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Abstract

Binder jetting (BJT) a metal additive manufacturing process with broad material compatibility. The
resolution of the printed parts is dependent on binder-powder interaction and the mechanisms that infiltrate
binder into the powder bed during printing, and controlling the defects related to this infiltration, such as
balling and bleeding. Binder spreading and penetration are dependent on capillary suction and viscous
resistance of the powder bed, which are depicted by the packing density of the spread powder layer. Prior
studies have only emphasized strategies to increase the powder packing density. Here, a systematic analysis
of powder packing density and binder infiltration dynamics shows that neither loose packing nor tight
packing is suitable for defect-free printing. Therefore, two dimensionless numbers: binder penetration
number, Bp, and binder spreading number, Bs, are introduced that collapse all binder material properties,
binder deposition-related process parameters, and powder properties to provide the range of powder
packing density for defect-free printing. This work establishes the foundation for developing customized

binders for printing new materials, expanding the material compatibility of the BJT process.
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1 Introduction

Binder jetting (BJT) is a powder-based additive manufacturing (AM) process that stands out among
other metal AM processes for its broad material compatibility and uniform microstructure [1]. Unlike
fusion-based AM processes (i.e., powder bed fusion, direct energy deposition), BJT doesn’t require
continuous melting and solidification while printing, thus ensuring fabrication of parts without residual
stress. Figure 1 illustrates the process workflow. A vibrating hopper spreads powder, and a counter-rotating
roller compacts the powder bed, providing proper packing density. An array of nozzle deposits droplets of
binder on the powder bed, followed by partial evaporation of binder solvents by a heating lamp. This
process repeats layer by layer to fabricate the green part, which is cured in a curing oven, followed by

depowdering. Then the green part is densified by means of high-temperature sintering.
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Figure 1: Process workflow of binder jetting (BJT).

Defect-free fabrication through binder jetting is depicted by the capillary-driven infiltration of
binder into the porous powder bed. The viscous resistance of the porous powder bed works as a limiting
factor against binder infiltration, thus keeping the binder within the intended geometry, the core requirement
for high-resolution printing [2]. The capillary suction of binder droplets is depicted by the pore size of the
powder bed, which is controlled by the powder packing density. Figure 2 illustrates the binder deposition

and infiltration dynamics into a loose and tightly packed powder bed. Tightly packed powder bed generates



high capillary suction, but it also increases the viscous resistance [3], lengthening the time for the binder to
fully infiltrate, which keeps the binder droplet on the powder bed surface for a longer period, risking the
excessive coalescence of subsequent deposited droplets, leading to balling defects and bulging (lateral (xy)
overspreading of binder) [4]. In contrast, when the powder packing density is low, pore sizes are large, and
viscous resistance and capillary suction are low. However, the binder infiltration is quick, which eliminates
balling or bulging by making droplets penetrate the powder before deposition of subsequent droplets. But,
due to less viscous resistance, the binder may go vertically beyond the intended geometry (bleeding). Also,

a low packing density reduces the part's final density [5].

Build ‘ Binder droplet ¢y, binder _ Excess vertical penetration of
Printhead ./ penetration Blpder absorbed binder due to less viscous
into powder resistance (bleeding)
000
Febd -
e
Loosely packed powder

Presence of droplet on the
powder bed surface due to
delayed penetration

Coalescence of droplets on
the surface and excess lateral
spreading (balling)

/

Powder Partial binder

particles ‘ penetration

vVt

Tightly packed powder

Figure 2: Binder deposition and infiltration into a loosely and a tightly packed powder bed.

The interplay between capillary suction and viscous resistance determines the occurrence of defects
such as balling, bulging, and bleeding. Although prior literature emphasizes improving the powder packing
density [6,7], both low and high packing densities have an impact on the binder infiltration mechanism, and
a balance between the driving and resisting forces that controls this mechanism necessitates finding a sweet
spot for powder packing density for a given binder and powder type for proper binder infiltration, such that

balling, bulging, and bleeding are eliminated, ensuring defect-free fabrication.



Therefore, this study constructs a regime map for defect-free printing, introducing two
dimensionless numbers universal for binder and feedstock type, identifying the optimal powder packing
density range at which vertical infiltration by capillary suction is fast enough to prevent excess lateral
spreading (balling and bulging), yet viscous resistance is high enough to arrest vertical over-penetration
(bleeding).

2  Methodology

During binder deposition, the inertia of the droplets defines the initial lateral spreading, the
capillary action infiltrates the binder into the powder bed, and viscous resistance limits the vertical
infiltration. Variables involved in this process are: droplet diameter D,, impact velocity U, binder type
(density p, viscosity y, surface tension y, contact angle with the powder bed 6), feedstock powder type
(particle size d,), powder packing density ¢ (controlled by the roller kinematics), bed porosity &, effective
pore radius 7,, powder layer thickness /, and time interval between subsequent droplet deposition At. Using
micro-scale binder droplets eliminates the effect of gravity.

The effective pore radius r,, assuming the spherical powder particles (see Appendix for full

derivation)
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Using the Kozney-Carman (KC) [8,9] equation, the permeability & of the porous powder bed:
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Where S, is the specific surface area of the particle, and c is a constant, and ¢ = 4.8 to 5 for spherical
particles [10]. Plugging the eqn. (1), S, = 6/d,, and ¢ =5 into eqn. (2.2) gives:
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Capillary pressure that drives the binder into the powder bed:
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For a given binder type, k and P. are f(d,, ¢). Altering packing density or particle size has the
opposite effect on the capillary pressure and the permeability.
The vertical penetration of binder into the powder at time ¢ is given by (see Appendix for full

derivation) [11]:
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For a given binder type, the penetration depth is fd,, ¢, 1).
Lateral spreading of the binder is initially driven by the impact velocity of the droplet. If Sis the
spreading factor (the ratio of the maximum diameter of the droplet at the spread from to the diameter before

impact) [12], then the initial spreading radius is:

(2.6)

This radius gives the lateral resolution of the printed primitive.

The deposited binder volume must be accommodated by the pores present in the powder layer. To
keep the binder inside the intended geometry, the pores present in the powder layer should provide enough
room for the supplied binder. So, the required penetration depth, z, of binder to accommodate supplied

binder volume is given by (see Appendix for full derivation):
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Equation (2.7) suggests that more lateral spreading of the droplet upon impact on the powder bed
leads to less penetration depth. Also, a powder layer with high packing density has fewer pores, and to
accommodate the binder volume, the required penetration depth increases.

The time required to infiltrate the whole volume of the binder droplet, . is found by setting z(%.s)

= z,using eqn. (2.5) and (2.7), which gives (see Appendix for full derivation):



2O;tq0D02

t = (2.8)
abs 3dpy(l —(p)3[34cos(9

Equation (2.8) suggests that higher packing density delays the binder infiltration time, whereas
increasing the lateral spreading of the droplet reduces it because more binder is distributed over a larger
area on the powder bed surface.

3 Results and discussion

To avoid excess lateral coalescence of droplets (i.e., balling or bulging), the binder should be
infiltrated into the powder bed before the deposition of a neighboring set of droplets, meaning the following
condition should be satisfied:

2
tabs =T 2O‘U(pDo
Vi

= <1 3.1
! 3dpy(l—(p)3[540050Vt )

To avoid vertical overpenetration (bleeding), the binder should not penetrate deeper than the
desired z height of the powder layer. The maximum allowable penetration depth, z... must be equal to the

layer thickness, 4. The z(¢) must be within the zuq in Af time. So, the following condition must be satisfied:
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Introducing a dimensionless capillary time, ¢* such that:
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Another dimensionless length scale, x* defined as:
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Plugging these dimensionless time and length scales into eqn. (3.1) and (3.2) give:
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From eqn. (3.5) and (3.6), collapsing all the dimensionless terms into two newly introduced

rx (3.6)

dimensionless numbers: binder penetration number, Bp, and binder spreading number, Bs, gives:
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Where the dimensionless numbers are:
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The criteria for printing without balling or bulging:
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And for printing without bleeding:

Bp < =Bp (3.12)
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Equations (3.11) and (3.12) provide the allowable packing density based on Bs and Bp, which
includes all properties related to binder and the powder particle size, and also the selected layer thickness
of the powder. Figure 3 shows the critical binder penetration and spreading numbers (Bp.r and Bs,r) for
different powder packing densities. The bleeding and balling-free printing zone is between the Bp.rand Bsc,
curves (Fig. 3) until the point where they intersect each other, after which balling-free printing is not

possible. Still, the bleeding is eliminated because of high viscous resistance.
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Figure 3: Critical binder penetration and spreading numbers as a function of powder packing density.

Figure 4 shows the defective and defect-free printing zones for different values of the Bp and
Bs as a function of packing density. The defect-free zone depends on the Bp and Bs (i.e., binder property,
selected thickness of the spread powder layer, and powder particle size). For low Bp and high Bs, the defect-
free zone is wide (Fig. 4 (a)). Higher value of Bp narrows the defect-free zone (Fig 4. (b)). Lowering the
Bs also narrows the defect-free zone (Fig 4. (c)). High Bp and low Bs lead to a highly defective zone where

both bleeding and balling are present (Fig. 4 (d)).
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Figure 4: Ratio of Bp to Bp.r and Bs.: to Bs against the powder packing density, showing the defective
and defect-free printing zones.
4  Conclusion

This work introduces two dimensionless numbers: binder penetration number, Bp, and binder
spreading number, Bs, which are used to construct a regime map showing the defective and defect-free
binder jetting (BJT) printing zones for different powder packing densities.

Lateral overspreading of binder droplets by remaining for a longer period and coalescence with
subsequent binder droplets on the powder bed surface, and vertical over penetration beyond the intended
geometry due to less viscous resistance of the powder bed are the sources of two defects: balling and
bleeding. For a given binder and powder type, the binder penetration time and depth depend on the packing
density of the powder after compaction by the roller. Too loose and too tight powder packing are prone to
bleeding and balling defects, respectively. The packing density range where defect-free printing is possible

is determined by collapsing all properties of the binder (viscosity, surface tension, and contact angle), binder



deposition-related process parameters (droplet diameter, time interval between consequent droplet
deposition from the nozzle, and droplet impact velocity), and geometric properties of powder (particle size)
into dimensionless numbers Bp and Bs.

Outcomes of this work are: defect-free printing by tuning the powder packing density for a given
binder and powder type, developing customized binders for a specific type of powder and the packing
density by tuning the Bp and Bs, so that defect-free printing is possible, tuning process parameters (powder
layer thickness, binder droplet size and velocity, consecutive droplet arrival time) for a given powder type
so that the Bp and Bs fall within the defect-free printing zone, and expanding BJT printable materials
without printing defects.
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