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Abstract

In this study, we present a novel approach for the production of continuous fiber-reinforced thermoplastic
composites by combining injection molding and additive manufacturing. After exploring the design require-
ments, we manufactured inserts via continuous fiber-reinforced 3D printing, then we used them as rein-
forcement for injection-molded samples. Improper fiber placement can cause warpage as the continuous fi-
bers prevent shrinking; however, warpage can be compensated with the insert geometry. The reinforcement

resulted in an increase of about 30 % in the properties tested.
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1. Introduction

The additive manufacturing of continuous fib-
er-reinforced composites is one of the fastest
growing polymer manufacturing technologies
today. 3D-printed composites have the advantage
of designable fiber orientation (even along sever-
al degrees of freedom [1], but the technology has
not yet reached its potential in terms of mechan-
ical properties, and cycle times are still relatively
high [2, 3].

On the other hand, injection molding is one of the
fastest ways of producing thermoplastic compos-
ites. The common practice in the industry is still
the use of short fibers, and to increase the length
several methods have been reported lately [4, 5].
However, besides the fiber length, the orientation
is also important to achieve the desired increase
in mechanical properties. The orientation is deter-
mined by the melt flow direction, which does not
necessarily coincide with the stress directions [6,
7]. The need therefore arises for tailorable fiber
properties in injection-molded composites.

Technologies for continuous fiber-reinforced
injection-molded products have also emerged [8,
9]. Usually, the fiber-reinforced preform or sheet
is placed in the mold and then the thermoplastic

polymer matrix is injected onto it [10]) Usually,
the fiber-reinforced preform or sheet is placed
in the mold and then the thermoplastic polymer
matrix is injected onto it. The procedure is often
referred to as overmolding as well [11, 12]. The
sheets are mostly reinforced thermoplastic lami-
nates with a specific fabric orientation and layup
sequence, which provides the strength and stiff-
ness comparable to that of thermosetting com-
posites, however, this type of reinforcement is
restricted in terms of design freedom. Fiber place-
ment and orientation in the product is strictly de-
termined and the fiber content can only be varied
by the number of laminas.

Extrusion-based additive manufacturing of con-
tinuous fiber-reinforced composites might be a
promising alternative. 3D printing can be used to
create customized reinforcing structures directly
where stresses apply, thus reducing material and
the costs as well [13].

In this research, we investigate the applicabili-
ty of 3D-printed composites for overmolding. We
present the design requirements of a 3D-print-
ed composite insert and the property modify-
ing effects of the continuous fibers in the injec-
tion-molded product.
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2. Materials and methods

2.1. Materials

For the 3D-printed inserts, Markforged “Tough
Nylon” (later called “End of life Nylon”) filament
was used as matrix material. The filament is
stored in a drybox. Markforged Continuous Car-
bon Fiber filament was used as reinforcement
[14], According to the literature, the filament con-
tains 1000 single fibers [15].

For injection molding (overmolding) Alphalon
27 type PA6 was used from Grupa Azoty ATT Pol-
ymers [16]. Before molding the granulate was
dried at 80 °C for 4 hours based on the manufac-
turer’s recommendations.

2.2. Methods

The inserts were prepared with a Mark Two
(Markforged, USA) type FFF-based composite 3D
printer. For slicing, the company’s cloud-based
software (Eiger) was used. Main printing parame-
ters are shown in Table 1 where the values fixed
in the slicer are marked. Parameters regarding
the matrix material (Fill pattern and Fill density)
were set to produce a solid structure with as few
voids as possible. The fiber reinforcement was
placed along the outer walls. We aimed to achieve
the maximum fiber content at minimum wall
thickness applicable, thus creating strong and
lightweight inserts. The different insert geome-
tries allowed for different amounts of fiber to be
placed, therefore fiber volume fractions also var-
ied. The fiber volume fractions were determined
with Eq. (1) and the volumes were calculated
within the slicer.
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where V, (cm?) is the fiber volume content and V,
(cm3) is the composite volume.

Before injection molding, simulations were run
for the “U” and “K” type inserts using Moldflow
(Autodesk, 2016). The aim of the simulations was
to visualize the melt flow around the inserts and
to determine the mold temperature that could
theoretically ensure the conditions for polymer
bonding. CAD models were prepared dusing Au-
todesk Inventor Professional (Autodesk, 2020)
and the meshes were prepared in Hypermesh (Al-
tair Hyperworks, 2017.1).

Injection-molded specimens were prepared
with an Arburg Allrounder Advance 270S 400-170
injection molding machine at zone temperatures
of 255 °C, 260 °C, 265 °C, 270 °C, 270 °C, a mold

Table 1. Printing parameters

Parameter value
Fill pattern Solid
Fill density 100 %
*Fill orientation 45°
Fiber infill type concentric
*Nozzle diameter 0.4 mm
*Nozzle temperature 270°C

temperature of 80 °C and an injection pressure of
1500 bar. The injection molding parameters were
determined based on the simulation results and
the manufacturer’s recommendations [16].

Quasi-static flexural tests were performed on a
Zwick Z005 type machine according to the MSZ
EN ISO 178 standard [17] on at least 5 samples.
Support distance was 64 mm and the test speed
was 5 mm/s.

3. Design of the composite inserts

3.1. Geometry

Continuous fiber-reinforced inserts were de-
signed for injection-molded specimens with the
purpose of increasing the flexural properties.
Three main groups of requirements were defined
for the insert geometries. First, the design must
meet the printability requirements determined by
the equipment and the slicing software. Second,
the geometry must be applicable for overmolding
which imposes constraints on geometry (simply
put, it should fit the mold) and material use (the
inserts must withstand the shear, pressure, and
temperature of the polymer melt). Finally, the end
product must have adequate bonding between
the matrix and the reinforcement that lasts until
failure, and the inserts must enhance one or more
chosen mechanical properties.

First, two types of inserts were designed as
shown in Figures 1a-b. Then, based on the expe-
riences of the first overmolding, a third geometry
was also designed (Figure 1c). For each type, the
fibers are placed parallel with the longitudinal
axis, so that the reinforcement is in the part of the
product most exposed to stress. The placement of
an insert in the mold can be seen in Figure 2. The
tolerance of the external dimensions is designed
for a tight fit so that the inserts do not fall out dur-
ing mold closing. Fiber volume fractions of the
inserts are shown in Table 2.
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Table 2. Fiber volume fractions of the inserts

Insert type vf (%)
U 26,9
K 8,3
W 10,5

Insert geometries

Continuous fiber reinforcement

Mold: 40 °C N
Melt: 265 °C s

Mold: 80 °C
Melt: 265 °C

Mold: 100 °C
Melt: 265 °C

Figure 1. Schematics of the insert geometries: a) type
“U” b) type “K” ¢) type “W”. The dashed line
indicates the planned placement of the con-
tinuous fiber reinforcement

Insert in mold

Figure 2. Schematics of the type “K” insert in the mold.

M Remelted surfaces

Figure 3. Remelted surface areas as a function of
mold and melt temperature.

3.2. Injection molding simulations

Injection molding simulations were run to gain
information about the melt flow and the expect-
ed bonding between the inserts and the injec-
tion-molded matrix.

The remelted surface areas of the inserts were
examined as a function of mold temperature.
Results can be seen in Figure 3. As expected, the
amount of remelted surface areas will increase
with higher temperature, therefore - assuming
the use of compatible materials - better bonding
can be expected. These results can provide the
basis for the selection of the injection molding pa-
rameters. It can also be seen that the injected melt
is expected to fill the gaps around and within the
inserts. This is of great importance as voids would
serve as failure locations.

4. Insert preparation and injection
molding

The inserts were 3D printed, then placed in the
mold manually. Then the matrix material was in-
jected around the inserts. The first overmolding
experiments showed a significant warping of the
specimens. This is because after ejection the pol-
ymer shrinks, but the continuous carbon fibers
do not, therefore the fiber reinforcement blocks
the deformation where it is placed. Thus, in case
of asymmetric fiber placement, the degree of
shrinkage differs at the sides of the sample which



42 Toth Cs., Kovdcs N. K. — Acta Materialia Transylvanica 5/1. (2022)

| Injection-molded
matrix
3D-printed
composite insert

Figure 4. Injection-molded specimen reinforced with
type “K” insert

Figure 5. Injection-molded specimen reinforced with
type “U” insert

Figure 6. Injection-molded specimen reinforced with
type “W” insert
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Figure 7. Flexural strength and modulus of the unre-
inforced reference and the composite samp-
les

results in warpage. Figure 4 and 5 shows the in-
jection-molded specimens reinforced with the
type “K” and “U” inserts, respectively. Warpage is
clearly visible in both cases.

A slight change in color can be seen along the
walls of the inserts, similar to the burn marks of
the diesel effect (Figure 5). There can be several
reasons for this. The inserts may have prevented
proper ventilation, and the entrapped gas caused
ignition and therefore thermal degradation. The
shear forces near the gate could also exceed the
limit of the 3D-printed polymer. These results
show that overmolding requires different param-
eters than traditional injection molding, and one
must consider the material parameters of the in-
serts as well.

To compensate warping, a third insert geometry
(type “W”) was designed, in which equal amounts
of reinforcing fibers are placed along the opposite
sides. The symmetric fiber placement compensat-
ed shrinking and therefore warpage was visibly
reduced (Figure 6).

5. Flexural mechanical properties

3-point bending was performed to investigate
the effect of the reinforcement on the flexural
mechanical properties. Results can be seen in
Figure 7 Due to the warping of the type ,,U” and
type ,,K” reinforced samples, only the type ,W”
specimens could be tested. It can be seen that the
inserts increased the flexural stress and the mod-
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ulus by approximately 30 %. The relatively small
standard deviations suggest that the technology is
well reproducible.

6. Conclusions

In this study, a novel hybrid technology is pre-
sented for the production of continuous fiber-re-
inforced thermoplastic composites. Carbon fib-
er-reinforced structures were produced with 3D
printing, then the composites were placed in the
mold and the polymer matrix was injected on
them. Injection molding simulations were also
run before sample preparation. It was found that
improper fiber placement can cause warpage as
the continuous fibers prevent shrinking, how-
ever, it was also presented that warpage can be
compensated with the insert geometry. The com-
posites produced with overmolding showed a
30 % increase in flexural strength and modulus
compared to the unreinforced samples. Overall,
the hybrid technology presented offers the poten-
tial for the productive manufacture of recyclable,
continuous fibre-reinforced products with the
possibility of customization as well.
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