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Abstract

Producing complex parts from multiple materials using conventional technologies is
challenging, time-consuming, and often uneconomical due to several manufacturing steps needed
and increased costs. Multi-material powder bed fusion of metals using a laser beam (MM PBF-
LB/M) enables new possibilities for processing several materials in a single manufacturing step
and can significantly enhance functionality and lightweight potential, for example, in aerospace
applications. However, defects in the transition zone of the materials, such as pores and cracks,
pose an obstacle to further development and limit the use of MM PBF-LB/M. These defects often
arise from mismatching energy inputs. By adjusting process-related parameters, the quality of the
transition zone could already be improved. However, the experimental effort is high, and
material-specific properties are often not considered. This paper presents an approach that takes
material properties into account alongside process-related influences. A preliminary overview of
these factors is provided. Furthermore, initial experiments were conducted for the combination of
a copper alloy (CW106C) and a tool steel (1.2709), as well as for the combination of a
ferromagnetic steel (1.4006) and a non-ferromagnetic steel (type750). By adjusting the scan
vector distance, it was possible to create a bond with minimal defects. For the combination
CW106C/1.2709, a distance of 80 pum resulted in a nearly defect-free connection. For 1.4006/
type750, an overlap of 100 pum led to a qualitative bond, emphasizing the importance of
material-specific factors. Therefore, understanding and influencing relevant factors, both material
and process-related, is essential for standardized processing, which facilitates the production of
innovative components.

Introduction

Powder bed fusion of metals using a laser beam has established itself as one of the most
important additive manufacturing techniques and is used for many industrial applications [1]. In
addition to rapid prototyping, series applications are increasingly found in the aerospace
and automotive sectors [2]. In recent years, much research has been conducted into the
further development of PBF-LB/M to produce novel multi-material parts [3]. The idea is that a
component can be made not only from one material but from multiple materials, and in such
cases, is referred to as a functionally graded material (FGM) [4, 5]. This is also possible
with conventional manufacturing techniques such as casting or welding. However, MM PBF-
LB/M can create added value precisely in this area, as the layer-by-layer build process and the
use of a powder material feedstock allow for the local distribution of different materials. Due
to the high complexity that can be achieved with PBF-LB/M, advantages over conventional
manufacturing techniques arise. The distribution of different materials enables the creation of
components with tailored properties
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that best meet the requirements for a specific use case. An example of this is the production of an
injection nozzle from the materials CW106C (CuCrl1Zr) and 1.2709 (X3NiCoMoTi18-9-5) [6]. By
combining the good thermal properties of the copper alloy and the high mechanical properties of
the tool steel, the functionality of an industrially relevant component could be improved. A variety
of materials and different machine concepts have been investigated in the past. However, a more
general approach to manufacturing multi-material components using PBF-LB/M does not yet exist.
This paper presents a concept that considers not only process-related factors but also material-
specific properties. Relevant key factors are collected in a first step and classified into the
categories material and process-related. Additionally, the influence of the scan vector distance on
the quality of the transition zone for two industrially relevant material combinations is examined.
This lays the foundation for the overall objective of finding and understanding relevant key factors,
thereby enabling new material combinations for MM PBF-LB/M in the future.

State of the Art

Multi-material powder bed fusion of metals using a laser beam is the subject of current
research and can be divided into the areas of in-situ alloying, two-dimensional (2D), and
three-dimensional (3D) MM PBF-LB/M. In-situ alloying involves the mixing of different powder
materials before or during the process. 2D MM PBF-LB/M includes those processes where
conventional manufacturing techniques are combined with the standard mono-material process
(hybrid) or where at least two mono-material processes are combined with material transitions in
one direction. 3D MM PBF-LB/M finally refers to techniques that enable any spatial distribution
of at least two materials in the component. All three areas will be presented below based on the
state of the art.

In-situ alloying

Before the actual process, a powder mixture of several alloys can be produced and
processed in the conventional PBF-LB/M process. This is referred to as in-situ alloying. The entry
barrier is low, as conventional AM systems can be used without modification and possess a high
technology readiness level (TRL). Theoretically, all powder materials that can be processed in the
PBF-LB/M process can also be combined with each other. In the studies by WIMMER et al. [7], for
example, 316L and AlSi10Mg were mixed in different fractions, processed, and examined using a
novel setup. With the help of thermography and high-speed imaging, it was possible to quantify
the melt pool depth during the process and compare it with the results of the metallographic
analysis. By adding 20 mass-% AISi110Mg to 316L, the variation in depth was reduced by 48%.
This shows that, in addition to the influence of process parameters such as scan speed, as previously
demonstrated in [8], the material composition and thus material-related factors also play a
significant role for the process. The described form of MM PBF-LB/M can be extended so that the
powder materials are mixed and applied layer by layer during the process itself, which allows for
a targeted gradient of the chemical composition in the build direction. This was examined, for
example, in [9] for the alloys Inconel 718 (IN718) and Ti6Al4V (Ti64). Up to a content of
10 mass-% IN718 in Ti64, the powder mixture was buildable but exhibited cracks—presumably
due to the brittle intermetallic phase Ti2Ni.

329



Two-dimensional (2D) MM PBF-LB/M

In addition to in-situ alloying, two-dimensional MM PBF-LB/M is frequently applied, as
the entry barrier is also low and conventional PBF-LB/M systems can be used. The basic principle
is to combine two different materials, where the first material is in the form of a build plate or a
conventionally manufactured component and is complemented by the second material in the PBF-
LB/M process, which is also referred to as hybrid PBF-LB/M [10]. A combination of several AM
processes to produce multi-material components is also possible, such as PBF-LB/M and directed
energy deposition of metals using a laser beam (DED-LB/M) [11, 12], DED-LB/M and DED-
LB/M [13, 14], PBF-LB/M and laser foil printing (LFP) [15], and liquid dispersed metal powder
bed fusion (LDM-PBF-LB/M) [16]. The material transition typically occurs in the build direction,
which is why the term 2D MM PBF-LB/M has become established. The first layers or individual
tracks on the build plate have been examined. CHEN et al. [17] discovered through in-situ X-ray
monitoring that for the combination of a 316H substrate plate with IN718, a higher line energy
density of up to 675 J/m resulted in a more diffuse interface. Melt pool depth, melt pool width, and
mixing zone depth also increased, with a higher number of pores and cracks observed.
NARAYANASWAMY et al. [18] continued these investigations and built 3161 onto conventionally
manufactured IN718. Additionally, a novel system concept was presented in [19], where
Continuous Functionally Graded Materials (CFGMs) could be produced through separated areas
in the powder reservoir. By adjusting the angle of the separating walls, different gradients could be
achieved, which was investigated for 316L and a nickel-based superalloy.

In addition to using substrate plates or conventionally manufactured components as the
second material, 2D MM PBF-LB/M can also represent the connection of two additively
manufactured components from different materials. WANG et al. [20] combined layers of TiB; and
Ti64 in a component and showed that residual stresses were particularly pronounced at the interface
of the individual layers. The TiB nano-whiskers formed during the process positively affected the
connection. SCHANZ et al. [21] developed a novel recoater that allowed for the combination of up
to four different materials. This system can be used in conventional PBF-LB systems and for
different lasers, providing high flexibility. To test the system, 316L was combined with the bronze
CuSnl0. Cracks that occurred in the structure could be attributed to three mechanisms:
(1) significantly different melting points, (i) different thermal expansion coefficients, and
(111) infiltration of bronze into the grain structure of 316L. The novel setup enabled different
materials to be combined and examined, which is helpful for the development of new material
combinations. Further investigations into the combination of 316L with CuSn10 can be found in
[12, 17]. Unidirectional scan vectors in the transition zone without rotation in the surrounding
layers positively affected the mechanical properties, which was attributed to improved grain growth
in the transition area. WANG et al. [12] also found that for a build sequence of 316L — CuSn10, the
best mechanical properties were achieved at an angle of 30° to the build plate—compared to 45°,
60°, and 90° to the build plate [22]. CORTIS et al. [23] investigated the processing of 316L with
CuCrlZr, noting that the poor absorption and high thermal conductivity of the copper alloy
presented challenges, resulting in greater fluctuations in mechanical properties. This was also
confirmed in [24], where similar experiments with this material combination were conducted and
numerical simulations were performed. In particular, the mixing in the transition zone of the
materials led to significantly altered optical properties and occasionally to a more pronounced
reflectivity. Copper alloys are relevant in technical applications, as the high thermal conductivity
of copper can be combined with the good processability of the copper alloy in the PBF-LB
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process [5]. ZHANG et al. [25] processed IN718 and CuCrlZr in a two-dimensional process and
demonstrated strong diffusion of nickel into copper and vice versa. Further investigations into this
material combination can be found in [26]. The size of the transition zone was about 750 um in the
experiments. Key factors influencing the mechanical properties included: (i) microcracks,
(i1) element segregation, and (iii) microstructural inhomogeneities. CHEN et al. [27] focused on the
combination of silver and copper. GUIMARAES et al. [28] combined WC-Co and 316L. Other
combinations in two-dimensional additive manufacturing of multi-material components include
316L with 15-5PH [29], 316L with AlSi10Mg [30], and 316L with 17-4PH [31]. The aim of most
studies on two-dimensional additive manufacturing is to combine different materials and achieve
a defect-free transition by influencing process parameters. However, certain combinations are
difficult to join, as either thermophysical or metallurgical properties or both are too different. In
such cases, it is often advisable to include one or more additional materials as transition layers. The
aforementioned connection of IN718 and Ti64, for example, was improved in [32] by the use of
niobium and copper interlayers, and in [33] by the use of a CuCr1Zr interlayer.

Three-dimensional (3D) MM PBF-LB/M

In the two-dimensional MM PBF-LB/M process, material transitions occur only in one
spatial direction, usually the build direction. To fully utilize the advantages of different materials
in a component, transitions in all three spatial directions need to be realized [34]. This means that
in the layer-wise additive manufacturing process, material transitions must be possible not only
between layers but also within a layer. Unlike 2D MM PBF-LB/M, this cannot be achieved with
conventional PBF-LB systems, necessitating modifications to the equipment. According to
SCHNECK et al. [35], there are fundamentally three concepts: (a) Holohedral, (b) Nozzle-based, and
(c) Masked. All concepts are shown in Figure 1 and share the feature that they can process at least
two different powder materials both within a layer and across layers.

L 1 I
a) b) c)

Figure 1: Comparison of the a) Holohedral, b) Nozzle-based, and
¢) Masked powder deposition concept adapted from [35]

An application for the nozzle-based technique can be found in [36]. With a modified
system, it was possible to produce a battery cell cap made from two pure metals, aluminum and
copper, as well as a ceramic mixture of 20 mass-% alumina and 80 mass-% zirconia (ATZ). This
process also represents a challenging combination of 3D MM PBF-LB/M and the previously
described in-situ alloying. Despite the very different thermophysical properties of the materials, a
qualitative transition between them was achieved. A targeted calculation and consideration of
shrinkage during pre-processing, as well as a stepwise transition between material areas, positively
affected the connection.
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The masked technique is also relevant and is often used due to higher powder coating rates.
The basic principle is that the regions of the materials are already correctly captured by a
mechanism, the mask, and deposited for a layer [35]. An example of the technique is the Selective
Powder Deposition (SPD) system developed by Aerosint [37]. In this method, a drum is provided
for each material, covered with a fine mesh. A vacuum allows the powder to be sucked to the
surface of the drums and fixed at the voxel level. Specific material regions are then deposited on
the build plate by rolling the drums and selectively opening valves at the bottom, enabling the
processing of different powder materials within a layer [37]. MEYER et al. [38] provide helpful
guidelines for processing 316L and CuCrlZr with the SPD recoating technique. These
investigations were expanded by DEILLON et al. [39], where defects like cracks in the 316L area
and pores in the CuCrlZr area were also observed. Besides adjusting process parameters, Hot
Isostatic Pressing (HIP) was suggested to heal defects. Another methodology was developed where
CuCrlZr areas near the transition zone were not exposed to the laser but left in a powder state.
Through subsequent HIP treatment, a very fine-grained structure with chromium-rich precipitates
could be generated in these regions. Other material combinations investigated with the SPD coating
technique include M300 (1.2709) with CuCr1Zr [37], 904L (1.4539) with bronze [40], and IN718
with Invar (64FeNi) [41]. The orientation of the transition zones significantly influences the quality
of the material transition, according to [3] and [40]. For the three-dimensional MM PBF-LB/M
process, it is crucial whether a material transition occurs within a layer (x-y) or across layers (z).
Therefore, the orientation of the components in the build space plays an important role. The coating
direction of the SPD recoater relative to the material transition within a layer had, according to
GRIFFIS et al. [40], a comparatively minor influence on the quality of the joint zone. PRESTES AND
JAGLE [41] also noted that it is beneficial to process both materials within a layer using a continuous
exposure strategy, which is only possible if the powder materials can be processed with identical
parameters. This was the case for the combination of IN718 and Invar (64FeNi). However, the
accuracy of powder deposition is limited when coating with a voxel-based mask. Current
techniques can generate voxels with edge lengths down to a few hundred microns [35].

An alternative to the masked technique is the so-called holohedral powder coating, which
derives its name from the Greek "holos" for "whole" and "hedra" for "face," meaning a "full-
surface" coating. The resolution limit in this technique is only restricted by the laser and is therefore
high [5]. The fundamental process involves fully coating with one material, then removing
unsolidified powder after exposure and refilling the resulting cavities with another powder. This
allows for three-dimensional material transitions to be created. Typically, suction is used to remove
the powder material [35]. A system concept based on the principles of holohedral MM PBF-LB/M
is presented in [42]. Notably, this system is capable of processing up to six different powder
materials. The so-called Graded Alloy Processing (GAP) thus offers high flexibility in material
selection. In experiments, titanium and tantalum, as well as IN718 and a copper alloy, were
successfully processed together, with material transitions both within a layer and across layers.
Another holohedral concept can be found in [43], where two spatially separated coaters and suction
systems were used to manufacture test specimens from IN718 and pure copper. RINGEL et al. [44]
used computer-aided topology optimization to manufacture a burner nozzle from IN718 and
CuCrZr. A defined overlap of the scan vectors comparable to [45] had a positive effect on heat
transfer but resulted in defects in the joining zone. RAVICHANDER et al. [46] illustrate an example
of how a regular PBF-LB system can be modified to enable three-dimensional MM PBF-LB/M. In
the experiments, the powder materials 316L and IN718 were successfully processed together with
a customized SLM 125 PBF-LB machine. With a rotatable powder chamber containing two
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reservoirs, it was possible in [47] to produce 3D multi-material components from the High Entropy
Alloys (HEA) AICuCoCrFeNi (AlCu-HEA) and MnCoCr (Mn-HEA). As discussed in the sections
on in-situ alloying and 2D MM PBF-LB/M, the combination of IN718 and Ti64 was also
investigated in the three-dimensional case. A key conclusion in [48] was that within a layer, the
scan strategy significantly affects the thermomechanical behavior of the two materials near the
transition zone. Scan vectors at an angle of 45° to the transition zone positively influenced energy
distribution and prevented local overheating. This reduced residual stresses and defects. A material
combination often studied in science and of technical relevance is CW106C (CuCrlZr) and 1.2709
(X3NiCoMoTil8-9-5). The physical properties of the copper alloy, such as high thermal and
electrical conductivity, along with the advantageous mechanical properties of the tool steel, make
this combination interesting for many applications [49]. ANSTAETT [50] provides a guide for data
preparation, selection of equipment technology, and recoating concepts using this material
combination as an example. Building on this, SCHNECK et al. [6] manufactured an injection nozzle,
achieving improved functionality through the combination of these two materials. Increased defect
density was observed in the transition areas, manifesting as pores and cracks. Further investigations
can be found in [51], focusing on the modification of a conventional PBF-LB system to produce
three-dimensional multi-material components, supported by experiments combining CuCr1Zr and
1.2709. As the removal of the previously processed powder material within a layer is crucial for
the holohedral recoating concept, studies were conducted by BARETH et al. [52]. Using simulation
methods, a novel suction nozzle was designed and manufactured, allowing for significant
improvement in suction homogeneity. This reduced cross-contamination in the components, which
is essential for three-dimensional MM PBF-LB/M. The improved suction nozzle was used to
produce another industrially relevant component, namely a radio-frequency quadrupole
prototype [53]. A general approach for developing parameters for the transition zone of three-
dimensional multi-material components is given by SCHROEDER et al. [5]. Guidelines
demonstrating how to improve the quality of the transition zone using CuCrlZr and 1.2709 as
examples were provided. For a z-transition, a linear grading between the standard Volumetric
Energy Densities (VEDs) of the two materials over several layers was proposed. The VED was
calculated as

E = P/vht, (1)

with the laser power P, scan speed v, hatch distance 4 and the layer thickness . To enhance the
material transition within a layer, remelting of the transition zone was investigated. Finally, a
combination of both approaches with appropriate process parameters led to a reduction of defects
in the transition zones and controllable properties of the transition area in the experiments.

Intermediate summary

(1) The additive manufacturing of multi-material components can be accomplished using
in-situ alloying, 2D, and 3D MM PBF-LB/M. The latter offers the possibility of
providing material transitions both within a layer and across layers. This allows for a
targeted adjustment of the material distribution in all three spatial directions, thereby
achieving the highest functionality of the components.

(i1) Material combinations that have been frequently investigated in the field of
3D MM PBF-LB/M include CW106C/1.2709, CW106C/316L, CW106C/IN718,
IN718/316L, and IN718/Ti64. Defects such as pores and cracks in the transition zone
are often analyzed, and strategies were developed to minimize them.
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(iii)  Publications on 3D MM PBF-LB/M mainly focus on new machine concepts and the
investigation of specific material combinations.

(iv)  There is a knowledge gap in the simultaneous consideration and investigation of process
and material-related key factors. By connecting both areas, previously studied material

combinations can be better understood, and new material combinations can be enabled
for MM PBF-LB/M.

Concept

One of the biggest challenges in the field of 3D MM PBF-LB/M is the processing of
different powder alloys with material transitions within a layer and in the build direction. The
previous chapter has shown that numerous machine concepts with high technical maturity exist to
produce three-dimensional multi-material parts, and selected material combinations have been
processed together. However, the transition zones of the materials often exhibit numerous defects
such as pores or cracks. To enable 3D MM PBF-LB/M for high-tech applications in the future, for
example in the fields of aerospace and energy technology, the process must be further developed,
and existing obstacles must be overcome. Some approaches exist, but they are often focused on a
specific material combination, and the transferability to other materials is challenging. This paper
presents a concept according to which key factors are crucial for a successful 3D MM PBF-LB/M
process. The concept is schematically illustrated in Figure 2.

1: Collect, classify and evaluate key factors 2: Investigate the factors with selected
(process and material-related) material combinations

[
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@
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3: Transfer the results to other 4: Define guidelines for the 3D MM
material combinations PBF-LB/M process
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Eh

Figure 2: Concept to enable new material combinations
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In the first step, key factors are collected, classified, and evaluated. The factors should be
both process-related and material-related. In the second step, experiments are conducted to
establish a connection between the theoretical factors and the real process. Here, the experience
from previously conducted experiments can be utilized. The material combinations should be
selected based on their suitability for investigating the factors and their technical relevance. In the
third step, it will be examined how the findings can be transferred to other material combinations.
The details of how this transfer can take place will then be developed. Finally, in the fourth step,
guidelines should be provided regarding what needs to be considered for the investigated and future
material combinations, as well as recommendations for the 3D MM PBF-LB/M process will be
given. In a first approach, the key factors were divided into the areas of material-related factors and
process-related factors. It should be noted that both areas—material and process—influence each
other and are interdependent.

Material-related factors

The selection of two materials for the MM PBF-LB/M process often takes place based on
the material properties that are critical for a specific application. For example, in the combination
of CWI106C and 1.2709, these are the good thermal conductivity of the copper alloy and the
advantageous mechanical properties of the tool steel [5]. By defining the materials, the physical,
mechanical, and metallographic characteristics are established. The properties of the powder
materials are also defined. Important material-related factors can be found in Table 1.

Table 1: Material-related factors (excerpt)

Variable Description Unit
Melting temperature
Tm (T, Ts) (liquidus temperature, solidus °C
temperature, phases)
Coefficient of thermal q
Otherm . K
expansion
Atherm Thermal conductivity W/m-K
_ Density of the bulk material Jem?
PMaterial, PPowder and powder g
_ Specific heat capacity of the )
CMaterial, CPowder bulk material and powder VkgK
TPowder Powder flow behavior s/50 g
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Process-related factors

According to ANSTAETT [50], a selection of the system technology and coating technology
must take place for the 3D MM PBF-LB/M process. These factors are inherent to the actual process.
A corresponding selection could be, for example: holohedral powder coating system with suction
mechanism. Furthermore, numerous factors can be influenced in the process. Important process-
related factors are provided in Table 2.

Table 2: Process-related factors (excerpt)

Variable Description Unit
Praser Laser power W
VLaser Scan velocity mm/s

hbistance Hatch distance um
ILayer Layer thickness pm
E Volumetric energy density J/mm?
Scan vector distance
dsvp (between the material areas um
within a layer)

One of the process-related factors that is investigated in this paper is the scan vector
distance (dsvp). As shown in Figure 3, it represents the distance between the scan vectors of the
two material areas within a layer. It significantly influences the energy introduced by the laser near
the transition zone, thereby affecting the bond. As different materials have varying melt pool sizes
and shrinkage rates, it is necessary to adjust dsvp to achieve a complete and uniform joint.

\\/ 9svp
x/iy A

Figure 3: Schematic representation of the scan vector distance dsyp
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First results
Materials and Methods

First experiments that investigated the influence of the scan vector distance dsvp were
conducted for the material combinations CW106C/1.2709 and 1.4006/type750 (metals for printing
m4p, Magdeburg, Germany). As previously explained in the state of the art, the combination of
CW106C and 1.2709 is often used when both the thermal and electrical conductivity of the copper
alloy and the mechanical properties of the tool steel are critical for a specific application [49, 50,
53]. The different magnetic properties of the martensitic chromium steel (1.4006) and the fully
austenitic Ni-Cr-Mo steel (type750) are important in the second material combination. Both steels
exhibit excellent weldability, good mechanical properties, and high corrosion resistance. A
modified SLM 280"" PBF-LB/M machine (Nikon SLM Solutions AG, Germany) was used for the
investigations. The system was equipped with a divided holohedral powder recoating mechanism
and a suction unit as described by SCHROEDER et al. [5]. For the experiments, a build chamber
reduction was used with substrate plate dimensions of 100 mm - 100 mm. The build processes took
place under a controlled argon atmosphere, and brushes were used for powder application. The
process sequence for one layer could be divided into the steps (1.) coating with material A,
(2.) solidifying of material A, (3.) removal of material A, (4.) coating with material B,
(5.) solidifying of material B, and (6.) removal of material B. A schematic representation of the
process steps is given in Figure 4. Steps (1.) to (6.) were repeated for each layer until the entire
component was produced.

Figure 4: Schematic representation of the 3D MM PBF-LB/M process
adapted from [5]
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The properties of the powder materials used in the experiments can be found in Table 3.

Table 3: Chemical composition and Particle Size Distribution (PSD) percentiles

of the powder materials used in the experiments

Main alloying constituents

PSD percentiles: d1o,3/ dso,3/

slee in mass-% doo,3 in pm
Cr (0.5), Zr (0.07),
CW106C Cu (Balance) 16/ 28/ 44
Ni (18), Co (8.8), Mo (4.9),
1.2709 Ti (1.1), Fe (Balance) 19729742
1.4006 Cr (12.1), Mn (0.8), Si (0.7), 21/ 32/ 45
Fe (Balance)
Ni (29.2), Cr (28.9),
type750 Mo (2.99), Mn (2.71), 21/31/42

Fe (Balance)

In the MM PBF-LB/M process, the parameters given in Table 4 were used.

Table 4. Process parameters employed in the experiments

Material | Praser in W | VLaser in mm/s | Apistance in pm | fLayer in pm | E in J/mm3

CW106C 450 800 130 30 144.23
1.2709 200 800 120 30 69.44
1.4006 200 800 100 30 83.33

type750 200 800 100 30 83.33

In the experiments, a scan vector distance ranging from 180 um to -70 um in steps of 50 pm
for the combination CW106C/1.2709 and a range of 0 um to -500 pm in steps of 100 um for the
combination 1.4006/type750 was employed. In accordance with ANSTAETT [50], the exposure
sequence for the first material combination was chosen so that within a layer, 1.2709 was exposed
first, followed by CW106C. For the second material combination, type750 was exposed first,

followed by 1.4006. The results are presented and discussed in the next section.
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Results and Discussion

Figure 5 shows micrographs of the material combination CW106C/1.2709, where the cross-
sectional images were taken in the x-y plane, thus parallel to the base plate and within a layer.

CW106 ‘ 1.2709 CW106 1.2709 CW106 1.2709

v 1 y y
Al I Il mm| g X Ilmm| g X I mm

CW106 | 12709 CW106 12709 CW106 o

e O

o
N
oy

Y : . Ay . y
Z X lmm|: ¢ X lmm| z X : 1 mm

5 mll 0 5 B : 5

Figure 5: Micrographs of the combination CW106C/1.2709 with a dsvp of a) 180 um,
b) 130 um, c) 80 um, d) 30 um, e) -20 um, and f) -70 um

As can be seen, no complete connection between the material areas could be achieved for
a scan vector distance of a) 180 um. This was expected, as the distance between the scan vectors
prevented touching or even overlapping of the melt pools. With decreasing dsvp, the distance
between the CW106C and 1.2709 areas also decreased. At a value of ¢) 80 um, the gap between
the material areas was closed, and a complete connection occurred for the first time. For all further
values of dsvp that were investigated, the connection remained intact.

Figure 6 shows microscopic images of the combination 1.4006/type750, where the cross-

sectional images were made parallel to the z-axis, thus perpendicular to the base plate and in the
build direction.
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type750 ' 1.4006 type750 1.4006 type750 1.4006

7 : : '
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type750 1.4006 type750 . 1.4006 type750 1.4006
z z z "
T 1 mm T 1 mm T : 1 mm
d) ¢) f)

Figure 6: Micrographs of the combination 1.4006/type750 with a dsvp of a) 0 um,
b) -100 um, c) -200 um, d) -300 um, e) -400 um, and f) -500 um

For the first chosen scan vector distance of a) 0 pm, localized defects are visible. Just like
in the combination CW106C/1.2709, the distance between the scan vectors of the two areas within
a layer was too large to allow for a complete bonding of the materials. As dsvp decreased, these
defects along the interface disappeared, resulting in an almost defect-free transition zone. With
decreasing values of dsvp and thus increasing overlap, the intermixing of the two materials also
increased, being largest in f) for a scan vector distance of -500 pm.

When comparing the influence of the scan vector distance dsvp for both material
combinations—CW106C/1.2709 and 1.4006/type750—the effects observed are similar. A too
large scan vector distance resulted in no material-bonding contact being established, leaving a gap
or lack of fusion defects along the joint. As dsvp decreased, the distance between the solidified
material areas also reduced, eventually leading to contact. This allowed for a connection with a low
number of defects to be achieved in both cases. With increasing overlap, the mixing of the two
materials increased. Accordingly, it was possible to influence and establish a qualitative bond
between the materials for both combinations by adjusting the scan vector distance. Further
investigations are needed to show how the different material-related properties, such as the
coefficient of thermal expansion aimerm, have affected the bonding zone. In particular, the width of
the melt pools and the shrinkage during cooling and solidification have a significant impact on the
width of the gap between the two material areas. Therefore, dsvp must be selected appropriately to
ensure a uniform transition between the two materials that is as defect free as possible.
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Conclusion and Outlook

In the present work, the PBF-LB/M process for the production of three-dimensional
multi-material parts has been investigated. This form of the process, in which at least two different
powder materials can be processed in any spatial distribution, has been studied in the past and may
play a significant role in sectors such as aerospace, automotive, and energy in the future. Current
research is particularly focused on the further development of machine technology and the
investigation of specific material combinations, with a focus on process-related influencing factors.
To further develop the process and overcome current obstacles such as pores and cracks in and
near the transition zone, these process-related factors should be expanded to include material-
related properties. The paper provides an initial overview of these key factors. Additionally, first
experiments were conducted with the material combinations CW106C/1.2709 and 1.4006/type750.
It was shown that a change in the scan vector distance has an impact on the characteristics of the
transition zone for both material pairings. For the combination CW106C/1.2709, a distance of
80 um led to a connection that was nearly defect-free. In the case of 1.4006/type750, a 100 um
overlap resulted in a high-quality bond. In the future, the relationship between the scan vector
distance and relevant material-related properties, such as melting temperature and thermal
expansion coefficient, will be investigated. This allows for the determination of optimal parameters
for specified material properties. Ultimately, this will yield new insights that can be used to assess
new material combinations.

The concept described in this paper needs to be further elaborated. An initial overview of
important factors that need to be extended has already been provided. Furthermore, these factors
need to be classified and evaluated according to their relevance. Methods will be found to
investigate these factors based on selected material combinations. A first step in this direction has
already been taken in the present paper. Additionally, it needs to be investigated how these findings
can be transferred to other material combinations and whether there is a more general approach.
Finally, guidelines for the MM PBF-LB/M process will be developed based on this.
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