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Abstract

Power bed fusion of metals using a laser beam (PBF-LB/M) offers unique possibilities to manufacture functionally graded
materials (FGM) consisting of different alloys. These so-called multi-material parts enable their material properties to be
tailored to local material requirements. In this paper, a new methodical approach for the production of metal FGM with
transition zones oriented in different directions and manufacturing sequences of the different materials is investigated.
Existing approaches for the manufacturing of these transition zones were enhanced with graded parameter variations, spatial
laser movement modulation techniques (wobbling), and geometric approximations using a step structure. For the validation of
the approach and the characterization of the transition zones, the manufactured samples were investigated and characterized
using optical microscopy and hardness profile measurements. Furthermore, the density of the transition zones was analyzed
by image data processing. The feasibility of the presented methods is shown and the production of defect-free transition
zones with controlled expansions for functionally graded materials via PBF-LB/M achieved

Keywords Multi-material - Additive manufacturing - Interface - PBF-LB/M - Functionally graded materials

1 Introduction
1.1 Multi-material manufacturing

Functionally graded materials (FGM) are the key for master-
ing the challenging requirements of today’s high-tech appli-
cations. By varying the material composition throughout a
component, the FGM-subgroup of compositionally graded
materials (CGM), also referred to as multi-material compo-
nents, enables a deliberate and purposeful allocation of the
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material properties [1, 2]. Examples include the combina-
tion of optimal strength or high temperature resistance and
thermal conductivity [3-5], hardness and toughness [6, 7],
sensor integration [8] as well as mechanical properties and
high biocompatibility [9]. This contributes to the develop-
ment of more adaptable products with a higher performance
density and allows a more efficient and sustainable use of
critical materials.

Due to its degrees of freedom during the manufacturing
process, the achievable part resolution, and its widespread
use, the additive manufacturing (AM) process of laser pow-
der bed fusion (PBF-LB/M) is especially relevant for the
creation of metal-based CGMs [1, 2, 8, 10]. PBF-LB/M
builds components by solidifying a powder feedstock in
its cross section layer by layer. A single layer of powder
is spread onto a build platform and the laser beam melts
the powder particles in each layer [11]. Schneck et al. [1]
reviewed recent advancements in PBF-LB/M for manufac-
turing CGMs. According to the researchers, the geometrical
representation of the material transition zone as well as the
development of the transition zone process parameters and
their allocation in the digital model remain key challenges
for the multi-material PBF-LB/M process.
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1.2 Transition zone

The majority of existing studies either investigated the
manufacturing process itself or the general process
behavior and occurring defects for certain material
combinations [1]. Approaches included, e.g., the
explanation of general process implications [12], melt
pool simulations of powder mixtures [13], or collections of
predominant defects [14]. As different materials demand
different energy inputs, the mono-material regions of
CGMs are scanned with different process parameters [1].
If the energy input differs significantly, either too much
or not enough energy is applied in the transition zone,
which may cause keyhole porosity or lack of fusion defects
[15]. This is especially relevant for the material transition
in the vertical direction (z-direction) [16]. Furthermore,
unfavorable material compositions or melt pool shapes and
sizes in the transition zone might support further defects,
such as hot cracking [4, 17]. For material transitions in the
horizontal direction (in the x—y plane), previous research
[16, 18, 19] suggested the scan vectors of the different
materials should overlap to secure a proper material bond.
If the overlap is too wide, however, the excessive heat
input during the double exposure may cause defects and
undesired material inclusions.

However, hardly any studies exist on how to minimize
or fully mitigate occurring transition zone defects. Anstaett
[16] derived transition zone scanning parameters from
processing of powder mixtures composed of equal parts
of the desired materials. Her method gives an indication
for the general process window, but does not account for
the necessity of angle-dependent processing strategies and
parameters. It was found that if a universal scan strategy
and process parameter are applied to the transition zones
of all angles, for many material combinations, the type of
observable defects may vary significantly [3, 4].

Rankouhi et al. [20] suggested using machine learning
algorithms to predict suitable multi-material process
parameters, also for transition zones in different build
angles. Even though the approach appears promising, it
was not pursued into a product or method and is therefore
not generally applicable by academia or industry. Thus,
both existing approaches do not yet fully meet the demands
for multi-material PBF-LB/M.

1.3 The combination of steel and copper
The material combination of tool steel and copper alloys is
the most investigated one in the literature [1]. To provide

an overview of the challenges of this material combination
employed in PBF-LB/M, the characteristics inherent to the
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combination of the tool steel 1.2709 (X3NiCoMoTi18-9-5)
and the copper alloy CW106C (CuCrlZr) are briefly
summarized based on Horn et al. [17]. The Fe—Cu binary
system exhibits a peritectic reaction for the Fe-rich side, a
flat liquidus line, and a complete solid state immiscibility.
At approximately 1450 °C, y-Fe has the highest solubility
of Cu, exceeding 11% [21]. Due to the low absorptivity
of Cu alloys in the infrared wavelength, much higher-
energy inputs are necessary than that commonly used
for steels [20, 22], which may cause keyhole porosity
or lack of fusion defects [15]. The combination of these
materials shows a liquid-phase separation during the
rapid solidification, resulting in dispersed droplets of
both components. Depending on the concentration of the
elements and the cooling rates, secondary and tertiary
phase separations may occur, leading to the presence
of distinct Fe-rich and Cu-rich zones [23-27]. Thus, in
laser-welded dissimilar metal joints, such as low-alloy,
stainless, and tool steels with Cu alloys, the fusion zones
are characterized by discrete e-Cu and y-Fe or a-Fe zones.
The discrete accumulation of the liquefied Cu along
already solidified grain boundaries in steel materials can
result in hot cracking [24, 27-29]. These effects were also
observed when the material combination was processed
via PBF-LB/M in previous investigations [4, 16, 19].

1.4 Interim conclusion and approach

Currently, no method exists to address the challenges of
the PBF-LB/M process parametrization with regard to the
transition zones with varying orientations for a material
combination with a strong variation of the energy input. In
PBF-LB/M, the laser power is always applied vertically to each
layer of the powder bed at an angle close to 90°. The resulting
staircase effect is especially relevant for the inclined material
transition zones, as different energy inputs and scan vector
overlaps might be required for different angles.

This study introduces a methodical approach for
manufacturing defect-free transition zones in multi-material
PBF-LB/M using the example of a tool steel and a copper
alloy. The layerwise fabrication of a component is exploited
to enable the generation of the desired material interfaces
with almost identical dimensions and mechanical properties,
regardless of their orientation and geometry. The application
is particularly useful if the standard parameters differ greatly
in regard to the energy input.

2 Methodical approach

The optimization of the transition zone is associated with
a high experimental effort. The aim of this approach is to
reduce the number of transition zones in conjunction with
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different process parameters and limit them to only two
orientations. The underlying mechanism is the layerwise
manufacturing of a component during PBF-LB/M and the
resulting stair step effect. The geometry of a component
is sliced into individual layers, which are stacked to build
the 3D part. When a geometry contour changes its angle
to the build direction (z-direction), a step is created. The
smallest possible step is the chosen layer height of the
manufacturing process.

A transition zone between two different materials
(material A and material B) in multi-material PBF-LB/M
can also be interpreted as a geometry contour. Represent-
ing the transition zone by a stair results in two different
material transition orientations: a horizontal (x—y plane)
and a vertical interface (z-direction) (see Fig. 1).

The step height corresponds to the layer thickness or
its integer multiple. The width depends on the angle to
the build direction. The flatter the angle, the wider do
the steps have to be (angle measured counterclockwise
starting from the x-axis). Thus, for the production of a
multi-material component, three transition zones have to
be optimized to create defect-free intersections. The build
strategies and the associated process parameters for the
following build sequences have to be investigated: material
A on material B, material B on material A, and material
A and B next to each other. Additionally, the combination
of the vertical and horizontal transition zones and the size
of the stairs have to be evaluated. The approach is valid
for two materials: when the main alloying elements are
weldable together and the liquidus temperature of one
material does not lie above the evaporation temperature
of the other material. For filigree structures and thin walls,
adaptions have to be made. In the following, the concept
for the manufacturing of each direction of the transitions
zones and their combination is outlined.

(a) (b) (©)

Fig.1 Theoretical approach for manufacturing the transition zones
between two different materials (material A and material B) with
steps by the discretization into vertical and horizontal transition
zones, a reference transition zone, b theoretical steps, ¢ discretized
transition zone

2.1 Transition zones in the z-direction

In the horizontal direction, a defect-free transition zone
independent of the build sequence of the two materials
has to be generated. A direct buildup of the two materials
with the standard parameters induces either too little or
too much energy into the material in the layers directly
after the material transition, which leads to defects and
unevenly shaped melt pools. Thus, an adaption of the
standard process parameter is required within the layers in
the transition zone. For this approach, a graded transition
between the energy densities of the two materials was
chosen and the energy input was adjusted linearly. The
standard parameters are used to calculate the volumetric
energy density E [30], which can be expressed as

P
EF=—
dhv’ M

with the laser power P, the layer thickness d, the hatch
spacing h, and the scan speed v, and indicates the energy
input into a material. The layer thickness has to be equal for
the standard parameters of both materials. The difference
between the volumetric energy density of the two materials
is interpolated by a linear function (see Fig. 2).

This function defines the energy input for each layer in
the transition zone. The laser power and the hatch distance
are linearly interpolated, and the scan speed is calculated
to achieve the linear variation of the volumetric energy
density from material A to material B. The number of
layers is determined by the energy difference. Depending
on the build sequence of the materials, the number of layers
varies due to the varying depths of the melt pools. The aim
is to achieve a trade-off between minimized defects and
a transition zone with low vertical expansion. The more
the layers are selected, the wider does the transition zone
become. The properties of these are difficult to define. Too
few layers lead to defects. The exact number of layers is
identified experimentally; however, it can vary depending
on the build strategy. When the material with the higher-
energy input is built on the material with the lower-energy
input, comparatively more layers are required to obtain
the same expansion with no defects of the transition zone
than vice versa. Therefore, to obtain a suitable number
of layers for the transition zone, the material with the
higher-energy input is built sequentially with increasing
number of layers on the other material following the linear
interpolation. The smallest number of layers and, thus,
the minimal expansion, in which no defects occurred, was
selected. The number of layers for the other build sequence
is chosen to ensure that the transition zones achieve the
same expansion. With this method, a graded energy
input is introduced into the transition zone from the bulk
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Fig.2 Linear interpolation of the volumetric energy density between
the materials A and B; the laser power and the hatch distance are lin-
early interpolated, the scan speed is calculated accordingly to obtain a
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Fig.3 a Wobble geometry for the transition zone in the x—y plane,
I-III: sequence of the exposure (I) material A with the lower-energy
input, (II) material B with the higher-energy input, (III) material tran-
sition zone scanned with the wobbling strategy, b desired melt pool in
the transition zone as a result of the wobbling scan strategy

material fabricated with standard parameters at the bottom
to the other bulk material manufactured with its standard
parameters at the top.

2.2 Transition zones in the x-y plane

Materials A and B are built adjacent to each other without
any overlapping scanning vectors. The bonding between the
two materials is ensured by a third scan with a different
set of parameters. A beam trajectory with a circular beam
oscillation, also known as wobbling, is applied [31, 32] (see
Fig. 3a).

The width of the wobbling movement can be varied,
which allows to control the expansion of the transition zone.
The wobbling path creates a wide and homogeneous melting
front (see Fig. 3b) in which the two materials intermix in a
liquid state. Thus, the solidification occurs slower, which
serves to reduce the hot cracks.
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Fig.4 Scanning strategy for the three-dimensional (3D) transition
zone, a transition zones in the z-direction with graded energy input, b
transition zones in the x—y plane with the wobbling strategy, ¢ discre-
tized transition zone using steps for the combination of the transition
zones in the z-direction and in the x—y plane

2.3 Combined strategies for three-dimensional
transition zones

The aforementioned strategies are combined to obtain
transition zones with nearly identical dimensions and
properties regardless of the build direction and the angle
of the transition zone. For the overarching build strategy,
the original geometry is divided into height-defined
steps. In theory, the maximum possible accuracy would
be the minimum step height resulting from the required
additional parameter layers of the build strategy in the
z-direction (cf. Sect. 2.1). The step height considered is
the layer thickness or its integer multiple. The greater the
step height, the higher is the deviation from the original
transition contour and the poorer is the accuracy of the
strategy. However, using too small steps can lead to an
interference of the two different build strategies and might
result in unpredictable process interactions.

In Fig. 4, the build strategies for the two directions and
their combination for any angle are depicted.
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Table 1 Particle size distributions Table 2 Standard process parameters
Material Xj3i0 pm 50,310 pm Xgp 3 pm Parameter 1.2079 CW106C
1.2709 a1 30 49 Laserpower 200 W 450 W
CW106C 19 30 44 Scan speed 800 mm/s 800 mm/s
Hatch distance 120 um 130 um
Layer thickness 30 um 30 um
1 Vol. energy density 69.44 J/mm? 144.23 J/mm?
—
XA B
/ Table 3 Wobbling parameters used for the transition zone in the x—y
| | | plane
4. No. # Laser power in W Scan speed in Scan path
mm/s radius in
mm
|
| | 1 100 800 0.250
2 100 800 0.125
Fig.5 Schematic representation of the multi-material PBF-LB/M 3 100 1600 0.250
process based on Anstaett [16] and Schneck et al. [3] 4 100 1600 0.125
5 100 2400 0.250
6 100 2400 0.125
The blue dashed line marks the area, which was manu- 7 75 2400 0.250
factured with the parameter set for the linear interpolation 8 75 2400 0.125

from Sect. 2.1. The red trajectory is the path, the wobbling
strategy takes in the transition zone for the x—y plane. In
Fig. 4c, both strategies are allocated to their areas. The wob-
bling trajectory starts several layers after the beginning of
the build strategy in the z-direction to avoid an overlapping
of the two different strategies.

3 Experimental procedure

The listing of the materials and methods used in this study
is based on VDI guideline 3405 Part 2.6 [33]. Two powder
blends were employed—the copper alloy CW106C and
the tool steel 1.2709. In accordance with VDI guideline
3405 Part 2.6 [33], their status can be defined as 2B (used
powder blend). The particle size distribution (PSD) values
for the diameters x at goods receipt were measured by laser
diffraction using a Mastersizer3000 (Malvern Panalytical,
UK) and are listed in Table 1.

All samples were manufactured on a customized SLM
280" PBF-LB/M machine (Nikon SLM Solutions AG,
Germany). The system has a divided recoating system and a
suction unit to apply and remove different powder materials
as described by Anstaett [16].

After applying (1.) and solidifying the first material (2.),
it is removed by the suction unit (3.) and the second material
can be deposited (4.) and solidified (5.) without moving the
z-axis. Only after the second material is removed by the suc-
tion unit (6.), the build platform is lowered and the process
is repeated for the next layer (see Fig. 5).

According to the comparison conducted by Schneck
et al. [1], this multi-material system is the only solution
in which the achievable powder deposition resolution and
accuracy does not depend on limitations from the multi-
material powder deposition system itself and was, there-
fore, selected for this study. Argon was used as inert gas
and a silicone rubber lip as a recoating device.

The standard process parameters used for the two
materials are summarized in Table 2.

For the validation, various cuboid samples were
prepared with two different build sequences (CW106C
build on 1.2079 and vice versa) with transition zones in
the z-direction. Also samples with their transition zones
in the x—y plane were fabricated using the approach from
Sect. 2.1 with the graded energy input in the transition
zone.

For the wobbling strategy in the x-y plane, two
approaches were applied. A wider and a narrower scan
path radii were chosen for the circular trajectory. Different
parameter sets with decreasing energy input were studied
starting with parameters with the laser power slightly
reduced compared to the tool steel parameter set, while the
scan speed remained the same. The parameters are shown
in Table 3.

Additionally, reference samples were manufactured with
two different reference strategies, which are commonly
employed for the manufacturing of multi-material
components:
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e Strategy No overlap: the transition zones in the z-direction
were built with no overlapping regions of the materials and
with the use of the standard parameters.

e Strategy according to Anstaett [16]: the transition zone
was manufactured with an overlap of the scan vectors of
the two materials of 0.2 mm in the x—y plane without any
adaption of the process parameters.

Beyond the horizontal (z-direction) and the vertical (x—y
plane) material transition zone, three additional transition zone
angles were fabricated for the validation of the 3D transition
zones: 22.5°, 45°, and 67.5°. For each angle, three different
step heights of 0.3 mm, 0.6 mm, and 0.9 mm were applied.
To compare the presented approach with the approach from
Anstaett [16], reference samples for each transition zone were
manufactured accordingly. Furthermore, a sample at the angle
of 45° was fabricated with the no overlap strategy. After the
manufacturing, the samples were cut from the build plate using
wire electrical discharge machining without a heat treatment
to limit the influences in the metallurgical structure in the
transition zone. Some of the prepared cross sections were
etched using V2A etchant for 45 s.

A BX53M (Olympus, Japan) upright visual light
microscope (VLM) was used for qualitative and quantitative
analysis of the transition zones, including optical density
measurements based in VDI 3405 Part 2 [34]. The investigated
area was defined as 500 um perpendicular to the transition
zone and the density was analyzed using the software Imagel
[35].

The width of the transition zone was determined based on
the hardness profile measurements, which were carried out
perpendicular to the material transition zone with a ZHUZ2.5
(Zwick Roell, Germany) machine according to DIN EN ISO
6507-1 [36]. The Vickers hardness (VHN) HV1 was selected
to secure a comparability of the two materials, which have
significant differences in hardness. The distances between the
test indents were chosen to avoid any interference between the
individual indents, as recommended by the standard. To ensure
that the hardness progression perpendicular to the transition
zone was mapped in as much detail as possible, the indents
were placed in several rows and at shifted distances from the
transition zone. The beginning and the end of the transition
zone were defined along the hardness profile at a deviation of
10% from the hardness of the respective monolithic material
region (90% VHN of 1.2709 and 110% VHN of CW106C).

4 Validation and discussion
4.1 Transition zones in the z-direction

The expansion of the transition zones was set by the defini-
tion of the minimum number of layers with graded energy
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Table 4 Graded energy input for four layers (1.2709 on CW106C)

Layer  Laser Scan speedins  Hatch Vol. energy
power in distance in  density nJ/
w um mm?

0 450 800 130 144.2

1 388 807 128 125.2

2 325 811 125 106.9

3 263 811 123 87.9

4 200 800 120 69.4

Table 5 Graded energy input for ten layers (CW106C on 1.2709)

Layer Laser Scan speed  Hatch Vol. energy

power in W in mm/s distance in density n J/
um mm?>

0 200 800 120 69.4

1 225 806 121 76.9

2 250 809 122 84.4

3 275 811 123 91.9

4 300 812 124 99.4

5 325 811 125 106.8

6 350 810 126 114.3

7 375 808 127 121.8

8 400 806 128 129.3

9 425 803 129 136.8

10 450 800 130 144.2

input for the fabrication of CW106C on 1.2709. No defects
were detected in the transition zone after ten layers with
graded energy input. For the manufacturing of 1.2709 on
CW106C, a defect-free transition zone was obtained after
four layers with a graded energy input. The successive lay-
ers were build with their respective energy inputs. For four
and ten layers, the employed parameters and the calculated
volumetric energy densities are listed in Tables 4 and 5.

In Fig. 6, the micrographs of the transition zones for the
manufacturing of CW106C on 1.2709 and vice versa are
depicted.

The images show the reference samples (see Fig. 6a and
¢) and the samples manufactured with the optimized strategy
(see Fig. 6b and d).

The transition zone in Fig. 6a exhibits that the gas poros-
ity and the intermixing area of the two materials is wider
than for the transition zone manufactured with the optimized
strategy (see Fig. 6b). In contrast, the transition zone in
Fig. 6¢ is nearly discrete. The exemplary close-up of the ref-
erence transition zone in Fig. 7 reveals the formation of hot
cracks in the material region of 1.2709 next to the interface.

With the optimized strategy, the transition zones for
both build strategies show similar expansions and material
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(© (d)

Fig.6 Micrographs of the material transition zone in the z-direction,
a reference strategy No overlap for CW106C on 1.2709, b optimized
strategy for CW106C on 1.2709, c reference strategy No overlap for
1.2709 on CW106C, d optimized strategy for 1.2709 on CW106C

intermixing (see Fig. 6b and d) and are nearly defect free.
No cracks were observed.

The width of the transition zones was determined using
the Vickers hardness as described in Sect. 3 . In Fig. 8, the
hardness values for CW106C build on 1.2709 are plotted
over the position perpendicular to the transition zone. Two
curves are shown in the plot. A reference for the standard
strategy according to Anstaett [16] and the values obtained
with the optimized strategy.

Both curves show similar values in the monolithic
material regions of CW106C and 1.2709. The hardness

“CW106C

Fig.7 Exemplary micrograph of the material transition zone in the
z-direction (1.2709 on CW106C) manufactured with the reference
strategy; the hot cracks are marked by the white arrows

in the 1.2709 monolithic material region exhibits slight
deviations, while for CW106C constant values could be
measured. The grains in the 1.2709 regions differ in size
and due to the small load of HV 1, these deviations occurred.

A difference of the course is apparent in the width of
the transition zone. For the reference it starts at a position
of — 0.283 mm and intersects the threshold (dotted-dashed
line) at 0.612 mm. This results in a width of 0.895 mm.
The transition zone fabricated with the optimized strategy
is 0.315 mm wide. It starts at — 0.096 mm and ends at
0.219 mm.

Building 1.2709 on CW106C shows only slight differ-
ences in the width of the transition zones between the refer-
ence sample and the optimized strategy (see Fig. 9).

The values in the monolithic regions of 1.2709 and
CW106C exhibit the same behavior as for the other build
sequence. The transition zone of the reference sample starts
at — 0.091 mm and crosses the 10% threshold of the hardness
at 0.270 mm. This results in a width of 0.361 mm. With
0.341 mm, the transition zone for the optimized strategy
is slightly smaller. The starting point is a — 0.161 mm
and it ends at 0.180 mm. After applying the optimization
strategy, both material transition zones had no observable
defects and showed comparable dimensions. Thus, the
experimental approach for adjusting the energy input in the
build direction and determining the number of layers was
proven. Ten and four layers were suitable to achieve a similar
expansion for transitions from 1.2709 to CW106C and
CW106C to 1.2709, respectively. Compared to the standard
strategies, transition zone width reductions of 65% and 6%

—a— Optimized strategy --&-- Reference —VHN, 5744
== 90% VHN, 3709 — VHNgw106c —~110% VHNGyw106c
450 ' T T

400
350
300
250
200
150
100

50

1.2709

CW106C |

Hardness VHN in HV1

-15 -10 -05 0 05 1.0 15
Position perpendicular to the transition zone in mm

Fig.8 Values of the Vickers hardness over the position perpendicular
to the transition zone of CW106C build on 1.2709; the solid horizon-
tal lines represent the mean VHN in the mono-material region and
the dotted-dashed lines indicate a 10% deviation. The derived width
of the transition zones are visualized by the arrows
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—— Optimized strategy --#-- Reference — VHN, 5749
=-90% VHN, 2709 — VHNewiosc —~ 110% VHNGw106c

450fcw1o06C
400}

350
300
250
200
150
100 -

50

T T T

1.2709 |

Z—

Hardness VHN in HV1

-15 -10 -05 0 05 1.0 15
Position perpendicular to the transition zone in mm

Fig.9 Values of the Vickers hardness over the position perpendicular
to the transition zone of 1.2709 build on CW106C; the solid horizon-
tal lines represent the mean VHN in the mono-material region and
the dotted-dashed lines indicate a 10% deviation. The derived width
of the transition zones are visualized by the arrows

were achieved. The decreased energy input leads to smaller,
shallower melt pools, which not only limits material mixing
but also accelerates the solidification. This in turn fosters
supersaturated mixed crystals and might mitigate hot cracks
during the solidification.

4.2 Transition zone in the x-y plane

In Fig. 10, micrographs of the transition zone in the x—y
plane for the reference according to Anstaett [16], manufac-
tured with the starting parameters for the wobbling strategy
(Parameter set 1 and 2, cf. Table 3), and with the parameter
sets leading to the best results (Parameter set 7 and 8, cf.
Table 3).

Figure 10a represents the reference according to
Anstaett [16]. The transition zone exhibits defects and an
irregular intermixing of the materials. For the samples in
the Fig. 10b and ¢, wobbling parameters with two different
radii (0.25 mm and 0.125 mm) were applied. The energy
inputs were too high; thus, a strong crack formation was
observed in the 1.2709 region parallel to the transition
zone, and gas porosity occurred in the transition zone.
Increasing the scan speed decreased the size of the
crack in the 1.2709 region. However, only lowering the
laser power and increasing the scan speed of the wobble
parameters while keeping the radii constant sufficiently
reduced the energy input and led to an improvement of
the transition zones (see Fig. 10d and e). Changing the
radius of the wobble path resulted in different expansion
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Fig. 10 Exemplary material transition zones in the x—y plane, a ref-
erence transition zone with the strategy according to Anstaett [16],
b—e transition zone with the wobbling strategy: b parameter set 1, ¢
parameter set 2, d parameter set 7, e parameter set 8 as described in
Table 3

of the transition zones. With the 0.25 mm radius, a wider
transition zone was achieved than with the radius of
0.125 mm.

The vertical cross sections in Fig. 11 confirms a defect-
free formation of the transition zones over the entire build
height of the two samples manufactured with the different
radii during wobbling.

Hardness measurements were conducted for the two suit-
able wobble radii. The measurement values are plotted in
Fig. 12 according to Sect. 4.1.

The transition zone for a wobbling radius of 0.250 mm
starts at — 0.471 mm and ends at 0.459 mm. This results in
a width of 0.930 mm. Using a smaller radius of 0.125 mm
leads to a narrower transition zone of 0.620 mm as already
indicated by the micrographs. The transition zone intersects
the starting threshold at — 0.275 mm and ends at 0.345 mm.
A further decrease of the wobble radius might lead to
improved results for a smaller transition zone in the x—y
plane.

By applying the wobbling strategy to the material tran-
sition in the x—y plane, otherwise occurring defects—in
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Fig. 11 a Wobbling radius 0.250 mm (parameter set 7, Table 3); b
wobbling radius 0.125 mm (parameter set 8, Table 3)
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Fig. 12 Values of the Vickers hardness over the position perpendicu-
lar to the transition zone of 1.2709 next to CW106C; the solid hori-
zontal lines represent the mean VHN in the mono-material region and
the dotted-dashed lines indicate a 10% deviation. The derived width
of the transition zones for both wobbling radii are visualized by the
arrows

particular irregular porosity and hot cracks—could be
avoided. A homogenization of the melting front and the melt
pool in general by wobbling during re-melting appears to
lead to healing effects of the re-melted area without causing
new defects [31]. The energy input selected for wobbling
seems especially critical as entirely new defects, such as
stress cracks, may be created. For the investigated param-
eter variations, the width of the transition zone was four
to five times the wobbling radius. Even though the general
approach has been validated, a reduction of transition zone
dimensions and a general wobbling geometry and a scanning
parameter optimization need to be investigated in further
studies.

4.3 Combined strategies for three-dimensional
transition zones

For the validation of the 3D transition zone, both presented
concepts were applied during the manufacturing of parts
with transition zones at different angles using the stair step
method.

The stair step height was varied to account for a sufficient
accuracy while avoiding an overlap of the two building
strategies in each direction.

The micrographs in Fig. 13 demonstrate the process-
ability of the different step heights for both material build
sequences at the angle of 45°.

The different step heights led to a variation in the dis-
cretization of the transition zone. The higher the steps, the
more distinct are the transition zones. The extent of the steps
is more pronounced for the build sequence of CW106C on
1.2709. For the other build sequence, the steps become
blurred and more continuous. The smaller the steps, the
stronger are the effects. The difference in the characteristics
of the steps is also evident at different angles, which are
depicted in Fig. 14. The samples were manufactured with a
step height of 0.3 mm at different angles.

Discrete steps are visible in Fig. 14a. At all other angles,
the transition zone blurs and becomes more continuous.
However, for all variations few defects were detected and
no cracks occurred.

To evaluate the feasibility and the applicability at
different angles independent of the build sequences, the
density was measured for each transition zone direction and
for the three different step heights and are presented as mean
values of both material build sequences. The densities of the
references samples and the samples manufactured with the
optimized strategy are summarized in Table 6.

For the evaluation of the optimized strategy, samples
with a transition zone at an angle of 45° and a transition
zone in the z-direction were built with the reference strategy
No overlap. Additionally, samples at 22.5°, at 45°, at 67.5°,
and in the x—y plane fabricated according to the strategy of
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Fig. 13 Material transition zones with optimized step strategy for
the transition zones at 45° for both material build sequences, a and b
with a 0.3 mm step height, ¢ and d with a 0.6 mm step height, e and f
with a 0.9 mm step height

Anstaett [16] were analyzed. The density for mono-material
parts with reprocessed powder from the multi-material
process are listed according to Schroeder et al. [37] to be
able to categorize the results of the transition zone.

Using the reference strategy No overlap in the z-direction
led to comparable densities as in the monolithic regions.
However, as soon as the transition zone angle changed,

defects were induced and the porosity rose. This effect is
confirmed by measuring the density. The density values
of the approach according to Anstaett [16] are suitable for
the transition zone in the x—y plane. The smaller the angle,
the higher is the porosity. Furthermore, the transition zone
expansion increases with decreasing angles. Due to the con-
stant overlap of 0.2 mm in the x—y plane, more areas of the
two different materials imbricate [16].

With the optimized strategy, densities even higher than
in the mono-material regions were achieved. This can be
attributed to the healing effect of the wobbling strategy.
However, when approximating a continuous transition by
lowering the step size, strategies appear to interfere and
porosity increases. The higher the steps, the fewer are the
pores formed in the transition zone. The same effect was
observed for an decreasing angle. The lower the angle, the
fewer were the pores that occurred. Thus, a trade-off between
the resolution of the process and defect-free transition zones
arises. It can be summarized that the method can be applied
for inclined material transitions. However, further energy
input optimizations might be needed for fully continuous
transition zones.

5 Conclusions and outlook

A general approach for creating transition zones with high
fidelity in multi-material PBF-LB/M was developed and
presented. It contains three major steps: a linear grading of
the energy input in the build direction (z-direction) over a
selectable number of layers, a homogenization of the transi-
tion zone within a single layer using wobbling during the
re-melting, and a discretization of the inclined transition
zones via specific increments to combine the first two steps.
The method was validated using one of the most relevant
material combinations in multi-material PBF-LB/M [1]. It
has been shown that the method is suitable for manufac-
turing multi-material transitions, which are comparable to
mono-material regions regarding the defect occurrence. A
transition zone height (extent in the z-direction) of 341 um

Table 6 Measured densities

. . Mono-mat. Reference [37] No overlap Reference [16] Step approach with 3 heights
for the mono-material regions
according to Schroeder et al. CW106C 99.60%
[37] and the different transition
zone directions (dir.) for the 1‘.2709 99.73%
three presented approaches Dir. 0.3 mm 0.6 mm 0.9 mm
compared to the manufacturing z 99.69% - 99.86% 99.86% 99.86%
with no overlap and to the 22.5° - 99.40% 99.72%  99.81%  99.90%
approach of Anstaett [16] 45° 99.37% 99.54% 9951%  99.66%  99.75%
67.5° - 99.59% 99.13% 99.38% 99.49%
X=y - 99.63% 99.92% 99.92% 99.92%

The densities are shown as mean values of both material build sequences
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Fig. 14 Material transition zones with optimized step strategy for the
transition zones with a 0.3 mm step height for both build sequences, a
and c at the angle of 22.5°, b and d at the angle of 67.5°

and a width (extent in the x—y plane) of about 620 um
could be achieved. The healing effects of the re-melted area
appear to enable low-defect material transitions in the x—y
plane. Inclined transition zone quality was the highest for
the largest steps and thus the lowest number of alterations
between the transition zones in the z-direction and the x—y
plane. Continuous approximation by decreasing the step size
caused an increase in porosity.

Given the dimensions of the material transition achieved
in this study, the method is currently limited to bulk
material and not specifically suited for fine structures below
approximately 341 pm (z-direction) and 620 um (x—y plane).
Upcoming investigations will focus on further decreasing
the transition zone dimensions and lowering the step size of
the inclined material transitions. To ensure that no unwanted
phases form in the transition zone, X-ray diffraction
measurements will be carried out. Additionally, mechanical
investigations of multi-material test pieces manufactured
by applying the presented approach will be conducted.
The same applies to further validations by transferring the
method to other material combinations.
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