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Abstract

Binder Jetting is becoming increasingly important in the scenario of metal Additive Manufacturing
processes due to the absence of rapid melting and solidification steps that can induce defects in most
sensitive alloys and lead to unwanted reactions. However, this technology requires to consider the
effects of different factors such as powder packing, wettability with the binder and sinterability to
define suitable process parameters and to achieve desirable material properties. Although several
research works focus on individual aspects of Binder Jetting and sintering of parts, a comprehensive
understanding of material evolution under different processing conditions has not been achieved
yet.

The present research explores the effects of different process and thermal parameters on the porosity
and mechanical properties of binder jetted 316L samples. The effect of layer thickness and binder
saturation, considering the powder bed features, and debinding and sintering atmospheres, referring
to the post-processing stages, were investigated at the green and sintered stages via microstructural
and compositional analysis and mechanical characterization. Thermal treatments simulations were
employed to determine the microstructural evolution during sintering. The 316L steel produced in
this work by Binder Jetting exhibited a fine equiaxed microstructure, tensile strength values

comparable to those of cast products and superior ductility compared to other additive techniques.

Keywords: Binder Jetting; Additive Manufacturing; 316L Stainless Steel; Mechanical Properties;

Simulation; Phase Transformation.

1 Introduction

Binder Jetting (BJ) is an Additive Manufacturing powder bed process developed at MIT in the early
1990s. It is receiving particular interest from the scientific and industrial communities since it allows
extending the advantages of the complex-shape design offered by Additive Manufacturing to a wider
class of materials, because it does not involve melting and rapid solidification steps, that can induce

defects in the most sensitive alloys and lead to unwanted reactions [1,2].



BJ consists of the deposition of liquid binder micro-droplets to selectively join powder particles of a
powder bed, and to enable the creation layer by layer of near-net shaped parts [3]. After printing, the
next steps involve curing of the binder, de-powdering of green bodies and sintering of components.
In contrast to other powder bed processes that apply laser or electron beam to melt the materials, no
heating to the melting stage is involved in BJ process.

Due to this feature, BJ presents remarkable advantages in comparison with other Additive
Manufacturing processes and an increasing interest for this technique is growing for industrial
applications [4—7]. It allows, in principle, to produce parts from almost any powdered feedstock
material, from metals to ceramics, since there are no restrictions regarding high melting points,
reflectivity, etc. [8—14]. Considering that the printing process is performed at room temperature, no
effect about thermal conductivity needs to be considered and concerns like presence of residual
stresses, part distortions or crack formation are significantly reduced. No building support structures
are required since there is no need to bear solidification strains, nor to dissipate heat [15,16], density
can be flexibly controlled by tuning the post-processing parameters [4], and higher amount of
powder can be reused compared to L-PBF or EBM [17,18].

On the other hand, some downsides need to be mentioned. Among them, the additional steps of the
post-processing must be considered, which include de-binding and sintering, that are necessary to
obtain final objects with suitable strength. Thermo-chemical treatments can generate shrinkage and
distortion of the parts, which are still difficult to predict with high accuracy. Moreover, the post-
processing treatment parameters must be optimized according to the different combinations of
powder and binder and a deeper knowledge on their effects is required to improve product quality
and reliability.

Several researchers investigated the effects of different processing parameters on various properties
of the final parts. Even if the field of printing parameters is very wide, including layer thickness,
binder deposition speed, binder saturation, roll speed, drying time, and others, layer thickness and
binder saturation are often considered as the main parameters [19—21].

During printing, the binder is dropped according to the binder saturation (or printing saturation),
defined as the ratio between the deposited binder volume and the powder bed voids volume, which
usually has a beneficial effect on the green part strength and its safe handling [22]. Some authors
suggested that an increase of layer thicknesses and binder saturation leads to a reduction of
mechanical properties and geometrical resolution. This is due to two competitive mechanisms:
binder spreading and binder infiltration [23,24]. The first consists of the diffusion of the liquid on
the layer surface due to capillary pressure; the latter regards the vertical penetration promoted by
capillarity and gravity. Good geometrical accuracy and sufficient inter-layer adherence of the green
parts can be assured only if binder motion sideward is not excessive, and the powders show suitable
wettability. This is strictly dependent on the printing bed packing, which is affected by a series of

factors related both to powder properties and printing parameters [25—27].



With the aim of presenting an effective overview, the materials used and the processing parameters

reported in relevant studies are summarized in Table 1.

considered BJ parameters

Table 1 Schematic representation of literature contents for different materials and most

Avg.
Material g Binder Layer . .. . . .. Final
Alloy Particle . . Curing Debinding Sintering Additives . Ref.
group . Saturation Thickness Density
Size
um % pm %
2h, 1380°C,
316L - - - - - - 95-96  [28]
H-
316L - - 50 - - - - 97 [6,29]
2h, 1.5h, 1300°C,
316L  14-31-78 100 150 1h, 500°C - 80 [30]
200°C Ar
Stainless 4-14-30- 2h, 6h, 1350°C,
316L 60 100 2h, 460°C BN, B, BC 99 [31,32]
Steel 82 195°C vacuum
h 1h, 1360°C,
4h,
316L 22 60 50-100 oo 1h, 800°C 95%Ar+5% nylon 94 [33]
1 0
R H-
) 2h, 1.5h, 1435°C,
316 multiple 60 75-100 0.5h, 900°C - 99 [34]
180°C H-
2h, 1310°C,
625 11 - - - - - - [35]
vacuum
175°C, 4h, 1280°C,
625 33 - - - - 99  [36]
Inconel vacuum vacuum
4h, 1300°C,
625 34.5 - 100 175°C - - 99  [37]
vacuum
718 70-7 70-80 - - 0.5h, 700°C 5h, 1300°C - - [38]
i 1h, 2h, 1350°C, [30]
i 75 - 100 - - porous [39
Titanium 70°C Ar
Ti CP 75-90 - 80-150 - 3h, 295°C 1400°C, Ar - porous [40]
CuCP 5 - 50 1h, 450°C  3h, 900°C, H» - o1 [12]
CuCP  multiple 100 80-150 185°C  0.5h, 450°C 2h, 1060°C - 60-80 [41]
Copper
Cu CP Itipl h C 3h, 1075°C, [42]
u multiple 100 0 - 0.5h, 450° - 2
p 7 5h, 45 Ar + HIP 99 4
SS420
) 2h, 11%
Composite + 10 - 100 - 96%Ar+4%Ho- 98 [43]
200°C bronze
bronze

Looking at the density achieved in the finished parts, it seems that currently titanium and copper

alloys do not easily reach near full density values as opposed to nickel and iron alloys. Sometimes

density values for the same alloy might differ significantly because the samples are produced with

different printing parameters and sintering cycles. In this regard, the improvements in sintered



density are often achieved owing to the presence of additives, boron-based or silicon nitride, in
particular when it comes to iron-based alloys [44].

The measured shrinkage after debinding and sintering usually ranges from 5 to 20% depending on
the material and the process parameters. Titanium presents the lower values, around 5%, nickel and
copper-based alloys have a similar shrinkage behavior, that varies between 15 and 20%. Iron-based
alloys are peculiar since their volume reduction can vary within a wide range, from 5 to 17%, meaning
that these alloys are deeply affected by process parameters, probably more than others [45].
Among all the materials, the most extensively investigated alloy in literature is the AISI 316L
stainless steel. To the authors’ knowledge, the research works of Do et al. [31,32], Ziaee et al [33] and
Verlee et al [34] provide extensive information related to process parameter and resulting properties.
In Table 1, the major studies dealing with BJ manufacturing of 316L stainless steel were presented,
summarizing the selected printing parameters and thermal treatments. Table 2 further shows the

influence of these parameters on the specific properties measured in each paper.

Table 2 Summary of the articles studying the effect of material, and process parameters on the

mechanical properties of 316L stainless steel by BJ

Final ) Mechanical .
. Shrinkage . Microstructure
density properties
Powder size
[30—-34,46] [31,33] [34] [30]
and shape
Sintering cycle [31,32,34,46] [45] [6,31,34] [6,31,32,46,47]
Additives [31-33] [31,33] [31,32] [31]
Binder
. \ - [48] -
saturation
Orientation,
. [28,29] - [28’29748] [28729]
layer thickness

From Table 2 it appears that in the literature, the influence of particle size distribution (PSD) and
powder morphology on part density is one of the most studied aspects for BJ of 316L stainless steel.
To investigate the effect of powder on the final density, batches with different PSD are considered
and subjected to the same processes, from printing to sintering. Do et al. [31,32] concluded in their
papers that the mixture of two batches with different powder size resulted in an improvement of the
packing density up to 70%. Besides, the effect of the particle shape must be taken into account
because the sintered part porosity increases by decreasing the sphericity of the feedstock [34].

Limited reports are, however, available on the effect of the microstructure evolution on the
mechanical properties of sintered parts. Shrestha et al. [48] considered the influence of binder
saturation and printing parameters on the transverse rupture strength (TRS) of 316L binder jetted

samples. Do et al. [31] focused on the effect of additives and sintering cycle on material hardness and



tensile strength. Verlee et al. [34] evaluated the ultimate tensile strength (UTS) and fracture
elongation in order to investigate the influence of different particle powder sizes. The fatigue
behavior of BJ 316L has been reported in a very recent paper by Kumar et al. [28]. From the survey
of the open literature, it appears that an exhaustive understanding of the main powder features and
processing parameters on the achieved microstructure and properties of BJ 316L steels is still
lacking.

In the present research we describe the effects of printing parameters and thermal treatments on the
sintering mechanisms, thus on the microstructure, of a 316L stainless steel and we report the
possible consequences of the microstructural changes on mechanical properties, as bending
strength, tensile properties, and micro-hardness. The focus is placed on layer thickness and binder
saturation, which are present on any BJ machine regardless of the manufacturer and size, and they
are pivotal to the organic binder distribution homogeneity within the powder bed, therefore in the
green and sintered components. In addition, we demonstrate the feasibility of achieving almost full
density and excellent mechanical properties, on par with literature results, without the need of

sintering aids and reducing atmosphere.

2 Materials and Methods

2.1 Powder material

The feedstock powder used in this experimental work was a gas atomized 316L stainless steel
supplied by Sandvik AB with spherical shape (circularity,, = 89%) and a unimodal particles size
distribution (dio = 2.1 um, dso = 3.8 um, dgo = 7.8 um). The chemical composition is reported in Table

3.

Table 3 Chemical composition (wt.%) of the investigated stainless steel AISI 316L powder
C o Si Cr Mn Fe Ni Mo

316L 0.03 0.21 0.58 18.28 2.19 65.73 10.90 2.12

2.2 Printing process

Samples were produced with an Innovent+ 3D BJ system manufactured by ExOne (Huntington, PA,
US). The binder was a standard aqueous-based type BA-005 solution provided by ExOne containing
ethylene glycol monobutylether (EGBE), isopropanol (IPA), and ethylene glycol (EG). The first two
constituents evaporate during the curing while the ethylene glycol cross-links producing PEG [32].
The adopted printing parameters are reported in Table 4. They have been selected based on previous
experience [49] and were kept constant for all the samples here presented. Instead, the effect of
different layer thickness (LT) and binder saturation (BS) values were investigated. LT was considered

at two levels, 50 um and 100 um, whereas BS was set at 55% or 70%.

Table 4 Constant printing process parameters



Roller Roller

Drying Bed Recoat .
. rotation transverse
time temperature speed
speed speed
S °C mm s rpm mm s
12 55 100.0 600 5.0

The curing process was carried out at 180 °C for 6 hours in air in a YAMATO DX 412 furnace and it
was followed by de-powdering via manual brushing and vacuum cleaning, whereas the debinding
step was performed in Ar atmosphere in a CARBOLITE 12/75/700 tube furnace at a temperature of
470 °C for 4 hours. The temperatures for the sintering cycle were based on suggested cycles provided
by the BJ system manufacturer. Sintering was therefore performed in vacuum by using a HTS HT-
S1 LPC vacuum furnace (10 mbar) at 1360 °C for 3 hours, with a heating rate of 5 °C min-, followed
by a cooling stage with a N, pressure of 1.5 bar and an initial cooling rate of -500 °C min’. During
sintering, samples were placed on alumina holders to avoid contamination from the support plate of
the furnace.

Samples with different geometries were produced for 3-point bending tests and tensile tests in
accordance with the ASTM standards B312-20 and E8/E8M, respectively. For tensile tests, three
standard flat unmachined specimens for powder metallurgy were produced for each condition

(central width = 5.7 mm), printed with the flat surface parallel to the powder layer.

2.3 Phase formation simulation

To better understand the phase transformations during sintering, CALPHAD-based simulation by
ThermoCalc AB Software (Version 2020b, Stockholm, Sweden) were performed under equilibrium
hypothesis [50]. The thermodynamic equilibrium and phase stability predictions were evaluated by
using the TCFE9Q Steel/Fe-alloy database. To improve the accuracy of the results obtained, the
specific carbon content of the debinded samples was measured through LECO analyzer according to
the ASTM E1019.

Information on post-printing treatments were obtained by thermogravimetric analysis (TGA)
performed on pure binder samples using temperature scans from 0 °C to 1000 °C with a 5 °C min!
heating rate, and on green samples from 0 °C to 500 °C with a 5 °C min heating rate, both in air and
in slightly reducing (95%Ar/5%H.) atmospheres. The measurements were performed on pre-
solidified binder by curing at 190 °C for 2 hours. In these analyses, a slightly reducing atmosphere
was adopted to safely eliminate any risk of oxidation processes, while argon atmosphere was
employed during debinding to study an easily reproducible treatment at the industrial level.
Additional differential scanning calorimetry (DSC) was performed by a Setaram Labsys 1600 (Lyon,
France) on debinded specimens from the four printing combinations, with a heating rate of 5 °C min-

! from 20 to 1360 °C, a holding time of 3 hours and a cooling rate of -30 °C min-.



2.4 Microstructural and mechanical characterization

Microstructural observations were conducted by a field-emission scanning electron microscope (FE-
SEM) ZEISS SIGMA 500 equipped by energy dispersive X-ray (EDX) detector by Oxford Inc. SEM
investigations were performed on specimens after mirror polishing and chemical etching
(H-O:HCL:HNO; 1:1:1, according to ASTM E407-07 standard) to study their microstructural
properties and on the fracture surfaces of tensile specimens to determine the failure mechanisms.
EDX analyses were conducted on mirror polished and chemically etched samples sections to
determine the distribution of chromium, nickel and molybdenum. The average grain size was
determined by line-intercept method, according to the ASTM E112-13. EDX analyses were conducted
on polished surfaces to determine the elemental composition of the phases and inclusions identified
in the samples.

XRD analyses for phase identification were performed by SmartLab II Rigaku diffractometer on the
polished surface of all samples within a range of 30 — 100°, at a scanning rate of 1° min, a step size
of 0.01° and a Cu-Ka radiation source (A = 1.5406 A).

Samples density was derived by area fraction measurement acquired by image analyses on samples
collected both at the green and sintered stages and by the Archimedes’ principle (ASTM B962-17) on
sintered samples only, since the open porosity of the green samples was excessively large to produce
accurate estimates.

Linear shrinkage was evaluated in the three different directions (X = Powder spreader axis, Y =
Printhead movement axis, Z = Building direction axis) by measuring three bending test specimens
size with a digital caliper after sintering.

Vickers hardness (HV) was measured by microhardness indentation (ASTM B933-20) on polished
sectioned samples, close to their surface and in their central regions. The applied load was 100 g for
a duration of 15 s. Data are obtained by averaging 10 measurements in different areas of the sintered
samples. Transverse rupture strength was measured by three-point bending tests on both green
(ASTM B312-20, thin configuration) and sintered (ASTM B528-16, thin configuration described in
ASTM B925-15) specimens performed by an MTS SYNERGIE 200 testing frame at a loading rate of
90 N min™. In both cases, the load was applied in the transverse direction with respect to the layer
orientation.

Finally, tensile tests were performed on standard flat unmachined test specimens for powder
metallurgy products (ASTM E8/E8M, “dogbone” configuration described in ASTM B925-15) by an
MTS ALLIANCE RT 100 testing frame, at a strain rate of 1.3 mm min-. The tensile stress was
applied in the parallel direction with respect to the layer orientation to allow a comparison with the

best performing specimens produced by other techniques.

3 Results and Discussion
According to Verlee et al. [34], the packing density during the printing process is an intermediate

value between bulk density and tap density. The packing density is indeed related to the flowability,



the morphology and the size of the powder. For a monosized PSD, the theoretical packing density is
64% [51], but it decreases as the powder size reduces, due to the increasing effects of interparticle
friction, and electrostatic and Van der Waals forces, as the specific surface area of the particles
increases [4,52—54].

The printing strategies chosen for this study resulted in an actual powder bed density of 54.23% for

the 50 um and 50.02% for the 100 um layer thickness [55].

3.1 Debinding

During the debinding and sintering stages, the binder must be removed to avoid carbon enrichment
leading to the precipitation of detrimental secondary phases that can modify the microstructure and
performance of the final object.

Figure 1a shows the results of TGA carried out on a pure binder sample. It is revealed that the residual
amount of binder constituents found after the TGA cycle was around 5.6% in Ar/H. gas mixture and
0.5% in air. From the graphs, it can be noticed that three transition stages occur during the process
in air, in accordance with results published by Do et al. [32]. The first stage occurs in the 50 — 300
°C range, a second one up to about 480 °C and a third one above 570 °C. The first two stages are also
found in the Ar/H. gas mixture with limited modifications in their temperature ranges, while the last
stage is missing. It can be reasonably assumed that the third stage corresponds to the oxidation and
removal of residual by-products coming from the previous degradation stages, which cannot react in
the inert atmosphere. Figure 1b refers to thermogravimetric tests carried out on green samples. The
results confirm the reduced efficiency of the debinding process in inert atmosphere, keeping into
consideration that the binder loss in air is compensated by the weight gain induced by the oxidation,
as highlighted by the change in the curve slope between 350 — 475 °C and by the subsequent weight
increase.

Even though debinding was not completed using an inert atmosphere, such option was preferred for
the treatment of the testing samples for two main reasons:

. oxidation of the metallic powder is prevented, thus favoring the following sintering and
densification stages of the samples and even allowing the use of vacuum sintering instead of a
reducing atmosphere in the following thermal cycles;

° the residual binder after Ar-debinding should be about 0.02 wt.%, given that the 94.4 wt.%
of binder removed corresponds to a 0.4 wt.% loss for the green specimen, thus its effect on the

microstructure could be negligible.
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Fig. 1 Thermogravimetric curves of a) the solidified binder in inert atmosphere and air; b) green

samples in inert atmosphere and air

The residual carbon analyses on samples debinded at 470 °C in the two atmospheres revealed that
there is a large difference in the carbon concentration of the brown samples, namely after debinding,
before sintering: 0.02 wt.% (air-debinded, which substantially corresponds to the original carbon
content in the feedstock powder) and 0.13 wt.% (Ar-debinded). The complete burning of polymer is
assured only for air-treated samples. In the second case, the increase in carbon is larger than
expected from the results of the thermogravimetric results, which could be due to the less efficient
removal of debinding by-products from green components compared to the pure binder. However,

similar increases were observed also by Nandwana et al. in absence of an oxidizing atmosphere [56].

3.2 Characterization of the green samples

The green relative density values can be observed in Figure 2. By increasing the layer thickness, the
relative density of the specimen decreases by ~5% due to the higher risk of macro-void formation
during powder deposition and the heterogeneous binder diffusion through the structure because a
larger amount of liquid is deposited on top of each layer [57,58]. Indeed, even though corresponding
BS are related to the same amount of binder introduced in the specimen, capillary-induced
infiltration alone does not guarantee that the binder is equally distributed within the layer in case of
different LT [58]. Instead, an increase of binder saturation does not significantly affect relative
density of green parts because the binder mass is minimal and its effect on the overall sample weight
is negligible.

The results of the three-point bending tests on green samples are also plotted in Figure 2. It is shown
that an increase in the binder content of samples leads to improved strength. This is an expected
result considering that at this stage the compact strength is only provided by the polymeric binder
network. Additionally, it can be noticed that there is a positive correlation between relative density
and mechanical strength: the closer the particles are packed, the easier should be the formation of a
continuous and thicker polymeric network connecting them [58]. Finally, it is to remark that none

of the tested conditions revealed to be critical for sample handling.
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3.3 Microstructural analysis of the sintered samples

The sintering conditions were kept constant for all samples under investigation, with a holding
temperature of 1360 °C (reached by a heating rate of 5 °C min") and a soaking time of 3 h under a
vacuum atmosphere at 10 mbar. As already mentioned, vacuum sintering was preferred because
low amount of residual oxides are expected after the Ar debinding, and it should prevent the
formation of gas-filled closed pores, that would hinder full densification.

Thermo-Calc simulations (Figure 3) was used to evaluate the effect of C due to residual binder
contamination. Specifically, a comparison was drawn between the 316L steel containing the nominal
amount of C of 0.03 wt.%, and a carbon-enriched steel with same chemical composition with 0.13
wt.% of C, corresponding to the results showed in section 3.1.

The increased amount of carbon has multiple effects on stability of phases. First, it lowers the liquid-
formation threshold from 1400 °C to about 1360 °C, promoting the achievement of supersolidus
liquid sintering. This might be an advantage since it accelerates diffusion of the alloying elements
toward the solid y and & phases and promotes the pore-filling effect, thus enhancing densification
[34,56]. The second effect of the larger C content is the stabilization of the austenite as opposed to
the formation of §-ferrite, with the latter going from about 0.7 to 0.5 molar fraction at its peak,
according to thermodynamic simulation under equilibrium hypothesis (Figure 3). This might
influence sintering given its dependence on self-diffusion of iron, which is faster in the BCC structure
of ferrite than the more compact FCC lattice of austenite [59]. Regarding other compounds, an
important advantage of the excess carbon is the reduction in the formation of the o-phase, which is
brittle and it would worsen the mechanical performance of the material. Unfortunately, as expected,
the increase in carbon leads to the formation of carbides (M.3Cs), specifically with Cr. This could
raise the risk of intergranular corrosion and loss of toughness when comparing properties to those
of more conventional wrought 316L steels.

The thermograms obtained from DSC displayed in Figure 4 are useful to compare the behavior of

the printed specimens to that predicted by Thermo-Calc simulations. On one side, the curves



obtained during heating (orange lines) confirms that early liquid formation occurs in all cases at
about 1358-1359 °C. On the other hand, cooling curves (blue lines) highlight & to y transformation at
temperatures consistent with those of standard 316L stainless steel, thus with standard carbon
content. However, it should be noted that the heating ramp of the DSC reproduces accurately that of
the sintering process, while the cooling rate is much lower than the actual one (-30 °C min™ vs -500
°C min?), due to operational limit. This might lead to inaccuracies in the reproduction of the

transformation occurring at this stage.
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Fig. 4 Thermo-Calc equilibrium simulations of phases and DSC thermograms (bold lines) of
samples (a) 55BS 50LT; (b) 70BS 50LT; (c) 55BS 100LT; (d) 70BS 100LT

Table 5 summarizes the microstructural properties after sintering of the samples obtained by the
four printing conditions here investigated, while Figure 5 depicts the general features of the
microstructure. From the table it can be noticed that the difference in density between samples
printed with 50LT and 100LT is still present, although it is reduced with respect to the green samples.
On the contrary, small density differences arise between samples with the same layer thickness but
different binder saturations, in particular for the 100LT samples. This is likely due to the excess
porosity in the inner region of the 70BS samples, possibly generated by the larger amount of binder
that is removed during debinding. In addition, the 100LT70BS sample also displays a larger amount
of unsintered particles.

As can be seen from the set of micrographs shown in Figure 5, internal porosity in all samples is
extremely limited, characterized by a spherical shape, a size in the range 1-20 um, and
homogeneously distributed in the matrix, both inside grains and at grains boundaries. The small-
size intragranular pores are extremely difficult to annihilate without pressure-aided sintering, thus
the value of 99% relative density should be considered as a reasonable upper densification limit
under these conditions [60,61]. Indeed, densities near or above 99% have been achieved only with
sintering aids by Do et al. [31] and with extensive liquid sintering by Verlee et al. [34], at the cost of
loss of shape accuracy. Inclusions are rare or absent. In addition, the microstructure features
equiaxed austenitic grains decorated by S-ferrite (Figure 7), as confirmed by EDX measurements
reported in Table 6 and by XRD results in Figure 6, and annealing twins [62,63]. The presence of
ferrite is not uncommon in this kind of stainless steel, in particular when the components are
obtained by BJ [6,28]. In these cases, skeletal 6-ferrite is evident, as it can reach about 10 vol.%, and
it is concentrated at the grain boundaries [28,64,65]. On the contrary, components produced by high
energy additive techniques, as L-PBF, seems to feature a higher content of austenite due to the
presence of ferrite of lathy and acicular shape within the austenite matrix, which can be detected
only with specific inspection by EBSD or TEM [66,67]. The difference is mainly due to the
solidification rates involved in the two additive techniques: BJ features a moderate cooling rate that
allows diffusion of austenite-promoting elements, typically Ni and C, in the y-matrix and ferrite-
promoting elements, as Cr and Mo, at the grain borders (see Figure 8); instead, cooling rates from
103-108 °C s are observed during L-PBF, which prevent diffusive processes to allow a redistribution
of different elements within the material, thus inducing the formation of 5-phase within the austenite
matrix [68—70]. Saeidi et al. observed that skeletal ferrite can form also in L-PBF samples only as
result of a heat treatment above 1000 °C, thus allowing diffusion mechanisms to occur [71].

The linear shrinkage values calculated in the three directions confirm that the powder packing in the

100LT samples is lower, thus the number of voids to be filled during the sintering treatment and the



resulting shrinkage is larger. In addition, it can be noticed that the shrinkage along the building
direction is higher because of improper powder packing between layers [27,48,72,73].

It can be noticed that the 50LT samples feature lower shrinkage and larger grain size. This might be
explained by considering the competitive mechanisms of grain coarsening and material
densification, dependent on pore size distribution. Therefore, we can identify two scenarios to
explain the microstructure evolution found in the investigates samples:

1. Homogeneous distributions of small pores (50LT) due to high green packing, are easily
annihilated right at the onset of the sintering, thus promoting densification and earlier grain growth.
2. Wider pore size distribution including macro-voids (100LT) experience the fast closure of the
small pore fraction, but the persistent presence of the larger voids (see Figure 5d). Consequently,
grain coarsening is hindered for most of the holding time and shrinkage at the end of the process can
become larger, assuming macropores can eventually be annihilated.

The variation of the binder saturation seems to affect mainly the grain growth, rather than the
shrinkage. It can be considered that the presence of the liquid phase (promoted by a higher carbon
content) enhances the diffusion process of austenitizing elements (Ni and C above all), thus favoring
grain coarsening [56,71]. However, in the present investigation, the measured grain growth was not
excessive, considering that the grain size is only 3-4 times larger than the coarser powder particles
(dgo). An additional effect that can be observed in Figure 7, is the formation of grain boundaries with
rounded profile that better accommodate the liquid phase and are typical of this type of sintering
mechanism [74].

The XRD spectra in Figure 6b confirm the observations made on the austenitizing effect of carbon
residuals, as can be seen from the differences between samples with different BS. However, LT also
seems to be effective in this regard. Most likely, the thickening of the liquid channels consequent to
grain coarsening, combined to the lower carbon residuals, allows the stabilization of larger amount

of ferrite within the material during the cooling stage [75].
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Table 5 Average values of relative density, shrinkage, and grain size of the sintered samples

55BS 50LT 70BS 50LT 55BS 100LT 70BS 100LT
Density / % 98.33 + 0.02 97.66 + 0.02 97.54 + 0.04 95.78 £ 0.07
Shrinkage X / % 15.07 £ 0.74 14.13 + 0.54 16.15 + 0.17 14.77 £ 0.35
Shrinkage Y / % 15.75 + 0.23 14.99 + 0.04 16.96 + 0.44 15.25 + 0.45
Shrinkage Z / % 17.48 + 0.45 16.48 + 0.20 20.05 + 0.97 17.59 + 0.20
Grain size / um 34.99 + 3.77 37.82 £ 2.91 28.95 + 2.63 33.10 + 3.02
A | = ioossss - LrioBsmo B L TiooBsss .- LTiooBs70
E S A R 1 (i,
5 |
g E
30 40 70 80 90 100 441 442 443 444 445 446 447 448 44.9

20/°




Fig. 6 XRD spectra of the sintered samples with (a) the identification of the y and § phase peaks
and (b) the magnification of the (111)s peak to display the variation depending on the printing

conditions

Table 6 Composition (wt.%) measured by EDX of the areas highlighted in Figure 6

Area Phase Si Cr Mn Fe Ni Mo
a Y 0.48 17.39 1.70 67.89 10.83 1.70
b 6 0.53 24.01 1.56 64.61 5.33 3.83

Fig. 8 EDX-SEM maps of micrographs taken from samples: (a,b,c,d) 55BS 50LT; (e,f,g,h) 70BS
50LT; (i,j,k,1) 55BS 100LT; (m,n,0,p) 70BS 100LT. Green images (b,f,g,n) displays the Cr



concentrations. Blue images (c,g,k,0) displays the Ni concentrations. Yellow images (d,h,l,p)

displays the Mo concentrations.

3.4 Mechanical characterization of sintered samples

The average microhardness values and the standard deviations are summarized in Table 7. Overall,
the values measured are proportional to the grain size of the corresponding printing conditions,
coherently with the Hall-Petch strengthening mechanism.

These results are comparable to those published by Do et al. [31] about 316L samples produced by
BJ and to cast 316L stainless steels. On the contrary it should be recalled that the same steel
processed by other Laser-based Additive Manufacturing technologies (e.g. Laser-powder bed
fusion), usually features much higher values due to the extremely refined microstructure, unless

additional heat treatments are performed [67,71,76].

Table 7 Average values and standard deviation of Vickers hardness for the four printing conditions

investigated
Sample Vickers Hardness / HV
55BS 50LT 150+ 9
70BS 50LT 148 £ 11
55BS 100LT 164 + 14
70BS 100LT 150 + 12

The results of the tensile tests are displayed in Figure 9 while the main tensile data are summarized
in Table 8 and compared with properties of the 316L steel processed by other methods. A large
ductility is obtained for all the BJ specimens here investigated, regardless of the printing conditions.
Overall, it can be observed that the material features a similar mechanical behavior with respect to
cast steel, although the yield and tensile strengths are lower. The absence of a preferred crystal
orientation, of coarse pores and low inclusion content allowed to achieve fairly good combination of
mechanical strength and ductility [63].

Among the four printing parameter combinations, differences are minimal. The main difference
stands in the variability of fracture elongation values, and consequently of the UTS achieved, which
might be due to the statistical effects of occasional pores and inclusions (see Figure 11), that could
trigger the onset of the ductile fracture process in the samples. However, it can reasonably be claimed
that all the investigated conditions provided a comparable behavior in the elastic and elasto-plastic
regimes of the tensile curves, up to at least a strain of 40%. This is certainly an advantage at an
industrial level because it demonstrates that minimal variations of the pivotal printing parameters,
which may be needed to satisfy time/cost/green strength requirements for example, do not

compromise the mechanical properties of the component.
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Fig. 9 Best and worst performance stress vs. strain curves obtained from the tensile tests

Table 8 Tensile properties (Yielding Strength — YS, Ultimate Tensile Strength — UTS, Maximum
Elongation — enax) of specimens produced by different printing conditions, and comparison with
316L stainless steel produced by metal injection molding (MIM), Laser-powder bed fusion (L-PBF)
and with standard annealed cast bar from ASTM A276/A276M - 17 standard

YS UTS €max
MPa MPa %

55BS 50LT 175 £1 540 £ 1 53 +1
70BS 50LT 176 £1 535+£9 49 + 7
55BS 100LT 175+ 3 540 £ 1 55 +1
70BS 100LT 174 £1 534 +8 51+7
MIM [77] ~200 410 = 18 2211
L-PBF [70] 554 £5 685+ 5 36 2
L-PBF [78] 423+ 3 695+ 3 41+ 2

Cast 316L [79] 310 620 50

The typical features of ductile materials have been observed on the fracture surface of all the samples
tested (Figure 10a). In few specific cases, microvoids may have nucleated from the rare inclusions
and brittle phases that can be found in some samples, particularly those with higher binder
saturation where residual oxygen and carbon after debinding was more significant, as reported in
Figure 11. However, the presence of these detrimental phases is so low that effects on the overall
mechanical behavior of the samples was not observed. Indeed, most of the larger voids have likely

formed from pre-existing porosity, as show in Figure 10b.



!

Fig. 11 SEM images of a rounded Cr-Mn-oxide inclusion (a) and an irregular micro-void likely

produced by an Al-Cr-rich brittle phase (b)

4 Conclusions

In the present work, the effects of processing parameters on the microstructure and mechanical
behavior of a type 316L stainless steels produced by Binder Jetting have been investigated. The
influence of layer thickness and binder saturation, as well as debinding and sintering atmospheres
were mainly considered. The following conclusions can be drawn.

Argon-debinding reduces the oxidation of powders and allows achieving final densities above 98%
after vacuum sintering. More importantly, this avoids the need of using hydrogen or hydrogen-
containing gas mixtures as sintering atmospheres, thus reducing safety and cost concerns. Vacuum
sintering, in its turn, minimizes the risk of gas entrapment allowing further densification, without
the need for sintering aids or longer dwelling times.

By increasing the binder saturation, inhomogeneities in both microstructure and mechanical
behavior are observed, especially when high values of layer thickness are set, due to the higher
presence of residual carbon resulting in the debinded samples and poor powder packing. The
mechanism of binder infiltration and its effect on the sintering process should be carefully
considered when planning the printing campaign, particularly in the case of complex geometries and
variable thicknesses. However, it should be noted that optimal mechanical performances are
obtained with different combinations of printing parameters, which gives a large degree of flexibility

in the production procedure for this kind of material. For example, increasing BS might be slightly



detrimental to the final density of the specimen and generates a larger number of inclusions and
pores; however, it produces comparable mechanical performances of the sintered component and
more resistant green specimens, which could withstand more stressful de-powdering procedures.
Such a degree of freedom is uncommon in additive manufacturing techniques and it makes binder
jetting even more suitable for industrialization.

Binder Jetting is a complex technique, that can be successfully implemented only through a complete
analysis of all the process and post-processing parameters, following the evolution of the
microstructure for both the green and sintered samples. Their optimization is fundamental to
produce reliable products showing features that cannot be obtained with other additive techniques,
given the advantage of a microstructure with equiaxed grains and almost orientation-independent

mechanical properties.
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Residual carbon induces supersolidus-sintering at lower temperature

Skeletal 5-ferrite forms at the grain boundaries of the y-phase

Final sintered density depends mostly on powder bed packing and layer thickness
Incomplete binder removal is correlated to enhanced grain growth mechanism
Ductile mechanical behavior and high elongation at break are achieved
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