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A B S T R A C T

Filament extrusion-based additive manufacturing of metals offers an alternative to the widespread beam-
based counterparts. The microstructure obtained from extrusion-based techniques differs greatly from the
ones obtained by beam-based additive manufacturing, as a sintering process is used, in contrast to the rapid
solidification of a melt pool. In this study, the microstructure of 316L stainless steel fabricated by filament
extrusion is investigated as a function of debinding and sintering conditions. High-speed nanoindentation
correlated with energy-dispersive X-ray mapping is employed for microstructural characterization.

High sintering temperatures of 1350 ◦C, an atmosphere of pure H2, and a cooling rate of 60 K/m are
found to result in the optimal microstructure. High densities are obtained due to accelerated densification,
enabled by the introduction of diffusion paths due to 𝛿-ferrite formation. At the same time, hard phases like
oxides or 𝜎-precipitates with detrimental effects on the mechanical properties can be avoided. It is shown that
the porosity can be quantified by analysis of hardness and modulus data from nanoindentation mapping. The
values obtained are in good agreement with optical and Archimedes immersion method measurements. Tensile
tests of 3D-printed and sintered specimens show excellent ductility and strength in comparison to literature.
We demonstrate that 3D printing of 316L filaments and sintering with the optimized conditions results in
material properties comparable to bulk values.
1. Introduction

As one of the most used construction materials, the production of
steel is an important component of the world’s energy consumption
and CO2 emissions [1]. The transformation of the steel industry to-
wards CO2 neutrality imposes an extreme challenge [2]. In addition
to reducing the emissions of steel production process, this problem
can also be tackled by more efficient usage of the material. Additive
fabrication technologies offer a promising approach for reduction of
material waste compared to subtractive manufacturing techniques. Fur-
thermore, additive manufacturing (AM) offers enormous geometrical
design freedom and flexibility. Despite these assets, AM techniques
often struggle to compete with non-additive techniques. One major
challenge is obtaining mechanical properties similar to those of conven-
tionally fabricated materials. Process-induced porosity, delamination
due to residual stresses, or brittle secondary phases can adversely

∗ Corresponding authors.
E-mail addresses: marius.wagner@mat.ethz.ch (M.A. Wagner), ralph.spolenak@mat.ethz.ch (R. Spolenak).

affect the mechanical properties of material fabricated by AM [3–5].
Extrusion-based AM of metals is a rapidly evolving technique, which
stands out due to its low cost, anisotropy, and low health hazard [6,7].

Fused filament fabrication of metals (FFFm), like any other
extrusion-based technique, relies on sintering to transform the raw
material from a powder into a dense metal. All extrusion-based AM
approaches require that a metal or ceramic powder is mixed with
a polymeric binder to allow shaping, analogous to the widespread
powder injection molding. After deposition, the binder is removed in a
debinding step, and the remaining material is sintered. This sintering
process plays an essential role in affecting the microstructure and
hence the material properties. For good mechanical properties, the
sintered material should have a high density and be free of defects and
detrimental phases [8].
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316L austenitic stainless steel is widely used due to its good cor-
rosion resistance, high temperature strength [9] and weldability [10].
For this reason, 316L is one of the most researched materials in the
field of FFFm. Numerous studies on filament-based fabrication of steel
have investigated the print-porosity and its influence on the mechanical
anisotropy [4,11–15], surface roughness [16,17], or fatigue [18]. The
sintering process has fundamental effect on the final microstructure
and the mechanical properties. the final microstructure after sintering
was characterized [19] and the effect of the sintering temperature
and time on the porosity has been studied [20]. Similar investigations
have been performed for other metals like Mg alloys [21], Ti and its
alloys [22–26], or Cu [27,28].

The final microstructures and consequently the obtained properties
are greatly defined during the sintering step. This work focuses on
the investigation of different sintering conditions for 316L stainless
steel and their effect on the phases in the final material. One emerg-
ing tool for simultaneously investigation of both microstructure and
mechanical properties is high-speed nanoindentation mapping. Current
nanoindentation systems enable the mechanical characterization of
microstructures via rapid mapping of hardness and elastic modulus
with sub-micron resolution across a millimeter-scale area.

This advance has sparked numerous studies on mechanical mi-
crostructure characterization on a wide range of topics from combina-
torial investigations on diffusion couples [29] to the extra-terrestrial
microstructures of meteors [30]. Nanoindentation mapping has also
been applied to study the microstructure and individual phase proper-
ties in duplex steels with varying processing conditions [31,32]. Other
nanoindentation studies on steel have characterized the precipitation
of bainite [33], the 𝜒-phase [34], and the ferrite–pearlite microstruc-
ure [35] emerging from thermomechanical processing. Nanoindenta-
ion mapping was also employed to study materials fabricated by AM.
he local mechanical properties of a Ti-alloy fabricated by directed
nergy deposition [36] and Al-alloys fabricated by cold-spray AM [37]
ave been characterized.

In this work, the microstructures and mechanical properties of
FFm 316L steel 3D prints are investigated as a function of processing
arameters using state-of-the-art nanoindentation mapping and analyt-
cal electron microscopy. The influence of the binder polymer content
nd heating rate during thermal debinding, sintering temperature, and
tmosphere on the microstructure is investigated. Finally, the tensile
roperties of the 3D-printed 316L are characterized and compared with
iterature data from both additive and conventional fabrication routes.

. Experimental procedure

.1. Material preparation

Filaments were prepared by mixing gas-atomized AISI 316L powder
Sandvik Osprey Ltd., UK, D50 = 2.8 μm, nominal composition see
upplementary Information Table S1) with a multi-component binder
nto feedstocks. The feedstock consists of 316L powder, stearic acid
urfactant (SA, Sigma-Aldrich, USA), a soluble thermoplastic elastomer
TPE, Kraiburg AG, German), a partially soluble polyethylene with a
elt flow rate of 70 g/10 min (PE70, Arkema, France), and a insoluble
olyethylene with a melt flow rate of 2.63 g/10 min (PE3, Arkema,
rance). The detailed procedure of the binder development was pub-
ished in a previous work [38]. The exact feedstock compositions of all
pecimens can be found in the Supplementary Information in Table S2.

Tensile specimens were printed on a commercial fused filament
abrication 3D printer (Hephestos 2, BQ, Spain) using the commercial
implify3D software. The geometry of the tensile specimens can be
ound in the Supplementary Information (Fig. S1). A nozzle with a
iameter of 0.25mm and a layer height of was 0.16mm selected. The
pecimens were printed with a solid rectilinear infill, such that the infill
s oriented with the long axis of the specimen. The print orientation was
elected such that parts were lying flat on the print bed. The nozzle
2

emperature was set to 230 ◦C and a temperature of 60 ◦C was used for
the print bed. The print speed was chosen to be 280mmmin−1 and the
xtrusion multiplier was 1.

Partial removal of the binder was performed by solvent debinding
n cyclo-hexane at 60 ◦C for 7 h using a magnetic stirrer at 120 rpm. After
olvent debinding the specimens were dried in air for 24 h and the mass

loss was monitored.
Thermal debinding and sintering were performed in either a tube

furnace (HTRH 40-100/16, Carbolite Gero GmbH & Co. KG, Germany)
or a retort furnace (VHT 08/16-Mo, Nabertherm GmbH, Germany).
Details on the retort furnace used can be found in [39]. The influence
of the sintering conditions were studied using cylindrical feedstock
specimens (D = 1.8mm, L = 5mm) and the following temperature
profile: Heating from room temperature to 370 ◦C at 5K∕min; heating
to 490 ◦C at a rate of 0.5K∕min or 5K∕min; 10 h dwell; heating to the
sintering temperature (1200 ◦C, 1250 ◦C, 1300 ◦C, 1350 ◦C) at 5K∕min;
3 h dwell; furnace cooling (average rate 8K∕min between 1000 ◦C and
700 ◦C), in forming gas (5% H2–Ar of 99.95% purity, or H2 of 99.999%
purity at 12 L h−1).

In the retort furnace the following temperature profile was used:
Heating from room temperature to 340 ◦C at 2K∕min; heating to 490 ◦C
at 0.5K∕min; 3 h dwell, heating to 1360 ◦C at 5K∕min; 3 h dwell; cooling
at an average rate of 60K∕min between 1000 ◦C and 700 ◦C, in H2
atmosphere 99.999% purity at 100 L h−1. The thermal cycles employed
in these heat treatments are illustrated schematically in Supplemen-
tary Figure S2. All sintering experiments were performed on Al2O3
substrates.

The influence of the polymer binder fraction on the resulting mi-
crostructure was investigated, by using green bodies with an effective
backbone content of 10 vol.% and 23 vol.%, which were subjected to sol-
vent debinding, and one containing 50 vol.%, which was not subjected
to solvent debinding.

The term effective backbone content refers to the binder fraction
remaining in the compound after solvent debinding. This is slightly
larger than the nominal backbone content of insoluble polymer due to
interactions between different constituents [38]. Note that the 50 vol.%
specimens had the same feedstock composition as the 23 vol.% speci-
mens. Throughout this study the term binder content will be used to
refer to the amount of binder before thermal debinding. Initially, all
feedstocks contain 50 vol.% of binder and 50 vol.% of solid loading. The
sintering conditions for each specimen are listed in Table 1.

2.2. Materials characterization

Cross-sections of the sintered steel specimens were prepared by
embedding in Bakelite (LaborPress-3, Struers GmbH, Switzerland), fol-
lowed by grinding and polishing (RotoPol-21, Struers GmbH, Switzer-
land, SiC 300, 600, 1200, 2400, 4000; diamond suspension 3 μm, 1 μm,
0.25 μm; Al2O3 suspension 50 nm). Specimens used for EBSD analysis
were additionally polished by broad ion beam milling (IM4000, Hitachi
Ltd., Japan).

The thermal decomposition of the binder was studies by thermo-
gravimetric analysis (TGA) (Jupiter F3 STA 449, Netzsch GmbH & Co.
KG, Germany). Feedstock specimens were heated to 700 ◦C at 5K∕min
in an Ar atmosphere in both as-extruded condition and after solvent
debinding. The temperature cycle for thermal debinding was designed
based on the results of the TGA experiments.

High-speed nanoindentation mapping was performed using a KLA
iNano system (KLA Instruments, USA) with a diamond Berkovich in-
denter. Square grids of 10,000 indents were created with an applied
maximum load of 5 mN and an inter-indent spacing of 2 μm. The target
load was selected based on continuous stiffness method indentation
experiments to ensure that the maximum indentation depth was ap-
proximately 200 nm, resulting in a ratio of 1:10 between the depth and

the spacing of the indents. This ratio has been found to provide the
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Fig. 1. TGA of the feedstock before (a) and after (b) solvent debinding (SD). The
vertical dotted lines mark the onset of the thermal decomposition of the respective
binder constituent. The experimentally measured weight loss coincides well with the
nominal compositions (right). During solvent debinding, the SA and TPE components
are removed completely and the PE70 is removed partially.

optimum resolution, while preventing significant interaction between
the plastic zones of adjacent indents [40].

Microstructural analysis was performed using a combination of
optical and electron microscopy. Polished cross-sections were first char-
acterized by optical microscopy (AX10 Imager.M2 m, Zeiss, Germany).
Sample porosity was measured optically on micrographs using ImageJ
and by Archimedes immersion method in water (ASTM B962). In
addition, the porosity was determined from the hardness and modulus
contrast of the nanoindentation experiments (details can be found in
the Supplementary Information Fig. S3).

Sintered microstructures were also investigated using scanning elec-
tron microscopy (SEM) (JSM-7100F, JEOL Ltd., Japan) and energy
dispersive X-ray analysis (EDX) (Ametek-EDAX detector). Note that the
presented EDX maps, were post processed to improve the visibility of
the spatial variation in chemical composition.

Electron backscatter diffraction (EBSD) characterization was per-
formed with an FEI Quanta F200 SEM equipped with an EDAX Hikari
detector. Grains smaller than 500 nm were filtered out in the inverse
pole figure maps during post processing.

Large scale mechanical testing was performed using tensile tests,
on specimens sintered according to Table 1 I, on a universal testing
machine (Schenck RSA 100, Schenck, Germany) equipped with a 100 kN
load cell at a strain rate of 0.1min−1. Five specimens were tested. The
strain was measured optically.

The carbon content of the primary powder and of sintered speci-
mens with varying polymer contents was measured by hot gas extrac-
tion (LECO CS230, LECO Corporation, USA). Four specimens of the
powder were tested and two specimens for each sintering condition.

3. Results

3.1. Effect of thermal debinding conditions

The thermal decomposition of the binder is studied before and after
solvent debinding by TGA. By comparing the experimentally measured
weight loss to the nominal compositions, it can be determined if
3

Table 1
Parameters used in the different sintering routes. A-H were performed in the tube
furnace, I was performed in the retort furnace.

ID Binder content 𝑇̇𝑝𝑦𝑟𝑜 𝑇𝑠 Atmosphere 𝑇̇↓
vol.% Kmin−1 ◦C Kmin−1

A 23 0.5 1350 H2–Ar 8.8
B 23 5 1350 H2–Ar 8.8
C 10 5 1350 H2–Ar 8.8
D 50 5 1350 H2–Ar 8.8
E 23 5 1200 H2–Ar 8.8
F 23 5 1250 H2–Ar 8.8
G 23 5 1300 H2–Ar 8.8
H 23 0.5 1350 H2 8.8
I 23 0.5 1360 H2 88

the two-step debinding process can effectively remove the polymeric
binder. The TGA experiment of pure stearic acid can be found in
the Supplementary Information Fig. S4, showing a complete thermal
decomposition between 160 ◦C and 260 ◦C. The thermal decomposition
f the TPE takes place between 300 ◦C and 460 ◦C(see Supplementary
nformation of [38]).

The observed weight loss is slightly lower than expected for both
onditions (Fig. 1). This is ascribed to the evaporation of stearic acid
uring mixing of the feedstock at 180 ◦C. The weight loss from the
hermal decomposition of stearic acid (Fig. 1a) is also smaller than the
xpected 0.9wt.% of the nominal feedstock composition. Hence, the to-
al organic weight fraction after compounding and extrusion is slightly
ower. After solvent debinding, no shoulders indicating the pyrolysis
f stearic acid and TPE are found (Fig. 1b). The PE70 component is
nly partially removed by solvent extraction, which was also found in
previous study on the development of the binder system [38]. The

arbon content in the sintered steel is not affected by the amount of
inder removed by pyrolysis (Table 2). The primary powder contains
30 wt.ppm of carbon. In the sintered steel, the carbon content amounts
o 10–30 wt.ppm, indicating significant decarbonization.

The influence of the binder content and the heating rate during
hermal decomposition on the microstructure was also investigated.
ig. 2a–d shows optical micrographs of the polished cross sections,
repared from the sintering conditions shown in Table 1A–D.

The binder content is found to have a large effect on the formation
f defects. A binder fraction of 10 vol.% results in cracks with a length of
everal hundred micrometers (Fig. 2c). Specimens with a high polymer
ontent of 50 vol.% show large spherical voids. In specimens with a
inder content of 23 vol.%, no large defects are observed.

No clear trends in behavior were observed with the heating rate
during pyrolysis (Fig. 2a, b). Specimens fabricated with a heating rate
of 5K∕min and a binder content of 23 vol.% and 50 vol.% showed open
blisters on the surface after sintering. The blistering phenomenon can
be avoided by using a binder content of 23 vol.% in combination with
a heating rate of 0.5K∕min or a binder content of 10 vol.%. Supple-
mentary Figure S5 shows SEM micrographs of severe blister formation
on the surface for high binder content and the absence of blisters
on a specimen’s surface containing 10 vol.% of binder, both heated at
5K∕min.

To investigate local variations in mechanical properties, high-speed
nanoindentation was used (Fig. 2e, g). Based on the hardness and
modulus variations, the data is segmented into clusters representing
individual component phases. These phases are identified using the
mechanical data in combination with EDX, EBSD, and the respective
sintering conditions. Further, the phases can be distinguished by hard-
ness and modulus in a 2D histogram (Fig. 2g, phases are indicated by
labels).

Across all sintered specimens, the austenitic matrix, exhibits an
average hardness of 2.6–3.6GPa and average modulus of 170–200GPa.
The coefficient of variation of the average hardness of the austenite

phase (excluding porosity and secondary phases) between different
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Fig. 2. (a–d) Polished cross-sections of 316L specimens with both varying binder contents and debinding at different heating rates. (e, g) Hardness and modulus data from
high-speed nanoindentation mapping of a specimen with 10 vol.% and 50 vol.% of binder. In the 2D histogram different phases are labeled. (f, h) SEM back scatter electron contrast
and EDX investigation of the different phases identified by nanoindentation.
Table 2
Average carbon content of 316L measured by hot gas extraction. A significant loss in carbon is observed
during sintering independent of the binder volume fraction.

Primary powder Sintered Sintered Sintered
10 vol.% binder 23 vol.% binder 50 vol.% binder

Carbon (wt.ppm) 130 10 30 20
sintering conditions amounts to 13%. A brief discussion of the variation
in hardness can be found in the Supplementary Information (Fig. S6).

The oxide phase (red) has a hardness of up to 15GPa and a mod-
ulus of about 100–180GPa. 𝜎-phase precipitates (yellow) are located
between the austenite grains with a hardness of up to 13GPa and a
modulus of about 180–240GPa. The larger degree of scatter in the val-
ues of the oxide and the 𝜎-phase is due to their small size, which results
in indentation volumes that have a mixture of the secondary phase and
the matrix. 𝛿-ferrite (green) can be identified as an intergranular phase
with a hardness of 3.5–4.5GPa and a modulus of 180–240GPa, which
are both slightly higher than the austenite matrix.

Indentations which fall in or on the edges of porosity result in
both decreased hardness and modulus. Hence, the porosity appears as
scattering tail towards lower properties, since they are represented as
mixture between solid metal and air. Single grains can be differentiated
4

within both hardness and modulus maps, and even some twins can be
perceived due to the plastic and elastic anisotropy of austenite. The
oxide phase appears to be less prevalent in specimens which contained
a 50 vol.% polymer (Fig. 2g) than in the 10 vol.% specimens (e).

The microstructural features identified in the indentation maps were
further investigated by using analytical electron microscopy (Fig. 2f).
In the micrographs, the oxide phase appears much darker than the
austenite phase in both secondary electron and the back scattered
electron contrast. The 𝜎-phase is slightly brighter than the austenite
in back scattered electron contrast (Fig. 2f, h). EDX analysis shows that
the red phase is a Cr–Mn oxide. The 𝜎-phase (yellow) is enriched in Cr
and Mo, while being slightly depleted in Fe and Ni.
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3.2. Effect of sintering temperature

The influence of the sintering temperature on the microstructure
was investigated according to Table 1 B, E-G. An increase of the
temperature from 1200 ◦C to 1300 ◦C showed no significant effect on the
density and microstructure (Fig. 3a–c). Again an oxide phase (red) is de-
tected by nanoindentation mapping (Fig. 3e, g) and SEM micrograph (f)
independent of temperature. The results of the indentation experiments
of 1200 ◦C and 1250 ◦C specimens can be found in the Supplementary
nformation (Fig. S7). Data points with greatly increased hardness
nd modulus are found for sintering below 1350 ◦C, marked blue in
he 2D histogram. SEM investigation of the corresponding locations
eveals that these data points are artifacts, which can be attributed
o indentation of large open pores. For calculation of hardness and
odulus, the initial contact point between the indenter and the surface

s assumed to happen at the tip apex. This not the case for indentations
n porosity, as it is shown in Fig. 3f. Consequently, the contact area used
or calculation is too small, leading to an overestimation of hardness
nd modulus. No signs of Cr–Mo rich 𝜎-phase or 𝛿-ferrite are observed
n specimens sintered at temperatures below 1350 ◦C.

Sintering at 1350 ◦C results in a significant increase in density
Fig. 3d). Pores are located inside of austenite grains. This is typical
or the final sintering stage [8]. The density, measured optically, by
nalysis of indentation data, and by Archimedes immersion method, as
function of the sintering temperature is plotted in Fig. 3h. Specimens

intered below 1350 ◦C have an average density of 87%. Sintering
emperatures of 1350 ◦C and 1360 ◦C result in an average sintering
ensity above 96%. Archimedes immersion measurements of specimens
intered at 1360 ◦C in pure H2 yield an average density of 97%.

.3. Effect of sintering atmosphere and cooling rate

Atmosphere and cooling rate can have a significant effect on the
intering behavior. Two types of reducing sintering atmospheres were
xplored under the conditions listed in Table 1 A, H and I. As reported
n the previous sections, the specimen sintered in a forming gas (5% H2–
r) atmosphere exhibit an oxide phase (red) dispersed in the austenite
atrix (Fig. 4d, e). However, no signs of an oxide phase could be
etected in specimens sintered in high purity H2 atmosphere (Fig. 4f,
).

While specimens cooled with a rate of 8K∕min, exhibit a hard
-phase enriched in Cr and Mo (yellow), there is no such phase in
pecimens cooled at 60K∕min (see Fig. 4g). Instead of the 𝜎-phase,
ntergranular 𝛿-ferrite with both increased hardness and modulus is
resent. The 𝛿-ferrite is enriched in Cr and Mo and depleted in Ni.
pecimens cooled at a lower rate exhibit the 𝜎-phase and the ferritic
hase directly adjacent to each other (Fig. 4e, bottom). The yellow
ashed line indicates the boundary between the two phases. Below the
ine, the yellow phase is present, marked by higher hardness, increased
rightness in back scattered electron contrast, and the chemical compo-
ition. Above the line, a darker ferritic phase only slightly harder than
he austenite parent phase can be observed.

Twins are clearly visible in the modulus contrast of specimens
ooled at a rate of 8K∕min (Fig. 4d, f), while the specimen cooled at a
ate of 60K∕min does not show any signs of twins. This is surprising as
he formation of annealing twins takes place during grain growth [41],
o it should not be affected by the cooling rate. It has been reported
hat an increase in carbon content can reduce twinning in 316 and
16L stainless steels [42]. The specimen without twins (Fig. 4g) was
intered in the retort furnace, while the other specimens were sintered
n the tube furnace. Hence, a difference in carbon level is possible.
lastic deformation can also induce twinning. Although the grinding
nd polishing process was kept as consistent as possible, an influence
annot be fully excluded.

Fig. 5 depicts EBSD and EDX maps of the oxide phase (a–c) and
precipitate of 𝛿-ferrite–𝜎-phase (d–g) in a specimen sintered using
5

Table 3
Comparison of mechanical properties of 316L stainless steel fabricated by different
manufacturing rout. Ultimate tensile strength (UTS) and Elongation at break (A) are
mean values if a standard deviation is provided. The data of this work contains five
tensile tests of 3D-printed tensile specimens sintered with conditions shown in Table 1

Ref. UTS UTS std. A A std. Fabrication technique
MPa MPa % %

This work 561 10 64 2 FFFm
Gong, 2018 465 31 FFFm
Liu, 2020 441 27 29.5 3.8 FFFm
Damon, 2019 522 7 38 1 FFFm
Safka, 2020 561 53 FFFm
Caminero, 2020 498.6 3.4 37.1 1.2 FFFm
Wang, 2021 540 59 FFFm
Wang, 2018 483 14 Pellet extrusion
Frykholm, 2016 511 58 Binder jet
Frykholm, 2016 520 50 MIM
Wang, 2018 520 24 MIM
Berginc, 2006 508 62 MIM
Gong, 2018 648 30 SLM
Bryant, 2017 600 28 SLM
Safka, 2020 620 43 SLM
Schumacher, 2021 685 37 SLM
Yadollahi, 2015 640 36 DED

the conditions listed in Table 1 A. The orientation of the grains is
shown in inverse pole figure orientation maps overlaid with the EBSD
image quality map (b, d). Large angle grain boundaries are marked
black. A cubic crystal structure was detected for the particulate oxides
(highlighted red), which was not further indexed. The surrounding ma-
trix is FCC austenite. BCC ferrite precipitations are found at junctions
of austenite grains. The Cr–Mo-rich 𝜎-phase did not yield diffraction
patterns. The phases found in the sintered steel can be illustrated by
overlaying the SEM micrograph with the hardness map (Fig. 5h). Each
indent, corresponding to a distinct phase (austenite, ferrite, 𝜎-phase,
oxide and pores), can be connected to its location in a cluster of the 2D
histogram.

3.4. Mechanical properties of 316L steel fabricated by FFFm

The tensile properties of 3D-printed and sintered 316L steel (sinter-
ing conditions Table 1 I) were measured. Stress–strain curves are found
to be very consistent between the five specimens tested (Fig. 6a). The
material shows good ductility, with an average elongation at failure
of 64 ± 2%. The average ultimate tensile strength amounts to 561
± 10MPa. The specimens showed extensive necking prior to fracture.
The fracture surface (Fig. 6c) shows a dimpled pattern at two length
scales: micron-scale and sub-micron scale. The material shows excellent
properties, both in terms of elongation at failure and tensile strength,
in comparison to literature values (Fig. 6b) for other sintered 316L
fabricated by fused filament fabrication of metals (FFFm) [4,11,12,43–
45], metal injection molding (MIM) [46–48], pellet extrusion (PE) [46],
binder jetting (BJ) [47], and values reported for the bulk material
(S) [49,50]. 316L fabricated by selective laser melting (SLM) [43,44,
51,52] or directed energy deposition (DED) [53] exhibits higher tensile
strengths at the expense of lower ductility, due to rapid quenching
of the melt. Table 3 shows the numerical valued of the mechanical
properties corresponding to Fig. 6b.

4. Discussion

4.1. Thermal debinding and sintering of 316L steel

Thermal debinding:
Precise control of the binder content and heating rate is required to

achieve defect-free thermal debinding. Partial removal of the binder
during solvent debinding lowers the amount of organic material to

be removed by subsequent thermal decomposition. At the same time,
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Fig. 3. (a–d) Cross-sectional analysis of 316L specimens sintered at different temperatures. (e, g) Hardness and modulus data from high-speed nanoindentation mapping of a
specimen sintered at 1300 ◦C and 1350 ◦C. The oxide phase (red) is present independent of the sintering temperature. Data points highlighted blue, are artifacts from indentation of
large open pores. The hard Cr–Mo-rich phase (yellow) is exclusively present in specimens sintered at 1350 ◦C. (f) SEM investigation of the indented area of the specimen sintered at
1300 ◦C. (h) Sintering densities obtained by thresholding of light microscopy images, processing of nanoindentation data, and Archimedes measurements. Sintering at temperatures
of 1350 ◦C and above result in a significantly higher density. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
solvent debinding introduces a percolating network of open pores,
which facilitates the outgassing of decomposition products from the
bulk. TGA investigations show that the soluble TPE and SA can be
effectively removed by solvent debinding, while the partially soluble
PE70 and the insoluble PE3 remain as the effective backbone (Fig. 1).

The amount of backbone is decisive for the prevention of defects
during debinding. A low effective backbone content of 10 vol.% causes
crack formation (Fig. 2c), most likely due to stresses from swelling of
the polymers during solvent debinding. This is in good agreement with
earlier findings [38]. The backbone needs to provide sufficient green
strength in order to prevent these types of defects [54].

Specimens with 50 vol.% binder, which were not subjected to solvent
debinding, exhibit large spherical defects several hundred micrometers
in size (Fig. 2d). As the 50 vol.% specimens were not subjected to
solvent debinding, no network of open pores is present during thermal
debinding. Thus, blister defects are formed by the entrapment gaseous
products of the pyrolysis [55]. Blistering is also greatly affected by the
heating rate during thermal debinding. Surface blisters are found for a
high heating rate of 5K∕min during pyrolysis of samples with binder
contents of 23 vol.% and 50 vol.%. This demonstrates that defect-free
6

debinding requires a careful tuning of both the backbone content and
the heating rate during pyrolysis to allow exit of gaseous products prior
to sintering.

Reduction of oxides during sintering:
Nanoindentation and SEM examinations both show a hard particu-

late phase (red) in all specimens which were sintered in a 5% H2–Ar
atmosphere, regardless of sintering temperature. EDX analysis reveals
that this phase contains O, Cr, and Mn. On the surface of the powder
particles, a continuous shell of stable oxides protects the alloy from oxi-
dation. Some studies have reported nanometer-sized particulate oxides,
containing Cr, Mn, and other highly reactive alloying elements on the
surface of powder particles [56]. During sintering these stable oxides
can grow at expense of less stable iron oxide due to internal getter
effects [57]. The oxide particles can then move along grain boundaries
and coalesce into larger agglomerates. Particulate oxides are known to
have a detrimental embrittlement effect on mechanical properties [58].

The primary powder initially exhibits a smooth surface without any
indication of oxide agglomerates (Supplementary Information Fig. S7).
After sintering, the particulate oxides have a size of ∼ 5μm. EBSD
analysis of the oxide phase (Fig. 5a-c) shows a cubic crystal structure.
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Fig. 4. (a–c) Light microscopy images of 316L sintered in 5% H2–Ar forming gas and pure H2, and cooled at different rates. (d, f, g) Nanoindentation mapping data corresponding
to the three micrographs. The oxide phase (red) is only found in the forming gas specimen. The hard Cr–Mo-rich phase (yellow) is not present in the specimen cooled at 60K∕min.
Instead, an extensive intergranular ferritic phase (green) is dispersed in the austenite matrix. The ferrite phase is present at a lower extent in the specimen cooled at 8K∕min. (e,
h) SEM and EDX analysis of the phases identified by indentation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
Considering this in combination with EDX characterization results, it
appears likely that the detected oxide is a spinel, commonly observed in
Cr-alloyed steels. Cubic spinels include Cr3O4, MnCr2O4 and FeCr2O4,
which can also show an enrichment of Si [59,60]. Oxides containing
elements with high oxygen-affinity also exhibit high thermodynamic
stability. Thus, their reduction during sintering is difficult. As these
oxide phases are still observed in specimens sintered in 5% H2–Ar
atmosphere, this indicates that the gas oxidization degree, i.e. the ratio
7

of H2O to H2, of the atmosphere was too high for complete reduction
of the oxide phase.

Another factor in the reduction under these conditions is the resid-
ual carbon from the pyrolysis of the binder. The carbon-monoxide
forming reaction exhibits a high Gibbs free energy of formation at the
sintering temperature (see Ellingham diagram [61]), which can act to
reduce the oxide phase. Nanoindentation results from the specimen
with 10 vol.% (Fig. 2e) shows more oxide phase than the 50 vol.% binder
specimen (g). Higher binder contents during thermal debinding result
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Fig. 5. (a–c) EBSD and EDX mapping of the oxide phase found in a 316L specimen prepared according to Table 1 A. The inverse pole figure is overlaid with the image quality.
A cubic crystal structure is found for the oxide phase surrounded by FCC austenite. (d–g) EDX and correlated EBSD mapping of ferrite and 𝜎 precipitation found in the same
specimen. The 𝜎-phase (region of highest Cr and Mo content) did not yield diffraction patterns. (h) SEM micrograph of the indentation map of the same specimen, overlaid with
the hardness mapping (right). Different phases are identified and assigned to data clusters in the 2D histogram (left).
in more residual carbon and consequently more reduction. This should
be confirmed by measuring the oxide content of sintered steel with
different fractions of binder.

The carbon reduction hypothesis is supported by the quantification
of carbon in the primary powder and in the sintered steel (Table 2).
The carbon content decreases significantly during sintering and shows
no correlation with the binder content during thermal debinding. This
suggests that the residual carbon reacts with the Cr–Mn oxides and
potentially with the oxygen in the sintering atmosphere [62–64]. The
carbon content after sintering is then determined by the amount of
oxygen or water vapor in the sintering atmosphere, which can vary
slightly between different experimental runs.

To obtain complete reduction of all oxide phases, a switch to a H2
(99.999% purity) sintering atmosphere was required. The gas oxidation
8

degree of the pure H2 furnace atmosphere is sufficiently low to allow
reduction of stable spinel oxides. This is demonstrated by the absence of
oxide phases in the nanoindentation maps in Fig. 4f, h. Effect of sintering
temperature on density and microstructure:

The major feature of the sintering density plot in Fig. 3h is the pro-
nounced increase in density from 87% to 96% observed on increasing
the sintering temperature from 1300 ◦C to 1350 ◦C. This phenomenon
in steel sintering has been attributed to the precipitation of inter-
granular ferrite in the austenitic matrix, which enhance the sintering
kinetics [65]. This occurs for two reasons, first, the lattice-diffusion
is faster in ferrite than in austenite. Second, the newly introduced
𝛿 - 𝛾 phase boundaries provide additional pathways for accelerated
diffusion. This same mechanism is harnessed to accelerate densification
during sintering of Ti, where the temperature can be cycled across the
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Fig. 6. (a) Tensile tests of 3D-printed 316L specimens fabricated according to Table 1
J. (b) Comparison of the experimentally measured ultimate tensile strength and
elongation at failure with literature data (selective laser melting (SLM), directed energy
deposition (DED), pellet extrusion (PE), fused filament fabrication of metals (FFFm),
binder jet printing (BJ) and standard values of bulk 316L (S)). (c) The fracture
surface exhibits a pronounced hierarchical dimple pattern, indicating a ductile failure
mechanism.

𝛼 - 𝛽 transition [66]. EBSD analysis (Fig. 5f) confirms the presence
of the intergranular ferritic phase. Further, EDX mapping shows that
the ferritic phase is enriched in ferrite-stabilizing Cr and Mo, and
depleted in austenite-stabilizing Ni (Fig. 6g). According to the ternary
Cr-Ni-Fe phase diagram [67],at 70wt.% Fe, no equilibrium 𝛿-ferrite
should be expected in 316L alloys at room temperature. However,
local variations in composition due to the segregation of Cr or Mo
and small amount of ferrite nuclei from rapid solidification during gas
atomization may induce the formation of a ferritic phase [68]. The
compositions segregation of these ferrite-stabilizing elements during
sintering is likely the reason why 𝛿-phase is retained after cooling to
room temperature.

𝜎-phase formation:
A third hard phase is also observed in specimens sintered at temper-

atures of 1350 ◦C and cooled at 8K∕min, independent of the sintering
atmosphere. More rapidly cooled specimens (cooling rate of 60K∕min)
do not exhibit this hard phase (Fig. 4g). EDX spectroscopy shows the
phase to be enriched in Cr and Mo but with a reduced Ni and Fe concen-
tration relative to the austenitic matrix. No diffraction patterns could be
obtained using EBSD (Fig. 5e, f) possibly due to nanocrystalline grains
smaller than the volume sampled by EBSD.

Based on the conditions of the formation and the observed chemical
composition, this hard phase is most likely a 𝜎-phase intermetallic. The
𝜎-phase is present over a wide range of compositions in the Fe–Cr–
Mo ternary diagram [69]. It forms during dwelling or slow cooling at
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temperatures from 700 ◦C to 1000 ◦C [70]. The formation kinetics in
homogenized austenitic stainless steel are very slow, as the process is
nucleation controlled [71], and 𝛿 - 𝛾 phase boundaries act as nucleation
sites for the transformation of ferrite into 𝜎 and 𝛾 [70,71]. This is
consistent with the 𝜎-phase being exclusively observed in slow cooled
specimens sintered at 1350 ◦C. Specimens sintered at lower tempera-
tures lack the ferrite phase providing nucleation sites. EDX maps in
Fig. 5g show a depleted zone of Mo and Cr at the interface between
ferrite and 𝜎-phase with a slight Fe enrichment. This suggests that Cr
and Mo diffuse from the ferrite into the 𝜎-phase, while Fe diffuses in
the opposite direction. In some regions, the ferrite phase is completely
transformed into 𝜎 and 𝛾 (Fig. 2f, h, Fig. 4e (top)), but in others, both
the ferritic and the 𝜎-phase still coexist next to each other (Fig. 4e
(bottom), Fig. 5d–g).

Despite exhibiting a considerable fraction of 𝛿-ferrite, no signs of
𝜎-phase are seen in the specimens sintered at 1360 ◦C and cooled with
60K∕min. This is ascribed to the faster cooling rate, suppressing the
precipitation of the 𝜎-phase. In 22005 duplex steel, the precipitation
of the 𝜎-phase is reported for cooling rates below 12K∕min, while
cooling rates above 60K∕min largely suppress a precipitation [72].
This is consistent with our observations and suggests duplex and 316L
steels have similar precipitation kinetics, if a 𝛿-phase is present in the
latter. Precipitation of the hard 𝜎-phase in stainless steels is highly
undesirable, as it causes embrittlement [73–75], and reduces the cor-
rosion resistance by depleting the local Cr and Mo content around
𝜎 precipitates [76,77]. Therefore, high cooling rates are suggested in
order to prevent 𝜎 precipitation.

4.2. Mechanical properties of 316L steel fabricated by FFFm

To assess the relative mechanical performance of the FFFm 316L
steel, both the measured ultimate tensile strength and elongation at
failure are compared with literature values of 316L steel fabricated by
various techniques (Fig. 6b). By both mechanical metrics, FFFm steel
of this work is comparable to the values for bulk 316L (marked with
S), even surpassing the elongation at failure. The mechanical proper-
ties observed in here differ significantly from the ones reported for
the more widespread beam-based techniques, which typically exhibit
lower ductility and higher ultimate strength. The difference can be
explained by the non-equilibrium microstructures obtained from beam-
based techniques, exhibiting fine microstructures of solidification cells
and columnar grains, which together with precipitates is known to have
strengthening effects, while lowering the ductility [78]. Sintering-based
approaches like FFFm on the contrary, have microstructures closer
to equilibrium with more equiaxed grains [6]. Hence, the strength is
lower, mechanical properties are more isotropic, and larger strains at
failure can be achieved.

The excellent ductility displayed by our FFFm steel is a direct result
of the absence of embrittling hard phases, which is corroborated by the
dimpled morphology of the fracture surface (Fig. 6c) showing extensive
micro-void coalescence. Often, precipitates of secondary phases, like
particulate oxides, are found inside of dimples, as they act as nucleation
sites for micro-voids [58], but this could not be observed this case.
This shows the success of the optimized processing conditions during
3D printing and sintering (Table 1 I). However, the good mechanical
properties of the sintered 316L may come at the cost of corrosion
resistance, since some intergranular 𝛿-ferrite phase is present in the
optimized steel. This ferrite depletes the surrounding austenite of Cr
and Mo and likely reduces its corrosion resistance.

Many materials fabricated by FFFm suffer from large inter-layer
pores. However, no such pores are found on the fracture surface of
our FFFm material. Large pores between adjacent layers and strands
of deposited material are a major source for anisotropy in metals
fabricated by FFFm [4,12]. If this process-induced porosity can be
prevented, by optimization of the deposition parameters, the material
properties are isotropic.
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4.3. Nanoindentation as a characterization tool

Nanoindentation mapping proved to be a useful characterization
tool for the detection of secondary phases during the sintering opti-
mization study of FFFm 316L steel. This is highlighted in Fig. 5h, which
depicts a 2D histogram showing the identified phases correlated with
an electron micrograph of the indentation grid with the hardness map
overlaid. EDX correlation allows easy segmentation of the hardness
and modulus data into distinct phases: austenite, 𝛿-ferrite, 𝜎-phase, and
spinel oxides. Additionally, individual grains and twins can be observed
in the matrix phase, and porosity can be easily characterized.

As porosity is a concern in many AM processes, including FFFm, we
developed a first approach to extract quantitative values for porosity
from the hardness and modulus contrast by means of statistical analysis.
This method allows quantification of the surface fraction of any phase,
but here it is used to quantify porosity by assuming porosity behaves
as a phase with hardness and modulus values of zero. Good agree-
ment is observed with the established optical analysis and Archimedes
immersion method (Fig. 3h).

The quantification of porosity based on nanoindentation data is as-
sociated with certain limitations. First, subsurface pores can be detected
if they are sufficiently close to the surface to affect the stress field.
Second, the pore size could be overestimated by false classification of
indents from the vicinity of a pore. And third, the minimum detectable
pore size is limited by the resolution, i.e. the size of the stress field
determining the minimum spacing between indents. It should be noted
that the phases measures here all have a characteristic size detectable
using a 2 μm spacing between indents. While the first and second
points can be remedied by adjusting the empirical threshold values of
hardness and modulus in the data analysis, the latter is a fundamental
restriction inherent to nanoindentation. Theoretically, the statistical
analysis can be also applied to the other phases identified. Phase
deconvolution may be difficult if phases show a considerable overlap
in modulus and hardness.

5. Conclusions

This study investigates the microstructures and mechanical prop-
erties evolving from the sintering of 316L filaments for 3D printing.
It was demonstrated that through careful optimization of the sintering
parameters detrimental phases (oxides and 𝜎-phase) can be avoided and
high sintering densities can be obtained. The sintered material exhibits
excellent mechanical properties compared to literature data for both
conventional and AM materials.

In contrast to beam-based AM steels, the FFFm 316L steel demon-
strated here has a more equilibrium microstructure without residual
stresses. In combination with the low mechanical anisotropy demon-
strated previously [38], it can be concluded that properly optimized
FFFm processes allow the fabrication parts with microstructures and
mechanical properties more analogous to conventional, bulk 316L steel.

Our findings suggest that the binder fraction is an important consid-
eration, which can produce significant microstructural effects, e.g. by
partial reduction of stable spinel oxides through residual carbon. This
implies that the sacrificial role of the binder could be expanded and
rethought in many techniques: powder injection molding and additive
manufacturing processes like FFFm, ink writing, or binder jetting.
Functional binders containing metal–organic frameworks or ceramic
precursors could introduce additives in the sintering process to enable
tuning of the resulting microstructures. Potential applications could
include reduction agents, sintering aids, alloying elements, or a finely
dispersed phase for grain boundary pinning.

Nanoindentation in combination with EDX mapping is shown to be
a useful tool for microstructural investigations of the phase evolution
of 316L in the sintering process. Detrimental phases such as pores, 𝛿-
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ferrite, spinel oxides, and 𝜎 precipitates were easily identified in the
indentation data from various sintering conditions. Further examina-
tion using scanning electron microscopy did not detect any additional
phases in the material, which were not found by nanoindentation. An
algorithm for phase quantification based the hardness and modulus
contrast was developed and applied to measure the porosity with results
in good agreement with conventional methods.
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