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Abstract
In Binder Jetting 3D Printing process, a feature is fabricated by depositing binder in the
selective regions layer by layer until the geometry is completed. One of the main factors which
influences the accuracy and strength of the green parts in this process is the spreading (i.e. lateral
migration) and penetration (vertical migration) of the binder in powder bed, which is in turn
determined by the capillary equilibrium between the saturated regions and the unsaturated powder.
In the present study, a previously developed model for binder migration was applied to 420
stainless steel in order to evaluate the equilibrium saturation levels. Characterizations such as
contact angle, specific surface area, succession pressure and capillary pressure were carried out in
order to determine the theoretical equilibrium saturation amount. Furthermore, 10 single lines with
dimensions of 46μm in diameter and 3mm in length were printed out and analyzed for empirical
saturation level. The results of the theoretical model and experimental work were compared and
discussed in details to validate its applicability in binder jetting process development.
Keywords: Binder Jetting, 3D Printing, Equilibrium Saturation, Spreading, Penetration.
Introduction
Binder Jetting Additive Manufacturing (BJ-AM) is an additive manufacturing processes in
which a liquid binder is deposited through a print-head at the designated locations of the powder
bed layer by layer for fabrication of part geometry. After deposition of binder for each layer, the
surface of the powder bed is exposed to a fixed amount of heating which is applied via a heat lamp
(e.g. infrared heater) so as to partially cure the binder and consequently establish appropriate
mechanical strength to withstand the shear and gravitational compressive forces involved in
spreading consecutive layers. This layer-by-layer process repeats until the part is completed.
Based on the above description, geometry generation and integrity of the printed part in
this process strongly depends upon the interaction between the liquid binder and powder. Once the
binder droplets are placed on the selective regions, the liquid binder will migrate into the powder
through pores located on the surface of the powder bed (so called imbibition) due to capillary
attraction [1-6]. After imbibition is complete (i.e. after all the liquid binder permeates into porous
medium), the drainage in which liquid binder migrates from the completely saturated region into
the dry powder surrounding it, will begin to take place. Therefore, as binder migration progresses,
the saturated regions drain and the dry regions imbibe until capillary pressure of both regions
become equal. This is the state where equilibrium condition in which the capillary pressures are
equal for both imbibition and drainage, is reached. The saturation level (the ratio of amount of
liquid binder to the pore volume in the print material) in the equilibrium phase is of significant
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importance in BJ-AM process. This equilibrium saturation must be assumed as the saturation level
determined by machine parameters for printing purpose. If the equilibrium saturation is much
smaller than the saturation imposed by machine control parameters, the excess liquid binder will
tend to migrate out of the designed boundaries of the part. On the other hand, If the equilibrium
saturation is much greater than the machine-imposed saturation, the printed part won’t have
sufficient mechanical strength due to lack of enough amount of binder, which will consequently
result in weak bound between the particles and also successive layers. It has been experimentally
shown that binder amount plays a major a role in controlling the part accuracy and strength [7-11].
Therefore, it is quite beneficial to be able to predict the equilibrium saturation for a given powder
bed and liquid binder using physics-based modeling before the printing process. In the current
study, a previously developed model is employed to predict the equilibrium saturation in 420
stainless steel powder bed and the results are compared with empirical measurements of saturation.
One of the few attempts in this regard was reported by J. F. Bredt. In his PhD dissertation
conducted at MIT, a model to predict the equilibrium fluid content of printed features from
measurements of the capillary characteristics of the powder and physical properties of the fluid
binder was developed [12]. It was proposed in this model that a balance of capillary pressure exists
between a partially saturated region and the dry powder surrounding the feature. Following this
preliminary work, in this paper experimental measurements of the capillary characteristics of the
powder were used to calculate the predictions of the equilibrium saturation of the features in order
to verify the equilibrium model.
The Model
The interaction between binder and powder in BJ-AM process is dominated by capillary,
and to lesser degree, gravitational forces. The liquid binder in the powder bed distributes itself in
the pores and contacts the powder surface with a local contact angle of 𝜃 determined by the surface
energies of the solid, liquid, and vapor phase boundaries (see Figure 1). Although the meniscus
formed in the vapor-liquid interface may assume a complex profile, it possesses a mean curvature
and capillary pressure, defined uniquely everywhere in the binder. On the basis of the Laplace
equation, capillary pressure for a local curved interface (local curvature) within a pore is presented
by [13]:
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∆𝑝 = 𝑝𝑐 = 𝛾(𝑟 + 𝑟 )

(1)

where Δp is the capillary pressure across the fluid interface, γ is the surface tension is the
r1 and r2 are the principal radii of curvature. For a capillary tube of radius r, the equation (1)
becomes as follows [13]:
𝑝𝑐 =

2𝛾𝑐𝑜𝑠𝜃
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𝑟

(2)

Figure. 1 Local contact angle between liquid binder and a particle in the powder bed

For a real porous material where a liquid binder and powder interact, the outcome of the
above equation would be a statistical average which is obtained over the void spaces in the vicinity
of the considered pore [14]. From the equation, capillary pressure depends on the geometry of
pore, contact angle 𝜃, and the degree of saturation (Sw). On the other hand, since the relationship
of capillary pressure on saturation level (pc = pc (Sw)) cannot be analytically described due to the
shape irregularity and complexity of pores in an actual porous material, laboratory experiments
could be implemented to derive the relationship for any given porous media. A typical curve of
capillary pressure as a function of saturation is shown in Figure 2.

Figure. 2 Typical capillary pressure-wetting fluid saturation curves [12]

From the figure, the curve follows two different paths for imbibition and drainage
illustrating hysteresis. The hysteresis in the capillary pressure are known to be rendered by two
mechanisms, contact angle (𝜃) and geometry of void space. While the former depends on the
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direction of the displacement, the latter arises from many bottlenecks of pores in the powder bed
(ink-bottle effect) [14]. Due to the hysteresis in the capillary pressure curve, the saturated region
and dry region the feature can exist at equilibrium with different fluid contents since each of these
regions has different pressure characteristics.
There are two important features in Figure 2. Irreducible wetting saturation, Swo, is a critical
wetting fluid saturation at which the fluid displacement in the porous medium approaches zero.
The capillary pressure at this saturation is called the dry suction pressure P0 which is a critical
characteristic of a porous medium in determining the liquid binder migration during feature
formation in BJ-AM process. The second point in Figure. 2 labelled A on the right side of the
graph is the minimum pressure (also called bubbling pressure, PB) required to initiate the
displacement of a wetting fluid (e.g. liquid binder) in a fully saturated porous medium.
In the model developed in [10], capillary pressure has been considered as the only driving
force for binder migration, and equation (2) was used as the governing relationship between the
capillary pressure and liquid binder saturation. In this model, pore curvature (K) is defined in such
a way that term r is eliminated from the equation [12]:
𝑝𝑐 =

−2𝛾𝐿𝑉 𝑐𝑜𝑠𝜃
𝑟

= −𝐾 𝛾𝐿𝑉 𝑐𝑜𝑠𝜃

(3)

Hysteresis in the capillary pressure between imbibition and drainage of a fluid results in
two pore curvature for a single pore and for an assemblage of pores. The critical nonwetting
curvature, KNW, is defined by the bubble pressure, PB, and critical wetting curvature KW is defined
by P0 as follows [12]:
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(4)
(5)

where 𝜃𝑎𝑑𝑣 is advancing contact angle, and 𝜃𝑟𝑒𝑐 is the receding contact angle.
The quantities 𝑅𝑊 and 𝑅𝑁𝑊 describe the pore geometry of the powder bed. There two radii
are the dimensions of analogous cylindrical capillaries exerting the same capillary pressures as the
dry powder and the saturated region, respectively. In Fredric’s model, a fully saturated feature is
modelled as a cavity with two capillaries, one with radius 𝑅𝑊 that represents the path of dry pores
that lead out into bulk powder bed, and the other one with a radius 𝑅𝑁𝑊 that represents the trail of
the saturated pores that guide air into the feature [12].

Figure. 3 The model for equilibrium of a liquid binder in a hydraulic feature [10]
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Liquid pressure can be transmitted across this feature. Besides fully saturated regions,
pores that have been partially drained but still in hydraulic contact are included in this model.
If the pressure within the larger capillary (RNW) is greater than that of smaller capillary in
Figure 3, fluid will spontaneously migrate from left to right. In the current model, the excess
pressure in the feature is expressed in terms of the differences in the pressure between two
capillaries [12]:
∆𝑃 = −𝑃0 + 𝑃𝐵

(6)

In terms of the critical radii becomes
𝑐𝑜𝑠𝜃𝑎𝑑𝑣

∆𝑃 = 2𝛾𝐿𝑉 [

𝑅𝑊

−

𝑐𝑜𝑠𝜃𝑟𝑒𝑐
𝑅𝑁𝑊

]

(7)

Or alternatively,
∆𝑃 = 𝛾𝐿𝑉 [𝐾𝑊 𝑐𝑜𝑠𝜃𝑎𝑑𝑣 − 𝐾𝑁𝑊 𝑐𝑜𝑠𝜃𝑟𝑒𝑐 ]

(8)

This excess pressure is driving force for fluid migration in a porous medium. Liquid binder
which is often employed in printing process is highly wetting to the powder (i.e. 𝑐𝑜𝑠𝜃𝑎𝑑𝑣 ≈
𝑐𝑜𝑠𝜃𝑟𝑒𝑐 ≈ 1). Under these circumstances, the difference in critical pore curvatures (𝐾𝑊 -𝐾𝑁𝑊 )
defines the driving force for binder permeation out of a fully saturated region. As a feature becomes
less than fully saturated, the excess capillary pressure is proportional to the difference
[𝐾𝑊 𝑐𝑜𝑠𝜃𝑎𝑑𝑣 − 𝐾𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒 𝑐𝑜𝑠𝜃𝑟𝑒𝑐 ] where 𝐾𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒 is dependent on the saturation. Therefore, the
condition for hydrostatic equilibrium of a feature is
𝐾𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒 (𝑆 ∗ ) = 𝐾𝑊

(9)

where S* is the equilibrium saturation.
Therefore, given the powder bed and liquid binder characteristic such as the suction
pressure, the capillary pressure curves, surface tension, contact angle, etc. it is possible to estimate
the equilibrium saturation of a printed feature using the relationship by Eq.(9).
Methodology
In this study, ExOne M-Lab machine was used for printing 420 Stainless steel samples. As
shown in figure 4, particle size of the used powder varies between 10μm and 40μm. The packing
density of the powder was measured to be 55% once spread with the traverse rate of 3mm/sec. In
order to measure the experimental equilibrium saturation, some cylindrical specimens were printed
out and their dimensions were measured using an optical microscope. For all the samples, process
parameters 100% saturation level, 70% curing power intensity, 45 sec curing time, and 3mm/sec
spreading speed were employed.
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Figure. 4 The morphology of 420 Stainless steel

In order to determine the theoretical equilibrium saturation, the powder and liquid binder
characteristics (e.g. liquid binder surface tension and viscosity, contact angle, specific surface area
of the powder, and capillary pressure-saturation curve) need to be specified. The Cannon-Fenske
Routine Viscometer, size 150, was employed to measure the viscosity of the liquid binder
according to ASTM D445 and ISO 3104 [15]. For determining the surface tension of the binder,
stalagmometric method was chosen. In this method, the total weight and number of drops of the
liquid binder falling from a capillary glass tube (figure 5) were recorded, and the surface tension
of the fluid were consequently calculated.

Figure. 5 Volumetric pipet used for measuring the surface tension of the binder

The specific surface area of the powder was determined using BET (Brunauer, Emmett and
Teller) method. The principle of this method is based upon physical adsorption of a gas on the
surface of the solid and by calculating the amount of adsorbate gas corresponding to a
monomolecular layer on the surface. For this purpose, commercial TriStar 3000 device was
utilized.
Capillary Penetration Method is widely used for average contact angle determination
applying the Washburn equation. In this method, the mass of liquid binder absorbed into the porous
medium is recorded as a function of time. The contact angle can then be derived from the modified
Washburn theory [1, 16, 17]:
m2 =

𝐶 𝜌2 𝛾𝑙𝑣 𝑐𝑜𝑠𝜃
𝜂
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𝑡

(10)

where m is the mass increase of the column, t is time, 𝛾𝑙𝑣 is the binder surface tension, 𝜂 is the
binder viscosity, 𝜌 is the binder density, and C is the capillary constant. The capillary constant C
can be determined using the following relationships [16].
𝐶=

𝑟 𝜋2 𝑅𝑘4 𝜀 2
2

(11)

where r is the pore radius, 𝑅𝑘4 is the radius of the capillary tube (figure 6), 𝜀 is the porosity of the
powder pack.
The effective radius, reff , (Eq. 12), can be replaced with r in the equation above [16]
𝑟𝑒𝑓𝑓 =

2(1−𝜙)

(12)

𝜙𝜌𝐴

where 𝜙 is the volume fraction of solid in the tube, ρ is the density of the solid material, and A is
the specific surface area per gram of solid (obtained from BET measurement).
The apparatus for the Capillary Penetration experiment is shown in the Figure below. The
powder particles were poured into a glass capillary (0.56 cm inner diameter and 7 cm long) which
was supported at the bottom by Humboldt filter paper. The decrease in mass of the container
(owing to the liquid binder permeation upward into the capillary) was recorded using an electronic
balance as a function of time. The time t = 0 corresponds to the instant of capillary tube submersion
in the liquid binder. After the binder mass was sucked into the capillary glass tube, packing density
of the bed, and specific surface area of solid, average contact angle was then calculated.

Figure 6. Apparatus used for Capillary Penetration experiment

The rate of imbibition measured can be also used to determine the dry capillary pressure
according to Washburn equation:
x2 =

2𝐾𝑠𝑎𝑡 𝑃0
𝜀𝜂
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𝑡

(13)

where x is the distance of the penetration front from the contact point, 𝜀 is the porosity of the
sample, 𝜂 is the viscosity of the liquid binder, Ksat is the hydraulic permeability, and P0 is the dry
suction pressure.
For measuring the hydraulic permeability, Ksat, in the above formulation a set up shown in
figure 7 was used. The tube is secured in the bottom end and filled with a liquid on top of the
sample. In this experiment, if the height is measured over time, an equation of the following form
can be employed to determine the hydraulic permeability.
h = h0 e-nkt

(14)

where k is the permeability, L is the sample thickness, A is the sample cross-section, r is the inside
radius of the tube, and n is a geometrically determined constant which is defined as
n = A/πr2L

(15)

where h0 corresponds to the initial height of binder at time 0.

Figure 7. Schematic diagram of the set up for hydraulic permeability measurement

Lastly, filter paper method was used to obtain the capillary pressure-saturation curve in
drainage [18]. This method was initially developed in the soil science for measuring soil suction.
The filter paper method is cheap, simple, and capable of covering the entire range of suction
pressures [19]. The testing method is based the assumption that a filter paper will achieve
equilibrium with a sample having a specific suction by either liquid or vapor moisture exchange
between the sample and the filter paper. Once equilibrium is achieved, the water content of the
filter paper will correspond to suction pressure through filter paper calibration curve shown in
Figure 8. For the present study, samples of 0%, 10%, 30%, 45%, 60%, 80, 90%, and 100%
saturation levels were prepared, and their corresponding capillary pressure were calculated using
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the water content of the filter papers after equilibration according to ASTM D5298-10. Thereafter,
the capillary pressure-saturation curve was plotted with these data. It is of interest to note that
capillary pressure corresponding 0% saturation level denotes the dry suction pressure described
previously.

Figure. 8 Calibration curves for two types of filter paper [18]

Result and discussion
The results of filter paper method were converted to equivalent pore curvatures and
displayed in Figure 9. This plot shows how the pore curvature defined previously varies with
saturation amount introduced into the 420 stainless steel.
Table 1 summarizes the results of different methods employed for characterizing the binder
and powder interaction. These outcomes were then used to calculated the dry suction pressure, P0,
and the average contact angle between powder particles and the liquid binder permeating the
powder bed.
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Figure. 9 The capillary pressure-saturation curve in drainage

Method
Factor measured
Results

Table. 1 summary of the results
The Cannon-Fenske
Routine Viscometer
Specific surface area
Viscosity of the
(m2/g)
binder used (Pa.s)
0.03
0.00431
BET

Stalagmometric
method
surface tension of the
binder (N/m)
0.03

From the capillary penetration measurements, it was found out that the penetration rate
(imbibition rate) and the hydraulic permeability (Ksat) of the powder bed were 0.02 cm2/s and 1.3×
10−9 𝑐𝑚2 respectively. Therefore, according to the Washburn equation (Eq. 13) the dry suction
pressure P0 was calculated as [1]:
2.7×10−5

P0 = 1.3×10−9 = 2 × 104 𝑃𝑎 = 21𝑘𝑝𝑎
𝑔

Also, given 𝜙 = 0.55, 𝜌 = 7.74 𝑐𝑚3 , and A= 0.03 m2/g, 𝜀 = 0.45 the effective radius, reff,
and the capillary constant C were determined as:
𝑟𝑒𝑓𝑓 =

2(1−𝜙)
𝜙𝜌𝐴

𝐶=

2(1−0.55)

= 0.55×7.74×0.03 × 10−6 = 6.8 × 10−6 𝑚

6.8×10−6 𝜋2 (0.29)4 (0.45)2
2

= 4.8 × 10−16 𝑚5

Similar to the original form of Washburn equation [1], which represents linear dependence
of square of height versus time, the modified Washburn equation (Eq. 10) [16,17] also shows linear
trend of binder mass square versus time as shown in Figure 10. This kind of phenomenon has been
empirically observed by many researchers [17,20,21]. The dotted line in Figure 9 corresponds to
2
the y2 = At trend-line, where A is a fitting parameter defined as A = 𝐶 𝜌 𝛾𝜂𝑙𝑣 𝑐𝑜𝑠𝜃. Given A=0.0017g2/sec
according to Figure 9 and the capillary constant C = 4.8 × 10−16 𝑚5 , the average contact angle
between the liquid binder and particles in the powder bed can be calculated as:
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𝐴𝜂

0.0017× .00431

𝑐𝑜𝑠𝜃 = 𝐶 𝜌2 𝛾 = 4.8×10−16 ×1012 × 0.03 = 0.5 ⇒ 𝜃 = 60°
𝑙𝑣

This amount is well within the range reported in the literature for the contact angle of
stainless materials with liquids similar to the used binder in the present study in terms of physical
properties [22, 23].

Mass Squared m2 (g2)
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Figure. 10 The binder mass absorbed versus time

Finally, the equilibrium saturation could be determined using Eq.(9) as follows:
𝐾𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒 (𝑆 ∗ ) = 𝐾𝑊 = 𝛾

−𝑃0
𝐿𝑉 𝑐𝑜𝑠𝜃𝑎𝑑𝑣

= 1.4 𝜇𝑚−1

From the capillary pressure-saturation curve, this pore curvature which corresponds to the
equilibrium saturation amount can be observed at a saturation level of approximately 85%. The
saturation obtained represents the theoretical binder amount present in the equilibrium condition.
Further saturation measurements are required be performed to evaluate the accuracy of the model.
To determine the empirical equilibrium saturation, 10 single lines, with the diameter of 46
𝜇𝑚 and length of 3mm, were printed out with process settings of 100% saturation level, 70% power
intensity, 45sec for curing time, and 2 mm/s as spread speed. The diameters of the lines were
measured by optical microcopy. Figure 11 displays two examples of the printed features.
Given the packing density of the powder bed, the binder density, the binder amount
deposited from the machine settings, and having measured the dimensions of the printed features,
the equilibrium saturation can be determined as the ratio of binder amount deposited to the pore
volume present in the fabricated features. In the present study, ratio was measured to be 60%
representing the equilibrium saturation in practice.
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Figure. 11 Two examples of printed features for empirical equilibrium saturation measurements

The results reveals that the equilibrium saturation estimate from the capillary pressure
measurements varies by 29% from the empirical saturation obtained from experimental
measurements. This discrepancy might be explained as follows.
In the current model, capillary pressure/saturation curve in drainage is used to determine
the final saturation amount using the dry suction pressure which will always lead to higher
saturation level. In the equilibrium state there exists a trail of partially saturated pore with an
irreducible wetting saturation level where the liquid binder ceases to migrate. The simplest case of
this phenomenon is shown in Figure 12 with only two pores. In this picture, pore 1 drains and
pore 2 imbibe until the capillary pressures between two pores become equal. The capillary pressure
corresponding to pore 2 is referred to as irreducible wetting saturation. Due to the capillary
pressure hysteresis between drainage and imbibition, if the capillary pressure characteristic curve
in drainage is used for predicting the equilibrium saturation (which is the case in the model), this
estimate will always be higher than actual saturation.
The other factor which might be contributing to higher estimate of equilibrium saturation
is neglecting gravity effect particularly in the vertical direction. The effect of gravity on the
hydrostatic pressure within a feature can cause fluid to flow further downward out of the
boundaries. Consideration of gravity effect in the model will result in higher driving pressures for
binder migration which in turn lead to lower estimate of the saturation in the equilibrium condition.

Figure. 12 Equilibrium state of two partially saturated pores
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Conclusion
In 3D printed features using Binder Jetting process, there exists an equilibrium condition
in which the liquid binder ceased to migrate due to the balance between the capillary pressures of
saturated regions and unsaturated ones. The saturation level in this state (also called equilibrium
saturation) plays an important role in dimensional accuracy, integrity, and strength of the printed
parts. In the present work, a previously developed model of binder migration was applied to 420
stainless steel in order to evaluate the equilibrium saturation levels. Different powder and binder
characterizations such as contact angle, specific surface area, dry suction pressure and capillary
pressure curve, were performed as to calculate the theoretical equilibrium saturation amount.
Additionally, in order to the determine the equilibrium saturation in practice 10 single lines were
printed out and analyzed using an optical microscope. The results showed that that the equilibrium
saturation estimated from the capillary pressure measurements varies by 29% from the empirical
saturation obtained from experimental measurements. Using capillary pressure/saturation curve in
drainage and also neglecting the gravity effect in the model might be two contributing factors to
a higher estimate of equilibrium saturation.
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