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Abstract: The rotor blades of wind turbines are becoming increasingly longer, which increases the
diameter at the blade connection. Transport problems are the result, as the rotor blades no longer
fit under highway bridges, for example. The increase in diameter can be prevented by increasing
the bearing strength of the laminate using fiber metal laminates (FMLs). Individual layers of fiber
material are replaced by metal foils in FMLs. This work is focused on the infusion of thick-walled
FMLs, with infiltration experiments being carried out in-plane and out-of-plane. For the out-of-plane
infusion tests, the metal foils are perforated and it is investigated whether the holes should be
arranged alternately or aligned in the metal foils. It has been shown that greater laminate thicknesses
can be realized with aligned holes. For the determination of voids and dry-spots, the metal foils are
treated with a release agent before infusion and after curing the laminate can be demolded ply by ply.
The samples made of glass fiber-reinforced plastic (GFRP) and steel/aluminum measure 500 mm by
800 mm by 20 mm.

Keywords: FML; infusion; rotor blade; steel; GFRP

1. Introduction

Fiber metal laminates (FMLs) are a combination of fiber-reinforced plastics and metal
foils [1]. The layered structure of laminates allows individual layers of fiber material to be
replaced with metal foils, thus making the combination possible. FMLs are usually created
to compensate for the weaknesses of one of the components. One reason, for example, is
to increase the comparatively low bearing strength of fiber composites. Another reason
is to prevent metal fatigue and suppress crack growth [2,3]. In crash applications, on
the other hand, the very different damage types of the two materials can be combined to
create a completely new damage behavior [1,4,5]. A prominent example of FMLs is GLAss
REinforced Aluminum (GLARE), which is used, for example, in some upper fuselage shells
of the Airbus A380 [6]. Other typical combinations are carbon fiber-reinforced plastic
(CFRP)/steel or CFRP/titanium. As a manufacturing process, the metal is often paired
with prepreg materials. Individual research projects also deal with vacuum infusion of
FMLs [7–10].

The scope of this work includes an application of FMLs for wind turbine rotor blades.
In order to increase the energy yield, the rotor blades are being extended. However, the
growth in length also has an impact on the diameter at the blade connection, the so-called
blade root diameter, which is in the range of 4 m for 100 m long blades. Thus, these
rotor blades no longer fit under highway bridges. To reduce the blade root diameter,
the conventional connection technologies (T-bolts and inserts) must be replaced with a
technology that has an increased load-bearing capacity. This can be achieved by increasing
the bearing strength of the blade root material [11–13].

Vacuum infusion is widely used in the wind energy industry as a manufacturing
process for rotor blades. Therefore, the aim of this work is to investigate whether the
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infiltration of thick-walled FMLs is possible using representative sample sizes. In this case,
representative means that the samples have a length of 800 mm, a width of 500 mm, and
a thickness of 20 mm. The sample size was chosen because a comparison is to be made
between in-plane infusion and out-of-plane infusion. If the samples are too small, the result
may be that an in-plane infusion is possible but will not work for real components, such
as a rotor blade connection. In this context, the selected dimensions of 500 mm × 800 mm
represent a compromise between the available infrastructure for sample manufacturing
and the informative value for real components. This sample size also makes it possible
to carry out subsequent bearing strength tests and facilitates scaling to a real rotor blade
component. If the laminate thicknesses are greater than 20 mm, most tension-testing
machines reach their performance limits. If the laminate thicknesses are less than 20 mm,
there is less significance compared to real components. Some studies on the infusion of
FMLs are presented in the literature, but there the laminate thicknesses are much thinner
than required [14–16].

A reason for using vacuum infusion is the possibility of reducing production costs
while maintaining high laminate quality [17]. In addition the good contact between the
individual layers, which can be attributed to the consolidation, the FML has excellent
mechanical properties [8].

In many studies, the laminate is impregnated in the thickness direction. The metal
foils represent a barrier to the resin flow and must therefore be perforated. Consequently, a
system of pin-point gates forms in each layer of fiber material. Viewed in cross-section, the
holes in the metal foils are usually staggered [14–16] so that no dry-spots can form when
the flow fronts merge and the trapped gas can escape to the next higher layer (see Figure 1).

Figure 1. Simplified representation of the hole distribution and the behavior of the flow front during
infusion. The different shades of gray represent the flow front progression at different time points t.
The darker the gray value, the further the time has progressed.

In [16,18], process parameters that influence the infusion times of FMLs are inves-
tigated. The results show that holes in the metal foils significantly reduce the infusion
time. If holes in the metal foils are omitted, the infusion time increases with increasing
number of metal foils. It is also shown that the holes influence the E-modulus and the
strength. However, smaller hole diameters reduce the influence. In order to avoid holes
in the metal foils and at the same time to produce the samples in the vacuum infusion
process, it remains only to impregnate the fiber material in the plane. Hence, investigating
the maximum achievable flow path is a major part of this study. If the flexural rigidity
of caul plates is sufficiently high, the infusion time can be significantly reduced [19]. The
metal foils between the individual fiber layers can be regarded as caul plates. Therefore,
these caul plates are taken into account in the in-plane infusion tests.

All published experiments use a pattern where the holes are arranged with an offset
to each other. When flow fronts merge, there is always a risk of air being trapped. If



J. Compos. Sci. 2024, 8, 278 3 of 20

a confluence cannot be prevented, ventilation is usually provided at these points [20].
However, there are also studies that show that a confluence of flow fronts does not lead
to voids or dry-spots under certain conditions. According to Bertling et al. [21,22], the
parameters that favor the dissolution of dry-spots are diffusion, pressure gradient, viscosity,
and permeability. The higher the pressure gradient and permeability, the faster dry-spots
will dissolve. The viscosity should be as low as possible and the resin system well degassed.
For this work, this results in the two research questions RQ1 and RQ2:

RQ1 Which hole configuration (alternating or aligned) allows infiltration of FMLs with
large wall thicknesses?

RQ2 Do pores and dry-spots occur when the holes are aligned?

2. Materials and Methods
2.1. Experimental Setup

The study of the infusion of thick-walled FMLs can be divided into three main areas:

1. In-plane infusion tests
2. Out-of-plane infusion tests
3. Investigation of temperature distribution

The in-plane infusion tests are used to check the maximum possible flow path and
to investigate the influence of a caul plate on the infusion behavior. One advantage of
this filling strategy when applied to FMLs is that no holes need to be made in the metal
foils. In the out-of-plane infusion tests, different gating strategies and the hole arrangement
are investigated. The tests are intended to show which hole arrangement can be used to
infiltrate the larger wall thicknesses. In addition to the infusion tests, the temperature
distribution over the laminate cross-section is also checked since the viscosity of the resin
during infusion depends on the temperature and affects the curing of the epoxy resin.

2.1.1. In-Plane Infusion Tests

The schematic of the test setup is shown in Figure 2. For the in-plane tests, three tests
are performed with a caul plate and three tests without a caul plate. This procedure is used
to identify an influence of the metal foils on the flow behavior. However, since a metal foil
does not allow visual control of the flow behavior, a 2 mm thick acrylic glass plate (PMMA)
is used as the caul plate.

In order to be able to draw conclusions about the infusion behavior with spring steel
foils after the infusion tests, the flexural rigidity (panel stiffness) of the caul plate should be
as comparable as possible. If a steel foil (spring steel 0.42 mm thick) is replaced by acrylic
glass, the acrylic glass plate would have to be approx. 1.63 mm thick (cf. Table 1). Due to
material availability, however, an acrylic glass plate with a thickness of 2 mm had to be
used, which means that the flexural rigidity is about twice as high.

Table 1. Flexural rigidity for PMMA and spring steel.

Unit PMMA Spring Steel

E- modulus E N/mm² 3000 3000 195,000
Thickness t mm 2 1.63 0.42

Poisson ratio - 0.42 0.42 0.29
Flexural rigidity Sb = E·h3

12·(1−µ2)
N/mm 2428 1315 1315

To prevent the resin from leading at the edges of the specimens, the edges are sealed
with liquid silicone before vacuum buildup.

A line sprue is applied to the narrow edge of the laminate to supply the laminate with
resin and a drainage line is placed opposite. The test set-up is connected to the resin supply
via hoses and to the vacuum pump on the other side.
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The layup for the in-plane tests consists of a single layer of unidirectional material
( U-E-1182 g/m2, Saertex, Saerbeck, Germany) and the fibers are oriented in the flow
direction (x-direction). The specimen size is 500 mm × 800 mm. A container with resin is
positioned 400 mm below the test setup and connected via the corresponding hose.

Figure 2. Schematic illustration of the experimental setup for the in-plane infusion experiments.
(a) shows the setup for the experiments without caul plate and (b) the setup for the experiments with
caul plate. (c) Top view of the experimental setup.

2.1.2. Out-of-Plane Infusion

Figure 3 shows the laminate structure in cross-section for out-of-plane infusion. In
Figure 3a, the holes in the plates are offset and in Figure 3b, the holes are aligned with
each other. In addition to the laminate structure, the resin flow for the two variants is
also indicated with arrows. The resin flows through the holes and this results in many
individual pin-point gates for the individual plies. If the holes are staggered, the idea is
that the residual air can escape through the hole to the next higher ply (Figure 3a). In the
other variant (Figure 3b), the pressure gradient should ensure that the residual air or the
formation of voids is prevented.

The laminate structure is identical for all samples. 16 glass fiber UD plies and 15 metal
foils are alternately layered. Glass fiber material forms the bottom and top ply.
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Figure 3. Laminate structure in cross-section for out-of-plane infusion. Figure part (a) shows the
setup for alternating holes and (b) shows the setup for aligned holes.

Figure 4 shows the schematic experimental set-up for the out-of-plane infusion experi-
ments. In the tests with alternating holes, three different test set-ups are investigated to
achieve the goal of complete impregnation of the laminate. For test OOP-ALT-003, a ring
gate (PE-spiral tube ID 9 mm, Time Out Composites, Bornheim-Sechten, Germany) is used
around the laminate. For test OOP-ALT-004, a line sprue is applied. In both trials, two
layers of flow medium are positioned underneath the laminate. A perforated release film
(Nowoflon ET-6235Z, Nowofol, Siegsdorf, Germany) is used for easy separation between
the component and the flow medium (Flonet 112 g/m², Pultex, Simmerath, Germany). The
peel ply (Stitch Ply A, Airtech, Differdange, Luxembourg) protects the laminate and sets a
defined surface roughness on both sides. The drainage is formed from a perforated cover
sheet, breather (Airweave N10, Airtech, Differdange, Luxembourg), vacuum bag (WL600V,
Airtech, Differdange, Luxembourg), and tacky tape (GS-213-31/2, Airtech, Differdange,
Luxembourg). For this purpose, tacky tape is stuck along the edges of the perforated cover
sheet and the area between the tacky tape is filled with breather (outer drainage). In the
middle area of the perforated caul plate, additional tacky tape is stuck in a rectangle to
create an inner drainage. This area is also filled with breather. A vacuum line is provided
for both the inner and outer drainage, which are connected to the vacuum pump. A
vacuum bag seals the drainage together with the tacky tape and thus prevents the resin
from penetrating into the drainage from the side. The use of an outer and inner drainage
prevents the resin from spreading too quickly in the breather and the laminate from being
additionally impregnated from the top side.

In experiment OOP-ALT-005, one layer of flow medium is placed underneath the
laminate and one layer of flow medium is placed on top of the laminate. The drainage is
on the opposite side of the line sprue in this test. All experimental set-ups are heated with
heating blankets from the bottom (under the plate mold) and top.

For experiment OOP-ALG-006, the setup is equal to the experiment OOP-ALT-004,
but the holes in the metal foils are aligned. Table 2 summarizes the experimental setups for
the out-of-plane infusion trials.

Table 2. Different experimental setups.

Number Sprue Position Drainage Flow Medium Position Holes

OOP-ALT-003 ring inner and outer bottom alternating
OOP-ALT-004 linear inner and outer bottom alternating
OOP-ALT-005 linear linear bottom/top alternating
OOP-ALG-006 linear inner and outer bottom aligned
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Figure 4. Schematic illustration of the experimental setup for the out-of-plane infusion experiments.
(a) shows the experimental setup in cross section and (b) shows the experimental setup in the top view.

2.1.3. Temperature Distribution

The temperature distribution within the laminate is determined with twelve ther-
mocouples (Autocouple 24, Airtech, Differdange, Luxembourg). The thermocouples are
positioned between the individual layers as shown in Figure 5 and Table 3. To prevent the
thermocouples from influencing each other, all thermocouples are arranged in a staggered
manner but are located in the middle area of the specimen. For the test, the complete
layered structure and the various auxiliary materials (flow medium, peel ply, perforated re-
lease film, breather) are placed on a plate tool. The plate tool consists of an 8 mm thick steel
plate, which is heated from the underside with a heating blanket (LCS Isotherm, Frankfurt
a.M, Germany). Two different test setups are investigated. In the first experiment, the test
setup is heated only from the underside and covered on the upper side with insulation mats
(bubble wrap with aluminum coating). In the second experiment, insulation is replaced by
a second heating blanket and the test setup is thus heated from both sides (Cf. Figure 3).
The thermocouples are fed out through the tacky tape and connected to a temperature data
logger (Extech TM500, FLIR Systems, Nashua, NH, USA). Finally, the entire layer assembly
is sealed with a vacuum bag and evacuated before the heating test. Since the later samples
for the mechanical tests contain steel foils (Table 4), in contrast to the infusion tests, the
steel foils are also used for measuring the temperature distribution. Thus, differences due
to the different thermal conductivities are excluded.
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Figure 5. Schematic illustration of the experimental setup for the temperature distribution exper-
iments. Lower auxiliary materials: two-time flow medium, perforated release film, and peel ply.
Upper auxiliary materials: peel ply, caul plate (steel 0.4 mm), and breather.

Table 3. Position of the thermocouples (TC).

TC 01 02 03 04 05 06 07 08 09 10 11 12

x in mm 425 415 405 395 385 415 405 395 385 375 365 355
y in mm 250 240 230 220 210 260 270 280 290 300 310 320

Table 4. Perforated steel foils.

Material Material Number Thickness Density

Spring steel 1.4310 0.42 mm 7.9 g/cm3

2.2. Materials Used

For the investigations, the fiber material Saertex U-E-1182 g/m² (Table 5) is used [23].
The material was selected for the tests because it is a standard material in the wind power
industry. In addition, a UD material allows the metal foil to be relieved due to its higher
stiffness compared to another semi-finished fiber product.

Table 5. Fiber material Saertex U-E-1182 g/m²-1270 mm [23].

Layer Construction Areal Weight Tolerance Material

2 0° 1134 g/m2 ±5.0% E-glass 2400 TEX
1 90° 36 g/m2 ±5.0% E-glass 68 TEX

Stitching 12 g/m2 ±3 g/m2 PES (Polyester) 76 dtex

The resin Epikote MGS RIMR035c (Westlake Corporation, Houston, TX, USA) used
is an epoxy resin that is prone to the wind energy brand. As Curing Agent Epikure MGS
RIMH037 (Westlake Corporation, Houston, TX, USA) is applied. Thanks to the low viscosity
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(see Table 6) and the possibility of curing the resin system at room temperature, laminates
can be produced easily using vacuum infusion.

Table 6. Resin Epikote Resin MGS RIMR035c and Epikure Curing Agent MGS RIMH037 [24].

Property Resin Curing Agent

Density at 25 °C 1.125 g/cm3 0.935 g/cm3

Viscosity at 25 °C 1250 mPas 10 mPas
Mixing ratio wt% 100 28 ± 2

Pot life 1 200 min
Ultimate TG

2 90 °C
1 100 g mixture in water bath at 30 °C. 2 DSC 20 K/min, midpoint.

For the determination of the temperature distribution, steel foils are used in the
laminate because the later specimens for mechanical testing are produced with these foils.
The metal foils absorb a large part of the bearing strength in an FML and the fiber material
is intended to relieve the metal. The higher the stiffness of the fiber material, the greater this
effect. The spring steel also has a high stiffness and therefore the combination of materials
provides excellent bearing strength.

The steel foils are subjected to surface pretreatment for good adhesion and therefore
do not match the procedure chosen for the infusion tests (see Section 2.3).

In the infusion experiments, the metal foils are made of aluminum (see Table 7). In
contrast to steel foils, aluminum foils are easier to process mechanically. This makes it easier
to drill the holes and cut the foils to size. For the impregnation tests, the hole geometry
(spacing and diameter) is more important than the metal foil material. The aluminum foils
therefore represent a good compromise between cost and benefit.

Table 7. Perforated aluminum foils.

Material Material Number Thickness Density

Aluminum Al2024-T3 0.4 mm 2.7 g/cm3

2.3. Procedure
2.3.1. Infusiontests

For the in-plane and out-of-plane infusion experiments the experimental procedure
is similar. The set-up is heated to the infusion temperature (see Table 8). A vacuum test
is performed with a rotameter (FR2000, Key Instruments, Croydon, USA). The rotameter
is integrated into the drainage line outside the cavity for this purpose. If the flow is zero,
the vacuum setup is considered to be sufficiently sealed. Before infusion, the required
amount of resin is mixed and degassed at a pressure of 1 mbar. The resin container is
positioned approx. 400 mm below the plate mold and the resin line is fixed to the container.
Shortly before the infusion starts, the upper heating blanket is removed. After opening the
resin line, the resin flows into the cavity and impregnates the fiber material. The test ends
after 120 min at the latest, as the pot life of the resin has been reached. All lines (resin and
drainage lines) are closed and the laminate is cured for 5 h at 60 °C.

Table 8. Differences in the parameters in the in-plane and out-of-plane infusion tests.

Parameter In-Plane Out-of-Plane

Infusion temperature 40 °C 50 °C
Amount of resin 800 g 6000 g
Degassing time 20 min 30 min

During the in-plane infusion experiments, the flow front progress is documented every
5 min with a felt-tip pen on the vacuum bag. The flow front progress is documented by
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means of a picture at the end of the test. Figure 6a shows the experimental set-up before
infusion and in Figure 6b the progress of the flowfront is marked with lines in green and
blue colors.

Figure 6. (a) Experimental set-up for in-plane infusion. (b) Progress of the flowfront.The red lines
mark the distance to the sprue line and have a distance of 50 mm.

In Figure 7, the progress of the infusion for the out-of-plane infusion tests is shown.
The resin enters the drainage via the holes in the metal foils and forms a closed flow front
with increasing time.

Figure 7. Progress of the infusion at different times. The entry of the resin into the drainage can be
seen through the holes in the edge area of the sample (4 min and 26 min). After 87 min, the sample
(OOP-ALG-006) is completely impregnated.

The metal foils in the out-of-plane infusion experiments are treated with release agent
(Zyvax Departure, Chem-Trend, Maisach Gernlinden, Germany) on both sides before the
start of the experiment. A total of three layers of release agent are applied. This makes it
possible to disassemble the laminate structure layer by layer after curing. The individual
glass fiber layers are then visually inspected and dry-spots and voids can be identified. The
ultrasonic method was available as a NDT method, but this method could not be used for
the inspection due to the component thickness and the large number of metal foils. Voids
and dry-spots in a fiberglass laminate can be easily identified in back light. Figure 8a shows
the experimental set-up for the out-of-plane infusion tests. Figure 8b–d show examples of
three different plies of a laminate after demolding. The dry spots are clearly visible in layer
n and n + 2, whereas no dry-spot is visible in layer n − 2.
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Figure 8. (a) Experimental set-up for out-of-plane infusion. (b) No dry-spots visible in ply n − 2.
(c) Dry-spot in ply n. (d) Dry-spot in ply n + 2.

2.3.2. Temperature Distribution

To determine the temperature distribution, the experimental setup is evacuated to a
pressure of approx. 200 mbar and heated on the plate mold. In the first test variant, only
the lower heating blanket is used for heating and the upper side is insulated. In the second
variant, the heating blanket on the upper side is also used for heating. In both tests, the
temperature controller is set to 50 °C and no heating ramp is specified. Thermocouple
TC01 measures the temperature of the plate mold and thermocouple TC012 measures
the temperature on the top side of the laminate (see Figure 5). For all thermocouples,
a temperature value is recorded every minute. Figure 9a shows the test setup with the
thermocouples taken out and Figure 9b the fixation of a thermocouple in the laminate.

Figure 9. (a) Experimental set-up for the temperature distribution test. (b) Fixation of a thermocouple
in the laminate.

3. Results
3.1. In Plane Infusion

Figure 10 shows the results of the in-plane infusion experiments. For a better overview,
the flow fronts are shown only after 5 min and after 60 min. A clear difference between the
specimens with caul plate and without caul plate is not evident. Furthermore, even after
60 min infusion time, no flow path longer than 500 mm is observed. The results also show
that no race-tracking occurred at the plate edges.
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Figure 10. Results of the in-plane infusion trials. The resulting flow fronts after 5 and 60 min for the
tests with caul plate (blue) and without caul plate (magenta) are shown. Three tests have been carried
out per test series.

3.2. Out of Plane Infusion

In Table 9, the results of the out-of-plane infusion trials with alternating holes are
summarized. In none of the tests could all glass fiber plies (16 plies) be impregnated
without dry-spots. A maximum of 14 layers are possible when using flow medium on
both sides of the laminate. Unlike in the other tests, the dry-spots do not occur in the
upper plies but occur in plies 15 and 17 in the rear third of the plate (see Figure A3 in
Appendix A). In both scenarios, the one with a ring gate and the one with a linear gate,
about two-thirds of the glass fiber layers were completely impregnated with the matrix (see
Figures A1 and A2).

Table 9. Results of the out-of-plane infusion trials with alternating holes.

Number Glass-Fiber Plies
Impregnated Figure

OOP-ALT-003 10 of 16 Figure A1
OOP-ALT-004 9 of 16 Figure A2
OOP-ALT-005 14 of 16 Figure A3
OOP-ALG-006 16 of 16 Figure A4

The result of the test with aligned holes is shown in Figure A4. All 16 glass fiber plies
are completely impregnated.

3.3. Temperature Distribution

The results of temperature distribution with heating on one side and on both sides are
shown in Figure 11. With one-sided heating, the target temperature of 50 °C is not reached
after 120 min despite thermal insulation. With heating on both sides, the target temperature
is reached after approx. 120 min and the temperature is distributed more homogeneously.
In contrast to the other thermocouples, the TC01 thermocouple has not delivered uniform
measured values. During the test with heating on both sides, thermocouple TC07 failed.
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Figure 11. Results of the temperature distribution measurement. (a) Heating from below. (b) Heating
on both sides.

3.4. Discussion
3.4.1. In-Plane Infusion

There is no clear difference in the infusion between the samples with and without
a caul plate. The caul plate does not appear to have a major influence on infiltration.
However, Chen et al. [19] found that a caul plate does have an influence on the flow
velocity. In the investigations, caul plates made of different materials and with different
thicknesses were used. The studies mainly focused on the thickness variation that can be
reduced by caul plates. But, in a series of tests, the infusion times were also compared.
Infusion tests were carried out with and without caul plates. In this series of tests, the caul
plate consisted of a 5 mm thick acrylic glass plate and led to shorter infusion times.

The reason for the difference lies in the compaction of the fiber material during infusion
(see Figure 12). Without a caul plate, the fiber material is compressed more at the flow front
(transition between the saturated and unsaturated area), thus reducing the permeability.
During infusion, the pressure within the cavity initially increases in the sprue area. As
the pressure difference between the pressure in the cavity and the ambient pressure thus
decreases, the cavity height in this area increases [25]. If a caul plate is used which has a
high flexural rigidity, the cavity height is increased over the entire cross-section (in the flow
direction of the resin). This reduces the compaction of the fiber material and increases the
permeability [26,27].

Presumably the rigidity of the caul plate used in this work is not high enough to
increase the flow rate. Since the flexural rigidity of the acrylic glass plate is about twice
as high as that of the steel metal foils, in-plane infusion is not expedient for the envisaged
sample size (800 mm × 500 mm × 20 mm).
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Figure 12. Schematic representation of the change in thickness during infusion. (a) Without caul
plate. (b) With caul plate. Based on Chen et al. [19].

3.4.2. Out-of-Plane Infusion

The results of the out-of-plane infusion tests show that all glass fiber layers could only
be impregnated in the scenario with all holes aligned.

Hole spacing is thus obviously suitable so that no dry-spots and no voids are created
when the flow fronts flow together. According to Bertling et al. [21,22], this effect is favored
by the following parameters:

Diffusion
⇒ resin is degassed properly

Pressure gradient
⇒ as large as possible

Viscosity
⇒ as low as possible

Permeability
⇒ as large as possible

During diffusion, the gas diffuses into the resin. A prerequisite here is that the resin
can absorb gas. Therefore, the resin must be degassed as well as possible before infusion,
and the gas already dissolved in the resin due to storage and mixing must be removed.

It follows from Bertling et al. that a sufficiently large pressure gradient, which among
other parameters depends on the distance between the gate and the point of confluence,
compresses the enclosed gas volume. During the infusion of the FML, the holes each form
pin-point gates and the resin spreads radially from the pin-point gate. The farther the flow
front is from the gate, the smaller the pressure gradient becomes. It can be concluded from
this that if the holes are too far apart, dry-spots and voids will form.

Bertling et al. have also investigated the dissolution behavior of dry-spots and pores
as a function of fluid viscosity. The results show that a lower viscosity leads to faster disso-
lution. For permeability, the investigations show that dissolution behavior is accelerated at
a higher permeability.

The tests on the alternating holes show that a maximum of 14 out of 16 layers can
be impregnated and no dry-spots or voids are recognizable. Similar laminates have been
examined in the literature and show that the procedure works for thinner laminates.
Dariushi et al. show a comparison of infusion times and an increase in infusion time is
observed for thicker laminates [18].

3.4.3. Temperature Distribution

The results of the heat distribution measurement show that it makes sense to heat the
laminate from the top and bottom for quick and even heating. In addition to the use of
heating blankets, heating in an oven or autoclave would be another way to ensure this.
However, the tests have shown that heating only from the mold side has a positive effect
on the infusion. This means that the temperature on the upper side of the laminate is cooler,
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which increases the viscosity of the epoxy resin. This slows down the spread of the resin in
the drainage and the holes are washed over more slowly by the resin. The resin therefore
has more time to flow through the laminate in the thickness direction and to transport gas
out of the laminate. If the resin were distributed more quickly via the drainage and the
breather, the fiber material would also be impregnated from the top. The result would then
be similar to the experiment with the flow medium, which is located on the top side of the
laminate (OOP-ALT-005). When infusing in an oven or autoclave, it is more difficult to
utilize the effect.

The temperature distribution is not only important for the infusion but also for the
curing of the laminate. If the temperature is unevenly distributed across the laminate,
there will also be differences in the curing of the laminate. This can result in incomplete
consolidation and differences in fiber volume content [28,29]. The ability to remove a
heating blanket and replace it as required therefore allows the infusion to be controlled and
a uniform curing of the laminate to be achieved.

4. Conclusions

In this work, tests were carried out on the impregnation of thick-walled fiber metal
laminates. Infusion in the plane was ruled out for this sample size, as the maximum flow
paths are too short. When infusing in the thickness direction, it has been found that the
alignment of the holes in the metal foils plays a major role. If the holes are aligned, greater
laminate thicknesses are possible without pores or dry-spots.

The advantage of heating both sides of the laminate with heating blankets is that the
laminate can be heated more quickly and evenly. However, it is advantageous for the
infusion if the upper heating blanket is removed.

The research question of which hole configuration can be used to infiltrate the larger
laminate thicknesses (RQ1) has been answered with this work. Infusion is significantly
faster with aligned holes than with staggered holes. The subsequent research question RQ2,
whether pores or dry-spots also occur with aligned holes, can be answered in the negative.
The visual inspection of the laminates did not reveal any voids or dry-spots.

In fact, further investigations into optimized hole spacing and hole diameters are
necessary and flow simulation is also suitable for this purpose. Initial investigations into
the mechanical properties (static and dynamic tests) have been carried out and the results
are promising. With the findings on the infusion of thick-walled FMLs, 14 test panels
measuring 500 mm × 800 mm × 20 mm were successfully manufactured.

In contrast to the procedures found in the literature, the alignment of the holes in the
metal foils leads to shorter infusion times. This means that larger laminate dimensions
than those investigated in the literature are also possible, which is supported by the
investigations presented.

Blade connections of rotor blades for wind turbines are possible practical applications,
at least from a manufacturing perspective. Further considerations are required for a more
precise design and the transition from metal to fiber composite materials. A similar issue
arises in the connection of wings to an aircraft fuselage. Finally, the vacuum infusion of
wing shells is also being investigated or is already being used in the aviation industry.
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Appendix A

Figure A1. Images of the demolded glass-fiber plies of the test OOP-ALT-003. The red circles indicate
the dry-spots in the single plies. The metal layers are not shown.
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Figure A2. Images of the demolded glass-fiber plies of the test OOP-ALT-004. The red circles indicate
the dry-spots in the single plies. The metal layers are not shown.
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Figure A3. Images of the demolded glass fiber plies of the test OOP-ALT-005. The red circles indicate
the dry-spots in the single plies. The metal layers are not shown.
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Figure A4. Images of the demolded glass fiber plies of the test OOP-ALG-006. The metal layers are
not shown.
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