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Abstract

The production of small to medium-size aluminum gearbox housings at large quantities and high rates is commonly
carried out by die casting. The manufactured parts are characterized by a very good surface finish and dimensional
accuracy. However, a certain amount of gas porosity and shrinkage holes are to be expected. Since defects affect the
mechanical properties of the housing, their reduction is also a main goal in the enhancement of the process. Improved
material properties lead to higher strength and better gear performance. Despite die casting being cheap in comparison to
sand casting, the costs of the casting equipment, whose main components are two hardened steel dies with the desired shape,
are very high. Based on one particular gearbox housing, the objective of the present development project was to improve
the quality of the gearbox housing by reducing its casting defects, while achieving simultaneously an overall improvement
of the casting process. To this end, a new kind of die with integrated cooling channels was designed and evaluated using
additive manufacturing technologies. First, the usual defects like cold casting sprue, sticking due to overheating, and
solidification cavities of the cast part as well as the cooling behavior of the standard die were analyzed. Thus, the areas
to be cooled down in a controlled way were identified and the corresponding cooling system was developed. Afterwards,
an FEM analysis was carried out to check the die’s integrity during the casting process. The model was built according to
given operating conditions. The stress analysis was efficiently studied on a variety of cooling channel designs. The results
led to new and improved knowledge concerning the die’s stability. 3D metal printing was suitable for the manufacturing,
because a clear additional benefit compared to the standard die was expected. Selective laser melting (SLM) was chosen
because this technology allows the cooling system to be printed without a supporting structure. The material chosen was
the tool steel 1.2709 (X3NiCoMoTil8-9-5). The die was printed and machined to its final dimensions using this material.
Finally, the die casting mold was assembled and 15,000 casting rounds were executed by varying the temperature of the
cooling oil. The type, number, and distribution of failures of the cast parts as well as the cycle duration were analyzed. As
a result of the present work, the quality of the gearbox housing was improved concerning porosity and shrinkage holes.
Furthermore, due to the targeted solidification, the casting process was shortened by about 11% per casting cycle.
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Qualitidtsverbesserung eines Aluminium-Getriebegehauses durch Einsatz additiver Fertigung

Zusammenfassung

Die Herstellung von kleinen bis mittelgroen Aluminium-Getriebegehdusen in groen Mengen und mit hoher Geschwin-
digkeit erfolgt tiblicherweise im Druckgussverfahren. Die hergestellten Teile zeichnen sich durch eine sehr gute Ober-
flachengiite und MaBhaltigkeit aus. Ein gewisses Mafl an Gasporositit und Lunkern ist jedoch zu erwarten. Da sich die
Defekte auf die mechanischen Eigenschaften des Gehduses auswirken, ist ihre Verringerung auch ein Hauptziel bei der
Verbesserung des Verfahrens. Verbesserte Materialeigenschaften fiihren zu hoherer Festigkeit und besserer Getriebeleis-
tung. Obwohl das Druckgussverfahren im Vergleich zum Sandguss kostengiinstig ist, sind die Kosten fiir die Gieanlage,
deren Hauptbestandteile zwei gehirtete Stahlformen mit der gewiinschten Form sind, sehr hoch. Ausgehend von einem
bestimmten Getriebegehduse bestand das Ziel des vorliegenden Entwicklungsprojekts darin, die Qualitit des Getriebege-
hiuses durch Verringerung der Gussfehler zu verbessern und gleichzeitig eine Gesamtverbesserung des Gie3verfahrens
zu erreichen. Zu diesem Zweck wurde eine neuartige Gussform mit integrierten Kiihlkanilen entworfen und mit Hilfe
additiver Fertigungstechnologien evaluiert. Zunéchst wurden die iiblichen Defekte wie kalter Gussanguss, Verkleben durch
Uberhitzung und Erstarrungslocher des Gussteils sowie das Kiihlverhalten der Standardform analysiert. So wurden die
Bereiche identifiziert, die kontrolliert abgekiihlt werden miissen und das entsprechende Kiihlsystem entwickelt. Anschlie-
Bend wurde eine FEM-Analyse durchgefiihrt, um die Integritit der Kokille wihrend des Gievorgangs zu iiberpriifen.
Das Modell wurde unter den gegebenen Betriebsbedingungen erstellt. Die Spannungsanalyse wurde an einer Vielzahl von
Kiihlkanaldesigns effizient untersucht. Die Ergebnisse fiihrten zu neuen und verbesserten Erkenntnissen iiber die Stabilitét
der Form. Der 3D-Metalldruck war fiir die Herstellung geeignet, da ein deutlicher Zusatznutzen gegeniiber der Standard-
form erwartet wurde. Die Wahl fiel auf das selektive Laserschmelzen (SLM), da mit dieser Technologie das Kiihlsystem
ohne Stiitzstruktur gedruckt werden kann. Als Werkstoff wurde der Werkzeugstahl 1.2709 (X3NiCoMoTil8-9-5) gewihlt.
Mit diesem Material wurde die Form gedruckt und auf ihre endgiiltigen Abmessungen bearbeitet. SchlieSlich wurde die
Druckgussform zusammengebaut und 15.000 GieBvorginge wurden unter Variation der Temperatur des Kiihl-Ols durchge-
fiihrt. Die Art, Anzahl und Verteilung der Fehler an den Gussteilen sowie die Zyklusdauer wurden analysiert. Als Ergebnis
der vorliegenden Arbeit konnte die Qualitit des Getriebegehduses hinsichtlich Porositidt und Lunker verbessert werden.
Dariiber hinaus konnte durch die gezielte Erstarrung der Gieprozess um ca. 11 % verkiirzt werden.

1 Introduction the higher manufacturing costs of AM can be accepted

[8-12]. Concerning this, the full capacity of AM can be

1.1 Additive manufacturing

Additive manufacturing (AM) established itself in the in-
dustry at the beginning through rapid prototyping, since de-
velopment cycles and production costs can be reduced [1,
2]. It has since become one of the main technologies being
introduced within industrial processes to produce functional
prototypes or to directly improve the process itself. Fur-
thermore, the implementation of AM can lead to changes
in manufacturing chains, as individual steps can be elimi-
nated [3—6]. However, since all AM technologies have their
own limitations, especially concerning process management
and reproducibility, the implementation of AM processes
in serial industrial production remains challenging [7]. The
most relevant and proven advantages of additive manufac-
turing are the reduction in development time, the freedom
of design, and the consequent added value to the final part.
Concerning freedom of design, complex parts like under-
cuts, variable wall thicknesses, cavities, lattice or bionic
structures, as well as integrated cooling systems are nowa-
days state of the art. Since single parts with a high level
of complexity and degree of customization are feasible,
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exploited by applying finite element methods during the
design phase, since they are suitable within the conception
stage for any part. Under given conditions and analytic ex-
pertise, these methods lead to an optimized solution of the
actual issue [13]. However, AM has significant disadvan-
tages, such as the required support structures, production
time and costs, and surface quality, since they limit its ap-
plicability. For that, several design guidelines must be taken
into account. [8—12]. Of all the metal AM processes, selec-
tive laser melting (SLM) is the most widespread. Basically,
the printer consists of a laser, an inert gas (argon or ni-
trogen) atmosphere-controlled building chamber, a powder
bed, and a powder container. While printing a thin layer of
fine metal, powder is fused by a high-powered laser beam
at the corresponding plane of the desired part. When ready,
the building platform moves down in a vertical direction
and a new powder layer is evenly distributed. The desired
three-dimensional object is then created layer by layer. The
most common metal powders used for AM are aluminum
alloys for lightweight construction, tool and stainless steel
alloys, nickel alloys for high-temperature applications, ti-
tanium alloys for medicine and lightweight constructions,
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Fig. 1 Schematic representation of a die casting mold

cobalt-chrome alloys for dental applications, and copper al-
loys for cooling and electronics applications. Metal powder
quality has a direct influence on the printing result [14, 15].

Concerning AM applications in die casting, the use of
integrated cooling channels contoured close to the casting
mold in critical areas improves the control of mold temper-
ature and part dimensions. However, the number of studies
dedicated to developing the design rules for cooling chan-
nels is very limited. Even so, several [16-19] have shown
the potential of integrated cooling channels in dies for plas-
tic injection molding. Improving the quality of the gearbox
housings by reducing its inherent casting defects is of sig-
nificant importance to the gearbox housing manufacturing
industry.

1.2 Die casting of gearbox housings

During die casting, one molten alloy is injected at high
speed (40 to 60m/s at casting gates) into a steel mold (X38
CrMoV5) and kept at a very high pressure (80 to 100 MPa)
during the material’s solidification. Die casting equipment
covers a wide range of pressures, starting at 160t and going
up to 4500t or even more. On traditional devices, the whole
process consists of 4 phases: preparation, filling, solidifica-
tion, and ejection. First, the molten metal is brought to the

Broaching Tools Ejector Plate

Movable Frame

Insert Movable Die

Movable Die Half

Fixed Die Half

casting gates at a slow speed. After that, the mold is filled
at very high speeds. Then, the filled die is held at a high
pressure in order to assure a good filling during shrinkage
of the metal due to solidification and to reduce the number
of defects like porosity and blowholes in the produced part.
The cast part is finally ejected. Fig. 1 shows a schematic
representation of a die casting mold.

On the one hand, die casting makes the production of
very thin and precise (near-net-shape) parts possible, by re-
quiring less machinery than other standard processes like
sand casting or gravity shell casting. In addition, the pro-
ductivity is usually the highest compared to other standard
casting methods like sand casting. Furthermore, only one
operator is needed for two or three devices. On the other
hand, the required pressure leads to high costs for cast-
ing equipment and does not allow the use of sand cores.
Thus, non-demoldable hollow areas are not feasible [20].
Fig. 2 shows the time ratio of each step on a single cycle
of high pressure die casting (HPDC). Technically speaking,
applied targeted cooling may reduce the duration of both
posting and blowing from the preparation phase, as well
as the whole solidification phase (temperature descending
from 690 °C to less than 478 °C).

Concerning die casting, the most common defects are
gas porosity, shrinkage holes, hot cracking, flow marks,
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Fig.3 Some common die casting defects

misruns, and cold shuts (see Fig. 3). The main cause of
these defects is a die that is too cold during injection. They
can also be caused by a low metal temperature, impurities,
or insufficient venting. All of them affect the mechanical
properties of the cast part.

The way to remediate the defects depends on their nature.
If the quality of the cast material is assured and the casting
process is running smoothly, the temperature of the die and
its homogeneity should be examined [21, 22]. Regarding
the cast part, the areas with metal accumulation and large
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wall thicknesses concentrate heat during casting, thus the
mold must be adequately cooled (Fig. 4). The design and
implementation of a cooling circuit through a die is limited
by the limitations of standard machining processes. There-
fore, the surface temperature of the mold cavity remains
inhomogeneous, causing a thermal impact on the cast part
[23]. Targeted cooling of the massive zones should improve
the homogeneity of the heat transfer and therefore reduce
the number of defects of the cast part.
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1.3 Methodology

The direct application to a die in the aluminum die casting
process chain within SEW was evaluated. Based on one
particular gearbox housing with well-known hot spots and
casting defects, the study of the achievable enhancement
after redesign was the main goal of this work. In this re-
gard, a die with integrated cooling channels was specifically
designed and manufactured using AM in order to improve
the quality of the gearbox housing by reducing its casting
defects, while achieving simultaneously a reduction of the
casting time per cycle. The achievement was confirmed by
printing and implementing the developed die in the produc-
tion process. Based on the results, SEW is able to determine
future applications for AM in this field.
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2 Cooling channels: design and
optimization

A poorly thermally designed die will have a lasting influ-
ence on productivity, part quality, and costs by reducing
the die’s service life. Cooling circuits, thermoregulation,
copper inserts below the die’s surface, jet cooling, ribbed
imprint surfaces, or the modification of the range of ele-
ments (air gap) are some of the many technical possibilities
to optimize the die’s thermal performance [24].

For the present work, the die “Flasque ADRN90@160”
was chosen, because it is the hottest die in the whole pro-
duction process. Fig. 5a shows the standard die with its
cooling channel. Fig. 5b shows the simulation results us-
ing Magma Soft concerning the critical solidification zones
(pictured in blue). These areas are the ones with the highest
cooling rate.
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Fig. 10 Steps of the die’s manu-
facturing

Printed

According to the simulation results, a new cooling chan-
nel system was designed close to the die’s surface on the
hot spots in order to better control the cooling rate of the
critical spots. The geometry of the cooling channels had
to be designed to enable AM without supporting material
and with a good flow, in order to remove the powder af-
ter printing without problems. Therefore, a minimum cross
section of 5mm? per individual channel had to be used. By
implementing an elliptical channel geometry, the diameter
could be larger than 2.5mm (see Fig. 6).

The geometrical optimization of the cooling system was
carried out by applying FEM methods, using Ansys Work-
bench 2020 R1 (see Fig. 7). The simulation was based only
on a static structural analysis. Neither the influence of tem-
perature nor the fluids were taken into account. The FEM
model was made with the casting die as the geometry. All
other geometry parts were not needed for the considered
scope. Steel was chosen as the material and defined with
its corresponding properties (Young’s modulus of 210 GPa
and a Poisson’s ratio of 0.3). Therefore, boundary condi-
tions that are representative of the die casting process were
assigned for the simulations.

First of all, a fixed support condition was determined for
the casting mold part. A maximum pressure on the surface
of the cooling channels of 1 MPa and a maximum pressure
of 80MPa on the cast surface were specified as the load

Heat Treated

in the FEM model. The optimization was achieved by pro-
ceeding though an iterative process. After the first iteration
of the analysis, the results were checked for plausibility
and to find critical spots on the structure. According to the
results, the critical spots on the cooling channels were ad-
equately meshed in order to get proper results, which were
needed to carry out the next optimization step (see Fig. 8).

To this end, different variations were simulated under
the same boundary conditions. Depending on the results
of the simulation, the geometry was optimized at the criti-
cal spots by smoothing the surfaces in order to reduce the
notch effect, leading to lower equivalent stress. Through
different iterations, it was possible to optimize the config-
uration of the cooling channels concerning operation de-
mands and AM. The favored arrangement reached a max-
imum stress of nearly 500 N/mm? at the cooling channels
and about 200 N/mm? at the outer surface (see Fig. 9). This
result satisfied both the requirements of the FEM evaluation
and the operating conditions.

3 M process, material selection and
manufacture

Since AM is meaningful due to the high degree of com-
plexity that can be achieved, the cooling of dies can be
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Fig. 11 Structure of the mold
and cast part
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Fig. 12 Thermal scan results
after casting of both standard
and AM manufactured dies (oil
temperature 80 °C)
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casting
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After 5
casting
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+ sprinkling

improved by integrating customized cooling channels into
its structure to specifically cool down relevant areas. Unfor-
tunately, only a few printing techniques can be considered
for the AM of the developed die. The print accuracy must be
fine enough to enhance the needed tolerances and as free
as possible of pores and supporting structures inside the
channels. Therefore, selective laser melting was the most
suitable solution.

The material selection was limited as well, due to the
operating conditions during the die casting process. Thus,
a 1.2709 material with a hardness of at least 50 HRC was
selected. The applied oversize on all surfaces was at least
0.30mm. The printing process was carried out onto a hy-
brid lower part (see Fig. 10) made of hardened 1.2343.
The connection inlet and outlet screw threads for the cool-
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ing system were machined into the hybrid base before the
printing process took place.

The next steps were the printing of the die, its machining,
installation in the mold, and final testing. Since the die
was designed with an intentional oversize, it had to be end
machined according to SEW specifications before being
installed. The final dimensions have been tested at SEW.
After approval, the die was installed into the casting mold.

4 Die casting test results

The effectiveness of the new cooling system was evaluated
by performing the injection simultaneously on a conven-
tional machined die and on the AM manufactured die (see
Fig. 11).
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In order to evaluate the influence of the new cooling sys-
tem on the die casting process, five casting sequences with
and without sprinkling for an oil temperature of 80 °C were
performed®. This temperature was chosen because accord-
ing to the operation experience a lower temperature of the
die leads to surface flaws on the housing. The development
of the temperature within the die was analyzed by taking
pictures using a thermal camera. Fig. 12 shows the obtained
results.

In both cases, the AM made die shows a much lower and
more homogeneous temperature distribution in comparison
to the standard die. After five casting sequences, the highest
temperature on the AM die is 116.7°C, which is 103.8°C
lower than the highest value on the standard die. By adding
a sprinkling step, the highest temperature on both dies is
drastically reduced. In addition, the difference between the
highest and lowest temperature is, in the case of the AM
die (AT=17.3°C), almost two and a half times lower than
with the standard die (AT=44.9°C).

Consequently, the time per injection cycle was signifi-
cantly reduced. The duration of positioning and blowing as

Ejection

well as the cooling from 690 °C to 470°C was lowered by
20% each. Fig. 13 shows how targeted solidification leads
to a shortening of the total time of one injection cycle by
11%. Based on the results, it is still theoretically possible to
reduce the cooling time by 20% and the solidification time
by 20%.

The applicability of the time reduction of the injection
cycle to serial production can only be confirmed if the qual-
ity of the gearbox housing is not affected in a negative way,
or even better, if the manufactured part results improve. To
this end, a total of 15,000 injections on four casting rows
were performed, with a chosen cooling oil temperature of
80°C, 100°C, 120°C, and 140°C. During the first row, the
temperature was set at 80°. This temperature was succes-
sively increased by 20°C to carry out the next casting row.
Since Die casting is a fully automated process, interrup-
tions for temperature measurements within a casting row
were not possible. The housing quality was analyzed on
computer tomography (CT) measurements carried out on
cast housings using the AM die with all 4 oil tempera-
tures. In addition, one housing cast with the standard die
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Fig. 14 CT results of a gearbox
cast with a standard die and an
oil temperature of 80 °C

Fig. 15 CT results of the highly
loaded area of gearboxes cast
with an AM die

Oil 80°C

Oil 100°C

and an oil temperature of 80°C was examined as well as
a reference. The analysis was focused on three significant
layers: the one with the highest loaded area, the one with
the thinnest wall thicknesses, and one with no critical me-
chanical demands. Fig. 14 shows the results of the housing
cast with the standard die. The highly loaded area shows
a small amount of porosity (black spots, Fig. 14a). The
area with the thinnest wall thicknesses is free of significant
defects (Fig. 14b). Finally, the uncritical area shows some
pores, which are actually harmless (Fig. 14c).

@ Springer

Oil 120°C

Oil 140°C

Fig. 15 shows the conditions at the highly loaded area.
With an oil temperature of 120 °C, the material increases in
density in comparison to the standard process. This can be
deduced from the higher brightness of the image. At 80 °C,
100°C and 140°C, the housing shows a worse result than
the standard one.

Fig. 16 shows the results at the area with the lowest wall
thicknesses. There is no observable improvement at 80 °C
and 100°C, but also no deterioration of the material density
compared to the standard application. Despite this not being
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Fig. 16 CT results of the area

with the thinnest wall thickness
of gearboxes cast with an AM

die

Fig. 17 CT results of the uncrit-
ical area of gearboxes cast with
an AM die

Oil 80°C

Oil 100°C

an improvement itself, it is also not a downgrade. The cross
section results then deteriorated at 120°C and 140°C.

Fig. 17 shows the state of the area with no critical me-
chanical demands. All 4 test temperatures yield a worse
result compared to the standard die. This is actually to be
expected, because defects cannot vanish, but are shifted
from one region to another. Since the cross-section in this
area is the biggest, casting defects are of minor importance
as long as they do not runs through the entire wall. Thus, it
can be said that the quality of the housing results improved.

5 Summary

The main goal of this work was the development of a cus-
tomized cooling channel system for a casting die. For this
purpose, several construction guidelines were applied and
FEM simulation under consideration of the operating con-
ditions was carried out. As a result, a new type of die was

3D-Printed Die - Thinnest Wall Thickness

Oil 120°C

AT

Oil 140°C

developed, which was specially customized to be manu-
factured by AM. The manufactured die prototype was as-
sembled and tested in order to corroborate the expected
improvements of applied AM on a casting process. For
this purpose, 15,000 casting rounds were executed simul-
taneously on a conventional machined die and on the AM-
manufactured die by varying the temperature of the cooling
oil. The type, number, and distribution of casting defects
in the gearbox housings as well as the time per cycle were
analyzed. According to the obtained results, the new die
increased the process efficiency due to the targeted solidi-
fication since it reduces the time per casting cycle by about
11%. Even so, the quality of the cast parts was improved
in terms of reduced porosity and shrinkage holes in criti-
cal areas. Thus, the test under normal operating conditions
successfully confirmed the cooling system’s effectiveness,
fulfilling the requirements for the chosen gearbox housing.

Regarding future developments in this area, it must be
taken into account that critical areas during solidification
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must to be cooled down differently. This aspect together
with the terminal and mechanical loading conditions during
operation of the casting mold define the boundary condi-
tions for the design of every single cooling channel. Ne-
glecting or wrongly interpreting them could lead to a die’s
failure during the casting process.
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