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Binder jetting is an additive manufacturing process that selectively joins powder particles with a liquid binder to
create complex 3D objects. Achieving final material properties requires subsequent curing, debinding, and sin-
tering. This study investigates the degradation mechanisms of 17-4 PH stainless steel powder during multiple
reuse and curing cycles in the BJT process. X-ray photoelectron spectroscopy (XPS) is employed to analyze
changes in the surface chemistry of the powders. XPS results demonstrate the increase of the oxide layer
thickness from ~ 4.3 nm to ~ 7.1 nm with powder conditioning. After the first curing process, the oxide layer
thickness increased to ~ 9.5 nm, but following curing cycles showcased minimal changes. These findings agree
with bulk oxygen measurements, where the oxygen content increased from ~ 730 ppm of the unconditioned
sample to ~ 1300 ppm after conditioning. After the first curing, the oxygen content rose to ~ 1500 ppm, whereas
the subsequent curing did not alter the oxygen content much. The uptake of oxygen results in elevated flow-
ability and packing behaviour due to the passivating oxide layer on the surface of the particles. The findings
provide insights into the factors affecting powder reusability and the potential impact on the final part quality in

BJT.

1. Introduction

Unlike traditional subtractive manufacturing methods that employ
the removal of material to create a component, additive manufacturing
(AM), often referred to as 3D printing, utilizes a layer-by-layer addition
of material strategy to create a part. Complex geometries, often achieved
through sophisticated CAD design, streamline production by eliminating
the multi-step processes inherent in traditional manufacturing.

Binder Jetting (BJT) is an additive manufacturing (AM) process
characterized by the selective deposition of a liquid bonding agent to
join powdered materials. In this process, a layer of powder is evenly
spread within a build chamber. Subsequently, a binder is precisely
dispensed onto the powder bed, selectively adhering particles together
according to the 3D model. This process is iteratively repeated, layer by
layer, to construct the desired object within the powder bed. Subsequent
steps, including curing, debinding and sintering, consolidate the part
and achieve its final shape and desired material properties. Printed parts
exhibit low initial density (approximately 50-60%), resulting in sub-
stantial linear shrinkage (around 10-20%) during the densification
phase of sintering, where metal particles form metallic bonds via
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diffusion processes [1]. Furthermore, sintering is often conducted close
to the melting point of the metal powder, potentially causing distortions
in the part's external geometry. It has been shown that the shrinkages
occurring during the sintering step are often anisotropic, with higher
shrinkage in the building direction (z-axis) [2]. A lower layer thickness
during printing can lead to higher green density and careful control of
the liquid binder levels are needed to ensure proper adhesion on the
particles [3]. In general, a high green density is wanted as a higher
powder packing requires less densification, leading to less shrinkage and
often higher sintered densities [4].

Particle size distribution (PSD) exerts great influence across the
entire binder jetting process. PSD significantly impacts the packing,
sinterability and surface finish of both the green (unsintered) and the
final part. Finer powders generally yield smoother surfaces. On the other
hand, fine powders are characterized by a large surface area and hence
higher chemical reactivity and inter-particle interaction, such as capil-
lary and Van der Waals forces and cohesion, leading to a decrease in
powder flowability and poorer packing characteristics [5]. As fine and
spherical gas-atomized powders for BJT tend to have a high cohesion
and poor flowability [1,6,7], they often require powder conditioning to
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Table 1
Chemical composition of powder in wt.% specified by supplier [23].

Powder Fe Cr Ni Cu Mn Nb + Ta Si S

17-4 PH Balance 15.5-17.5 3.0-5.0 3.0-5.0 0.07 (max) 1.0 (max) 0.15-0.45 1.0 (max) 0.03 (max)

reach adequate flow properties for printing after the atomization pro-
cess. The conditioning typically involves a heat treatment to dry or
oxidize the powder or a combination of both. Barthel et al. [8] reported
that powder drying reduces powder cohesion and enhances powder
flowability. Janzen et al. [9] demonstrated that drying of Ti-6Al-4 V
notably improved the powder flowability and quality of the green parts.
The authors recommended drying new powder due to undefined de-
livery and storage times [9].

Optimal packing, frequently achieved with bimodal distributions
(combining large and small particles), is crucial for maximizing binder
saturation [7]. This ensures that the binder effectively infiltrates the
powder bed. Furthermore, the PSD dictates the appropriate layer
thickness during printing. Finer powders often necessitate thinner layers
to ensure proper binder penetration and prevent voids. Lower PSD also
leads to better sinterability. Finer particles exhibit accelerated sintering
kinetics due to their high surface area, resulting in faster densification
and potentially shorter sintering times [10]. However, while faster
sintering is advantageous, it can also lead to greater part shrinkage. The
initial green density, which is heavily influenced by the PSD and pack-
ing, plays a crucial role in controlling this shrinkage.

Although tailoring the powder characteristics, such as flowability, to
achieve high powder packing during printing was the focus of previous
research, an equally important aspect remains the reusability of un-
bound BJT powders, which are collected after depowdering and reused
for following printing cycles. Coarsening of 316 L stainless steel powder
has been observed due to the powder being reused 16 times, thus
resulting in higher flowability [11]. Similarly, a loss of fine particles was
found for 17-4 PH stainless steel after powder reuse [12].

The effect of powder reuse in AM technologies on powder properties
have reported an increase in surface oxidation and higher bulk oxygen
levels, mainly attributed to the elevated temperatures in the build
chamber and interactions with the energy source during particle melting
and fusion [13-15]. On the other hand, BJT is considered a “cold pro-
cess”, with printing being conducted at room temperatures and the
studies on powder reuse in this technology have mostly reported
changes in the PSD and powder flowability over multiple reuse cycles
but have not investigated the direct influence of the curing process on
powder characteristics in detail. The curing process is, however, a form
of powder conditioning, as the loose powder is subjected to heat treat-
ment. Curing is often conducted in ambient conditions, where oxygen
present in the air can lead to oxidation of the powder. It was shown that
curing of tool steel in air led to powder oxidation, which in turn
increased the difficulty of depowdering and lowered sintered densities
[16].

An equally important aspect remains the reusability of powder dur-
ing sequential printing cycles. Coarsening of the powder was observed,
thus resulting in better flowability [11]. It has long been argued that
changes in the surface chemistry of powders for additive manufacturing,
accompanied by oxide layer growth and enrichment in oxide particu-
lates on powder surfaces, can impact the printed part quality as well as
the reusability of the powder. Previous studies have analyzed the effect
of the atomization process on the particle shape, surface chemistry and
flowability of 316 L powders [17,18]. In steels, the presence of Cr and
Mn leads to the formation of stable oxides due to the elements’ high
affinity to oxygen [19]. The monitoring of the processing atmosphere
during sintering cycles, as well as adjusting the sintering conditions,
enables the reduction of stable oxides on the surface of PM-steel powder
particles [20].

Recent advancements in the BJT of 17-4 PH stainless steel have
highlighted the critical role that powder oxidation plays throughout the

manufacturing lifecycle. Notably, a previous two-part study [21,22]
demonstrated that the oxygen concentration in the atmosphere during
debinding influences binder removal and powder oxidation. It was
shown that powder oxidation during debinding at 300 °C for 2 h is
detrimental to the final sintered oxygen content of the stainless steel.
While these studies demonstrated that powder oxidation during
debinding affects the bulk oxygen content, the influence of powder
degradation during curing on powder properties relevant to the printing
process remains insufficiently understood. Understanding the exact
powder degradation mechanism requires highly sensitive surface
characterization.

To bridge this gap, this study introduces X-ray photoelectron spec-
troscopy (XPS) to investigate the impact of conditioning, ambient air
curing, and powder reuse on the powder surface chemistry and rheo-
logical properties of 17-4 PH stainless steel. The rheological properties
of the powder were compared for unconditioned, virgin, and reused
powder subjected to four curing cycles at 200 °C for 4 h. The changes in
the powder surface chemistry, morphology, and bulk chemistry were
investigated after each curing cycle.

2. Materials and methods
2.1. Materials and printing

No-atomized pre-alloyed 17-4 PH stainless steel powder (Desktop
Metal Inc., USA) was studied in this work. The powder elemental
composition specified by the supplier is depicted in Table 1. The powder
had a PSD of Djg = 6.5 pm, D5y = 14.3 pm and Dgy = 26 pm measured
using a Camsizer X2 employed with dynamic image analysis (ISO
13322-2, Microtrac).

Fine gas-atomized powders tend to be too cohesive and cannot be
used directly for BJT printing. To ensure adequate powder cohesion and
flowability for printing, “unconditioned” powders are oxidized to in-
crease the flowability. The conditioned powder is considered virgin
powder before printing, which is the standard condition received from
the supplier. Unconditioned powder was also studied to understand the
impact of powder conditioning on surface chemistry and powder
rheology.

A Production System™ P-1 (Desktop Metal Inc., USA) was employed
for BJT printing. A water-based binder (SPJ-04, Desktop Metal Inc.,
USA) was applied for printing. Besides water, the binder contained
solvents and a thermoset polymer. The printer includes O3 and humidity
control sensors and gas purging of the build chamber. The build job
layout in this study consisted of 15 cuboid green samples with nominal
dimensions of 10 x 10 x 10 mm>. The green samples were used to
examine the influence of curing on the printed green density. A precision
scale (QUINTIX224-S1, Sartorius AG, Germany) with a resolution of
0.001 g was used to obtain the mass of each green sample. The volume of
each green sample was calculated based on the measurements of the
dimensions in X-, Y- and Z-direction via a micrometer screw gauge with
a resolution of 0.001 mm. Virgin powder was loaded into the printer and
reused for 5 build jobs, followed by curing the 5 obtained build boxes
simultaneously.

The build boxes were cured in a forced air-convection furnace (TR
120 LS, Nabertherm GmbH, Germany). A heating rate of 1.5 °C/min to a
maximum temperature of 200 °C was applied and a dwell time of 4 h was
set. Natural cooling of the furnace was taking place after the dwell time.
After curing, the green samples were separated from the loose powder
bed inside an inert environment with tools such as brushes and tweezers.
After rough depowdering with tools, compressed air or gas was used to
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Table 2
The annotation of the samples based on the amount of print jobs and curing
cycles.

Sample name Total no. of print jobs No. of curing processes

Unconditioned - -

Virgin - -

Cl 5 1

Cc2 10 2

Cc3 15 3

Cc4 20 4
Table 3

XPS binding energies in eV, measured on pure metallic and oxides standards on
as-received surface and after etching.

Peak Peak position FWHM on the  Peak position FWHM after
on the as- as-received after etching etching at
received surface at 100 nm 100 nm
surface
Fe2ps3/» 710.8 3.8 706.8 1.03
(plate)

Fe2p3/» 710.8 3.55 708.8 3.8
(Fex03)

Ols 529.9 1.25 529.8 1.03
(Fe203)

Cr2ps/» 576.7 3.2 574.3 0.92
(plate)

Cr2ps» 576.7 3.2 575.7 4.1
(Cry03)

Ols 530.5 1.19 530.8 1.73
(Cr203)

Mn2ps/» 641.5 35 638.8 0.94
(plate)

Si2p (Si- 102.6 1.8 98.9 1.1

wafer)

O1ls (Si- 532 1.8 532 1.6

wafer)

Nb3ds,» 207.2 1.18 202.3 1.05

(Nb-
powder)

O1s (Nb- 530.8 1.7 530.7 1.6

powder)

get rid of the remaining powder. The powder collected from depow-
dering was reloaded after sieving with a 43 ym mesh into the printer and
reused for 5 consecutive build jobs. This was repeated until 20 build jobs
were completed, which led to four curing cycles in total. No additional
virgin powder has been added during the subsequent printing cycles.
Powder samples were taken after each curing and sieving cycle.

Consequently, the powders used for investigation in this work con-
sisted of unconditioned powder (before any oxidation), virgin powder
(after conditioning and before printing) that was loaded into the ma-
chine before the first print job and sieved powders collected from
depowdering after each curing cycle (C1-4). Table 2 summarizes the
collected samples used in this work, where C1-4 described the amount of
curing cycles the powder was subjected to.

2.2. Powder characterization

High-resolution scanning electron microscopy (HR-SEM) was
employed to study the surface morphology of the particles (Leo Gemini
450 SEM, Zeiss GmbH, Germany), equipped with a field emission gun
and In-lens detector. An accelerating voltage of 15 kV and working
distance of 4.0 mm were used to investigate the surface of the particles.
Due to the particle size, carbon tape (3 mm) was deemed the safest
option to press the powder onto the sample holder to avoid particles
escaping in the vacuum chamber. The bulk oxygen and nitrogen con-
tents of each powder sample were measured by an ONH analyzer
(ONH836, LECO Corporation, USA) based on the carrier gas hot
extraction method. The humidity of the powder samples was determined

Applied Surface Science 752 (2027) 168270

Table 4
Particle size distribution for different powder conditions.
Sample D1 (um) Dso (um) Dgo (um)
Virgin 6.3 14.7 27.6
Cl 6.3 15.1 28.4
Cc2 6.4 15.1 28.1
C3 6.5 15.7 28.3
C4 6.5 15.5 30

via Karl Fischer titration (C30S Compact KF Coulometer, Mettler-Toledo
GmbH, Germany).

The rheological behavior of the unconditioned, virgin and C4 pow-
ders was studied using a Revolution Powder Analyzer (Mercury Scien-
tific Inc., USA). The Revolution Powder Analyzer (RPA) entails a setup
with a transparent drum filled with material, which rotates according to
parameters set by the user. On the other side of the setup, a camera
captures the rotation of the material, which is illuminated by a light
source. The surface area of the material is captured by the camera and
analyzed in specialized image analysis software. Equal powder volumes
of 100 ml were freely loaded in the drum. The rheological tests were
performed in ambient conditions. Multi-flow experiments were per-
formed, varying the drum rotation speed from 1 to 69 RPM with 2 RPM
increments. At each rotation speed, 150 powder avalanches were
analyzed. Each powder sample was measured in triplicate to ensure
reliability. Packing characteristics were also determined for each pow-
der sample, where tap and apparent densities were measured by
vibrating the drum for ten cycles.

To investigate the changes in the surface chemistry of the powder in
terms of oxide layer thickness and composition, X-ray photoelectron
Spectroscopy (XPS) was carried out utilizing PHI 5000 (Physical Elec-
tronics, MN, USA) equipped with a monochromator Al Ka source
(1486.6 eV) with lateral resolution of analysis of 100 pm. Survey scans,
as well as narrow elemental scans, were performed using 224 eV and 26
eV pass energy, respectively. Energy calibration had previously taken
place with reference to Au4f;/» (83.95 eV), Ag 3ds/3 (368.21 eV) and Cu
2p3/2 (932.62 eV) peaks. High purity oxide powder and standard plates
were also measured and their peak characteristics can be seen in Table 3.
High-resolution XPS spectra (Fe2p, Cr2p, Mn2p, Nb3d, Si2p and Ols)
were deconvoluted using a Shirley background. Peak fitting was per-
formed using Assymetric profiles. Additionally, while monatomic Ar*
bombardment is an established depth-profiling technique, it is known to
induce preferential sputtering artifacts, occasionally reducing transition
metal oxides (such as Fe;O3) to lower valence states. Consequently,
while absolute thickness values may be subject to minor un-
derestimations, the relative oxidation trends between curing cycles
remain strictly reliable. For depth profiling, etching of the powder sur-
face was performed on a 2 mm x 2 mm area and down to 100 nm in
depth using an Ar + ion gun, where the etch rate was calibrated using a
Tay0s foil with known oxide layer thickness. Therefore, the etch depth
and oxide thickness in this work are presented in TasOs units. The data
obtained was analyzed using the PHI MultiPak software.

To quantify the oxide layer thickness of the BJT powders, depth
profiling data was evaluated using an established geometric correction
model for spherical particles. Standard planar attenuation models are
insufficient for powders due to variations in the electron take-off angle
and non-uniform ion etching across curved surfaces. To account for this,
the mathematical model derived by [24,25] integrates the angular
dependence of the X-ray flux, photoelectron intensity, and localized etch
rate over a spherical geometry. Based on this spherical integration, the
interface broadening caused by curvature is corrected by defining the
true radial oxide thickness as the specific sputter depth at which the
normalized metallic intensity reaches 65% of its maximum value.
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Fig. 1. SEM micrographs of the powder samples with each row corresponding to a) unconditioned, b) virgin, ¢) C1, d) C2, e) C3, f) C4 powders.

3. Results from virgin powder to powder sample C4 after 20 build jobs. The D50

exhibited a minor increase from 14.7 um to 15.5 um from virgin powder

3.1. Powder morphology to powder sample C4. The largest increase was measured for the D90
from 27.6 pym for the virgin powder to 30 um for powder sample C4.

The particle size distribution of the different 17-4 PH powder sam- SEM imaging was employed to observe the surface of the powder

ples is listed in Table 4. The D10 shows a minor increase by ~ 0.2 ym samples. At low magnification, all samples seem to comprise mostly
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Fig. 2. XPS survey spectra of powder samples used in this study showcasing the strong presence of Fe2p, Cr2p, Mn2p, Nb3d, Si2p, Ols on the as-received surface.

spherical powders with the presence of satellites. It seems that the
presence of satellites and agglomerates is more severe in the uncondi-
tioned sample (Fig. 1 (a) first and second column). The powder surface
does not present noticeable differences from unconditioned to virgin
state, and later with curing (Fig. 1 (a), (b), (f) second and third column).

3.2. Bulk and surface chemistry of the powder

X-ray photoelectron spectroscopy (XPS) is a highly surface-sensitive
technique used to analyze the chemical composition and estimate the
oxide layer thickness of powder particles. Fig. 2 shows survey spectra for
all samples, clearly revealing the presence of iron (Fe2p), chromium
(Cr2p), manganese (Mn2p), silicon (Si2p), niobium (Nb3d5), and carbon
(C1s). Despite a high nickel (Ni) content in the bulk powder (Table 1),
the corresponding Ni peaks are absent in the surface spectra. This sug-
gests that nickel is either absent or present in very low concentrations in
the outermost oxide layer. Conversely, Mn is significantly enriched on
the powder surface. This surface enrichment of manganese is a common
phenomenon, even when present in trace amounts in the bulk, due to its
strong affinity for oxygen [26]. The carbon (C1s) peak is attributed to
adsorbed carbon species, a typical surface contaminant resulting from
exposure to air.

Due to the presence of many elements on the surface of the powders,
the identification of chemical states is difficult. Pure metal standards of
Fe, Cr and Mn (purity > 99.9%), as well as standard oxides of Fe;O3 and
Cry03 (>99% Sigma Aldrich), were analyzed in order to identify the
peak characteristics for metals and their cations (Table 3). The silicon
peak characteristics were identified using a silicon wafer. All XPS depth
profiling spectra (Fig. 3) were corrected by using the peak position of
adventitious carbon at 284.8 eV at the as-received surface.

XPS narrow scans of each of the elements present on the surface of
the powders were recorded as seen in Fig. 3. Steel powders tend to form
a homogeneous iron base oxide layer with the presence of particulate
oxide features, size and composition of which are determined by the
powder composition, powder atomization and handling. The iron
Fe2p3/2 peak position located at ~ 710.8 eV suggests the predominant
presence of Fe;O3 on the surface. In the unconditioned sample (Fig. 3
(), a small peak located at 706.8 eV indicative of the Fe™" peak can be
observed at the as-received surface, suggesting the presence of a thin
oxide layer below 3Xy,x (Aox = 1.5 nm being the attenuation length or
mean free path of the valence electron in Fe;03). This peak is absent in

the virgin and C1-4 samples, indicating the presence of a thicker oxide
layer (XPS narrow scans of samples Cl, C2, C3 can be found in
Supplementary Information). The surface oxide is also enriched with
chromium and manganese in the oxidized state. Silicon, which is very
low in the composition (Table 1), is present in an oxidized state as well
but is etched out after 5 nm. In addition, O1s spectra showcase a stronger
contribution at ~ 532 eV on the top surface, which is characteristic of
the presence of silicon-based oxide, and this shoulder is decreasing
proportionally to the Si-peak decrease.

Focusing on the Fe2p spectra in the unconditioned sample (Fig. 3
(a)), the Fe™et peak at 706.8 eV is starting to become noticeable and a lot
higher in intensity than the Fe?* and Fe>* peaks at 5 nm, thus indicating
the oxide layer is lower than 5 nm. For the virgin sample (Fig. 3(b)), the
Fe™®! peak is noticeable at 5 nm and by 10 nm also higher in intensity
than the Fe?t and Fe®* peaks. Though the same trend can be observed in
the C4 sample (Fig. 3(c)) with the Fe™®" having high intensity at 10 nm,
the intensity of the peak at 5 nm is barely noticeable. Hence, it can be
concluded that the iron-base oxide layer is lower than 10 nm in both the
virgin and C4 samples, with higher thickness in the C4 sample. The Cr2p
spectra present a different trend for the three samples depicted. In the
unconditioned sample (Fig. 3(a) second row), the Crmet peak (574.3 eV)
reaches higher intensity than the Cr°* peak at 5 nm, whereas in the
virgin sample (Fig. 3(b) second row) it is at 10 nm. In the C4 sample
(Fig. 3(c)), the oxidized state of Cr is etched out after 10 nm, indicating
that Cr is present in the oxidized state either as part of an iron-rich
homogeneous oxide layer [27] or in the form of fine oxide particu-
lates, or both. For Mn2p spectra, Mn is present in the oxidized state and
even after 100 nm of etching, it never reaches its metallic state but is
rather etched away, confirming its segregation on the powder surface
[26]. Traces of Nb are found in the first 10 nm of etching, located at ~
207.1 eV for the Nb3ds,» peak and at ~ 209.8 eV Nb3dj3,, (with a
characteristic AE = 2.7 eV due to the split spin—orbit nature of the Nb3d
region), presumed to be NbyOs according to the literature [28,29].

Fig. 4(a) exhibits the development of oxygen O1s peak intensity with
etch depth for each powder studied. From the etch profiles, it is evident
that most of the oxygen is removed in the first 20 nm of etching and in
the virgin sample, 50% of oxygen is removed before 10 nm. Analysis of
the normalized oxygen profile indicates an increase in the iron-based
oxide layer thickness from virgin powder with increasing powder
reuse, showing the lowest thickness of the iron oxide and continuously
increasing from C1 to C4.
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Fig. 3. High-resolution XPS narrow scans of Fe2p, Cr2p, Mn2p, Nb3d, Si2p, Ols (top to bottom) for the a) unconditioned, b) virgin, ¢) C4 powder samples (left
to right).
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Table 5

M 1,0,

met

Approximate Oxide layer thickness measured for each sample.

Sample Oxide layer thickness (nm), Oxide layer thickness (nm),
according to Fe™" peak according to Ols peak
Unconditioned 4.3 + 0.20 6.0 &+ 0.50
Virgin 7.1 £0.15 8.7 £0.3
Cl1 9.5 £0.30 11.2 £ 0.2
Cc2 9.7 £0.15 11.6 £ 0.3
C3 10.0 £ 0.23 12.0 £ 0.2
C4 9.8 £0.25 11.5+0.1
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Fig. 5. Total oxygen and nitrogen content of the measured powders.

The oxide layer thickness was measured by using the relative in-
tensity of metallic iron Fe® peaks at different etch depths normalized to
the intensity at the etch depth where Fe cation peaks disappear, Io/I.100
(where Ij is the intensity of the metallic peak at each depth and Iy.19g is
the intensity of the metallic peak at the depth where only the metallic
state of the element is present, 100 nm in case of presented measure-
ments). Due to the absence of any Fe® peak at the as-received surface
across all samples after conditioning, the oxide layer thickness is esti-
mated to be more than 3)\.. The oxide layer thickness was calculated by
taking the normalized intensity at the etch depth that had a value of 65%
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intensity across etch depths. The etch rates and, therefore, etch depths were calibrated

Table 6
Total humidity content of the different powder
samples.
Sample Humidity (ppm)
Virgin 44 £3
C1 43 +5
Cc2 62+1
C3 56 +£1
Cc4 54+2

(Table 5). By following this model [24,25], it was estimated that the
oxide layer thickness in the unconditioned powder was ~ 4.3 nm,
whereas in the virgin powder it was approximately 7.1 nm. The oxide
layer thickness showed a first sharp increase with curing from 7.1 to 9.5
nm, in line with the oxygen content, see Fig. 2, with a much slower
increase with further reuse and curing, from 9.5 to 10 nm from C1 to C3
and C4, indicating powder passivation. The C1-C4 powders exhibit very
small variations in oxide layer thickness calculations as indicated by the
deviations in the table. A second method to calculate the oxide layer
thickness was used, by using the relative intensity of Ols peak at 50%
from its max intensity, with values also presented in Table 5. The dif-
ference in values calculated between the two methods is that first takes
into account just the thickness of the Fe-rich oxide layer, while the latter
accounts for the contribution of secondary phases such as the fine oxide
particulates and does not account for surface roughness on top of the
particles.

Bulk oxygen and nitrogen content measurements are exhibited in
Fig. 5. The measurements revealed the lowest oxygen content in the
unconditioned powder sample at ~ 730 ppm. A significant uptake is
recorded after conditioning of the powder, and evidently, the virgin
powder has an oxygen content at ~ 1300 ppm. After the first curing
cycle, the oxygen increased to ~ 1500 ppm and remained in that range
throughout the whole process. The nitrogen content experienced
negligent variations before and after conditioning, remaining stable at
~ 2420-2490 ppm. The humidity of the different 17-4 PH powder
samples is given in Table 6. The humidity content of the powder ranges
from ~ 43 ppm to ~ 62 ppm. The virgin powder shows similar humidity
content to the powder sample C1, while powder samples C2 to C4
exhibited slightly higher values. With the second curing cycle there is a
noticeable increase in humidity that seems to be alleviated with further
curing cycles, as can be seen in samples C3 and C4.
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as filled colors that represent the standard deviation (20) from the three measurements, d) average apparent and tap densities measured by the RPA packing test with

standard deviations, error bars represent the 26 error.

3.3. Powder rheology

The unconditioned, virgin and most reused C4 powders were used for
flowability measurements. Generally, better flowing powders yield
lower avalanche and break values. It can be observed in Fig. 6 that the
unconditioned sample exhibits the worst flowability with the highest
energy and angle values coupled with the lowest densities compared to
the other powder samples. In the unconditioned state, the powder pre-
sents with the most elevated avalanche angle values that have little to no
variation with increasing rotating speed, indicating a quite persistent
internal friction between the particles across all rotating speeds. After
conditioning, the virgin powder shows a steep decrease in avalanche
energy, an indication that the powder surface has formed a passivating
layer aiding it to flow better. Break energy is also lower overall. C4
presents with lower values for avalanche and break energy than both the
virgin and the unconditioned powders, easily discernible at low rotating
speeds that are more representative of a powder’s rheological behavior
during printing. In the first 20 rpm, the avalanche angle also presents
slightly lower values for the C4 sample compared to the virgin. Both
apparent and tap densities increase with conditioning and curing of the
powder.

3.4. Green density

The measured green densities for the different powder conditions are
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c2 C3

Fig. 7. Green densities based on the powder condition used for printing.

depicted in Fig. 7. A clear decrease in the green densities is evident after
the first curing process from 4.71 + 0.03 g/cm? for the virgin powder to
4.60 + 0.04 g/cm® for C1. Printing with C2 powder resulted in similar
green densities as printing with C1 powder. Printing with C3 powder
showed a further decrease to 4.49 + 0.08 g/cm®, where a higher stan-
dard deviation was present.
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4. Discussion
4.1. Powder properties

This study sought to investigate the effect of curing on powder
characteristics during consecutive binder jetting printing cycles. The
dominant phenomenon taking place in the curing process is oxidation
that alters the surface chemistry of the powder and positively impacts
the rheological behavior. All the samples are covered by a Fe-based
oxide layer, consisting primarily of Fe;O3 with the potential presence
of some Cry03 [27], whose fraction is increasing with curing. A presence
of fine oxide features sizing < 20 nm composed of strong oxide formers
like Cr, Mn, and Si across the powder's surface was observed, as seen in
previous studies [26,30]. The surface oxide layer also contains some Nb
in the oxide state as it is a strong oxide former [31].

The standard Gibbs free energies of formation (AG¢) for FeyOs,
Cry03, MnO, NbyOs, SiO are significantly more negative than that of
NiO. Hence, the selective oxidation of Cr, Mn, and Fe (as well as Si and
Nb since they exist at lower concentrations in the composition) is
thermodynamically favored (Fig. 8). Consequently, Ni is not oxidized
and does not segregate to the surface, remaining depleted in the outer-
most passivating layer.

The as-atomized unconditioned powder exhibits the lowest oxide
layer thickness and oxygen content, which would be a positive charac-
teristic and would aid in the printing of high-quality parts. In this case,
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Fig. 9. Comparison of Cr2p spectra between the as-received (a) surfaces of the powders and after etching at 10 nm (b). Comparison of Fe2p spectra between the as-

received (c) surfaces of the powders and after etching at 10 nm (d).
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due to the small PSD of the powder used in BJT, the unconditioned
powder is too cohesive to flow, leading to low packing of the powder
bed. Therefore, a conditioning step is added to the powder preparation
before printing in order to decrease the cohesion of the powder. The
virgin powder possesses higher oxide layer thickness and oxygen con-
tent, but the flowability is increased, suggesting better spreadability and
packing of the powder bed. Fig. 9(a, b) illustrates a comparison of Cr2p
spectra at 0 nm and 10 nm, where the contribution from the oxide cation
Cr2p>* becomes more prominent with conditioning and curing of the
powder at 10 nm, thus indicating higher thickness and fraction of Cr in
the oxidized state. In Fig. 9(c), it is also apparent that there is a satellite
peak close to 719 eV, that is characteristic of Fe-rich hydroxide presence
and has AE = 8.2 eV from the main Fe2p3; peak.

Fig. 10 shows the cation concentration in the surface oxide of the
powders as a function of etch depth. Notice that the increase in Mn%*
with sputtering does not mean that the Mn°® is increasing. During
sputtering, other cations are removed much faster. Trace oxidized ele-
ments, such as Si and Nb, are removed much faster and only exist in
oxidized trace amounts at the top suface. Meanwhile, Fe and Cr are
removed and the metallic state of the elements is reached. In contrast,
Mn remains in an oxidized state at greater depths, but its total concen-
tration decreases with continued etching.

Initial curing of the powder causes an increase in oxygen content and
the oxide layer thickness rises by approximately ~ 2 nm, also shown in
Fig. 9 (c) by the absence of metallic peak in the virgin and C4 samples,
but it is found that subsequent curing cycles have a lower impact on the
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surface chemistry and oxide layer thickness of the powder. Curing of the
powder at 200 °C in air causes the Fe-based oxide layer to grow due to
the reactivity of iron with oxygen at elevated temperatures.

Fig. 11 exhibits the Ols spectra of the powders for the as-received
surface and after slight etching. The shoulder close to 531.5 eV, indic-
ative of the hydroxide (OH") presence, is quite prominent at the as-
received surface (Fig. 11 (c, e, g)) but becomes weaker after the first
etching cycle. Thus, hydroxides are also present on the surface of the
samples. The weaker shoulders appearing after light etching are likely a
result of Si-based oxide contributions that are also located at ~ 532 eV
(Fig. 11 (d, f, h)).

Similarly, the flowability of the powder increases with oxidation.
The unconditioned powder possesses high avalanche energy, a metric of
the energy released by an avalanche, that significantly drops with an
increase in surface oxidation. The high avalanche energy in the uncon-
ditioned powder shows that the powder concentrates in large piles at the
top of the bulk powder volume before collapsing at once. During BJT
printing, such high cohesion would result in poor spreadability, as the
powder would resist yielding to the shear forces applied by the recoater
blade or compaction roller, leading to a porous and uneven powder bed.
The decrease in avalanche energy with conditioning and curing shows
that the surface oxidation causes the powder flow in smaller increments.
The resistance of the powder to flow (break energy) improves as well,
however the first 20 rpm in the virgin powder shows that there is still
some friction between the particles. Packing also improves significantly
with the conditioning of the powder.
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Internal friction in the powder bulk also notably decreases
(avalanche angle). A lower avalanche angle indicates that the powder
requires a shallower incline to flow, which directly translates to
smoother, more continuous powder spreading across the build area.
Surface oxidation decreases the reactiveness of the powder surface,
therefore lowering the Van der Waals forces and successfully limiting
the cohesiveness of the powder due to the passivating oxide layer. The
curing of the powder had a less notable positive effect on flowability and
packing. The gradual coarsening of the powders (Table 3) with reuse
through loss of fine particles acted in synergistic combination with the
passivation of the powder to the increase in flowability. These findings
strongly suggest that the surface oxidation occurring during the curing
process plays a crucial role in modifying the powder's surface properties,
leading to enhanced flowability. Altered powder flowability due to
curing can result in inconsistent printing results, decreasing the BJT
process stability, as flowability increases with the decrease of cohesion,
but the mass transport phenomena also decrease with an increased oxide
layer on the surface of the particles [20,32].

4.2. Connection of powder properties to part quality

The particle size distribution measurements indicated slight coars-
ening of the powder after 20 build jobs, potentially due to the loss of fine
particles during repeated printing and sieving cycles. However, this
slight change in particle size distribution alone cannot account for the
substantial reduction in green density observed when printing with
powder C1 after curing and sieving.

Humidity can have a substantial influence on powder rheology. The
humidity increased slightly from 44 ppm to 54 ppm after 20 build jobs
including four curing cycles. During curing, the powder is both dried and
oxidized. A decrease in humidity after curing from virgin powder to C1
was not evident, as comparable values were obtained. Hence, the
reduction in green density during printing is unlikely caused by a drying
effect during the curing process. In general, the small powder sampling
and environmental influences can explain minor differences in the hu-
midity values.

The pronounced increase in bulk oxygen content and oxide layer
thickness from the virgin powder to the C1 powder correlated with the
most significant decrease in the green density of the printed samples.
Since all printing parameters were kept constant, the decrease in green
densities is attributed to changes in the powder packing behavior within
the powder bed during printing. From C1 to C3, the bulk oxygen content
and oxide layer thickness increased only slightly, which was accompa-
nied by a minor decrease in the green densities. The variations in the
green densities increased considerably for printing with C3 powder,
indicating reduced process stability compared to printing with virgin
powder.

To ensure a robust and reproducible printing process, the relevant
powder characteristics must remain consistent throughout repeated
powder reuse cycles. Curing in air has a detrimental impact on the green
densities of printed parts, which is caused by a change in 17-4 PH
powder characteristics due to powder oxidation during curing. This
decrease in green density due to powder reuse after curing in air affects
the sintering shrinkage and leads to lower sintered part densities [33].
One potential strategy to maintain consistent powder characteristics for
powder reuse is to perform curing in an inert atmosphere, such as argon
or nitrogen [33]. Curing under vacuum can also limit powder oxidation.

5. Conclusions

A thorough investigation on the influence of powder conditioning
and curing in ambient air on powder surface chemistry and flow
behavior was conducted for 17-4 PH stainless steel powder used for BJT.
Unconditioned powder before any oxidation procedure was received
alongside virgin powder (after the oxidation procedure aiming to
improve flowability) and cured powders after printing. The
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unconditioned powder had a low oxygen content of ~ 730 ppm and an
oxide layer thickness of ~ 4.3 nm but poor flowability. After condi-
tioning, an uptake in oxygen content was observed, with the virgin
powder possessing an oxygen content of ~ 1300 ppm. The XPS results
followed the same trend, with oxide layer thickness rising to ~ 7.1 nm.
The virgin powder was introduced for printing and collected after curing
at 200 °C for 4 h in ambient air. The powder was sieved, reused and
subjected to curing for a total of 4 cycles. The first curing process
resulted in a slight growth of the bulk oxygen content at ~ 1500 ppm as
well as oxide growth on the powder surface with an oxide layer thick-
ness of ~ 9.5 nm. Throughout the curing cycles, the oxide layer thick-
ness varied slightly, from 9.5 nm to 10 nm, and very slow progressive
growth was detected. These results were in agreement with the bulk
oxygen measurements, where the oxygen content was found to be
mostly stable at ~ 1500 ppm for all samples collected after curing (C1-
4). Conditioning of the powder had a positive impact on flowability,
with all flowability and packing metrics experiencing a significant
decrease after conditioning. Ultimately, the four curing cycles increased
powder flowability and packing compared to the virgin powder but
resulted in lower printed part quality (lower green density) and higher
printing process instability.
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