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A B S T R A C T   

This article discusses the use of Material Extrusion of Metals (MEX/M - defined in ISO/ASTM 52900) technology 
for producing multi-material components, which offers a cost-effective and efficient method without requiring 
major adaptations to existing equipment. The article presents the successful manufacture of 316L/17–4PH multi- 
alloy steel cubes for four different sintering temperatures using commercially available equipment and feedstock. 
The feasibility study of the multi-material samples was supported by analyzing the shrinkage, optical density, 
and microstructure as output parameters. Unlike other works, the multi-material produced parts showed regular 
shrinkage behaviour and no major deformation, indicating the possibility of creating functional parts without the 
need for post-processing. Interestingly, relevant findings were made on the different shrinkage values obtained 
for the constellations considered. Further in-depth investigation of each parameter involved in all the stages of 
the chain value (extrusion, debinding, and sintering) will be key to support the present results. Additional 
research into the mechanical and magnetic properties of the samples produced could lead this combination of 
materials to applications in various industries including automotive and aerospace.   

1. Introduction 

The advent of additive manufacturing (AM) has furthered many 
areas of industry with the ability to create novel geometries that were 
not possible with long-established manufacturing processes, such as 
milling and casting [1,2]. By far the most widespread AM process is the 
Material Extrusion of Polymers (MEX/P), due to its low cost and fast 
production of parts [3,4]. A recent development within the AM space is 
the filament-based material extrusion of metals (MEX/M - defined in 
ISO/ASTM 52900), also known as Metal Fused-Filament Fabrication 
(FFF) as per ISO 52900, whereby a metallic powder held within a 
polymer matrix is extruded using MEX/P style printers [5,6]. Similar to 
Metal Injection Molding (MIM), the part is then debound chemically 
and/or thermally [7,8], and then placed in a sintering furnace until it 
densifies. The result is a high-density metallic part with densities in the 
range of 95–98% [9]. Due to its similarity to both MEX/P and MIM, 
MEX/M has a solid foundation in the literature [10–13]. Thus, a wide 
range of materials is readily available in different forms (rods, pellets, 

cartridges) due to the usage of feedstock similar to that used in MIM [14, 
15]. 

One interesting use case of MIM is Multi-material (MM) parts. Pre
viously referred to as two-component MIM (2 C-MIM) different mate
rials are formed together during injection molding and are subsequently 
debound and co-sintered [16]. This allows not only for a reduction in the 
amount of post-processing required but also increases the functionality 
of parts [17]. A range of different material combinations have already 
been tested, such as steel-steel [18,19], other metal-metal [20–22] 
metal-ceramic [17,23] as well as ceramic-ceramic [24,25]. Previous MM 
studies using 2 C-MIM have generally necessitated the use of adjusted 
powder composition fraction to yield successful results [17,19]. Parallel 
to MEX/M, there is also existing research regarding MM parts produced 
using MEX/P, where the discrete deposition of multiple materials using 
separate nozzles, as well as the mixing of two materials within a single 
nozzle head has also been investigated [26,27]. Late investigations have 
also focused on optimizing the interlayer strength of the polymer parts, 
especially at the interface between two materials [28–31]. Since the 
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MEX/P and MEX/M share the same hardware, the previous study could 
be covered for metal MM parts. 

MM deposition using MEX/M is therefore well-posed, due to the fact 
that equipment and research exist on the MEX/P side, while the feed
stock material combinations have been investigated from the MIM side. 
Conversely, MEX/M offers some advantages with respect to MEX/P and 
MIM. Namely, the feedstock of different MEX/M materials has a similar, 
or custom, polymer matrix. This allows for uniform printing parameters 
during the printing stage, which leads to better adhesion between 
different layers. With respect to MIM, MEX/M can create parts that 
aren’t fully dense, i.e. parts with an infill pattern as typically seen in 
MEX/P, which can help speed the debinding process [32]. Additionally, 
the geometric freedom enabled by MEX/M that is not accessible through 
MIM could be used to fine-tune the interface of two materials, to in
crease the chances of successful sintering. 

To date, there has been a very limited amount of research regarding 
MM parts produced using MEX/M. Mousapour et al. [33] investigated 
the use of 316L stainless steel and high-carbon iron MM cubes. Mixed, 
coupled, and functionally graded samples were produced, using 
commercially available filament with mixed results. By optimizing the 
sintering conditions concerning temperature, holding time, and heating 
rate, densities of 91–92% were achieved. All samples showed extensive 
deformation, indicating the need for post-processing to obtain usable 
components. Abel et al. [34] experimented with Zirconia/17–4PH 
stainless steel components, with self-prepared feedstock. Samples were 
produced without major defects, showing good adhesion at the interface 
on a macroscopic level. To that end, existing literature lacks a thorough 
investigation of manufacturing MM components using MEX/M, despite 
the literature that exists from MIM already, as well as MEX/M being well 
suited to MMAM concerning other AM processes, especially in terms of 
cost-effectiveness [35]. 

Depending on the material combination, there is a wide range of 
applications for MM MEX/M components. The work of Imgrund et al. 
[19] details the manufacture of magnetic-nonmagnetic parts using a 
combination of 17–4PH and 316L stainless steel, albeit with micrometal 
injection molding. Two demonstrators were produced, one being a 
magnetic positioning encoder incorporated with a hall sensor, the other 
being a miniature tachometer. Zirconia/17–4PH components, as pro
duced by Abel et al. [34] can be used to create heating elements, with 
the electrical conducting stainless steel sitting within an isolating zir
conia matrix. 17–4PH/316L was identified as an interesting material 
combination for MM MEX/M, due to existing research from MIM, the 
availability of feedstock, as well as the similar sintering behaviors of the 
two materials [19]. In this paper, the feasibility of MM MEX/M is 
studied. For this, the bonding between the two materials will be assessed 
by analyzing the shrinkage, optical density, and microstructure for four 
proposed sintering temperatures. The aim of this research is to prepare 
the foundations of the process towards achieving a successful 
manufacturing process that enables quick changes in design and enables 
a higher degree of complexity than 2 C-MIM for MM parts. 

2. Methods and materials 

The test samples are manufactured with AISI 316L (EN 1.4404) and 
AISI 630 / 17–4PH (EN 1.4542) filament provided by the company 
PT+A (Dresden, Germany) with the starting powder composition illus
trated in Table 1. Powder size distribution was described by the provider 
as “Fine” grade powder size and was guaranteed for the 17–4PH and 
316L powder that were used for the filament production. Fig. 1 shows an 
SEM image of the debonded filament showing the particles of 17–4PH 
and 316L, with a powder size in the range of 2 µm to 15 µm respectively. 
The particles for both alloys are predominantly spherical, exhibiting 
minimal elliptical necks. In comparison to the reference [36] the particle 
sizes fall within the range of typical MIM feedstock. 

For the investigations of multi-alloy steels in two different constel
lations, cubic samples with dimensions 10 mm in each space direction 

were produced and are depicted in Fig. 2. The sintering temperatures 
and deposition sequences for the samples with the labels S1 to S32 are 
listed in Table 2. Eight cubes were printed with 50 layers of 316L and 50 
layers of 17–4PH. The other eight samples were first printed with 50 
layers 17–4PH and then with 50 layers 316L. The slicing and printing 
parameters were chosen using Simplify 3D software (Simplify 3D, Cin
cinnati, USA). 

Eight parts of each constellation were printed using the Renkforce RF 
2000 3D printer (Conrad Electronic SE, Hirschau, Germany) with two 
optimized extruders for direct drive and constant filament feeding. One 
extruder is equipped with 316L and the other with 17–4PH filament for 
printing with both filaments to achieve optimal layer connection. Both 
extruders are driven with the same process parameters which are shown 
in Table 3. Solvent-based chemical debinding with acetone as solvent 
was applied in a volume ratio of 8 to 1 between sample and solvent for 
12 h at 40 ◦C as recommended by the provider. An average mass loss 
after the chemical debinding of the green parts was around 5% as ex
pected from the supplier’s advice. 

All specimens were thermally debound and sintered in an ExSO90 
sinter oven (Aim3D GmbH, Rostock, Germany). Two samples for each of 
the four different sintering cycles were used, which are illustrated in  
Fig. 3. The maximum temperature of the sinter cycles is 1286 ◦C, 
1310 ◦C, 1320 ◦C, and 1330 ◦C. The selected temperatures were chosen 
to achieve a density higher than 95% (MIM standard). The utilization of 
a 45◦ alternate filling pattern during the green part printing of the 
specimen results in a notable reduction in anisotropic shrinkage 
behavior when the sintering temperature is lowered below that of the 
single material [37]. Simultaneously, it is known from [19] that the 
sintering temperature around 1300 ◦C gives the desired austenitic for 
316L, nickel martensite and delta ferrite microstructure for 17–4PH. 
Furthermore, this sintering temperature also exhibited better ferro
magnetic properties [19]. 99,9% Argon was used as the sintering at
mosphere and the flow rate for the thermal debinding and sintering step 
was 1 liter per minute. Thermal debinding and sintering were carried 
out in one process step. Thermal debinding was performed at two 
holding times at 325 ◦C and 600 ◦C. The holding time was 1 h at 325 ◦C 
and 3 h at 600 ◦C. The heating rate for the first holding time amounted 
to 300 K/h and for the second holding time to 150 K/h. The heating rate 
to the sintering temperatures was performed at 150 K/h. Subsequently, 
two samples from each constellation (316L at the bottom layers and 
17–4PH at the top layers as well as 17–4PH at the bottom and 316L to 
the top) were sintered at four different maximum temperatures for two 
hours (see Fig. 3). 

To quantify the shrinkage, a Digital Vernier caliper was used to 
measure the dimensions of the cubes in X, Y, and Z. The shrinkage was 
calculated as stated in the Eq. (1). 

Percent of shrinkage =
lo − li

lo
× 100% (1) 

Where lo is the length of interest in the green part and li is the length 

Table 1 
Starting powder composition for PT+A 316-L (1.4404) and 17–4PH (1.4542) 
filaments.  

Material 316L 17-4PH 

Cr 16.8 16 
Ni 10.1 4.2 
Mo 2.2 0.24 
Mn 1.38 0.6 
Si 0.74 0.6 
P 0.02 0.022 
S 0.018 0.003 
C 0.004 0.027 
Fe bal. bal. 
Cu - 4.1 
N - 0.08 
O - 0.06  
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of interest after sintering. The Measurements were conducted twice, 
both at the edges and in the center of the specimen. Following Buehler 
guidelines, samples were, embedded, and then ground and polished 
with progressive sanding papers and polishing solutions indicated for 
Fe-based alloys using a Vector Power Head (Buehler GmbH, Düsseldorf, 
Germany). Optical microscopy examinations were carried out using a 

MBL 3300 microscope (A.KRÜSS Optronic GmbH, Hamburg, Germany) 
to obtain further information about the internal structure of the mate
rial. Cross-section images of the samples were taken and treated using 
the image processing software ImageJ to determine density. The images 
were changed to 8-bit type and adjusted through threshold until the 
different microstructures were eliminated and only very small to big 
pores were visible. This methodology guaranteed to obtain a contrast 
image that includes all the areas occupied by the pores including little to 
null regions from grain borders. The bulk density of each region was 
determined through area measurement of each side of the constellation. 
Before deeper microscopy analysis, the samples were etched to Fry’s (5 g 
CuCl 2, 40 mL HCl, 30 mL H2O, and 25 mL ethanol) chemical reagent 
was applied for 15 s. Scanning Electron Microscopy (SEM) using a Zeiss 
Supra 55 VP FEG-SEM with Variable Pressure Mode (Carl Zeiss AG, Jena, 
Germany) was used to study the surface structure in the interface of the 
materials in more detail. Energy-dispersive X-ray spectroscopy (EDS) 
analysis was performed to investigate the chemical composition of the 
materials in the interface region. 

3. Results and discussion 

3.1. Shrinkage 

The specimens tested in each constellation didn’t show any signifi
cant deformation of the components as it was observed in the reference 
[38]. This indicates that the fabrication method and the co-sintering 
were successful. Fig. 4 displays the measured shrinkage in each space 
direction as a function of the sintering temperature. 

The shrinkage in 316L specimens is very coherent in both X and Y 
showing a similar pattern that reaches its peak at 1310 ◦C with 15.88% 
and 16.22% in X and Y respectively. The shrinkage drops at 1320 ◦C to 
11.76% in X and 12.09% in Y to rise again to more distinct to 12.80% 
and 13.94% at 1330 ◦C. The shrinkage experimented in the Z axis seems 

Fig. 1. SEM images of debinded PT+A GmbH 316L filament (left) and 17–4PH filament (right).  

Fig. 2. Representation of selected test cubes after sintering manufactured with 
different sintering profiles. 

Table 2 
Sintering temperatures and deposition orders for the samples labeled S1 to S32.  

Ref. Sintering T. (◦C) Deposition order (Top/Bottom) 

S1, S2 1286 316L 
S3, S4 1310 316L 
S5, S6 1320 316L 
S7, S8 1330 316L 
S9, S10 1286 17-4PH 
S11, S12 1310 17-4PH 
S13, S14 1320 17-4PH 
S15, S16 1330 17-4PH 
S17, S18 1286 316L/17-4PH 
S19, S20 1310 316L/17-4PH 
S21,S22 1320 316L/17-4PH 
S23,S24 1330 316L/17-4PH 
S25,S26 1286 17-4PH/316L 
S27,S28 1310 17-4PH/316L 
S29,S30 1320 17-4PH/316L 
S31,S32 1330 17-4PH/316L  

Table 3 
Printing parameters for manufacturing MM stainless steel 
green parts using a Renkforce RF 2000 3D printer.  

Extrusion temperature (◦C) 140 

Heat bed temperature (◦C) 60 
Printing speed (mm/min) 2100 
Extrusion multiplier 1.35 
Skirt layer 3 
Retraction distance (mm) 4.5 
Layer height (mm) 0.2 
Infill (%) 100 
Filament Diameter (mm) 2.85 
Nozzle Diameter (mm) 0.4  

Fig. 3. Representation of the sintering cycle performed at 1320 ◦C.  
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to not follow the trend as the samples tend to grow in the Z axis (Fig. 4 
top left, right axis). This effect manifested itself in the samples as a 
swelling (negative shrinkage) in the Z-axis and only occurred in the 316L 
samples at 1310 ◦C (− 27%), decreasing at 1320 ◦C (− 25%) and 1330 ◦C 
(− 22%) respectively. The rounded top and bottom surface suggest that 
the sample displaced the material as a result of extreme swelling in X and 
Y. These samples’ density was very low which might indicate that the 
part was not as dense as expected leading to the filling of this gaps 
during sintering and a lose of geometrical proportions in the Z axis as it 
was also observed in the reference [37]. 

17–4PH samples experimented a similar trend to the 316L samples 
existing with just a 1.77%, 1.91%, 0.54%, and 0.89% difference between 
X and Y at 1286 ◦C, 1310 ◦C, 1320 ◦C and 1330 ◦C respectively. The 
shrinkage in Z experiments showed an abrupt change at 1310 ◦C had a 
lower value of 10.71%, followed by a rise to 14% at 1320 ◦C and 
maintained at 13.61% at 1330 ◦C. 

The Multimaterial samples follow a mirrored trend to the 17–4PH 
behavior in X and Y, having the lowest shrinkage value at 1320 ◦C of 
10.98% and 11.79% for 316L/17–4PH and 17–4PH/316L respectively. 
Both constellations raise their shrinkage to 13.87% and 12.50% in X and 
13.13% and 12.43% in Y for 316 L/17–4PH and 17–4PH/316L respec
tively. The behavior in the Y dimension shows a much similar trend to 
the one in X and Y contrary to the single material samples. The 

positioning of the material appears to play a negligible role when 
compared to the influence of the sintering temperature. The values ob
tained by the MM samples are the lowest in the graphs suggesting that 
the MM are less affected by the shrinkage tendency. The values obtained 
for the 17–4PH/316L sample are slightly higher than their counterpart. 
One hypothesis on this could be that the material standing on top of the 
sample might be receiving more heat than the one below which could 
make sense since 17–4PH has a lower melting point than 316L. A pro
longed exposure time to heat might have resulted in increased defor
mation, however, the 17–4PH CTE is lower than 316L CTE. 

Overall, coherent values between X and Y deformation are found in 
single material printing, while Multimaterial samples show slight vari
ation. More interestingly, MM samples experiment with different 
shrinkage values for the two constellations proposed. This slight dif
ference could be associated with a particle compensation of the 
shrinkage behavior as both materials deform in different amount. 
Interestingly, all values obtained for 1310 ◦C, 1320 ◦C, and 1330 ◦C in 
both constellations are lower than any of their single material counter
parts, which means that an average CTE is not ruling the samples, but 
one that is actually closer to 17–4Ph or lower is. Nevertheless, the values 
only find proportion agreement at 1300 ◦C, therefore a more intensive 
dimensional study should be carried out. 

Fig. 4. Shrinkage evolution over temperature for a) 316L, b) 17–4PH, c) 316L/17–4PH and d) 17–4PH/316L samples.  
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3.2. Optical density measurement 

The optical density measurements of the samples were within the 
expected range of conventional 316L and 17–4PH parts. The density was 
measured using SEM images and calculated from the number of pores. 
Optical measurements a predominantly used for process monitoring 
applications and allow an exact observation of specific criterias and 
indicators [39]. In contrast to Archimedes’ principle, the current mea
surement method offers a more nuanced approach by taking into ac
count the specific section under consideration. However, it is essential to 
acknowledge that Archimedes’ principle comes with certain significant 
drawbacks. One notable limitation is its tendency to measure open po
rosities as dense, thereby potentially distorting the overall value. This 
flaw becomes particularly pronounced when dealing with multimaterial 
components, as the method is unable to measure the density of indi
vidual materials separately. This allows for a more precise character
ization, circumventing the limitations associated with Archimedes’ 
principle, especially in scenarios involving complex material composi
tions and transitions.In the section shown in Fig. 5, the calculated 
density for 316L is 97.4% and for 17–4PH 97.6%. These measurements 
need a secondary and morecomprehensive image based characterization 
method as these values correspond to some specific regions and the 
density of MEX/M samples could vary dramatically along the print di
rection due to printing and/or extrusion voids [40]. 

The samples show small signs of printing voids at the interface be
tween the two materials, showing good deposition between one material 
onto the other. Besides those, the samples show good bonding and a 
small warpage indicating that the fabrication method was successful, 
and the materials were of high density reaching MIM standard according 
to ISO 22068:2012. 

3.3. Microstructure 

Optical microscopy (OM) was performed on the not-etched and 
etched specimens. No cracks nor wrecks are visible indicating no severe 
thermal stresses were generated during the solidification. Only in the 
case of 17–4PH as the top layers and 316L as the bottom layers, as in  
Fig. 6(a), are isolated larger pores visible at the sintering temperature of 
1310 ◦C in the zone of material change. Likewise, a more defined grain 
boundary can be appreciated at 1310 ◦C. This region, which initially 
indicated the limit between the two materials shows the increased for
mation of expected carbides and σ-phase as a result of diffusion. The 
bigger pores found in this region may have originated during the 
printing step as the deposition of one material onto the other could lead 
to voids or gaps generated during the printing. A less probable justifi
cation for the large pores close to the interface at higher sintering 
temperatures could be due to increased stress between the materials due 
to thermal expansion and sintering shrinkage mismatch, however no 
cracks are visible. It can be assumed that in this case the diffusion pro
cess at higher temperatures as a driving force was amplified has caused 
more precipitations at the interface. On the contrary, these observations 

are not as evident as in the other material constellations at the material 
transition (e.g. Fig. 6(b)). 

For 17–4PH the characteristic martensitic matrix with small δ-ferrite 
islands at the grain boundary can be identified. The 316L side shows an 
austenitic matrix with δ-ferrite in the grain borders. Both sides show in- 
grain precipitation of carbides. More pores are observed in the 316L 
layers than in the 17–4PH layers regardless of the sintered temperature, 
which is interesting as the martensitic alloy has a lower sintering tem
perature than the austenitic alloy. A typical grain growth at higher 
sintering temperatures can be observed in both stainless-steel alloys. 

Fig. 7 shows the interfaces of the different constellations at two 
sintering temperatures and etching times. It is clear that no larger pores 
occur in the material transition independent of the sintering tempera
ture, confirming that larger pores at the interface might have originated 
as printing voids. Furthermore, it can be observed that components of 
17–4PH have diffused into the austenitic phase of 316L so that there is 
no clear boundary between the layers. The diffusion path achieved at 
1310 ◦C is greater than at 1286 ◦C by about 50 micrometers (also 
compare Fig. 6). The constellation does not affect this. 

3.4. SEM and EDS Analysis 

As can be appreciated in Fig. 8, the material transition for S24 is 
inconspicuous. Ni concentration is higher in the 316L region at 6.59 wt 
% than in the 17–4PH area at 5.03 wt%. According to [35], the con
centration difference shows that Ni from the 316 L region diffused to
wards the 17–4PH region as expected. In addition, the copper content is 
2.92 wt% in the 316L and 5.03 wt% in the 17–4PH region, leading to 
two assumptions: the location of the Cu in the 316L region attends to no 
other explanation but the etchant containing CuCl, copper oxide may 
have formed on the surface during SEM preparation, or Cu diffused deep 
into the 316 region. The second assumption is more likely true since 
molybdenum was detected at 1.57 wt% in the 316L area and 1.44 wt% 
in the 17–4PH region. Besides the Cu contamination from etching, a 
significant diffusion between both materials can be denoted for the rest 
of the alloying elements (Mo, Ni, Cr). Also visible in this image are 
increased pores in the region of 316L. 

4. Conclusion and outlook 

With regards to MM components, MEX/M technology provides an 
advantageous platform to produce said components, without any major 
adaptations to existing equipment. Unlike the MIM process, the MEX/M 
process does not require a powder layering technique or co-injection 
molding process [30], making functional prototypes easy and 
cost-effective to manufacture. The main conclusions are:  

• Within this work, it was shown that MM steel cubes made of 316L 
and 17-4PH in two different constellations were manufactured using 
commercial equipment and filament feedstock. The samples S7 and 
S8 at a sintering temperature of 1330 ◦C showed the best results with 

Fig. 5. SEM image of S24 (316 L/17–4PH sintered at 1330 ◦C) (left), and calculated density using ImageJ software (right).  

K. Asami et al.                                                                                                                                                                                                                                  



Materials Today Communications 38 (2024) 107889

6

average densities of 97.4% and 97.6%, respectively. The findings 
also confirm that the sintering temperature, rather than the deposi
tion order of the materials, appears to be the key factor controlling 
the shrinkage of these samples. However, the shrinkage behaviour 
was slightly different for both constellations reaching a maximum 
difference of 1.44% in Z axis for 1300 ◦C. The difference between the 
values obtained for single-material and MM printing might be caused 
by the disposition of the samples in the furnace or due to CTEs 
mismatch, leading to partial compensation between them. Further 
in-deep investigations on this matter are needed to support the 
hypothesis.  

• The calculated density from the image analysis also showed that the 
MIM standard according to ISO 22068:2012 could be met. However, 
a more comprehensive optical density measurement such as layer by 
layer x-ray image analysis must be carried out, so that an overall 
statement about the density of the investigated samples can be made. 
Further in-depth study of the density will also be covered to explore 
the influence of printing voids from the extrusion process into the 

sintered samples, exploring also the horizontal cross-section of both 
regions.  

• As opposed to other works [27], the parts produced showed no major 
deformation, wherein functional parts without the need for 
post-processing seem to be a possible task. The measured shrinkage 
in each coordinate direction was consistently smaller than what 
might have been expected based on the individual properties of 316L 
and 17-4PH stainless steels. Although precise expected values were 
not available, the results obtained cannot provide a rigorous quan
titative statement about this observation. Therefore, a statistical 
study such as ANOVA should be carried out in the future. Further 
analysis of the shrinkage can be done on complex geometries such as 
cylindrical structures, overhangs, walls, different infill patterns, etc. 
Additionally, a machine learning-based methodic approach can be 
conducted to identify the optimal infill pattern as in to avoid 
anisotropic shrinkage behaviour. 

In the future, the interdiffusion of alloying elements as well as the 
generation of undesired intermetallic compounds for both materials at 
the interface need to be covered in deep. Aiming to improve the bonding 
of the MM samples, the mechanical properties need to be studied as well. 
Additionally, it is necessary to explore various multimaterial design 
features to establish design guidelines for the successful manufacturing 
of multimaterial components such as in the case of single materials [41, 
42]. The results obtained in the forthcoming studies will reveal how the 
parameters involved in all the stages of the chain value (extrusion, 
debinding, and sintering) affect the mechanical strength at the interface, 
and therefore, shed light on their limitations for applications. In the 
future, different types of infill structures have to be investigated to 
achieve the desired mechanical properties depending on the constella
tions [43]. This combination of materials can potentially be used for 
application areas where magnetic and non-magnetic regions are 
required in a component such as sensors and actuators for automotive or 

Fig. 6. Optical microscopy image of a) S27 (17–4PH/316 L sintered at 1310 ◦C); and b) S17 (316 L/17–4PH sintered at 1286 ◦C).  

Fig. 7. Optical microscopy of the etched specimens a) S28 (17–4PH/316L sintered at 1310 ◦C) and etchingtime 15 s, and b) S18 (316 L/17–4PH sintered at 1286 ◦C) 
and etching time 20 s. 

Fig. 8. SEM image of S24 (316L/17–4PH sintered at 1330 ◦C) and the EDS wt% 
measurements of Cu, Ni, and Mo at the areas highlighted. 
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aerospace applications. Ultimately, topology-optimized multimaterial 
components can also be additively manufactured [44], allowing locally 
advantageous material properties to be incorporated into a single unit. 
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