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Hybrid parts with additively manufactured elements (AME) combine the advantages of two or more
manufacturing processes, e.g., forming and additive manufacturing (AM), and thus offer a solution to the
increasing demands of industrial trends such as personalized mass production. Despite their advantageous
properties, research in this field still lacks in clear classification and process interactions. Due to the strong
influence of the AME on the formability of hybrid parts, the combination of laser-based powder bed fusion
(PBF-LB) with subsequent sheet metal forming is examined in this paper. Therefore, cylindrical functional
elements are built up on sheet metal and the resulting hybrid components are subsequently formed.
Common forming processes such as bending, stretch forming and deep drawing are compared in regard to
the different stress states. The results show a reduction in formability for hybrid components compared to
conventional sheet metal materials. Reasons found are geometrical properties, gradients of mechanical
properties and induced stresses. Consequently, requirements for the additive manufacturing process
regarding a subsequent forming process are outlined. Namely, the gradient of mechanical properties should
be smoothened, residual stresses kept low and the design of AMEs should avoid stress concentration.
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1. Introduction

Additive manufacturing (AM) technologies are well known
for their tool-less layer-based process, thus enabling great
possibilities in terms of geometric freedom and flexibility (Ref
1). On the other hand, AM technologies still lack in terms of
short process time and reproducible part quality (Ref 2). The
opposite applies to forming technologies, which are well suited
to produce the same part with reproducibility and short cycle
times (Ref 3). The combination of both production technologies
leads to hybrid parts (Fig. 1) and the advantages of both
processes are used while individual disadvantages can be
compensated (Ref 4). This combination has high potential to
fulfil the needs created by industrial trends like mass cus-
tomization by manufacturing personalized products in high
volumes (Ref 5). Due to the complex interactions between the
process technologies, recent studies focus on the influence of
AM structures on forming operations. Thus, in this paper, the
influence of different stress states on hybrid parts, which consist
of sheet metal and AMEs is investigated.

Because of its wide range of usage, the term hybrid is
classified in (Ref 6) into three different categories. Those are
hybrid machines, processes and materials (Ref 6). Hybrid
machines include two or more processes within one setup, e.g.,
combinations of milling and turning machines or directed
energy deposition (DED) and machining (Ref 6). Concerning
hybrid processes, different definitions exist with their own
specifications. In (Ref 7), a process is only called hybrid if the
combination of two or more processes, tools or energy sources
is used at the same time and leads to a significant improvement
of process performance. Furthermore, hybrid processes are
divided into a) the application of process mechanisms, which
are conventionally performed in sequence, e.g., hot stamping,
b) the combination of different energy sources or tools, which
include b1) assisted processes, e.g., laser-assisted turning and
b2) mixed processes, e.g., curved profile extrusion (Ref 7). A
similar definition is found in (Ref 8), whereas the simultaneous
usage of processes can also be used to improve the part quality.
In (Ref 6), the definition of hybrid additive manufacturing
(AM) processes is stated. The term hybrid AM process is used,
if AM is combined with at least one additional process to
increase the parts quality (Ref 6). Unlike before mentioned, the
single processes can be performed in sequence and the primary
process rarely influences the secondary one (Ref 6). An
improvement of part quality is the consensus of Ashby�s (Ref 9)
definition of hybrid materials. Hybrid materials consisting of
two or more materials have properties, which the components
on their own do not have (Ref 9). Famous and widely used
examples are sandwich structures, segmented parts and those
reinforced by lattice structures and fibers (Ref 9). A similar
definition is found in (Ref 10) where two components have to
be blended on molecular scale to create a new function or
structure. In this research, the definition according to (Ref 6) is
used, where hybrid parts can be made of one material, but
include different structures, e.g., granular microstructure,
possibly serving different functions.
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The combination of AM and machining is widely used and
can be found in hybrid machines (Ref 6). A more recent
approach is the combination of AM and forming technologies.
The combination of additive manufacturing and forming creates
parts of the same material with different microstructures. There
are many ways to manufacture hybrid parts, as there are
different forming operations that can be combined with
different AM processes.

1.1 Additive Manufacturing and Bulk Metal Forming

The feasibility of combining wire arc additive manufactur-
ing (WAAM) with hot forging is proven in (Ref 11) for EN-AW
6082. Furthermore, it is not only possible to manufacture a
turbine blade made of Ti-6Al-4V with this combination of
processes, but the properties of the hybrid part are comparable
to a conventionally made one (Ref 12). Additionally, the
reduced flow stresses of additively manufactured material
compared to conventional one lead to a reduction of tool load
and wear (Ref 12). Similar results are found for Inconel 718 in
(Ref 13). Instead of WAAM, directed energy deposition is used
to create pre-forms to be forged as well (Ref 13). The additively
manufactured pre-forms have a hot formability comparable to
conventional wrought material, but due to the geometric
freedom of the AM process, forms close to the final geometry
can be produced, thus reducing the amount of forging steps and
tools (Ref 13). For Ti-6Al-4V, the hot formability of parts made
by directed energy deposition and laser-based powder bed
fusion (PBF-LB) is investigated in (Ref 14). Again, the
additively manufactured pre-forms are suited to be hot forged.
This results in reduced amount of forging steps, tool load and
wear but also increases the material efficiency (Ref 14).
Conventionally, Ti-6Al-4V is forged with rather simple geome-
tries and finished by milling with high chip volumes up to
almost 90 % (Ref 15), which makes the process even less
efficient because of titanium�s low machinability (Ref 16).

1.2 Additive Manufacturing and Sheet Metal Forming

While the combination of bulk metal forming and AM is
promising for special applications, hybrid parts made of sheet
metal and AM structures have a great potential. Investigations
regarding the formability of a sheet metal body with a layer
manufactured by DED to increase the stiffness is shown in (Ref
17). The hybrid part is still formable after the DED process, but
the heat of the AM process leads to a softening in the sheet
body due to grain coarsening for the investigated micro-alloyed
steel (Ref 17). The heat input of the AM process can also
decrease the formability of the parts made of aluminum alloys

(Ref 18). In case of (Ref 19), a local height adjustment
performed with DED is used to increase the stiffness while still
being formable. The biggest drawback of DED is the resulting
surface roughness and geometrical imprecision (Ref 20). Thus,
processes like PBF are preferable. Electron beam (EB), as it is
used in (Ref 21, 22), is one of the possible beam sources for
PBF. Advantageous process conditions, namely high temper-
atures and vacuum in the process chamber, are of special
interest when using titanium alloys like Ti-6Al-4V (Ref 22).
The high temperature reduces the thermal gradient during the
building process, thus reducing residual stresses (Ref 22), and
the vacuum prevents the highly reactive material (Ref 23) from
oxidations. Therefore, it is possible to additively build spec-
imens with similar properties to wrought materials (Ref 24).
Disadvantages of using EB in the PBF process are rough
surfaces (Ref 21) and the long production times as results of
vacuum and high building temperatures resulting in long
process times (Ref 22). PBF-EB is used in (Ref 22) to build
additively manufactured elements (AME) on sheet metal, both
made of Ti-6Al-4V, to create hybrid parts with different
granular structures in each component. Because of the high
importance of the connection strength between the AM
structure and the sheet metal base, the authors in (Ref 21)
designed tools for investigations regarding the shear and tensile
strength of joints of hybrid parts, schematically shown in Fig. 2.

They found the transition area to be critical for the joint
strength and especially in tensile testing, high surface rough-
ness deteriorates the joint strength due to their crack initiating
and stress concentrating effect (Ref 21). This influence is found
for PBF-LB as well in (Ref 25). The feasibility of building
AMEs on sheet metal using PBF-LB, as well as the joint
strength is investigated in (Ref 25). For PBF-LB, argon is used
instead of a vacuum atmosphere to prevent oxidation, which
creates brittle oxide phases reducing the joint strength (Ref 25).
By using adequate strategies, namely sacrificial structures to
react with the remaining oxygen, and system adjustments, it is
possible to reduce the oxidation and thus the brittle phases (Ref
25). A next step is performed in (Ref 5), in which PBF-LB is
used to build up structures on already formed sheets. Ti-6Al-4V
sheets are deep drawn and used as substrate plates to build up
cylindrical functional elements with PFB-LB of the same
material (Ref 5). Due to the previous forming step, a special
clamping device is needed to build up structures on the sheet
(Ref 5). Still, joining defects in the transition area between
sheet and AME arise because of the uneven surface of the
formed sheet (Ref 5). In combination with residual stresses
created during the PBF process, these defects can result in
cracks reducing the joint strength of hybrid parts with formed

Fig. 1 Hybrid parts made of (a) bulk metal forming and directed energy deposition (Ref 6) and (b) sheet metal forming and laser-based powder
bed fusion (Ref 7)
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sheet compared to hybrid parts with conventional sheet (Ref 5).
However, a heat treatment of 2 h at 850 �C as it is
recommended in (Ref 26) for AM parts made of Ti-6Al-4V,
as well as a fillet radius at the transition area are found to
increase the joint strength of AMEs on sheet material (Ref 5).
The forming of hybrid parts is investigated in (Ref 27), in
which the application-oriented stress state of bending is applied
to hybrid parts. An AME is built on sheet metal, both made of
Ti-6Al-4V, and bent at elevated temperatures using a specially
designed tool (Ref 27). This tool is qualified and used for
conventional sheets and hybrid parts as well (Ref 27). The

experiments with hybrid parts are expected to have a higher
resistance to bending due to a stiffness increased by the AME,
but the resulting forces prove the opposite, whereas only
minimal punch displacement can be achieved without failure in
terms of cracking in the transition area (Ref 27). The reason for
this is mentioned to be the porous structure of the AME having
a stress concentrating effect on the tensile forces acting on the
transition area (Ref 27). Both sequences (Fig. 3) can be used to
create formed hybrid parts, but the first process always
influences the second process (Ref 27).

Fig. 2 Schematic representation of setups for testing the tensile (a) and shear (b) bonding strength of hybrid parts according to (Ref 22)

Fig. 3 Different processing routes for the manufacturing of hybrid parts including sheet metal and AM components according to (Ref 7)
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Thus, the influence of the sequence of warm bending and
PBF is investigated in (Ref 28). An prior AM process reduces
the formability in terms of bending of the hybrid parts due to
the stiffening effect of the AME and the premature failure of
the parts (Ref 28). Whereas a subsequent AM process is
having defects in the transition zone because of the building
on a curved surface (Ref 28). Additionally, AM on formed
parts is only possible until a difference of height in building
direction is reached, which cannot be coped with by system
technologies like special clamping devices and flexible
coaters anymore (Ref 28). Nevertheless, the shear strength
is not significantly influenced by the sequence of the
processes if parts are heat treated (Ref 28). Besides the
sequence of the processes, the position of the AME on the
sheet during the bending operation can vary. Therefore, in
(Ref 29), the influence of AMEs being placed in the
compressive or tension zone of the bending process is
investigated. Results show a decrease in shear strength for
formed hybrid parts compared to unformed ones, whereas the
shear strength is lower for AMEs placed in the compressive
zone than in the tension zone (Ref 29). The lower joint
strength of formed hybrid parts is explained by the strains
induced during the bending operation and the resulting crack
initiation (Ref 29). Additionally, Papke et al. found the
different microstructures in each component of the hybrid
parts to have individual mechanical properties (Ref 29). The
highest hardness is located in the AME, which decreases in
the heat affected zone (HAZ) and is lowest in the sheet
component (Ref 29). Thus, first investigations on stretch
forming of hybrid parts include numerical simulations with
adapted material modelling (Ref 30). The HAZ increases with
decreasing sheet thickness because of the low thermal
conductivity of titanium (Ref 16) creating a heat accumula-
tion (Ref 29). Despite the higher hardness of the HAZ, parts
with a smaller HAZ, as they are found for sheets with higher
thickness, show a higher shear strength (Ref 29). With that in
mind, the influence of sheet thickness and heat treatment
temperatures is investigated in (Ref 31) in terms of tensile
joint strength. The results found for shear strength in (Ref 29)
can be applied to tensile strength (Ref 31). A higher sheet
thickness leads to a higher joint strength, as well as a heat
treatment at 850 �C (Ref 31). The heat treatment smoothens
gradient of mechanical properties over the components of the
hybrid part, thus increasing the strength of the connection
(Ref 31). To summarize, investigations on hybrid parts made
with sheet metal forming and PBF include the following
combinations:

• PBF on conventional sheet,
• PBF on flat surface of deep drawn sheet,
• PBF on curved surface of bent sheet,
• Bending of hybrid parts with AM structures made with

PBF and
• Stretch forming of hybrid parts with AM structures made

with PBF.

Because of its high importance, the joint strength of hybrid
parts is tested for tensile and shear loads. Besides the factors
sheet thickness, heat treatments, PBF parameters and forming
parameters different stress states are present. Therefore, the
different stress states acting on hybrid parts are compared and
the influence of an AME is investigated in this paper.

2. Analysis of Hybrid Parts in the Stress States
of Selected Forming Operations

Compared to conventional sheet metal, hybrid parts com-
bining sheet metal and additive structure have a reduced
formability. The reason for this is expected to be the additively
manufactured structure leading to an earlier failure of the part in
different forming operations. To be more precise, it is assumed
that additively manufactured structures on sheet metal have a
stress concentrating effect and thus increasing necking and
earlier material failure. This has to be proven. Therefore, the
stress states of commonly used sheet metal forming processes
deep drawing, bending and stretch forming are investigated for
conventional sheet and hybrid parts, shown in Fig. 4.

2.1 Methodology

Hybrid parts consisting of Ti-6Al-4V sheet and AME are
formed at 400 �C with three different forming operations. The
stress state of the three processes is elaborated for the area, in
which the AME is placed. The processes are modelled using a
numerical simulation for conventional sheet and hybrid parts.
The model is validated in pre-investigations (Ref 30) based on
the parts geometry and sheet thickness. Differences found in
terms of stresses are used to investigate the influence of
additively manufactured structures on the formability of hybrid
parts. The setup of the numerical simulation used is presented
in (Ref 30). Different material properties can be addressed to
each of the components of the hybrid part. Due to their
differences in mechanical properties, different material modes
are used for sheet metal and additively manufactured material
to have a more precise approach. The software used for the
numerical simulation is LS-Dyna by LSTC including LS-
PrePost v.4.7.0 and the solver MPP Double R11.1. The tools,
namely punch, binder and die, are modelled using rigid (020-
RIGID) Belytschko-Tsay shell elements (ELFORM = 2). For
the AME, constant stress solid elements (ELFORM = 1) and
the material model 024-PIECEWISE_LINEAR_PLASTICITY
are used. The sheet is simulated using fully integrated shell
elements (ELFORM 16) with seven integration points along the
sheet thickness and the anisotropic elastoplastic material model
233-CAZACU_BARLAT. Yield criteria and flow curves are
determined by experiments. The flow curves are approximated
and extrapolated using the model of Nemat-Nasser (Ref 32) and
can be found in (Ref 30). For all simulations, no failure
criterion is used. Concerning boundary conditions, constraints
are applied as follows. For the bending simulation (Fig. 5b), the
punch is constrained in all three directions (CMO = 1;
CON1 = 7; CON2 = 7). The die is only allowed to move in
z-direction (CMO = 1; CON1 = 4; CON2 = 7), which is
enabled by PRESCRIBED_MOTION_RIGID with a transla-
tional motion in z-direction (DOF = 3). The specimen is fixed
in y-direction on one of the short edges (Fig. 5e) using a node
set and the corresponding boundary SPC_SETwith DOFY = 1,
remaining constraints are set to ‘‘0’’. The approach for the deep
drawing (Fig. 5a) and stretch forming (Fig. 5c) simulation is
similar. The die is constrained in all directions (CMO = 1;
CON1 = 7; CON2 = 7), the binder and punch can only move
in z-direction (CMO = 1; CON1 = 4; CON2 = 7). The binder
force and the punch displacement are applied with PRESCRI-
BED_MOTION_RIGID and DOF = 3. Since the deep drawing
and stretch forming operations are modelled using only a
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quarter, SPC_SETs are applied to the nodes on the x- and y-
edges (Fig. 5d and f). The nodes on the edge in x-direction are
free to move in y- and z-direction and to rotate around the x-
axis. The nodes on the edge facing the y-direction are able to
move in x- and z-direction and rotate around the y-axis. For all
forming simulations shown, the connection between AME and
sheet is done the same way. Both parts share common nodes on
the bottom of the AME, but have their own elements created
between them (Ref 30). This connection can be compared to a
tied-constraint contact. Stresses and strains are analyzed within
these simulations for sheets with and without AME. The
detected differences are then used to determine the influence of
the AME on the formability and the impact of the stress state on
formability is derived. The areas of high stresses in the
simulation indicate critical areas. Therefore, microsections are
taken from hybrid parts after forming to investigate the
metallographic structure of critical part areas.

2.2 Deep Drawing

The process of deep drawing includes different stress states
over individual part areas. In the area of the bottom of the cup,
biaxial tensile forces are acting in the plane of the sheet and
compressive forces perpendicular to it are applied by the punch.
These stresses are rather low, compared to the remaining ones.
At the radius of the punch, bending forces are applied to the
sheet metal. The wall of the cup is formed by tensile stresses in
radial and tangential direction. At the radius of the die, the sheet
is bent twice before the flange is loaded with tensile stresses in
radial direction and compressive stresses in tangential direction
and direction of the sheet thickness. An application-related
position for AMEs is feasible in the area of the bottom of the
cup (Ref 33).

Thus, the influence of the stress state in the bottom of the
cup on AMEs is investigated in the following. The resulting
stresses in the numerical deep drawing simulation are shown in

Fig. 4 Investigated forming operations for Ti-6Al-4V hybrid parts consisting of sheet metal and additively manufactured elements
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Fig. 5 Numerical setup of the forming processes (a) deep drawing, (b) bending and (c) stretch forming with highlighted nodes used for the
boundary conditions (d-f)

Fig. 6 Resulting stresses of numerical deep drawing simulations for conventional sheet (a-d) and hybrid part (e-h) made of Ti-6Al-4V
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Fig. 6 for conventional sheet (a-d) and hybrid part (e-h). AMEs
placed at the bottom of a deep drawn cup are loaded with
tensile stresses in two directions within in the plane of the sheet
and the compressive stresses due to the punch displacement.
Depending on the shape of the punch, the arising stresses are
comparably low, since the main forming zone is not located in
the bottom of the cup.

Only towards the punch radius, the stresses increase.
Therefore, this is the most critical area concerning fracture
due to thickness reduction. The AME on the other hand is
placed in the middle of the bottom. At this position only
minimal stresses are found. Thus, the presence of an AME has a
low influence on the formability and the loads acting on it are
minimal. Another reason assumed for the low influence is the
small size of the AME compared to the formed cup. Therefore,
the forming of hybrid parts to manufacture cups with additive
structures at the bottom seems as feasible as building additive
structures on already formed cups. In the investigated case, the
bottom of the cup is flat and thus an AM process would seem
possible.

2.3 Bending

The bending process is, in ideal case, characterized by a
bending momentum without lateral forces leading to tensile
stresses above and compressive stresses below the neutral fiber
in the plane of the metal sheet (Ref 33). Both stresses increase
with the distance to the neutral fiber (Ref 33). Therefore, the
bending specimen has a tension and a compression zone over
the sheet thickness. The bending line is assumed to be a circular
arc and the sheet thickness stays constant (Ref 33). In reality,
the bending process includes lateral forces, a reduction of sheet
thickness and the bending line is moved towards the compres-
sion zone (Ref 33). Whether the AME is placed in the tension
or the compressive zone of bending specimens, the loading at
the position is much higher compared to the deep drawing

process. Therefore, the influence of the AME on the stress
distribution is expected to be higher than in deep drawing,
because of the stress state and geometrical relations of AME
and size of forming zone. For the bending process, the AME
has a much higher diameter in relation to the remaining part
compared to the deep drawing process, which is found to be
stress increasing in (Ref 30). The results of the numerical
bending process of a conventional sheet and the hybrid part are
illustrated in Fig. 7 in terms of stresses.

It can be concluded that the AME leads to tensile stress
concentrations in x-direction in the area of transition, but
along the specimen in y-direction as well, on the parts top
surface. As expected, this is found for the AME being placed
in tension zone but also for the compressive zone. Regardless
of the position of the AME—tension or compressive
zone—the mere presence leads to tensile stress concentrations
and thus increase of the probability of a material failure.
Furthermore, concentrations of compressive stresses are found
at the bottom of the hybrid parts. In both cases, the tensile
stresses at the top side of the part are more critical in terms of
failure, which can be seen in the results of the forming
experiments for an AME on the tension zone, Fig. 8, and the
compressive zone, Fig. 9.

The location of the highest stresses in the numerical
simulation fits to the point of fracture visible in the microsec-
tions for additive structures in the tensile zone. This proves the
applicability of the simulation and therefore the influence of the
additive structure on the forming process. For conventional
parts, there are lower stresses in the simulation and no fracture
visible in the microsections with the same process parameters
used for hybrid parts. Consequently, it can be concluded that
positioning an AME in a tensile stressed area leads to a stress
concentration and thus a deterioration of the process perfor-
mance. The AME itself is mainly loaded at the radius at the
transition area with tensile stresses. Due to the reduced

Fig. 7 Resulting stresses in x-direction of numerical bending simulations for conventional sheet (a) and hybrid parts (b + c) made of Ti-6Al-4V
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formability of hybrid parts, a manufacturing with the sequence
forming followed by AM seems to be more promising in this
case.

For the numerical simulation with the AME placed in the
compressive zone of the hybrid part, both, tensile and
compressive stresses, increase on the respective side. The
concentration of compressive stresses is found at the transition
area since the material is compressed there. For tensile stresses,
the maximum is not found in the middle of the part, as it is for
the conventional part, but shifted in x-direction. The increased
stiffness caused by the additive structure can be a possible
reason for this. Therefore, the process is distorted by the AME.
The resulting fracture is located in the sheet metal under tension
stress at the opposite side of the AME. Hence, even if placed in
the zone of compressive stresses, the AME leads to tensile
stress concentrations on the tension loaded side and concen-
trations of compressive stresses on the other side. The stresses
acting on the AME in the compressive zone are again mainly
found in the radius and the transition area, which does not result
in fracture. Therefore, tensile stresses seem to be more crucial
than compressive stresses for forming such parts. Due to the
geometry of the part and high stresses at the AME, a forming
process followed by PBF is challenging. Thus, an alternative

AM processes would be DED or the influence of the AME need
to be reduced to increase the formability.

2.4 Stretch Forming

The setup of a stretch forming process is similar to the deep
drawing process, but the differences are crucial. The sheet is
clamped between the binder and the die, but binder forces are
kept high in order to prevent material to flow from the flange
area unlike for the deep drawing process. The consequence is a
reduction of sheet thickness, which is desired in a stretch
forming process. Additionally, the shape of stretch forming
punches is rather spherical and not flattened as in deep drawing
processes. Still there is a biaxial tensile stress state in the plane
of the sheet material, but due to the geometry of the punch, an
additional bending momentum around the punch can be
present. The combination of biaxial stress due to the punch
displacement and the tensile stresses at the top of the sheet
caused by the bending moment, lead to a higher load in the
middle of the part (Ref 33).

The AME is placed in the area of highest stresses, therefore
the influence on the formability is expected to be higher
compared to the deep drawing process. On the opposite, in
relation to the final part, the size of the AME is comparably

Fig. 8 Comparison between the resulting stresses in x-direction in the numerical bending process (a) and the material failure of physically
tested (b) Ti-6Al-4V hybrid part with additive structure in the tension zone

Fig. 9 Comparison between the resulting stresses in x-direction in the numerical bending process (a) and the material failure of physically
tested (b) Ti-6Al-4V hybrid part with additive structure in the compressive zone
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low, which would benefit the formability. The resulting effect
can be seen for the numerical simulation of the stretch forming
process for conventional and hybrid parts as well in Fig. 10.
The stresses in the plane of the sheet material in the area of the
AME are higher compared to the deep drawing process, similar
to the bending process. Additionally, stress concentrations are
found around the AME, whereas the conventional part has a
more even distribution of stresses. Physical forming experi-
ments with hybrid and conventional parts prove this finding.
The conventional sheet can be drawn to a depth of 15 mm
without failure, whereas the hybrid part shows small cracks in
the transition area Fig. 11. The highest stresses found in the
numerical stretch forming process are at the same position,
where the physically tested part fails in terms of fracture. This
confirms the stress concentrating effect of the AME, which
decreases the formability. As mentioned for the bending

operation, placing an AME in a tensile loaded area concentrates
the stresses at the transition area and favors material failure in
terms of fracture. For the bending process, the tensile stresses
are one dimensional, and for the stretch forming process, the
stress state is biaxial tension. This would explain the effect of
the AME despite its smaller size.

The results found would suggest that the manufacturing of
stretch formed hybrid parts using a subsequent AM process are
favorable. However, the curved geometry can be challenging
for powder bed based processes, especially with increasing
diameter of AME. With increasing diameter of AME, the
difference in building direction, which has to be compensated
with system technologies, becomes higher. Since this is only
possible up to a certain point, bigger hybrid parts with bigger
diameters have to be manufactured with the sequence ‘‘forming
after AM’’ and the influence of the AME has to be kept low.

Fig. 11 Comparison between the resulting stresses in x-direction in the numerical stretch forming process (a) and the material failure of
physically tested (b) Ti-6Al-4V hybrid part

Fig. 10 Resulting stresses of numerical stretch drawing simulations for conventional sheet (a-d) and hybrid part (e-h) made of Ti-6Al-4V
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Regardless of the stress state, in the investigated experi-
mental space, the presence of an AME reduces the formability
of hybrid parts for the processes bending and stretch forming by
its stress concentrating effect. Nevertheless, some geometries
can only be made by PBF followed by forming. In this case, the
influence of the AME has to be reduced to a minimum. Since
there are some effects that can be addressed, a guideline in the
following chapter summarizes advices for the manufacturing of
AMEs on sheet metal with intention towards a subsequent
forming process.

3. Conclusion for the Design of Additively Manu-
factured Components of Hybrid Parts

With a subsequent forming process in mind, different
aspects of AM processes have to be taken care of. The most
important factors found in current research are summed up in
the following. As mentioned before, the stiffness of the part
increases because of the additional material (Ref 19). This may
be beneficial for later applications (Ref 19), but deteriorates the
forming process (Ref 28). If possible, geometries should be
adapted to the intended forming process and sharp corners, e.g.,
in transition areas, should be avoided as they have stress
concentrating effects (Ref 5). High surface roughness has a
stress concentrating effect as well and furthermore are starting
points for crack initiation (Ref 21). Thus, the AM process
should aim at low surface roughness (Ref 21). Another
important aspect is the gradient of mechanical properties
between AME and sheet metal body (Ref 31). As a result of the
process, residual stresses and microstructural changes lead to a
higher strength and lower ductility in the AME (Ref 31). By
using adequate PBF parameters and adequate heat treatments,
residual stresses can be reduced (Ref 34) and the gradient of
mechanical properties can be smoothened.

4. Conclusion and Outlook

Due to their beneficial properties, hybrid parts are focus of
recent research. Combining AM processes and forming pro-
cesses is a promising approach, but the interactions are rather
complex. Therefore, Ti-6Al-4V hybrid parts made of sheet
metal and AM structured made by PBF-LB were investigated in
the selected forming processes deep drawing, bending and
stretch forming. Numerical simulation of the processes was
analyzed with exemplary forming experiments in order to
examine the behavior of the hybrid parts and the difference
compared to conventional sheet.

The process of deep drawing is least critical in terms of
material failure since an AME located on the bottom of the cup
is placed in an area of low biaxial stresses. Therefore and
because of the flat surface the AME is placed on, deep drawing
of hybrid parts can be manufactured using the forming step
before and after the AM process. Bending of hybrid parts can
be performed with AMEs in the tensile stressed or compressive
stressed side of the part. Either way, the stresses were
concentrated on each side at the transition area, whereas the
tensile stresses are more critical in terms of fracture at the
bonding zone. Due to the increased tensile stresses, an earlier
fracture arose for hybrid parts compared to conventional sheet

material. For the stretch forming process, the biaxial stresses
found in deep drawing and the additional bending around the
punch created biaxial tensions in the plane of the sheet. Again,
the AME concentrated the tensile stresses at the transition area
thus decreasing the formability compared to conventional parts.
Even though in relation to the formed part, the AME is rather
small for the stretch forming process, unlike for the bending
specimen, where the AME occupies a high proportion of the
sheet. Consequently, a forming operation followed by AM
process is favorable, if possible. For geometries, where system
technology adjustments cannot cope with the curved surfaces,
the influence of the AME has to be reduced in terms of AM
process parameters. Current research names residual stresses,
gradients in mechanical properties and stress concentrating
effects in terms of rough surfaces and sharp transitions as
influencing factors on formability of hybrid parts. In this
research, the forming process and its resulting stress state have
to be added to the list of factors.

Further research will focus on increasing the formability of
hybrid parts since geometries like undercuts can only be made
by PBF followed by forming or forming followed by DED.
Possible fields are included in the processes used, PBF and
forming. For example, forming experiments with increased
number of AMEs or adjusted AME geometry are of interest,
as well as ductility increasing measures during the AM
process.
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