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ABSTRACT
Green density of binder jetted parts are typically equal or lower than the powder tap density.
Also, anisotropic green porosity distribution is expected because of the characteristics of the
binder jetting (BJ) printing process. In this study, the microstructure evolution in terms of
phases and porosity characteristics was studied. A transition from irregular-shape
interconnected porosity in pre-sintered samples to closed quasi-spherical porosity for
samples sintered at 1370°C was observed. EBSD phase map showed ∼2.73% of δ-ferrite in
sample sintered at 1370°C. The anisotropic porosity distribution was revealed by a higher
area fraction of aligned large pores (>35 µm), within the cross-section perpendicular to the
building direction. Chemical analysis showed an increase of C, O and N on the green
sample, while a strong decrease was found after sintering when compared with the powder
chemistry. δ-ferrite onset, from phase equilibrium calculations, varies from ∼1250°C (sintered
sample chemistry) to ∼1350°C (powder chemistry).
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Introduction

Like other powder-metallurgy manufacturing pro-
cesses (e.g. spark plasma sintering, press and sintering,
or hot isostatic pressing), Powder Bed Binder Jetting
(BJ) can be used for manufacturing a wide range of
metallic alloys. However, the inherent open porosity
and complex geometries of BJ green components typi-
cally limit the sintering step to the use of conventional
sintering (free-sintering). Some of the conventional
sintering processes are solid-state sintering (SSS),
supersolidus liquid phase sintering (SLPS) and liquid
phase sintering (LPS). Solid-state diffusion mechan-
isms (e.g. grain boundary or lattice diffusion) drive
the densification during SSS. LPS typically involves
the presence of two or more small powder alloys of
differing compositions. SLPS occurs when pre-alloyed
powders are heated to a temperature between the
liquidus and solidus. In the two last cases, some por-
tion of liquid phase is present which boosts the sinter-
ing kinetics. Usually, alloys employed in BJ usually
undergo SSS or SLPS. Widely used stainless steel alloys
(e.g. 316L or 17–4 PH) sinter using SSS routes where
possible phase transformations enhance the sintering
kinetics [1–3]. Other Nickel-based alloys like 625 or
718 involve SLPS, and the parts cannot retain their
shape if the liquid volume fraction increases
to above 40% [4,5]. Sintering conditions in terms

of e.g. temperature, time, atmosphere, etc. should be
precisely tuned for each alloy to achieve the desired
properties in the end-application [6].

Densification during conventional sintering
depends on the initial density distribution of the
green part, sintering process, and hardware [7].
Despite the frequently reported isotropy on the final
part properties [8], the BJ process is inherently aniso-
tropic, with preferential directions related to the print-
ing process which may induce anisotropy on the green
part microstructure (i.e. porosity distribution). Some
of the possible microstructure anisotropy sources
were summarised and categorised in [9] as follows:
morphological texture, anisotropic contact numbers,
contact flattening, crystallographic texture, and porous
layers. Powder compacts attained by the application of
uniaxial pressing typically develop anisotropic sinter-
ing shrinkages caused by the anisotropic green struc-
ture with elongated oriented contact pores [10,11].
Tape casting green parts also experience high aniso-
tropy during debinding and sintering caused by micro-
structural pore orientation and anisotropic contact
numbers [12]. Crystallographic texture can be achieved
by applying magnetic field during compaction of pow-
der, which can produce 1.5–2 times larger sintering
shrinkage rates in the direction of magnetisation
[9,13]. In additive manufacturing (AM) processes,
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specifically BJ, microstructural features causing aniso-
tropy might relate to the specifics of the manufacturing
process (e.g. layer thickness, powder spreading method
or binder deposition) and the powder material charac-
teristics (e.g. particle size distribution or powder mor-
phology). The existence of porous layers perpendicular
to the building direction (Z axis) within a green pow-
der compact manufactured layer-by-layer typically
causes higher sintering shrinkages parallel to the build-
ing direction [7,9,14–16]. This effect has been related
to different mechanisms: gravity effects and lower
rigidity of the powder compact along the building
direction [4]; particle re-arrangement under the influ-
ence of gravity during sintering [17,18] or density
fluctuations (porous regions) in the green part caused
by the BJ printing process [19].

In general, carbon and nitrogen content in stainless
steel alloys (e.g. 17–4 PH and 316L) plays a key role in
the microstructural evolution during the sintering
process. Both C and N are strong austenite phase
stabilisers. When thermoplastic binders are used to
produce green components, carbon contamination
could be an inherent problem. Residual carbon con-
tent could have noticeable impact on the phase trans-
formations occurring during sintering, thus,
enhancing or inhibiting the related densification kin-
etics effect [20]. Also, the atmosphere used during sin-
tering has a potential impact on microstructural
evolution. If atmosphere containing nitrogen is used
(e.g. H2-N2 mixtures), δ-ferrite formation can be
inhibited because of the stabilisation of austenite by
the diffused nitrogen atoms [3]. Besides, decarburisa-
tion can occur during H2 sintering by carbon reaction
with hydrogen, excessive amount of moisture (H2O)
in the atmosphere or oxygen impurities in the powder
[3,6]. Also, this decarburisation process can lead to
microstructure heterogeneities.

Hence, in order to be able to understand the sintering
behaviour of binder jetted components, a detailed inves-
tigation of the anisotropic dimensional evolution and
the corresponding microstructural development in
relation to the alloy chemical composition is required.
In thefirst part of this paper [21], the anisotropic shrink-
age of the 316LBJparts by performing various dilatome-
try sintering tests along the different sample’s directions
was studied. Results clearly indicated that sintering
shrinkages are 15% larger along the building direction.
Besides, shrinkages along the powder recoating direc-
tion (Y axis) and printhead movement direction (X
axis) were rather similar, but the tendency showed
slightly larger shrinkages along the X-axis. The aniso-
tropy factors derived from the shrinkage results showed
that the development of anisotropy starts after the

sintering onset, thus, caused by the characteristics of
the powder particles arrangement. The anisotropy fac-
tors were not a constant value during the sintering but
increased with the densification, reaching a similar
final value of ∼1.15 for all sintering conditions studied.
No significant anisotropy was originated during the
debinding step. Finally, a rapid increase in shrinkage
rate on the sintering was found above 1340°C, assumed
to be caused by the γ→δ transformation.

The second part of this study, summarised in this
paper, provides in-depth analysis of the microstructure
and chemical analysis of BJ samples, sintered at the
different conditions as well as sampled during different
stages of the sintering process, obtained using inter-
rupted sintering trials, as described in the companion
paper [21]. Pre-sintered and sintered microstructures
were characterised along three cross-sections theoreti-
cally defined by the orthogonal sample’s axis. Light
optical microscopy (LOM) images were used to per-
form thorough statistical analysis of the porosity struc-
ture characteristics (i.e. pore size and shape
distribution). Sintered microstructures of samples sub-
jected to different thermal cycles were characterised by
electron backscattered diffraction (EBSD) technique.
Different results from the experiments are discussed
and conclusions are drawn regarding the evolution of
possible microstructure anisotropy during the sintering
of the BJ manufactured components. Besides, chemical
analysis was done on the material at different states
during the BJ manufacturing process: raw powder,
green, pre-sintered and sintered samples. Finally,
these results were used to evaluate the effect of C, N
and O content on the microstructure evolution during
sintering by calculations of the phase equilibrium using
ThermoCalc software.

Materials and methods

Binder jetted samples were produced using the ExOne
Innovent+ binder jetting printer and Sandvik Osprey®
316L stainless steel powders. The binder used was an
industry-standard aqueous-based organic binder.
The printing parameters used for the manufacturing
of the binder jetting samples were reported in the pre-
vious companion paper [21]. Powder chemistry and
physical properties (particle size and tap density)
were provided by the powder alloy manufacturer
and are summarised in Tables 1 and 2, respectively.

Table 1. Chemistry of the 316L powder used for BJ samples manufacturing (wt.%).
Cr Ni Mo Mn Si C P S O N Fe

16.7 10.4 2.1 0.92 0.53 0.040 0.02 0.010 0.124 0.121- Balanced

Table 2. Properties of experimental powder.
Tap density (g/cc) D10 (µm) D50 (µm) D90 (µm)

4.8 3.5 9.7 20.9
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The chemical analysis of the BJ samples was done
using combustion analysis (HFIR), melt extraction
technique (EXTR) and X-ray Fluorescence Spec-
trometry elemental analysis (XRF). The C- and S con-
tent was measured using HFIR, O- and N content was
measured using EXTR and the other chemical
elements was measured using XRF.

Microstructure characterisation was performed on
cubic samples with a side of 10 mm, described in the
companion paper [21]. The relation between samples’
axes and the printing directions is defined as: building
direction (Z axis), printhead movement (X axis) and
recoating direction (Y axis). A bulk density of
7.95 mg/mm3 was assumed for the 316L alloy used
in this study. Samples were subjected to the dilatome-
try sintering tests detailed in [21]. A summary of the
samples ID and the respective sintering parameters
are summarised in

Table 3. All sintering tests were performed under
high-purity hydrogen atmosphere (99.9999%) in dilat-
ometer Netzsch 402C, to ensure good reduction
atmosphere.

The cube’s weight and dimensions of the different
sample states (i.e. green, pre-sintered and sintered)
were measured. A manual calliper with a resolution of
0.01 mm and high precision balance with a resolution
of 0.0001 g were used. These measurements were
employed to calculate the relative density of the samples
at each state. In this study, the term ‘geometry-based
density’ was used for the results obtained from manual
geometry and weight measurements. The bulk density
of the sintered samples with closed porosity was also
measured via the Archimedes principle, following the
standard method described in [22]. The term ‘Archi-
medes density’ was used for this case.

In this study, the microstructure of the samples in
the pre-sintered and sintered states was analysed
using sample cross-sectional optical micrographs.
From the anisotropy study of each samples set (P-
1300C, P-1370C and G-1370C), three cross-section
planes from cubic samples were analysed: XZ, YZ
and XY. For the pre-sintered microstructure charac-
terisation, three pre-sintered samples were cut along
the three different cross section planes. For the sin-
tered state characterisation, each dilatometry-sintered

sample was cut along a cross-section plane, compris-
ing all three planes for each sintering condition
studied. Samples subjected to interrupted sintering
trials were cut along the XZ plane. Cut cross-sections
were mounted, grinded and polished using a Struers
Tegrapol-11 automatic system. Finally, images were
obtained using a Zeiss Axioscope 7 light optical micro-
scope (LOM). All the LOM images were taken with a
resolution of 0.22 µm/pixel. Images were sub-divided
into 30 × 30 regions of interest (ROI) and sub-images
extracted to be measured individually. ImageJ soft-
ware was used to measure the area fractional density
on each sub-image, and the average and standard devi-
ation values were obtained for each sample. The term
‘LOM-based density’ was used for the values obtained
using the image analysis method. Also, the pore mor-
phology (i.e. size and shape parameters) of selected
sintered samples were analysed using Fiji particle
analysis plug-in [23].

Pores located at the edges of the sub-images were
automatically excluded by Fiji. Also, any pore with
an area < 0.3 µm2 (6 pixels) was excluded to reduce
the noise. The area distribution of the pores, based
on the equivalent circle diameter (CED), was calcu-
lated by summing up the total pore area from each
pore size class defined. The aspect ratio (AR) and cir-
cularity pore shape parameters are calculated by the
Fiji particle analysis module as follows [23]:

AR = Major axis of fitted ellipse
Minor axis of fitted ellipse

Circularity = 4p · Area
Perimeter2

A scanning electron microscope Zeiss Leo Gemini
1550 with a field emission gun (FEGSEM) was used
for microstructure characterisation. Grains with
different lattice structures were identified by the elec-
tron backscattered diffraction (EBSD) technique and
data were postprocessed by using open-source
MTEX code [24]. All EBSD measurements were per-
formed with a step size of 0.5 μm and an acceleration
voltage of 20 kV. The acquired phase maps were pro-
cessed after the acquisition, i.e. minor noise reduction
was applied. High angle grain boundaries (twin

Table 3. Sample’s ID and sintering parameters used for the dilatometry sintering tests [21].
Set ID Sample ID Initial state Heating rate (°C/min) Dwell temperature (°C) Dwell time (min) Dilatometer sample orientation

P-1300C P-1300C-Z Pre-sintered 10 1300 60 Z
P-1300C-Y Y
P-1300C-X X

P-1370C P-1370C-Z 5 1370 Z
P-1370C-Y Y
P-1370C-X X

G-1370C G-1370C-Z Green 5 1370 60 Z
G-1370C-Y Y
G-1370C-X X

G-INT G-1000C 1000 2 Z
G-1100C 1100 2 Z
G-1200C 1200 2 Z
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boundaries) were defined by a misorientation of ∼60°
and are illustrated by white lines in the resulting maps.
The misorientation value of ∼60° found for the twin
boundaries is typical for annealed 316L stainless steels
[25]. Non-indexed data were related to the porous
areas and is illustrated by black coloured areas in the
resulting maps.

The thermodynamic theoretical calculations con-
cerned with the phase equilibrium diagrams were car-
ried out with Thermo-Calc Software using TCFE11
Steels/Fe-alloys database.

Results and discussion

Full sintering cycles

Density measurements are presented in Figure 1. A
relative green density of ∼56.1%, that is slightly
lower than the tap density of 60.4% for the 316L pow-
der, was obtained. Note that no LOM-based density
measurements were done on the green samples
because of the low green strength. Generally, with
increasing sintering temperature the solid volume
fraction increases and a progression from irregular,
inter-connected porosity to more equiaxed pores is
observed [4,7,17]. Density measurements in P-1370C
and G-1370C samples showed high densification
allowing to reach 96%–99% relative density, while
samples sintered at 1300°C, resulted in lower density
of about 85%–90%. In general, LOM-based density
results from different cross-sections are relatively
similar but typically higher than geometry-based and
Archimedes density measurement results. This differ-
ence tends to decrease as the measured density
increases. Archimedes density is typically only ∼1%
higher than geometry-based density, this may be
caused by the omitted surface roughness effect when
measuring the volume with a calliper.

Figure 2 shows cross-sectional optical micrographs
with the general microstructure of the samples and

visible details of the shape, size and distribution of por-
osity. Samples from each set of dilatometry tests were
characterised along different planes, thus each cross-
section plane (XY, XZ, YZ) from each samples set
was analysed. Identical global porosity structure for
all samples within a set, i.e. subjected to the identical
sintering parameters, can be assumed. It could be
expected that, during metallographic preparation (i.e.
cutting, grinding and polishing), cross-sections could
slightly deviate from a perfect orthogonal plane. For
illustration purposes, these CAD geometry cross-sec-
tions are showed in Figure 2 with a small arbitrary incli-
nation angle. Also, a layered structure was added to
imitate the effect of the layer-by-layer BJ printing pro-
cess, with a thicker layer thickness for easier visualisa-
tion. Pre-sintered samples’ LOM images in Figure 2
show the characteristic interconnected porosity struc-
ture created by the initial small neck formation after
pre-sintering [26]. Several larger pores were observed
within the XZ and YZ cross-sections, preferentially
aligned along the horizontal direction (building
plane) [4], while no preferential orientation was
observed within the XY plane. Samples sintered at 10°
C/min up to 1300°C (P-1300C) showed a combination
of large irregular-shape and small quasi-spherical
pores. As shown in the pre-sinteredmicrostructure, lar-
ger elongated pores were found to be oriented with the
longest dimension parallel to the x- or y-axis within the
XZ and YZ cross-sections. This is most likely related to
the interlayered porosity formed during printing,
where large pores are usually found between layers
[4,7,17,27]. Samples sets sintered at 5°C/min up to
1370°C (P-1370C and G-1370C) showed rather homo-
geneous distribution of quasi-spherical small pores for
all the cross-sections. In general, XY cross-sections of
sintered samples (P-1300C, P-1370C and G-1370C
set) showed a particular pore distribution, where larger
pores seem to be aligned together in specific areas along
an arbitrary direction. This effect could relate to the 3D
porosity arrangement and sample characterisation pro-
cedure discussed previously. Hence, clusters of larger
pores locatedwithin periodical planes alongZ (building
direction) would produce the porosity distribution
observed within XY cross-sections. This effect was
also illustrated in the XY cross-section of the sample
CAD geometry from Figure 2.

The final microstructure of the samples sintered at
the two different temperatures of 1300°C and 1370°C
was characterised using EBSD technique. Figure 3(a)
and (b) shows the EBSD map obtained from XZ
cross-sections of samples sintered at 1300°C and
1370°C, respectively. The map represents the different
phases, porosity, grain boundaries and twin bound-
aries for each case. For the sample sintered up to
1370°C, a mixture of FCC austenite (γ), BCC ferrite
phase (δ-ferrite) and porosity was obtained. The pres-
ence of δ phase confirmed the dilatometry results

Figure 1. Relative densities for studied samples at the green
and pre-sintered states, together with the sintered densities
of each sample’s sets sintered using the corresponding ther-
mal routes. Density values obtained by different measurement
methods are presented: geometry-based, LOM-based and
Archimedes method.
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obtained in the first part of this study [21], where
shrinkages were boosted above 1340°C. Other studies
reported the same effect from the formation of δ-fer-
rite during sintering [1,3,20,28]. EBSD map shows δ-
ferrite grains surrounding γ grains, especially at the
junctions between the grains. The location of δ-ferrite
can be related to the location of larger pores before the
onset of the phase transformation. This could relate to
the free surfaces of the pores having the highest

nucleation rate, together with the lowest mis-fit strain
energy [29]. Spherical pores located inside the γ grains
were detected. EBSD maps of the sample sintered up
to 1300°C showed the presence of γ grains and poros-
ity. The porosity was observed to be a mixture of small
(CED < 10µm) quasi-spherical pores mainly located
inside γ grains and large irregular pores (CED >
10µm) located between grains. Also, smaller γ grains
were observed in the sample sintered at 1300°C.

Figure 2. Optical micrographs of the BJ samples cross-sections made along the three quasi-orthogonal planes XY, XZ and YZ.
Micrographs from pre-sintered state samples and sintered samples from each sample’s set: P-1300C, P-1370C and G-1370C.
For illustration purposes, the corresponding cross-sections were done to the CAD geometry, where a layered structure was visu-
alised by alternating coloured slices.
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The microstructure within each cross-section was
qualitatively discussed previously from images pre-
sented in Figure 2. Then, a detailed statistical analysis
of the porosity was performed by image analysis. Pore
area-size distribution, aspect ratio (AR) and circularity
shape parameter results are presented as histograms in
Figures 4, 5 and 6, respectively. First, the results from
the different cross-sections of each sintered samples
set (P-1300C, P-1370C and G-1370C) were analysed.
These results were normalised with respect to the
total area or a total number of pores, so results
could be compared between different sample sets. In
general, the pore area-size results in Figure 4 showed

a skewed right distribution, where the largest area
fraction corresponds to pores with a CED between 5
and 10 µm. However, XY cross-sections results
showed a slightly more spread distribution, where
large pores (CED > 35 µm) have a relatively higher
area fraction. Indeed, from P-1370C and G-1370C
set results, outlier values were found for pores with
CED > 40 µm. These results can relate to the aligned
large pores population identified in XY cross-section
images from Figure 2. Thus, large pores identified
within XY cross-sections could be inherited from the
interlayered non-homogeneous porosity produced by
the BJ printing process. This population showed up

Figure 3. Phase maps obtained by EBSD in the XZ cross-sections from the samples set: (a) P-1300C and (b) P-1370C, where the FCC
(austenite), BCC (δ-ferrite) and non-indexed (porosity) phases are shown in blue, red and black, respectively. Grain boundaries are
shown as black lines, while twin boundaries within austenitic grains are shown in white.

Figure 4. Normalised histograms and cumulative distributions of pore area as function of the equivalent diameter for each sample
set: (a) P-1300C, (b) P-1370C and (c) G-1370C. The data sets correspond to the different cross-sectional data: XY, XZ and YZ.
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as outlier values because the increase of its relative area
fraction when sintering at higher temperatures
decreased the total porosity. In general, AR histograms
in Figure 5 show a skewed right distribution with a
higher relative frequency for values between 1 and
1.5. XY cross-sections results in Figure 5(a) and (b)

showed slightly higher frequency for the larger AR
bins which could relate to the identified larger pores
aligned in the XY cross-section. However, the G-
1370C set results in Figure 5(c) show similar distri-
bution. In general, circularity histogram results in
Figure 6 show a skewed left distribution with the

Figure 5. Normalised histograms and cumulative distributions of pores aspect ratio for each sample set: (a) P-1300C, (b) P-1370C
and (c) G-1370C. The data sets correspond to the different cross-sectional data: XY, XZ and YZ.

Figure 6. Normalised histograms and cumulative distributions of pores circularity for each sample set: (a) P-1300C, (b) P-1370C
and (c) G-1370C. The data sets correspond to the different cross-sectional data: XY, XZ and YZ.
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highest frequency for values between 0.9 and 1. This is
related with the pores’ shape tends to become circular
during sintering [11,17,26]. Similar tendency for the
XY cross-section can be found here, with a high fre-
quency of pores with lower circularity. Thus, the
increased population of large pores within XY cross-
section of pre-sintered samples sintered at 1300°C
and 1370°C might relate to the increased AR and
decreased circularity. In contrast, the higher relative
area fraction of large pores within XY cross-section
of green samples sintered at 1370°C did not influence
particularly the shape parameters’ distribution. The
cause of this fact could be related to a slight variation
in the debinding step, which was included in the dila-
tometry tests.

The influence of the sintering conditions on the
porosity parameters distribution was also studied by
combining the cross-section’s results from each
sample set. In this case, the histogram analysis was
done without normalisation of the data to show the
difference of porosity characteristics for different sin-
tering conditions. In general, the cumulative pore
area results showed in Figure 7(a) was larger for the
samples sintered at the lowest temperature of 1300°C
(P-1300C set). This relates to the lower shrinkages
from the dilatometry experiments [21], caused by
smaller densification observed in this case. Densifica-
tion was principally lower in absence of δ-ferrite trans-
formation during sintering at 1300°C. For the samples’
sets sintered at the highest temperature of 1370°C, the

results showed slightly higher cumulative pore area
when pre-sintered samples were subjected to the dila-
tometry tests [21].

Figure 7(b) and (c) shows the histograms of AR and
circularity shape descriptors results. In general, these
results show the typical closed quasi-spherical porosity
for samples sintered at 1370°C (P-1370C and G-
1370C), with most of the values close to 1 for both par-
ameters and low cumulative pore counts values when
compared to the values from samples sintered at 1300°
C (P-1300C). An intermediate state with a combi-
nation of irregular-shaped and quasi-spherical poros-
ity was found when sintering up to 1300°C. Even
though the peak of the distribution was located at a
value of 1, pore count results for high AR and low cir-
cularity values were relatively high. This showed that
samples sintered at 1300°C did not reach the last
stage of sintering, where mostly closed quasi-spherical
porosity is typically present within the microstructure.
Whereas samples sintered at 1370°C (P-1370C and G-
1370C) reached the last sintering stage showing mostly
quasi-spherical porosity. This porosity is more
difficult to eliminate during the last stages of the sin-
tering process, particularly pores located inside the
grains, where diffusion along grain boundaries is no
longer active [30]. In this study, it is observed
that δ-ferrite formation during sintering at high temp-
eratures has a significant contribution to the reduction
of large irregular porosity present in the BJ 316L
microstructures.

Figure 7. Histograms and cumulative distributions for each sample set of: (a) pore area as function of the equivalent diameter, (b)
aspect ratio and (c) circularity.
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Interrupted sintering cycles

The cross-sectional LOM micrographs in Figure 8(a)
show the general microstructure of the samples and
details of the porosity characteristics from the differ-
ent interrupted sintering tests at temperatures of
1000°C, 1100°C and 1200°C. In general, when the sin-
tering temperature condition was increased, the den-
sity increased, and the large porosity observed at
1000°C transformed towards a mixture of small and
large irregular pores. In the sample sintered at 1200°
C, regions with large irregular and potentially inter-
connected pores can be observed. Those large pores
are the most challenging when attempting to reach
full densification of binder jet samples through sinter-
ing. As discussed, the presence of δ-ferrite enhanced
the densification during the sintering process, thus,
possibly closing most of these large pores observed
when sintering at lower temperature conditions.

Statistical analysis of the porosity confirms the
qualitative interpretation of the microstructures in
Figure 8(b). Aspect ratio and circularity histograms
indicate a slight tendency for the reduction of the irre-
gularity of the pore shape when temperature increases.
The results from the XZ cross-section of the sample
sintered up to 1370°C were shown for comparison,
which indicates that the reduction of irregularity

(decreased AR and/or increased circularity) mainly
occurs above 1200°C. Furthermore, the pore area-
size distribution results showed a clear evolution of
the pore area during the temperature range studied.
At 1000°C the large interconnected porosity is rep-
resented by the pore area fraction corresponding to
pores with a CED > 50 µm. These large regions of
interconnected porosity were observed to be reduced
with increasing temperature and almost vanished at
1200°C. As discussed above, the LOM-based density
values from the interrupted sintering samples are
recurrently higher than the geometry-based values.

Thermodynamic calculations on the
microstructure evolution during sintering

Figure 9 shows the results of the chemical analysis per-
formed to follow the change in carbon, nitrogen, and
oxygen in samples at the different stages of the BJ
manufacturing process: raw powder, green (as-
printed), pre-sintered (900°C for 60 min) and sintered
at different conditions. For the samples sintered at
1370°C, a sample sintered from the green state
(G-1370C) and other from the pre-sintered state
(P-1370C) were analysed. The results show that
green sample has the highest content of carbon and

Figure 8. Microstructural characterisation and density results from samples subjected to interrupted sintering tests: (a) Optical
micrographs of the BJ samples XZ cross-sections; (b) normalised histograms and cumulative distributions of pore area as function
of the equivalent circle diameter (CED); pore aspect ratio and circularity; (c) geometry-based and LOM-based relative densities
from sintered samples.
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oxygen owing to the presence of the binder ink in the
sample, deposited during printing. After pre-sintering,
all three interstitial elements decreased owing to the
binder removal during debinding process. However,
carbon was found to be higher in the green state
than in the powder. A possible explanation for this
observation is that the higher C content is caused by
minor binder residuals within the open porous surface
remaining after the low-temperature pre-sintering.
When samples were sintered up to 1370°C for
60 min, chemical analysis revealed a clear decrease
of O and N content to trace values. Besides, the C con-
tent of the sintered samples was reduced to values
slightly lower than the raw powder. Note that the
chemical analysis does not determine if the element
is an interstitial in the metal alloy or is forming
other compounds on the surface (e.g. binder).

Thermodynamic calculations were conducted by
using the values of C, N and O content from each
sample state according to Figure 9, to display the poss-
ible influence of the chemical composition on the

equilibrium phases. In the companion paper [21],
the important effect of the δ-ferrite phase on shrin-
kages and densification behaviour during sintering
was evidenced. Thus, the potential effect of chemical
composition on the sintering shrinkages evolution is
linked to the delta-ferrite phase. However, anisotropy
was not directly connected to the phase transform-
ation. It can be argued that the chemical evolution
would not directly affects anisotropy. But is still
unclear if the porosity structure present when the
phase transformation starts would affect how aniso-
tropy develops afterwards. Also, is crucial to predict
the potential formation of liquid phase, which could
lead to high geometric distortions and melting.
Thus, the equilibrium diagram of δ-ferrite
(BCC_A2) and liquid (LIQUID) phase from each
sample’s chemical composition was calculated and
presented in Figure 10(a) and (b), respectively. The
increased C and N content in the green sample leads
to the suppression of the δ-ferrite formation and a
noticeable swift of liquid phase curve to lower temp-
eratures. However, green sample chemistry values
are highly affected by the presence of the binder ink,
which is removed during debinding and heating stages
and hence has minor or no effect on the steel phase
transformation. The phase diagram curves for powder
and pre-sintered sample are relatively analogueous,
with δ-ferrite and liquid phase stability onset at
∼1350°C and ∼1410°C, respectively. Also, the phase
diagram curves for both sintered samples are relatively
similar, with δ-ferrite and liquid phase stability onset
at ∼1250°C and ∼1440°C, respectively. These results
clearly display the high influence of N, C or O content
on the phase equilibrium.

Typically, the powder chemical composition is used
as input to predict the possible phase transformations

Figure 10. Effect of C, N and O content obtained from the chemical analysis for the different samples states on the equilibrium
phase diagram: raw powder, green, pre-sintered at 900°C, sintered at 1370°C from initial pre-sintered sample (P-1370C) and sin-
tered at 1370°C from initial green sample (G-1370C). Effect on (a) δ-ferrite phase equilibrium and (b) liquid phase equilibrium.

Figure 9. Element content of C, O, and N (wt.%) measured in
samples at different stages of binder jetting: raw powder,
green, pre-sintered at 900°C, sintered at 1370°C from initial
pre-sintered sample (P-1370C) and sintered at 1370°C from
initial green sample (G-1370C) specimens.
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during the sintering process. However, the analysis of
sintered samples chemical composition showed a
decrease in C, O, and N content after sintering.
Despite small difference in the chemical composition,
its effect on the 316L stainless steel phase equilibrium
diagram is significant, especially on the formation of
the δ-ferrite phase. Dilatometry sintering curves
obtained from experiments with BJ manufactured
316L samples [21] showed an onset of shrinkage
behaviour caused by δ-ferrite at ∼1340°C. This result
agrees well with the phase equilibrium results obtained
using the powder chemical composition. Also, EBSD
phase maps presented in Figure 3 demonstrated the
absence of δ-ferrite for samples sintered up to
1300°C, while sample sintered at 1370°C presented
∼2.73% of δ-ferrite. According to the phase equili-
brium diagram, a larger fraction of δ-ferrite is stable
at 1370°C. Nevertheless, part of the δ-ferrite likely
transforms to austenite during the stage where cooling
at 30°C/min was applied [21]. Initially, these results
support the use of the powder chemical composition
as a reference to predict the phases present during sin-
tering. But, a detailed experimental analysis of the
phase evolution during sintering and detailed kinetic
modelling of the phase transformations would be use-
ful to get full understanding of this important
phenomenon occurring during sintering of BJ 316L.

Summary and conclusions

The microstructure evolution of the 316L binder jet
components was studied after various pre-sintering
and sintering treatments. Previous work showed the
anisotropic evolution of the shrinkages during sinter-
ing, with ∼15% larger shrinkages occurring along the
building direction (Z axis) for the specific powder
studied [21]. In this study, the microstructure charac-
terisation suggests a slight anisotropy of the porous
structure evolution. Also, the phases present after sin-
tering were analysed by means of EBSD and the den-
sity values were obtained. Finally, the chemical
analysis was carried out to obtain the C, N and O con-
tent of samples at different states of the BJ multi-step
manufacturing process, and the respective phase dia-
grams were obtained using the Thermo-Calc software.
The following main conclusion could be drawn:

. A relative green density of ∼56.1%, that is slightly
lower than the tap density (60.4%) of the 316L pow-
der, was obtained after printing. Sintering tests up
to 1370°C at 5°C/min showed high densification
up to 96%–99% relative density. Sintering at lower
temperature of around 1300°C at 10°C/min showed
lower densification up to 85%–90%. Archimedes
density values are typically only ∼1% higher than
geometry-based density. This confirms the geome-
try-based density measurements accuracy for this

type of BJ cubic samples, where the external dimen-
sions can be precisely measured.

. Analysis of the microstructure of pre-sintered and
sintered samples showed a solid volume fraction
increase with the sintered temperature and a pro-
gression from irregular, inter-connected porosity to
more isolated equiaxed pores. Pre-sintered XZ and
YZ cross-sections of the microstructure show larger
pores oriented along the building plane, likely related
to the interlayered porosity formed during printing.

. EBSD analysis of the sintered microstructure of
sample sintered at1370°C revealed the presence of δ-
ferrite, whereas sample sintered at 1300°C revealed a
fully austenitic phase. These results agree with the
findings in [21], where a second onset of the shrinkage
behaviour at ∼1340°C was related with the δ-ferrite
formation. δ-ferrite grains are located surrounding γ
grains, especially at the junctions between the grains.

. Statistical analysis of the porosity in sintered
samples supports the anisotropic porosity distri-
bution observed in the LOM images of different
cross-sections. Pore area-size results from XY
cross-sections showed a noticeable different fre-
quency distribution, with large pores (>35 µm) hav-
ing a relatively higher area fraction. These large
pores identified within the XY cross-sections
might be inherited from the larger interlayered por-
osity produced by the BJ printing process.

. Chemical analysis of samples at different states
showed a noticeable increase in the O and C content
in the green state when compared to the initial pow-
der content, caused by the presence of the binder.
Pre-sintered samples had a chemical composition
similar to the powder feedstock. A clear decrease
of C and N content down to insignificant values
was obtained for the samples sintered up to 1370°
C, while C was slightly lower than the powder con-
tent. The phase diagrams were calculated and com-
pared for the different combinations of C, O and N
content. A noticeable difference in the δ-ferrite
phase diagram for the initial powder/pre-sintered
samples versus sintered samples’ phase composition
was obtained. It can be concluded that initial powder
chemical composition can be used for the calculation
of the phase diagrams to predict phase evolution
during sintering with reasonable accuracy.
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