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Abstract

In the context of lightweight applications, laser powder bed fusion of metals allows the
creation of high-complexity structures at minimal use of material. Traditional elements of
lightweight construction are sandwich sheets, which comprise two cover sheets with a fine core
structure joined in the centre. Thus, these lightweight elements contain both geometrically
simple (cover sheets) and geometrically complex (core structure) elements. Conventional
manufacturing of core structures is limited in terms of geometrical freedom. On the other hand,
Additive Manufacturing of sheets has disadvantages in terms of economic efficiency.
Therefore, a combined process consisting of additive and conventional cost-efficient
manufacturing is proposed to eliminate both disadvantages. This publication presents a hybrid
manufacturing route to produce metal sandwich sheets. The hybrid sandwich sheets are
manufactured using a rolled cover sheet as a base plate and additive manufactured core
structures including an upper cover sheet. For this purpose, a recently developed sheet mounting
system for implementation in a laser powder bed fusion process is presented and evaluated
concerning manufacturing criteria such as process stability and dimensional accuracy of the
final components.

Introduction

Additive manufacturing (AM) is gaining acceptance in industry and research. Several
AM processes are entering various industries and can provide a serious alternative to existing
manufacturing processes. However, conventional production methods are in most cases more
efficient in terms of mass production or cost-effective production chains. A combination of
both, conventional and additive methods may therefore enable the avoidance of respective
restrictions and the creation of synergistic effects. A promising application for this combination
are sandwich sheets. Sandwich sheets offer a high potential for lightweight applications, such
as in aircraft construction, aerospace, and the automotive industry. Further benefits may arise
due to the optimal use of the material, the geometric freedom, and the possibility of integrating
additional functionalities. [1]
In both, purely additive and conventional manufacturing, the production of sandwich sheets
currently faces challenges such as poor material utilization or long production times. In the field
of AM hybrid parts, most efforts focus on fabrication based on pre-milled blanks or the
realization of functionally graded materials. Yin et al. [2] demonstrated a hybrid manufacturing
technology combining laser powder bed fusion of metals (PBF-LB/M) and cold spraying to
fabricate multi-material parts of Al/Al+Al1203 and Ti6Al4V. Here, Al and Al+AI203 were cold
sprayed on PBF-LB/M manufactured Ti6Al4V parts resulting in dense and machinable
functionally graded materials. Although the PBF-LB/M Ti6Al4V section was represented by
large pores and the cold sprayed section by small pores caused by insufficient particle plastic
deformation. Tan et al. [3] investigated the interfacial characteristics and mechanical
performance of steel-copper parts fabricated by PBF-LB/M. By applying appropriate laser
parameters, a metallurgical bonded and dense steel-copper bi-metal was created. According to
the authors, the high thermal conductivity of copper led to high Marangoni convection in the
interface of the materials, which in turn led to excellent bonding.
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The process concept of AM on metal sheets was already discussed in [4—8]. Ahuja et al. [5]
presented a clamping concept that enabled PBF-LB/M on pre-formed metal sheets inside an
SLM 280 HL machine. The mounting of the formed sheet was realized through a combination
of a punch and clamping plate, which allowed the build-up on sheets with a thickness of
1.5 mm. The authors described the significant influence of an uneven sheet surface on the
resulting shear strength of the hybrid components. Due to the uneven surface, an
inhomogeneous powder distribution can occur on the metal sheet, which leads to insufficient
bonding at the interface. Although implying great potential regarding lightweight applications,
the build-up of sandwich structures on thin sheets of less than 1 mm has not yet been
investigated.
In Rosenthal et. al [9], a new process combination route for AM sandwich sheets has been
demonstrated. This work describes the AM process of sandwich sheets and their subsequent
forming.
As a further approach, this contribution will examine the additive build-up of sandwich sheets
based on rolled sheets of high formability to develop an alternative process route that combines
the high formability of rolled steel sheets with the geometric freedom of AM. To consider the
lightweight aspect of sandwich sheets, we demonstrate the additive build-up on sheet
thicknesses of 0.5 mm.
Materials and Methods

Within this work, 17-4 PH stainless steel powder by eos GmbH was used. Furthermore,
rolled DCO1 (Feg9.19Mno.6 Co.12 Po.04s So.045) sheets with a thickness of 0.5 mm were applied as
a base for the additive build-up. PBF-LB/M processing of the hybrid sandwich sheets was
performed using an M270 system by eos GmbH, equipped with a 200 W Yb-fibre Laser (A =
1064 nm). The utilized parameter sets, all as chessboard strategy, are shown in Table 1. The
reference parameter (Ref) is the exposure parameter recommended by the machine
manufacturer with a square size of 2 mm, as short scan vector lengths can lead to reduced
thermal stress [10,11]. The purpose of the Ev- parameter was to reduce the temperature level
that reaches the rolled sheet. Therefore, the square size was increased from 2 mm to 5 mm
according to [12] to reduce the resulting temperature. Furthermore, it has already been shown
in [13—15] that a reduction of the energy input can also reduce the residual stresses. Especially
a reduction of the laser power causes a beneficial decrease in the occurring residual forces [16].
Therefore, the parameter set Ev- with a reduced volume energy density of approx. 54 % was
selected. Whereby the main part of the reduced energy is achieved by doubling the layer
thickness and reducing the laser power by 70 W (-36 %). The line energies of the parameters
are comparable resulting in a relative density above 99 % which is comparable to [17-19].

Table 1: Exposure parameters used in the investigations
Ref Ev-
laser power [W] 195 125
scan speed [mm/s] | 1000 700
layer thickness [mm] | 0.02 0.04
volume energy density [J/mm?] | 108.33 | 49.60
square size [mm] 2 5

All experiments were executed under a nitrogen atmosphere and for all parameter sets a hatch
distance of 0.09 mm was used. Furthermore, the scan vectors were rotated in 67° steps for each
layer.

The build-up geometries are characterised in Table 2. The geometries are different structures
of classical lightweight construction elements, but all with a thickness of the upper cover sheet
of 0.3 mm. One selected structure is the honeycomb geometry (HC). The cross-sectional area
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is divided into uniform hexagonal honeycombs with a constant wall thickness of 0.18 mm. At
the upper and lower end of the core geometry, holes are provided to remove the loose powder.
A framework (FW) was chosen as a further core structure. The design of the geometry is x-
shaped, with each element being three-dimensional. In the centre is a cross-sectional area, from
which four struts extend upwards and downwards, each with a lateral offset. The single struts
have a nominal thickness of 0.25 mm. The connection points are made up of four bars and
therefore have a thickness of 0.5 mm. Compared to the other geometries, the overall height is
considerably lower at 2.48 mm.

Another core geometry used is the HDP geometry. This abbreviation can be derived from the
theory of the hexagonal crystal system and stands for a hexagonal densely packed lattice. The
three-dimensional spheres of the same size are each connected to the surrounding spheres at
four contact points. At the contact points, the contact surface is enlarged by plane sections of
the respective sphere. A circular recess is created in each case, which connects the cavities and
enables the removal of loose powder.

Table 2: Characteristics of the investigated core structures HDP, framework, and honeycomb.

name HDP FwW HC
z
X
5 mm 5 mm 5 mm
wall thickness 0.20 mm 0.25 mm 0.18 mm
height 3.46 mm 2.48 mm 3.64 mm
sheet/core ratio 3.52 5.83 7.18

Before the manufacturing of the hybrid sandwich sheets, a mounting system is developed to
ensure the successful realization of the manufacturing process. To achieve high part quality as
well as to ensure the necessary process stability, the inserted sheet must be fixed plane and
stable. As already mentioned above, sheet thicknesses of less than 1 mm are reasonable in the
context of lightweight design. To realize these requirements (high process stability, low sheet
thickness), a mounting system capable of generating a sufficient negative force in the z-
direction without a form-locking connection is necessary. Consequently, a vacuum mounting
system was selected as the most suitable concept, and hereafter described in detail.

PBF-LB/M machine
Prr77777777]

recoater blade

particle filter

vacuum
mounting base

vacuum
hoose

Figure 1: Schematic illustration of the vacuum mounting system integrated into an eos
M270 PBF-LB/M system
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A schematic illustration of the main components of the mounting system is shown in Figure 1.
The system is designed for integration into the EOS M270 PBF-LB/M machine. The vacuum
mounting base is located within the building chamber and is connected to the platform's lifting
table through an adapter panel. Metal sheets with dimensions up to 200 mm x 200 mm can be
mounted. A nozzle on the bottom of the vacuum mounting base provides a closed connection
to the vacuum hose. The hose itself is led out of the system via a service tunnel, which is
intended for the wiring of the conventional heating unit. At the other end of the vacuum hose,
the vacuum pump is connected via a reducing adapter. The system has a total of three different
filter units. To protect the pump from powder particles that may be sucked in from the building
chamber, there is a filter unit at both ends of the hose system, after the vacuum plate and before
the pump. The vacuum pump used is the model E2M1.5 from Edwards Ltd. UK which is
designed for continuous operation. The motor power is 0.16 kW at a constant speed of 2800
rpm with a suction volume of 1.8 m*/h and an ultimate pressure of 0.003 mbar.

The required mounting area can be defined by the appropriate sealing cord (diameter 2.5 mm).

powder bed

/

thermo couple

sandwich sheet laser
(10 mm x 10 mm)

Figure 2: Set-up for in-situ temperature measurements. A detailed description of the setup
can be found in [20].

To clarify the influence of the different process parameters on the thermally induced
deformation of the rolled sheet, an in-situ temperature measurement was performed. The setup
used allowed an estimation of the thermal history in the rolled sheet and can thus provide
information on the associated thermal stresses.
The basic setup of the measuring system is shown in Figure 2. A detailed description of the
setup is presented in [20]. Here, a C45 steel substrate plate of 220 mm x 220 mm was fixated
on an adapter ring with minimal contact area. The base plate used has a recess, so that wiring
for the thermocouple can be led from below the substrate plate through the shaft of the building
platform. As shown, the thermocouple was spot welded directly onto the disc, ensuring
maximum resolution through minimum tare volume, and thus minimal thermal inertia. A Testo
635 device with an accuracy of 0.3 °C was used to read out the data.
Results

The main challenge facing the manufacturing of hybrid sandwich sheets is to ensure a
stable additive build-up with sufficient part densities.
First, the presented part geometries (HDP, FW, and HC) were built with the Ref parameter set.
All investigated core structures could be successfully built at an edge length of 35 mm x 35 mm
(Figure 3a-c). When increasing one edge length of the core structure to 105 mm, the vacuum
collapsed for all geometries. Resulting in a collision of the recoater blade and the part due to
excessive thermal-induced deformation of the sheet. In contrast to the Ref parameter set, the
utilization of the Ev- parameter set led to a complete build-up of the HC geometry (Figure 3d-
f).
Since only the HC structure could be built up, the core-to-sheet ratio could have a decisive role
as an increased sheet/core ratio is favourable for reduced temperature input, but it might
promote heat accumulation within the upper cover sheet due to insufficient heat dissipation. As
the investigations of Khobzi et al. [21] also demonstrated in a comparable setting.
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Nevertheless, even after a successful build-up, superelevations could be detected on one edge
(Figure 3e). All other geometries (HDP, FW) considered could not be build-up either. However,
upon removal of the sheet from the build chamber, severe distortion of the sheet along the y-
axis was evident (Figure 3f). This distortion was compensated during build-up by the vacuum
force applied in the opposite direction.

Figure 3: Built-up hybrid sandwich sheet with an edge length of 35 mm x 35 mm (a-c) and
105 mm x 35 mm (d-f). Note the geometry identification in the upper left corner. d) after the
build-up inside the machine, the red arrow indicates superelevations. e) full build-up hybrid
sandwich sheet, the red arrow indicates superelevated edge. f) Thermal-induced deformation
of the rolled sheet after the build-up, depicted by red arrows.

To verify reproducibility, a total of three processes were carried out with the Ev- parameter set.
After the successful build-up of the HC structure with an area of 105 x 35 mm?, the resulting
geometrical deviation was measured and is depicted in Figure 4. Due to the symmetry of the
hybrid sandwich sheet, the ROI for the measurement of the geometric deviation is reduced to
an area of about 100 mm x 15 mm to reduce the number of measuring points. The upper graph
in figure 4 describes the deviation in the x-z plane, and the lower graph the deviation in the x-
y plane. In the lower graph (x-y plane), the deviation of the entire area is represented by a
coloured scale. In the upper graph, three y-positions were selected and compared.
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Figure 4: Illustration of the geometric deviation of the hybrid sandwich sheet built. Due to
the symmetry of the part, the measurement was carried out on half (100 mm x 15 mm) of the
sheet. Representation of the partial surface in the x-y plane in the lower graph.
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Figure 5: Micrographs and density analysis of the hybrid sandwich sheet. An exemplary
illustration of the wall geometries with depicted nominal size in green (a), the cover sheet
with depicted nominal size in green (b) and the resulting relative densities (c). (d) Etched
wall geometry with the resulting penetration depth marked in red.

Both graphs indicate a positive deviation from the nominal geometry at the outer edges of the
sheet. This is comparable to the results in [16] for other materials. The maximum global
deviation is about 1 mm and decreases towards the centre of the part to a minimum of 0.05 mm.
With a layer thickness of 0.04 mm, this corresponds to 25 layers.

It should be noted that the geometric deviation during the build-up is likely to be much smaller
due to the applied vacuum force, which counteracts the induced deformation of the sheet.
However, it was shown before that the parameter sets had a significant influence on the build-
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up result and even for the successful build-up with reduced energy comparably high
dimensional deviations in a range of multiple layers occur.

Figure 5 shows the micrographs and the corresponding relative densities of the build-up hybrid
sandwich sheets. As depicted in Figure 5Sc, the relative density of the vertical walls is 99.27 %.
An example of the wall quality is shown in Figure 5a. The edge contours are marked by process-
typical sintering [22]. In addition, single Lack-of-Fusion defects are recognizable in the
micrograph. The width of the walls is significantly wider than the nominal geometry width
(0.18 mm). In addition to the surface sintering of powder particles, this may be attributable to
the reduced scanning speed of the Ev- parameter, since a reduced scanning speed tends to cause
a wider melt pool [23]. Nevertheless, some Lack-of-Fusion defects are still recognizable, which
can be attributed to the reduced energy input [24]. The density analysis of the upper cover sheet
reveals a strong geometrical deviation and, in addition, a clear expression of surface sintering
in combination with a large number of defects (Figure 5b). The significant amount of non-
supported exposure area, especially during the build-up of the first cover sheet layer, led to a
severe expression of surface sintering, and a predominantly uneven surface. Overall, this leads
to a relative density of 97.78 % with a comparatively high standard deviation of 1.8 %.
Nevertheless, the thickness of the build-up sheet (about 330 um) is approximately in the range
of the STL model of 0.3 mm.

To evaluate the penetration depth of the laser and thus the quality of the metallurgical bonding
between the rolled sheet and the additive structure, the etched wall geometry is shown in
Figure 5d. Using the EV- parameter with 49.6 J/mm?® at 125 W laser power, the penetration
depth is in the range of 50 um. Schaub et al. [7] illustrated a penetration depth of 223 pm for a
comparable volume energy density but a significantly higher laser power, 46 J/mm?
respectively 250 W. In the same publication, they also investigated a comparable laser power
of 100 W resulting in a penetration depth of 27 pm. In this context, the penetration depth of
about 50 pm measured in this study is within a comparable range, which illustrates the dominant
influence of the laser power.

As the results of the build-up revealed, most of the process failures occurred when the upper
cover sheet was reached. Only the HC core structure could be successfully built using the Ev-
parameter. Consequently, the geometrical characteristics of the considered core structures seem
to be crucial. Here, the core geometries differ in the varying contact areas of the core and the
upper cover sheet. The difference in the sheet/core area ratio (table 2) is thereby most significant
between the HDP and the HC structure. In addition, [25—27] have shown that geometric features
such as overhangs and the associated amount of energy directed into the loose powder influence
the part temperature. A different temperature can in turn affect the deformations occurring in
the rolled sheet [28]. To consider the influence of the geometry on the resulting deformations,
an in-situ thermal analysis of the HC geometry (approx. 10 mm x 10 mm) was carried out using
the setup introduced in [20] and [29].

The results of the in-situ thermal analysis are (exemplary for the HC structure) depicted in
Figure 6. The investigated HC geometry is divided into four areas depending on the surface
characteristics. The first section is characterized by an exponential increase in area. In the
second section, the exposure area is constant at 30.21 mm? until the third section shows a
reduction to the level of the initial layer (14.53 mm?). The fourth sector describes the sudden
increase from 14.53 mm? to 109.47 mm? in which the upper cover sheet is build-up. As the
previous results have shown, this area is significant for a practicable process. Figure 6 shows
the progression of the maxima for each layer relative to the initial temperature Note that the
number of measurement points for the Ev- parameter set is halved due to the doubled layer
thickness compared to the Ref parameter. As shown, the depicted temperature maxima increase
in the first sector parallel to the exposure area per layer. For the initial layer, the maximum
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temperature difference of the Ref parameter is 7.2 K, and for the Ev- parameter set 5.4 K.
Concerning the exposure area, these values are in good correspondence with the values in [20].
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Figure 6: Illustration of the relative temperature and area progression over the z-height for
the parameters Ref and Ev-. Note the doubled layer thickness of the Ev- parameter, resulting

in a reduction of measurement points. The various significant regions of the built-up HC
structure are plotted in the top left corner.

Both temperature maxima progressions increase exponentially up to a value of 18.06 K (Ref)
and 12.84 K (Ev-) despite the increasing distance to the thermocouple. The maximum
temperature difference is reached for the Ref parameter set at a z-height of 0.44 mm,
respectively 0.02 mm (one layer) after reaching the z-height of the second sector (0.42 mm).
For the Ev- parameter set, the highest temperature difference is present only at a z-height of
0.52 mm, thus 0.1 mm after reaching the height in the second sector. During the constant
exposure area of 30.21 mm? in the second sector, the temperature differences of both parameter-
sets decrease with increasing distance to the measuring position in the base plate to 5.97 K (Ref)
and 3.22 K (Ev-). Due to the further successive reduction of the exposure area in the third sector
to 14.46 mm?, the temperature differences decline continuously. At the transition between the
third and fourth sectors, there is a sudden increase in the exposure area in the sector of the upper
cover sheet to 109.47 mm?. In the first two layers of the upper cover sheet, downskin-
parameters typical for the PBF-LB/M process and representing low energy input were used
[30]. Despite the meanwhile progressed distance to the measuring position, the temperature
differences resulting from the downskin-parameters can also be identified in the graph. The
parameter sets Ref and Ev- used from the third layer within the fourth sector lead to a maximum
temperature difference of 23.8 K (Ref) and 18.0 K (Ev-), respectively. By the time the part is
finished, the temperature differences decrease again.
Based on the results, it can be deduced that the reduced temperature level during the Ev- build-
up, leads to a reduction in deformation as [28] and [31] highlighted the importance of the
temperature level on the resulting deformations.
Conclusion

As the results of the build-up of the three different core structures and the in-situ

temperature measurement of the HC structure revealed, the geometry of the sandwich sheet and
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the exposure parameters used influence the resulting temperatures and thus the forces to be
compensated by the vacuum mounting system. By choosing a suitable parameter combination
with reduced energy, the heat input into the rolled sheet is reduced and at the same time, heat
accumulation in the upper cover sheet is avoided. These results are in strict contrast to the
conventional PBF-LB/M manufacturing strategies, which aim at a targeted and fast transport
of the heat, especially in areas with a significant overhang [32]. The high amount of overhangs
of the sandwich sheets is beneficial within the production concept presented for the
manufacturing of hybrid sandwich sheets, as these overhangs protect the rolled sheet inherently
from excessive thermal energy input and thus from deformation. Within further investigations,
especially the influence of different core geometries should be examined by numerical studies.
This would allow a critical sheet-to-core ratio to be determined, which in turn could be used as
a design parameter in the future development of hybrid sandwich sheets.
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