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Abstract

The application of additive-manufactured cores and molds
is of great interest for complex cast components. Never-
theless, several challenges still exist in utilizing binder
Jetting in the multi-step additive manufacturing process for
Sfoundry applications to its fullest extent. This contribution
shows methods that facilitate the use of 3D-printed sand
molds and cores in casting series applications. The binder
jetting process itself is assessed from an overall process
chain perspective to highlight the benefits of its application
in series production. The challenges associated with
automating mold cleaning for highly complex casting
contours are depicted. In particular, employing the method
of cleanable mold partitioning is shown to enhance the
automation level of the overall process. Mold design tai-
lored to 3D printing is demonstrated to contribute to
overall cost and time savings in enhanced core packages.
Topology-optimized, lightweight part designs involving

complex freeform surfaces may require mold partitioning
associated with laborious burr removal processes. A new
approach in answer to the shortage of skilled workers in
the harsh and hazardous foundry environment is shown.
Implementing motion tracking technology is demonstrated
to enable economical automated burr removal for minor
quantities or high variant diversity in the future foundry.
All the methods shown are of great importance for intro-
ducing printed core packages into series production.

Keywords: 3D printing, binder jetting, multi-step additive
manufacturing, complexity, topology optimization,
near-net-shape, mold design, automated cleaning,
burr removal, automation, motion tracking,
production

series

Introduction

Casting technology has long been known for its ability to
achieve highly complex parts in an economical primary
shaping production process. This makes it one of the key
processes for series production. The trend toward ever-
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smaller quantities and an ever-greater number of variants in
series production continues and confronts foundries with
particular cost challenges. 3D printing of sand molds offers
an opportunity to bring the flexibility of additive manu-
facturing into conventional production technology.'

However, there are still obstacles to overcome before 3D
printing of sand molds and cores can be employed in large-
scale production. One significant aspect is the cost.” Here,
questions about the automation of the overall process play
a particularly important role. In general, the added values
of additive manufacturing must be used. Otherwise,
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conventional production processes cannot be substituted.’
Figure 1 shows an overview of characteristics associated
with 3D printing, categorized into product-, process-, and
resource-related aspects.

The product-related benefits of 3D printing originate from
enabling a higher level of design freedom and complexity
and include functional integration and lightweight design.
Along with advances in additive manufacturing processes
and materials, design methodology has been evolving
rapidly” and is still a crucial issue of research®. In manu-
facturing sand molds, the geometric freedom of 3D printing
can be exploited not only to increase the cast parts’ com-
plexity but also to tailor the design of the pouring basin, the
sprue, the runners and risers, to adjust the orientation of the
cast part in the mold, or to realize lattice structures or
pockets for reduced binder consumption or modified
solidification.’

Additive manufacturing technologies allow for an end-to-
end digital process chain starting with virtual product
development. A design file of the geometry to be printed is
converted into a file format readable by the printer. The
printer, or the respective software, in turn, creates the
machine-specific data needed to run the process.® Process
data are generated by onboard diagnostic sensors, and
product data by (automated) post-production quality
inspection.” Although typically still very little process data
are made available to the machine operator, the seamless
computer control offers the prospect of in-line process
monitoring and full accessibility to machine parameters
facilitating early fault detection, troubleshooting, and pro-
cess optimization. Since additive manufacturing enables
near-net-shape production without the aid of tools® or
additional equipment that needs to be specifically designed
or produced to realize an individual product, lead times can
be reduced, making the sand casting process more agile.
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Moreover, additive manufacturing of molds and cores is
actively influencing business models, supply chains, and
the dynamics of customer—supplier interactions’ since the
tooling phase and accompanying expenditures cease.'’

3D printing can substitute manual molding or shooting
without requiring major adjustments to the foundry
infrastructure. Since casting involves handling and pro-
cessing hazardous substances, heavy equipment, and high-
temperature material, automating the casting process is of
particularly high relevance'' and is about to gain more and
more importance to manufacturing companies due to
tightened legal regulations or a shortage of workers. Inte-
grating additive-manufactured sand molds in the process
chain of casting paves the way for future continuous
automation of the casting production workflow.

In terms of environmental issues, 3D printing must
mandatorily keep up with state of the art in mold making to
enable implementation in series production.'? Utilizing
environmentally friendly raw materials, avoiding pollution
during casting, and successfully applying sand reclamation
strategies are of major relevance also for traditional
molding processes.'> However, certain sustainability
aspects are naturally implied in additive manufacturing
processes, such as realizing low material wastage, post-
processing efforts, and optimized end products with
improved strength-to-weight ratios.'*

Highly complex metal parts may be additively manufac-
tured directly via selective laser melting or by integrating
binder jetted sand molds and cores into the casting process.
The primary advantages of binder jetting compared to the
selective laser melting technique comprise the high pro-
duction rate and scalability by increasing the number of
nozzles/print heads,'> the viability of large build vol-
umes,16 and thus its cost-effectiveness.

Functional integration

Lightweight design

Digitalisation

Figure 1. Characteristics of a 3D printing integrated casting process chain.
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This work focuses on depicting the potentials and chal-
lenges of implementing 3D printing of sand molds and
cores into the conventional metal casting process, here-
inafter referred to as multi-step additive manufacturing for
foundry applications. The characteristics of the binder
jetting process and the associated process chain are intro-
duced. Moreover, novel approaches in mold and part
cleaning automation are shown, including intelligent mold
partitioning and cooperative cleaning of cast parts using
motion tracking technology.

Binder Jetting of Sand Molds and Cores
in Multi-step Additive Manufacturing for Foundry
Applications

In binder jetting, loose sand is processed with a binder to
form molds. Its procedure involves the following steps
(Figure 2): lowering a build platform by the amount of one
layer thickness, applying a layer of sand (eventually pre-
mixed with a hardener component) to the build platform,
and selectively printing the layer of sand with a binder.
These steps are repeated until the desired mold is com-
pleted. Subsequently, the molds and cores lie embedded in
loose sand. Therefore, de-sanding and cleaning of the parts
need to be carried out prior to a mold’s assembly.

The entire process chain of multi-step additive manufac-
turing for foundry applications is depicted in Figure 3. 3D
printing replaces the mold-making procedure comprising
pattern making and molding."'®

By utilizing 3D printing, enhanced functional integration is
attainable by enabling undercuts, and relaxed requirements
concerning split lines or draft angles' apply. Machines of
printing volumes up to 4 m x 2 m x 1 m are commercially
available.”> While in conventional mold production, pre-
mixed sand-binder recipes are processed, in 3D printing,
sufficient flowability is a prerequisite for a powder to be
deposited uniformly.”* Commonly, sands for 3D printing
are sieved to narrow particle size distributions”' and mean
grain sizes of 140-250 pum.?* Finer powders must be pro-
cessed at lower speeds™ or dispersed in suspensions.”*

Still, a wide range of particulate materials can be pro-
cessed, making binder jetting a highly versatile process.'®
The most common and cost-effective molding material is
natural silica sand. Organic and inorganic binder systems
have been successfully processed in binder jetting
machines. Inorganic binders are of crucial interest in terms
of avoiding harmful emissions during casting” and ful-
filling current and future regulatory requirements. BMW
changed over to environmentally friendly inorganic binders
in core shooting for aluminum crankcases until 2009%° and
later announced even series manufacturing of closed deck
crankcases via 3D printing technology.?’ Since only binder
contents of < 4 wt.-% are input during printing, the highest
cost factor among 3D printing consumables is the sand.*®
Its reclamation rate is a highly relevant measure in life
cycle analysis (LCA).?> However, the utilization of
reclaimed sand in 3D printing is still in its infancy and,
thus, a major field of research. Table 1 sums up the
advantages of utilizing binder jetting technology in multi-
step additive manufacturing for foundry applications.

Subsequent to the 3D printing process, unbound particulate
material must be removed from the sand molds.*® This
procedure is typically called mold ‘finishing,” ‘cleaning,’
‘de-sanding,” or ‘de-powdering.” Printing of a mold as a
whole, including the casting system and cores, is con-
ceivable®' but challenging. Alternatively, a mold can be
assembled from modular segments>~ to facilitate automated
cleaning. After casting, the cores outlining the inner
geometry of a cast part are removed. De-coring is typically
accomplished by hammering and shaking.*® Finally, the
casting system is detached, burrs are removed, and the cast
past is machined to its final geometry.

New Approaches to Key Challenges in Multi-Step
Additive Manufacturing for Series Production
in the Casting Industry

Topology optimization represents the future of design.
Engineers will no longer do the design themselves but
focus on determining exact product requirements in the
form of load and use cases. The geometry is generated by a

Figure 2. Binder jetting process scheme.””
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Figure 3. Casting process chain utilizing 3D-printed molds and cores.

Table 1. Advantages of Utilizing Binder Jetting in Multi-
Step Additive Manufacturing for Foundry Applications

Advantages of utilizing binder jetting

Compared to alternative AM
methods

Compared to conventional
mold making

Minimal material
consumption

Short lead times
No tooling costs

High geometrical degree
of freedom in design

Easier process
automation and
digitization

The most productive true-to-
shape additive manufacturing
method

Large printing volumes available
No support structures needed

Energy-efficient due to adhesive
bonding

Inexpensive printing materials

computer using mathematical algorithms.** The production
of such components in large dimensions and economic
costs can be done via multi-stage additive manufacturing.
There is a trade-off between the demand for flexible and
highly complex product designs and automation in reliable
and cost-competitive production. In the following, newly
developed approaches are demonstrated, addressing
essential sub-steps for this problem: mold cleaning, mold
designs enabling automated cleaning, and finishing the cast
parts.

Automated Mold Cleaning and Inspection

For utilization in multi-step additive manufacturing for
foundry applications, molds and cores are printed as
described above. The 3D-printed lost mold forms the cavity
to be filled with molten metal in the subsequent casting
process step. Cleaning the mold cavity from unbound sand
after printing is an essential process step succeeding the
binder jetting process. The limited access to the cavity, as
well as the relatively low strength and brittleness of the
porous mold material, makes cleaning a challenge that is
currently still handled by hand by trained employees to a
large extent.

Adhesions resulting from binder migration decisively
determine the difficulty of the cleaning task. These are
particularly pronounced when using the most widely spread
furan resin system based on furfuryl alcohol. Through
diffusion processes in the liquid or gas phase, shares of
reactive binder reach the printed component’s interface
with the loose powder bed. Since hardener is mixed into

International Journal of Metalcasting/Volume 17, Issue 4, 2023

the full quantity of sand prior to its deposition to the build
platform and is thus available in the unbound powder bed
fraction, shell-like adhesions of a few mm in size are
formed that show significantly lower strengths than the
printed component itself. The adhesions can be removed
from the component with a brush or compressed air.

The automation of this process is a challenge. The focus is
not on the data structure but on the effect of the cleaning
mechanisms and the accessibility of the structures. An
exemplary surface cleaning process is shown in Figure 4.
The samples are printed with a furanic material system (2
wt.-% binder, 0.3 wt.-% activator, sand type GSI4RP,
Strobel Quarzsand, Germany). Surfaces that are freely
accessible can basically be cleaned easily. To accomplish
the cleaning of such a geometry, paths can be derived from
a CAD/CAM process and transferred to a gantry or arm
robot in the form of a G-code. In this example, the com-
puter-controlled device works off the paths with a speed of
60 mm/s by passing a jet of compressed air (0.1 MPa,
0.2 mm nozzle, outer tube diameter 32 mm, vacuum level
0.02 MPa) over the component. The compressed air jet
flings the sand away in a radius of about 25 mm. A suction
nozzle directly picks it up. A safe process is reached by
choosing a distance between single paths of 40 mm. The
embossed logo and text are cleaned properly using these
parameters. The work performance for the flat surface as
presented can be estimated to 2,400 mm?/s or 7 minutes
per square meter.

Structures located inside a component are more complex in
this respect. Figure 5 shows a CAD structure exhibiting
typical complexity features. Long channels (Figure 5a) are
a basic structure that is difficult to clean. Certainly, the
machining direction is an issue. However, the cleaning
procedure is more decisive: The compressed air jet swirls
up particles that cannot be directly extracted or controllably
dissipated. These are then picked up again by the com-
pressed air jet and hurled in the direction of the workpiece.
This results in an abrasive effect, and the component is
damaged. Branches in the cavity and fine ramifications
increase the complexity of the cleaning task (Figure 5b,
5d), adding control engineering challenges. Strongly
curved areas (Figure 5c) are equally problematic, as special
endoscope-like tools must be used.

The results of an experimental setup for the investigation of
cleaning inner structures with rectangular cross sections
can be seen in Figure 6. The specimens are printed with a
furanic system (2 wt.-% binder, 0.3 wt.-% activator, sand
type GS14RP, Strobel Quarzsand, Germany). The open-
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Figure 4. Automated cleaning of flat furan resin molds.

Figure 5. CAD model demonstrating exemplary cavities
that are difficult to clean. (a) Long straight channel,
(b) subdividing channel, (c) long curved channel, (d) sub-
dividing and coalescing channel.

channel surfaces are wiped off gently from protruding sand
without removing sand enclosed by the inner structures and
subsequently sealed by attaching a transparent window to
allow for monitoring of the cleaning progress. The cleaning
is performed using a tube with an inner diameter of 4 mm
and compressed air (length 300 mm, pressure 0.1 MPa).
The achievable feed speed is about 30 mm/s. The sand is
conveyed in the opposite direction of the movement.
Channels with two openings can be opened by applying
this feed speed. The rectangular cross sections of the
channels cannot be cleaned properly at a feed speed of
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30 mm/s. After repeating the same cleaning procedure
three times, channels of continuous shape and open ends do
not show adhesions. However, cross-section modifications
result in major sand residues, as well as channels with a
closed end. Increasing the feed speed or the pressure for
cleaning results in intolerable damage by the impact of
sand grains demonstrating the need for utilizing advanced
devices or procedures for cleaning such complex inner
structures.

To reduce the residual sand, a suction nozzle must be
guided smoothly and precisely due to the very local suction
effect. This results from the small flow rate in the tube
using a vacuum of about 0.2 MPa. Even a stronger vacuum
is not able to accelerate the cleaning due to the effect of
compaction of sand by vacuum.

Improved cleaning can be achieved with a combined sys-
tem using compressed air and vacuum (Figure 7). In
experiments, a setup interrupting the compressed air jet
intermittently applying vacuum is used (0.1 s compressed
air at 0.1 MPa, 0.9 s vacuum at 0.02 MPa). This cleaning
concept shows significantly lower performance in cleaning
efficiency, but the damage to the component can be sig-
nificantly reduced. The measured feed rate in a channel
with a round-shaped cross section of a diameter of 10 mm
using a 6 mm tube (50 mm length, 0.4 MPa) was measured
to 7.5 mm/s.

Thus, the following summarizing statement can be made
for a robot-assisted cleaning of components: The data for
component cleaning can be obtained from a CAD-CAM
process. Deep cavities, in particular, must be machined like
bores with special cycles. Tools with intermittent pressure
ratios can reduce the abrasive effect. Loose sand, however,
cannot be avoided in any highly complex cavity and must
be shaken out of the component. The performance indicates
that this process can be at least a suitable pre-stage for hand
cleaning. As the experiments also showed, process safety is
critical due to the effect that each single step affects the

International Journal of Metalcasting/Volume 17, Issue 4, 2023



Figure 6. Specimens for cleaning tests, opened for examination-continuous shapes (leftf) and

unsteady changes in cross section (right).

(compremsant > () ID

Figure 7. Schematic representation of cleaning methods for deep cavities (left). Top: compressed air blasting,
Middle: vacuum cleaning, Bottom: combined method with intermittent pressure. Cleaning head for combined

cleaning (right).

cleanliness of the form already reached by former steps.
This means an integration of sensors and a complex control
for the step chain.

In order to further increase process reliability, the mold
parting lines can be adapted to suit cleaning requirements
compared with conventional mold pitches. Special parti-
tioning strategies are discussed in the following section.

Mold Designs Enabling Automated Cleaning

An approach different from conventional mold design can
be applied to decrease the complexity of mold cleaning.
Conventionally, mold parting lines follow assembly pat-
terns, must avoid undercuts, and include draft angles to
prevent issues during mold manufacturing. This approach
leads to often-seen designs of core packages that consist of
cope, drag, and core (Figure 8).

In the case of additively manufactured molds, specific
design requirements are changing; undercuts can easily be
realized without additional parting lines, and assembly
support structures (e.g., pins) can be rethought entirely.
The designing engineer is instead faced with a different
task: ensuring the persistent high productivity and space
utilization of the 3D printer. The critical factor for this and
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therefore determining the commercially successful use of
the 3D printer is reducing the machine downtimes, e.g.,
when the operator prepares the machine for the next print.
As of today, job preparation is a cumbersome task. Parts
are oriented and moved manually in the build volume,
using up large amounts of manual labor. This preparation is
particularly difficult with a large variety of parts. A radical
simplification of this process is the stack-mold design.
Here, the mold is divided into different-sized blocks with
the parting lines not following the actual cast design.

With this design, the mold has a defined space between the
mold’s outer wall and the casting. The only design variable
is stack height, meaning the height of each slab. Whereas
mold designs today require large amounts of engineering
work, a stack design is automated via iterative optimiza-
tion. The computer only has to decide whether the mini-
mum distance between the mold’s outer walls is more
significant than a predefined criterion. If the criterion is not
fulfilled, the slab height is further increased. In some cases,
this can lead to fragile slabs, for which a minimum thick-
ness required for unpacking and handling is defined. The
stack cast design was successfully demonstrated for small,
intermediate, and large casting. Figure 9 shows an example
of a mold design with the method employed: a topology-
optimized aluminum structural part with a cast weight of
8.7 kg. The complex weight-bearing structure leads to a
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complicated array of channels that requires precise finish-
ing after printing. The successful casting is presented next
to it. Figure 10 shows how a large casting with solely
complex freeform surfaces that would allow for easy par-
titioning as well as an undercutting core can be cast using
the stack cast design. The mold stack consists of 48 indi-
vidual molds, resulting in a casting weighing 28 kg and
measuring one meter in height. The simplicity of the
resulting mold shape allows an automated job preparation
in which a high build volume usage is ensured. The indi-
vidual slabs can be grouped into multiples of similar-sized
ones, which are positioned next to each other.

After printing, the stack design further simplifies the fol-
lowing production steps. The rigid plate-like molds can be
easily unpacked with reduced danger of breaking filigree
parts due to a lower chance of collision. An automated
unpacking approach also becomes feasible due to the
robot’s much simplified gripping device. During unpack-
ing, the cleaning of the molds takes place. Here, loose sand

. . .
. .

Figure 8. Simplified, conventional mold design consist-
ing of (a) cope, (b) drag, and (c) core.

L
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has to be removed, and possibly sticky sand has to be
carefully cleaned. It is crucial to allow the operators to
visually inspect all mold cavity surfaces to avoid casting
defects. In the stack design, mold cleaning is greatly sim-
plified. The process’s usual result is open cavities acces-
sible from both sides. Pressurized air cleaning can clean the
now easily accessible cavities and even undercuts. Visual
inspection is simple. Again, an automated approach is now
feasible even for a wide variety of parts. Finally, the
unpacked stacks take up significantly less space in the
factory. They can be stored and stacked without damaging
the mold cavity due to their structural integrity and shared
contact surfaces.

During casting, the assembly of the mold mainly consists
of placing the individual slabs onto each other. Here,
alignment structures (i.e., pins) with poka-yoke constraints
assist during assembly. Adjustable frames applying pres-
sure to the mold from different sides can help reach the
precision required for casting. In the case of an individual
mold stack being divided into multiple parts, an external
support structure is recommended to avoid displacement of
single segments due to the pressure of the molten metal.
After casting, the main disadvantage of this technique
becomes apparent: the increased formation of burrs at the
parting lines that may even be placed on freeform surfaces
(Figure 11). The next chapter presents a new approach to
deal with the challenge of burr removal on complex
topology-optimized parts.

Easy-Teach Cleaning of Cast Parts Using
Robotics and Motion Tracking Technology

Automation in foundries is commonly limited to large
series, while manufacturing smaller lot sizes is still carried

(b)
Figure 9. Stack-mold design (left) and actual casting (right) of a topology-optimized structural part.

International Journal of Metalcasting/Volume 17, Issue 4, 2023



Figure 10. Stack-mold design of a complex 48 parts core package (left). The cast part
is characterized by many freeform surfaces and undercuts (right).

Figure 11. Demonstration of mold partitioning for cast-
ing a topology-optimized structure. The mold design
facilitates cleaning of the 3D-printed molds but naturally
involves increased burr formation, particularly on free-
form surfaces.

International Journal of Metalcasting/V olume 17, Issue 4, 2023

out manually.35 At the same time, the mechanical removal
of the riser system, casting burrs, and possible sand slag is
the so-called casting cleaning or casting finishing, which is
a particularly physically demanding and hazardous work.
Moreover, additional casting cleaning expertise is needed
due to the parts’ variant diversity. The diminished supply
of personnel in aging societies plays a key role in the
tension between physical strength and necessary expertise.

The costs of casting finishing represent 8-20% of its total
cost,*® while the finishing procedure takes up approxi-
mately 30% of cast iron production time.?’ The appropriate
method for finishing or cleaning a cast part depends on
three criteria: accuracy, production volume, and investment
cost. Partial or full automation solutions can only be car-
ried out cost-effectively from at least medium production
volumes (>50 parts). Manual processes are the primary
means for prototypes, very small and low-volume products
because it is neither cost- nor time-effective to plan
automation for parts under medium production volume.®
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In order to maintain production capacity in high-wage
countries exhibiting a limited labor pool, an alternative
solution to manual casting cleaning is necessary, which
reduces occupation exposure for workers and retains expert
knowledge in local foundries.

The proposed solution suggests using optical motion
tracking technology (OMT), which is familiar to the
medical and film industries. OMT involves two cooperat-
ing core components: an optical camera and navigation
markers. The optical camera uses IR light to pinpoint and
triangulate the real-time X-Y-Z coordinates of the instru-
ments (via the markers) in 3D space. The tracking data are
subsequently processed, calculated as transformations
(positions and orientations of the instruments), and com-
municated to a host.

The OMT system enables tracking the real-time pose of an
instrument with +0.2 mm positional accuracy. A dummy
grinder is attached with five markers to demonstrate the
burr removal on topology-optimized surfaces. These five
markers are treated as a rigid body and tracked in 3D space
by the optical camera.

The newly proposed cleaning process is divided into three
stages. In the definition stage, the skilled workers will
guide the dummy grinder to define the cleaning path ‘point
by point’ or continuously (Figure 12), which will be
recorded by the optical camera with 0.2 mm positional
accuracy. ‘Point by point’ means that the position and
orientation of the starting and ending points, as well as
important waypoints, are to be defined by skilled workers.
As for ‘continuous mode,’ all the movements between the
start and end signal are recorded digitally.

In the translation stage, the capture data of the cleaning
path will be automatically translated by inverse kinematic
modeling to robot instructions. Meanwhile, the definition
path is anticipatorily adjusted according to the consistency
and smoothness of the velocity and acceleration curves of

Figure 12. Dummy grinder tool.
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the robot’s motion. The resulting important parameters like
cutting depth and angle are presented by the software
(Figure 14). Due to the existence of the translation stage,
the definition stage has greater tolerance and flexibility for
skilled workers.

Finally, in the cleaning stage, the robot cleans the cast parts
according to the translated instructions. If proximity sen-
sors between the robot end effector and the cast parts are
activated in the robot idle state, the robot motion will also
be optimized to avoid incorrect cutting. Force feedback
sensors can ensure that the entire burr is removed. Fig-
ure 13 visualizes the procedure in a digital mock-up.

The proposed method enables skilled and experienced
workers without specialized programming abilities to teach
a robot to clean casting parts. This new automation
approach allows existing cast cleaning personnel to put
their expert know-how to use for automation purposes in a
familiar way while significantly reducing occupation
exposure. Figure 14 shows the first results of the cleaning
test station.

In order to increase skilled workers’ acceptance of the new
process and technology, augmented reality (AR) technol-
ogy can be integrated. Thereby, workers can get informa-
tion such as daily work plans, operating specifications, 3D
models, and quality assurance specifications directly and
comprehensively through portable AR devices, making the
operating procedures less prone to errors.

Conclusion

The production of core packages using the binder jetting
process is about to be industrialized on a large scale.
Currently, small batches are readily produced in multi-step
additive manufacturing for foundry applications. The
approaches shown herein offer the prospects of utilizing
both established and emerging technologies in a holisti-
cally integrated, sustainable, and economically feasible
process. Binder jetting technology enables flexible and
economical production of topology-optimized parts.
Automated mold cleaning was demonstrated to be highly
challenging for certain geometric features. However, tai-
lored mold parting opens the way to the automation of
mold cleaning and, thus, large-scale production. On the
other hand, the cooperative cleaning method for cast parts
will defy the harsh environment and provide safe and
ergonomic workplaces to skilled workers in the future
foundry while economically realizing a high variant
diversity.

The following conclusions are drawn:

e Binder jetting is a high-performance AM method.
When integrating binder jetting into the

International Journal of Metalcasting/Volume 17, Issue 4, 2023



Figure 13. Definition of the cleaning path with a dummy grinder (a); Cleaning process using the defined path (b); (1)
optical camera; (2) dummy grinder; (3) topology-optimized part as cast.

'Y Teachin Parameter O X
Flex Pose 1 Pitch |0.67 | Yaw |-6.24 | Roll [0.26
Flex Pose 2  Pitch |0.49 | Yaw |6.37 | Roll |0.24
Base-Felx Z1 \3.52 Base-Felx 22 |3.75
sprue length |30.52 | safty distance |50
Para. get [ Para. set (| auto. [ run

(b)

Figure 14. Easy-Teach Cleaning station of cast parts (a); important cleaning parameters (b).

conventional environment and processes of the
foundry industry, new and very competitive
business scenarios can be built.

e C(Cleaning the mold from unbound powdered
material after 3D printing is a crucial step and
challenging for automation.

e Clever partitioning strategies of the mold allow
for automated cleaning, improved space utiliza-
tion, and thus higher productivity of the 3D
printing machine.

e Removal of the casting system and burrs is to be
taken into account when designing the mold. In
particular, burr removal from freeform surfaces is
considered challenging.

e Implementing motion tracking technology in
cleaning cast parts offers the prospect of contin-
uous utilization of existing expertise and safe
workplaces in a nowadays still harsh and haz-
ardous environment.

International Journal of Metalcasting/V olume 17, Issue 4, 2023

In the future, the potential of 3D printing must be inves-
tigated more comprehensively by intensively including the
entire process chain of multi-step additive manufacturing
for foundry applications. Highly industrial-relevant
research fields include processing sustainable and emis-
sion-free materials via 3D printing, comprehensively
exploiting the freedom of shape by topology optimization
and further functionalization through implementing com-
plex but removable core structures. Moreover, efficiently
utilizing tailored materials will reduce waste and allow for
exploiting their advantages in realizing thin-walled struc-
tures and customizing the cast metal’s microstructure par-
ticularly important to leverage further lightweight
construction potential.
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