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Impact of oxygen content on debinding
of binder jetted 17-4 PH stainless steel:
Part II – Sintering

Kai Zissel1,2 , Elena Bernardo2, Pierre Forêt2

and Eduard Hryha1

Abstract
Binder jetting requires the sintering of green parts to reach the properties of a metallic component. The sintering activity

and sintered material properties of stainless steels are sensitive to powder oxidation and binder contamination, which are

introduced by improper debinding. Air is often used during thermal debinding as oxygen aids binder removal, but the

metal powder is oxidised being detrimental to sintering densification and final material properties. Hence, the impact

of decreasing oxygen content in the debinding atmosphere on the sintering of 17-4 PH at 1300°C for 2 h in an inert

argon atmosphere was investigated. Debinding in oxygen-containing atmospheres revealed the presence of δ-ferrite in

the sintered microstructure, enhancing densification during sintering. Debinding in an inert Ar atmosphere resulted in

low densification that was correlated to the absence of δ-ferrite due to the high amount of carbon in the sintered

part. The high carbon content after debinding in Ar resulted in nearly complete oxygen removal by carbothermal reduc-

tion during sintering. Debinding in Ar+ 1 vol.% O2 achieved the best combination of reducing final oxygen content by

46% via carbothermal reduction and the absence of carbon pickup during debinding and sintering. Debinding in processing

atmospheres containing 3 vol.% O2 up to 20 vol.% O2, in contrast, led to a significant oxygen increase of 53 to 74% after

sintering compared to the virgin powder.
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Introduction
Binder jetting (BJT) emerged as a potential cost-efficient
and highly productive additive manufacturing technology
for the production of complex metal components compared
to other powder bed additive manufacturing technologies.
The printing process, where a liquid binder is jetted onto
a powder bed in a layer-wise fashion, enables the shaping
of intricate geometries and features. The powder packing
in the green parts typically reaches densities of 50%–60%
relative to the bulk material.1 As the loose powder
compact is only glued together by the binder, the green
parts have no technical application. Only by sintering the
green parts, the necessary strength for technical applications
is generated. Sintering is, therefore, one of the most crucial
aspects of the BJT process chain, as it determines the final
material properties and final dimensions of the manufac-
tured part.

For successful sintering and hence efficient densification
and strengthening of the green compact, two prerequisites
need to be ensured. First, the organic binder located

between the powder surfaces needs to be removed, which
is termed debinding. Second, the removal of the natural
oxide layer covering the metal powder surface is a pre-
requisite for the formation of strong sintering necks, as
oxides inhibit material transport between particles and
therefore sintering.2,3 The removal of the binder and
the reduction of the surface oxide layer are both strongly
influenced by the surrounding processing atmosphere.
Debinding and sintering can be combined into one thermal
cycle but can be separated for several reasons. Efficient
debinding might require a different atmosphere than sin-
tering. Furthermore, debinding products contaminate the
required high-purity sintering atmospheres and may
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increase the wear of sensitive and expensive furnace
equipment.

The changes in the powder surface chemistry and binder
residuals from the green part to the brown part during
debinding will influence the subsequent sintering process.
Simple binder removal concepts rely solely on slow
heating in ambient air for long processing times, as
oxygen (O2) aids binder decomposition.4 The major draw-
back is that the metal powder is prone to oxidation, espe-
cially at high debinding temperatures. The debinding in
air is effective for iron, copper and nickel because the
powder oxidation can mostly be reversed by subsequent
sintering in hydrogen (H2) to reduce metal oxides.4

Although debinding and sintering in a pure hydrogen
atmosphere is effective in reducing metal oxides, safety
concerns, high prices and local regulations might limit its
use.5 Consequently, for sintering in inert or slightly redu-
cing atmospheres, the oxidation of the metal powder
during debinding needs to be minimised. Oxidation
becomes especially problematic for metals, which form
stable oxides such as stainless steels, aluminium or titanium
alloys.4

Stainless steels are a widely adopted material class for
BJT, which are sensitive to oxygen as well as carbon
content. One of the most used stainless steels in BJT is
17-4 PH because it provides a good combination of mech-
anical performance and corrosion resistance. Difficulties in
the sintering of 17-4 PH emerge from variations in the alloy
composition and especially from retained carbon and
oxygen.6 For 17-4 PH, a low residual carbon content, pref-
erably below 0.1 wt.%, is targeted to ensure a good combin-
ation of strength, hardness and corrosion properties.6–8

Sources of carbon are the powder itself and the sacrificial
binder, which can add carbon during its decomposition.6

Compositional specifications for 17-4 PH often do not
include oxygen,6 but oxygen inclusions are detrimental to
the mechanical properties of stainless steels. 17-4 PH con-
tains a high amount of Cr (15.5–17.5 wt.%) and consider-
able amounts of Si (≤1.0 wt.%) and Mn (≤1 wt.%).9

These elements form stable oxides, which are difficult to
remove during sintering. Sources of oxygen are the
powder itself, the binder, binder decomposition products
and the processing atmosphere.6

Extensive research on steels containing oxidation-
sensitive elements processed by the powder metallurgy
(PM) route highlighted the importance of powder surface
reactions during debinding and sintering.10–19 The atmos-
phere interaction of the powder is crucial since the
surface area of a powder compact is about 10,000 higher
than the surface area of a bulk material having the same
mass.5 The formation of strong inter-particle bonds is
crucial for high mechanical performance of sintered compo-
nents.5 The transformation of iron oxides into more stable
oxides (Cr, Mn and Si) is problematic and might already
occur at temperatures below 700°C.20 The critical stage is
during heating between 800°C and 1000°C because
surface oxides get entrapped in the growing inter-particle
bonds and iron oxides continue to transform into more
stable oxides.14 Once formed, stable oxides require high

temperatures, low oxygen partial pressures and reducing
agents to be removed. Danninger et al. demonstrated in
early works the necessity of sintering at high temperature
for deoxidation of Cr alloy steels.21,22 From a thermo-
dynamic perspective, an increase in temperature is required
to assure necessary thermodynamic conditions for the
reduction of more stable Cr-rich oxides due to the decrease
in oxide stability with increasing temperature, as described
in detail elsewhere.2,12

Consequently, a low initial oxygen content in the brown
part needs to be achieved for sintering while removing the
binder efficiently. The debinding process is crucial since it
determines the amount of residual binder and powder oxi-
dation in the brown part. Tailoring the oxygen content in
the debinding atmosphere was explored in the first part of
the study to balance binder residue, powder oxidation and
brown part brittleness.23 Debinding in inert Ar resulted in
high binder residue and low powder oxidation.23

Debinding in 3 vol.% O2 to 20 vol.% O2 allowed to
remove the binder almost completely, which increased the
brittleness of the brown parts and led to minor powder
losses during handling.23 In addition, the powder showed
strong oxidation after debinding. The best combination of
low binder residue, lower powder oxidation and sufficient
brown part strength was achieved for debinding in Ar+
1 vol.% O2.

23

This study aimed to assess the impact of the oxygen
content in the debinding atmosphere on subsequent sinter-
ing densification, microstructure and bulk chemistry of
binder jetted 17-4 PH stainless steel parts. The sintering
was conducted at 1300°C for 2 h in an inert argon atmos-
phere. An inert atmosphere was chosen due to two
reasons. First, the influence of the binder residue products,
determined by the debinding atmosphere used, should not
be affected by reactive species provided by the sintering
atmosphere. Second, the potential of combining a low
oxygen-containing debinding atmosphere with sintering in
an inert Ar or lean-reducing atmosphere is an economically
attractive alternative to hydrogen sintering.

The green parts were debinded in a variety of debinding
atmospheres including inert Ar, Ar+ 1 vol.% O2, Ar+
3 vol.% O2, Ar+ 4 vol.% O2+ 5 vol.% CO2, Ar+ 8 vol.%
O2 and N2+ 20 vol.% O2 as described in detail in part I
of this study.23 The obtained brown parts were the basis
for the sintering trials in this work. The effect of oxygen
content in the debinding atmosphere was assessed by
density, shrinkage, microstructure and final material chem-
istry. The aim was to further provide an in-depth investiga-
tion of the chemical evolution from virgin powder to green
part, followed by brown part and finally to sintered part in
dependence of the debinding atmosphere.

Materials and methods

Materials and printing
The 17-4 PH stainless steel virgin powder (Desktop Metal,
USA) used in this study was nitrogen atomised. The com-
position of the 17-4 PH powder used is provided in
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Table 1. The particle size distribution was determined to
be D10= 6.5 μm, D50= 15.3 μm, and D90= 28.2 μm. The
powder density determined by a He pycnometer was
7.82 g/cm³. A binder on water basis (SPJ-04, Desktop
Metal, USA) was applied for printing on a Production
System P-1 (Desktop Metal, USA). The binder contains sol-
vents and a thermoset polymer. Cuboid samples with dimen-
sions of 10× 10× 10 mm³ were printed. Additionally,
cylinders with a diameter of 2.9 mm and a height of
11.9 mm were printed for chemistry measurements. Further
details on the printing process and parameters are described
in Part I.23

Curing of the green parts was performed at 200°C for 4 h
in a furnace under forced air convection (TR 120 LS,
Nabertherm GmbH, Germany). Afterward, the samples
were removed in the depowdering step by employing
brushes and compressed air.

Thermal debinding and sintering
In the first part of this study, green parts were debinded at
300°C for 2 h in atmospheres with different oxygen
content.23 The chosen debinding atmospheres were Ar, Ar
+ 1 vol.% O2, Ar+ 3 vol.% O2, Ar+ 4 vol.% O2+
5 vol.% CO2, Ar+ 8 vol.% O2 and N2+ 20 vol.% O2 at a
constant flow of 4 l/min. The obtained brown samples
were used for the sintering trials in this work. The brown
parts were sintered at 1300°C for 2 h in Ar. A schematic
illustration of the experimental procedure for debinding
and sintering is given in Figure 1.

One cuboid and one cylindrical brown part from each of
the six debinding atmospheres were randomly placed close
to each other on a ceramic setter and sintered together in the
same furnace cycle. The thermal cycle for debinding and
sintering of samples prior debinded at 300°C contained
several holding segments at 350°C, 400°C, 450°C and
500°C to ensure uniform heating of components and defect-
free residual binder removal. The subsequent heating rate
was 5°C/min with a holding step at 1050°C for 1 h for
oxide removal. The final sintering temperature of 1300°C
was reached with a heating rate of 3°C/min. A solution
annealing step was introduced after sintering. The actual
temperature was measured inside the furnace close to the
samples and is plotted in Figure 2. Natural cooling took
place in the furnace after sintering.

The sintering was conducted three times amounting to
three sintered cuboid specimens and three sintered cylinders
per debinding atmosphere to validate the repeatability of the
results. The sintering was performed in an inert Ar atmos-
phere to ensure that only the impact of the debinding atmos-
phere was analysed by not introducing reactive components
through the sintering atmosphere. In addition, the effective-
ness of sintering in Ar in combination with a tailored

Figure 1. Experimental flow chart displaying thermal processing and material characterisation for the debinding and sintering study.

Table 1. Elemental composition of the 17-4 PH stainless steel powder in wt.%.

Cr Ni Cu Mn Si Nb+Ta Co N Mo O C

17.77 4.15 3.95 0.46 0.56 0.29 0.04 0.25 0.05 0.116 0.024

Figure 2. Thermal cycle measured by a thermocouple placed

near the 17-4 PH samples inside the furnace.
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debinding atmosphere for binder jetted 17-4 PH green parts
at 1300°C for 17-4 PH was investigated. The purity of the
atmosphere (<15 ppm O2) was ensured by measuring the
oxygen content in the off-gas of the furnace.

Material characterisation
The densities after sintering were determined by three
methods. First, the sintered densities were calculated by
the weight and the volume of the samples. The volume of
the cuboid specimens was calculated by measuring the X,
Y and Z dimensions using a micrometre screw gauge with
an accuracy of ±1 μm. The X direction corresponded to
the powder spreading direction and printing direction.
The Y direction was perpendicular to the powder spreading
direction. The Z direction corresponded to the build direc-
tion. The measured dimensions were also utilised to calcu-
late the shrinkage after sintering compared to the green
part dimensions. Second, the density of the sintered speci-
men was assessed by Archimedes’ principle. Third, the
samples were cut and metallographically prepared by grind-
ing and polishing to assess the porosities in the XZ and XY
plane by light optical microscopy (VHX-6000, Keyence,
Germany). The porosity was determined by the image ana-
lysis software Fiji using the thresholding method. For all
three measurement techniques, the arithmetic mean of
three cuboid specimens per debinding atmosphere was cal-
culated. After porosity analysis, the cross-sections were
etched with Kalling’s reagent to reveal microstructural
features.

The inert gas fusion technique (ONH836, LECO
Corporation, USA) was utilised to analyse the oxygen,
nitrogen and hydrogen contents of the samples. Three cylin-
drical samples after sintering were measured per debinding
atmosphere. For carbon analysis, the inert gas fusion
method (CS 2000, ELTRA GmbH, Germany) was also
used. The three measurements per debinding atmosphere
were performed from a cut half of the cuboid specimen.
Based on the elemental composition of the 17-4 PH

powder, thermodynamic calculations (ThermoCalc 2019b,
Thermo-Calc Software AB, Sweden) using the database
TCFE9 Steels/Fe-alloys were performed to calculate equi-
librium phases and corresponding phase fractions present
during the sintering process with varying carbon content.

Results and discussion

Sintered density and shrinkage
The density and shrinkage determined after sintering are
simple indicators of the sintering activity. The obtained
densities after sintering at 1300°C for 2 h in Ar are
shown in Figure 3 depending on the debinding atmos-
phere. The relative densities were calculated based on
the powder density of 7.82 g/cm³. Note that the mean
values and standard deviations stemmed from three separ-
ate sintering cycles containing samples from each debind-
ing atmosphere.

Debinding in Ar led to a significantly lower sintered
density by ∼5% (0.4 g/cm³) compared to the green parts
debinded in oxygen-containing atmospheres. The densities
after sintering were comparable for debinding from 1 vol.%
O2 to 20 vol.% O2, all in the range between ∼92.5% and
∼95%. The densities measured by Archimedes’ principle
showed the same trend but tended to be slightly higher
than the volume-based densities. This could be attributed
to the surface roughness, which is not accounted for when
measuring with a calliper or micrometre screw gauge24,
and the effect of open porosity.

The densities determined by light optical microscopy
(LOM) measurements for the XZ and XY planes are
plotted in Figure 4. The areal density after debinding in
Ar was considerably lower at ∼88% than for debinding in
oxygen-containing gas mixtures. With the addition of
1 vol.% O2 to the debinding atmosphere, the sintered
density increased significantly to ∼98%. The debinding in
3 vol.% O2 to 20 vol.% O2 resulted in similar densities
between ∼97% and ∼98%. The optical measurements

Figure 3. Densities of samples debinded in atmospheres with different oxygen content at 300°C for 2 h and sintered in Ar at 1300°C

for 2 h measured by volume calculation and Archimedes’ principle.
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confirmed the trend seen in Figure 3. In general, the poros-
ity in the XZ plane tended to be up to ∼1% higher than in the
XY plane. This can be attributed to the higher porosity
created in the XZ plane in the green part between each
deposited powder layer, which is typical for the BJT print-
ing process.24–27

The density determined by LOM was higher than the
relative density, which was based on the 17-4 PH powder
density of 7.82 g/cm³. The porosity observed via LOM is
a better indicator of density because it is not affected by
the bulk density of the sintered material. The bulk density
of the material can range from 7.66 to 8.00 g/cm³ and is
influenced by present phase fractions and the elemental
composition after sintering.8 The MPIF 35 and ASTM
B883-24 standards for metal injection moulding of 17-4
PH define a typical density of 7.5 g/cm³.28,29 Therefore, it
can be argued that the actual bulk density of the material
is lower than the powder density.

In Figure 5, the shrinkages of samples debinded in atmo-
spheres with different oxygen content and sintered in Ar at
1300°C are shown for the X, Y and Z directions. Note that
the mean values and standard deviations were based on
three sintering runs containing every debinding atmos-
phere. Overall, shrinkages after debinding in Ar were the
lowest. This was linked to the lowest sintered densities.
Consequently, higher and comparable shrinkages were
found for the oxygen-containing debinding atmospheres
as higher densities were obtained compared to debinding
in Ar.

Seemingly higher shrinkages despite comparable dens-
ities for oxygen-containing atmospheres can be explained
by several factors. The increased brown part brittleness
for samples debinded in 3 vol.% O2 to 20 vol.% O2 resulted
in powder loss during handling affecting final dimensions.
This was especially evident for the shrinkage in the Z direc-
tion for debinding in N2+ 20 vol.% O2. In addition, the

Figure 4. Densities based on light optical microscopy (LOM) of samples debinded in atmospheres with different oxygen contents at

300°C for 2 h and sintered in Argon at 1300°C for 2 h.

Figure 5. Shrinkages of samples debinded at 300°C for 2 h in atmospheres with different oxygen content and subsequently sintered in

Ar at 1300°C for 2 h.
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different amount of binder residues affects the phases
present in the microstructure after sintering, hence influen-
cing the overall bulk density. Another limitation originated
from measurements with a micrometre screw gauge, which
might be impacted by the surface roughness and not per-
fectly parallel planes of the cuboid samples.

Anisotropy of shrinkage was evident for all samples.
The shrinkage in the Z direction (build direction) was
more than 1% higher than in the X direction. The shrinkage
in the Y direction tended to be slightly higher than in the
X direction. Even though the shrinkage in the Z direction
was higher than in the X or Y direction, the overall porosity
in the XZ plane was still higher than in the XY plane.

Anisotropy during sintering is caused by density gradi-
ents in the green part, which are generated during the layer-
wise printing process.24–27 Higher porosity generated
between deposited layers in the build direction results in
higher shrinkage. The observed differences in shrinkage
along the X and Y direction can be attributed to the inhomo-
geneous powder packing created during the printing
process. Zago et al.30 argued that the binder droplet depos-
ition creates an inhomogeneous porosity distribution in the
powder layer. A ballistic effect of the binder droplets was
observed by Parab et al.31 using high-speed synchrotron
X-ray imaging, which revealed particles ejected from the
powder bed upon binder impact. It should be noted,
however, that the induced porosity inhomogeneities
depend on the technology used for powder spreading and
binder deposition.

Bulk chemistry of sintered samples
The carbon and oxygen contents for samples sintered in Ar
are compared in Figure 6 after debinding at 300°C for 2 h in
atmospheres with varying oxygen content. Note that the
carbon contents were based on the measurements from
one sample, while the oxygen contents were based on mul-
tiple samples from different sintering runs, which explains
the higher standard deviations in the case of oxygen.

Debinding in Ar led to significantly lower oxygen con-
tents of 19 ppm compared to debinding performed in the
oxygen-containing atmospheres. With 3 vol.% O2 and
higher, the final oxygen content was around ∼2000 ppm.
In comparison to that, debinding in 1 vol.% O2 led to a con-
siderably lower oxygen content of 627 ppm. The standard
deviations in the oxygen values for each debinding atmos-
phere can be caused by oxidation during furnace cooling,
the random placement of samples against the gas stream
(difference in reducing potential during sintering) and
slight temperature variations in the hot zone of the
furnace. Nevertheless, the same trends of the debinding
atmospheres were observed for all sintering cycles.

The carbon content after sintering was the highest at
2244 ppm when debinding took place in inert Ar. When
debinded in Ar+ 1 vol.% O2, the carbon content dropped
to 221 ppm after sintering. Using processing gas with
3 vol.% O2 and above in the debinding atmosphere resulted
in slightly lower carbon contents between 64 ppm and
99 ppm. The nitrogen values of all sintered samples decreased
considerably to the level between 18 ppm and 50 ppm. All
hydrogen values were below 2 ppm after sintering.

To better understand how the material chemistry
changed from virgin powder to final sintered part, the evo-
lutions of oxygen and carbon content from brown to sin-
tered part are plotted in Figure 7 for the different
debinding atmospheres. The bulk carbon and oxygen con-
tents of the brown parts are a combination of residual
binder and powder. The brown parts debinded in Ar and
Ar+ 1 vol.% O2 resulted in higher bulk oxygen contents
than for debinding in 3 vol.% O2 up to 20 vol.% O2 due
to added oxygen by a higher amount of residual binder.
The higher residual binder content is further supported by
the higher carbon content of the brown parts in the case
of Ar and Ar+ 1 vol.% O2. The chemistry of the brown
parts is discussed in more detail in part I of the study.23

A significant reduction in bulk oxygen from brown to
sintered samples is evident in all cases, see Figure 7(a).
For debinding in 3 vol.% O2 up to 20 vol.% O2, the

Figure 6. Oxygen and carbon contents of samples sintered in Ar after debinding at 300°C for 2 h in atmospheres with different

oxygen contents.
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remaining binder content in the brown part was minor.23

Therefore, the loss of oxygen was mainly connected to
the deoxidation of the 17-4 PH powder. Nevertheless, the
final oxygen contents were between 614 ppm and
858 ppm higher than in the virgin powder, which amounted
to an increase of 53% to 74%.

When debinding and sintering were performed in Ar, the
excess oxygen from the binder and nearly all oxygen from
the virgin powder were completely removed. For debinding
in 1 vol.% O2, the oxygen removal was substantially higher
than for debinding in 3 vol.% O2 up to 20 vol.% O2. While
some removed oxygen for 1 vol.% O2 originated from the
higher binder content in the brown sample, the final
oxygen content was reduced significantly by 46% com-
pared to the initial virgin powder level. Even though
oxygen contents of sintered 17-4 PH stainless steel are
not specified in industry standards, lower oxygen levels in
stainless steels are generally preferred due to the detrimen-
tal impact of oxide inclusions on mechanical performance
and corrosion properties.8,32

The chemical evolution of the carbon content is highlighted
in Figure 7(b). The carbon content of the sintered parts can be
used to evaluate the quality of the thermal debinding
process.33 If the carbon content is higher than in the initial
powder, the binder was not completely removed.33 For
debinding in Ar, a considerable drop in carbon from brown
to sintered part was measured, but the final carbon content
was substantially higher than in the virgin powder. For debind-
ing in 1 vol.% O2, the initial powder carbon content was
reached in the as-sintered samples. For higher oxygen contents
in the debinding atmosphere, the carbon contents dropped
even below the virgin powder level, which indicated decarbur-
isation of the 17-4 PH material.

All debinding atmospheres, except Ar, fulfilled the
carbon requirement of MPIF 35 and ASTM B883-24 stand-
ard, which define a maximum carbon level of 0.07 wt.%
(700 ppm).28,29 A carbon content below 0.1 wt.% is pre-
ferred for 17-4 PH to achieve good strength, hardness and

corrosion properties.6–8 A very low carbon content in stain-
less steels ensures a lower probability for the precipitation
of Cr-rich carbides.33 Cr-rich carbides lead to a local deple-
tion of Cr in the matrix, which makes these areas more sus-
ceptible to corrosion.32,33 For press and sinter parts, a
carbon content of 0.02 to 0.04 wt.% provides an optimum
combination of sintered strength and ductility.34 The latter
carbon content range was achieved only for debinding in
1 vol.% O2.

In summary, debinding and sintering in Ar resulted in
nearly no oxygen content after sintering but excessive
carbon content originating from insufficient binder
removal. While debinding in 3 vol.% O2 up to 20 vol.%
O2 led to efficient carbon removal even below the initial
virgin powder level, the material picked up undesirable
oxygen compared to the virgin powder. A combination of
limited carbon pickup and oxygen reduction in the
as-sintered part compared to the virgin powder was
achieved by debinding in 1 vol.% O2.

Oxygen and carbon loss during sintering
The analysis of the weight ratio of oxygen and carbon
removed during sintering can potentially provide more
insight into how these elements were removed. The calcu-
lated mass losses of oxygen and carbon from brown parts
to sintered parts are plotted in Figure 8 for the different
debinding atmospheres. The corresponding weight ratio
of oxygen to carbon is indicated in the graph.

The weight losses revealed that the ratio of removed
oxygen to carbon increased with increasing oxygen
content in the debinding atmosphere. The ratio of carbon
to oxygen removed during sintering after debinding in Ar
was 1.4:1. The mass ratio of elemental oxygen to carbon
is ∼1.3:1 (16:12). While the carbon removed was mostly
introduced by the binder, the oxygen loss was a combin-
ation of the removed binder and the oxide reduction of
the 17-4 PH stainless steel. For debinding in 1 vol.% O2,

Figure 7. Evolution of (a) oxygen content and (b) carbon content from brown to sintered part for debinding at 300°C for 2 h in

atmospheres with different oxygen content.
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the oxygen/carbon loss ratio increased to 3.0:1 even though
the initial binder content in the brown part was lower as
seen in Figure 7. Similar to debinding in Ar, the oxygen
removal was caused by a loss of binder and by reduction
of metal oxides.

The weight ratio of oxygen loss to carbon loss increased
up to 5.7:1 for debinding in 3 vol.% O2 to 20 vol.% O2. In
the brown samples for debinding in 3 vol.% O2 up to
20 vol.% O2, most added oxygen in contrast to the
powder stemmed from the oxidised 17-4 PH powder as
described in detail in part I of this study,23 whereas add-
itional carbon compared to the virgin powder originated
from binder residues on the powder surfaces.

While some oxygen loss was caused by the removal of
the binder, sintering led to a considerable decrease in
oxygen for all debinding atmospheres compared to the
brown parts. Since sintering was conducted in inert Ar
without providing any additional reducing agent such as
hydrogen in the surrounding atmosphere, the deoxidation
of the metal can occur by oxide dissociation, which is
described as follows:

2

y
MxOy ↔

2x

y
M+ O2

The dissociation of metal oxides, however, requires a low
oxygen partial pressure to thermodynamically occur and
strongly depends on the stability of the oxide. The
minimum required oxygen partial pressures for the reduc-
tion of iron oxides such as FeO, Fe2O3, Fe3O4 at 1300°C
are between ∼10−8 bar and ∼10−11 bar.35 It becomes even
more challenging for more stable metal oxides such as
Cr2O3 requiring oxygen partial pressures below
∼10−15 bar at 1300°C.35 In practice, the required oxygen
partial pressure for the dissociation of stable oxides such
as SiO2, MnO and FeCr2O4 cannot be achieved in industrial
vacuum sintering furnaces. The oxygen partial pressure in
the atmospheric furnace in this study was 10−5 bar
(10 ppm O2 at 1 bar). Therefore, dissociation of the metal
oxides was unlikely during sintering.

As deoxidation occurred during sintering, the reduction
of metal oxides could only be achieved by a reducing
agent provided by the binder or its gaseous decomposition
products. Insufficient debinding can result in binder resi-
dues. The decomposition of the binder residues at elevated
temperatures can lead to the formation of amorphous
carbon on the powder surface.36 This carbon can further
reduce metal oxides by carbothermal reduction reactions.
A distinction is made between direct and indirect carbother-
mal reduction.

The direct carbothermal reduction of a metal oxide is the
reaction with elemental carbon forming carbon monoxide
(CO).2 Direct carbothermal reduction requires direct
contact between solid carbon and metal oxides. The direct
carbothermal reduction can be generally defined as:

2

y
MxOy + 2C ↔

2x

y
M+ 2CO

The indirect carbothermal reduction of a metal oxide is the
reaction with CO to form carbon dioxide (CO2).

2 The CO
can be provided by a process gas or be formed as reaction
products of direct carbothermal reaction. The correspond-
ing reaction can be universally described as:

2

y
MxOy + 2CO ↔

2x

y
M+ 2CO2

The direct and indirect carbothermal reduction are inter-
linked by the Boudouard equilibrium defined as:

C+ CO2 ↔ 2CO

According to the Boudouard equilibrium, the direct car-
bothermal reduction occurs thermodynamically at tempera-
tures above ∼720°C, when the equilibrium is shifted to the
formation of CO.12 The direct carbothermal reduction is
registered experimentally at temperatures above ∼900°C
for Fe-Cr-based PM steels.37 The obtained CO can then
further reduce iron oxides to form CO2 according to the
indirect carbothermal reduction. The indirect carbothermal
reduction is considered the dominating mechanism

Figure 8. Weight ratio of oxygen and carbon removed from brown to sintered part for debinding in atmospheres with different

oxygen content.
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because of the higher reaction kinetics related to a gaseous
agent (CO) in comparison to solid carbon.11 Close to the
sintering temperature, the reduction of complex internal
oxides by carbon dissolved in the metal occurs.12

The influence of carbothermal reduction on the sintering
of steels has been well studied for PM steels, where graphite
is admixed to the powder compacts.2,11,12,37,38 Graphite is
used as a carbon source in PM components to control the
final carbon and oxygen content in sintered components.
Carbothermal reduction is the main reduction mechanism
for stable oxides at high sintering temperatures such as Cr
oxides.5

In the case of BJT, the binder is directly deposited
onto the powder surfaces during printing. Therefore,
the residual binder after debinding is directly located
on the powder surfaces and acts as a source of carbon.
This likely results in direct carbothermal reduction
during the heating stage followed by indirect carbother-
mal reduction by CO. The direct and indirect carbother-
mal reduction contribute in parallel to the oxide
removal during sintering. Yang et al.39 reported for
BJT of water-atomised low-alloy steel that carbon
residue from the binder decomposition enhanced the
oxide removal at higher temperatures.

When debinding was conducted in Ar, a portion of the
0.47 wt.% carbon residue from the binder can be assumed
to directly contribute to the oxide reduction as elemental
carbon. The carbon content in the brown sample was
much higher than the oxygen content, see Figure 7. Even
after the full removal of oxygen by carbothermal reduction,
a high portion of carbon was still present in the as-sintered
sample. For debinding in 1 vol.% O2, the additional carbon
of 0.10 wt.% in the brown part compared to the virgin
powder resulted in significant deoxidation of the 17-4 PH
stainless steel during sintering by carbothermal reduction
while resulting in no carbon pickup.

When debinding was performed in 3 vol.% O2 up to
20 vol.% O2, the carbon content in the brown part was
slightly higher than in the virgin powder, indicating that
some carbon was dissolved during sintering. Therefore,
less elemental carbon could form to enable carbothermal
reduction during sintering. Nevertheless, some deoxidation
of the material took place during sintering. Since the carbon
content dropped below the virgin powder level after sinter-
ing, decarburisation occurred by consuming carbon stem-
ming from the powder for reduction reactions.

It was shown that both the starting oxygen and carbon
content before sintering have a significant impact because
oxygen and carbon interact during sintering.6 The binder
residue and powder oxidation during the debinding had a
direct impact on the final carbon and oxygen content after
sintering. In conclusion, a beneficial effect of the remaining
binder on oxide reduction of 17-4 PH stainless steel BJT
parts was demonstrated. By tailoring the oxygen content
in the debinding atmosphere, the binder removal and
oxide reduction during sintering can be fine tuned.
Debinding in Ar+ 1 vol.% O2 and sintering in Ar achieved
the best balance of oxide reduction and no carbon pickup in
the material during sintering.

Impact of debinding atmosphere composition on
as-sintered micro-structure
To explain the differences in sintering densification for the
different debinding atmospheres, the microstructure of the
17-4 PH samples was examined. The etched microstruc-
tures of the sintered 17-4 PH specimen for the XZ plane
are shown in Figure 9 for the different debinding atmo-
spheres. XZ planes are highlighted as the porosities were
the highest due to the layer-wise printing process.

After debinding and sintering in Ar, the microstructure
revealed a martensitic microstructure with the presence of
pores. Martensite is known to form upon cooling of 17-4
PH from the sintering temperature.8 Due to the high Ni
content in the steel, martensite is obtained even at low
cooling rates.40 The presence of small fractions of retained
austenite should be considered, but cannot be clearly
observed by optical microscopy.33

When debinding was performed in oxygen-containing
gas mixtures, the porosity decreased visibly. Furthermore,
the microstructures revealed the presence of δ-ferrite in
contrast to debinding in Ar. The δ-ferrite was located
mainly along prior austenite grain boundaries and is
referred to as island-type ferrite.41 The formation of
δ-ferrite is favoured at interparticle boundaries and pore
surfaces due to the lower energy barrier for nucleation. Its
fraction increases with increasing sintering temperature
and hold time. Huber et al.26 showed for BJT of 17-4 PH
comparable densities of ∼97% and microstructures with
δ-ferrite after sintering at 1300°C for 30 min in H2.

The nucleation of δ-ferrite during the sintering process
enhances the sintering activity significantly. The reason
for that is the higher rate of grain boundary and volume dif-
fusion in the body-centred cubic crystal structure of
δ-ferrite compared to the face-centred cubic crystal struc-
ture of γ-austenite.42 The low densification after debinding
in Ar was, therefore, connected to the absence of δ-ferrite
enhancing the diffusion mechanisms during sintering. The
positive effect of δ-ferrite on the sintering densification of
17-4 PH stainless steel was reported in several studies.42–44

The phases present during sintering are heavily depend-
ent on the alloy composition and the sintering temperature.
This is demonstrated in the quasi-binary phase diagram of
17-4 PH stainless steel in Figure 10(a) calculated for the
alloy composition of the used powder (Fe-17.77Cr-
4.15Ni-3.95Cu-0.56Si-0.46Mn-C) in this work. The two-
phase region δ+γ for solid-state sintering extends to a
maximum of 0.23 wt.% carbon at 1359°C. For carbon
levels up to 0.3 wt.%, a liquid phase might be present for
temperatures above 1337°C. Small fractions of liquid
phase are beneficial for sintering densification which is
referred to as supersolidus–liquid phase sintering.
Excessive liquid phase formation, however, causes pro-
blems in shape retention during sintering.

Carbon has a crucial impact on whether δ-ferrite is
thermodynamically stable during sintering. Considering
the sintering temperature of 1300°C, the nucleation of
δ-ferrite can only be expected for carbon contents below
0.16 wt.%. This was in accordance with the measured
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carbon content of 0.22 wt.% after debinding and sintering
in Ar, where no δ-ferrite was observed in the final micro-
structure combined with low densification after sintering.
Inversely, the as-sintered samples with low carbon
content after debinding in oxygen-containing atmospheres,
which were close to the virgin powder content of 245 ppm,
showed δ-ferrite in the microstructure after sintering as pre-
dicted by the phase diagram.

The amount of δ-ferrite formed at any given temperature
is affected by the carbon content. The equilibrium volume
fractions of phases present at the sintering temperature of
1300°C are plotted in Figure 10(b) in dependence on the
carbon content. Below the carbon threshold value for
δ-ferrite formation, the volume fraction of δ-ferrite
increases with decreasing carbon levels until a maximum
of 30 vol.% because carbon is a strong γ-austenite stabil-
iser. The carbon contents of sintered samples after debind-
ing in Ar and after debinding in an oxygen-containing
atmosphere are indicated in Figure 10(b) by a dotted line.

At equilibrium conditions at 1300°C, the microstructure
would consist of ∼25 vol.% δ-ferrite and ∼75 vol.%
γ-austenite for 221 ppm of carbon after debinding in
1 vol.% O2. For debinding in 3 vol.% O2 up to 20 vol.%
O2, the δ-ferrite amount would slightly increase to
28 vol.% for 99 ppm of carbon. While the δ-ferrite will
also partially transform to austenite and martensite during
cooling, the austenite phase is typically transformed into
martensite during cooling from the sintering temperature.
Retained austenite might still be present.

Conclusions
The impact of oxygen content in the processing atmos-
phere during the debinding of BJT green parts on the sin-
tering of 17-4 PH stainless steel was investigated. A
previous study compared the binder residue in brown
parts and the powder oxidation after debinding in atmo-
spheres with varying oxygen content.23 In this work, the

Figure 9. Etched microstructure of 17-4 PH parts debinded in atmospheres with different oxygen content and sintered

at 1300°C in Ar.
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obtained brown parts were sintered at 1300°C for 2 h in an
inert Ar atmosphere. The influence of the debinding
atmosphere was analysed by comparing density, shrink-
age, chemistry and microstructure after sintering. The evo-
lution of the carbon and oxygen content from the virgin
powder over the brown part to the sintered part was thor-
oughly discussed.

Samples debinded in inert Ar led to the lowest sintered
densities of ∼88% and the lowest shrinkages in contrast
to samples debinded in oxygen-containing atmospheres.
The microstructure revealed high porosity and the
absence of δ-ferrite. The δ-ferrite phase was not formed
during sintering due to the high carbon content of
0.22 wt.% originating from insufficient binder removal
during the debinding step. Thermodynamic calculations
confirmed that no δ-ferrite formation at 1300°C was
expected for carbon contents above 0.16 wt.%. The high
carbon pickup resulted, however, in nearly complete
oxide removal during sintering by carbothermal reduction.
The final oxygen content was 19 ppm compared to the
virgin powder content of 1163 ppm.

Debinding in Ar+ 1 vol.% O2 resulted in significantly
higher densities of ∼98% and higher shrinkages after sinter-
ing compared to debinding in Ar. The microstructure exhib-
ited δ-ferrite distributed along prior austenite grain
boundaries. The higher diffusivity in the body-centred
cubic crystal structure of ferrite compared to the face-
centred cubic crystal structure of austenite caused consider-
ably higher densification during sintering. The formation of
the δ-ferrite phase was predicted during sintering for a
carbon content of 221 ppm with an equilibrium phase frac-
tion of ∼25 vol.% at 1300°C. The final oxygen content after
sintering was 627 ppm, which was substantially reduced by
46% compared to the virgin powder. The added carbon
content by the binder of 0.10 wt.% in the brown samples
was efficient in reducing high fractions of oxides on the
powder surface while no carbon pickup in the sintered
material was measured.

When green parts were debinded in Ar+ 3 vol.% O2, Ar
+ 4 vol.% O2+ 5 vol.% CO2, Ar+ 8 vol.% O2 and N2+
20 vol.% O2, the sintered parts exhibited similar densities
and chemistry. The densities after sintering were compar-
able to debinding in 1 vol.% O2 ranging from 96% to
98%. The corresponding microstructures revealed the pres-
ence of δ-ferrite responsible for the higher sintering densi-
fication compared to debinding in Ar. The 17-4 PH material
showed a significant oxygen increase between 614 and
858 ppm after sintering compared to the virgin powder.
While oxygen reduction was measured from the brown to
the sintered part in all cases, the low amount of binder resi-
dues in the brown part did not enable the reduction of the
oxygen picked up during debinding.

It was demonstrated that tailoring the oxygen content in
the atmosphere can achieve an improved material chemistry
for 17-4 PH stainless steel after sintering in Ar at 1300°C.
When debinding was performed in Ar+ 1 vol.% O2, a low
amount of carbon originating from the binder was effective
in deoxidation of the material without inhibiting the forma-
tion of δ-ferrite for enhanced densification during sintering.
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