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Study of Droplet Diffusion in
Hydrothermal-Assisted Transient
Jet Fusion of Ceramics

Hydrothermal-assisted transient jet fusion (HTJF) is a powder-based additive manufactur-
ing (AM) method of ceramics, which utilizes a water-mediated hydrothermal mechanism to
fuse particles together, eliminating the use of organic binders in forming green bodies and
thereby contributing to high green-density parts (>90%) advantageous for fabricating func-
tional materials with high performance. In the HTJF process, a transient solution such as
water is selectively deposited into a powder bed in a layer-by-layer fashion followed by a
hydrothermal fusion process. Upon the ejection and deposition of a droplet of the transient
solution on the surface of the powder bed, the diffusion behavior of the liquid significantly
influences the particle fusion and the fabrication accuracy of the HTJF process. Precise
control of the liquid diffusion in the powder bed is critical for the fabrication of ceramic
structures with both high density and accuracy. In this paper, the dependence of transient
solution diffusion on different process parameters (i.e., powder packing density, droplet
size, pressure, etc.) in the HTJF process were studied. Both numerical modeling and exper-
imental methods were used to quantify the relationships between processing parameters
and diffusion profiles of transient solution droplets (e.g., diffusion width/depth). Optimum
processing conditions were identified to mitigate the undesired diffusion of transient solu-
tion droplets in the powder bed. [DOI: 10.1115/1.4048444]

Keywords: hydrothermal-assisted transient jet fusion, green density, diffusion profile,
additive manufacturing, transient solution, modeling and simulation, powder processing
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1 Introduction

In nature, rocks are formed through a natural lithification process
[1], in which particle sediments are rearranged by the compaction
from the intense pressing weight of overlying sediments, and are
finally cemented together when water with dissolved minerals flow
into the empty spaces of particle sediments and crystalized the
spaces with new minerals. The lithification process of rocks only
requires mild temperature and pressure, along with groundwater to
bond particles together. Inspired by this natural process, a new addi-
tive manufacturing (AM) method, named hydrothermal-
assisted transient jet fusion (HTJF), has been developed in our
prior work to obviate the need for a large amount of organic
binders in ceramic AM [2].

1.1 Introduction to the HTJF Process. Figures 1(a)-1(c)
show the primary fabrication procedures of the HTJF process,
including transient solution deposition, hydrothermal fusion, and
de-powdering: (1) in transient solution deposition (refer to
Fig. 1(a)), a transient solution (such as water) is selectively deposited
into a ceramic nano-powder bed via an inkjet printhead in a
layer-by-layer fashion; the packing density of each layer of powder
is adjusted by manually pressing the layer prior to the liquid deposi-
tion. (2) After a powder compact with selectively deposited water is
achieved, a hydrothermal condition (including a low heating tem-
perature and a uniaxial pressure) is applied to the powder bed to
trigger the nanoparticle fusion in the water-deposited region, as
shown in Fig. 1(b). In our process, the temperature is controlled by
a thermal resistor, a thermocouple, and a PID controller, and the
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uniaxial pressure is applied by an embedded piston and a load cell
mounted under the powder platform. (3) Following that, a
de-powdering process is performed to remove the unfused, loose
nanoparticles from the hydrothermally processed powder compact,
leaving only the fused ones (the so-called green part) to be further sin-
tered (refer to Fig. 1(c)). It should be noted that during the HTJF fab-
rication process, two types of pressing have been applied, including
the manual pressing of each layer for adjusting powder packing
density in step (1) and the hydrothermal pressing for triggering par-
ticle fusion in step (2). In this paper, we refer to the former one as pre-
press and the latter one as final press.

The basic fusion mechanism behind the HTJF process is illus-
trated in Figs. 1(d)-1(i). Once deposited on the powder bed, a
water droplet rapidly diffuses through the porous powder bed
under gravity and capillary pressure and meanwhile starts to dis-
solve the surface of each nanoparticle, as depicted in Figs. 1(d)-
1(g). As a heating temperature and a uniaxial pressure are simulta-
neously applied to the powder bed (refer to Fig. 1(e)), nanoparticles
move into contact with each other, and the deposited water contin-
ues to diffuse, resulting in full saturation or occupation of water in
interparticle pores. Due to the large difference in chemical potential,
the dissolved species in the deposited water tends to move from the
contact areas of nanoparticles (high chemical potential) toward the
pores (low chemical potential) through the water flow (refer to
Fig. 1(h)). The dissolved species finally precipitates on the nanopar-
ticle surfaces away from the contact areas after the water evaporates,
resulting in the fusion of two neighboring nanoparticles (see Figs.
1(f)-1(i)). Based on this fusion mechanism, the HTJF method
can not only process ceramic powders with (partial) solubility in
water or volatile solutions such as lithium molybdate (Li;MoQO,),
vanadium oxide (V,0s), zirconia (ZrO,), etc. [3-5] but can also
be applicable to ceramics with incongruent dissolution (e.g.,
barium titanate, BaTiO3) by incorporating hydrothermal precursor
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Fig. 1 Schematics of the HTJF process

solutions as have been used in extensive hydrothermal syntheses
studies and cold sintering [3,6-9].

Compared with other AM processes of ceramics, such as indirect
selective laser sintering (SLS) [10,11], stereolithography (SL) [12—
14], and binder jetting (BJ) [9,15,16], a key benefit of the HTJF
process lies in the capability of achieving high green density by elim-
inating the use of organic binders. Those existing ceramic AM pro-
cesses typically use a high volume fraction of binders for shaping
green parts (e.g., up to 70 vol% of a photopolymer resin used in
ceramic SL processes), which leads to a relatively lower final
density than that of their traditionally manufactured counterparts.
In the HTJF process, since few or even no organic binder is used, a
pure green body with a density greater than 90% can be achieved [2].

1.2 Objectives. The diffusion of a transient solution in a
powder bed plays a significant role in controlling the fusion profiles
in the HTJF process. Based on the order of their occurrence, we clas-
sify the diffusion phenomena in the HTJF process into three catego-
ries, including passive diffusion, rearrangement diffusion, and
hydrothermal diffusion. Passive diffusion occurs under the effects
of gravity and capillary forces upon the deposition of the transient
solution into the powder bed, which is determined by the size and dis-
tribution of pores in the powder bed. Similar diffusion behaviors also
occur in many other AM processes, such as binder jetting [17-19],
electrochemical additive manufacturing [20], and SLM [21]. Rear-
rangement diffusion is caused by the particle rearrangement under
an applied pressure (via final press in the procedure of hydrothermal
fusion), which pushes the particles and surrounding liquid to an equi-
librium position. Hydrothermal diffusion is driven by an enhanced
capillary force after a stabilized hydrothermal condition is
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established (e.g., no nanoparticle movement), which facilitates the
mass transport and precipitation of dissolved materials into the pores.

In the HTJF process, both passive diffusion and rearrangement
diffusion influence the distribution of a transient solution in the
powder bed prior to the start of the hydrothermal fusion of nanopar-
ticles, which consequently influences the accuracy of fabrication
results. A bad control of these two diffusion behaviors leads to
undesired fusion in final parts. For example, Fig. 2 shows the influ-
ence of diffusion on two samples fabricated by the HTJF process.
Comparing with the computer-aided design (CAD) models of
cross shape and “I” letter shape shown in Figs. 2(a)-2(c), overcur-
ing can be seen in the corresponding fabrication results shown in
Figs. 2(b) and 2(d) [2].

The research objectives of this paper are to study the effects
of different process parameters (i.e., powder packing density,
droplet size, pressure, etc.) on transient solution diffusion in partic-
ular passive diffusion and rearrangement diffusion in the HTJF
process and to identify optimum processing conditions to mitigate
the undesired overcuring in final parts. Our hypothesis is that, by
optimizing the packing density and the final press, the passive
and rearrangement diffusion can be controlled, and the overcuring
problem can be solved. In this work, the diffusion behavior of a
transient solution in the HTJF process was studied by modeling and
measuring the diffusion profiles of sessile droplets in a powder bed.
The rest of this paper is organized as follows. Section 2 presents
both numerical modeling and experimental methods to quantify
the relationships between processing parameters and diffusion pro-
files of transient solution droplets (e.g., diffusion width/depth).
More specifically, the materials used in the experiments are intro-
duced; the governing equations for the diffusion of a sessile-droplet
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Fig. 2 Diffusion problem in the HTJF process: (a) a CAD model
of a cross shape, (b) a fabricated sample of a cross shape, (c) a
CAD model of “I” letter shape, and (d) a fabricated sample of “I”
letter shape

model are discussed; and a numerical model of droplet diffusion in
porous media using ANSYS FLUENT is presented. Experiments on dif-
fusion of sessile droplets in a powder bed were conducted by
varying droplet sizes, powder’s packing density, and final pressure.
Section 3 presents the simulation and experimental results. Section
4 makes the conclusions and recommendations for controlling
droplet diffusion in a powder bed, which is valuable to improve
the accuracy of fabrication in the HTJF process.

2 Materials and Methods

2.1 Materials. In the present work, lithium molybdate
(Li,MoOQOy4, 99+%, Alfa Aesar, Haverhill, MA) was used as a
model material, which is an inorganic compound widely applied
in antennas due to its low loss dielectric properties [22,23].
Lithium molybdate is a white, odorless powder, as shown in
Fig. 3(a). The material is very soluble in water and has a melting
point of 705 °C. The used particle size is around 1 um with a
roughly spherical shape, as shown in Fig. 3(b). Because of its
high solubility in water and spherical shape, lithium molybdate is
a suitable material for the HTJF process and was hence used to
study typical diffusion profiles of water in a powder bed.

To study the diffusion profile of a transient solution, a water-
based solution has been synthesized, whose components are

Fig. 3 Lithium molybdate used in the HTJF process: (a)
as-received powder and (b) particles in scanning electron micro-
scope (SEM)

Journal of Manufacturing Science and Engineering

Table 1 Components and corresponding weight percent of
transient solution used in experiments

Components wt%
Water 60
Ethanol 36
Poly(vinyl alcohol) (PVA) 2
Propylene glycol 2

shown in Table 1. Since the focus of this paper is on the passive
and rearrangement diffusion, we decoupled the effects of hydrother-
mal diffusion on the diffusion profile by using a room temperature
in the procedure of hydrothermal fusion. PVA and propylene glycol
were thereby added to enhance the strength of achieved granules for
diffusion profile measurements. Ethanol was added to reduce the
solution’s viscosity for inkjet printing in the HTJF process.

2.2 Governing Equations and Numerical Model. Inkjet
printing of water into a powder bed can be seen as a sessile-droplet
model, as shown in Fig. 4. The governing equations used in numer-
ical modeling follow the Navier—Stokes equations. We assume that
the liquid and gas in the HTJF process are incompressible and New-
tonian and have constant properties together with laminar fluid flow
[24]. The mass and momentum equations of the fluid are shown in
Egs. (1) and (2):

V.V=0 (1)

p@—‘; +V. VV) =—Vp+ V[u(VV +VVD)] +oxén (2)
where p is the density of fluid, u is the viscosity of fluid, V is the
velocity vector, and p is the pressure. oxd,n is the surface tension
force concentrated at the interface, where & is Dirac distribution
function, o is surface tension coefficient, k and n are the curvature
and the unit normal vector of the interface [25,26].

A volume of fluid (VOF) method was used to track the interface
between fluid and air phases [27]. Using the VOF method, density p
and viscosity u in each computational grid are dependent on volume
fraction of fluid a as follows:

P = Wjiguia + (1 = APy 3)

H = Uiguia +( - a)/’lgas (4)

where o= 1 represents liquid in the computational grid, @ =0 repre-
sents gas in the computational grid, and 0 < < 1 represents that the
grid contains a mixture of liquid and gas.

In order to simulate the diffusion of a droplet in a powder bed, a
model geometry was designed in ANSYS FLUENT as shown in Fig. 5,
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Fig. 4 Droplet diffusion in a powder bed
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Fig.5 The model geometry used in ANsYs FLUENT

in which the powder bed is composed of particles with a diameter of
dy and the distance between the particles is d;. The droplet, which is
the larger circle on the top , has a radius of Ry. The heat map repre-
sents the volume fraction of liquid (0~1). The packing density was
calculated based on a rectangular area A of nanoparticles with a
length of L, and a width of L,, as shown in the inset in Fig. 5. L;
and L, can be written as

Ly =3(dy +dy) ©)
L= %g(do +dp) (©)

The area of the rectangle A is
9V3
A=LL, =%.(d0 +d)? O
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The total area A, of all the nanoparticles in the rectangle A is

9
Ay = nd ®
Then, the packing density p,, of particles in this rectangular area

can be calculated by

(C)]

Ap_«/gﬂ? d() 2
A~ 6

PP AT 6 dy + d,

Based on Eq. (9), the distance between the particles can be written
as

dy = dy(0.952p;"/~1) (10)

Given a certain packing density of a powder bed, Eq. (10) was
used to calculate d; for the powder bed model in the simulation.
Since transient solutions used in the HTJF process contain a high
volume fraction of water, the properties of water were used in the
simulation. All materials properties used in the simulation for
water, air, and particles are listed in Table 2.
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Table 2 Properties of water, air, and particles used in ansys
FLUENT

Parameter Value
Density of liquid (kg/m?) 998.2
Viscosity of liquid (kg/m-s) 0.001003
Surface tension coefficient (N/m) 0.03
Contact angles between particle-water and air (deg) 65

Initial velocity of droplet in vertical direction (m/s) —0.05
Gravity (m/s%) -9.81

2.3 Experimental Investigation

2.3.1 Measurement of Diffusion Profiles. In order to establish
the relationship between the diffusion profile of a transient solution
in a powder bed and the process parameters such as powder packing
density, final press, and droplet size, an experimental setup was
built as shown in Fig. 6(a), which comprised a powder reservoir
containing a small powder bed of Li,MoO, and a support frame
holding a syringe at a certain height. The end of the syringe was
connected to a dispensing nozzle with a certain diameter. The
droplet size from the nozzle was always measured prior to
testing. Figure 6(a, 2) shows an example of a droplet deposited
from a nozzle with an inner diameter of 1.2 mm. The diameter of
the formed droplet was measured as 2.25 mm.

For each group of process parameters, the packing density of the
powder bed was first adjusted by pre-pressing with a given pressure,
as shown in Fig. 6(a, 1). Three droplets were then individually
deposited into the pre-pressed powder bed (refer to Fig. 6(b)).
After all the droplets penetrated through the powder bed, the
powder bed was pressed under a certain final pressure, as shown
in Fig. 6(c). The powder compact was finally dried in an oven at
120 °C for 3 h, which bonded the powders containing the diffused
droplet into a granule. The dry powders around the bonded granule
were loose and were manually removed by a needle. After removing
the dry powders, the geometry (height/width) of the leftover,
bonded granule was then measured to approximate the diffusion
profile of the solution droplet.

2.3.2 Investigation on the Effects of Droplet Depositing
Strategy. In transient solution deposition (Fig. 1(a)), the same
amount of water can be delivered into a powder bed by depositing
a large droplet for once or multiple smaller droplets sequentially.
How the droplet depositing strategy of droplet size and dropping
interval influences the diffusion profile in a powder bed remains
unknown. In order to study that, three nozzle sizes were used, as
shown in Fig. 7.

Table 3 shows the droplet size formed by each nozzle. Average
diameters of the droplets were measured from the images (Fig. 7).

D)Wetted powder
before final press

(31) Nozzle | |

Ppéi)ressed Powder
4 bed

(a2)

Imm

Fig. 6 Experiment procedures: (a) experiment setup, (a1-a2)
details of the setup, (b) three droplets deposited into the pre-
pressed powder bed, and (c) the powder bed after final press
for diffusion measurements
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Imm

Fig. 7 Droplets formed from nozzles with inner diameters of
(@) 0.20 mm, (b) 1.2 mm, and (c) 2.4 mm

Table 3 Measurement results of droplets

Inner Droplet Droplet Volume ratio
diameter diameter volume relative to nozzle
Nozzle (mm) (mm) (mm®) a
a 0.2 1.55 1.95 1
b 1.2 2.25 5.96 3
[ 2.4 3.33 19.32 10

As given in the table, the droplet volume achieved by Nozzle b is
three times as that of nozzle a, and the droplet volume by nozzle
c is 10 times as that of nozzle a. Based on the volume ratio,
nozzle a was selected to deposit small droplets with a diameter of
1.55 mm, and nozzle b was used to deposit larger droplets with a
diameter of 2.25 mm. To deliver the same amount of water, two
droplet depositing strategies are available. Strategy a is to drop mul-
tiple small droplet separately with certain interval between each
dropping; strategy b is to drop one large droplet individually.
Nozzle a used the dropping strategy (strategy a) of dropping three
droplets sequentially (~2s interval between each droplet) onto
the same spot in the powder bed, and nozzle b used the strategy
(strategy b) of dropping one droplet for once. The height of the
droplets from those two nozzles to the powder bed was fixed at
10 mm. The depth and width of the diffusion profiles resulting
from both strategies were measured. The measurement accuracy
of the droplet volumes can be further improved in the future by indi-
rectly measuring the weight of each droplet and density of the
solution.

2.3.3 Investigation on the Effects of Powder Packing Density.
To study the effects of the packing density of a powder bed on
the diffusion profile, different powder packing densities were
achieved by pre-pressing the powder bed via a hydraulic press
machine with different pressures (i.e., 0-12.49 MPa) under room
temperature prior to depositing a droplet. The powder bed’s
volume prior to pressing was premeasured based on the volume
of the powder container. The powder bed without pre-press was
formed by carefully filling the powder container (in Fig. 6(a)) and
flattening the top surface using a doctor blade. As a result, the
packing density of the powder bed is influenced only by the pre-
press applied. Vibration was avoided during the test to prevent unre-
lated factors from influencing the calculated density. The moving
distances of the pressing piston were measured. The packing
density of the powder bed can be calculated by Eq. (11)

m m
pp =1 = 17
erdf(ho — Ah) (n

where d. is the diameter of the powder container, /g is the initial
height of the powder bed, and A# is the moving distance of the
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powder bed after pre-press. A relationship between the applied pre-
pressing pressure and the resulting powder packing density was
established.

2.3.4  Investigation on the Effects of Final Press. As explained
in Sec. 1, rearrangement diffusion of a droplet in the HTJF process
is mainly determined by the relative movement of particles under
the effect of final press. We hypothesize that a smaller difference
between final press and pre-press will result in less diffusion of
droplets. To test this hypothesis, three final pressures (including
0 MPa, 6.25 MPa, and 12.49 MPa) were applied under room tem-
perature to the powder bed which was first pre-pressed at different
pressures (0-12.49 MPa). The resulting diffusion profiles were
measured and compared for different pressure differences.

2.3.5 Test Case Fabrication via HTJF. Guided by the relation-
ship between the diffusion profiles and pre-press/final press, differ-
ent combinations of pre-press and final press were selected and
applied to the HTJF process for actual printing. The samples
printed under different pre-press and final press were compared
with verify the effectiveness of diffusion control during the fabrica-
tion process.

3 Results and Discussion

3.1 Relationship Between Packing Density and Pre-press
Pressure. The packing density of a powder bed can be varied by
applying different pre-press pressures to it [28,29]. Pre-press was
applied to the powder bed by a hydraulic press machine to vary
the density of the powder bed (Fig. 8(a)). The effect of pre-press

Eletlric Hydraulic Press

YLJ-E30T

Packing density of powder

80%
75% A
70% A
65%
60% -
55% <
50% -
45% T T T T T T

0 2 4 6 8 10 12 14

Prepress (MPa)

Relative density

Fig. 8 (a) Hydraulic press machine for varying the powder
packing density and (b) relationship between packing density
of powder bed and pre-press pressure
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on powder packing density is given in Fig. 8(b). As the pre-press
pressure increased from O to 3.12 MPa, the packing density
increased dramatically from 54.4% to 71.49%. This increase is
easy to understand in that the applied pre-press pushed the
powder particles closer to each other resulting in a decreased poros-
ity in the powder bed. When the pre-press further increased above
3.12 MPa, the packing density reached a plateau where the
packing density only increased by 1.48% when pre-press increased
from 3.12 MPa to 12.49 MPa. This indicates that beyond the pre-
press pressure of 3.12 MPa, a tighter packing configuration was
obtained, and sufficient particle—particle contacts were generated
that prevented particle movement and rearrangement.

3.2 Diffusion Profiles of Droplet in Powder Bed. Figure 9
shows bonded granules achieved under different pre-press and
final press conditions, which were used to approxmite the diffusion
profiles of droplets in the powder bed. All the granules were in a
shape of a half ellipsoid. The diameters of the bonded granules in
top views in Fig. 9 were defined as diffusion width of droplets,
and the thicknesses in side views in Fig. 9 were measured as diffu-
sion depth. The diameter and thickness of the bonded granules were
measured using a caliper.

The measurement results of diffusion width and depth under dif-
ferent pre-press and final press conditions are shown in Fig. 10. Ata
fixed final pressure of 0 MPa, a Spearman’s correlation was run to
assess the association between diffusion depth/width and pre-press
using a small sample of 15 measurements. There was a moderate
negative association between diffusion depth and pre-press, which
was statistically significant, r; = —0.655, p = 0.008; there was
a strong positive association between diffusion width and pre-press,
which was statistically significant, 7, = 0.797, p = 0.000. When
the pre-press increased from 0 to 3.12 MPa, the diffusion width
increased dramatically by 74.10%, and the diffusion depth
decreased by 30.73%. After the pre-press increased above
3.12 MPa, the diffusion width still slightly increased before reach-
ing a plateau. In contrast, the diffusion depth first decreased and
then became relatively stable. These trends are consistent with the
change in powder packing density as the pre-press increased from
0 MPa to 12.49 MPa (refer to Fig. 8). This indicates that a higher
powder packing density leads to a reduced droplet diffusion in
the vertical direction and an increased diffusion along the honrizon-
tal plane, which can be explained by the increased resisting force
between a droplet and particles inside a highly packed powder
bed and an increased capillary force on the surface of the powder
bed that facilitates droplet spreading. It can also be seen that the dif-
fusion depth decreased significantly after the pre-press increased

Imm ~1lmm

Imm 1mm

. 1mm

»

—
1mm 1mm

Fig. 9 Experimental results of bonded granules: (a1) top view
and (a2) side view under a pre-press of 0 MPa and a final press
of 0 MPa; (b1) top view and (b2) side view under a pre-press of
12.49 MPa and a final press of 0 MPa; (c1) top view and (c2)
side view under a pre-press of 0 MPa and a final press of
12.49 MPa; (d1) top view and (d2) side view under a pre-press
of 12.49 MPa and a final press of 12.49 MPa
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Fig. 10 (a) Width and (b) depth of diffusion in the powder bed
under different pre-press and final pressures

above 3.12 MPa, even though the powder packing density did not
change obviously. This may be caused by the nonuniform powder
packing along the depth in the powder bed. That is, the powder
packing density in the depth direction may be less than that on
the surface of powder bed. Further analysis about the relationship
between the diffusion and packing density is made in Sec. 3.3.

Figure 10 also shows the diffusion results under final pressures of
6.25 and 12.49 MPa. Similarly, a Spearman’s correlation was run to
assess the association between diffusion depth/width and pre-press
under those two final press. A moderate negative association
between diffusion depth and pre-press was found for final
press of 6.25 (r, = —0.705, p = 0.003) and 12.49 MPa (r; =
—0.687, p = 0.005); a very strong positive association between dif-
fusion depth and pre-press was found for final press of 6.25 (r; =
0.847, p = 0.000) and 12.49 MPa (r, = 0.908, p = 0.000).
When no pre-press was applied, as the final press increased from
0 to 6.25MPa, the diffusion width increased dramatically by
53.46% due to the rearrangment diffusion. As the final press contin-
ued increasing from 6.26 MPa to 12.49 MPa, the diffusion width
stayed the same. This is because the rearrangment diffusion
becomes stable after a certain final press, similar to the relationship
between the packing density and pre-press in Fig. 8. On the other
hand, when the final press increased from 0 to 12.49 MPa, the dif-
fusion depth slightly decreased. Further analysis about the effects of
final press on droplet diffusion is detailed in Sec. 3.4.

3.3 Relationship Between Diffusion Profiles and Droplet
Depositing Strategies. Figure 11 shows the effects of droplet
depositing strategies on the diffusion profile under different pre-
press and final press conditions. Similar to the results discussed in
Sec. 3.2, a final press of 31.35 kPa leads to an increase in the diffu-
sion width and a decrease in the diffusion depth, in comparison to
the results achieved under a final press of 0 kPa. Furthermore,
Fig. 11 indicates that the diffusion width of strategy a was always
larger than that of dropping strategy b, while the diffusion depth
of these two dropping strategies varied depending on the applied
pre-press and final press. The difference in the diffusion width
may be caused by the interaction of the sequentially deposited
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small droplets in the powder bed, whose mechanism requires
further study. Discrepancies in the mass of solution or the error of
volume measurement for the droplets can also be a possible
reason for the difference in diffusion for the study of droplet size.
Since strategy b resulted in better control of diffusion width, print-
ing with simultaneous print passes for each layer (strategy b),
instead of sequential printing with same passes (strategy a), is pref-
erable for better dimensional control.

3.4 Relationship Between Diffusion Profiles and Packing
Density. To quantify the relationship between powder packing
density and diffusion profiles, diffusion profiles achieved under dif-
ferent packing densities were simulated in ANSYS FLUENT, as shown
in Fig. 12. Since the droplet size in the simulation is different from
that used in the experiments, dimensionless depth and width of dif-
fusion are defined as given in Egs. (12) and (13)

daiy
dyim = == 12
din =R, (12)
__ Wair
Wdim 5 R() ( 1 3)

where d i and wygr are the diffusion depth and width, and d;,, and
Wwyim are the dimensionless depth and width of diffusion. Set the
radius of droplet Rj as 3 mm.

The powder packing densities of the powder bed model used in
the simulation were set the same as those achieved in the experi-
ments under different pre-pressing pressures (see Fig. 8) by calcu-
lating the distance d; between the particles based on Eq. (10).
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Fig. 12 Simulated diffusion profiles of droplets in powder beds

of different packing densities: (a) 54.40%, (b) 71.49%, (c) 73.10%,
(d) 73.89%, and (e) 74.99%

(d)

The results are shown in Table 4. The particle diameter d; in the
simulation was set as 1 mm. The dimensionless width and depth
of diffusion under different powder packing densities were calcu-
lated from the numerical simulation and compared with the dimen-
sionless diffusion profiles calculated from the experiment results
presented in Fig. 10. The calculation results are shown in Fig. 13.

The simulated dimensionless width increased with the increasing
packing density, which matches well with the experimental results
of the dimensionless width. However, the simulated dimensionless
depth increased with the increasing packing density, which shows
an opposite trend to the experimental results. A potential reason
for this disparity between the simulation and experiments is that
the particle arrangement in the simulation is not the same as the

Table 4 Distances between the particles in the simulation

Packing density (%) d,(mm)
54.40 0.291
71.49 0.184
73.10 0.126
73.89 0.113
74.99 0.108
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Dimensionless diffusion vs packing density
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Fig. 13 Dimensionless depth and width of diffusion under differ-
ent powder packing densities

actual powder bed in the experiments. That is, in the simulation,
all the particles were set with the same distance between each
other, and any three neighboring particles were positioned at the
vertex of an equilateral triangle; nevertheless, the nanoparticles in
the actual powder bed were in close contact with each other with
a random arrangement. Further study is required to improve the
numerical model for the relationship between droplet diffusion
and powder packing density.

3.5 Relationship Between Diffusion Profiles and Pressure
Difference. The difference between final press p; and pre-press
Dp 1s defined as

Ap=pr—pp (14)

With the same pre-press p,, the difference between the diffusion
width/depth achieved under final press p; and 0 MPa is defined,
respectively, as

Aw =wr —wy s)

Ad =d; —dy (16)

Based on the results in Fig. 10, the relationship between the diffu-
sion difference Aw/Ad and the pressure difference Ap is shown in
Fig. 14. At a final press of 6.25 MPa, Aw was almost equal to zero
when the pressure difference Ap was less than 3.13 MPa. At a final
press of 12.49 MPa, Aw was approximately equal to zero when the
pressure difference Ap was less than 9.37 MPa. This indicates that
when pre-press is greater than 3.12 MPa, the rearrangement diffu-
sion along the horizontal plane (i.e., the width) can be well con-
trolled, regardless of the magnitude of the applied final press
(e.g., 6.25 or 12.49 MPa). This is because at a pre-press of
3.12 MPa, the packing density of the powder bed reaches a
plateau of around 75%, as shown in Fig. 8. At the final press of
6.25 MPa, Aw increased to 2.55 mm when the pressure difference
Ap exceeded 3.13 MPa. At the final press of 12.49 MPa, Aw
increased to 2.52 mm when the pressure difference Ap exceeded
9.37 MPa.

At the final press of 6.25 MPa, the diffusion difference Ad in
depth was relatively large, when the pressure difference Ap was
less than 3.13 MPa. As the pressure difference Ap increased, Ad
gradually decreased to a negative value. Similar trend also occurred
at the final press of 12.49 MPa. This decrease in the diffusion depth
is because a greater pressure difference can directly compress the
wet powder compact into a thinner thickness.
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Fig. 14 Relationship between diffusion profile and pressure dif-
ference under a final press of (a) 6.25 MPa and (b) 12.49 MPa

In summary, the droplet diffusion in a powder bed in the HTJF
process can be controlled by properly selecting the final press and
pre-press. To eliminate the undesired rearrangement diffusion, a
critical pre-pressing pressure should be applied to the powder bed
at which the packing density can reach a plateau. When a relatively
low pre-press pressure is used instead such that the packing density
does not reach its highest level, a final press pressure not greater
than the pre-press pressure should then be used to mitigate the unde-
sired rearrangement diffusion. In the case of Li,M0oQO,4 nanoparticles
used in this study, when final press is set as 6.25 MPa or 12.49 MPa,
pre-press should be greater than 3.12 MPa.

3.6 Test Cases Printed by HTJF. Using Li,MoO, as the
powder and DI water as the ink, two combinations of pre-press
and final press were selected to demonstrate their effects on the
printing results via the HTJF process, as shown in Table 5. In com-
bination 1, the pre-press was less than the final press, and in com-
bination 2 the pre-press is greater. According to the discussion in
Sec. 3.5, combination 2 is able to fabricate parts with higher accu-
racy because of better control over the diffusion behavior during the
HTIF process.

Cross shapes were fabricated using the two combinations of pres-
sures via the HTJF process (see Fig. 15(a)). In the process of tran-
sient solution deposition (Fig. 1(a)), the printed layer thickness was
set as 220 um and the total number of layers was 8. Pre-press was
applied to each layer first and then 4 print passes using printing
strategy b were applied to the pre-pressed layers. In the process
of hydrothermal process, the whole powder compact was pressed
by a final press, and the temperature was fixed at 120 °C for
20 min (Fig. 1(b)). Finally, the powder compact was dried in the
oven at 120 °C for 3 h to remove residual water and those unprinted
regions were cleaned by needle and ultrasound. Figures 15(b)

Table 5 Methods of pre-press and final press for HTJF process

Combination Pre-press (MPa) Final press (MPa)
1 0.14 12.49
2 0.14 0.05

Journal of Manufacturing Science and Engineering

Fig. 15 Fabrication results through the HTJF process under dif-
ferent pre-press and final press: (a) CAD model of a cross shape,
(b) top view and (c) side view of result under pre-press of
0.14 MPa and final press of 12.49 MPa, (d) top view and (e) side
view of result under pre-press of 0.14 MPa and final press of
0.05 MPa

and 15(c) show the part fabricated under the pressure combination
1. As can be seen in the figure, over-solidification occurred along
the profile (similar to the results in Figs. 2(b)-2(d)), due to the unde-
sired rearrangement diffusion of the water. In comparison, combi-
nation 2 leads to a part with the desired geometry of sharp
corners (Figs. 15(d) and 15(e)), by which the rearrangement diffu-
sion of water was almost eliminated.

4 Conclusions and Future Work

The hydrothermal-assisted transient jet fusion process is a new
ceramic AM process that utilizes a water-mediated hydrothermal
mechanism to fuse particles together. Overcuring is a key issue
associated with the HTJF process, which is caused by bad control
of water diffusion, in particular rearrangement diffusion, in the
process. The water diffusion in the HTJF process is mainly depen-
dent on process parameters, such as powder packing density, final
press in hydrothermal fusion, and droplet size. To understand the
relationship between the diffusion profiles of water and process
parameters, both numerical modeling and experiments were per-
formed. Relationships between diffusion profiles (width and
depth) and different process parameters were established. The
results indicate that the diffusion in a powder bed in the HTJF
process can be controlled by properly selecting final press and pre-
press. Future work will be focused on the understanding of mass
transport in the HTJF process and the fabrication of complex
ceramic structures with high accuracy.
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