/m (3)
are calculated.

Bending properties. In Fig. 8 the resulting F-S curves of two hybrid beams and one GMT-beam
without the metal belts are illustrated. The two hybrid beam curves display different test results that
were exhibited due to varying manufacturing conditions. The reasons for the different behavior are

discussed later. The GMT-beam was manufactured as a reference in the same molding tool, but the
vacuum channels were closed as no metal belts were inserted.
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Fig. 8: F-S curves of hybrid beams and contour plot of strain distribution

Curve (a) shows the mechanical behavior of a hybrid beam where the lower belt fractures as
intended. At the beginning of the test the force increases linearly until the system stiffness reduces in
point (al). The reduction of system stiffness is correlated to the plasticization of the metal belts. The
force increases further and a first crack in the lower, tensile loaded region of the core structure appears
(a2). The location of the crack beginning is marked in the DIC-image (Fig. 8, right). After the curves
peak, the force drops to a plateau where the force level is nearly constant until the structure completely
fails (a3). While the crack in the core structure travels through the vertical rib around the middle
bushing, the core still stabilizes the metal belts. The tensile load due to bending is completely
transferred by the metal belt in the lower beam region. The whole structure loses mechanical integrity
when the lower metal belt fractures.

Curve (b) shows the mechanical behavior of a hybrid beam where the lower metal belt separates
from the core structure before fracture. Until the complete failure of the hybrid beam the curves (a)
and (b) are similar. When the structure collapses (b1), the lower metal belt delaminates from the core
structure in sliding mode two (in-plane shear). The metal belt shows no rupture and is still connected
to the core structure from the left end to the middle. Due to the early adhesive failure, the load bearing
capacity of the lower metal belt is not completely used.

Curve (c) is from a reference GMT-structure that has no metal belts. The force increases linearly
until the maximum (c1). Then, a crack in the lower middle region appears and travels upwards through
the beam. The failure appears directly after the peak force. Table 2 lists the characteristic values that
can be used to compare the bending properties of the three specimens.

Table 2. Properties of specimens

Specimen (a) hybrid (b) hybrid (c) GMT
m (kg) 0.79 0.78 0.52
F (kN) 23.52 23.02 7.89
c (kN /mm) 9.04 8.89 2.70
E(D 533.05 279.29 44.24
SEA (J/kg) 674.75 358.06 85.08

The measurement on the underside of hybrid beam (a) is shown in Fig. 9. The true strain in beam
length direction &, is analyzed and shown as a contour plot. Furthermore, the strain is evaluated on
three sections along the beam axis with a distance of 12.5 mm between the lines.
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Fig. 9: Strain measurement of lower belt on hybrid beam specimen (a)

A shear fracture in the lower beam as well as the necking region in the middle of the beam length
can be obtained from the underside measurement. A shear band with high strain has developed
symmetrically to section two (S2) at the same angle of the fracture plane. From the strain
measurement curves the local high plasticization of the metal belt can be seen.

Discussion

Process variation. Two hybrid beams have been tested under three-point bending. The hybrid
beams were manufactured with the same set-up but showed different mechanical characteristics. The
hybrid beam (a) failed as intended due to a crack in the lower metal belt, while in the hybrid beam
(b) the metal belt separated prematurely from the core structure. This resulted in the metal belt not
transferring the load until failure, and the absorbed energy E of the whole structure (b) was thus less
than that of (a). The reason for this different behavior is not clarified yet. The reduced shear strength
of the connection between the cover sheet and the core structure could have various causes. First,
trapped air could prevent the formation of a material joint. Second, the adhesive film could have been
damaged by the GMT insertion and flow process. Another cause could be the premature solidification
of the GMT flow front, which does not form a sufficient bond with the adhesive film. Because the
manufacturing process is subject to variations due to manual insertion of the plasticized GMT, the
bond strength may vary. The cause of insufficient adhesion on some specimens will be clarified in
further investigations (e. g. by micrograph analyses) and eliminated by optimizing the manufacturing
process.

Comparison of hybrid beam and reference. In comparison to the GMT reference a significant
increase in strength, stiffness and energy absorption could be achieved by integration of two metal
belts. Due to the two metal belts, the hybrid variant (a) has 52 % more mass than the GMT variant
(c). But at the same time, the energy absorption increases by 1105 %. This results in a SEA which is
increased by 693 % with the hybrid variant (a) compared to the GMT variant (c).

These advantages are achieved by a high material utilization of the different materials steel and
GMT. According to their strengths, the materials are arranged in such a way that they match the
different occurring stresses over the beam height. The lightweight and easily formable GMT is placed
in the core region, where it has a supporting and functional effect. The metal belts are used in the
edge area of the beam, where high normal stresses prevail due to bending. Because of the high yield
strength and the broad range of plasticity of the steel, the metal belts can absorb large amounts of
deformation energy. Even at the point where cracks are already present in the core structure, the metal
belts still transfer the load and provide structural integrity. This can also be evaluated as an excellent
fail-safe property, which is necessary for structural and safety-related applications.

Summary

An innovative compression molding technology was developed and experimentally validated for
in-mold assembling hybrid structures in bending loaded applications. Using a hybrid beam with two
outer metal belts and a GMT core structure as demonstration component, a prototypic tool was
developed for analyzing the process and manufacturing specimens. The specimens were characterized
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in a three-point bending test. Process-related variations affected the (shear) strength of the adhesive
bond between the GMT core structure and the metal belt, resulting in premature delamination of the
metal belts from the core structure in one hybrid beam specimen. The causes of this have not been
clarified yet and are part of future investigations.

A hybrid beam without process-related defects, in contrast, failed as planned due to cracking of
the lower metal belt and exhibited high mechanical properties. Compared to reference beams made
only of GMT, a SEA increase of 693 % was achieved with the hybrid variant.

With the aid of the new in-mold assembly technology, a hybrid beam can be manufactured in a
single step, combining the forming of the GMT core structure and joining with two outer metal belts.
Such lightweight structures could not previously be manufactured in one step, which means that a
rational manufacturing process is now available for hybrid bending structures, with which both
performance- and cost-driven large series can be addressed.

By selecting different materials for the core and belt structure, various material compatibilities can
be investigated for further applications. An additional form closure of the core structure to the metal
belts, equivalent to the injection clinching joints by Abibe et al. [13], is a potential optimization
strategy to increase the shear strength of the joint and adjust the failure behavior of the whole beam.
Furthermore, the variation of the cross-section dimensions over the beam length remains another
important variable that can be optimized in the future.
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