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Abstract
Due to the growing demand for light-weight solutions in a wide range of industrial sectors, the selection and combination 
of different materials is becoming more and more important. As a result, there is an increasing need for suitable joining 
technologies. In a new joining process, flexible glass fiber textiles are integrated into aluminum by high pressure die casting 
in the first production step. These structures are used for the electrochemical insulation between aluminum and carbon fiber 
textiles, which are connected in the subsequent production step by textile technology. The finished compound is formed in 
a final resin impregnation process. Challenges faced by Fraunhofer IFAM lie in the positioning, pre-tensioning, and infiltra-
tion of the glass fiber textiles in the high pressure die-casting process. The advantage of this joining technology, in addition 
to the electrochemical insulation between aluminum and carbon fibers, is in a slim and light-weight connection. Therefore, 
no thickening of the individual joining partners is necessary, and the force flow lines are not deflected. Within mechani-
cal investigations of those hybrid structures it was determined, that the infiltration content of aluminum has only a small 
influence on the achievable tensile strength. Rather, casting parameters such as the holding pressure have an influence. The 
subsequent resin infusion process enables an additional infiltration by the resin system of fiber bundles that have been only 
slightly infiltrated with aluminum. As a result, additional adhesion can be achieved and the infiltration gaps can be closed. 
Furthermore, an influence on the achievable tensile strength was observed regarding the use of the fiber material. Further 
increases in tensile strengths were also observed by adapting the textile parameters (e.g. reduction of the fiber undulations). 
A variety of failure behaviors could be observed in dependence on textile and process parameters. Tensile strength of the 
hybrid structures was compared to reference samples made of glass fiber reinforced epoxy resin, to determine the loss of 
strength caused by the joining technology. Further investigations were carried out, including a fracture surface analysis using 
a scanning electron microscope. Thus it was possible to determine mechanisms of adhesion between encapsulated glass 
fibers and the surrounding aluminum matrix.

Keywords Hybrid · Composite · CFRP · Aluminum · High pressure die-casting · Tool design · Glass fiber · Joining 
technology · Lightweight materials · Transition structure · Multi-material

1 Introduction

In order to meet the increasing demand for load-balanced 
multi-material design, various innovative joining com-
pounds between aluminum and carbon fiber reinforced poly-
mers (CFRP) are currently under investigation. A promising 
approach is to partially integrate fiber structures into alu-
minum and infiltrate the fibers partially during the forma-
tion process of the aluminum part (e.g. casting, squeezing or 
forging) [1, 2]. One of these approaches uses the aluminum 
high pressure die-casting; glass fibers act as a transitional 
structure between the aluminum and the CFRP part. Direct 
contact between the aluminum and the carbon fibers should 
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be avoided due to the difference in electrochemical poten-
tial [3]. Through this technology, a slim, load-tolerant, and 
simple connection between the materials to be joined can 
be realized [4].

However, there are challenges in the implementation of 
fiber structures in aluminum die-cast components. The high 
melt speeds and high pressures occurring during mold filling 
require a reliable positioning and pre-tensioning of the fiber 
structures. Another challenge is a process-proof sealing, so 
that a part of the fiber structures can protrude from the alu-
minum area and serve as a connection to the CFRP structure.

With the help of a new high pressure die-casting tool, 
tensile samples of this joining technology could be realized. 
The design of the tool allows a reproducible positioning of 
the two-dimensional fiber halves at the center of the sample. 
For this purpose, an adapted gating system was developed 
that channels the melt in such a way that the fiber struc-
tures are positioned in the middle of the aluminum area. 
By means of a pre-tensioning system, the fibers can be pre-
stressed outside the die-casting tool so that a constant fiber 
pre-tension is achieved before the casting process starts. By 
closing the mold halves of the die-casting tool, a portion of 
the glass fiber structure is sealed off from the melt so that the 
connection from the aluminum to the FRP can be achieved.

These so-called aluminum-glass fiber hybrid structures 
were evaluated with regard to their infiltration content1 

depending on the chosen casting parameters and textile 
parameters [5]. Hereby, these samples were characterized in 
terms of their achievable tensile strength and failure behav-
ior. In addition to glass fiber fabrics with different gram-
mage, unidirectional glass fibers were also integrated into 
the die-casting process and subsequently characterized in 
quasi-static tensile tests. To evaluate the results, reference 
samples made solely of GFRP, which had the same layer 
structure as the aluminum-GFRP hybrid structures, were 
used.

2  Experimental

2.1  Manufacturing the samples

The manufacture of the tensile samples has been described 
in previous experiments [5]. Various glass fiber textiles (see 
Table 1) with the appropriate layer structure were pre-tensed 
outside the high pressure die-casting tool.

With applied pre-tensions, the fibers were placed in the 
high pressure die casting tool. Through the closure of the 
mold halves, a part of the fiber structure is sealed off from 
the melt while the remainder is infiltrated with aluminum 
(AlSi10MnMg, melting temperature: approx. 720 °C) in 
the high pressure die-casting process (cold chamber die-
casting: SC/N 66, Bühler GmbH, Uzwil, Switzerland; mold 
temperature: approx. 200 °C; injection piston speed: 1.5 m/s, 
vacuum-assisted). In the next step the protruding side of the 
glass fibers was infiltrated with epoxy resin (resin: HACO-
POL R131; hardener: HACOPOL H543, Hacotech GmbH, 

Table 1  Compilation of the glass fiber textiles used for the experiments and their selected properties

E(electrical)-glass fibers as well as high strength S-glass fibers were used

Description 194 g fabric 390 g fabric 600 g fabric 898 g laying 1749 g laying

Woven type Fabric Fabric Fabric Laying Laying
Fiber type E-glass E-glass S-glass E-glass E-glass
Grammage (g/m2) 194 390 600 898 1749
Texture Twill weave 2/2 Twill weave 2/2 Twill weave 2/2 – –
Yarn count (tex) 68 272 224 2400 (0°)

68 (90°)
2400 (0°)
68 (90°)

Filament fineness (µm) 9 13 (weft)
9 (warp)

8 17 (0°) 9 (90°) 17 (0°) 9 (90°)

Producer HP-Textiles HP-Textiles AGK Saertex Saertex

1 Infiltration content: area of a cross section from a cast in fiber bun-
dle that is infiltrated with aluminum in relation to the total cross sec-
tion of the fiber bundle.
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Hamburg, Germany; mixing ratio 100:32) in a vacuum 
assisted infusion process and subsequently cut into tensile 
samples using wet abrasive cutting (Brillant 265, ATM 
GmbH, Mammelzen). From this, tensile samples with a 
width of 20 mm and a total length of 90 mm were manufac-
tured (Fig. 1). The length of the aluminum area was 40 mm 
while the GFRP area was 50 mm. Since the focus of this 
study was set on the joining of glass fibers and aluminum, 
carbon fibers were not included into mechanical testing.

2.2  Experimental series

An overview of all fiber textiles cast in the high pressure 
die-casting process and infiltrated with aluminum is given 
in Table 2. Six samples were made for each test series. In 
test series 1–3 the influence of the grammage of the glass 
fiber weave was investigated. In test series 3–5 the hold-
ing pressure was varied with constant grammage. In test 
series 6 the influence of a modification for optimization of 
the infiltration content was investigated by removing every 

second fiber bundle lateral to the direction of the tensile 
load. In test series 7 and 8 layings with different grammages 
were used. The different test series resulted in different total 
thicknesses of the layer structure. Through a variation of the 
bearing plates used in the transition area between the mold 
cavity and the tensioning system, the gap distance could be 
individually adjusted for each test series.

2.3  Determination of the tensile strength

The tensile tests were carried out following DIN EN 527-4 
with a universal testing machine (Z020, Zwick Roell GmbH, 
Ulm, Germany) and a loading speed of 2 mm/min (Fig. 2). 
The samples were clamped with wedge-shaped sample 
holders. A total clamping length of 50 mm was set. A pre-
load of 10 N was applied. The maximum tensile force was 
obtained from the force–displacement data. To measure the 
cross-section the GFRP area was chosen, as for almost all 
samples the failure was observed in the GFRP area or in the 
aluminum near the transition between the materials. There-
fore it was assumed that the thickness of the aluminum part 
has less influence on the strength and that the cross-section 
of the GFRP area is decisive. The elongation of the hybrid 
structures in the tensile test was determined using the trav-
erse path. Therefore, no clear statement on the elongation 
state of the samples was possible, and thus calculations of 
the modulus of elasticity and elongation at break were not 
conducted.

In the tensile tests on the GFRP laying samples (TS7 
und TS8) the maximum tensile force of the universal test 
machine of 20 kN was exceeded. Therefore, the tensile tests 
were performed on a test machine that could withstand 
a higher tensile force (Z150, Zwick Roell GmbH, Ulm, 
Germany).

Fig. 1  Cut and finished tensile sample after the vacuum assisted infu-
sion process

Table 2  Test series conducted on the partial infiltration of glass fiber 
textiles in the aluminum high pressure die-casting process with the 
glass fiber halves and holding pressures in the die casting process 
used

Test series Glass fiber blank Number 
of stacked 
layers

Holding 
pressure 
(bar)

TS1 194 g/m² fabric 3 400
TS2 390 g/m² fabric 3 400
TS3 600 g/m² fabric 3 400
TS4 600 g/m² fabric 3 500
TS5 600 g/m² fabric 3 600
TS6 600 g/m² fabric

(Every second fiber bundle 
across the direction of ten-
sile load removed)

3 400

TS7 898 g/m² laying 2 400
TS8 1749 g/m² laying 1 400

Fig. 2  Tensile tests of the aluminum-GFRP hybrid structures
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The tensile tests were conducted on three to five sam-
ples, depending on the test series. For comparison, sam-
ples were made of pure GFRP and also tested.

2.4  Analysis of the failure mechanisms

An analysis of the failure mechanisms of the hybrid struc-
tures was first performed visually and the fracture phe-
nomena observed were divided into different categories. 
Individual parts of the fractured areas of selected test 
series were examined in greater detail using a focused ion 
beam microscope (FIB).

A question during the analysis of the fracture areas was 
to what extent the aluminum adheres to the glass fibers 
after the fracture. For this, an energy-dispersive X-ray 
analysis (EDX) with an acceleration voltage of 10 kV 
within an energy range of 20 keV was also performed 
using a Silicon Drift Detector (SSD).

3  Results and evaluation

3.1  Tensile strength depending on the holding 
pressure during the high pressure die‑casting 
process

Figure 3 shows the tensile strength dependent on the hold-
ing pressure used during the casting of the glass fiber tex-
tiles. While in previous experiments, depending on the high 
pressure die-casting tool, various dependencies between 
the infiltration content and the holding pressure could be 
observed [5, 6], in the present investigation the tensile 
strength increased with increasing holding pressure. At a 
holding pressure of 400 bar all tensile samples failed in the 
GFRP area just above the transition between the materials 
(Fig. 4a). At a holding pressure of 500 bar in two of the 
four samples the glass fibers fractured partially or com-
pletely within the aluminum and were extracted from it 
(Fig. 4b). Hereby, a thin layer of aluminum remained on the 
glass fiber halves. With a holding pressure of 600 bar this 
effect was observed for three of the four samples (Fig. 4c).

With increasing holding pressure a general change in the 
fracture behavior of the hybrid structures was observed. It 
can be assumed that a variety of factors played a role in this.

After casting the glass fiber halves and before the vac-
uum infusion, the pre-damage to the glass fiber halves was 
characterized for each sample (torn fiber bundles, visible 
mold imprint, discoloration of the glass fibers, etc.). The 
samples in test series 3, with a holding pressure of 400 bar, 
hereby demonstrated the greatest degree of damage, which 
led to the observed fracture behavior in the GRFP area. 
Hereby it could be assumed that this mechanical pre-dam-
age to the fibers through the locking force in the tool is 
higher than the process-dependent thermal pre-damage of 
the fibers during the casting in the aluminum area.

The pre-damage is a factor that could explain the rela-
tively low strength observed for test series 3. Apart from 
that, general relationship between holding pressure and 
strength can be observed, that needs further explanation.

Fig. 3  Tensile strength of the aluminum-GFRP hybrid structures in 
dependence on the holding pressure during the high pressure die-
casting of the fiber textiles. Shown are the individual measurements 
with median and MAD for n = 4. For all test series, three layers of the 
600 g/m² fabrics were used

Fig. 4  Fracture areas of the aluminum-GFRP hybrid structures tested in the tensile tests in dependence on the holding pressure used during the 
casting of the fiber textiles in the high pressure die-casting process
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Therefore, a closer look on the process and the moment 
where the holding pressure is applied is necessary. The hold-
ing pressure is applied for a short period of time during the 
solidification of the aluminum. During the solidification, it 
should be noted that the aluminum matrix has a higher ther-
mal expansion compared to the glass fibers. Due to a higher 
thermal expansion of the aluminum compared to glass fibers, 
uneven shrinkage of the materials leads to mechanical clamp-
ing between glass fibers and aluminum [7]. Since there is no 
chemical bonding between the components [8], the interfacial 
shear strength depends on the coefficient of friction and the 
clamping tension [9]. Since the coefficient of friction can be 
assumed to be constant, the interfacial shear strength depends 
on the clamping tension. The clamping tension is caused by 
the shrinkage of the aluminum during solidification. A higher 
holding pressure during solidification adds to this pressure 
caused by shrinkage and leads to an even higher mechani-
cal clamping and therefore interfacial shear strength after 
the solidification. This effect could explain higher strengths 
of hybrid structures in dependence on holding pressure dur-
ing the high pressure die casting process. To validate this 
assumption, further experiments without the interfering effect 
of glass fiber pre-damage are necessary.

3.2  Tensile strength in dependence 
of the grammage and the type of glass fiber

Figure 5 shows the tensile strength in dependence on the 
grammage of the cast-in glass fiber fabric. For a better 
comparison, the results for test series 3, already shown 
in Fig. 4, are given again. The tensile strength for the 
glass fiber fabric with a grammage of 390 and 194 g/m² is 
clearly less than the tensile strength of the hybrid struc-
tures with three layers of the 600 g/m² fabric.

In previous experiments with other high pressure die-
casting tools it was determined that a lower infiltration 
content similarly leads to a lower tensile strength. This 
would explain the lower tensile strengths for the samples 
with the 194 g/m² grammage, for which in this experiment 
the by far lowest infiltration content was measured [5]. 
At a grammage of 390 g/m², however, a higher infiltra-
tion content could be measured. Nevertheless, the tensile 
strength of the sample is very low.

For the test series compared in Fig. 5, different glass 
fiber types were also used. For test series 3, S-glass fib-
ers were cast, and for test series 1 and 2, E-glass fibers 
were cast. This explains the lower tensile strengths for test 
series 1 and 2. The strength of S-glass fibers is, on average, 
almost double that of E-glass fibers [10].

Van der Auwera (2016) [6] determined that the work-
ing temperatures during the casting of the fiber halves 
have a clear influence on the strength of the fibers. Ten-
sile tests on thermally stressed individual filaments showed 
a residual strength of 28–68%. A decrease in strength 
could be observed for both the S-glass fibers as well as the 
E-glass fibers, but the S-glass fibers retain a higher residual 
strength. This finding leads to the assumption that both the 
higher temperature resilience of the S-glass fibers as well as 
their generally higher strength in comparison to the E-glass 
fibers, also in a thermally unstressed condition, lead to the 
comparatively higher tensile strengths seen in test series 3.

Due to less fibre undulation in the load direction in test 
series 6, stress can be transferred equally to the aluminum 
matrix. An indicator for this are the higher extracted lengths 
of the fibers (Fig. 6c) in comparison to those obtained in the 
other test series. Strongly curved fibers cause stress concen-
trations, which lead to a failure of the fibers. With the less 
strongly curved fibers, the stresses are transferred deeper 
into the aluminum matrix, thus leading to a larger interface 
between the fiber and the matrix for stress transfer. This 
results in a significantly higher tensile force in comparison 
to the samples from test series 3, which otherwise were 
made using the same manufacturing parameters. Similar 
tendencies have also been found in other studies [11].

Figure 6 shows the fractured surface of the samples 
from test series 1, 2, and 6. In all variations there was 
a fracture in the glass fibers within the aluminum area 
beneath the transition to the GFRP area. Only one sample 
of test series 1 failed with a fracture in the GFRP area. The 
broken fibers were pulled out of the aluminum.

3.3  Tensile strength of unidirectionally laid 
structures

The tensile strength of the hybrid structures with cast-in 
glass fiber layings with different grammages are shown in 
Fig. 7. The strength achieved with a one-layered structure 

Fig. 5  Tensile strength of the aluminum-GFRP hybrid structures for 
different grammages of the cast-in fiber textiles. Shown are the indi-
vidual measurements with the median and MAD for n = 4 (test series 
3, 1, and 6) and n = 3 (test series 2)
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of the 1749 g/m² laying is more than twice as high in com-
parison to a two-layered structure of the 898 g/m² laying. 
Two of the samples of the 898 g/m² test series failed with a 
step-shaped fracture in the GFRP area (Fig. 8a). One of the 
samples failed with a step-shaped tear through the GFRP and 
the aluminum area (Fig. 8b). A further sample failed due to 
a splitting of the aluminum, whereby the glass fibers were 
extracted from the aluminum without any visible breakage 
of the aluminum. This final failure type was also observed in 
four of the five samples in the 1749 g/m² test series (Fig. 8c). 
A further sample failed due to a step-shaped tear through the 
GFRP and aluminum area (compare Fig. 8b).

The textile parameters of the laying are to a large extent 
identical (compare Table 1). The different grammages are 
achieved through different numbers of fibers in the direction 
of the thickness. The total grammage for the two-layered 

structure of the 898 g/m² laying is at 1796 g/m² almost iden-
tical to the grammage of the 1749 g/m² laying. Furthermore, 
for the 898 g/m² laying a higher infiltration length2, could be 
achieved [12], which indicates a higher infiltration content. 
In accordance with the assumption that a higher infiltra-
tion content leads to a higher tensile strength, for the 898 g/
m² laying a higher tensile strength of the hybrid structures 
would be expected. However, here too the opposite trend was 
observed, which in turn indicates that a higher infiltration 
content in the aluminum area does not necessarily lead to a 
higher tensile strength of a hybrid structure.

In the following, an approach is discussed that could 
explain the results for the tensile strengths in the test series 
with cast-in unidirectional layings. The infiltration of the 
glass fiber fabrics by aluminum is very low. A lower infil-
tration of the fiber bundles simultaneously means that less 
fibers are thermally damaged by the aluminum melt. At the 
same time, the lower infiltration content leads to the fact 
that during the vacuum infusion process of the fibers that 
extend from the aluminum the epoxy resin can enter the non-
infiltrated interior parts of the fiber bundle (Fig. 9). Thus, 
the glass fibers are mostly infiltrated with epoxy resin, both 
in the GFRP area as well as the aluminum area.

Furthermore, in test series 7 the parts of the laying that 
were not infiltrated with aluminum were infiltrated with 
epoxy resin, similar to test series 8, as shown in Fig. 9. 
However, unlike in test series 8 there was no detachment of 
the infiltrated fibers at the interface to the surrounding alu-
minum matrix, rather there was a fracture of the fibers. An 
essential difference between the test series compared here is 
the infiltration length. For the 898 g/m² test series a greater 
infiltration length was determined, therefore, more fibers are 
enclosed by the aluminum matrix. This leads, on the one 
hand, to more fibers being thermally stressed. On the other 
hand, a higher proportion of tensile stress is transferred to 
the aluminum matrix. This could explain how most of the 
samples of the 898 g/m² test series failed due to a fracture 

Fig. 6  Fracture areas of the aluminum-GFRP hybrid structures investigated using a tensile test for different grammages of the cast-in fabric (a 
and b) as well as for a modification of the fiber structure (c). The fracture areas of the unmodified 600 g/m² fabrics (TS3) are shown in Fig. 4a

Fig. 7  Tensile strength of the aluminum-GFRP hybrid structures with 
cast-in glass fiber inserts with different grammages. While for the 
1749 g/m² laying (test series 7) one layer was cast, for the 898 g/m² 
laying (test series 8) a two-layered structure was used, which repre-
sents a total grammage of 1796 g/m². Shown are the individual meas-
urements with the median and MAD for n = 4 (898  g/m²) and n = 5 
(1749 g/m²)

2 Infiltration length: depth of penetration of matrix material into a 
fiber bundle; measured from the outside of the single fiber bundle.
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of the fibers. The thermal degradation has a considerable 
influence on the residual strength of the glass fibers (com-
pare [13]). The crack initiation position during failure of the 
GFRP during tensile tests is mainly close to the transition 
region to aluminum for the test series 7 samples. Therefore, 
it can be assumed that a decrease in the fiber strength pro-
vides for the crack initiation there. With high probability, 
the thermal degradation is responsible for this decrease in 
strength of the glass fibers. For the 1749 g/m² test series 
a lower infiltration length was measured. Thus, less fibers 
were thermally pre-stressed and a lower proportion of the 
tension was transferred through the fibers onto the aluminum 
matrix. This led to a failure of the hybrid structures at the 
interface between the cast fibers and the surrounding alu-
minum (compare Fig. 9).

In test series 8 the forces or stresses leading to detach-
ment are very high in comparison to those for the hybrid 
structures with cast-in fabrics. Hereby, it can be assumed 
that the clamping pressure induced by the clamping system 
in the tensile test has an influence on the obtained strength. 
As described above, the samples fail at the interface between 

the aluminum matrix and the glass fibers. The clamping sys-
tem exerts a higher pressure, which impedes the pull-out or 
also the detachment of the glass fibers, which are mainly 
infiltrated by epoxy resin, from the aluminum. In order to 
exclude this effect, experiments regarding the clamping sys-
tem should be considered in future.

A further important difference in comparison to the fab-
rics is that in the layings, all fibers run in the tensile direc-
tion. Layings generally have a lower degree of fiber cur-
vature in comparison to glass fiber fabrics. In test series 
6 it was shown that a lower fiber undulation has a positive 
influence on the tensile strength of the hybrid structures. 
This relationship was, however, observed for glass fiber fab-
ric with a better infiltration in the aluminum area, which 
leads to other failure mechanisms. It would be interesting 
for future studies to cast glass fiber layings with lower gram-
mages in order to increase the infiltration content of the fiber 
bundle and thus achieve a higher comparability with hybrid 
structures using cast-in fabric with regards to their failure 
mechanisms.

Fig. 8  Fracture areas of the aluminum-GFRP hybrid structures tested in the tensile tests for the unidirectional glass fiber layings with a gram-
mage of 898 g/m² (test series 7, a and b) and 1749 g/m² (test series 8, c)

Fig. 9  a Overview of the frac-
ture area of a sample investi-
gated using a tensile test for test 
series 8 with a layer of the cast-
in 1749 g/m² laying (compare 
Fig. 8c). b Microscopic detailed 
image for the section marked 
in (a)
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3.4  Fracture area analysis using FIB and EDX

Figure 10 shows the fracture areas of the tensile samples 
for test series 2 with a three-layered structure of the 390 g/
m² fabric. For this test series a relatively high infiltration 
content was measured in previous studies [5]. This could 
also be confirmed with an observation of the fracture areas. 
The interstices of the glass fibers appear to be almost com-
pletely filled with aluminum (Fig. 10c). During the failure of 
the hybrid structure, the fiber bundles were extracted from 
the aluminum area (Fig. 10a). Within the extracted fiber 
bundles, the fibers, which were broken relatively flush to 
the matrix, demonstrated a brittle fracture behavior. Indi-
vidually, fibers that had been pulled out from the aluminum 
matrix were observed (Fig. 10d). At the fracture edges, 
a detachment of the aluminum from the glass fibers was 
observed (Fig. 10c). This, together with the lower adhe-
sion of the pulled out fibers (Fig. 10d), indicates a lower 
fiber–matrix adhesion. At the same time, a brittle fracture 
behavior with shorter fiber extraction lengths is principally 
an indicator of a higher fiber–matrix adhesion in fiber com-
posite materials (described in [14]).

As it was very difficult to determine whether the adhe-
sions to the glass fibers consisted of aluminum, an EDX 
analysis was performed. The results are shown in Fig. 11. 
The detached matrix between the glass fibers was, as 

expected, aluminum (Fig. 11, green arrow). On the glass 
fibers, however, no adhesions of aluminum were observed. 
The light green discoloration of the fibers was caused by 
the bremsstrahlung and a low proportion of  Al2O3 in the 
glass fibers.

This once more confirms the assumption that the 
fiber–matrix adhesion between the glass fibers and the sur-
rounding aluminum matrix is not dominated by chemical or 
physical interactions at the interface, but rather by mechani-
cal anchoring through the shrinkage of the aluminum.

An analysis of the fracture areas shows that the connec-
tion between the glass fibers and the aluminum matrix has a 
primarily mechanical origin. At the same time, a relationship 
between the infiltration content and the failure mechanism 
was observed.

3.5  Categorization of the measured tensile 
strengths

In order to be able to categorize the obtained results for the 
tensile strengths, reference samples (n = 6) were made of 
pure GFRP, which possessed the same layer structure as the 
samples cast in aluminum. The tensile strength of these sam-
ples were determined and the results are shown in Table 3.

Through a comparison of the strength of the aluminum-
GFRP hybrid structures manufactured within the framework 

Fig. 10  FIB images of the 
fracture area of a sample from 
test series 2
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of this study with the GFRP reference samples it becomes 
clear that in all test series there was a decrease in strength. 
Possible causes for this are manifold. The thermal damage to 
the fibers will play an essential role [6]. Furthermore, it can 
be assumed that mechanical interactions between the mate-
rials during the casting lead to damage at the microlevel, 
which reduces the strength of the hybrid structures. The 
highest strength for the glass fiber fabric was observed for 
test series 6, which had a lower thread thickness across the 
tensile direction. Hereby, 73% of the strength of the GFRP 
reference samples’ strength was achieved. For the laying 
with a grammage of 1749 g/m2, a tensile strength of 52% in 
comparison to the GFRP reference samples was achieved.

In addition to the comparison of the tensile strength 
obtained for the hybrid structures with those for the GFRP 
reference samples, a characterization regarding the strength 
of the aluminum is also of use. The strength of the used 
aluminum alloy SF36 (AlSi10MnMg) in an as-cast state is, 
according to the manufacturer, 250–290 N/mm² [15], which 
lies beneath the strength of all GFRP reference samples 
tested in this study. In order to completely cast the glass 
fiber textiles in the aluminum, the manufactured aluminum-
GFRP hybrid structures were thicker in the aluminum part 
than in the GFRP part. Thus a comparison of the strengths 
of the hybrid structures with that of the aluminum is of less 

importance, as due to the greater size of the cross-section 
large forces can be taken in by the aluminum area, and none 
of the tested samples showed a fracture in the aluminum 
part. Nevertheless, it should be noted that the strength of 
the aluminum was exceeded in test series 6 for hybrid struc-
tures with cast-in fabric and in test series 8 for hybrid struc-
tures with cast-in layings. Through the increase of the hold-
ing pressure to 600 bar, also in test series 5 a comparable 
strength was achieved.

If the samples are reworked in the aluminum area and 
are, for example, ground down to the same thickness as the 
GFRP area, then the aluminum would be, due to the lower 
strength, a better partner for a comparison with the GFRP. 
As the strength of the hybrid structures examined in this 
study partially lies above that of the aluminum, for these 
variants no weakening of the whole system during the join-
ing process through casting is assumed.

4  Summary

No relationship was determined between the infiltration con-
tent and the tensile strength of the hybrid structures. The 
tensile strength of the hybrid structures was positively influ-
enced by a higher holding pressure during the high pressure 
die-casting process, the use of S-glass fibers, and less undu-
lations of the glass fibers in the tensile direction. In addi-
tion, for hybrid structures with a lower infiltration content 
a higher strength could be achieved through a re-infiltration 
with epoxy resin.

The obtained tensile strengths achieved up to 73% of 
the strength of the GFRP structures and were in part above 
the strength of the aluminum. In comparison to the sample 
manufacture using the previous mold tool inserts, a two-
fold increase in the maximum tensile force was achieved. 
Through a variation in the holding pressure, a further 

Fig. 11  Results of the EDX 
analysis on the pulled out fibers 
at the fracture area of a sample 
from test series 2. a Overview 
image. b Occurrence of the ele-
ment aluminum (green) in the 
left image

Table 3  Tensile strength of the GFRP reference samples; n = 6

Fiber blank Number of 
layers

Tensile strength in N/
mm2 (median ± MAD)

194 g/m2 fabric 3 301 ± 15
390 g/m2 fabric 3 312 ± 6
600 g/m2 fabric 3 430 ± 5
898 g/m2 UD-laying 2 906 ± 43
1749 g/m2 UD-laying 1 951 ± 33
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increase in tensile strength is expected. Due to these find-
ings, it can be assumed that the process used here enables 
the manufacture of integrated transition structures between 
the light-weight materials aluminum and GFRP without sig-
nificant loss of strength.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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