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A B S T R A C T   

Additive manufacturing (AM) can be used to produce multi-material parts in which the material 
can be varied voxel-wise in all three spatial directions. This means that the paradigm of the 
homogeneous material can be abandoned and local effects such as heat conduction or damping 
can be selectively adjusted in the part. Recently, continuous development of machine technology 
has allowed the production of multi-metal materials in laser powder bed fusion (PBF-LB/MM). 
Compared to other additive manufacturing processes for multi-material production, this allows 
greater design freedom and detail accuracy to be realized. However, due to the novel character of 
multi-material manufacturing in PBF-LB, the process knowledge for successful and reproducible 
fabrication is currently lacking. This paper focuses on establishing design guidelines for 
manufacturing the material pairing of stainless steel 316L (1.4404) and copper alloy CuCrZr 
(CW106C). The article is accompanied by the development of a specific process chain. As a result 
of this work, design guidelines for multi-material parts are available for the first time, in regard to 
arrangement, size, overhangs, economy, powder quality and laser scanning.   

1. Introduction 

In recent decades, the technical, ecological and economic demands placed on parts have gradually increased. In order to keep up 
with international competition, new solutions must therefore be continuously developed. Additive manufacturing (AM), in particular 
the laser powder bed fusion of metals (PBF-LB/M) process, can be used to produce parts with a high degree of design freedom [1–4]. 
This opens up completely new design potential in product development. However, not all potentials can be fully exploited for additive 
manufacturing (AM) of mono-materials. Up until now, research has mainly focused on the lightweight design of topology- and 
shape-optimized structural parts that exhibit high potential for automotive and aerospace applications [4–6]. The design objectives of 
material savings, thin walls and net-shape geometries are primarily addressed. In addition to the macroscopic design parameters such 
as topology or shape, however, the microscopic design parameters, in particular the material properties, also have a crucial impact on 
the part performance [7,8]. Due to the advancing technology development of multi-material design, it is now possible to leave the 
paradigm of the homogeneous material, rapidly enabling new design possibilities to be realized. As a result, the design objectives of 
local property adjustment and internal effects can be addressed to a more significant extent. Through the additional utilization of 
functional materials, which are primarily characterized by their thermal, electrical, magnetic, or damping properties, it is possible to 
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realize technologically contradictory properties, such as high stiffness coupled with high damping or local regions containing 
conductive and non-conductive materials, respectively, in a single part [9–11]. By integrating various effects such as thermal con
duction or damping, parts can be optimally adapted to their specific environmental conditions. This approach is also known as 
effect-engineering [12]. 

In this context, the technology of 3D multi-material parts is a crucial factor in order to adjust the materials or properties in a part 
voxel-wise in all three spatial directions [13–15]. In addition to well-established methods for multi-metal additive manufacturing, such 
as directed energy deposition (DED), there now exists the possibility to manufacture such parts in PBF-LB [12]. Compared to directed 
energy deposition (DED), the PBF-LB process has the advantage of being able to achieve greater accuracy and design freedom due to 
the smaller laser spot diameter [7,16,17]. Multi-material fabrication of metals has been used for centuries in a variety of applications in 
order to locally adapt properties specific to the requirements. However, the use of additively manufactured metal multi-materials has 
only been a subject of discussion since 1998 [18]. The technical implementation of controlled voxel-wise material placement within a 
material layer is currently a particularly challenging task [19,20]. So far, predominantly cuboidal 2D multi-material specimens, which 
exhibit a variation in material in the build direction, have been investigated [13,14,21–23]. A common finding of the results is that a 
strong connection between dissimilar metal/metal interfaces could be identified. However, these findings are not directly transferable 
to 3D multi-material parts, which offer a greater potential due to the high degree of design freedom. The technological maturity of 3D 
multi-material manufacturing using PBF-LB was assessed using manufacturing readiness levels (MRL) following a ten-point scale with 
a maturity level of four to five [24]. This indicates that the proof-of-concept of this technology has been completed and that it is already 
possible to produce multi-material components in a laboratory setting. By contrast, the industrial application of this technology is not 
yet mature [25]. On the one hand, the reasons for this are the high manual effort required for the design and data preparation of 
multi-material components, since no specialized design tools are available, and on the other hand, the lack of knowledge in the field of 
process technology [9,17,24,26–28]. In literature, there is a complete lack of recommended actions and design guidelines for the 
design of additively manufactured multi-materials with the aim of ensuring a reproducible manufacturing process of multi-material 
components and gaining control over component quality [3,7,9,24]. 

In this paper, design guidelines are developed as a supporting tool for the successful manufacturing of laser beam melted multi- 
material components. For this purpose, Chapter 2 identifies the challenges and potentials for multi-material manufacturing along a 
specific process chain. For the specific implementation of multi-material design, selected characteristic features are produced and 
analyzed on the basis of the boundary conditions from Chapter 3. The results are then summarized in the form of a design catalog 
(Chapter 4). Finally, the summary and outlook are provided (Chapter 5). This work will thus lay the foundation for establishing a set of 
rules for the development of laser beam melted multi-material parts. 

2. Review 

For a clear differentiation of the terms, this chapter first addresses the definition and structure of additively manufactured multi- 
material parts. In addition, the current state of research in multi-material manufacturing is outlined on the basis of the entire PBF-LB/ 
MM process chain. 

2.1. Definition of terms and classification of multi-material parts 

The term multi-material is used to describe a composite of at least two microscopically definable and distinguishable materials. The 
materials used can belong to the same or to different material groups, such as metals, polymers, ceramics or glass. In the field of 
additive manufacturing, multi-material parts can be divided into categories according to the type of material transition, geometric 

Fig. 1. Classification of material transitions with respect to geometric dimensions.  
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dimensions and manufacturing method. Fig. 1 shows a gradation between a mono-material (one material), hybrid-material (two 
materials) and multi-material (at least two materials) with exemplary models. Here, the three-dimensional machine coordinate system 
defined according to ISO/ASTM 52921 is used, where the x-y plane represents the parallel plane to the build platform and the z-axis 
represents the build direction of the layers [29]. In the case of the hybrid part, the substrate part is manufactured conventionally and 
the second material is additively built up on it. In contrast, in the case of the multi-material part, all materials are manufactured using 
additive manufacturing (AM). This approach finds agreement with, among others, Anstaett et al. [30] and Schneck et al. [24]. There 
are some discrepancies in literature regarding the assignment of the dimensions. For example, the term 1D is interpreted as either “no 
material change” [31] or “one material change” [25,32]. Furthermore, the term 2D hybrid has a double designation. Since the des
ignations for mono-material and hybrid material are clearly defined, only for multi-material are the dimensions of the material 
transitions of 2D (material transition in one dimension) and 3D parts (material transitions in at least two dimensions) considered. 
Furthermore, the material transitions are categorized into discrete (clearly microscopically definable boundary) and graded 
(continuous boundary). 

2.2. PBF-LB process chain for multi-material manufacturing and current research activities 

Due to the advancing technology of additive manufacturing (AM) of multi-materials, the product development process must also be 
adapted accordingly. For example, additional considerations such as the selection of design tools, the definition of respective process 
parameters, as well as used powder recycling and post-processing strategies must be taken into account. Therefore, in the following, 
the holistic PBF-LB/MM process chain will be discussed in greater detail, which, like the conventional mono-material process chain, 
can be divided into the phases of design, pre-process, in-process, post-process and finishing (see Fig. 2) [1]. 

2.2.1. Design 
In addition to the actual part modeling, the design process includes a large number of other steps such as planning, material se

lection, optimization and the determination of suitable process parameters. In the best case, most of the knowledge concerning the 
entire process chain must already be available in this phase, as the influence on the product development process is the most significant 
here. 

The design process begins with the specification of requirements and the identification of design objectives. Depending on the 
desired technical properties, the four material groups metal/metal, metal/ceramic, metal/polymer and metal/glass can be chosen in 
the next step “material selection” for multi-material production in general. Special focus is currently being placed on the first material 
group, metal/metal. Due to the fact that the materials are similar in their properties such as atomic bonding and coefficient of thermal 
expansion compared to the other material groups, the joining zone results in a better bond [28]. Research by Schneck et al. [24] 
suggests that in hybrid fabrication, predominantly similar metals, such as two iron or aluminum alloys are investigated. In contrast, 2D 
multi-material manufacturing mainly uses iron and aluminum alloys with dissimilar materials, and 3D multi-material manufacturing 
mainly uses steel/copper combinations, such as 316L/CuSn10 [19] or 1.2709/CW106C [30]. Some materials, such as titanium alloys, 
are entirely absent in the research of multi-materials using PBF-LB [24]. In principle, it is useful to use aids for material selection [28, 
33]. These include, for example, general methods for the selection of additively manufactured multi-materials [27], methods for the 
resolution of conflicting targets [34], manufacturing-specific material databases [35], and alloy compatibility charts [3]. 

Fig. 2. PBF-LB process chain for multi-material manufacturing.  
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Suitable design tools must be selected for the geometric modeling of multi-material parts. Since the tools for multi-material 
manufacturing are currently insufficient, classic CAD programs such as Autodesk Inventor or SOLIDWORKS are usually still used. 
This involves creating a separate 3D volume model for each material domain in order to subsequently assign suitable process pa
rameters [26,27]. Therefore, new approaches are necessary for the realization of a requirement-specific material allocation at the 
desired areas. Altenhofen et al. [26] present a novel modeling method, which is particularly suitable for the generation of graded 
material transitions in volumetric models. This is done by generating NURBS (Non-Uniform Rational B-Splines) volumes based on an 
isogeometric analysis (IGA). This approach has been implemented by the Fraunhofer IGD as part of the software GraMMaCAD (Graded 
Multi-Material CAD), which enables the user to assign locally varying material properties within a 3D model [36]. Two other tools, 
GrabCAD Print and Autodesk Monolith, are also worth mentioning in the context of material assignment in volumetric models. 

Before determining the process parameters and scanning strategies for individual materials prior to the build cycle, the material 
compatibility must be verified with respect to the melt pool behavior of the interface morphology. It is well known that defects such as 
cracks and pores can occur in the joining zone due to various thermal-physical properties such as laser absorptivity and thermal 
conductivity [21,37,38]. In order to prevent or minimize these effects, two different measures can be taken [28]. One is the opti
mization of the process parameters [21,39,40] and the other is the determination of suitable geometries along the interfaces [28, 
41–44]. The objective is to produce the highest possible relative density and a defect-free material in order to achieve sufficient part 
quality. At present, qualification of materials for the PBF-LB process is typically performed through a large number of experimental 
trials, which involve a long lead time and high cost [21,28]. Thus, in order to minimize the effort, current research studies mainly 
consider a single laser track. This allows relevant parameters such as laser power and scanning speed to be identified. However, in 
order to optimize scanning strategies or to be able to make statements about pores in the microstructure, investigations of 
three-dimensional part geometries are essential. A further approach is the use of numerical analyses, which can predict the underlying 
physical behavior during the PBF-LB manufacturing process for multi-material production [45]. At present, multi-material simulation 
is not possible using commercially available software. Therefore, a number of research groups have been working on building 
simulation models to analyze such parts [46]. A major challenge in this regard is the discrepancy between the sizing and time di
mensions. Simulating the entire part leads to disproportionately high computational costs given the high temporal and spatial reso
lution required to investigate the melting process [47]. In consequence, a step-by-step workflow using a multiscale approach is often 
followed. Initially, a single laser trace is examined, which allows properties such as heat input, thermal emission, phase transition, and 
surface tension to be investigated [41,48]. This allows the melt pool geometry to be determined, which is then used as input pa
rameters for the heat source of the single-layer model. Lastly, the thermal and mechanical influences on the part level can be calculated 
which allows conclusions about potential process-induced part warpage to be drawn [46,49,50]. Although additive manufacturing 
offers a high degree of design freedom compared to conventional manufacturing processes, material-, process- and machine-specific 
restrictions and rules have to be taken into account during the design process. Currently, no manufacturing restrictions and design 
guidelines are available for multi-material manufacturing [3,9,24]. In contrast, a large number of PBF-LB design guidelines are known 
for mono-materials [51]. For example, Kumke et al. [52] provide a comprehensive list of design guidelines. Furthermore, it is currently 
common practice in data preparation to create a separate sub-solid model for each varying material as well as process parameter, 
which are then exported it to three-dimensional STL (Standard Triangulation Format) facet model files. Other available file formats 
such as AMF (Additive Manufacturing File Format) or 3MF (3D Manufacturing Format) can, in contrast to STL, contain additional 
information on the material, surface and other physical properties, but are currently not widely adopted by machine manufacturers [9, 
52–54]. 

2.2.2. Pre-process & in-process 
Before parts can be manufactured during in-process, they must first be prepared for machine setup during pre-process. This involves 

creating layer files from the STL sub-models using a preparation toolset such as Autodesk Netfabb or Materialise Magics. The individual 
process steps involved are as follows:  

1. Virtual placement of the parts onto the particular machine build platform  
2. Slicing according to the desired layer thickness  
3. Selection of the hatch filling pattern (Simple, Stripe, Quad, Checkerboard)  
4. Generation of filling for each parameter set (hatch distance, pattern width, angle allocation)  
5. Export of contours and hatching as CLI (Common Layer Interface) files. 

This preparation process is associated with high time and effort labor [9,24,28]. Moreover, it involves exporting large amounts of 
data. Therefore, more efficient part preparation tools, e.g. material-specific build processors, with a higher degree of automation will 
be necessary in the future. 

The virtual part data from the pre-process is then fed to the additive multi-material machine, allowing the physical part to be 
generated layer-by-layer in the in-process. Most research has investigated 2D multi-material specimens, as these can be manufactured 
with commercially available PBF-LB machines by means of a manual material change in the z-direction [14,37,55]. In contrast, when 
manufacturing 3D multi-material parts, spatial control over material distribution is essential [56]. Common recoating mechanisms do 
not enable a multi-material deposition in the x-y plane [19]. Consequently, one of the current core research topics is the development 
of apparatuses for multi-material deposition [14]. 

Fig. 2 illustrates a schematic build cycle that enables a three-dimensional material distribution at the voxel level. This deposition 
principle uses a separate drum for each material powder [57]. The drums are equipped with a fine-mesh surface, enabling powder 
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particles to adhere to the drums by means of a vacuum generated via a controlled gas flow. They particles are then selectively deposited 
during the application of each layer [15]. The build cycle is fully automatic and consists of the following iterative steps:  

1. Two-dimensional powder deposition of material A and B  
2. Selective melting and solidification of the powder bed  
3. Lowering of the build platform by a predefined layer thickness  
4. Movement of the recoater to the initial position and repetition of step 1 for layer n+1. 

Using in-situ process monitoring, it is possible to generate data during the build cycle that provides detailed information about the 
melting procedure, allowing the underlying causes of part defects to be identified at an early stage and corrected if necessary. With 
respect to the PBF-LB process, McCann et al. provide a current overview of in-situ process monitoring principles [58]. Particularly 
noteworthy in this regard are the pyrometer, which can detect overheating or undercooling of the melt pool, and the high-speed 
camera, which enables visual assessment of the melt pool. At present, so-called open-loop systems are typically used in current 
implementations of process monitoring, in which the parameters are not adjusted until after analysis in post-processing. By contrast, 
the novel closed-loop approach allows automated parameter adjustments in real time [59]. Furthermore, machine learning can be used 
as a means for automated evaluation and classification of sensor data. However, the research status for doing so is still in the 
developing stage [58,60]. Further literature in this research area can be found in the contributions of [59,61–64]. 

2.2.3. Post-processing & finishing 
In post-processing of the finished part, the fundamental steps and challenges, such as powder removal, part separation from the 

build platform, evaluation of in-situ process monitoring, post-processing and quality control, are identical for mono- and multi- 
materials. Currently, however, there are no specific guidelines for mechanical and thermal post-processing of multi-material parts 
[24]. 

The clean separation of mixed powders represents an additional process step. This step involves both the separation of the various 
powder materials from each other as well as the removal of process-related impurities (classifying). Since the particle sizes involved in 
voxel-wise material deposition are similar, the current state of the art for material separation is proving to be challenging and has not 
yet been implemented in practice [9,17,28]. There is a need to investigate novel approaches that exploit the physical material 
properties - such as magnetizability, density, electrical conductivity, surface wettability and chemical or mechanical properties [28]. In 
the selection of a suitable separation principle, the properties of the materials that exhibit the greatest possible differences should be 
taken into account [65]. Of significant relevance for this area are the works of the Fraunhofer IGCV, which, in addition to the technical 
trial and implementation of relevant sorting procedures, also consider methodologies for their selection and evaluation [9,66–68]. In 
addition to the technical feasibility, the economic viability of the entire powder process chain is considered, in order to be able to select 
the optimal sorting process for a particular application. In this context, ferromagnetic separation and sieving are particularly worthy of 
mention, as they have proven to be the most promising processes [66]. 

When validating the part, it is useful to conduct investigations concerning mechanical and thermal parameters as well as micro
structural analyses in the joining zone. In this regard, there have been several investigations in research related to the characterization 
of the joining zone of 2D specimens using optical methods such as optical- and scanning electron microscope (SEM) images to analyze 
the microstructure and make statements about the strength and defects [13,19,21–23,37,55,69,70]. 

3. Materials and methods 

In the following, the approach and initial conditions for the determination of PBF-LB/MM design guidelines for the material 
combination CuCrZr/316L are presented. On the basis of the studies by Adam et al. Wegner and Witt et al. Thomas et al. and Schäfer 
et al. which employ a systematic approach for the development of design rules, the four steps “consultation of experts/machine 
manufacturers”, “development of test specimens and selection of suitable measuring equipment”, “production of test specimens with 
varying characteristics” and “quality inspection and evaluation” can be identified, which were also used in the context of this work 
[71–74]. 

Fundamentally, the overall quality of multi-material test specimens produced by PBF-LB is dependent on a large number of 
influencing parameters. Table 1 provides an overview of the main influencing parameters. This paper differentiates between largely 
non-influenceable boundary conditions, such as machine, process and powder specifications, and influenceable parameters, such as 
geometry and scanning specifications. 

Table 1 
Essential influencing variables for the production of PBF-LB test specimens.  

Machine specification Process specification Powder specification Geometry specification Scan specification 

Spot size Scanning system Morphology Discrete/graded Laser power 
Powder delivery system Monitoring Particle size 2D/3D Scan speed 
Build Space Inert gas atmosphere Condition Shape Hatch distance 

Dimension  
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3.1. Machine and process specification 

To implement the multi-material design, an Aconity MIDI + machine is used with an integrated Aerosint SPD Recoater V1.0. 
Table 2 lists the key data for the machine and process specifications. 

3.2. Powder specification 

Fig. 3a and b shows the chemical compositions and the corresponding cumulative particle size distributions specified by the 
manufacturer of the 316L (Carpenter Additive) and CuCrZr (Eckart TLS GmbH) powders used. The particle size distribution has a 
crucial influence on powder flowability and the density of the powder bed. When determining the largest particles in a powder size 
distribution, the percentile value of d90 is a key variable. The particle size d90 was found to be 24 μm for 316L and 27 μm for CuCrZr, 
which means that 90% of the particles are smaller than 24 μm and 27 μm, respectively. The particle size distribution requirement for 
the employed PBF-LB system ranges from 15 to 35 μm. These non-customary sizing requirements are necessary to ensure adhesion to 
the drums for powder deposition. Furthermore, the particle shape of the powder was examined using an optical microscope. A 
spherical morphology of the particles was observed, which is required in order to achieve a powder bed that is as dense and homo
geneous as possible (see Fig. 3c). 

3.3. Geometry specification 

For the fundamental evaluation of the PBF-LB/MM system, this paper primarily considers five different characteristic features. The 
test specimens are listed along with their varied parameter ranges in Table 3. To evaluate the manufacturability of part clearances and 
downskin angles, pre-existing mono-material test specimens according to DIN 52902 are used (see Table 3a and b) [DIN52902]. For 
the multi-material test specimens, the anisotropy of the material variation, the voxel size within a gradation and the scanning pa
rameters are investigated. For this purpose, different interfacial geometries are considered. The most basic method to join materials 
together is the butt joint (see feature: anisotropy, Table 3c). The joint geometry with an interlocking contour follows the approach of 
increasing the size of the contact area (see feature: laser power, Table 3e). The graded material transition can be regarded as a 
connection geometry in which stress concentrations and the associated defects are to be prevented by creating an enlarged transition 
zone (see feature: grading, Table 3d). In addition to the specimens for which features were assigned, control specimens were generated 
that are initially exposed in a build cycle in order to verify the laser alignment, i.e. the correspondence between the deposition and scan 
contours, in advance and to be able to adjust the PBF-LB/MM system if necessary (see control specimens, Table 3f). Furthermore, it is 
important to note that all specimens were manufactured without support structures and no post heat treatment was performed. 

3.4. Scan specification 

The initial data for the scan parameters are given in Table 4a (manufacturer specifications of Aerosint). In this work, the volume 
energy density is considered as a comparison value. This value describes the amount of energy that the laser beam introduces into the 
material per volumetric unit and is calculated from the quotient of the laser power and the product of the scan speed, layer thickness 
and hatch distance. The interaction between the laser beam and the absorption characteristics of the material has a significant in
fluence on the resulting part quality. Since the copper alloy has a high thermal conductivity and lower absorption rate of the laser 
energy at a wavelength range of 1070 nm compared to the steel alloy, it requires a higher volumetric energy density to melt the 
material. Additionally, the powder layer of the copper alloy is melted a second time at a 90◦ angle offset from the previous layer. This is 
also referred to as remelting and results in lower crack formation, porosity and reduced residual stress while simultaneously increasing 
the part density. Furthermore, a stripe pattern is used for hatch filling, in which the minimum track width is limited to 0.08 mm by the 
laser spot diameter. For the evaluation of the scan data, the laser power and scanning speed were varied according to Table 4b. 

Table 2 
Machine and process data. 
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Fig. 3. Powder material, a. Chemical composition of the materials used, b. Logarithmic particle size distribution, c. Spherical morphology using the 
example of 316L 

Table 3 
Characteristic features and test specimens. 
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3.5. Measurement procedure 

This work primarily uses optical inspection procedures, such as visual inspection and a scanning electron microscope (SEM), as well 
as radiographic inspection using micro-computed tomography (μCT). The in-process is recorded using a CMOS camera, which allows 
defects to be detected during the build cycle and corrected if necessary. Fig. 4a shows a photo taken after a recoating cycle and Fig. 4b 
links to a video recording of the scanning process. 

After the build cycle, the first step is to evaluate the manufacturability of the test specimens by means of visual inspection at a 
macroscopic level. In the next step, selected test specimens are examined in detail using additional equipment that provides a view into 
the interior of the specimen at a microscopic level. The SEM can be used for microstructural examination, in particular for the detection 
of defects in the joining zone of different materials. μCT, on the other hand, allows defects in the entire three-dimensional test specimen 
to be examined and analyzed in any sectional plane. This enables even complicated geometries of test specimens to be inspected for 
dimensional accuracy as well as surface roughness. 

4. Results and discussion 

The results obtained from the considered characteristic features from Table 3 are presented in Table 5. For the assessment of 
manufacturability, Harvey balls indicating “successfully manufacturable” (black filled circle) and “not manufacturable” (white filled 
circle) are used. 

4.1. Part spacing and downskin angle 

Table 5a and b shows the different features “slot width” and “downskin angle” for the mono-material specimens of the materials 
316L and CuCrZr. All test specimens could be manufactured in their entirety. Thus, it can be generally confirmed that the given 
machine, process and powder specifications lead to the desired results. In order to determine the smallest achievable distance between 
two slots or parts, the slot width is measured with the aid of a feeler gauge in the measurement range from 0.05 to 1 mm and compared 
with the nominal values [75]. It was found that the actual values were on average 0.3 mm smaller than the nominal values. Gaps below 
0.6 mm cannot be manufactured. From these results, it can be concluded that a minimum spacing of 1 mm can be successfully 
manufactured. The investigation of downskin angles showed that all flat tabs (length 15 mm) could be fabricated with angles from 15◦

to 90◦. However, significant differences can be seen both between the tabs themselves and between their corresponding downskin and 
upskin surfaces (see Table 5b). A self-supporting downskin angle of 30◦ is recommended in this case. It is important to mention in this 
context that the investigation presented here is based on random samples and that further research will be required for statistically 
validated measurements in the future. 

4.2. Anisotropy 

To investigate the influence of direction-dependent material arrangement on part quality, SEM images were acquired of the 
manufactured cubical test specimens (see Table 5c). In each specimen, the inner core of the polished joining zone is examined. The 
investigations reveal that multi-material manufacturing is a highly anisotropic process and that the build direction of the part has a 
significant influence on the joining zone. While mixing occurs in the joining zone (interfacial diffusion) in the case of a steel to copper 
printing sequence, resulting in improved bond strength, no mixing occurs in the case of an inverted arrangement. If both materials lie 

Table 4 
Scanning parameters, a. Boundary conditions, b. Parameter set with constant scan speed of 600 
mm/s. 

Fig. 4. In-situ camera for process monitoring, a. Photo after recoating, b. Video of scanning process.  
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parallel to the build direction, the joining zone exhibits significant pores and cracks. The findings thus confirm that excessively high 
temperature gradients during the solidification process lead to defects in the joining zone. 

4.3. Grading 

Two out of the four graded samples could be manufactured. Due to the large number of voxels, transferring the part data to the 
multi-material machine proved to be a challenging task. The smallest achievable voxel size is 1 mm. A completely continuous material 
transition cannot be produced in the joining zone. The individual voxels of the materials are discretely separated from each other. 

4.4. Laser power 

The scan parameters of CuCrZr are investigated on a geometry-specific basis using 3D-specimens. Compared to the butt joint, the 
interlocked joint contour has a 62% larger surface area of contact. The results show that all the parameters varied are within the 
feasible process window in the range from 78 to 208 J/mm3, though significant differences can still be observed between them. The 
recommended laser power for CuCrZr in this case is 400 W or a volume energy density of 139 J/mm3, which results in a more ho
mogeneous melt pool in the joining zone with 316L compared to the initial parameters (500 W). 

4.5. Design guidelines 

In addition to the five characteristics previously studied, new machine- and process-specific findings could also be obtained by 
means of process monitoring. All results were formalized in material- and process-specific design guidelines in the form of a catalog 
(see Figs. 5 and 6). A total of twelve guidelines could be identified, which, for the sake of clarity, are classified into six characteristic 
groups: arrangement, size, overhangs, economy, powder quality, laser exposure. This includes representative examples, a description 
and, where appropriate, specific values. 

Table 5 
Evaluation of the manufacturability of geometry characteristics. 
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5. Summary and outlook 

Compared to the additive manufacturing of mono-materials, the design solution space can be expanded by using functionally 
optimized multi-materials. For reaching industrial maturity, design guidelines are necessary to act as supporting tools during the 
design phase. The aim of this work is to develop process-specific PBF-LB/MM design guidelines for the 316L/CuCrZr material com
bination. Selected characteristic features were investigated, differing in geometry and scan specifications. With the boundary con
ditions considered in this work, it was possible to fabricate specimens with arbitrarily placed materials within a build plane. Entirely 
novel machine- and process-specific insights could be gained compared to mono-material manufacturing. For example, the inert gas 
flow should be switched off during powder deposition in order to avoid powder contamination. Currently, the phenomena of crack and 
pore formation in the joining zone due to differences in material properties pose a major challenge in PBF-LB/MM manufacturing. This 
particular effect was also identified in this paper, specifically in the case of a flat butt joint with a material transition in the build plane. 

Fig. 5. Part/material-specific design guidelines.  
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By contrast, no defects were observed in the case of a material transition from steel to copper in the build direction. Here, material 
mixing takes place in the joining zone, which results in an improved bond strength. Multi-material manufacturing is therefore a 
strongly anisotropic process where the material arrangement has a significant influence on the joining zone. 

The investigations show that it is possible to manufacture different interface geometries, such as a rectangular interlocking ge
ometry or a graded material transition, using this process-specific PBF-LB/MM method. However, no completely continuous material 
transition can be realized using the graded material transition. The smallest achievable particle size for material grading is approxi
mately 1 mm. Furthermore, suitable process parameters were identified using three-dimensional test specimens for CuCrZr in order to 

Fig. 6. Machine/process-specific design guidelines.  
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achieve a homogeneous melt pool and a defect-free joining zone. For CuCrZr, a process window for the volumetric energy density in 
the range of 104–174 J/mm3 is recommended. The process parameters must be adjusted both material-specific and, in particular, 
geometry-specific. 

Future work is needed to investigate this effect in more detail in order to gain further control over component quality. There are 
several possible measures to achieve this. On the one hand, further optimization of the interface geometry is needed, on the other hand, 
the partial variation of the process parameters along the joining zone needs to be investigated. Furthermore, post-process heat 
treatment strategies, such as hot isostatic pressing (HIP) for redensification of the test specimens, could be investigated. In order to 
obtain more detailed information about the melt pool behavior during the build cycle, additional tools such as pyrometers and high- 
speed cameras should be used in future research work. The findings established in this paper provide an initial foundation for 
comprehensive PBF-LB/MM design guidelines and can be expanded in further research for arbitrary materials, geometry features, as 
well as processes. 
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[58] R. McCann, M.A. Obeidi, C. Hughes, É. McCarthy, D.S. Egan, R.K. Vijayaraghavan, A.M. Joshi, V. Acinas Garzon, D.P. Dowling, P.J. McNally, D. Brabazon, In- 

situ sensing, process monitoring and machine control in Laser Powder Bed Fusion: a review, Addit. Manuf. 45 (2021), https://doi.org/10.1016/j. 
addma.2021.102058. 

[59] K. Gutknecht, M. Cloots, R. Sommerhuber, K. Wegener, Mutual comparison of acoustic, pyrometric and thermographic laser powder bed fusion monitoring, 
Mater. Des. 210 (2021), 110036, https://doi.org/10.1016/j.matdes.2021.110036. 

[60] P. Yadav, O. Rigo, C. Arvieu, E. le Guen, E. Lacoste, In situ monitoring systems of the SLM process: on the need to develop machine learning models for data 
processing, Crystals 10 (2020) 1–26, https://doi.org/10.3390/cryst10060524. 

[61] M. Grasso, A. Remani, A. Dickins, B.M. Colosimo, R.K. Leach, In-situ measurement and monitoring methods for metal powder bed fusion: an updated review, 
Meas. Sci. Technol. 32 (2021), https://doi.org/10.1088/1361-6501/ac0b6b. 

[62] T.G. Spears, S.A. Gold, In-process sensing in selective laser melting (SLM) additive manufacturing, Integr Mater Manuf Innov 5 (2016) 16–40, https://doi.org/ 
10.1186/s40192-016-0045-4. 

[63] B. Wu, X. yuan Ji, J. xin Zhou, H. qing Yang, D. jian Peng, Z. ming Wang, Y. jie Wu, Y. jun Yin, In situ monitoring methods for selective laser melting additive 
manufacturing process based on images — a review, China Foundry 18 (2021) 265–285, https://doi.org/10.1007/s41230-021-1111-x. 

[64] Y. Hagedorn, F. Pastors, Process monitoring of laser beam melting, Laser Technik Journal 15 (2018) 54–57, https://doi.org/10.1002/latj.201800009. 
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