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ARTICLE INFO ABSTRACT

3D freeze printing (3DFP) combines drop-on-demand (DOD) inkjet printing with freeze casting to fabricate
lightweight and multifunctional aerogels with customized geometries. Freeze casting is an efficient and easily
implemented method capable of fabricating porous, sponge-like structures for many different applications. This
process enables tailoring the microstructure of the final product (i.e., pore morphology, alignment, average size
distribution, etc.) by controlling the fabrication conditions and freezing kinetics. Its combination with DOD
printing provides the capability of engineering the macrostructure without relying on a mold as reported for 3D
freeze-printed aerogels made from graphene, silver nanowires, and other nanocomposites. In this paper, we
performed in-situ X-ray imaging to understand the inside process dynamics in 3DFP using a commercially
available colloidal silica ink. We investigated the 3DFP process with the following hierarchy: first, single dro-
plets; then, uniform lines obtained from coalescence of droplets; and finally, three consecutive lines deposited
layer by layer. With the help of X-ray imaging, the importance of the balance between material deposition and
freezing rates was shown in-situ by the observation inside of the freeze front following the tip of the printed line.
The effects of the substrate temperature on the elimination of undesired interfacial boundaries were also shown
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by the observed ice crystals penetrating from lower to upper layer.

1. Introduction

Aerogels are gels in which the liquid phase has been replaced by air
without significant shrinkage and collapse in the microstructure [1].
They exhibit unique properties such as ultra-low density, high and
tunable porosity, large surface area, low thermal conductivity, re-
fractive index, and dielectric constant, which makes them suitable for
many different applications [2-5]. Replacement of the liquid by air is
achieved through several methods including supercritical fluid drying,
solvent-replaced ambient drying, surface-modified ambient drying,
freeze drying, and so on [2]. Among these, freeze drying is utilized by a
freeze-casting method, which is a well-established process for fabri-
cating aerogels from ceramics [6-10], metals [11-15], carbon-based
materials [16-18], nanocomposites [19-22], etc. for many different
applications such as energy storage and conversion [23-25], photo
catalysis [26], liquid chromatography [27], sensors [28-30], and
bioengineering [31,32]. Advantages of freeze casting include but are
not limited to its simple procedure, environmental-friendly nature, and
ability to tailor the micro structure of the final product [33]. In freeze
casting, the precursor, which is composed of a liquid solvent and solute
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particles, is frozen inside a mold to provide the desired shape (Fig. 1a).
Then solidified solvent crystals are sublimated under low pressure and
temperature conditions [34-37]. During freezing, the solute particles
are rejected by growing crystals of solvent, which results in a tightly
packed network of solute particles (Fig. 1b). Once the solvent crystals
are sublimated by freeze drying, a porous structure whose morphology
is a replica of the solvent crystals is obtained [34]. Growth of the sol-
vent crystals can be oriented with an applied-temperature gradient as
seen in unidirectional and bidirectional freeze casting [38]. Many fac-
tors can be used to tailor the microstructure of the freeze-casted aero-
gels such as size of the solute particles, solid loading of the precursor,
type and concentration of the additives used, freezing rate, rheology of
the liquid precursor, etc [39-41]. Even though freeze casting has many
ways to manipulate the microstructure of the final product, the mac-
rostructure relies heavily on the geometry of the mold used during the
process.

Our group has recently developed a 3D freeze-printing (3DFP)
process with our collaborators, which is a novel method of combining
unidirectional freeze casting with DOD printing to eliminate the need
for a mold and increase the customization capabilities of the freeze
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Fig. 1. a) Schematics of the unidirectional freeze casting process. b) Growth of ice crystals along the temperature gradient in directional freezing process. c)
Schematics of the 3DFP processes using water as support material to fabricate 3D structures with overhang features. d) Schematics illustrating the partial melting that
already frozen ink (N layer) experiences after depositing liquid ink (N + 1% layer) on top of it. €) 3DFP of a truly 3D structure from SiO2-PVA ink using water as
support material. f) SEM micrographs showing void-free interfacial boundary obtained by 3DFP process.

casting process [42-45]. With 3DFP, droplets of liquid precursors are
generated using a DOD dispenser and are deposited on top of a sub-
strate whose temperature is well below the freezing point of the solvent
used in the liquid precursor (Fig. 1c). As droplets have contact with the
precooled substrate, the solvents experience an immediate freezing
which allows them to preserve their shape. With the reduced distance
and time between separate droplets, uniform lines can be obtained after
the coalescence of droplets. Using these lines, complex 3D frozen
structures can be achieved without using a mold. Frozen structures with
desired shapes are freeze dried, which sublimates the solvent crystals,
and a porous aerogel is obtained. Since 3DFP involves freeze casting,
the micro-structure of the final aerogel can be manipulated by the
freezing kinetics. As in the unidirectional freeze-casting process, solvent
crystals grow from bottom to top along the temperature gradient
(Fig. 1b) and controlling the substrate temperature offers control of the
average pore-size distribution. Additives that will not affect the print-
ability of the precursor can be used for manipulating the solvent crystal

morphology. Besides its ability to tailor the microstructure of the final
aerogel, 3DFP is also capable of fabricating true 3D structures with
overhang features by using water as support material (Fig. 1c). De-
posited ink at room temperature (N + 1% layer - Fig. 1d) causes a partial
melting on top of the previously deposited and frozen ink (N layer -
Fig. 1d). Since the ink’s viscosity is low, it fills the possible voids that
could occur between layers by the help of surface tension and grav-
itational forces. And finally, partially melted part of N™ layer fuses with
the not yet frozen N+1" layer and they both freeze together. This
eliminates insufficient bonding, interfacial boundaries, and voids be-
tween layers and yields aerogels with ultralow densities. To demon-
strate the capabilities of the 3DFP process, we fabricated an aerogel
with overhang feature as given in Fig. 1e. More details can be found in
our previous publication on 3D printing of graphene aerogels with
overhang features [45]. Once 3DFP process is completed, supporting ice
is completely sublimated with the following freeze drying process. The
micrographs show the alignment of the pores along the freezing
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direction (from bottom to top) as well as the void-free interfacial
boundaries, which two of the most important advantages of the 3DFP
process.

Freeze-casting processes have widely been investigated in-situ using
optical [46-49] and X-ray [50-53] imaging systems to identify un-
known aspects of the process. However, X-ray imaging, which is one of
the most informative methods to investigate the morphology of freeze-
casted structures [50], provides some advantages over optical imaging
methods. These advantages include elimination of the requirement to
use optically transparent materials, ability to observe inside of the
material, eliminating the need for suspensions composed of single and
large particles to provide clearer observations, and higher spatial re-
solution [52-54]. Therefore, X-ray imaging techniques have been used
to investigate the process dynamics of several 3D printing processes
including laser powder-bed fusion [55-59], powder-blown laser-ad-
ditive manufacturing [60], and binder jetting-additive manufacturing
[61]. Since 3DFP is a hybrid process in which DOD printing was fol-
lowed by freeze drying and a subsequent heat treatment (when re-
quired), investigation of final products thereafter the complete process
does not provide quality information regarding the “3DFP” part of the
process, which plays a crucial role in the product quality. To under-
stand the relation between substrate temperature, which controls the
freezing rate of the deposited material, and deposition rate of the ma-
terial, and the ice crystal growth mechanism along the interfacial
boundaries, which ensures a good fusion of subsequent layers, we
performed the in-situ investigation of the process using X-ray imaging
techniques. Using the setup given in Fig. 2, we performed in-situ X-ray
imaging of separate droplets, lines obtained after coalescence of dro-
plets and three consecutive lines deposited layer by layer. We showed
that achieving uniform lines from separate droplets depends on a
careful balance between material deposition and freezing (solidifica-
tion) rates. With the advantages provided by the X-ray imaging tech-
niques, we were able to observe freeze front, deposited material, and
growing ice crystals simultaneously. To the best of our knowledge, this
is the first study reporting an in-situ X-ray imaging experiment in-
vestigating material deposition and freezing processes simultaneously.

2. Materials and Methods
2.1. Materials

For the in-situ X-ray imaging experiments, a 15 wt. % colloidal silica
suspension with an average particle size of 4 —6 nm (Nyacol, MA, USA)
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was used as ink. Schematics of the 3D freeze printing setup is given in
Fig. 2. Briefly, a three-axis motion stage (Panowin Technologies,
Shanghai, China) was used to manipulate the DOD print-head, which
was composed of a syringe barrel (Nordson EFD, RI, USA) and a sole-
noid micro dispenser (The Lee Co, CT, USA) loaded with a nozzle tip
having a diameter of 190 um. Solenoid micro dispensers operate through
an internal piston, which forces the valve to open and close via an in-
duced magnetic field [62]. Once the piston is actuated and the valve is
opened, pressurized ink moves to the orifice and is ejected as droplets
[63]. An electrical pulse, whose length determines the opening time of
the valve, is used to actuate the piston that allows or blocks ink flow
[64,65]. A pneumatic fluid dispenser (Nordson EFD, RI, USA) was used
to control the pressure inside the syringe barrel. Solenoid micro dis-
penser was used to generate fine droplets of colloidal silica ink with
desired jetting frequencies. A liquid-nitrogen (L-N5)-operated hot/cold
plate (Instec, CO, USA) was used to control the temperature of the
substrate.

2.2. Methods

In-situ investigation of the 3DFP process using white light synchro-
tron X-rays was performed at bending magnet beamline 2—2 of
Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator
Laboratory in CA, USA. Using the setup given in Fig. 2, the material was
deposited along y axis for 10 mm, at a single x coordinate. By tuning the
print-head speed and jetting frequency, we performed the material
deposition as separate droplets, uniform lines obtained after coales-
cence of droplets, and three consecutive lines deposited layer by layer
(Fig. 2). The image of the deposited material, which was hit by the X-
ray, was recorded by a camera chip. By adjusting the DOD print-head
speed and jetting frequency, we controlled the distance between the
successive droplets and investigated the freezing process of separate
droplets, as well as single layer uniform lines and three consecutive
lines deposited layer by layer.

X-ray images were collected using a scintillator-based optical system
with a 100 um YAG:Ce scintillator crystal (Crytur Ltd.) coated in 120
nm of Al on the upstream side, high reflectance mirror (Thorlabs) to
bend the visible light 90° off-axis to the X-rays into a 4x long working
distance infinity corrected objective lens (Nikon), infinity-corrected
tube lens (Thorlabs), and high speed CMOS camera pco.dimax S4
(PCO). With these optical components, the effective pixel size is 2.4 ym
for a field of view of 4.8 mm x 2.4 mm and images were captured at 500
Hz. The stroboscopic images showing the droplet-generation process

‘Three Consecutive :
Lines :
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Fig. 2. Schematics of the experimental setup used in the synchrotron radiation light source facility and deposited structures (separate droplets, uniform lines, and

three consecutive lines deposited layer by layer) investigated in-situ.
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were obtained using a CCD camera (Sentech) synchronized with an LED
bulb.

Images showing the top view of deposited material (Fig. 5) were
obtained using an optical microscope (Olympus). Samples in these
images were prepared by depositing the colloidal silica ink on top of a
silicon wafer substrate at given temperatures. 3D freeze printed samples
demonstrated in Fig. le were fabricated after adding a weighted
amount of PVA into the colloidal silica ink used in in-situ experiments
since colloidal silica requires additional binding agents and further
sintering after 3DFP to protect the structural integrity of the aerogels
[52]. 3D freeze printed samples were treated by a subsequent freeze
drying process for 48 h where the temperature was -35 °C and the
pressure was 0.2 mbar.

3. Results and Discussion
3.1. In-situ investigation of single droplets

3DFP employs a DOD printing system for several reasons. DOD
printing generates droplets of low-concentration inks that yield aero-
gels with ultra-low densities. It can use water as a supporting material
to fabricate true 3D structures with overhang structures. Ability of low
viscosity inks to fill the voids under surface tension and gravity elim-
inates voids and insufficient bonding between subsequent layers unlike
most of other traditional 3D printing methods [45]. The rheological
requirements for printability of an ink are determined by Reynolds,
Weber, and Ohnesorge numbers, which are dimensionless numbers
related to the physical properties of the ink such as viscosity, surface
tension, and density [66-69]. A solenoid micro dispenser was employed
in this study due to its robustness and allowing more flexibility for the
ink formulation and process [70]. After adjusting the pressure of the
ink, opening time of the solenoid micro dispenser, and diameter of the
nozzle tip, we generated satellite-free droplets from the colloidal silica
ink as presented with the stroboscopic optical images given in Fig. 3a.
The stroboscopic images were taken by a CCD camera with a 30-fps
frame rate and a strobed LED behind the droplets. To freeze the droplet
images and capture different phases of the droplet-generation process,
we used various delay times between the drop ejection and LED strobe.
The diameter of the spherical droplets was measured as approximately
dy = 190 um, which is approximately equal to the diameter of the nozzle
tip used for the experiments. The volume of the ejected droplets was
calculated as approximately ~ 3.6 nL.

Van Dam and Clerc [71] proposed to model the deposited droplets
as spherical caps, schematically explained in Fig. 3b. This spherical cap
has a height of h, bead width of w, polar angle of 6, and radius of r.
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Considering a volumetric conservation, the volume of the spherical
droplet before the deposition should be equal to the volume of the
spherical cap right after the deposition. Following the deposit of the
generated droplet on the substrate, we measured the dimensions of five
adjacent droplets and calculated the average dimensions of the sphe-
rical cap as w = 380.78 um, and h = 59.98 um, where h is the height of
the spherical cap after it had been deposited (before formation of the
conical tip). Measured dimensions of the spherical cap correspond to an
initial volume of V = (7h/6)(3(w/2)?> + h?) = 3.59nL, which is con-
sistent in terms of volumetric conservation.

However, Van Dam and Clerc’s spherical cap model does not con-
sider a phase change after the deposition. It has been shown that when
droplets of water are deposited on a cold plate, a conical tip is formed as
the freeze front reaches to the top of the droplet [72-74] (as shown in
Fig. 3c). This transformation of the droplet shape is attributed to the
thermal expansion that water experiences after freezing [73]. Since the
colloidal silica suspension we used for the experiments is water-based,
we also observed a shape change and a volumetric expansion in the
droplets after complete freezing. As seen in Fig. 3d and the supporting
information Video S1, at the instant a droplet was deposited on the
substrate, it had a spherical cap shape. As the time passed and the
droplet froze, it experienced a thermal expansion and a conical tip
formed at the top (pointed with the red arrow in Fig. 3d). Using the in-
situ X-ray images we obtained, we measured the bead width (w) and
height (h) of five different droplets along the freezing process. To re-
duce the noise in the raw images, we processed them and increased
their contrasts so that the distinction between the droplets and their
surroundings is clear (Fig. 3d). Measurements were done using ImageJ
software by defining a pixel to pm scale ratio (0.42 pixels/um),
manually drawing lines along the width/height of the droplets and
recoding the corresponding dimensions. We measured the dimensions
of five consecutive droplets from the initial frame at which the droplet
was deposited (t = 0 s) to the final frame at which the droplet reached
to its maximum height value (t = 0.14 s). Average values of the di-
mensions for five different droplets are provided in Fig. 3e. We ob-
served the average value of the bead width (w) value remained closed
to an average value of 380.78 um, while the average height of the dro-
plets increased from 59.9 um to 79.9 um, which corresponds to an in-
crease of Ah = 33.4%. We used the amount of increase in the height of
droplets after complete freezing to estimate the height of a line in the
next subsection.

3.2. In-situ X-ray investigation of line formation

In order to achieve aerogels with complex 3D geometries, separate

Fig. 3. a) Stroboscopic optical images showing
the phases of droplet formation process using
colloidal silica ink without any satellite for-
mation. b) Schematics of a single droplet (be-
fore and after impact) and formed line after
coalescence of multiple droplets. ¢) Schematics

of a single droplet after experiencing the
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droplets need to coalesce so they can form a continuous line to build 3D
geometries. Obtaining continuous lines depends on a well-adjusted
balance between print-head speed (v), jetting frequency (f), and the
diameter of the droplet before impact (d,). The pitch distance between
successive droplets is a function of the jetting frequency and print-head
speed (p = v/f). The geometry of these continuous lines can be mod-
elled as beads with a constant cross section of a circular segment as
proposed by Stringer and Derby [75]. Assuming a uniform line with a
length of / as given in Fig. 3b, and considering volumetric conserva-
tion, total volume of the deposited droplets is equal to the volume of the
line with constant cross section of a circular segment:

N(Edé‘) _ (rze B wrcose)/
6 2 @

where N is the number of droplets required for the length of /= pN,
r = ((w/2)? + h?)/2h, and 6 = sin~'(w/2r). The left-hand side of Eq. (1)
corresponds to the total volume of spherical droplets with the quantity
of N. The right-hand side corresponds to the volume of a line having
the cross-section of a spherical cap, which would be obtained without
any phase change due to freezing. Eq. (1) can be solved for h, with
given dy and w, which will not include the thermal expansion in the
calculation observed after freezing. To take it into account, we added a
correction factor of ¢ = 1.334, which corresponds to an average increase
of 33.4 % in the height of single droplets after freezing. It was found by
calculating the mean of measured increase in the height of five suc-
cessive droplets. By multiplying the obtained height from Eq. (1) with
the correction factor, we were able to estimate the height of lines ob-
tained after coalescence of droplets with different pitch distances. In
order to validate this theory, we printed lines with different pitch dis-
tances (Fig. 4a) and their height were measured (Fig. 4b). The esti-
mated values for the line heights with and without the correction factor
were also provided in the plot, which shows that including the cor-
rection factor in the estimation of line heights provides a better
agreement with the measured heights. This showed us that the geo-
metrical model of Stringer and Derby for a line obtained after coales-
cence of droplets can be used to model the geometry of the 3D freeze
printed lines after considering a correction factor due to the thermal
expansion of water. Measurements of the line height with different
pitch-distance values were performed using the X-ray images (Fig. 4a),
which were obtained using a print-head speed of ¥ = 10 mms™.

In the 3DFP process, uniformity of a line fabricated by coalescence
of multiple droplets not only depends on the pitch distance, but also the
time between two successive droplets (7). Because droplets experience
rapid solidification after impact, T must be short enough to provide
liquid-to-liquid interaction between adjacent droplets to achieve coa-
lescence. Accordingly, Mingirulli et al., previously showed that molten
wax deposited by a DOD dispenser cannot achieve a smooth
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coalescence when 7 is too high. Instead of continuous uniform lines,
they observed each droplet separately solidified (frozen) [76]. Fur-
thermore, Sukhotskiy et al., reported a simulation study for molten-
metal DOD printing, showing adjacent droplets cannot achieve a
smooth coalescence as the time between the impact of successive dro-
plets increases by reducing the jetting frequency, even though the inter-
droplet pitch distance is kept the same [77]. To show the effects of
different 7 on the morphology of the printed lines, we fabricated lines
with different print-head speeds (Fig. 5). Fig. 5a presents side- and top-
view images of the deposited droplets obtained by in-situ X-ray imaging
and optical microscopy, respectively. In this figure, the print-head
speed was » = 1mm.s! and the jetting frequency was f = 4 Hz, which
yields a pitch distance of p = 250 um and an inter-droplet duration of
7 = 250 ms. In this configuration the earlier droplet was fully solidified
before the deposition of the adjacent droplet. However, when the print-
head speed was increased to » = 10mm.s™, using the same pitch dis-
tance (f=40Hz, p = 250 um, and 7 = 25ms), time lapse was short
enough for the droplets to achieve coalescence before the complete
solidification of the previous droplet (Fig. 5b). To better visualize the
coalescence of separate droplets under the effect of freezing, we de-
creased the pitch distance to p = 75um and observed the freezing.
When time and distance between two successive droplets are appro-
priate, the freeze front is observed before the tip of the line printed and
a uniform line is formed after coalescence of separate droplets (Fig. 5c
and supporting information Video S2).

3.3. In-situ X-ray investigation of three consecutive lines

One of the main advantages of 3DFP is its ability to use low-visc-
osity inks which instantly fill the possible voids between layers ob-
served in most of other 3D-printing techniques under surface tension
and gravity such as extrusion-based 3D printing. Furthermore, when
liquid suspension is deposited on top of a previously frozen layer, the
not-yet-frozen material melts the already-frozen surface. These two
materials (previously frozen and not-yet frozen) are mixed and refreeze
together [45]. To understand the fusion of subsequent layers and ice
crystal growing mechanism along the interfacial boundaries, we de-
posited three consecutive lines layer by layer and investigated the in-
terfacial regions in-situ using X-ray (Fig. 6). The print-head speed in
these experiments was v = 10mm.s”, the pitch distance was
p = 100 um. When the substrate temperature was set to Ty,ps = —30°C,
the rate of freezing was fast enough for the deposited ink to preserve the
shape, and slow enough to allow filling of voids for a sufficient inter-
facial bonding. There is no visible void or interfacial boundary exists
between consecutive layers (Fig. 6a). Furthermore, ice crystals that
grew during the freezing were visible in the X-ray images. It was ob-
served that those ice crystals penetrate from the second layer to the

b) - - Fig. 4. a) Formation of lines after successive deposition of
450 — — Calculated with Correction droplets with different pitch distances. The print head speed

400- | Calculated without Correction| for all pitch distances is 10 mm.s~*. The scale bar is 250 pm.

. Measured b) Comparison of calculated (with and without correction
350' factor due to thermal expansion and shape change) and
3001 ', \ measured values of the layer heights as a function of pitch
. distance.
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third layer without any formation of a visible boundary (Fig. 6b and
supporting information Video S3). This penetration generates inter-
connected pores in the printed layers. This demonstrates that when the
required conditions (e.g., substrate temperature, environment tem-
perature, and relative humidity) are supplied, 3DFP is capable of
eliminating the interfacial boundaries observed in most of the 3D-
printing techniques. When the substrate temperature was reduced to
Taups = —70°C (Fig. 6¢), the rate of freezing increased tremendously and
the deposited ink did not have enough time to fill the voids before
completely solidifying. This yielded to formation of interfacial bound-
aries between consecutive layers, which were possible to detect using
in-situ X-ray images.
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Fig. 5. Investigation of line-formation process
using a constant pitch distance of 250 pm and a
print head speed of a) 1 mm.s~! and b) 10
mm.s ™. Side view images were obtained using
in-situ X-ray, and top view images were ob-
tained using an optical microscope after freeze
dying of the deposited lines. c¢) X-ray images
obtained in-situ showing a good relationship
between the freeze-front velocity and print
head speed. The print head speed in this figure
is 10 mm.s ! and the pitch distance is 75 pm.
All scale bars are 250 pm.

4. Conclusion

3DFP is a method used for fabricating customized aerogels for dif-
ferent applications including supercapacitor electrodes, sodium-ion
battery anodes, electro-mechanical sensors, flexible electronics, etc.
The ability of this printing method on eliminating voids and interfacial
boundaries between layers is exceptional when compared to most of
other 3D-printing techniques. The other conclusions we have drawn
from the experiments can be categorized as follows:

1 Dimensions of uniform lines formed after the coalescence of single
droplets can be estimated from the droplet volume and measuring
just one dimension of the spherical cap (after deposition). Also,

Fig. 6. a) In-situ X-ray images showing three
consecutive lines deposited layer by layer fab-
ricated with a substrate temperature of —30°C.
b) In-situ X-ray images showing growth of ice
crystals along two consecutive layers when the
substrate temperature was —30°C. c) Three
consecutive lines deposited layer by layer fab-
ricated with a substrate temperature of —70°C.
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since deposited droplets experience a phase change, thermal ex-
pansions/retractions should be considered for applying the con-
servation of volume in order to estimate the dimensions of the
formed line.

2 Using the 3DFP process, the formation of uniform lines not only
depends on the pitch distance between two successive droplets, but
also the inter-droplet duration. If the former droplet totally freezes
before the later droplet reaches the substrate, there is not enough
time for coalescence. To ensure a maximum product quality, a well-
adjusted balance between the material deposition and freezing rate
must be achieved as confirmed by the in-situ observation of the
freeze front following the tip of the printed line.

3 3DFP provides an exceptional capability of fabricating aerogels
without formation of voids and boundaries in between consecutive
layers. This is achieved by partial melting of the already-frozen layer
and employing low-viscosity inks, which fill the existing voids under
surface tension and gravitational forces. In-situ experiments showed
that ice crystals grow continuously along the interfacial boundaries
without allowing any void or boundary formation between con-
secutive layers confirming the elimination of layer boundaries in
3DFP process.
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