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INTRODUCTION

producing very complex parts. Its working principle is based on overlapping CAD defined layers, one by one,
until the 3D part is built. In more common AM processes addressed to metallic materials, each layer is made of

D ] etal Additive manufacting is attracting attention of industrial and academic world for its tremendous potential in

246


https://youtu.be/KmSQP8SoYCI

4
fpc’
‘(f P. Ferro et al., Frattura ed Integrita Strutturale, 65 (2023) 246-256; DOIL: 10.3221/IGF-ESIS.65.16

metallic powder that is consolidated by a laser or electron beam that scans the powder bed with different strategies [1]. The
rapid solidification of the melted powder induces a very fine microstructure that in some cases allows to improve the
mechanical properties of the additively manufactured component compared to those that are typical of subtractively
manufactured ones [2]. Other advantages, among the others, are the topological optimization of load bearing components
and the reduction of scraps. However, there are disadvantages, as well, such as solidification defects (say, porosity [3]), high
surface roughness, distortion and residual stresses that can compromise the component performance and, even worst, its
production [1]. In addition to powder bed fusion (PBF) additive manufacturing processes [4], there are different other
alternative technologies belonging to the so called ‘mainstream commercial metal AM technologies’ that were developed.
They are Directed Energy Deposition (DED) [5] and Binder Jetting (BJ) [6]. But, surprisingly, the list could go further with
emerging new additive technologies such as Ultrasonic Additive Manufacturing (UAM) [7] and Metal Droplet Printing
(MDP) [8]. In UAM the component is built up through the stacking and joining of solid metal strips by ultrasonic welding,
while MDP is based on drop-on-demand ejection and liquid droplet deposition on a moving substrate. In all these
techniques, the facility is highly expensive, the heating source has a low efficiency (above all dealing with laser, electron
beam and friction) and the process time is not competitive with that of other subtractive technologies or casting processes.
This is why one of the most important goals to reach in the field of AM technologies is to find out a strategy allowing
significant reduction of process time and cost. In this scenatio Fused Filament Fabrication and sintering (FFFS) could be a
promising AM technique with the potential to reach the above-mentioned objectives [9]. A filament made of metallic powder
embedded in a polymer (binder) is extruded to produce the 3D part, called ‘green’ part, by deposition as shown in Fig. 1.

Figure 1: Green part production by Fused Filament Fabrication.

The green part undergoes then a chemical and/or thermal debinding which main goal is to eliminate the binder. This is a
very critical step since a compromise is required between the amount of residual binder required to maintain the powder
consolidation and the necessity to avoid alloy contamination. After debinding, the part is called ‘brown’ part. It finally
undergoes a sintering heat treatment which temperature and holding time are alloy dependent [10]. It is worth mentioning
that such AM technique is also called in literature Printing-Debinding-Sintering (PDS) [11], Fused Deposition Modeling and
Sintering (FDMS) [12], Atomic Diffusion Additive Manufacturing (ADAM) [13] or Bound Metal Deposition (BMD) [14].
Due to the low filament extrusion energy during 3D printing and the possibility to carry out debinding and sintering on
entire batches, FFFS shows great promise in the large-scale manufacturing of metal components at relatively higher
fabrication rate and lower manufacturing cost [15].

Despite such advantages, the research aimed at improving the FFFS AM process is still at the early stage. Some pioneering
works deal with the production of stainless steels or Nickel based alloys components via Fused Deposition Modeling and
Sintering (FDMS). In a recent work, Liu et al. [12] investigated the possibility to produce AISI 316L Stainless Steel (SS)
patts via FDMS. Brown Parts were first obtained through catalyst debinding at 120 °C for 8 h under nitrogen whose rate
was 1 L/h and then by a heat treatment at 600 °C for 2 h to eliminate the residues inside the patt. The sintering was carried
out at 1360 °C for 2 h under the protection of argon. The porosity was found to be 7.77 % which is quite high for a metal
part. Mechanical properties were in fact lower than those obtained with other manufacturing techniques so that authors
concluded by claiming that FDMS is not suitable to fabricate structural parts but only functional products. Some year before,
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Thomson et al. [15], using the same alloy (AISI 316L) to produce 3D printed parts via FFES, reached better results in terms
of porosity reduction. Thermal debindig was cartried out for 90 min at 750 °C, temperature reached with a heating critical
rate of 0.2 °C/min requited to give time the polymer to escape and prevent defects formation. Sintering at 1360 °C for 2 h
allowed to obtain densified parts with a porosity lower than 5%. However, FFFS was still recommended for fabrication of
complex shaped metal parts for application with a focus on material functionality rather than structural components
production. Better results, in terms of relative density, were obtained by Wang et al. [11] who studied the sintering
mechanism that occurs during extrusion-based additive manufacturing of stainless steel (316L) via molecular dynamics
simulation. The mechanism of Cr element aggregation at the grain boundaries was revealed by analysing the evolution of
particle structure, diffusion activation energy, and interactions among solute elements during the heating process of Printing-
Debinding-Sintering (PDS). Severe Cr aggregations at grain boundaries were reviled both numerically and by experiments.
The extra enetrgy released due to this aggregation phenomenon promoted a further coalescence of particles. A catalytic
debinding was cartied out using two temperature ramps that reached 433 °C and 573 °C, respectively. The cuboid samples
subsequently underwent a pre-sintering heat treatment at 1010 °C and, finally, the sintering at 1327 °C. The relative density
was 98.5%.

About nickel-based alloys, literature works focused above all on Inconel 718 (IN718). Thomson et al. [16] used an iterative
process optimization to find the most suitable metal fused filament fabrication (MF3) process parameters to produce IN718
3D parts. They observed how the pick-up of impurities during debinding and sintering can result in the formation of carbides
and oxides, often in form of prior particle boundaries (PPB) [17]. An acceptable concentration of grain boundary carbides
can improve high-temperature strength. However, extensive amounts of high-temperature stable carbides can act as crack
initiation sites, harming mechanical properties [18]. In the work of Thomson et al. [16], shaping was realized by combination
of 3D fused filament printing and subsequent green body compression to eliminate minor printing defects. Removal of
organic compounds was realized in a two-step debinding process, chemical and thermal (heating rate 1 °C/s between 170
°C and 550 °C). Finally, different sintering temperatures wete tested, finding 1280 °C (holding time, 4h) the best one in
term of material densification (>97%). Moreover, after a proper heat treatment, fabricated samples achieved mechanical
properties similar to metal injection moulding (MIM) IN718 presented in literature.

Despite the numerous works about FFFS AM process, the use of such technique to produce bi-metallic materials was never
explored in literature, to the best of the authors knowledge. As a matter of fact, there is the possibility to print the patt by
using two different filaments in co-extrusion or bi-extrusion regime, depending on whether each filament passes through
the same nozzle (Cyclops hotend) or through a different nozzle (Chimera hotend).

The present work describes the first attempt to produce high carbon steel-IN718 bi-metallic parts via FFES in co-extrusion
regime with the aim to highlight unique phenomena occurring in bi-metallic material production, such as the alloy elements
interdiffusion and drawbacks linked to different sintering rates. The choice of this couple of alloys derived above all from
their similar sintering temperatures and the motivation to produce bimetallic parts with a unique combination of chemical,
metallurgical and mechanical properties.

MATERIALS AND SAMPLES PRODUCTION

Inconel 718 (IN718) and high carbon steel (HCS), respectively (Fig. 1). The nominal composition of the two alloys
provided by the manufacturer, i.e. The Virtual Foundry is reported in Tab. 1.
IN718 filament, diameter 1.75 mm, contained nominally 87 wt% metal and had a density of 3.73 g/cm?3; HCS filament had
the same diameter and contained about 79.1% metal resulting in a density of 2.76 g/cm3. The polymer used in both filaments
was polylactic acid (PLA).

( : uboid specimens, size 10x10x10 mm?3, were produced via co-extrusion of two filaments containing powder of

Inconel 718 (nominal composition)

Ni Cr Nb Mo Co
50-55 17-21 4.75-5.5 2.8-3.3 Max. 1.0
High carbon steel (measured with EDS)

Fe C Si Al S&P
85.6 11.5 2.15 0.73 Bal.

Table 1: Chemical composition of the two alloys (wt%).
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It is noted that the analysed HCS belongs to the family of hypereutectoid carbon steels.

The 3D printer used is a customized version of the Geetech Prusa i3 Pro B, with double extruder driven by two independent
engines. It was equipped with a Rumba motherboard and an adapted Marlin firmware was compiled and installed. More
details about the software can be found in the work by Sponchiado et al. [19].

‘Co-extrusion’ of the two different filaments means that both pass through the same nozzle (Cyclops hotend). In this
condition the scanning strategy is directly linked to the resulted bi-material configuration (where ‘configuration’ means the
geometrical disposition or layout of the two alloys inside the specimen). The co-extruded ‘left-right” part is obtained by
moving the nozzle with a horizontal path along the x-axis in the reference system schematized in Fig. 2a. The xy plane
coincides with the 3D printer plate. The co-extruded ‘top-bottom’ cuboid is produced by shifting the nozzle along the y-
axis with respect to the same reference system (Fig. 2b) and finally the ‘crossed’ co-extruded part is carried out by combining
layer by layer the previous paths resulting in the configuration schematized in Fig. 2c.

Three samples for each scanning strategy were produced using the process parameters collected in Tab. 2.

a left-right b top-bottom C crossed

Figure 2: Scanning strategies and derived configurations of co-extruded samples: (a) left-right, (b) top-bottom (c) crossed.

. Printing Speed Nozzle Temperature Bed Temperature Extrusion width
Layer height (mm) T 0 €0 o)
0.4 15 210 50 0.8

Table 2: Used FFF process parametets.

After 3D printing, the green parts underwent to thermal debinding and sintering. Thermal debinding is a critical step since
polymer must escape without compromising the structural integrity and geometry of the 3D printed part. For this reason,
usually thermal debinding should involve two steps; the first (temperature one is design to eliminate the majority of polymer
while avoiding the collapse of the part itself; the second one, at higher temperature, should allow the material densification
to start while maintaining a certain degree of porosity to allow the residue of polymer to completely escape from the part.
The melting and vaporization temperatures of PLA, 280 °C and 380 °C, respectively, were evaluated through differential
scanning calorimetry (DSC) tests carried out with DSC 3+ Mettler Toledo. Therefore, the debinding temperature was
chosen to be 450 °C (holding time, 2h) after a pre-heating at 200 °C for 2h and a heating rate of 1.5 °C/min. The temperature
of pre-sintering (600 °C) was reached with the same heating rate and maintained for 2h. Finally, the sintering was carried
out at 1280 °C, temperature that was reached with a heating rate of 5.5 °C/min and maintained for 4h. Slow cooling rates
were used (1.9 °C/min up to 600 ° and 5 °C/min up to room temperature) to avert distortions or cracks. It is worth noting
that Kloeden et al. [20] suggested, for IN718, sintering temperatures in the range between 1260 and 1290 allowing liquid
phase sintering that promotes the highest material density. Moreover, since the filaments producer suggests 1300 °C as
sintering temperature of HCS, it was decided, as fist tentative, to select as sintering temperature of the bimetal part, 1280
°C.

A vacuum cleaning followed by a flux of inert atmosphere, made of Ar (99.99%, 100 SCCM), was used to prevent oxidation
inside the tubular sintering furnace (Zetasinter by Nanone) and allow the residues of polymer to escape. Moreover, no steel
blend was used but the samples were simply placed on a refractory basal layer. Both filaments and samples were investigated
by using electron scanning microscope (QUANTA FEG 250) equipped with Energy Dispersive Spectroscopy (EDS).
Eventually, a chemical etching (Nital 3%) was used to reveal the microstructure. The mass of the samples before and after
heat treatment was measured by weighing using a high precision electronic balance by ZEISS.
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RESULTS AND DISCUSSION

Filaments analysis

uboid specimens, size 10x10x10 mm?3, were produced via co-extrusion of two filaments containing powder of
Inconel 718 (IN718) and high carbon steel (HCS), respectively (Fig. 1). The powder particles morphology and size
are shown in Fig. 3.

30 um EHT =20.00 kV Signal A = HDBSD 100 ym EHT =20.00 kV Signal A = HDBSD

— WD = 8.50 mm Mag= 500X Dake: 3 hnr 2022 —~ WD =8.50 mm Mag= 100X

Date: 8 Mar 2022

Figure 4: Microstructure of powder particles: (a,b) HCS, (c,d) IN718.
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It is observed a great difference in particles size and shape of the two alloys. While IN718 particles are spherical with size
ranging from 15 to 40 um (Fig. 3a), HCS particles are characterized by an irregular shape and size ranging from 80 to 200
pm. Despite the binder plays a principal role in the printing process so that the requirement on the morphology of the
dispersed metal particles, including the sphericity, fluidity, and size distribution, is not as rigorous as that for selective laser
melting (SLM) or other metal 3D printing methods, the evident difference in particle size between the two alloys could play
a fundamental role in the subsequent heat treatment. A different sintering rate could characterize the two alloys not only
because of their different chemical composition but also for their different shape and size. The higher the size the lower the
driven force for densification given by the reduction of surface energy. Focusing on HCS particles microstructure, pearlite
grains decorated by secondary cementite are observed (Fig. 4a). It was confirmed by Vickers microhardness measurements
(Fig. 4b) which values resulted to be 320 = 36 HV and 1318 £ 102 HV for peatlite and cementite, respectively. IN718
particles showed a dendritic structure with interdendritic segregations of heavy elements, such as Nb, as identified by EDS
analysis of clear areas in Fig. 4c (Tab. 3). The Vickers microhardness (load 25 g) was 288 = 17 HV.

C O Al St Ti Cr Fe Ni Nb Mo
1 12.58 5.95 0.31 0.40 0.91 15.05 13.30 40.16 7.83 3.48
2 12.23 5.41 0.35 0.33 0.71 15.98 16.36 41.78 4.02 2.84
3 12.70 5.43 0.34 0.36 0.74 16.16 15.38 41.99 4.43 2.45
4 44.27 21.28 0.11 0.99 0.28 7.10 6.56 17.32 1.17 0.85

Table 3: EDS analysis of the IN718 particle shown in Fig. 4c.

Bimetal parts characterization

Fig. 5 shows some pictures at different magnifications of the green parts. Their initial volume and mass underwent a
significant reduction after sintering as reported in Tab. 4. Moreover, they underwent a shape variation (Fig. 6) mainly due
to the absence of steel blend during heat treatment that would have allowed a more uniform heating and cooling as well as
a sort of structural support during debinding. A high grade of porosity was observed, as well, that revealed just a partial
sintering of the parts (Fig. 6). This was attributed to a non-sufficiently high value of the sintering temperature and suggests
that in bi-metal parts produced via FFFS, the more demanding material in terms of sintering temperature and holding time
(say, HCS) dominates over the selection of process parameters.

Figure 5: Green parts built with ‘left-right’ pattern.

Sample Mass of green part [g] Mass of sintered part [g]
Left-right’ 0.024 5.018
“Top-bottom’ 5.589 4.644
Crossed 5.767 4.901

Table 4: Mass before and after the heat treatment.
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Figure 6: Macrographs of the FDMS part with red colored the surface observed: a) left-right, b) top-bottom, c) crossed.

IN718, that was the less demanding material in term of sintering temperature, showed a good grade of densification
(Fig.7). However, each particle is decorated by a secondary phase rich in chromium and molybdenum, as proved by the
EDS analysis reported in Tab. 5.

Figure 7: SEM micrographs of sintered IN718 powder at different magnifications
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C O Al Si Ti Cr Fe Ni Nb Mo
Phase 1 3.02 16.25% 19.05* 0.77 0.74 8.18 24.60 22.49 3.32 1.57
Phase 2 4.52 6.06 0.24 0.73 3.94% 8.09 18.77 16.46 35.34%* 5.85%
Phase 3 4.14 3.35 0.27 0.71 0.51 31.20% 30.41 23.21 2.30 3.91*
Matrix 2.49 3.70 0.26 1.04 0.44 8.10 33.93 46.49 2.03 1.51

*Since EDS is a semi-quantitative analysis, numbers in bold simply highlight the differences against the matrix composition

Table 5: EDS analysis of IN718 sintered powder shown in Fig. 7b.

As observed by Wang et al. [11], Cr tends to segregate at the particle grain boundaries. They found that the cohesive
interactions between Cr atoms were stronger than those of Fe and Ni elements during the final holding stage in their
molecular dynamics (MD) simulation. The energy released by Cr aggregation further promoted the coalescence of particles
and the stability of sintering body. Cr dot mapping showed a higher concentration of dotting points at the grain boundaries,
and the point analysis also indicated an increase in the weight percentage of the Cr element at the grain boundaries. Therefore
it supposed that carbon residue at the particle surface reacted with such Cr agglomerations producing Cr(Mo) carbides.
Other secondary phases were identified by EDS analysis (Tab. 5) as oxide particles (black small particles in Fig. 7b) and
Leaves phase (Ni,Cr,F'e)2(Nb,Mo,T1) (white particles in Fig. 7b). In HCS zones, sintering didn’t occur as clearly observed
in Fig. 8. Such issue was mainly attributed to the sintering temperature that was found to be inadequate for the purpose. As
a matter of fact, such parameter should be also calibrated according to the particles size that was significantly higher than
that of IN718 particles. Moreover, it is worth noting that the observed high porosity grade can be also attributed to a non-
homogeneous sintering kinetics. Due to the non-appropriate temperature and larger particles size of HCS, the sintering
kinetics of HCS can be supposed slower than that of IN718, causing a sort of porosity induced by differential shrinkage.

1,}@ OT
"
V .I4-t

Figure 8: SEM micrograph of left-right FFF AM part.

Dealing with HCS particles, partially sintered with IN718, a very complex stratified microstructure was observed (Fig. 9)
and attributed to an interdiffusion phenomenon at the interface between the two alloys. As Ni and Cr diffuse toward the
HCS particles, which microstructure is fully austenitic at the sintering temperature, the steel becomes richer and richer of
alloys elements modifying progressively the chemical composition and therefore the Continuous Cooling Transformation
(CCT) curves position. It is well known that the higher the amount of alloys element the more the CCT curves moves
toward right. Keeping this in mind and supposing the entire HCS particle undergoes the same cooling rate, where Ni and
Cr were not able to reach the steel, the microstructure resulted to be made of equiaxed grains of peatrlite. As the Ni and Cr
content start to increase, austenite tends to transform into acicular phases (Fig. 9b). Where the Ni content results sufficiently
high, the austenitic microstructute tends to stabilize similatly to austenitic stainless steels. A linescan across a HCS granule
was performed to support this interpretation of the microstructure (Fig. 10).
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Figure 10: HCS particle in touch with IN718: a) SEM micrograph, B) EDS line scan across HCS.

As expected, it is shown a gradually increase of Ni and Cr moving from the HCS granule core toward the interface. Moreover,
it is observed that the light gray phase in Fig. 10a starts to form as Ni begins to increase (Fig. 10b) and Fe to decrease.

CONCLUSIONS

nconel 718/high carbon steel bimetallic samples were produced via fused filament fabrication and sintering. Despite
in a first production tentative, a high porosity grade was observed, the obtained experimental results allow to highlight
the main metallurgical phenomena involved in their production and that will be optimized in a future work.
Sintering temperature (1280 °C) was revealed the most critical process parameter. It resulted sufficient for IN718 but
inadequate for HCS, suggesting that such parameter should be selected by considering the more demanding material
between the two alloys. In the present bi-metallic parts, the sintering temperature should exceed at least 1300 °C (HCS
sintering temperature) despite the possible excessive liquid phase formation at grain boundary of IN718 and therefore the
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risk of shape instability throughout the process. In this regard, the green parts should be completely dipped in steel blend
during the heat treatment with the aim to contain the distortion of the parts during the debinding and sintering. Another
important phenomenon to take into account is the sintering kinetics mismatch between the two alloys due to both single alloy
chemical composition and particles size. The higher the particle size the longer the sintering time. This phenomenon causes
a different alloy shrinkage and therefore could be a source of porosity at the interface between the two coupled alloys.
About alloys microstructure, different secondary phases (i.e.: Leaves phases) were detected in sintered IN718 powder, while,
a stratified microstructure was observed in partially sintered HCS and IN718 particles due to Ni and Cr diffusion toward
the steel granules.

Finally, this work establishes the bases for the combination of metals in FFFS and it is part of a wider research that aims at
exploring the opportunity offered by multi-material additive manufacturing and its implications on design methods.
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