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Abstract. Nowadays, two of the most important polymer processing technologies are injection molding and 3D printing.
Injection molding is ideal for mass production, while 3D printing is ideal for producing products with a complicated geometry.
When these two technologies are combined, such complex products can be manufactured economically that would be too
costly if produced traditionally. We present the possibilities of combining injection molding and 3D printing. We introduced
a novel concept to study and compare the bonding strength of polylactic acid (PLA) parts prepared by overprinting and
overmolding. We developed a special injection mold for overmolding, with which we injection molded ribs on a preform.
The geometry of the overprinted part was similar for comparability. The thermal properties of the samples were determined
by differential scanning calorimetry and thermogravimetric analysis. To analyze the strength of mechanical bonding, we de-
veloped a rib pull-off test. We tested all four manufacturing combinations with this test: overmolding onto a molded or
printed plate and also overprinting onto a molded or printed plate.
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1. Introduction

In recent years, poly(lactic acid) (PLA) has attracted
a great deal of interest in the field of renewable and
biodegradable polymeric materials. PLA is a thermo-
plastic polymer made from lactic acid and has main-
ly been used in areas where biodegradability is im-
portant, such as the packaging, textile and automo-
tive industries [1]. PLA exhibits good mechanical
strength and processability [2, 3]. Lim et al. [4] re-
viewed the structural, thermal, crystallization and
rheological properties of PLA in relation to its man-
ufacturing process. They discussed extrusion, injec-
tion molding, blow molding, casting, thermoforming
and some other technologies. PLA as a filament for
3D printing has many advantages over other alterna-
tive polymers, such as its low level of shrinkage and
relatively low melting temperature. Low shrinkage
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results in a minimum level of residual stresses in the
printed parts, eliminating deformation and delami-
nation, while low melting temperature allows higher
productivity of the printing processes [5].

In the past, large plastic components with functional
or esthetic parts required a two-piece assembly — an
injection molded part with mechanical interlocking,
adhesive bonding or welding [6—8]. These tech-
niques can be time-consuming and labor-intensive
[9]. However, in the past decade, researchers have
proposed several technologies that incorporate the
injection molding process to manufacture hybrid
parts. A two-piece assembly can be done by over-
molding and then no mechanical interlocking or ad-
hesive bonding etc. is necessary [10].

Overmolding is the process in which commonly a
previously injected rigid thermoplastic substrate is
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overmolded with a more flexible thermoplastic ma-
terial. A component is first molded with a regular in-
jection mold and then it is either manually or auto-
matically inserted into another mold cavity before
injecting the second-stage polymer. The finished poly-
mer component is a single piece with very different
mechanical properties. It must be safely and perma-
nently bonded together throughout its useful life [11].
The process is important when several characteris-
tics have to be merged in the same component to in-
crease its functionality. These can be mechanical
strength, pleasant touch or a non-slip surface, cush-
ioning against vibration or impact, or esthetic factors
[12-15]. The rigid polymer substrate provides the
basic mechanical properties for structural purposes,
while the soft polymer cover adds the desired user
comfort and product functionalities. Examples of such
applications can be seen in automotive interiors,
medical devices, telephone keypads, toothbrushes,
shaving hardware, household appliances and hand
tools [16, 17].

While the manufacturing process and the perform-
ance of the components in these methods are well-
controlled and understood, the ability to control the
complex internal structure and create tailored prop-
erties are limited [ 18]. Therefore, the use of additive
manufacturing (AM) or 3D printing is preferred be-
cause the process allows fabricating complex com-
posite structures with precisely controlled geometry.
Thus, 3D printing of composites provides an excel-
lent combination of process flexibility and high-per-
formance products [19]. Tymrak et al. [20] com-
pared the mechanical properties of 3D printed PLA
and ABS and concluded that the 3D printed PLA
contains less internal stresses and thereby shows bet-
ter mechanical properties, where the mean tensile
strength of the samples is 28.5 MPa for ABS and
56.6 MPa for PLA.

3D printing translates computer-aided design (CAD)
3D models into physical objects. By slicing CAD im-
ages digitally, a 3D printer builds objects layer by
layer without the need for molds or machining. Poly-
mers used in 3D printing include thermoplastics, ther-
mosets, elastomers, hydrogels, polymer blends, com-
posites and functional polymers [21, 22]. 3D printing
offers many advantages in the fabrication of polymer
composites, including almost unlimited complexity
of product geometry, customizability and it is also
cost-effective [23]; printers and materials are also
widely accessible. However, most 3D printed polymer

products are still used as conceptual prototypes
rather than functional components, since pure poly-
mer products built by 3D printing lack strength and
functionality [24]. Such limitations restrict the in-
dustrial use of 3D printed polymers. Another impor-
tant drawback of 3D printing is that it is difficult to
use in mass production [25, 26]. Although there are
many processes for direct production, none can com-
pete with real mass production technologies, such as
injection molding, especially when the mold is print-
ed [27]. The main disadvantage of injection molding
is that the complexity of the shapes of products is
limited — 3D printing, however, does not have this
limitation.

In a novel 3D printing concept developed by Mark-
forged, which was patented in 2017 [28], continuous
carbon fiber-based preforms are 3D printed and are
then overmolded with thermoplastic to make the
product strong, light and to decrease production
times. The rigid polymer substrate provides the basic
mechanical properties for structural purposes, while
the injection overmolded material adds the desired
functionality and user comfort.

The fabrication concepts developed in our paper
consist of the application of a 3D printed thermo-
plastic material as an insert for overmolding. We re-
searched and further developed the joining of the
two components to achieve better connection be-
tween injection molded and 3D printed pars. This
way we are combining the advantages of the two tech-
nologies by uniting the components into one single
polymer part. The main purpose of our work is to
evaluate and increase the effectiveness of this novel
combination technique and examine the methods of
joining the two components. We also studied the
properties at the intersections, and the thermal, me-
chanical and other properties of the prepared com-
ponents.

2. Materials, processing and experimental
Since our goal was to combine the advantages of in-
jection molding and 3D printing, we chose a material
that can be processed well with both technologies.
We selected PLA 3100HP (Ingeo 3100HP, Nature
Works) for injection molding and PLA 040 (PLA
040, Filamania Ltd.) for 3D printing.

We performed DSC tests (DSC Q2000, TA Instru-
ments Inc.) on the materials to analyze their proper-
ties for our experiments (Figure 1). The DSC test
showed that the melting temperature of PLA 3100HP
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Figure 1. DSC curves of PLA 3100HP and PLA 040 (7}, =
60 °C, which is the midpoint of the glass transition
temperature and Ti. = 110°C which is the onset
temperature, the measurable start of crystalliza-
tion).
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1s 175 °C, therefore 180 °C was chosen for the lowest
melt temperature. We also carried out the TGA tests
(TGA Q500, TA Instruments Inc.) at several temper-
atures to calculate the loss in mass as a function of
time.

The materials were dried in a hot-air drier (KDCL)
at 80 °C for 6 hours before they were used. We pro-
duced 80 mmx=80 mmx2 mm preforms from PLA
3100HP at a melt temperature of 210°C on an Ar-
burg Allrounder 270S (ARBURG Holding GmbH,
Lossburg, Germany) injection molding machine. The
mold has two cavities, and its temperature was varied
between 30 and 120°C. We printed 80 mmx=80 mm
x2 mm plates with a Craftbot Plus (CraftUnique
Ltd., Budapest, Hungary) FDM printer. The filament
was 1.75 mm diameter PLA 040, nozzle temperature
was 215°C, platform temperature was 60 °C, layer
thickness was 0.2 mm and filling was 100%.

After the preforms were cooled, we injection molded
PLA 3100HP on them with an Arburg Allrounder
370S 700-250 (ARBURG Holding GmbH, Lossburg,
Germany) or printed PLA 040 on them with the

Figure 2. Injection mold with the slider for overmolding.
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Figure 3. Part with the base plate and rib and the special grip
for the measurement of tear-off strength.

Craftbot Plus FDM printer. For overmolding, we de-
veloped and produced a special mold with a slider
(Figure 2), which can accommodate the 80 mmx
80 mmXx2 mm preforms and create a rib in the mid-
dle. The mold can be used without the preform as
well, therefore we manufactured (both parts injection
molded together) the references with it.

We measured the surface roughness of our samples
(R, and R,) with a Mitutoyo SJ 400 (Kawasaki, Japan)
surface roughness tester. We carried out a tensile test
on the samples with a special layout (Figure 3) to find
the relationship between technological parameters and
the strength of the bond. The tensile tests were per-
formed on a Zwick Z050 (Ulm, Germany) universal
tester at room temperature and a relative humidity
of 50%. The preforms were laid on a plate with a gap
and the ribs were fixed with the clamp. The gap is
1 mm larger than the rib on each side. The connect-
ing surface of the preform and the rib is 120 mm?.

3. Results and discussion

The next sections show the results of overmolding
onto a molded or printed plate and overprinting onto
a molded or printed plate.

3.1. Overmolding onto molded plate

In overmolding, melt temperature was varied be-
tween 180 and 250 °C. The processes in the cavity
were controlled with the help of pressure sensors and
fitted to a pressure curve that we set as reference. The
reference pressure curve is a result of settings with
which we achieved optimal part quality without any
injection molding defects. During the tests, we var-
ied the switchover point, the holding time and hold-
ing pressure in a range of +10% compared to this. As
reference for the series with different technological
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settings, we manufactured specimens without a pre-
form, filling the whole cavity, from PLA 3100HP with
melt temperatures of 180, 190, 210, 230 and 250 °C.
With each setting, we manufactured 10 samples.

In order to examine the repeatability of the process,
we compared two series manufactured with the same
technological settings. Melt temperature was set to
190 °C and mold temperature was set to 30 °C, while
preforms were stored at 50 % relative humidity. We
performed an F-test and found no significant differ-
ences between the variances of the two series of
strengths. Then we used a two-sample t-test (assum-
ing identical variances) and obtained that the tear-
off strength of the two series did not differ signifi-
cantly at the 95% confidence level (p = 0.066),
therefore we concluded that the repeatability of man-
ufacturing is adequate to support our claims.

The tensile test results of samples — injection molded
as one piece — indicated that in the technologically
relevant range, melt temperature does not have a sig-
nificant effect on tensile strength. On the contrary,
in the case of overmolded ribs, bond strength in-
creases as melt temperature increases (Figure 4),
where the differences were shown with an ANOVA
test (p = 0.000156).

There is a temperature limit above which tear-off
strength slightly decreases in the case of reference
samples, or increases less dramatically in the case of
overmolded samples. To investigate this change, we
performed TGA (TGA Q500, TA Instruments Inc.)
tests at several constant temperatures (Figure 5).
Curves measured at 190 and 210 °C did not indicate
significant mass loss in the residence time range
used in injection molding (~30 min), whereas the
curves measured at 230 and 250 °C showed increas-
ing mass loss. Such mass loss indicates considerable
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Figure 4. The tensile strength of samples overmolded on the
preform (overmolding/3100HP) and injection
molded as one (IM/3100HP) as a function of melt
temperature.
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Figure 5. Isothermal TGA curves for the PLA 3100HP ma-
terial.

degradation, which explains the decrease in tear-off
strength.

We produced flat preforms from PLA 3100HP in a
two-cavity mold at a melt temperature of 210 °C. In
the case of PLA, we examined the technologically
relevant mold temperature range of 30 to 120 °C with
15°C steps. At 75 and 90°C, the flat specimens suf-
fered such a high degree of deformation that they
were unusable. In these cases, the specimens could
not be manufactured even with a drastic increase of
cooling time. The DSC test of PLA 3100HP (Fig-
ure 1) showed that the temperature range in which
parts of adequate quality cannot be manufactured is
between the midpoint of the glass transition temper-
ature (Tig = 60 °C) and onset temperature, the meas-
urable start of crystallization (7j. = 110°C). These
results are in agreement with the results of Li et al.
[29], who also experienced part ejection problems in
a similar mold temperature range.

A major part of the cycle time of the injection mold-
ing of preforms is cooling time (Zcoling). Cooling
time can be calculated analytically by Equation (1):

2 _
Lo = S . ln( i . Tmelt Tmold (1)
coolingt TEZ Aogr n 7:ejection - Tmold

where #.o01ing [S] 1s cooling time, s [mm] is the wall
thickness of the part, Tine; [°C] is melt temperature,
Tnotd [°C] is mold temperature, Tejection [°C] is the
temperature of the material at ejection, and acsr
[mm?/s] is the effective thermal conductivity of the
material.

As mold temperature is increased, the time to reach
ejection temperature increases considerably (Fig-
ure 6). We injection molded PLA 3100HP on PLA
3100HP preforms manufactured with mold temper-
atures below 60 °C and above 105 °C, and melt tem-
perature being 210°C, and performed tensile tests.
In the temperature range up to 60°C, we showed
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Figure 6. The tensile strength of specimens manufactured
with different mold temperatures and a melt tem-
perature of 210°C, the time necessary to reach
ejection temperature, and the crystalline fraction
of the samples (71, — midpoint of the glass transi-
tion temperature, 7j. — onset temperature, measur-
able start of crystallization).

with ANOVA that there are no significant differences
in tensile strength; the parts welded together well.
(Figure 7a). In the case of mold temperatures above
105 °C, there was no bonding between the preforms
and the overmolded parts at all; they came out of the
mold as separate parts (Figure 7b).

We took material samples for the DSC tests from the
preforms manufactured with different mold temper-
atures. The samples were taken from the position of
the planned overmolding area. Using the test results,
we calculated the crystalline fraction for each mold
temperature, which increased as we had expected
(Figure 6). A considerable portion of the heat of the
melt goes to the mold because of cooling, part of it
heats the preform and a little part of it melts the crys-
talline fraction. This is the so-called latent heat, which
the melt was able to provide in the case of preforms
with a lower crystalline fraction (that is, manufac-
tured in a colder mold), while in the case of preforms

a)

with a higher crystalline fraction — manufactured in
a hotter mold — it could not. Therefore, in the case
of PLA 3100HP and a melt temperature of 210°C,
the success of overmolding depends on the crys-
talline fraction of the preform — the lower the better.

3.2. Overmolding onto a printed plate

In the case of the FDM technology, the surface
roughness of the preform depends on the build ori-
entatio — the side on the printing bed has better sur-
face roughness than that of the printing side. We
manufactured 20 samples and injection molded PLA
3100HP on the rougher side of 10 and on the smoother
side of the other 10. The melt temperature was 210
and 250°C. After FDM printing, the preforms were
stored at room temperature at a relative humidity of
50%, and within a few hours we overmolded on them.
In each series, we measured the R, and R, surface
roughness values of 3 samples. They were 0.07 and
2.13 pum on the printing bed side of the part, and 3.13
and 30.37 pm on the printing side, respectively.

As we showed earlier, increasing melt temperature
significantly improves bond strength, and so in the
case of both surface roughness levels, bond strength
improved as melt temperature was increased (Fig-
ure 8).

We proved with two-sample t-test that surface rough-
ness only has an effect in the case of the lower tem-
perature; when melt temperature is higher, surface
roughness does not affect the bond strength. This is
probably because proper welding not only require
high enough melt temperature to provide the ade-
quate amount of heat but the heat must also be trans-
ferred to the preform, which depends on the heat
transfer coefficient. In the case of the higher melt

Figure 7. Overmolded parts in the mold: (a) good welding, produced with the lower crystallinity base plates (b) the rib and
plate fell apart, caused by the high crystallinity of the base plate.
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Figure 8. The effect of the surface quality of preforms man-
ufactured by FDM (smooth: R, = 0,07 um, R, =
2,13 um, rough: R, = 3,13 um, R, = 30,37 um) on
the bond strength between the overmolded rib and
the preform.

temperature, the preform can be melted when the
contact surface has lower surface roughness, even
though the contact area is smaller. On the other hand,
in the case of the lower melt temperature, surface
roughness may have a significant effect through the
efficiency of heat transfer.

Crystallinity, similar to the injection molded sam-
ples, had a negative effect on bond strength. The
crystallinity of the printed plates was low, around
1.3%. In the overmolding experiments, these pro-
duced better bond strength than the plates whose
crystallinity was increased to around 42% by heat
treatment (Figure 9).

We also injection molded preforms from pellets ob-
tained by grinding PLA 040 printed samples. Then
we overmolded ribs on them to examine the possi-
bility of recycling. We used a two-sample t-test to
show that there is significant difference between the
original PLA and the recycled PLA. This is because
grinding impairs quality. However, this difference is

35
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=
2
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Crystallinity of the printed plates

Figure 9. The effect of the crystallinity (low: 1.3%; high:
42%) and surface roughness (smooth: R, = 0,07 um,
R,=2,13 pm; rough: R, = 3,13 pm, R, = 30,37 pm)
of plates produced by FDM on the bond strength be-
tween the overmolded rib and the preform.
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negligible from an engineering point of view. The
original 52.0 MPa bond strength only decreased to
48.9 MPa as a result of recycling.

3.3. Overprinting onto a molded plate

In overprinting, a new issue emerged. During print-
ing, the surface has to be cooled with fans (Figure 10);
without this the surface quality of the printed product
cannot be ensured. This, however, takes a great deal
of heat away from the surface and this impairs weld-
ing.

We examined the result of using the cooling fans
during overprinting. We manufactured a series with
the fans turned on (normal use) and another series
with the fans turned off. As expected, bond strength
was significantly lower than with the fans turned off
(Figure 11).

3.4. Overprinting onto a printed plate

Since overprinting onto a printed part does not have
much practical significance, in this case we exam-
ined the effect of printing direction. As expected,

Figure 10. FDM printer with the cooling fans during printing.
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Figure 11. Tear-off strength in the case of overprinted ribs
onto injection molded plates with and without the
cooling fan (low crystallinity was about 21.0%,
while high crystallinity was around 32.8%).
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based on the literature review, the products which
were printed on their sides had significantly higher
strength than those that stood on their base plate dur-
ing printing. The weakest were those where the plate
was produced and then the rib was overprinted on it
later on (Figure 12). This is obvious, as in the latter
case the rib — as if it had been overprinted onto the
plate — was printed on the finished plate. Since the
fan was turned on in this case, cooling had a signif-
icant effect on bond strength. To check the effect of
cooling, we waited for 10 minutes after the base
plate was manufactured, which meant extra cooling,
before we continued printing. As expected, this fur-
ther reduced bond strength as the heated print bed of
the FDM printer was not able to heat up the whole
printed plate.

We proved the effect of cooling with a thermal im-
aging camera (FLIR). Although the temperature of
the printing bed was set to 60 °C, the surface tem-
perature of the plate barely reached 50 °C, which is
the effect of the fans (Figure 13).

Edge of the preform

Printing head
movements

Last printed area

Figure 13. Thermal camera image during the printing of the
preform.
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4. Conclusions

We showed the possibilities of combining two of
today’s most important polymer processing tech-
nologies: injection molding and 3D printing. We also
introduced a novel concept to study and compare the
bonding strength of polylactic acid (PLA) parts pre-
pared by overprinting and overmolding. To achieve
this, we designed an injection mold that facilitates
overmolding a rib onto an injection molded or 3D
printed preform inserted in the mold. Overprinting
was performed with an identical geometry, therefore
we were able to compare the results. We showed the
effect of melt temperature on welding, but at the
same time, we proved with TGA that residence time
during injection molding can have a weakening ef-
fect due to degradation. We also proved that in over-
molding the crystallinity of the preform is one of the
most important properties from the point of view of
welding. Amorphous preforms had higher bond
strength, which can be explained with the lower
amount of heat necessary for melting. The increase
in crystallinity impairs welding, or can even prevent
bonding altogether. On the other hand, higher sur-
face roughness can improve welding due to the high-
er contact area. We proved with a thermal imaging
camera during 3D printing that cooling the surface
at the beginning of printing greatly impairs the me-
chanical strength of the product, therefore we sug-
gest not using cooling for some time at the beginning
of printing.

As an overall result, we have proved that injection
molded and 3D printed parts can be joined well. We
examined all four combinations: overmolding onto
a molded or printed plate and overprinting onto a
molded or printed plate.
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