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1. Abstract

Hybrid additive manufacturing to ...

... save costs and resources during printing
... enable production of bigger parts

... avoid accessibility restrictions

... reduce the complexity of parts

Hybrid manufacturing guide

= |dentification of cost-saving potential

= |dentification of a suitable technology
= Checklists for a tailored hybrid

Savings potential

Reduction of costs

Reduction of material waste

Reduction of production time

Possibility of new products
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5. Motivation

—
The production of 3D-printed components can be limited by in manufacturing costs, which, however, are generally at a
various factors. Potential use-cases often stall due to the high higher level. A high potential for saving manufacturing costs
costs of 3D printing. However, other factors such as the size for the final component can be achieved if hybrid manufac-
of the printing chamber, the complexity and the dimensions of  turing is used in this way to produce a final component from
the component can also be limiting factors. both simple geometric semi-finished parts and geometrically

complex printed structures.
One approach to address this problem is to only print sections

of the component and join them with conventionally manu- Insights to be gained in the Deep Dive:
factured semi-finished products. Since printing costs are

largely determined by component volume and not by its 1) A clear understanding of possible hybrid approaches
complexity, costs can be saved as a direct result. in additive manufacturing

The diagram below (Figure 1) demonstrates the potential

of this design approach in mitigating the above-mentioned 2) Concepts for designing parts using hybrid additive
limitations in 3D printing. For conventionally manufactured manufacturing and when to apply them profitably

components, unit costs typically increase with growing
geometric complexity. For printed components, an increase in  3) A reference guide for identifying potential applications
component complexity typically does not lead to an increase of hybrid AM based on cost-saving potentials

Hybrid manufacturing can have many advantages

Metal AM part +

2 2
w w
X 4 Base part =
5 - . :=) ................................
Hybrid part
Product complexity Product complexity
Conventional production @ Break-even point — LPBF
I |
Laser Powder Bed Fusion (LPBF) @ Break-even point — Hybrid AM

— = m= Hybrid AM
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6.1 Definition of hybrid

additive manufacturing
(hybrid AM)

In the context of 3D-printed components, the term »hybrid«
is used in more than one circumstance. Three different
scenarios in which one might speak of »hybrid« in 3D printing
are outlined below. For differentiation and clarification,

the first two hybrid scenarios are only briefly explained before
the focus and direction of this report is aimed at the third
scenario presented in Chapter 6.1.3.

Definition 1:

Combination of different
production technologies in one
machine

Material A

7+
e
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Material B

Definition 2:

Combination of different
materials in one part

Approach of the Deep Dive

6.1.1 Definition 1 — Combination of different
production technologies in one machine
In terms of the manufacturing technology used, a process
chain is called hybrid if at least two different manufacturing
processes are employed in one machine [Sef22]. For example,
a component manufactured by Powder Bed Fusion (PBF) is
called a hybrid part, only if the printing and subsequent
milling of functional surfaces are performed in one machine.

While the market for hybrid machines for the LPBF process is
rather limited, there are many suppliers of hybrid machines
using Directed Energy Deposition (DED). The reason for this

is that the DED process is a near-net shape manufacturing
process that requires mandatory machining of all surfaces, not
only the functional ones.

Definition 3:

Combination of separately
manufactured parts in one
component

Joining

Conventional
part




Several machine tool manufacturers have added a deposition
head to their standard milling machines. In some cases, this
head is integrated into the tool magazine to enable automatic
tool exchange in the spindle. Meanwhile, there are several dif-
ferent deposition heads available for integration into standard
milling machines. These hybrid add-ons are designed so that
they can be purchased and integrated independently [Wri22].
In this case, the deposition head is then inserted into the
spindle instead of a milling tool and automatically connected
to a supply unit.

The disadvantages of using such hybrid machines include the
comparatively low degree of utilization of the installed equip-
ment. Depending on the process used (additive or subtractive),
the periphery of the respective other process cannot be used.
For instance, the laser utilization rate during the subtractive
process is zero. Other disadvantages include the integration
of safety precautions required for the additive process in a
subtractive machine. This ultimately increases the overall cost
of the machine.

However, the advantage is a significant reduction in produc
tion lead time and overall costs. This is because the machine
set-up times between additive and subtractive processes,
which are normally required for conventional processes with
separate machines, are eliminated.




6.1.2 Definition 2 - Combination of different materials
Another approach to hybrid manufacturing is the production
of components in which different materials with very diverse
properties (such as corrosion resistance, toughness, strength,
thermal conductivity, etc.) are merged together in a single
product. These multi-material applications have long been
used in DED processes, especially for coating components
with special material to achieve surface properties such as
wear resistance or corrosion resistance.

This approach is being extended to the application of additive
manufacturing, where certain structures receive functional
surfaces. With powder-based DED processes different

material gradients can be achieved within a component. These
material gradients can also be changed during the process.
Depending on the material pairing, one of the greatest
challenges in multi-material processing are cracks that tend to
occur in the material transition zone due to brittle phases.

This phenomenon can be caused by the mixing of the different
materials or by the different thermal expansions [Tah17].

In addition, there are also approaches to transfer this to
wire-based DED systems — essentially with two different
objectives. One is to produce alloys that are not available or
feasible to produce in wire form by in-situ process alloying.
Several publications address the production of titanium
aluminides [Hen19] relies on a MIG process plus hot wire,
whereas [She19; Wan18; Yan20] uses the TIG process to pro-
duce the desired y-TiAl by feeding two hot single wires

of titanium or aluminum.

Secondly, this approach is chosen to achieve graded
properties in the component. Examples are the combination
of FeNi36 and Mn4Ni1.5CrMo steels [Lei20; Tre19], Steel
SS231 and Inconel 625 [Kum21] or the combination of the
aluminum alloys 6060 and 5087 [Hau21]. DED multi-material
is therefore no longer limited to powder-based processes.



In LPBF applications, there are several efforts to produce
multi-material graded components in one process step.
However, the challenge lies in the powder bed. Here, the
unused powder at the end of the process is of an unknown
mixing ratio of two materials and therefore cannot be reused.
At the industrial level, a recoating process has been developed
that can produce multi-material components using the LPBF
process [Aer 22].

In the process of recoating a new powder layer, the required
material is applied in a spatially resolved manner and then
exposed using the familiar method with a laser scanner. This
allows, for example, to produce heat exchangers in a special
design. It combines the high-strength and corrosion-resistant
properties of stainless steel for stability with the good thermal
conductivity of copper (Figure 8).

Another approach has been developed through research

whereby one of the two powders is magnetic. It can thus be
separated and recycled after multi-material printing [Fra 20b].

Option 1:

Printing directly
on base part

BT

6.1.3 Definition 3 - Combination of separately
manufactured individual parts

Called hybrid production, a different approach is pursued
using a process that has become well established in the recent
past. Hybrid AM components are manufactured by joining a
3D-printed structure with a conventional semi-finished product.
This can be done either during the printing process, by printing
directly onto a semi-finished product, or after the printing
process, by joining the printed component to the semi-finished

product (e.g. through welding, soldering or bonding).

The main motivation for using this technique is primarily driven
by manufacturing costs or component size. Wherever it is
necessary to produce a complex or individual component, this
is printed. Wherever it is technically feasible to integrate stan-
dard semi-finished products into the component, then they
are designed so. The expensive printing process is thus only
used where it is necessary. The design freedom of the printing
process offers additional potential for optimizing the entire

Option 2:

Joining of base part
and AM part

AM



Our four main motivation
criteria for hybrid AM

are cost, size, complexity
and accessibility.«

process chain. For example, the printed area can be optimized it is not the component size but the accessibility of the print
for lightweight construction or with complex internal cooling head or the complexity of the component that necessitates a

channels for better heat dissipation. hybrid design. As discussed above, the term »hybrid additive
In addition to the costs, component size is also driving this manufacturing« can therefore be used to describe different
hybrid approach. If a component cannot be manufactured approaches However, this study and the following chapters
in one piece, for example using a PBF machine, it is divided of this report focus exclusively on the hybrid approach of
into smaller parts and then joined together. Due to the manufacturing components by combining several parts, with

generally larger build area associated with DED processes, at least one additively manufactured part.



7. Characteristics of hybrid
additive manufacturing

7.1 Joining individual
components

The various possibilities for producing such a hybrid component
are described in more detail below. Also, the technological
constraints to be considered in the design of the components
are explained.

In the production of hybrid components, a printed part and

a semi-finished product must be joined together. The joining
processes specified in DIN 8580 are used for this purpose. In

Design criteria for selected welding processes

addition to cold joining processes such as gluing or riveting,
hot joining processes are also used, predominantly welding
processes in the metal sector.

The following chapters concentrate on the welding pro-
cesses, as the objective of this study is to identify hybrid
applications for metal components joined with material
bonding. Furthermore, most of the metal 3D printing
processes are also a welding process in the original sense.
The choice of the appropriate joining method for the hybrid
process depends largely on the application. Factors such as
material, joining zone, material thicknesses, etc. influence
the welding process.

Laser beam

Electric arc Electron beam

Low investment costs

Filigree weld seams possible

Low thermal distortion

High welding depth/penetration

High gap bridging

High welding velocities

Low welding environment requirements

. good

Low safety requirements

G neutral

Low welding preparation requirements

CRICRICH BICH Bl Bl B¢

@ poor

L Bl Bl BICE BCRICRI=A]
CRICRICH BICH B Bl B¢




& Figure 12: The automated laser welding of hybria

structures requires complex production technolog




In 3D printing application, laser welding processes are predo-
minantly used to combine complex and/or filigree components.
Other commonly utilized welding processes are compared

in Table 1 (page 16) with their respective advantages and
disadvantages. In addition to the choice of welding process,
further parameters must be considered when designing hybrid
components. The following is an overview of material pairing,
microstructure, heat treatment and joining zone design.

Material pairing

Material pairing has a major influence on the design of the
hybrid process chain. The combination possibilities of the avai-
lable alloys for the additive and conventional processes are very
high. For this reason, an overall consideration of welding suita-
bility is very complex and depends on very individual factors.

Table 2 (page 19) gives an overview of relevant standards
which, depending on the material group, can be used for the
qualification of different welding processes as well as for the
evaluation of welding results. Several research studies have
been carried out on the welding of hybrid components.

The selection of publications on the individual material groups
depicted in Table 2 can be used for a detailed consideration.

One particularity revealed through research is the welding of
aluminum alloys to a printed part. Here, identical alloys show
different behavior in the welding process depending on the
manufacturing process.

The example shown in Figure 13 illustrates the challenge of
welding AlSi12 aluminum alloy. The illustration on the right of
Figure 13 illustrates how AlSi12 (printed with LPBF) is joined
to a conventional cast AlSi12 plate by laser welding. There is

a distinct difference visible in the weld seam and especially in
the pore formation for the different component combinations.
According to Beckmann [Bec17], this phenomenon is signifi-
cantly influenced by to the powder used as well as by its age
and by the moisture in the 3D printing process.

Microstructure and weld seam properties

The application of a weld seam always constitutes a local heat
exposure for the material to be welded. In most cases this has
negative effects on the microstructure. Especially in the case
of laser-/electron-beam processes, the higher energy densities
compared to arc processes lead to higher cooling rates and
thus to greater hardening effect or increased residual stresses
within the weld seam.

Laser beam welding of AlSi12 for different material configurations

Cast — Cast LPBF - LPBF

LPBF - Cast




Overview of same material pairings

Al-alloys

ISO 15607

St-alloys Ni-alloys

Specification and qualification of welding procedures for metallic materials

ISO 15614-5

Arc and gas welding

of Al - Welding procedure
test

1ISO 10042
Fusion-welded joints
in Al-Quality levels
for imperfections

1ISO 13919-2

Electron and laser-beam
welded joints —
Requirements and recom-
mendations on quality
levels for imperfections
for Al, Mg

Bec17, Bec15,  Bif19,
Dim22, Mic21, MoI20,
Sch21

1ISO 15614-1
Arc and gas welding of St, Ni — Welding procedure test

ISO 5817
Fusion-welded joints in St, Ni and Ti (beam welding excluded) —
Quality levels for imperfections

ISO 13919-1

Ti-alloys

1ISO 15614-5
Arc and gas welding of Ti,
Zi — Welding procedure test

Electron and laser-beam welded joints — Requirements and recommendations

on quality levels for imperfections for St, Ni, Ti

Akb19, Cai21, Haw22,
Jae19, Mat16, Mok21, Gei22, Jok19
Sch19, Yan19, Zap20

Tav18, Wit15

Standards

Literature



Characteristics of hybrid additive manufacturing

The correct design of the joining zone has a significiant
influence on component quality and manufacturing costs

Generally, these effects generally lead to deterioration of
the material properties and load-bearing behaviour. However,
this can be minimised by appropriate process control during
welding or partially corrected by heat treatment after

the welding (see the following section on heat treatment).
Alternatively, too rapid cooling can also be prevented by
appropriate preheating of the material. In addition to the
occurrence of residual stresses, the heat input can also lead
to severe component distortion, depending on the process
and component volume. Warpage and residual stresses are
usually indirectly proportional. In the case of arc-based
processes, the distortion is usually higher, but the remaining
residual stresses are lower than in beam processes and vice
versa.

While from a material strength point of view, weld seams

are rather to be avoided, design-wise they allow an extension
of the component variety and size. Joining a printed and a
standard part by welding results in a hybrid component.

Heat treatment before or after welding

In most cases, AM structures must be heat treated after the
printing process together with the build platform in order to
reduce the thermal stresses that occurred during the printing
process. The component can then be separated from the
build platform and, for example, be finished mechanically.

If these parts are then welded to other parts in terms of a

hybrid component, the welding process and the formation
of a weld seam can lead to the negative metallurgical and

20

Figure 14: Printed joint zone preparation with positioning

aid through prismatic joint gap



mechanical effects described above. These effects must
there-fore be considered in the design of the component and
when selecting the welding process. If necessary, heat treat-
ment must therefore be planned again after welding, which
can compensate for the negative effects to a large extent.

The feasibility and necessity of a heat treatment depends

on several factors, e.g. material, component shape or wall
thickness. The temperature and duration of the heat treat-
ment also depend on the material and the application.
Corresponding information is available in the appropriate
material specifications, e.g. standards, technical specifications
or material data sheets. If heat treatment processes are listed
within the scope of process or component qualification, e.g.
according to DIN EN ISO 15614, they must also be carried out
accordingly on the hybrid components.

Design of the joining zone

An in-depth design and analysis of the joining zone can
facilitate the positioning and alignment of the parts to be
joined and, in individual cases, also prevent the molten
material from escaping the joining zone.

The freedom of design in additive manufacturing offers new
possibilities for joining zone design that would only be possible
with great effort in conventional semi-finished products. For
example, a geometry for a snap-fit or bayonet connection can
be provided on the printed component, with the geometrically
simpler counterpart being integrated on the conventional
semi-finished product.

In this way, the effort required for the clamping mechanism
can be reduced. Also, the interference collision contours
caused by the clamping devices can be reduced, in some cases
significantly. Figure 14 shows another sample of a joining zone
design using a printed prismatic shaped geometry to orient
the parts to each other. Table 2 summarises different joining
design options depending on the geometric design of the
hybrid component.

Using the geometric freedom to simplify

the entire joining process

Table 3 does not provide a ready-made solution for hybrid
joints, but illustrates various technical options for using the
geometric freedom of the printed parts to simplify the
entire joining process.

There is potential for optimisation, for example, regarding
the positioning of the parts, the attachment of the parts
for welding, the integration of clamping surfaces or the
adaptation of different component cross-sections.

The described parameters are intended to provide starting
points for the design of the weld seam of a hybrid com-
ponent. If a hybrid component is to be developed for cost
reasons, the relevant factors must be considered, e.g. any
additional heat treatment and further steps in the joining
process. Depending on the material and application, there are
further specific issues that must be taken into account.



Joining zone

el Principle design Advantages Disadvantages
= Simple geometry, easy No centering aids
to produce Complex clamping
No complex machining mechanism required
Butt joint for the joining area for welding/centering
needed
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easy to produce in the joining zone
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|
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after welding
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Joining zone
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7.2 Printing on existing components

This specific process for producing a hybrid component involves
printing the respective part directly onto a standard semi-
finished product, which is also used as a substrate. The joining
process after printing, described in section 6.1.3, is therefore
not required, as the connection to the base body is integra-
ted into the printing process. For this purpose, DED and LPBF
processes are mainly used as additive technologies today. The
use of binder jetting technology, for example, is not possible
here. This is because this process explicitly prohibits a fixed
connection to the substrate to ensure that the parts can shrink
unimpeded during the debinding and subsequent sintering.
However, this does not exclude the previously described
approach of subsequent bonding with other semi-finished
products.

Since the printed structure is »deposited« directly onto a base
body, a full-surface connection of the material can be realized

in the joining plane, something that is not possible with a
subsequent welding of material with a large cross section.
The full-surface connection can be advantageous with regard
to increased strength requirements or sealing against any
medium. Further characteristics of this hybrid approach are
explained below.

Design of the parting plane

Depending on the additive process (DED or PBF), the design
options for the parting plane between the printed and non-
printed sections vary greatly. In the case of PBF, this should
always be a flat surface that is parallel to the exposure plane
of the machine and feature a high surface quality. In the DED
processes, on the other hand, a freeform surface can also be
used as the parting plane. The degree of complexity of

the parting plane depends on the number of degrees of




freedom of the DED handling system and the system’s acces-
sibility. For 3-axis CNC systems, the parting plane should be
planar, since the machining head cannot be tilted to the base
plate. Should the parting plane be composed of more than
one parting plane at an angle to each other, the base plate
must also be clamped. With 5-axis CNC systems, these res-
trictions can be avoided and, for example, the entire surface
of a rotationally symmetrical base plate can be defined as the
parting plane. A 6-axis robotic system with additional turn/tilt
positioner offers the highest degree of flexibility, as both the
robotic head and the base plate can be moved.

Clamping, positioning and measuring technology

For DED processes, the clamping tools for the base of the
hybrid component is usually only limited by accessibility and,
in case of closed DED systems, possibly the process chamber.
Otherwise, standard clamping concepts are to be followed.
Since the deposition of material to the base geometry

is still a thermal joining process, the design must account

for stresses etc.

The calibration can basically be carried out in two ways. Firstly,
the semi-finished product is measured with the clamping tool
using a defined base with the DED tool, which serves as the
point of origin for positioning the DED structure. Alternatively,
a point cloud of the semi-finished product can be achieved by
means of a laser triangulation sensor that performs a relative
movement between the tool and the component. This point
cloud then allows precise positioning of the additive structure.
Such an active, direction-independent triangulation sensor
was developed at Fraunhofer IAPT [Buh22].

In combination with the higher material offset found in near-
net-shape DED parts (which allows further more tolerance in
measuring), positioning the additive DED structure on the part
surface is usually easier than with PBF processes.

With powder-bed processes, the respective clamping for the
build platform must be considered. The build platforms are

not originally designed for hybrid components, but for printing
the entire component on the base plate and subsequent
removal from it. In addition to clamping, the ensuing levelling
of the parting plane is also very time-consuming owing to the
tilt angle or unevenness of the semi-finished product. This
therefore leads to a considerable setup time for a hybrid manu-
facturing process.

Here, too, the calibration of the semi-finished part is very
crucial, as an incorrect value will result in the PBF structure not
being printed at the target position (particularly critical with
rotational parts). To avoid the clamping problem, zero-point
clamping systems are predominantly used. For example, the
companies AMF [And20] or MostTech [Mos18] have developed
their own systems for this purpose. In addition, a zero-point
clamp for process temperatures up to 800°C is currently being
developed for the PBF process in an ongoing research project
between Fraunhofer IPK and AMF. However, the zero-point
clamping system has the disadvantage that it entails a reduced
maximum possible component height. It also requires machined
surfaces in the semi-finished product to ensure a proper fit in
the clamping tool. Therefore, the current alternative is only
manual, using mechanical fasteners to attach the parts to the
building platform.

There are currently two methods available for measuring the
base part/geometry in the hybrid PBF process. One is to use

a structured light projector to generate a point cloud, the
other is to use a moving triangulation sensor. However, both
variants must be located within the process chamber, which is
a limitation.

A new approach provides a three-dimensional videometric
calibration based on the triangulation principle of a stereo
vision camera system [Fra21]. Here, the corresponding points
of captured images in different cameras are calculated [Dal14].
Thereby the three-dimensional position is determined in the
form of a point cloud [Kle 08]. Currently, the method is used

in an LPBF process for monitoring weld spatter [Bar18; Bar19;
Esc19] or for monitoring the printed component [Li18]. The key
advantage of stereo vision for hybrid manufacturing over other
solutions is the positioning of the cameras outside the process
chamber of a LAM system. This means that the machine in-
tegrity is not tampered [Esc19] and can be retrofitted manually.

In both cases, positioning accuracy is a decisive factor and
should never be neglected when designing the parting plane
or the overall design of the hybrid component. If a material
overbuild can be allowed and calculated, i.e. printing more
material than ultimately necessary and subsequent machining,
the complexity of the correct positioning is simplified.
However, if specific features on the base must be met precisely,
the positioning effort increases enormously. Especially with
freeform deposition over up to eight axes (DED), the smallest
positioning inaccuracies lead to a cumulative error.



Hybrid additive manufactur
has the potential to significe
change the value chain in

3D printing. «




8. Hybrid additive

manufacturing guide

This chapter is meant to help identify potential use cases for
hybrid additive manufacturing in companies. For this purpose,
the economic aspects of the design are considered first, follo-
wed by the identification of a suitable hybrid approach based
on the technical criteria. Depending on the hybrid approach,
checklists are helpful in answering the relevant questions
during the design process. The chapter concludes with an
overview of different hybrid components and explains the
rationale behind each component.

Identification of
cost-saving potentials

3.1

Since the economic aspect is usually the most important factor
in industrial component design, the printing costs of different
suppliers are initially compiled in a standardised form for a
demonstrator component. The component can be manu-
factured using both the PBF and DED processes and therefore

D =50 mm

L=100 mm

does not represent the entire spectrum of AM component
possibilities. Rather, the aim is to obtain an average value for
the costs of the example component from different suppliers.
Adjusted to €/cm?3, this provides an indication of how much
printing cost per saved volume of the component is potentially
possible. Even though this is a highly simplified approach, it
can still be used to quickly evaluate the hybrid capability of the
component.

It is well known that standard semi-finished products and
conventional manufacturing processes have a cost advantage
over printed components in most cases. A hybrid approach is
only cost-effective if the saved printing volume and thus the
printing costs justify an additional process step (e.g. joining).
However, the assessment of the extra costs associated with
an additional joining process are not easy to standardize and
greatly depend on the application.

Figure 18 shows the standardised manufacturing costs for a
component using the LPBF process, used to determine the
average costs. The printing costs, in some cases, vary greatly
due to different terms and conditions of the offers, among
others.

D =70 mm

V=70 cm?



As predicted, printing costs decrease with higher volumes,
which at first glance reduces the savings potential of the
hybrid design. Nevertheless, this savings potential must also
be considered for any other manufacturing process. Joining
a single component results in high one-time costs for setup,
programming, etc. However, these are no longer a factor
for larger quantities.

Looking beyhond material costs

Besides the results for aluminum, a very similar range of
figures was established for the adjusted/standardized printing
costs for stainless steel 1.4404, titanium Ti-6Al-4V and the

nickel-based alloy In625. However, as a conventional raw
material, stainless steel is significantly cheaper compared to
the other two materials. A hybrid design is therefore parti-
cularly advantageous for this material, since relatively high
printing costs can be saved by using inexpensive semi-finished
products. The similar printing costs, despite the lower powder
price for stainless steel compared to titanium or nickel
(about a factor of three), result from the feasibility constraints
of steel materials in the LPBF process. Even with optimised
process parameters, printing can only be carried out at a
comparatively low scanning speed, which leads to higher
machine usage times and therefore higher costs.

Overview of LPBF Costs adjusted to €/cm? for the example part »tube connector«
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DED offers high savings potential with

increasing unit numbers

Due to the limited data available, only the values for the
material 1.4404 are shown in the following overview of the
DED process costs (Figure 19). Laser powder, laser wire and
WAAM processes (Wire Arc Additive Manufacturing) have
been considered and are included in the graph. Since not
enough data is available for each process, no individual
average value can be calculated. The average value for the
»DED process« must therefore be viewed as highly simplified,
as the processes with their individual advantages and
disadvantages also result in very different cost structures.

However, it is apparent that in series production (based on
this component) the costs are greatly reduced, and that

the normalised costs between the processes are also very
similar. This is due to the high one-time cost for the toolpath
planning and programming of the machine, which is a major
disadvantage for a lot size of one of DED processes.

With increasing production lot sizes, the one-time programm-
ing costs no longer have such a strong impact on the unit
costs. The process can then »score« in terms of costs thanks
to their comparatively high deposition rates and thus low
machine occupation times.

Overview of DED costs adjusted to €/cm? for the example part »tube connector«

25
20 X
X
X
X
1436
15
g x
¥ 10
X
X 4.05
> X
0

1.4404

X Supplier
mean value
1 piece

mmmm 100 pieces



8.2
hybrid AM approach

For further technical consideration, an evaluation matrix is
presented in Table 4, comparing different input variables from
the application scenario with specific hybrid AM approaches.
The matrix allows an approximate assessment of the most
suitable approach depending on the respective input variables.
In addition to the three hybrid approaches, a comparison is
also made with the AM-only process (subdivided into powder
bed and DED processes) and the pure conventional approach.
Once a suitable hybrid AM approach is selected, the charac-
teristics outlined in chapter 7 must be considered. For a quick
overview, relevant questions are summarized in the

|dentification of a suitable

checklist included below for each approach. These are intended
to support the component design and the development of a
hybrid manufacturing process chain. In addition to the
guestions on the design and structure of the process chain,
other topics are also listed here.

Some of them are highly individually and depend on the selec-
ted process chain. They usually cannot be simply answered
with a »yes« or »no«. These topics are included in the checklist
to ensure that process-specific features are not forgotten in the
overall design of the process.

Component parameters and (hybrid) manufacturing approaches

Joining of AM | Printing on Printing on
Suitable for and conven- | conventional | conventional LPBF only DED only Conventional
tional parts part (LPBF) part (DED)
Large
dimensions . . . O . .
Bulky
volume
High part
complexity

High surface
quality of the
printed surface

Light-weight
design

High number
of part variants
or customisable
features

® O < 0 o

® 0 ¢ o O

o o O @ |©®

® 0 < o O

o O] 0 |0 | e

O @ | ® |0 | @

. good

O neutral

O poor




1. Checklist: Joining individual components

Considerations

Which welding process should be used? Is it suitable for the application?

Is the material pairing weldable with the selected process?

Is it possible to weld the materials at room temperature?
If not, consider pre-heating.

Accessibility for the welding head ensured in the part design?

Can the components be easily positioned/clamped for welding?

Is the joining zone design (position, geometry) considered?

Preparation of the pre-weld surface :
- »As built« surface weldable? Machining necessary?
- Cleaning necessary to avoid instabilities during welding?

Preparation of the post-weld surface:
- Machining of the weld seam necessary?
- Sand blasting, polishing etc. necessary?

Reworking of the hybrid component as a whole necessary?
- Balancing of rotating components
- Production of dimensionally assigned functional surfaces

Microstructure and properties of the weld considered?
(hardness, microstructure formation, heat-affected zone)

Heat treatment necessary before and/or after welding?

Are tack welds necessary to avoid welding distortion?

Can the structurally necessary weld seam cross-sections be realised?

Does the welding process need a specific shielding gas?

Which handling system for the welding head fulfils the requirements defined

by the part? How many degrees of freedom are necessary?

Is it necessary to remove weld spatter? How to avoid weld spatter?

* Please describe




2. Checklist: Printing on a base plate or part using LPBF

Considerations

Is the material to be printed available as powder and qualified
for the LPBF process?

Is the base material laser weldable?
(carbon equivalent, gas pores, crack formation)

Realisation of a flat, horizontal parting plane parallel to the exposure plane
is technically possible and easy to define?

Is it easily possible to integrate the base plate into the build platform?

Is it possible to integrate the base into the building platform of a standard
machine? Are there any cavities that need to be filled with powder before
the first layer is printed?

Do the tolerances of the base plate allow an accurate integration
into the building platform with the required accuracy?

What is the concept to connect the base plate to the building platform?

Is this connection still accessible for loosening after printing?

Is it possible to ensure a sufficiently accurate absolute positioning and
orientation of the base plate in the working space of the machine?

Does the part to be printed require support structures?
If yes, these must be placeable on the base plate or already printed part

Is it possible to place more than one base plate into the building platform to
increase the efficiency of the process?

Is the surface of the part to be printed suitable for an LPBF process
in terms of roughness? (e.g. printing on a cast or forged part).

Are there internal channels through the parting plane?
Can the powder remaining there be removed later?

Does the base plate withstand a heat treatment necessary
for the printed segment afterwards?

* Please describe




3. Checklist: Printing on a base plate or part using DED

Considerations

Which material has to be deposited?
Is it available in wire and or powder form?

Which DED technology suits your application?
(accuracy, availability, material form, ...)

Is the base plate material suitable for deposition welding?

Does the base plate need a preheating before welding?

Which areas of the printed part need additional machining?
Are they accessible after printing?

Is a 5-axis movement system needed?
Are 3 axes (X, Y and Z) sufficient?

How to clamp the base plate to prevent distortion
during deposition welding?

Can/must the base plate be protected against weld spatter?
How can weld spatter be prevented or removed afterwards?

Can/must the thermal deformations of the base body caused
by welding be compensated?

Can the entire component be heat treated after the additive
process to reduce residual stresses?
If necessary, together with the clamping device?

Should the base plate already have its final shape before deposition
welding or should/can it be machined afterwards together with the
printed section to the final dimension?

* Please describe




WAAM-printed components
can be further refined with
hybrid manufacturing.«




9.1 Joining of additively

manufactured
and conventional parts

This chapter describes examples of hybrid AM parts using
the approaches outlined in chapter 6.1.3

9.1.1 Reinforcement structure for aircraft door surrounding
As part of the publicly funded research project »REGIS«

(FKZ 20W1708E) for the realisation of additively manufactured
integral structures, hybrid design methods for large compo-
nents in Ti-6Al-4V were investigated at Fraunhofer IAPT.

The component manufactured as a demonstrator for this
technology is a section of an internal reinforcement structure
of an aircraft outer skin surrounding the emergency exits
above the wings. The demonstrator was printed in Ti-6Al-4V
using WAAM (Wire Arc Additive Manufacturing). The compo-
nent is printed near-net-shape on a pre-bent substrate using
WAAM in order to reduce the amount of machining required
for the final geometry (Figure 21). The entire DED surface must
be machined after the printing process. Once this subtractive
process step has been completed, conventional reinforcement
plates are welded into the areas that will later be subject to
high mechanical loads by means of a laser welding process.

Motivation for a hybrid approach:

The main driver for this hybrid approach is not only the size of
the final component to be produced, but also requirements
resulting from the component geometry that do not allow
complete printing. If the geometry of the subsequently
welded-in sheet metal were to be printed using the WAAM
process, a circumferential mechanical milling of the component
would not be possible or would only be possible to a limited
extent using special milling cutters. This is because undercuts
on the component would mean that not all areas would be
accessible with standard milling equipment.

Hybrid approach:
During this anyway necessary milling process, the joining
zones on the printed part (shown in green in the illustration)

Use case demonstration

700 mm

are prepared in such a way that the reinforcing sheets (shown
in red) can later be welded in reliably using laser welding
technology. For this purpose, a small material deposit is crea-
ted along the welding line in the printed component at the
edge of the component. It flows into the fusion zone during
welding as »additional material« and effectively prevents a
possible seam undercut. Preliminary assessment in the project
demonstrated that the laser welded joint of Ti64 printed in
WAAM with conventional titanium sheet meets the strength
requirements according to AIMS03-29-001 [AIR18] for Metallic
Wire Direct Energy Deposition of Ti-6Al-4V.

Conventional part:

In this application, the conventional
parts (titanium sheets) are cut out of
a prebent titanium sheet according
to the required geometry

by means of wire erosion.
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200 mm

9.1.2 Combustion system for gas turbines

Geisen et.al. [Gei22] describe a study for integrated weld
preparation designs for the joining of LPBF printed and
conventional components, manufactured in In625 via TIG
welding to produce the combustion system for stationary
gas turbines (Figure 22).

Motivation for a hybrid approach:

The main issues for this hybrid approach are the build size
limitation and the high production costs for LPBF parts. The
expensive and usually complex components, printed in LPBF
are to be reduced in their size and joined to conventionally
manufactured and less complex elements. Without a special
preparation of the joining area, this process currently requires
highly complex fixtures to ensure correct alignment and fixa-
tion for the joining process.

Due to the size of the components and the mechanical pro-
cessing required on the parts shown in light blue (Figure 19),
it is not possible to print these and the grey parts together
in one piece.

Double rocket manifold

Weld seam

Swirler

Hybrid approach:

The parts to be joined require extremely precise positioning

of the swirler relative to the manifold in terms of centring

(0.5 mm), rotational orientation (< £1°) and axial length

(+ 0.6 mm).

By integrating snap-fit or, alternatively, bayonet elements into
the joining area, a tack welding process cycle is now no longer
required. In addition to eliminating the previously used external
clamping, the snap-fit or bayonet design also enable the
desired positioning in the required accuracy.

Conventional part:

The cast manifold needs some mechanical preparation in

the welding area. The overall concept for the joining area
requires simple mechanical geometry on the manifold side and
more complex (and difficult to manufacture) geometries on
the printed side at the swirler.

AM process:
Laser Powder Bed Fusion



9.2 Printing on conventional

Use case demonstration

parts with Powder Bed Fusion

9.2.1 Expansion mandrel

Many production processes require mandrels to fix tools or
workpieces during production or assembly. Most of these
mandrels are specially designed for the geometry requirements
of the individual application. By using 3D printing technology,
it is now easy to create individual expansion mandrels for
several applications.

Motivation for a hybrid approach:

In addition to the functional area of an expansion mandrel, a
standard »handling adapter unit« is always required to affix it
on a standard machine. This adapter is a »high-volume« part
that usually does not have highly complex geometrical features,
but sometimes has high demands on geometrical accuracy.
Therefore, it is both easy and recommended to manufacture
this part using conventional milling or turning technology and
combine it with the individually printed component.

Hybrid approach:

If an expansion mandrel is made using two subcomponents
manufactured with different technologies, it is necessary to
guide hydraulic fluid under pressure through the joining plane.
For this application it is logical to print the 3D-generated part
directly onto the joining surface in order to continue the bore-
holes for the hydraulic fluid inside the mandrel. This offers a high
safety level for a leak-free joining, compared to conventional
joining with a flat seal between the two components. Figure 23
depicts such a component, consisting of a standard base unit (left
side) and an application specific part printed directly on the base.

Conventional part:

Although the conventional component requires a sophisticated
joining surface, the mechanical design is very simple and reduced
to a plane which includes one (or more) bores for hydraulic fluid.

AM process:
Laser Powder Bed Fusion

Figure 23: Expansion mandrel, directly printed to a standard base unit, using LPBF technology

37



9.2.2 Bell-shaped tool for machining

outside diameter

Today, application-specific PCD tools are increasingly used

in mass production. In addition to a customised geometry,
the weight plays an important role in assessing the economic
efficiency. The technical properties of this hybrid aproach
are explained using the example of the bell-shaped tool from
Mapal [Map20] shown in Figure 24. This tool is used, for

example, for external machining of hose connections.

Motivation for a hybrid approach:

As described above for the expansion mandrel, the main driver
for this approach is the use of a conventionally manufactured
standard base body as a clamping fixture. In this application,
the weight of the tool was reduced by approximately 30%
thanks to the integration of honeycomb structures in the
additively manufactured part. According to the manufacturer,
the damping properties of the honeycomb structure increased
the tool life by about 40%.

In addition, the cooling channel guidance in the printed
part was optimised so that the machining time of the hybrid
version is reduced by 50% compared to a conventionally
manufactured version of this tool.

Hybrid approach:

The application-specific geometry of the tool is printed on the
standardised basic clamping body, using the LPBF process.
After printing, slight mechanical finishing is carried out (balan-
cing and milling of the receptacles for the PCD cutting edges).
The PCD cutting edges are then finally soldered into the tool
and shaped by laser.

Conventional part:
A conventional base with HSK-63 interface is used as the
clamping body, which is conventionally manufactured in large

guantities.

AM process:
Laser Powder Bed Fusion

3D-printed (LPBF)

Conventional



9.3 Printing on conventional parts
with Directed Energy Deposition

9.3.1 First FAA-approved structural

titanium component

The component shown in Figure 25 is the first OEM-qualified,
FAA-approved, additively manufactured structural titanium
component. It is made by Norsk Titanium [Nor22] using their
Rapid Plasma Deposition® (RPD®) process. Thousands of tests
on fatigue, fracture strength, damage tolerance, elevated
temperature, etc. were successfully mastered. The component
is now installed in the tail of the Boeing 787 Dreamliner. From
a manufacturing point of view, it is simple in design and con-
sists mainly of flat surfaces arranged as ribs, cross braces and
angled flange surfaces with good accessibility for milling tools.

Motivation for a hybrid approach:

The price of an aircraft part depends less on the price of the
material, but rather on the many hours of machining required
to produce it from a block or a forging blank. In order to
shorten or reduce the necessary machining steps, a near-
net-shape contour is required as the input geometry for final
machining. The motivation for a hybrid approach is thus
based on both cost and resource savings.

Hybrid approach:

The RPD® process causes increasing costs depending on

the volume to be built up. For technological reasons, RPD®
processes require a base plate, which is a cheap semi-finished
product. Therefore, by intelligently placing the base plate

in the part design, two challenges are met: substituting the
volume to be built up with a low-cost semi-finished product
and, at the same time, providing a base plate for the RPD®
process.

Conventional part:
A titanium ingot is machined into 90% chips and 10% final
components.

AM process:
Directed Energy Deposition using plasma arc and wire, Rapid
Plasma Deposition®




9.3.2 Metal leading edge

Metal leading edges are used in the first stage blades of
aircraft engines to protect them against bird and stone impact.
For weight reasons, these fan blades, which generate the main
thrust in turbofan engines, are made of composite material
and not entirely of metal.

The metal leading edge is made of titanium and has a com-
plex shape that is twisted three-dimensionally. In addition to
impact protection, it must have a minimum weight as a second
criteria. Figure 26 shows the entire process chain needed to
manufacture this highly complex part.

Motivation for a hybrid approach:

With a length of over one meter and titanium as the material,
this part is very cost intensive, it requires a lot of machining and
generates a lot of material waste. The motivation for a hybrid
approach is therefore savings of both costs and resources.

Hybrid approach:

Since additive manufacturing is still very costly, the approach
is to have as much material of the final part made from a
conventional semi-finished product. For this, a 3 mm thin tube
is forged in two stages into the complex three-dimensional
basic shape of the turbine blade. To account for the different
wall thicknesses along the edge, additional material is depo-
sited in a next step using the DED process. In addition to heat
treatment, the final product requires machining and cutting
the part out of the tube with a minimum of material waste.

Conventional part:
Titanium tube as the semi-finished product with a two-stage
forging process.

AM process:
Directed Energy Deposition using laser and powder
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jgure 27: A use case for joining additively manufactured ang e

onventional parts: a section of an internal reinforcement structure of an

jrcraft outer skin surrounding the emergency-exits above the wings




10. Summary & Conclusion

In this Deep Dive, the opportunities of manufacturing compo-
nents with a hybrid design concept, combining conventionally
manufactured and 3D printed segments, are analysed. The
term »hybrid« is introduced in a discriminating way and exam-
ples are used to explain in more detail how the concept of
hybrid design can be understood. The key motivation factors
for hybrid additive manufacturing are the reduction of costs,
an increase in component size, the accessibility during printing
as well as a reduction of the complexity of individual parts.

The focus of this report is on the combination of conventio-
nally manufactured semi-finished products with a 3D-printed
segment. This combination can be realized either by directly
printing on the part or by subsequently joining the different
segments. With regard to additive manufacturing technologies,
the assessment is limited to Laser Powder Bed Fusion (LPBF)
and Directed Energy Deposition (DED) technologies. A high
potential of hybrid design applications is already known for
these technologies.

As far as joining of component segments is concerned,
additive manufacturing provides completely new possibilities
for joining zone preparation. The Deep Dive presents different
joining zone designs that go beyond today’s conventional
processes. Initial evaluations confirm that a significant value
can be added by directly integrating aids for joining in the
3D-printed component. With this approach, the effort — and
thus costs — for clamping and positioning can be reduced.

Depending on the AM process, the challenges in applying the
additive segment directly onto a semi-finished product arise
from clamping and positioning. Particularly in the case of fili-
gree structures in the LPBF process, high tolerance require-

ments must be met. It should be noted that in this approach,
the parting plane between two segments can only be a single
plane. In DED technologies, the tolerance requirements are
less rigorous, as these processes contain a lower resolution.

Nevertheless, thanks to the high flexibility (build-up direction
not only in z direction), several parting planes are possible with
deposition technologies. This advantage is in turn associated
with very tight tolerance requirements of the component,
which result from the correlation of inaccuracies between the
different build directions.

In order to assess whether a component is suitable not only
for 3D printing but also for hybrid 3D print design, the costs
incurred can be considered first and foremost. Therefore,

this Deep Dive features a simplified assessment of the printing
costs of a reference component. The calculation approach was
standardized for different materials in relation to a volume
size. This tool facilitates the identification of potential cost
savings in the printing process resulting from a reduction in
print volume due to the hybrid design. A hybrid design concept
should only be considered if a high cost-saving potential is
identified.

In the LPBF process, the highest savings potential is achieved
when processing the stainless-steel material 1.4404 consi-
dered here. Owing to the technical limitation of the printing
speed, similar standardized printing costs are determined

as for titanium or nickel materials, despite the less expensive
powder material. Thus, in the production of hybrid com-
ponents, the highest cost savings can be achieved by taking
advantage of the comparatively low-cost stainless steel
semi-finished material.
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Furthermore, the differentiated analysis of batch sizes 1 to 100
indicates a significant difference between the DED processes.
For the cost analysis, laser powder, laser wire and arc wire
deposition technologies are aggregated.

Despite the partially distinct differences in the cost incurrence,
it is evident for all processes that the high one-off expense

in programming can be reduced to only 30% of the costs for
batch size 1 by increasing the number of pieces.

Moreover, in order to be able to better assess whether a
hybrid design concept for a component has merit from a
technical point of view, checklists were devised to support

the consideration of the most important design criteria. Three
application scenarios are examined in more detail: Joining of
individual components, printing on a base plate or a part using
LPBF, and printing on a base plate or a part using DED.

Finally, the Deep Dive presents several success stories featuring
hybrid additive manufacturing. As part of this, the rationale
and technical solutions for hybrid manufacturing are outlined.

To conclude, the hybrid additive manufacturing approach
expands the opportunities for economic and technical business
cases in 3D printing. That said, each individual case requires
specific considerations for an appropriate process strategy.
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