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Abstract
Binder jet 3D printing combined with post-deposition sintering is a non-beam additive manufacturing (AM) method for the
creation of complex 3-dimensional structures. Binder saturation and particle morphology are two important factors affecting the
quality of printed parts. Here, we investigated the effects of binder saturation on dimension accuracy, porosity, microstructure,
and microhardness of nickel-based alloy 625 samples made of differently atomized powders. Argon gas atomized (GA) and
water atomized (WA) nickel-based alloy 625 powders were used to binder jet samples for a detailed comparative study. The
optimal binder saturation for WA system is 60 to 70%, whereas for GA system the optimal is about 80%. Generally, GA samples
achieved better overall quality than WA samples in terms of packing density, dimensional accuracy, sintered density, and
microhardness. This difference is attributed mainly to the particle morphology including sphericity and roundness. The critical
threshold for visible binder bleeding phenomenon inWA and GA systems is determined to be 120% and 140% binder saturation,
respectively. Mechanisms for binder bleeding phenomenon at different saturation levels forWA andGA systems are discussed in
detail. A pore evolution model is proposed to better understand the printing and sintering processes.
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1 Introduction

Inconel Alloy 625 is a nickel-based superalloy that possesses
high strength and resistance to elevated temperatures. It also
demonstrates remarkable protection against corrosion and ox-
idation. Therefore, Inconel 625 is highly attractive for aero-
space applications and in energy industries [1–3], and has
stimulated extensive research interests.

Binder jet 3D printing (BJP) [1, 4], electron beam melting
(EBM) [5], and laser beam melting (LPBF) [6], as emerging
manufacturing methods in the field of additive manufacturing
(AM), have been widely utilized to fabricate metallic structure

components. These AM technologies allow for the
manufacturing of complex parts with considerable flexibility
in geometry without the aid of tools and molds. BJP as one of
the nonbeam-based AM methods deposits powder in a layer-
by-layer fashion and selectively joins powder particles in each
layer with binder, which consists of polymers and solvent.
The combination of fast, low-cost manufacturing; stress-free
structures with complex internal and external geometries; iso-
tropic properties of the final printed parts; and potential for
very low surface roughness and high resolution is unique in
AM and promises broad application potential.

A schematic binder jetting system is shown in Fig. 1, based
on an ExOne Innovent system. During the BJP process, a
hopper moves over the print bed and deposits powder, which
is then spread evenly by a roller, rotating opposite the direc-
tion of motion, on the powder bed in a layer-by-layer fashion.
A printhead moves over the powder bed and selectively de-
posits liquid binder on the surface which migrates within and
between layers, gluing the powder particles together to form
2D high-resolution layers of the 3D part. At the end of each
layer printing, a heat lamp moves over and provides in-
process drying to ensure sufficient binder drying for subse-
quent recoating and printing of the following layers. The build
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platform is then lowered by the distance of one-layer thick-
ness. This process is repeated until the 3D object is finalized
within the powder bed. In the curing step, the printed green
parts along with the job box are heat treated at about 180 °C to
cure the binder, leaving pendular bonds. Then, unbounded
powder is brushed off the bounded parts and recycled. The
3D object at this point is called a “green part” and consists of
metal powder held together by a crosslinked binder. The green
parts are then sintered to form a densified component or infil-
trated to create a composite.

The powder-binder interaction is largely determined by the
properties of the binder material and feedstock powder.
Powder with spherical morphology has better flowability
and packing density [7]. When irregular powder with low
flowability is spread, lower powder bed density is expected
due to interparticle friction and a looser arrangement of pow-
der particles. In the BJP AM process, the binder saturation
level is an important factor that must be tailored carefully

[8–18]. Binder saturation is defined as the ratio of the volume
of deposited binder (VBinder) to the volume of open voids in
the powder bed (VVoids) [4]. If the saturation level is much
higher than the optimal saturation, the excess liquid binder
tends to drift out of the intended boundaries of the printed
geometry laterally or downward into the surrounding powder
[10, 16, 19, 20], as shown in Fig. 2. Specifically, binder satu-
ration over 100% means that the volume of binder injected
would exceed the volume of voids in the powder bed for an
optimum powder that can be used to accommodate liquid
binder [21]. In this case, binder would permeate into the sur-
rounding areas outside the desired printed shape, causing sur-
faces of a part migrating outwards and weakening feature
sharpness. This migration phenomenon, called “bleeding,” is
a macroscopic flow of binder in the droplike features at high
saturation that usually hang off at the bottom of a part [22]. On
the other hand, if the amount of binder is not enough to effec-
tively glue the powder and layers, the green part would not

Fig. 1 Schematic illustration of
the ExOne Innovent binder jet 3D
printer with the printing directions
specified by the red arrows (not
drawn to scale)

Fig. 2 Photograph of the
common BJP AM in-process de-
fects from binder saturation: from
left to right insufficient saturation,
adequate saturation, and exces-
sive saturation. The digital model
for all three samples is designed to
be a 10 × 10 × 10 mm cube
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have sufficient mechanical strength to hold itself as a solid
component, which results in weak bonding between the pow-
der particles and between successive layers.

In this study, the effect of binder saturation levels on two
differently atomized Inconel 625 powders is quantitated to
determine the relationship between the binder deposited and
the resulting green densities and densities, dimensional, and
mechanical properties of sintered samples. The scientific in-
sight and analysis obtained can be used to tailor the processing
parameters and improve the reliability of the properties of final
BJP Inconel 625 alloy parts depending on the specific appli-
cations. This is especially applicable to less used but usually
cheaper WA powder for applications that do not require full
density such as filtration. These findings may be transferred to
other metal powders with similar characteristics.

2 Experimental procedures

The argon gas atomized and water atomized alloy 625 pow-
ders were obtained from Carpenter Technology Corporation
and HAI Advanced Material Specialists, Inc., respectively.
The manufacturer-certified chemical compositions provided
in the powder material data sheet are given in Table 1. The
powder morphology (sphericity and roundness) was charac-
terized via ImageJ [23] of micrographs taken with an FEI
Apreo scanning electron microscope. The particle size distri-
bution was analyzed by Microtrac S3500 tri-laser diffraction
particle analyzer using spherical and non-spherical particle
algorithms.

An ExOne Innovent binder jet printer was used to manu-
facture parts. Figure 1 shows the schematic of the design used
during printing as well as the representative cube samples. In
this study, a total of 10 coupons with dimension of 10 × 10 ×
10 mm3 were built using with the BA005 aqueous
binder (ExOne), and default parameters: droplet size 80 pL,
drying time 21 s, layer thickness of 100μm, hopper oscillation
speed 2500 rpm, recoat speed 90 rpm, roller traverse speed 30
mm/s, and roller rotation speed 600 rpm. In order to determine
the influence of binder saturation, the saturation levels were
set to be 50%, 60% (default), 70%, 80%, 100%, 120%, and
140%, respectively. The as-printed green parts were cured at
180 °C for 8 h (Yamato DX402C Drying Oven) and then
sintered in a tube furnace (Across International TF1400) in
an alumina powder bed with continuously pumped vacuum

atmosphere to evacuate any debinding products using the fol-
lowing thermal profiles: heating with 5 °C/min from room
temperature to 600 °C, holding for 45 min, heating with 3.2
°C/min to 1000 °C, and further heating with 2.8 °C/min to the
holding temperature (1270 °C for WA samples, 1285 °C for
GA samples), holding for 4 h, and then cooling with 1 °C/min
to 1200 °C, 3.1 °C/min to 500 °C and finally furnace cooling
to room temperature [1]. Five samples for each combination
of binder saturation and powder type were prepared. This
sintering profile is composed of two primary stages: debinding
and sintering. A 45-min hold occurred at 600 °C to burn the
binder off and decrease the residue of carbon in printed parts.
A 4-h sintering step occurred at 1270 °C for WA parts and at
1285 °C for GA parts to densify parts, as detailed in Ref. [1]

The densification of IN625 was evaluated by comparing
powder bed packing density, green density, and final sintered
density. Density measurement cup tests were conducted to
directly measure the packing density of the powder bed ac-
cording to [24]. Density measurement cups with inner vacant
volumes of 5 × 5 × 10 mm3, 10 × 10 × 10 mm3, 20 × 20 × 10
mm3, and 40 × 40 × 10 mm3 were prepared in order to verify
size dependency of the measurement. Dimensional accuracy
and green density of as-printed parts were measured with a
Mitutoyo caliper (0.01 mm resolution) and OHAUS AX324
precision balance (0.1 mg resolution) according to [13]. The
inner dimension of cups in the CAD file was used to calculate
volume. Density of the sintered samples was measured via the
Archimedes principle (AP) with OHAUS density determina-
tion kit. To examine the microstructural features of the
sintered parts, cross-sections were cut from the specimens
using a low-speed diamond saw (Allied TechCut 4). The sec-
tioned surfaces were then mounted, ground (320 grit SiC
grinding paper), and polished (using first 9 μm, then 3 μm
DiaPro water-based diamond suspension, and then OP-S
NonDry colloidal silica suspension) using a Struers
Tegramin-25 automatic system. Microstructural characteriza-
tions were conducted with a FEI Apreo SEM equipped with a
backscattered electron (BSE) detector. Density of the sintered
samples was also determined from cross-sectional high-mag-
nification optical micrographs (OM, pixel resolution < 1
μm) stitched together for the entire cross-sectional area
and analyzed with ImageJ [23]. To determine the rela-
tive density, each obtained density was divided by the
theoretical density of IN625 alloy, i.e., 8.44 g/cm3 at
room temperature.

Table 1 The as-provided compo-
sition and EDS composition of
WA andGA Inconel 625 powders
in [wt.%]

Element Ni Fe Cr Nb Mo Ti Al Co Mn Si

WA (provided) Bal. 3.6 21.8 3.5 9.3 <0.4 <0.4 <1.0 0.4 --

WA (EDS) Bal. 3.2 18.4 1.1 6.8 0.34 0 0.53 0.58 1.45

GA (provided) Bal. 4.2 21.5 3.3 8.9 -- -- -- 0.4 0.4

GA (EDS) Bal. 2.5 23.9 1.9 6.5 0.27 0.04 0.37 0.54 0.03
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Vickers microhardness tests were performed on the cross-
sections of all samples using a LECO LM800 hardness tester
with a load of 100 gf and a dwell time of 10 s. Hardness values
were averaged from 10 indents of each sample.

3 Results and discussion

3.1 Powder characteristics and packing behaviors

The secondary electron micrographs of plan-view and cross-
section of powder particles are shown in Fig. 3 along with
powder size distribution, roundness, and sphericity of the
feedstock IN625 WA and GA powders. The WA powder
exhibited an extremely irregular morphology and rough sur-
face, typical after the water atomization process. Internal pores
are frequently observed in the cross-sections ofWApowder in
Fig. 3a. The GA powder has a more spherical morphology
with minimal internal pores (Fig. 3b). The internal porosity
in powder particles can be inherited by the sintered compo-
nents [25]. A more comprehensive analysis for these two
types of powders can be found in Ref. [26]. Another differ-
ence between WA and GA power is that WA powder shows a
rather large distribution of particle sizes, ranging from 1.2 up
to 176 μm. Roundness (Fig. 3d) and sphericity (Fig. 3e) are
measured using scattered particle SEM images and ImageJ

software [23]. Flowability and wettability vary with surface
roughness, and, thus, particle size, sphericity, and roundness
as observed in [7, 21, 24]. The closer the roundness and sphe-
ricity values are to 1, the closer the particle morphology is to a
smooth sphere [27]. As can be seen in Fig. 3e, the larger aWA
powder particle, the more likely for it to be more irregularly
elongated shaped (lower sphericity). The widespread data of
WA powder in both roundness and sphericity corresponds to
its wide particle size distribution. Therefore, it is implied that
the flowability and binder wettability ofWApowder are lower
than GA powder [28].

The powder packing densities were determined to be 3.75
± 0.10, 3.83 ± 0.06, and 3.85 ± 0.03 g/cm3 for WA powder
and 4.81 ± 0.13, 4.79 ± 0.04, and 4.81 ± 0.01 g/cm3 for GA
powder, respectively, depending on inner volume cup size (as
shown in Fig. 4). Within the scope of this study, powder bed
density was found to increase for WA powder with the inner
volume of the measurement cups as the effect of the weight of
the powder hanging on the cup wall becomes less significant
in the cups with larger volume. Additionally, freely settled
powder loose density is determined to be 3.43 g/cm3 and
4.28 g/cm3 for WA and GA powder, respectively. In summa-
ry, in our study the irregularly shaped WA powder exhibited
20–22% lower packing and apparent densities than the GA
powder which are directly related to the green part density.

Fig. 3 Secondary electron SEMmicrographs for IN625 powders: (a) GA
powder and (b) WA powder, cross-sectional micrographs taken from the
(a) GA and (b) WA powders showing pores inside the powders; (c)

particle size distribution from the GA and WA powders; particle mor-
phology analysis of the (d) roundness and (e) sphericity of GA and WA
powders
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3.2 Green density and dimensional accuracy

Figure 5 presents the variation of green density of GA and
WA IN625 samples printed at different binder saturation
levels. Prior to the sintering step, the green part density of
GA samples is, as expected, higher than that of WA IN625.
The difference in green density betweenWA and GA samples
is caused by the difference in particle packing behaviors dur-
ing powder spreading, as shown in Fig. 4, which shows that
the packing rate of WA powder is approximately 20–22%
lower than the packing rate of GA powder. It follows that
the overall green densities of the parts also have a difference
of around 23–31% (Fig. 5). The difference in powder packing
rate can be explained by the difference in morphology of the
GA and WA powder. It is known that spheres pack more
efficiently than irregular particles. Therefore, the spherical
GA powder spreads more densely than the irregular WA pow-
der. In addition, for GA powder, saturation levels of 80% and
100% result in higher green part density, which are 51.8% and
51.9%, respectively, while for WA powder, saturation levels

of 60% and 70% result in higher green density: about 37.2%
and 36.5%, respectively. Therefore, in terms of obtaining
higher green part density, binder saturation higher than the
default value (60%) is strongly recommended for GA powder,
and binder saturation around the default value is best for WA
powder. Note that the green density values of both GA and
WA sample at 140% binder saturation are marked as black
data points, indicating these two values are not precise due to
very large errors in the part volume measurements when ex-
tensive binder bleeding occurs.

Figure 6 presents the results of the linear dimensional ac-
curacy of green parts made from (a) GA and (b) WA IN625
alloy. The nominal dimensional error, 0, corresponding to
precisely 10mm as designed in the digital CAD file, is marked
as dashed black line in Fig. 4. For the binder jet–printed GA
and WA IN625 samples, the mean dimensional errors in all
three directions are always larger than zero, revealing that the
caliper-measured green part dimensions are larger than those
in the digital model. This pattern is true independent of the
level of binder saturation, even when the saturation is less than
the default value. In spite of this regularity, anisotropy in lin-
ear dimensional accuracy contingent on the directions was
observed in both sets of samples. Two cases are observed,
one when binder saturation does not cause bleeding, and an-
other when the bleeding occurs. For WA samples, bleeding
occurs at BS = 120% and 140%, and for GA samples, bleed-
ing occurs at BS = 140%. In the first case, where there is no
binder bleeding, with the exception of 70% and 100% gas
atomized samples, there is generally a higher dimensional
accuracy in the z-direction than in the x- and y-directions
but differences are insignificant. Because saturation levels
are appropriate in these cases for the amount of powder and
the dry time, binder is fully absorbed and dried in each layer.
As a result, the binder neither penetrates previous layers caus-
ing pools at the bottom nor bleeds out the sides. In the second
case noted by binder bleeding, the x-direction and y-direction
have higher mean errors and standard deviation values while
the highest linear dimensional accuracy is found along the
build direction (z-direction). Note that the differences in z-
direction came from the base of the sample, not the top, as
the roller produces a very smooth and dimensionally accurate
surface. This phenomenon is thought to be caused by the
different binder and powder bed interactions, including the
binder spreading rate (i.e., lateral migration in the x- and y-
directions) and penetration rate (vertical migration in the z-
direction) [12]. In the present study, the liquid binder penetra-
tion rate in the lateral directions is higher than that in the
vertical direction for samples where bleeding is observed.
Though the x- and y-directions showed better dimensional
accuracy, the mean error in the x-direction is slightly higher
than that in y-direction for most cases. This indicates the ex-
tent of binder bleeding taking place in the printed head direc-
tion of motion (y-direction) is mitigated to a small extent.

Fig. 4 Powder bed packing density of the GA and WA IN625 alloy as
measured in the density measurement cups

Fig. 5 Green part density of Inconel 625 samples of GA andWA Inconel
625 printedwith different binder saturation levels. Note that green density
values for 140% binder saturation, which are marked as black data points,
are not accurate due to the inaccurate measurement of volume caused by
extensive binder bleeding
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According to Fig. 6, the increase in binder saturation level
increased the dimensional error and decreased the dimension-
al accuracy in all directions progressively and substantially.
For example, the mean error value in x-direction increased
substantially from 0.15 ± 0.02 mm to 1.17 ± 0.67 mm for
WA IN625, and from 0.13 ± 0.03 mm to 0.77 ± 0.50 mm
for GA IN625 powder from binder saturation 50% to 140%.
The increase in binder saturation above 100% for WA and
above 120% for GA significantly reduced the dimensional
accuracy of green parts in all direction, especially in x- and
y-directions. As can be seen in the Supplemental Fig. 11, the
bleeding phenomenon is self-evident on the four side surfaces
showing rugged texture when the saturation level is 120% and
140% for WA powder and 140% for GA powder. This also
indicates that bleeding occurs for WA powder at a lower sat-
uration levels than GA powder. This can be attributed to the
different bleeding mechanisms, which will be discussed in
Section 3.5. Therefore, in terms of obtaining better dimension-
al accuracy of green parts, binder saturation less than 100% is
suitable for WA powder and saturation less than 120% is
suitable for GA powder.

3.3 Sintered density measurements

Figure 7 shows the densification curves of GA and WA
sintered samples, which were analyzed from optical micro-
graphs taken from sectioned samples using ImageJ and
Archimedes method measurements taken from the whole

sample. The density of GA samples is always higher than that
of WA samples, regardless of the binder saturation levels,
which is consistent with the green and packing densities of
both powders. As the particle sizes and size distributions were
very similar forWA and GA IN625 powders, as shown in Fig.
3, this higher sintered density in GA and lower density inWA
sample are, therefore, caused by the difference in green den-
sity and particle morphology, pore evolution, and sintering
mechanisms, which will be discussed in Section 3.4.

Fig. 6 Linear dimensional error
of green parts fabricated from the
(top) GA and (bottom) WA
Inconel 625 alloy powders with
various binder saturation levels

Fig. 7 Relative density measured from image analysis of optical
micrographs (solid data points) and Archimedes method (hollow data
points) of the sintered Inconel 625 samples printed with different binder
saturation levels. Data points of binder saturation are staggered for better
comprehensibility
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WA samples printed with 60% binder saturation reached a
maximum relative density of nearly 90%, while GA samples
with 80% binder saturation achieved relative density >99%.
For GA samples between 50 and 80% binder saturation levels,
the sintered density increases with increasing saturation, and
decreases when the saturation level exceeds 100%. For WA
samples, the sintered relative density increases with increasing
saturation between 50 and 60%, and decreases after the satu-
ration goes beyond 70%. A similar trend was seen in the
Archimedes method measurements, although more erratically
for WA samples. Note that the lower values of OM density
compared with AP density are because the optical images
analyzed were taken in the center which does not account
for the high density surface at the edge of the samples.

3.4 Porosity and microstructure analysis

Optical micrographs with visible details of pore shape and size
were taken on the cross-sections of each sintered sample made
from the two powder types and seven binder saturation levels
and analyzed with ImageJ for pore size evolution. Figure 8a
shows the cumulative probability plot of spherical equivalent
pore size distribution with average pore size given in the table.

A comparison of the pores in the GA and WA sintered sam-
ples shows distinct distributions, enclosed by blue region and
orange region for GA and WA, respectively. Samples printed
with the same powder type show similar pore size distribution,
except the GA samples with 50% binder saturations deviating
somewhat from the other saturation levels. But, the median
value of pores in GA samples is less than half of the median
value in WA samples, and the pore distributions of WA sam-
ples move to the right as a whole on the probability plot. These
differences clearly show the pore volume fraction inWA sam-
ples is significantly larger than in GA samples, consistent with
previous reported results [1] and the current results in Fig. 7,
which shows that the sintered density of WA samples is gen-
erally about 6% less than GA samples.

Figure 8b shows SEM micrographs and chemical analysis
of elemental segregation at grain boundaries of sintered WA
sample printed with 140% binder. A large number of pores,
mostly irregularly shaped, were observed along grain bound-
aries. Small amounts of pores also exist inside grains. Based
on the powder cross-section micrographs in Fig. 3a, b and the
relatively low powder packing density in Fig. 4, there are two
sources for pores in the final sintered microstructure: (1) pores
are transferred from pre-existing pores in the powder [29]; (2)

Fig. 8 Porosity and elemental
analysis of the sintered IN625
structure (a) cumulative probabil-
ity plot of the pore size distribu-
tion from various sintered IN625
structure acquired from optical
micrographs and ImageJ analysis.
(b) BSE mode SEM micrograph
and EDS elemental mappings of
the cross-sections of sintered BJP
WA IN625 alloy with 140%
binder saturation
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voids form inevitably during powder packing process between
particles. As these pores within and between powder particles
cannot be fully eliminated during sintering step, pores are left
in the sintered samples, with significant amounts in WA sam-
ples. High magnification micrographs (Fig. 8b) show bright
precipitates along the grain boundaries for WA (Fig. 8b) and
in a much smaller portion in GA samples (Supplemental Fig.
13). Since the solidus temperature for WA and GA IN625
powder is 1253 °C and 1283 °C respectively, sintering at
1270 °C for WA samples and 1285 °C for GA samples leads
to higher extent of elemental segregation in WA microstruc-
ture, as shown in Supplemental Fig. 13. Energy-dispersive X-
ray spectroscopy (EDS) maps, as shown in Fig. 8b, reveal the
segregation region is enriched in Mo and Nb, and deprived of
Ni and Cr. This enrichment of Nb could lead to the early
formation of δ phase during post-build heat treatment [30].

3.5 Microhardness test

Like density, the microhardness (Fig. 9) is of considerable
importance and is a good indication of bulk mechanical prop-
erties of sintered components. Microhardness of sintered WA
samples showed an increase from 190 ± 9 to 206 ± 11 HV0.1

with increasing binder saturation (50 to 70%) and then de-
crease to 179 ± 19 HV0.1 upon further binder saturation in-
crease. A similar pattern of hardness decreasing after increas-
ing was observed in GA samples. For GA samples, hardness
increased with increasing binder saturation to 223 ± 8 HV0.1

up to 80% binder saturation. The highest microhardness
values for WA and GA samples are reached at 70% and
80% binder saturations, respectively. It can be seen that for
both WA and GA samples, the trends in microhardness, green
density, and density after sintering depending on binder satu-
ration levels agree almost exactly. This is because the inden-
tation hardness of a sintered sample depends strongly on the
density as voids in the structure of a part do not contribute to
the support of the indenter.

Therefore, we can find that for GA samples increasing
saturation levels up 80%, and for WA samples up to 70%
resulted in a higher volume of binder during the printing pro-
cess which subsequently improves bonding between power
particles and lowers the pore volume fraction during sintering
process. However, when binder saturation levels go beyond
80% for GA or 70% for WA, the volume occupied by the
liquid binder is too large so that bonding becomes weak after
the curing step and pores cannot be closed as much resulting
in reduced sintered density and mechanical properties.
Combing all the above results, 80% binder saturation is rec-
ommended for GA powder system, whereas 60 to 70% binder
saturation is recommended for WA powder system.

3.6 Mechanism for binder bleeding and pore
evolution

In light of the complexity of the BJP AM process, it is neces-
sary to develop a fundamental understanding of powder-
binder interaction and pore formation. For this purpose, we
consolidated the current results of various binder-saturated
Inconel 625 samples manufactured from GA and WA pow-
ders and the previously reported results in literature [10, 12,
16, 20, 21, 31, 32]. The following models of binder bleeding
phenomenon during printing (Fig. 10) and pore evolution dur-
ing printing and sintering processes (Fig. 11) are proposed.

Within this study, it was found that the particle morphology
(sphericity and roundness) significantly influenced the
powder-binder interaction. As stated by our results in Fig. 6
and Supplemental Fig. 12, the threshold where the binder
bleeding phenomenon occurs is at a higher saturation level
for GA powder (140%) than that for WA powder (120%).
As shown in Figs. 4 and 10, changing the particle morphology
altered the powder packing density and macro-void (pores)
distribution within the powder bed, which subsequently influ-
ences the binder imbibition and drainage behaviors and the air
gap distribution. In the BJP AM process, the deposited liquid
binder takes over the place of the less viscous air, and mi-
grates, via capillary pressure, into the macro-voids that are in
the packed powder bed. The equilibrium condition is reached
when capillary pressure across the binder-air interfaces is bal-
anced out [12]. Under high binder saturation levels, two pos-
sible mechanisms of binder droplet dynamics within the pow-
der bed might be responsible for the lower feature sharpness
and binder bleeding phenomenon.

The first mechanism, the capillary pressure, which acts as
the driving force for the binder migrating into the powder bed,
varies in WA system and GA system. The capillary pressure
in a powder bed system can be predicted based on the follow-
ing Eq. 1 [20]:

P ¼ S 1−εð Þγcosθ
ε

ð1ÞFig. 9 Vickers microhardness values of the sinteredWA and GA Inconel
625 samples printed at different binder saturation levels
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where P is the capillary pressure between the binder droplet
and the powder particles, S is the specific surface area (surface
area/volume) of the powder bed, θ is the contact angle of the
binder fluid with the powder particle, ε is the porosity of the
powder bed, and γ is the surface tension of the liquid binder. It
is clear that the specific surfaces and packing densities are the
most important factors affecting capillary pressure. An in-
crease in packing density brings a reduction in macro-voids
in the powder bed, which corresponds to a higher capillary
pressure and more uniformly wetted porous structure.
Therefore, when the same amount of binder is deposited to
WA and GA powder bed, a larger portion of air gaps (denoted
as white areas in Fig. 10) is retained in the powder bed of
irregular WA powder, which in fact lowers the actual binder
saturation compared with that in GA system. The unrestricted
binder that is not able to fill in the macro-voids in the WA

powder bed migrates both laterally and vertically to the sur-
rounding unsaturated area which causes the bleeding phenom-
enon visible at a lower saturation level than that in the GA
case.

The second mechanism that is crucial with regard to
powder-binder interaction is the drying of the binder. As
the deposited binder volume increases with increasing
binder saturation levels, the same drying time may not be
enough to sufficiently dry the binder in each layer com-
pared to layers printed with a lower amount of binder. As a
result, high saturations promote the continued binder pen-
etration and spreading and reduce stability introduced dur-
ing compaction of the previous layers. As illustrated in Fig.
10, binder deposited on the current layer (n) may seep into
the previous layer and pull powder particles to air gaps or
locations unoccupied by powder of the previous layer (n-

Fig. 10 Schematic diagram
showing the mechanisms of the
binder bleeding phenomenon in
the powder bed of (a) spherical
GA powder and (b) irregular WA
powder. Layer n is the current
layer, and layer n-1 is the one
printed before layer n. Red arrows
indicate the excessive binder mi-
grates in the previously printed
layers and lateral unsaturated
areas; black arrows indicate the
binder dragging the powder down
which promotes the densification
of the n-1 layer

Fig. 11 Schematic illustration showing the general process in two
dimensions for a binder jet printing system of (a) spherical powder and
(b) irregular powder: (a1,b1) as-printed powders, (a2,b2) debound powders
which are bonded by pendular bonds, (a3,b3) powders as they begin to

adopt the shape of a polyhedron in three dimensions and to enclose the
pore channels at the grain boundaries during sintering, and (a4,b4)
enclosed pores at the corners where polyhedrons meet present in the final
sintered structure
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1). This may lead to more inaccurate part dimensions due
to poor binder penetration and spreading. As there is a
greater proportion of air gaps preserved in the WA system
due to powder morphology, this binder and particle migra-
tion becomes more evident. For lower binder saturations,
these phenomena are less perceptible.

Figure 11 compares the pore evolution in WA and GA
powder bed during printing and sintering process. In the cur-
ing process, the water evaporates from the water-based binder,
and pendular bonds (indicated by orange bars in Fig. 11a2,b2)
are left to hold the powder particles together. The SEM mi-
crographs of the cured green parts at 140% binder saturation
in Supplemental figure 14b,c clearly show the pendular bonds
inWA and GA samples. To achieve Inconel components with
satisfactorymechanical properties, the green part densification
must be completed by sintering. The sintered density of the
final part is closely related to its mechanical properties.
Through a diffusion process and driven by the reduction of
the surface area of a system, powder particles are coalesced by
metallic bonds in the sintering process. The change in
sintering process is illustrated in Fig. 11a3,b3, where powder
particles are coalesced by sintering necks (indicated by black
bars) and have begun to adopt the shape of a polyhedron in
three dimensions. Grain boundaries continue to lengthen and
move to accommodate further grain growth and pore removal.
Pores become angular and subsequently pinch off and become
isolated along the grain edge. This results in substantial den-
sification and shrinkage which is equivalent to the amount of
porosity reduction. At the final stage in Fig. 11a4,b4, pores are
eliminated to a large extent at the expense of dimensional
shrinkage, and the part will have its maximum density, giving
mechanical strength to the final parts. The shrinkage of GA
sample is less than WA samples, which is represented as the
difference in the area of Fig. 11a4,b4, due to higher green
density of the GA samples and larger contact area which fa-
cilitates the diffusion process during sintering. As shown in
Supplemental figure 13, in GA samples, the pores are small in
size and located almost exclusively on the grain boundaries.
However, as mentioned earlier, a larger amount of porosity
along the grain boundaries and within grains is kept in final
sintered WA structure. These pores might come from the in-
ability to fully close the macro-voids in the powder bed and
the internal pores from the powder particles (indicated as
dashed black circles in Fig. 11a1-a3,b1-b3).

The difficulty in sintering WA IN625 samples prepared by
BJP AM technique is not surprising given the inferior packing
density of the particles. The characteristics of WA powder
create a large portion of inter-particle macro-voids within the
powder which lowers WA powder packing density and
the densification during the sintering process due to
larger contact spacing and lower contact area which
increases diffusion path length and, therefore, slows dif-
fusion in WA powder samples.

4 Conclusion

This detailed study about the effect of binder saturation levels
and powder morphology on green density, dimensional accu-
racy, sintered density, microhardness, and binder bleeding
phenomenon, draws the following conclusions:

1. The printed powder packing density of WA and GA
Inconel 625 powder is measured to be 46% and 58%
due to the variation in particle sphericity and roundness.
For both powder systems, increasing binder saturation
increased the green density, sintered density, and micro-
hardness, and then a plateau was reached. Further increas-
ing binder saturation causes not only degradation in green
density and microhardness but also generates a binder
bleeding phenomenon and poor dimensional accuracy.

2. The optimal binder saturation levels for WA and GA
powder systems with the present particle size distributions
are determined to be 60–70%, and around 80%, respec-
tively. Under the optimal saturation level, optimal
sintered density and microhardness can be achieved. For
WA samples, the sintered density and hardness values are
90% and 206 HV0.1, respectively; for GA samples, these
two values are >99% and 223 HV0.1.

3. The critical thresholds of binder saturation for WA and
GA systems at which excessing binder bleeding occurs
are determined to be 120% and 140%. The mechanism
for the lower binder tolerance inWA systems is attributed
to the larger portion of air gap that exists in the WA
powder bed caused by lower capillary pressure between
the WA powder particles and binder fluid.

4. Phase and porosity evolution ofWA and GA samples were
very different. A large number of pores along the grain
boundaries and inside the grains were observed in WA
samples, whereas only a small amount of pores along the
grain boundary are found in GA microstructure. Elemental
segregation of Nb and Mo accumulated around the pore
and grain boundaries forms at WA samples, while very
little extent of segregation occurred in GA samples.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00170-021-07496-3.
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