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Abstract: Allowing for complex shape and low energy consumption, 3D printing, debinding, and
sintering (PDS) is a promising and cost-effective additive manufacturing (AM) technology. Moreover,
PDS is particularly suitable for producing bimetallic parts using two metal/polymer composite
filaments in the same nozzle, known as co-extrusion, or in different nozzles, in a setup called bi-
extrusion. The paper describes a first attempt to produce bimetallic parts using Inconel 718 and
AISI 316L stainless steel via PDS. The primary goal is to assess the metallurgical characteristics,
part shrinkage, relative density, and the interdiffusion phenomenon occurring at the interface of the
two alloys. A first set of experiments was conducted to investigate the effect of deposition patterns
on the above-mentioned features while keeping the same binding and sintering heat treatment.
Different sintering temperatures (1260 °C, 1300 °C, and 1350 °C) and holding times (4 h and 8 h) were
then investigated to improve the density of the printed parts. Co-extruded parts showed a better
dimensional stability against the variations induced by the binding and sintering heat treatment,
compared to bi-extruded samples. In co-extruded parts, shrinkage depends on scanning strategy;
moreovet, the higher the temperature and holding time of the sintering heat treatment, the higher
the density reached. The work expands the knowledge of PDS for metallic multi-materials, opening
new possibilities for designing and utilizing functionally graded materials in optimized components.
With the ability to create intricate geometries and lightweight structures, PDS enables energy savings
across industries, such as the aerospace and automotive industries, by reducing component weight
and enhancing fuel efficiency. Furthermore, PDS offers substantial advantages in terms of resource
efficiency, waste reduction, and energy consumption compared to other metal AM technologies,
thereby reducing environmental impact.

Keywords: additive manufacturing; debinding; sintering; Inconel 718; AISI 316L SS; bimetal;
microstructure; interdiffusion; functionally graded materials; co-extrusion

1. Introduction

In recent years, metal additive manufacturing (AM) experienced significant and rapid
growth, driven by the realization of its exceptional inherent capabilities in fabricating parts
with highly intricate geometries and achieving cost savings compared to conventional
manufacturing methods. This is especially evident when dealing with high-performance
materials such as titanium and nickel-based alloys, making AM a preferred choice for vari-
ous industrial applications. Razavi et al. [1], investigated the fatigue strength of Ti-6Al-4V
smooth and blunt V-notched samples produced via the selective laser melting (SLM) pro-
cess finding a low notch sensitivity of the material tested. Ferro et al. [2] described the main
phenomena involved in powder bed fusion AM processes via numerical simulation and
proposed a modified volumetric energy density approach to calibrate process parameters
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aimed at minimizing AM-induced porosity [3]. The most studied processes, also known as
mainstream commercial metal AM technologies, include powder bed fusion (PBF) [4], di-
rected energy deposition (DED) [5], binder jetting (BJ) [6], and other emerging technologies,
such as ultrasonic additive manufacturing (UAM) [7] and metal droplet printing (MDP) [8].
In PBF and DED processes, a heat source is utilized to consolidate the powdered metal
material layer by layer (both well known as low-efficiency and high-energy demanding
heating sources). These heat sources are well known for their low efficiency and high
energy demand. Ultrasonic energy, despite its high energy consumption, is employed in
UAM to consolidate the feeding of metal foils or tapes. Due to the substantial investments
required for the facilities in all these processes, there is a strong drive to explore alternative
AM solutions that are both more cost-effective and energy-efficient.

In this context, 3D printing debinding and sintering (PDS) AM emerge as promising
alternatives to the conventional technologies mentioned above [9]. In practice, fused
filament fabrication (FFF) utilizes a polymer-based filament that is heavily infused with
metal particles to create a green part. Subsequently, the polymer binder is chemically
and/or thermally removed in a debinding process to obtain the ‘brown part,” which is
then densified through a sintering heat treatment [10]. This AM process is known in
literature by different names, such as bound metal deposition (BMD) [11], fused deposition
modeling and sintering (FDMS) [12], atomic diffusion additive manufacturing (ADAM) [13],
and printing—debinding-sintering (PDS) [14]. Since the energy required for deposition
is closely tied to the properties of the polymer binder, and the debinding and sintering
heat treatments can be performed on entire batches, PDS holds great promise for the
large-scale production of metal parts at a relatively high fabrication rate. Especially in
small batch sizes, the literature shows that AM is an environmentally friendly and cost-
effective approach that is able to reduce environmental and social impact, to minimize cost,
waste, and tooling, to increase design flexibility, customization and product performance,
and to enable on-demand production, reducing transportation and storage [15-18]. In
the context of metal AM, the PDS process offers advantages in terms of easy handling
and cost efficiency compared to powder-based processes [19]. It is also recognized for its
low energy consumption, whereas powder bed fusion (PBF) is considered to be the least
energy-efficient process [20]. Furthermore, the use of feedstock materials in the form of
polymer-bound metal powders in the PDS process prevents the loss of metal powders,
thus eliminating the inherent risks associated with handling fine metallic particles [20].
Moreover, leveraging the shape and material complexity enabled by AM, along with design
tools such as topology optimization and generative design, enables the creation of highly
efficient structures that improve factors such as weight, stress distribution, costs, and
environmental impact [21-23], leading to energy savings in various industries, such as
the aerospace and automotive industries, by improving fuel efficiency [24,25]. However,
it is crucial to identify advantageous strategies for disposal and recycling to address the
end-of-life stage of AM components.

Despite the potential benefits, research efforts on the PDS process for metal AM are
still in the early stages, and several steps are necessary to ensure the future development
and industrialization of PDS. Firstly, a comprehensive manufacturing technology cycle
should be established, encompassing accessible materials and equipment. Secondly, it is
important to address product quality issues and strive for flawlessness. The next stage
involves optimizing technology in terms of cost, quality, and accuracy. Additionally, a suffi-
cient level of control and analysis of metallurgical characteristics and microstructure must
be established. This includes enhancing mechanical properties such as tensile strength to
enable a wider range of applications. Lastly, the development of affordable commercial ma-
terials, such as filaments, binders, and powders, should be prioritized [26]. Recent literature
highlights pioneering works on stainless steels (SS) or Inconel 718 (IN718). Liu et al. [12]
examined the metallurgical and mechanical properties of 316L SS parts manufactured
through FDMS, sintering at a temperature of 1360 °C for 2 h, with argon gas serving as a
protective atmosphere. However, under these conditions, the parts manufactured exhibited
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residual porosity, which hindered them from achieving the typical mechanical properties
observed in components produced by SLM. In their study, Wang et al. [14] used a molecu-
lar dynamics simulation to gain insights into the sintering mechanism of 316L SS. Their
findings emphasized the significant role of the chromium (Cr), which exhibited diffusion
to the grain boundary and led to the formation of pronounced grain boundary aggregation.
This behavior was attributed to the Cr element’s lower diffusion activation energy and
stronger interactions between atoms, compared to the other alloy elements used in the
process. Thompson et al. [27] made efforts to optimize the process parameters to achieve
sound 316L parts. They achieved a density greater than 95% by employing a combination
of chemical and thermal debinding at 750 °C for 90 min and sintering at 1360 °C for 120 min.
To prevent defects formation and allow for the volatilization of degraded polymer out
of the part, they used a controlled heating rate of 0.2 °C/min in the critical temperature
range. The mechanical tests showed that the deflections achieved were comparable to
conventionally fabricated parts. However, the parts produced through the PDS process
exhibited slightly lower strength. In a recent paper, Thompson et al. [28] demonstrated the
feasibility of high-density (>97%) PDS parts by thermal debinding, followed by sintering
at 1280 °C for 4 h, both in vacuum atmosphere. Despite the presence of some porosity,
they observed that the mechanical properties of the PDS parts were comparable to those
of conventionally manufactured IN718 components. The findings agreed with a previous
work [29] that suggested sintering temperatures ranging between 1260 °C and 1290 °C,
allowing for highest material density due to a liquid phase sintering.

Table 1 summarizes the literature results about sintering parameters and obtained
density values obtained for the two alloys investigated in this work.

PDS technology is well suited to produce not only single materials, as mentioned
earlier, but also multi-materials. This is achieved by combining more than one filament
simultaneously, utilizing either the same nozzle, or even employing two different nozzles,
as recently proposed in the literature, where high-carbon steel and Inconel 718 [30,31]
as well as high-carbon iron and stainless steel 316L [32] bimetallic parts were studied.
Despite the fact that the adopted process parameters do not allow for reaching an adequate
material densification, in this experiment, tentative good bonding between the materials
was observed, suggesting the possibility to obtain effective bimetallic parts with a large
range of material properties, ensuring the structural integrity [30]. Experimental results
show that higher sintering temperature resulted in higher relative density [32]. Moreover,
different shrinkage behaviors lead to different distortion models, according to the material
arrangement [32]. Multi-material PDS opens up numerous possibilities for the production of
new functionally graded materials by AM technologies [33,34] characterized by a particular
local combination of properties depending on the alloys coupled and their configuration
in the coextrusion process. In this scenario, components could be designed in a way
that specific mechanical, chemical, thermal, and physical properties can locally change
according to the application [35]. Due to the diffusion during the sintering process of metals,
multi-material PDS results in a more complex materials interaction compared to polymers
coextrusion [36]. Consequently, more specific material composition and microstructural
analyses are required.

In this scenario, this work shows the background knowledge on the PDS of metallic
multi-materials, considering a first attempt to manufacture the materials Inconel
718-AISI 316L stainless steel (IN718-316L) and evaluating metallurgical characteristics,
part shrinkage, relative density, and interdiffusion phenomenon at the interface between
the two alloys. The material selection is based on the similarity of the sintering temperature
for the two materials and the distinct properties of the raw materials. These differences
can lead to a wide range of metallurgical, chemical, and physical properties, making them
applicable in various fields. For instance, bimetallic IN718-316L parts could be potentially
employed in the production of heat exchangers operating at high temperatures, where
316L provides higher conductivity and IN718 provides a structural function. Using a
proper design, it could be potentially possible to substitute today’s used IN718 components
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(steam power plants, turbines, pressure vessels, and oil and gas applications) with bimetal
IN718-316L, exploiting the advantage of saving the more expensive and heavier IN718.
Finally, bimetallic IN718-316L parts could be employed in structure with variable stiffness.

Table 1. Literature results in terms of density and porosity as a function of sintering parameters

and alloy.
Material Reference Process T Sintering (°C) Time (h) Porosity (%) Shrinkage (%)
[37] MIM + FAHP 1290 2 3.30 -
1100 310 16.90 3.02
[38] MIM 1200 3-10 0.85 16.23
1260 2 + 4 HIP 5.10 -
[39] MIM + HIP 1275 2 + 4 HIP 2.00 -
IN718 1290 2 + 4 HIP 3.30 -
[40] LSS 1250 1 10.10 -
] MIM 1290 2 3.30 -
MIM + FAHP 1250 2 3.00 -
[42] MIM 1290 3 3.00 -
[43] FFF 1380 3 - 20
[12] FDM 1360 2 7.80 -
[27] FFF 1360 2 5.00 :
[44] DIW 1200 15 high -
AISI 316L
1300 1 8.00 13.00
1320 1 6.00 13.50
[45] MIM 1340 1 5.00 14.00
1360 1 400 15.00

MIM = metal injection molding; FAHP = filed assisted hot pressing; HIP = hot isostatic pressing; FFF = fused
filament fabrication; FDM = fused deposition modeling; DIW = direct ink writing; and LSS = liquid state sintering.

2. Materials and Methods

Bi-metallic specimens (Figure 1a,b), size 12 x 12 x 12 mm?, were produced via PDS
using two filaments containing IN718 powder (87 wt%, density of 3.73 g/cm?) and 316L
powder (85 wt%, density 4.81 g/cm?), both in a polylactic acid (PLA) matrix. The filaments,
provided by The Virtual Foundry, inc., diameter 1.75 mm, have the nominal composition
reported in Table 2.

The samples were fabricated in ‘Co-extrusion” and ‘Bi-extrusion’ mode, using a cus-
tomized Geeetech Prusa i3 Pro B 3D printer, with a building chamber size of
200 x 200 x 180 mm? (Figure l1c-e). The printer was equipped with a Rumba moth-
erboard and an adapted Marlin firmware (see [36] for more details). In ‘Co-extrusion’, both
filaments pass through the same nozzle (Figure 1d). Based on nozzle path and material
fraction, different material layout can be obtained [36]. When moving the nozzle along
the x-axis, the material layout takes on the distribution represented in Figure 2a: when
moving in the positive x direction, the material on the right side is placed below, while
the material on the left side is placed above; when moving in the negative x direction,
the opposite occurs. Conversely, when moving the nozzle along the y-axis, the material
layout assumes the distribution represented in Figure 2b: in this case, the materials remain
side by side. In this study, three material layouts (configurations) in co-extrusion mode
were investigated, all with the same material fraction, i.e., 50% of IN718 and 50% of 316L,
adopting a different scanning strategy: moving the nozzle along the x-axis, the ‘left-right’
configuration is obtained (Figure 2c), whereas shifting the nozzle along the y-axis, the
‘front-back’ configuration is produced (Figure 2d). The ‘crossed’ configuration is carried
out by combining the previous paths layer by layer (Figure 2e). ‘Bi-extrusion’ refers to the
process where each filament flows through a separate nozzle (Figure 1d). In this case, the
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configurations were only two: left-right (Figure 2f) and top-bottom (Figure 2g). In both
cases, a half sample is totally IN718 and the other half is totally 316L.

(@) (b)

(d) (e) ()

Figure 1. Samples and equipment. Photos of a co-extruded cuboids sample in a left-right config-
uration: (a) before sintering and (b) after sintering, based on the reference frame depicted in the
image of the 3D printer (c). Cyclops hotend, represented in section (d), shows the material flow in the
hotend that is adopted for “Co-extruded” samples. Chimera hotend (e) adopted for the “Bi-extruded”
samples. Image of the tubular furnace (f) adopted for the sintering process (Zetasinter by Zetamix).

Table 2. Chemical composition of the two alloys (wt%), as declared by the filaments producer, The
Virtual Foundry, LLC, Sthoughton, WI, USA.

Material

Ni

Cr Nb Mo Al C Ti

IN718
AISI 316L

45-60
10-13

5-18 <3 <3 <1 <1 <1
16.5-18.5 0.008 2-2.5 0.5 Max. 0.11 0.43

Five samples per scanning strategy were produced using the main process parameters
summarized in Table 3. It should be noted that many of the usual printing parameters are
not considered, as the g-code was generated using a dedicated implementation based on
the curves representing the nozzle path. Additionally, the absence of perimeters further
reduces the parameters to be considered in the printing process. By adopting this approach,
comprehensive control over the entire FFF process is achieved, avoiding, for example,
retraction that can cause clogging issues.
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Figure 2. The material layout resulting from nozzle path can be observed in two scenarios: (a) when
the nozzle moves along the x-axis, and (b) when the nozzle moves along the y-axis. The nozzle path
in the first two layers, resulting samples, and magnification of material distribution in the studied
configurations: (c) left-right co-extrusion, (d) front-back co-extrusion, (e) crossed co-extrusion, (f) left-
right bi-extrusion, and (g) top-bottom bi-extrusion. All the paths provide an initial skirt, which helps
prime the nozzle and establish a smooth flow of filament.
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After material extrusion, a first set of experiments was carried out to find the best
deposition patterns, while keeping constant the debinding and sintering heat treatment.
Three samples underwent a thermal debinding, pre-sintering, and sintering heat treatment
(sintering temperature: 1260 °C, holding time: 4 h) to eliminate the polymer and consolidate
the powder. In the second set of experiments the other two samples were treated at different
sintering temperatures (1300 °C (8 h) and 1350 °C (8 h)) while keeping the same debinding
and pre-sintering treatment, in order to improve the material density. The heat treatment
was carried out by a tubular furnace (Figure 1f) with a diameter of 100 mm and a useful
length of 200 mm under an argon atmosphere. The suggested heating rate was <3 °C/min
with a temperature controller accuracy of £1 °C.

Figure 3 shows the time-temperature relationship used in the different heat treatments.
More in detail, the debinding temperatures were estimated by a differential scanning
calorimetry (DSC) test of the PLA matrix filaments obtaining a melting temperature of
280 °C and vaporization of 380 °C. These temperatures were reached with a heating rate
of 1 °C/min. To complete the debinding process, a further increase in temperature to
450 °C was adopted. The pre-sintering phase was carried out by holding the sample at
600 °C for 120 min, and finally, the sintering was carried out at the above-mentioned
temperatures and times. Slow cooling rates were used (5.6 °C/min and 2.25 °C/min) to
avert distortions or cracks.

Table 3. Fused filament fabrication process parameters.

Layer Height Printing Speed Nozzle Bed Temperature Extrusion Width Nozzle Diameter
(mm) (mm/s) Temperature (°C) Q) (mm) (mm)
- © 210 50 1 08

1500
1350
1250 -~ 1260°C- 4h = flz?c)“ 1300
— -1300°C- 8h // r
_. 1000 ——1350°C- 8h 4 ‘\
£ / ‘
S 70 / &
& / \
B ' 600 590 | 590
£ 500 \
a ~—/ 450 \

JnZ N\

— 280 \
250 \ \
O\

%

0
0 10 20 30 40 50

Time [hours]

Figure 3. Heat treatment recipes for thermal debinding, pre-sintering, and sintering.

It is worth noting that filament’s producer recommends a sintering temperature of
1260 °C for both IN718 and 316L. However, keeping in mind that it strongly depends
upon particle dimensions and that good results were obtained in the literature with higher
temperatures (above all dealing with 316L, Table 1), it was decided to test higher sintering
time and temperatures (1300 °C and 1350 °C, 8 h) with the aim to explore their effect on the
bi-metallic specimen density improvement.

To prevent oxidation inside the tubular sintering furnace (Zetasinter by Nanone) and
allow the residues of polymer to escape, a vacuum cleaning, followed by a flux of inert
atmosphere, made of Ar (99.99%, 100 SCCM), was used. Moreover, samples were dipped
in a steel blend, a refractory powder used in metal sintering, as suggested by the filament
producer, to assure a homogeneous heating and avoid distortion, above all in the first ramps
of the heat treatment (debinding) (Figure 3).
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A scanning electron microscope (SEM) equipped with energy dispersive spectroscopy
(EDS) was adopted to investigate both filaments and specimens by the software Pathfinder
version 2.8 by Thermo Fisher Scientific, Inc., Waltham, MA, USA. Samples were weighted
before and after heat treatment. To evaluate dimensional and volumetric variations of the
specimens induced by sintering, a 3D scanner (Open Technologies) was used to produce a
digital image of the sample via a points cloud, from which a 3D mesh of the scanned object
is derived. The accurate measurement of the specimen dimensions was then carried out
using the least squares association criterion according to ISO 14405-1:2016. The sample’s
real density was measured through an Ultrapyc 3000 (Anton Paar) gas picometer. As
opposed to the real density is the apparent or geometric density, which, in calculating the
volume, considers the open and closed pores volume as well. Real density is compared
with alloy nominal values (8.19 g/cm? for IN718 and 8.06 g/cm? for AISI 316L) to assess the
grade of porosity by both 3D scanner and picometer. Eventually, the porosity was measured
by image analysis on at least 10 optical micrographs (at 100 x) of the sample’s cross-section.

3. Results and Discussion
3.1. Filaments Characterization

Figure 4 displays scanning electron microscope (SEM) images at different magnifica-
tions of the cross-section of the two filaments utilized in the PDS process. The 316L filament
consists of a dispersion of regular-shaped particles, the diameter of which was measured to
be 33 &= 8 um, while the IN718 filaments are filled by spherical particles, the size of which
is 26 & 8 um. The image clearly shows a significant difference in density between the fila-
ments that could be related to the feedstock material production. However, no information
about that came from the producer. In the 3D printing process, the binder plays a principal
role so that the shape and size of the metal powder have limited consequences on the early
stages of the process. It is possible to observe that the shape of the IN718 is smooth, while
the AISI one is more jagged. These aspects become important in debinding and sintering,
where size and shape of the particles are relevant in the shape stability of the components
and in the diffusion and adhesion mechanisms. Dendritic and equiaxed nano-sized grains
characterize the microstructure of IN718 and AISI 316L particles, respectively (Figure 4).

ﬁN718

HV  det H
20.00 kV BSED 59.

Figure 4. SEM images at different magnifications of the cross-section of IN718 and AISI 316L filaments.
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3.2. Density and Geometrical Variations as a Function of Printing Deposition Strategy

Table 4 summarizes the mass, volumetric variations, and closed porosity measured by
a picnometer induced by sintering as a function of the printing deposition strategy.

Table 4. Mass and volumetric variations and closed porosity induced by sintering at 1260 °C.

Sample Mass Variation (%) 1 Volumetric Shrinkage (%) 2 Closed Porosity (%) 3
Co-extruded left-right —12.10 £0.32 —4.59 & 0.64 4.25
Co-extruded front-back —12.13 £ 0.26 —5.60 £+ 0.52 3.88
Co-extruded crossed —12.10 £ 0.21 —6.68 +1.29 3.51
Bi-extruded left-right —12.13 £0.13 —10.84 =1.29 3.63
Bi-extruded top-bottom —12.07 £+ 0.04 —10.08 £ 0.81 4.00
-12.5 5.0

Mass reduction %, Volumetric shrinkage %

-10.0

-7.5

-5.0

-2.5

-0.0

4.0
3.0
2.0
1.0
0.0

Co-ext. left-right Co-ext. front-back Co-ext. crossed  Bi-ext. left-right Bi-ext. top-bottom

Porosity %

B Mass reduction % M Volumetric shrinkage % Closed Porosity %

1 Mafter sintering=Mbefore sintering 2 Vafter sintering=Voefore sintering 3 1— picnometer density
Mpefore sintering 4 Vbefore sintering 4 material density *

It is observed that there is a higher volumetric shrinkage of bi-extruded samples
compared to that of co-extruded ones, which can be attributed to a reciprocal clamping effect
of the coupled filaments. As a matter of fact, in co-extruded samples, the IN718 powder
is locally surrounded by that of AISI 316L, which, having slightly different densification
kinetics (not only due to the different alloy compositions, but at least because of the different
mean particle size), gets in the way with the shrinkage of IN718.

No significant variation in the mass reduction was found. In fact, the mass reduction
is linked to the loss of PLA during the debinding process, and it remains the same since
the polymer fraction is constant in the filaments, and consequently, in the samples. For
co-extruded samples, the closed porosity increases as the volumetric shrinkage decreases,
with the best result reached by the co-extruded ‘crossed’ sample.

By referring to the Cartesian system shown in Figure 1, Table 5 collects the linear
shrinkage along the three directions, x, y, and z. In general, the shrinkage in the x and y
direction is higher than that in the building direction (z). For co-extruded cuboids, the
highest shrinkage is achieved in the scanning direction (for instance, co-extruded left-right
parts experience the highest shrinkage in the x direction, Figure 2). Moreover, co-extruded
samples tend to shrink less in all directions compared to bi-extruded samples, in agreement
with the results of volumetric shrinkage (Table 4). This could be due to the effect of
differential sintering kinetics between the two alloys. While in co-extrusion, the two alloys
are mixed together so that the shrinkage of an alloy is constrained by the different shrinkage
of the other one (and this promote porosity), in bi-extruded parts, the differential shrinkage
kinetics effects are not active in promoting porosity, since each sub-part (say, each alloy) is
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free to shrink without constriction given by the other alloy. Finally, it is possible to note
that the typical voids of the FFF process, which generate ‘tunnels’ parallel to the extrusion
direction, influence the shrinkage. Indeed, along these tunnels, due to the large distance
among the grains, the sintering mechanisms, such as diffusion, adsorption, and wettability,
do not work properly, reducing the approach among the grains. Consequently, in both
extrusion modes, the linear shrinkage perpendicular to the deposition direction is lower
than in the deposition direction, i.e., the linear shrinkage along the x direction is lower
than in the y direction in co-extrusion front-back, bi-extrusion left-right, and bi-extrusion
top-bottom, while the opposite happens in co-extruded left-right samples (see nozzle path
in Figure 2). In co-extruded crossed samples, the nozzle path changes from the x direction
to the y direction at each layer, and consequently, no significant difference in shrinkage
between the x and y directions was found.

Table 5. Linear shrinkage induced by sintering (at 1260 °C) as a function of deposition strategy (x, y,
and z refer to the reference system in Figure 1).

Sample Linear Shrinkage, Linear Shrinkage, Linear Shrinkage,

x Component (%) y Component (%) z Component (%)
Co-extruded left-right —1.67 £ 0.32 —-1.32 £0.51 —0.78 £ 0.09
Co-extruded front-back —1.36 +0.70 —1.60 4+ 0.24 —0.76 £ 0.10
Co-extruded crossed —2.89 £ 0.60 —2.78 £0.81 —0.74 £ 0.10
Bi-extruded left-right —2.42 £+ 0.60 —4.89 +£0.56 —2.74 £ 0.98
Bi-extruded top-bottom —3.88 £ 0.16 —4.07 £ 0.4 —2.67 £0.11

Figure 5 shows a collection of SEM micrographs at different magnifications of co-
extruded (left-right) samples sintered at 1260 °C, with details of the interface between the
two alloys in the y—z plane. A lot of porosity is observed, with pore size ranging from
63 um to 338 um. Large pores (tunnels) are an intrinsic characteristic of the deposition
process in FFF [36,46-48]. Before the sintering process, these defects are related to adhesion
mechanisms and material properties such as diffusion, adsorption, and wettability [49],
and they can be reduced tuning process parameters [50-52]. After the sintering process,
pores remain due to, above all, a non-optimized sintering temperature. However, another
possible cause could be attributed to different densification kinetics of the two alloys,
as mentioned above. In fact, in such a condition, it is very likely that the densification
shrinkage of an alloy is prevented by a different grade of shrinkage of the other one.

Even though the total porosity detected with the 3D scanner is high and similar for all
samples (around 54%), making it unsuitable for functional components, and despite both
IN718 and AISI 316L particles being decorated by a secondary phase, Figure 5 shows a
good bond at the interface between the two alloys. An EDS line scan was carried out across
the IN718 and AISI 316L interface to better investigate the interdiffusion of elements and
secondary phases.

At the sintering temperatures, the solubility of Ni in Fe (and vice versa) is unlim-
ited [53]. This allows Ni to diffuse toward 316L and Fe toward IN718, both in the austenitic
phase, giving rise to the gradients highlighted with dot straight lines in Figure 6. Across
the interface, and inside the 316L particles, a darker phase is present that is characterized
by higher concentrations of Cr and C (Figure 6). It was therefore identified as Cr carbide.
Despite the low amount of carbon, the chance to find carbides in the microstructure did not
seem to be a novelty in literature, as described by the work of Yin et al. [54], who found
that in additively manufactured 316L SS, discontinuous coarse M23C6 carbide precipitated
along high-angle grain boundaries (HAGBs) after short-time thermal exposure (less than
0.5 h) at 800 °C. It is interesting to note that they suggested that, compared to the wrought
316L SS with and without cold work, AM 316L SS exhibits ten times faster nucleation and
growth kinetics of all the secondary phases.
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Figure 5. SEM micrographs at different magnifications of the sintered co-extruded (left-right) samples
with details of the interface between the two alloys (sintering temperature, 1260 °C).

Dealing with the PDS process, however, C contamination could derive from the binder
((C3H603)x) during the debinding process. Despite the use of Argon to control the furnace
atmosphere, carbon residues could remain entrapped inside the pores, diffuse toward to the
two alloys, and combine with Cr during cooling to precipitate as carbide. EDS analysis was
also carried out inside the particles to detect secondary phases (Figure 7 and Tables 6 and 7).

The darker phase inside the 316L particle (Figure 7a) was identified as chromium
carbide because of the high concentration of Cr and C detected in the corresponding points 1
and 6 (Table 5). Black-colored phases in 316L particles, as those marked with numbers 2 and
5 in Figure 7a, are rich in sulfur and chromium, which suggests the presence of chromium
sulfides. Inside IN718 particles, a white-colored secondary phase is clearly visible that was
not detected in the original material before processing (point 1, 3 and 5 in Figure 7b). Since
this phase is rich in Nb, it is supposed to be the y” phase (NizNb) formed during cooling
from the sintering temperature.
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Figure 6. EDS line scan across the IN718 and AISI 316L interface of co-extruded (left-right) (a) and

bi-extruded (b) samples sintered at 1260 °C (4 h).

Figure 7. SEM micrographs with indication of points where EDS analysis was carried out (see results

in Tables 6 and 7): AISI 316L (a); IN718 (b).

Table 6. EDS analysis of the AISI 316L particle shown in Figure 7a.

C Al Si S Ti Cr Mn Fe Ni Mo
1 5.55 0.15 0.18 - - 51.46 - 31.19 6.8 4.69
2 2.31 0.11 0.26 10.14 0.27 20.05 6.48 45.44 14.94 -
3 1.76 0.13 0.42 - - 14.35 - 58.44 21.40 3.50
4 1.78 - 0.43 - - 13.87 - 62.31 19.23 2.38
5 2.78 0.12 0.16 16.45 - 25.49 13.79 30.85 10.35 -
6 5.01 0.14 0.18 - - 49.34 - 33.26 7.50 4.58
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Table 7. EDS analysis of the IN718 particle shown in Figure 7b.

C Al Si Ti Cr Fe Ni Nb Mo
1 5.57 0.22 0.13 3.94 9.92 16.74 24.78 33.37 5.42
2 237 0.29 0.55 0.33 15.15 26.59 48.61 1.84 4.27
3 2.66 0.18 0.43 1.25 13.21 23.10 41.12 13.97 4.08
4 241 0.25 0.51 0.72 14.27 23.99 46.73 7.14 4.00
5 2.34 0.26 0.29 2.26 12.57 22.51 37.74 17.34 4.68

3.3. Effect of Higher Sintering Temperatures and Longer Holding Time

Because of the poor material densification obtained in most of the samples treated at
1260 °C, it was decided to increase both the sintering holding time, from 4 h to 8 h, and
the sintering temperatures, from 1260 °C to 1300 °C to 1350 °C. The results are shown in
Figure 8, where it is clearly visible that the densification increased as the temperature, as
well as the holding time, increased.

Figure 8. SEM micrographs of the AISI 316L/IN718 interface of bi-extruded (left-right) PDS parts at
different sintering heat treatments: 1260 °C, 4 h (a); 1300 °C, 8 h (b); and 1350 °C, 8 h (c).

By calculating the porosity through image analysis, it was found a value of
42.4% £ 4.9%, 9.6% +£ 3.1% and 3.8% =+ 0.7% for samples sintered at 1260 °C, 1300 °C and
1350 °C, respectively.

The problem of Cr carbide that, by surrounding the powder particle, it inhibits the par-
ticle merging, remains. A detailed investigation was carried out on the bi-extruded sampled
sintered at 1300 °C (8 h). Both AISI 316L and IN718 showed Cr-rich phases (Figure 9).

EDS line scans across the Cr-rich phases are shown in Figures 10 and 11. Using the
database of the EDS software and the EDS analysis results, a tentative attempt to identify the
Cr carbides was carried out as reported in previous figures (Figures 10 and 11). It is worth
mentioning that Wang et al., (2022) predicted Cr aggregation zones at particle surfaces and
grain boundaries of sintered AISI 316L using molecular dynamic simulation. It is supposed
that in the present work, precipitation of carbides both at particle surfaces and grain
boundaries (GB) of AISI 316L are due to a combination of such segregation phenomenon
with the fast carbon surface and GB diffusion (Yin et al., 2021). To go inside the Cr-carbides
issue, it was decided to carry out a solubilization heat treatment at 1050 °C (3 h holding
time) followed by water quenching. Despite the oxidation of particle boundaries due to
the non-controlled laboratory oven atmosphere, where the heat treatment was carried out,
Cr-carbides dissolved, as expected (Figure 12).

Results of EDS analysis on points 1, 2, and 3, shown in Figure 12b, are collected in
Table 8. After solution heat treatment, particles are decorated by Cr-oxide, while, inside the
particles, Cr-nitrides in the form of rods were detected, due to the nitrogen oversaturation
followed by precipitation during quenching.
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Table 8. EDS analysis of the AISI 316L particle shown in Figure 12b.

C N (0] Al Si S Cr Mn Fe Ni Mo
1 2.10 3.64 4.35 0.09 0.37 - 40.88 0 39.12 6.23 417
2 1.83 - 4.36 - 0.74 - 16.60 - 63.61 10.70 2.46
3 1.05 - 24.71 0.11 2.20 - 46.41 - 21.86 2.88 0.78
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Figure 9. SEM micrographs at different magnifications of the bi-extruded sample sintered at 1300 °C
for 8 h.

These new insights should be integrated into the frameworks of design for AM and
multi-material AM [35,55-57], including the multi-material models that are essential tools
for the part of geometry and material distribution design. As mentioned, the PDS of metals
is an eco-friendly AM process due to the low energy consumption and low waste mate-
rial [18]. More broadly, environmental implications of metal AM, oriented to functionally
graded materials in a circular design perspective, were previously discussed [58-60] and
could be integrated in a comprehensive design methodology that considers the PDS process,
the functional requirements, and the sustainable development.
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4. Conclusions

Co-extruded and bi-extruded IN718-AISI 316L bi-metallic parts were produced for
the first time by 3D printing, debinding, and sintering. In 3D printing, five material
layouts, obtained adopting different nozzle configurations and paths, were studied. A
thermal debinding followed by sintering at different temperatures, and holding times were
investigated in terms of microstructure, dimensional stability, and relative density.

In all the specimens, a good bond at the interface between the two alloys was ob-
served. In the deposition direction, it is possible to see higher shrinkage, while in the
other direction, the shrinkage is lower due to the typical void of the FFF process, which
reduces the effectiveness of the sintering process. ‘Crossed” co-extruded parts showed the
best geometrical stability and the highest shrinkage compared to all the other co-extruded
samples. Even lower porosity values (3.8% =+ 0.7%) can be obtained by increasing both the
temperature (up to 1350 °C) and holding time (up to 8 h) of the sintering heat treatment. At
the sintering temperatures, the solubility of Ni in Fe allows Ni to diffuse toward 316L and
Fe toward IN718, both in the austenitic phase. In all the trials, chromium carbides were
detected at the powder particle boundaries of the two alloys and at the grain boundaries of
AISI 316L SS. They were attributed to carbon contamination coming from the binder.

PDS is a demonstrated cost-effective metal AM technology that enables the produc-
tion of complex shapes with low energy consumption, thus contributing to sustainability.
Despite the efforts of this research, there are still many open issues in metal multi-material
PDS processes to be explored, such as process optimization, other material properties char-
acterization, and the development of design strategies integrating the sustainable principle.
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