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Abstract
In this study, epoxy molding compounds are combined with fast-curing epoxy prepregs in thermoset injection molding using a
new integrative process. The combination is carried out under the varied parameters of mold temperatures and curing times,
which are dominant factors in thermoset processing. The focus of the investigations is the bond strength in the interface resulting
from these parameters, as the interface is known as the weak point of hybrid components. To identify causes for possible
increases and decreases of the bond strength, additional rheological and thermoanalytical analyses are done under near-
process conditions. The influence of prepreg pre-crosslinking, a function of the mold temperature, is also described by means
of additional tests in which specific pre-crosslinking of the prepreg is adjusted by the temperature storage and then functionalized
in integrative process combination. The aim of the study is to identify and understand initial process limits for the integrative
process combination for a potential process window.
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1 Introduction

Increasing environmental regulations to reduce CO2 emis-
sions with rising costs for fossil fuels leads to a necessary
improvement of resource efficiency in all transport sectors
[1]. Air traffic, in particular, is growing rapidly, and the pres-
sure to reduce CO2 emissions is high. The minimum econom-
ic lifetime of a commercial aircraft is 20 years of operation. A
weight reduction of 1 kg for an Airbus A340 reduces fuel
consumption by 3 t in the calculated 20 years [2]. Assuming
the aircraft is operating on the principle of complete combus-
tion, this would correspond to a CO2 reduction of 9.45 t [3]. If
this were applied across all aircraft in the Star Alliance fleet, a
reduction of 44,100 t CO2 would be possible in 20 years by
reducing the weight of each aircraft by 1 kg [4]. Fiber-
reinforced polymer (FRP) composites have excellent weight-
specific mechanical properties, making them well suited to
reduce aircraft weight by substituting metallic materials [5].

The primary structure of the Boeing Dreamliner is, therefore,
already 50% by weight FRP [6]. The majority of these FRP
components have a thermoset polymer base. However, ther-
moset FRPs, and their processing methods, are subject to var-
ious restrictions. Widely used processes such as autoclave and
resin transfer molding (RTM) have relatively long cycle times,
or the prepreg molding process, which is limited to shell-
shaped components. Thermoset injection molding, on the oth-
er hand, offers much greater design freedom and allows FRP
production without major design restrictions. However, the
fiber length and, thus, the breakdown behavior are significant-
ly lower than with continuous fiber-reinforced components.

According to the limitations of the individual processes,
there are attempts to combine the different processes and the
properties of the respective materials in the production of FRP
to understand additional application areas and weight savings
that cannot be served by FRP using conventional processes.
Bergmann [7] combines RTM and thermoset injection mold-
ing. In RTM, continuous fibers are impregnated with epoxy
resin and cured. In an intermediate step, the surface is treated
by laser, or the resin is removed, excluding the continuous
fiber. The cured continuous fiber-reinforced component is
subsequently transferred to an injection mold and injected
with a short fiber-reinforced epoxy resin-based molding com-
pound [7]. However, two further process steps and surface
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treatments between them are necessary to produce the hybrid
components. In [8], Wufsberg shows investigations on the
combination of prepreg compression molding and a carbon
fiber sheet molding compound (SMC) pressing in one step
and one mold. Prepregs are inserted as a core between sheet
molding compound layer into a non-autoclave pressing mold
and pressed by the closing movement. Both components are
cured together under pressure. Compared to Bergmann, the
cycle time is shorter and more efficient, but functionalization
by SMC presses offers limited design freedom and lower re-
producibility than with injection molding [7, 8].

For thermoplastic fiber composites, in-mold-forming is
established to produce hybrid components with a molded con-
tinuous fiber-reinforced part, and an injection-molded part [9,
10]. A preheated organic sheet is placed in an injection mold-
ing machine and formed by the closing movement, followed
by overmolding with a short fiber-reinforced thermoplastic.
Both components cool and solidify together and are demolded
as a hybrid component. However, due to their properties, such
as higher temperature stability, chemical resistance, lower
creep tendency, and emergency running properties, thermo-
sets are more suitable for aviation than thermoplastics [11].
Moreover, thermosets are at a lower price level than thermo-
plastics with comparable mechanical and thermal properties,
e.g., polyether ether ketone (PEEK). In terms of processing,
thermosets have fundamentally different behavior than ther-
moplastics due to their reaction kinetics.

A new process for manufacturing thermoset hybrid high-
performance FRP components is the combination of thermo-
set injection molding and prepreg molding. A detailed process
description is found in “Novel process.” The process com-
bines the individual advantages of both processes and mate-
rials. Compared to conventional processes, the process chain
is shorter as the continuous fiber-reinforced component is
formed in one process step, functionalized with a thermoset-
ting molding compound, and both materials are cured togeth-
er. This results in functionalized continuous fiber-reinforced
components with a high degree of design freedom, which
have the potential to achieve lower costs than comparable
components.

Both the injection molding component and the prepreg are
based on thermosetting epoxy resins. The molecule chains,
which are short in the initial state, cross-link under the influ-
ence of heat to form a macromolecule whose properties de-
pend on the degree of cross-linking. In turn, the degree of
cross-linking results from the curing conditions such as curing
temperature and curing time [12]. With increasing curing tem-
peratures, the cross-linking rate accelerates. For a theoretical,
fully cross-linked structure, all cross-linking partners must be
bonded together. In practice, however, it is not possible to
achieve a 100% degree of cross-linking, as not all the cross-
linking partners are found [13]. The exothermic chemical re-
action releases heat. This is measured as reaction enthalpy and

is used as an indicator of the degree of cross-linking/degree of
cure [13]. The degree of cure indicates the progress of the
curing process. As the degree of cure increases, properties
such as toughness [14], strength [15], and the glass transition
temperature [16] are influenced.

Sampaio et al. [17] show that for a light-activated resin
based on ethoxylated bisphenol-A-dimethacrylate and 2-
hydroxyethyl methacrylate, the adhesion to a ceramic surface
increases with increasing degree of cure. By increasing the
degree of cure from 68 to 12%, the adhesive strength increases
by about 17%. The same effect on the degree of cure is ana-
lyzed in [18] between acrylated epoxidized soybean oil and
hemp fibers. For injection molding, Zhao et al. [19] show the
influence of pre-crosslinking on weld line strength. Here, in-
creased pre-crosslinking increases the holding pressure effect
in the process for the low-filled molding compound used. The
improved holding pressure effect improves the weld line
strength.

An occurring reaction mechanism between different epoxy
resins has been demonstrated for individual epoxy systems on
a scientific scale so far. The combination of a bisphenol base
and a cyanate ester is analyzed in [16]. Due to the co-reaction
between the two resins, a mixed system of both resins with
different properties compared to the starting resins is formed
at the interface [16]. The newmolecular structure of the mixed
system cross-links with the pure starting resins and forms an
intercross-linked network. A cross-linked mixed network of
bisphenol-A-dicyanate and a novolak epoxy resin is investi-
gated by Mathew et al. [20]. The esters react with the epoxy
groups to form oxazolidinone, and a new network is created
despite the different resin bases of bisphenol-A and novolak.
In [21], a reaction between aliphatic epoxy resins and an
amine hardener, which is normally used for bisphenol-A ep-
oxy resins, is detected.

The aim of this work is to identify the first process limits for
the combination of short fiber-reinforced thermoset molding
compounds and a continuous fiber-reinforced thermoset pre-
preg in an integrative process as a function of mold tempera-
ture and curing time.

2 Experimental procedure

2.1 Materials

For the thermoset injection molding, an epoxy molding com-
pound with a filling degree of 69 wt.-% of the commercial
type Epoxidur EP 3585 T (Raschig GmbH, Germany,
Ludwigshafen) is used. Following the manufacturer’s specifi-
cations, the curing time per millimeter is 20 s for a minimum
mold temperature of 150°C. For the mold part, a continuous
fiber-reinforced pre-impregnated semi-finished product
(prepreg) is used. It is a commercial fast-curing prepreg of
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the type 362 GMP (Mitsubishi Rayon, Tokyo, Japan) with an
epoxy resin base, new on the market. The reinforcement struc-
ture is a woven 2×2 twill fabric of TR 30S 3L carbon fiber
with its commercial chemical sizing for epoxy. The chemical
composition of the sizing is not known. The basis weight of
the fabric (FAW) is 240 g/m2 with an epoxy resin content of
40% by weight. According to the manufacturer’s specifica-
tions, the fastest curing condition during compression mold-
ing is given with a minimum curing time of 5 min at a mold
temperature of 140°C. The cured thickness per ply is 0.27
mm.

2.2 Noval process

The combination of prepreg compression molding and ther-
moset injection molding in one mold is shown in Fig. 1. The
uncured prepreg is placed in an isothermally heated mold at
the beginning of the process. Immediately following, the mold
closing movement takes place, leading to the consolidation of
the prepreg. Once the mold is completely closed, the injection
gate is applied to the mold and the injection process is initiat-
ed. During injection, the uncured molding compound contacts
the surface of the uncured prepreg. Both components, prepreg
and molding compound, then cure together under molding

pressure. At the end of the process, the hybrid component
made of the molding compound and prepreg, including sprue,
is demolded. The sprue is cut manually with a standard side
cutter.

The used mold technology is installed in a KM 80 CX SP
180 thermoset injection molding machine (KrausMaffei,
Munich, Germany). The injection unit is temperature-
controlled at 60°C in the feed zone and 80°C in the injection
zone. The injection speed is 5 mm/s, and the holding pressure
is 1 MPa. The parameters are selected according to the man-
ufacturer’s recommendations and preliminary tests. The
changeover point is controlled at a cavity pressure of 10 bar.
The mold temperatures are varied between 130°C, 140°C,
150°C, 160°C, and 170°C with curing times between 90 and
240 s.

In addition to investigating the effects of temperature and
time, the enflux of the prepreg pre-crosslinking is investigated
for some specimens. The defined pre-crosslinking of the
prereg is achieved by temperature storage in a K759 oven
(Heraeus, Hanau, Germany) at 120°C at varied curing times.
After temperature storage, the samples are immediately cooled
in liquid nitrogen and stored in a freezer at −20°C to prevent
post-curing. Quality control for compliance with the pre-
crosslinking/curing levels is carried out by means of random

Fig. 1 Process sequence for the
integrative combination of
prepreg compressionmolding and
thermoset injection molding in
one mold
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DSC measurements for each setting. The maximum standard
deviation in the determination of the pre-crosslinking is 5%.

2.3 Test specimen

The analyses in this publication are based on the rib specimen
shown in Fig. 2a–c. The ribbed structure corresponds to a
stump with a radius of 0.25 mm in the area of the interface
between the molding compound and the prepreg. The radius
serves to reduce possible notch effects in the pull-off test. The
layer structures for the prepreg consist of 7 layers. The align-
ment of the warp direction of the continuous fiber reinforce-
ment to the rib cavity is 0°/90 for all layers. The single layers
of the prepreg are stacked and cold-pressed with 0.07 MPa.
The joining surface between the molding compound and pre-
preg is 100 mm2. Pull-off tests are carried out with a self-
developed test device in a universal testing machine type
Zwick Roell 1474. The test setup is seen in Fig. 2d.
Compared to a shear test specimen for single lap joints, as in
ASTM D1002 used for adhesives, the single rib specimen
allows a perpendicular load on the joining surface. All speci-
mens are tested at a test speed of 0.5 mm/min under the same
conditions according to DIN EN ISO 291. The adjusted gap
dimension is for all tests 4.5 mm.

2.4 Degree of cure

The enthalpy of the produced specimens is determined by
differential scanning calorimetry (DSC) and compared to the
enthalpy of the respective starting material. The degree of cure
is calculated from this enthalpy. In addition, the heat-up rate is

10 K/min in a temperature range from 0 to 250°C.
Implementation and procedure are carried out according to
DIN EN ISO 11357. The device used is of type Q 1000
TMDSC (TA-Instruments, New Castle, USA).

To investigate the pre-crosslinking of the prepreg as a func-
tion of the mold temperature, fresh prepregs are inserted into
the rib mold and the process is initiated. At the time of injec-
tion, the process is stopped and the state of the prepreg is
immediately frozen in liquid nitrogen. The degree of cure is
then determined as described above.

For the possible linking of DSC and rotational viscometry,
additional dynamic measurements are carried out on the pre-
preg at a heating rate of 5 K/min. With the exception of the
heating rate, the analyses are carried out analogously to the
previously described tests.

2.5 Viscometry

The viscosity is measured in accordance with DIN 53019
(2008) using an AR 2000 rotational viscometer (TA-
Instruments, New Castle, USA). However, the measuring pro-
cedure is carried out in a different manner. At the beginning of
the measurement, the test chamber is preheated isothermally
to the target temperature. The specimen is then placed in the
testing chamber immediately starting the measurement. The
specimen thickness is based on the respective cross-section
thickness in the component. The measuring system used is a
plate-plate structure with a diameter of 20 mm. The frequency
is 1 Hz with a strain of 0.1%. The choice of the test tempera-
tures is analogous to the varied mold temperatures.

Fig. 2 Dimension of the rib specimen (a–c) and the schematic representation of the rib pull-off test
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To analyze the gel point of the prepreg, additional dynamic
Rotvis measurements are carried out with a heating rate of 5
K/min. Deformation, loading frequency, and specimen sizes
are analogous to the previous measurements.

2.6 Microscopy

The interface of the rib specimen is analyzed using a VK-X
laser scanning microscope (LSM) (Keyence, Ōsaka, Japan).
In each case, the analyses are performed through the specimen
center in cross-section. For this purpose, the single rib speci-
men is tailored with a water-cooled saw in the middle part.
Afterward, the cut surface is sanded down and polished.
Furthermore, fracture images are investigated by a scanning
electron microscope of the type Zeiss Ultra Plus (Carls Zeiss
AG, Oberkochen, Germany). For additional imaging in the
nanometer range, an ultra-high-resolution BrightBeam™
SEM optics was used (TESCAN Orsay Holdings, Brno,
Czech Republic)

2.7 Mass pressure

The value of the melt pressure is measured data, which is
output via the measurement of the hydraulic pressure of the
thermoset injection molding machine KM 80 CX SP 180
(KrausMaffei, Munich, Germany). This describes the pressure
that occurs in the screw antechamber during the injection
process/screw stroke. The measured value describes the pres-
sure that is present after overcoming the initial pressure max-
imum and during mold filling before the cavity pressure
increases.

3 Results

3.1 Mold temperature and pre-crosslinking of the
prepreg

For the novel integrative process of combining the molding
compound and prepreg in thermoset injection molding, Fig. 3
illustrates the resulting bond strength between the components
and the degree of cure of the materials as a function of mold
temperature. With an increasing mold temperature, the level
of bond strength rises up to 160°C. The increase in the bond
strength up to 160°C is explained by the increase in the degree
of cure, and the resulting improvement in the mechanical
properties of the individual materials. The maximum bond
strength for both material combinations is reached at a mold
temperature of 160°C. At 170°C, a drop in the bond strength is
obse rved i r re spec t ive o f the course of cur ing .
Thermogravimetric analyses, not shown in this publication
for reasons of space, rule out a possible chain degradation in

one of the components at 170°C as the cause of the drop in
bond strength.

The corresponding fracture surfaces resulting from me-
chanical failure of the interface in the rib pull-off test are
shown in Fig. 4. For the specimen produced at a mold tem-
perature of 130°C, no molding material residue is evident in
the fracture surface. In addition, the microscope image shows
exposed continuous fibers without resin or molding material
residues on the fiber surface. This indicates low adhesion,
which likely results from the low curing levels. The fracture
of the resin system between the fibers resembles a brittle frac-
ture with a smooth surface. With increasing mold tempera-
tures from 130 to 160°C, molding compound residues in-
crease quantitatively on the prepreg surfaces at the fracture
surfaces. While for 140°C, molding compound residues are
mainly seen at the surface nodes of the rovings; at 150°C, the
molding compound also adheres in isolated cases to the roving
surface away from nodes of the fabric. For a mold temperature
of 160°C, on the other hand, large-area molding compound
residues result on the prepreg surface. The corresponding mi-
croscope images show molding material residues on the con-
tinuous fibers in the temperature range from 140 to 160°C.
Accordingly, good fiber-matrix adhesion is also assumed. In
addition, the microscope images suggest a penetration of the
molding compound, including fillers, into the fiber interstices
of the prepreg. The fracture surface in the resin system appears
comparatively ductile. By increasing the mold temperature to
170°C, the fracture pattern changes fundamentally. Compared
to preceding mold temperatures, a significantly lower quantity
of molding material residues is seen on the prepreg surface at
170°C. The fracture pattern in the resin system changes fun-
damentally as the mold temperature increases. The micro-
scope images also differ significantly from the previous ones.
Compared to 140°C to 160°C, for 170°C residues of molding
compound and fillers are seldom visible on or between the
continuous fibers.
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Fig. 3 Resultant bond strength as a function of mold temperature

2671Int J Adv Manuf Technol (2021) 117:2667–2677



The explanation of the behavior is possible with the aid of
the microscope images in the component cross-section in the
area of the interface in Fig. 5. At 130°C, it is hard to localize
fillers in the molding compound since microscopic air

inclusions have a considerable effect on image quality. For
140°C and above, there are no air inclusions and the fillers
from the molding compound and prepreg are clearly visible.
The detected fillers of the molding compound are marked in

Fig. 4 Fracture surface of the prepreg as a function of the mold temperature

Fig. 5 Exemplary laser scanning images in the interface of the rib specimen as a function of the mold temperature
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red in Fig. 5. There are no clear boundary layers between the
molding compound and prepreg. Fillers, such as glass fibers,
glass beads, or minerals of the molding compound, are iden-
tified not only in the injection-molded area but also in the
prepreg area between the continuous fibers. Accordingly, it
is assumed that during injection, the molding compound, in-
cluding the resin system and fillers, penetrates into the inter-
stices of the continuous fibers. Also, in the cured state, under-
cuts exist between the two materials and contribute to the
formation of mechanical adhesion. For mold temperatures
above 170°C, this penetration of the molding compound into
the interstices of the continuous fibers is not demonstrated.
This lack of mechanical anchorage is responsible for the de-
crease in bond strength in Fig. 3, and the change in fracture
behavior in Fig. 4.

The reason for the different penetration behavior of the
molding compound may be the change in viscosity depending
on the mold temperature. The viscosity curves of the materials
combined resulting from integrative processing are plotted
accordingly under near-process measuring conditions as a
function of mold temperature in Fig. 6 on the left. The ther-
moset molding compound is shown in gray, and the prepreg is
in black. Since the focus for the molding compound is on the
first measuring point, because the molding compound hits the
prepreg immediately after contact with the hot mold wall dur-
ing the process, the viscosity minima resulting at the begin-
ning are shown as measuring points. Within the standard de-
viation, the viscosity of the molding compound in the temper-
ature range from 140 to 170°C is approximately at a low level
in a comparable range. For 130°C, however, the viscosity is
strikingly higher than at the previously mentioned mold tem-
peratures. This significantly higher viscosity at 130°C can be
the cause of poor penetration of the molding compound into
the cover layer of the prepreg or the high pore content in the
molding compound, which is detected in Fig. 5. The drop in
bond strength at 170°C, on the other hand, is not attributable

to the molding compound. However, an indication of the
cause is seen in the analysis of the viscosity curves of the
prepreg. Since the prepreg is in contact with the mold wall
for about 10 s before the time of functionalization, this time is
also considered.While up to a mold temperature of 160°C, the
viscosity of the prepreg remains unchanged at a low level
within the standard deviation; at 170°C, it shows twice the
value after 10 s. This also correlates with the microscope im-
ages of the cross-sections. The viscosity increase of the pre-
preg, thus, leads to a poorer penetration behavior of the mold-
ing compound. This causal viscosity increase results from the
change in the respective pre-crosslinking of the prepreg as a
function of the mold temperature, seen in Fig. 6 on the right.
By increasing mold temperature, the pre-crosslinking of the
prepreg rises because the prepreg is in contact with the mold
wall for about 10 s before injection. While the pre-
crosslinking for mold temperatures up to 160°C amounts to
a maximum of 12%, for 170°C, this is already approximately
3 times as high. The maximum values of pre-crosslinking at
170°C are up to 40%.

To determine the relationship between prepreg pre-
crosslinking, prepreg viscosity, and the resulting bond
strength, the prepregs were subjected to additional
predetermined temperature storage and functionalized.
Defined cross-linking states of the prepreg are set by varying
the storage times. The variation of the pre-crosslinking of the
prepreg including the resulting bond strength between the
molding compound and prepreg is shown in Fig. 7 on the left.
Figure 7 on the right shows the link between the degree of cure
and viscosity and the gel point of the prepreg. Increasing the
pre-crosslinking reduces the reactants available for
functionalization of the prepreg. For a pre-crosslinking of 0
to 20%, no influence from a change in the quantity of reactants
is seen within the standard deviation. A viscosity change due
to the increasing crosslinking also rarely occurs in this range.
With increasing pre-crosslinking, the bond strength drops,
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specifically as the gel point is crossed. Once the gel point
range is crossed, the bond strength settles at a level of approx-
imately 80% of the initial strength. A change in the number of
reaction partners due to the degree of pre-crosslinking likely
has no influence on the later resulting bond strength up to
80%. Up to a degree of pre-crosslinking of 80%, reductions
in the bond strength mainly result from the change in viscos-
ity. Only in the pre-crosslinking range from 80 to 100% is the
influence of the reduced number of reaction partners domi-
nant, leading to an almost abrupt drop in the bond strength.
The drop in bond strength while crossing the gel point exhibits
the same behavior as increasing the mold temperature from
160 to 170°C and the associated rise in pre-crosslinking of the
prepreg.

Figure 8 displays the analysis of the interfaces by means of
LSM at 500× magnification as a function of the pre-
crosslinking. For a pre-crosslinking of the prepreg of 0–
20%, no difference in the formation of the interface is

detected. The fillers of the molding compound penetrate into
the interstices of the continuous fibers, and undercuts between
both materials are understood. The penetration depth of the
fillers is about 50 μm. With a degree of pre-crosslinking of
40%, only isolated local undercuts are recognized, but the
maximum penetration depth of the fillers, approximately
20 μm, is reduced compared to the previously shown
degrees of pre-crosslinking below 20%. Above a degree
of pre-crosslinking of 60%, no filler penetration into the
interstices of the continuous fibers is possible. A degree
of pre-crosslinking of 80% also shows that penetration of
fillers into the interstices of the continuous fibers of the
prepreg is no longer possible. Furthermore, the continuous
fibers are exclusively surrounded by a dark gray area
which is identified as pure prerpeg resin. Accordingly,
from a pre-crosslinking level of 80%, there is no longer
direct contact between the molding compound and the
continuous fibers of the prepreg.
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Fig. 8 Penetration behavior of the molding compound into the prepreg as a function of pre-crosslinking
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A comparison of Fig. 5 and Fig. 8 also shows, with respect
to the microscopic interfaces formed, a clear transferability of
the specimens from those manufactured at a mold temperature
of 170°C and with a pre-crosslinking of more than 40%
(above the gel point). The decrease of the bond strength is,
thus, primarily due to the insufficient formation of undercuts
caused by the excessively high viscosity of the prepreg resin.
Moreover, at 60% and 80% pre-crosslinking, no penetration
of the fillers into the prepreg is possible; nevertheless, the
bond strengths remain the same. Accordingly, it is assumed
that the formation of chemical adhesion is still possible at very
high pre-crosslinking levels.

Supplementary studies in Fig. 9 show the interface between
the pure resin systems in the nanometer range. Looking at
Fig. 9, taking into account the positions of the images in
Fig. 8, for 0% pre-crosslinking in the immediate vicinity
of the infiltrated fillers, the resin of the molding com-
pound can also be seen in white. At a pre-crosslinking
of 80%, however, it can only be found on the prepreg
surface. This supports the previously established thesis
that the infiltrated fillers are a direct indicator of the pen-
etration behavior of the molding compound into the pre-
preg. A comparison of the images at the different degrees
of pre-crosslinking also shows that the contrast between
the resin systems at 0% is markedly lower than at 80%.
This could indicate that at 0% pre-crosslinking mixing
effects or possibly also diffusion between the resin sys-
tems takes place, which, on the other hand, is significantly
lower at 80%. Detailed investigations on the boundary
effects between the resin systems will be published in a
subsequent paper.

3.2 Curing time

In addition to the mold temperature, the curing time is one of
the dominant processing parameters in the processing of ther-
mosets. With a view to the economic efficiency of a process,
the aim is to keep it as short as possible. Accordingly, the
dependence of the resulting bond strength of integratively
produced components on the curing time at a defined mold
temperature, in the case under consideration 160°C, is shown
in Fig. 10. With an increasing curing time, the degree of cure
of both combined materials increases. The bond strength rises

analogously to the degree of cure and reaches its maximum for
both material combinations at a curing time of 180 s. With a
further extension of the curing time, no change in the bond
strength is detectable within the standard deviation. However,
for a curing time of 240 s, a significant increase in the standard
deviation is seen, which indicates a decrease in process stabil-
ity. In contrast to the variation of the mold temperature, there
is no differentiated influence on the pre-crosslinking of the
prepreg due to the extension of the curing time.

However, increasing the curing time has a direct influence
on the total cycle time, thus on the residence time of the mold-
ing compound in the aggregate. During the entire residence
time, the molding compound is subject to thermal stress initi-
ated by the aggregate temperature. This is also indicated in an
isothermal rotational viscometry under comparable conditions
in Fig. 11 on the left. At 80°C, the viscosity of the molding
compound starts to increase after 200 s. The viscosity increase
is primarily due to an increasing pre-crosslinking of the mold-
ing compound, which increases by approximately 5% com-
pared to a curing time of 180 to 240 s. However, an influence
on the bond strength cannot be evaluated in the investigated
range within the standard deviation. This increase in pre-
crosslinking is likely too small to have a direct influence on
the formation of the network in the interface.

Hence, it is deduced for the investigated variation range
that as soon as complete curing is achieved, the bond strength,
theoretically, remains at one level regardless of the curing

Fig. 9 Interface of the different resin systems for 0% and 80% pre-crosslinking, the imaging position can be seen in Fig. 8
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time, as no further cross-linking points are generated between
the two materials, and the mechanical material properties re-
main unchanged. Nevertheless, a significant increase in the
standard deviation for a curing time of 240 s is also evident,
which indicates a decrease in process stability with continued
dwell time. A change in viscosity under mold temperature as a
function of the dwell time is not detected, but there is a clear
influence on the melt pressure in the screw antechamber illus-
trated in Fig. 11 on the right. While there is no change in the
required melt pressure within the standard deviation for curing
times of the prepreg up to 180 s, it is many times higher for
240 s than for the shorter dwell times. Furthermore, a signif-
icant increase in the standard deviation is detectable in the
resulting melt pressure. The significantly higher fluctuation
in the melt cushion could, thus, also affect the injection pro-
cess and its control accuracy.

4 Conclusion

In the present work, the dominant process variables, mold
temperature and curing time, and their effects on the resulting
bond strength were investigated for a novel integrative process
of combining molding compounds and prepregs in thermoset
injection molding. Raising the mold temperature at a constant
cure time leads to an increase in the bond strength at the
interface due to an enhancement of the degree of cure and
the associated number of crosslinking points. The resulting
fracture behavior changed from a purely adhesive fracture to
a mixed fracture with increasing cohesive fractions. The max-
imum bond strength was measured at 160°C, but above this
temperature, the bond strength dropped again. The fracture
surface here indicated a primarily adhesive failure behavior.
The driving cause was identified as pre-crosslinking due to the
temperature increase and the related viscosity change of the
prepreg. At 170°C, the resin system of the prepreg already
exceeded a degree of pre-crosslinking prior to its

functionalization by the molding compound, indicating the
approach of the gel point transition. As the gel point was
approached and exceeded, a clear decrease in the penetration
behavior of the molding compound into the fiber interstices of
the continuous fiber reinforcement of the prepreg was evident
at the interface. The mechanical adhesion associated with the
penetration behavior of the molding compound into the pre-
preg was accordingly greatly reduced. In contrast, the influ-
ence of pre-crosslinking on the reduction of the chemical ad-
hesion was only measurable at pre-crosslinking degrees of
more than 80%. At constant mold temperatures and varied
curing times, the degree of cure achieved by the two compo-
nents was primarily decisive for the level of adhesion. With
curing times above 240 s, and correspondingly long residence
times of the molding compound in the aggregate, an increase
in viscosity was observed in the aggregate, which leads to
possible process fluctuations. Themeasured viscosity increase
was attributed to the increasing pre-crosslinking.
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