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Cost-Effective Additive
Manufacturing of Ambient
Pressure-Dried Silica Aerogel

The conventional manufacturing processes for aerogel insulation materials mostly rely on
the supercritical drying, which suffers from issues of massive energy consumption, high-cost
equipment, and prolonged processing time. Considering the large market demand for the
aerogel insulation material in the next decade, a cost-effective and scalable fabrication
technique is highly desired. In this paper, a direct ink writing (DIW) method is used
to three-dimensionally fabricate the silica aerogel insulation material, followed by room-
temperature and ambient pressure drying. Compared with the supercritical drying and
[freeze-drying techniques, the reported method significantly reduces the fabrication time
and costs. The cost-effective DIW technique offers the capability to print complex hollow
internal structures, coupled with the porous aerogel structure, it is found to be beneficial
for the thermal insulation property. The addition of fiber to the ink assures the durability
of the fabricated product, without sacrificing the thermal insulation performance. The
foam ink preparation methods and the printability are demonstrated in this paper, along
with the printing of complex three-dimensional geometries. The thermal insulation perfor-
mance of the printed objects is characterized, and the mechanical properties were also
examined. The proposed approach is found to have a 56% reduction in the processing
time. The printed silica aerogels exhibit a low thermal conductivity of 0.053 W m™' K.
[DOI: 10.1115/1.4048740]
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1 Introduction

Aerogel as a multiscale solid structure with ultra-high porosity
and low density is a preferable material for thermal insulation pur-
poses. Aerogel has strategical importance in wide-spreading appli-
cations, including construction and architecture [1,2], aerospace and
automobile [3], energy conversion and storage industries [4], etc.
Among various thermal insulation materials, silica aerogels
exhibit the lowest thermal conductivity when compared with any
other structures known so far, at a level of 0.015 W/m-K at
ambient temperature [5]. The commercially available aerogel
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products from Aspen [6,7] and Cabot [8] offer thin (5—10 mm thick-
ness), hydrophobic, sound-proof, and flexible aerogel insulation
sheets. These products are synthesized by the approach of supercri-
tical condition drying [9]. The supercritical drying is a common
approach to fabricate aerogels by removing the low surface
tension liquid from the silica skeletons, with the help of supercritical
CO, or CHy4 to produce crack-free aerogel. Due to the prohibitively
expensive equipment and time costs, aerogel production remains
largely limited on an industrial scale. It is anticipated to cost $7.2
to produce one square-meter of silica aerogel sheet (3 cm thick)
[10]. Furthermore, the drying cost increases exponentially with
the increasing thickness of the sheet.

Alternative approaches to fabricate aerogel include freeze-drying
and ambient pressure drying (APD). Although the freeze-drying
lowers down the fabrication cost, it suffers from scalability issues,
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including high-cost, low-efficiency, and small-dimension. The con-
ventional ambient pressure drying process is a less energy-intensive
approach. The organic solvents are used in the precursor gel, such as
hexane, heptane, and octane. Due to their low surface tension during
the ambient drying process, this method is also applicable for fab-
ricating crack-free aerogels. However, it usually leads to the gener-
ation of hydrochloric acid, which needs to be further removed by
other organic solvents [11,12]. The use of a large amount of
organic solvents poses challenges for large-scale production and
real-world applications.

Researchers have also explored the additive manufacturing or 3D
printing, as an advanced manufacturing technique to fabricate
complex-structure objects, and print aerogels with porous struc-
tures. Inspired by the unique layer-by-layer fabrication concept,
3D printing is capable of manipulating the hierarchical structure
both internally and externally. The 3D printing techniques bring
huge potential to produce highly customized aerogel products
with intricate macroscale architecture and microscale structure at
the same time. Among various 3D printing processes, the
drop-on-demand inkjet printing has been used to print graphene
oxide ink into a truss structure and also print ice to support the
bridges above the hollow regions. The building environment has
a temperature well below the freezing point [12—18]. The printed
ice will be further removed by the freeze-drying process, leaving
an ultra-low-density graphene oxide network. In this case, the
freeze-drying serves as an indirect way to produce the internal
porous structure.

The direct ink writing (DIW) has been used to fabricate hybrid
silica aerogel [19], the hybrid silica aerogel was made by assembl-
ing the silk fibroin biopolymers inside the silica structure to make
the structure flexible and fire retardant. The prepared ink shows
good printability and the direct ink writing can print parts with cus-
tomized morphology and microstructures. After printing, the
sample was put into an oven for the sol-gel reaction/gelation and
finally dried using the supercritical CO, drying. Other researchers
have been trying direct ways to generate the porous structure.
Toward direct printing a hierarchical cellular structure with low-
density and high-porosity structure, a direct foam writing technol-
ogy was reported by Muth et al. [20]. A viscoelastic foamed ink
was designed, the air bubbles inside the ink formed a bubble micro-
structure and retained the bubble characteristic content and size over
a long period of time. The printed specimen was sintered to fabri-
cate high-porosity structures. Compared with the inkjet printing
technique, this approach can achieve scalable fabrication of
porous materials and has large potential applications in thermal
insulation. However, the bubbles in the ink were introduced only
by vigorously stirring; therefore, the bubbles cannot stably stay
inside the ink due to their low surface tension. Over time, small
bubbles could merge together and eventually float up and accumu-
late at the top surface. Moreover, the printed sample undergoes a set
of sophisticated and time-consuming drying procedures. Despite the
fact that these methods were capable of fabricating porous and
mechanically strong aerogels, the processing time is a vital bottle-
neck for producing large-scale aerogels.

Taking advantage of printing complex internal structures in
three-dimensional space, 3D printing could save the material by
designing the hollow internal structure and tuning the infill
density. Coupled with ambient pressure drying, which can in-situ
generate the porous structure, the integrated process has the poten-
tial to scale up the manufacturing process by significantly reducing
the monetary cost and time cost. In this regard, we propose to
combine the direct ink writing and ambient pressure drying to 3D
print silica aerogel insulation material. While it is challenging to
have good thermal insulation behavior as well as maintain the
mechanically strong property for the high-porosity structure.
Herein, a direct ink writing technique combined with an ambient
pressure drying approach is demonstrated as a cost-effective
production method. The innovation of this approach is the cost-
effective in-situ porous generation process and the durable pore-
supporting structure facilitated by various additives, including the
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foaming agent and fiber. With the assistant of a foaming agent,
the surface tension between the ink and the gaseous bubbles can
be lowered, such that bubbles can be stably distributed inside the
aerogel ink [21]. Two types of foaming agents are widely used,
the cationic cetyltrimethylammonium bromide (CTAB) [22,23]
and the anionic sodium dodecyl sulfate (SDS) [24]. With the pres-
sure in the resulting bubbles is opposing to the capillary pressure, it
prevents the pore shrinkage or collapse during the ambient pressure
drying process. Compared to the supercritical point drying, where
the pores were produced by removing the solvent using the
precise and expensive equipment, our reported ambient pressure
and temperature drying approach can significantly reduce the
energy, time, and equipment cost. To facilitate the printing in three-
dimensional (3D) space with customized structure, the 3D printable
ink with embedded gaseous bubbles was designed. Based on the
precursor, a few additives were added to modify the rheological
properties of the ink. Specifically, the cellulose-based viscosity
modifier can make the ink viscous enough to gain a shear-thinning
behavior. The highly viscous and shear-thinning non-Newtonian
fluid is preferable for printing high-quality specimens. Fiber was
added to the ink to reinforce the mechanical strength. As shown
in Figs. 1(a) and 1(b), the diagram illustrates the procedures of pre-
paring the printable ink, two-step blending was required. The pre-
mixing of the precursor was aimed to distribute the solid particles
uniformly in the solvent. Then, the foaming agent was added and
followed by vigorously blending to generate gaseous bubbles in
the ink.

Figure 1(c) is a schematic drawing to demonstrate the printing
process. With the applied downward mechanical force, the ink
was extruded and printed to the 3D structure. Different 3D struc-
tures are printed to demonstrate the printability. Figure 1(d) is the
aerogel printed logo of the University at Buffalo (UB). As intro-
duced, after printing the UB logo, it was dried in an ambient pres-
sure and temperature environment.

The remainder of this paper is organized as follows: in Sec. 2, the
printable ink preparation, printing process, and drying methods are
introduced; the printability of the prepared ink is also discussed. In
Sec. 3, several 3D printed objects with complex geometries are
shown, and their thermal insulation performances are presented.
Section 4 demonstrates a comparison of drying methods to verify
the cost-effectiveness of the proposed ambient pressure drying
process. The characterization results of thermal insulation property
and mechanical property are illustrated. Section 5 is a comprehen-
sive discussion of the results. Conclusion and future works are pre-
sented in Sec. 6.

2 Materials and Methods

2.1 Printable Ink Preparation. The printable ink in general
shall exhibit the rheological behavior with highly viscous and
shear-thinning properties. The ink preparation is critical for ensur-
ing the printing quality. First, the ink was prepared by mixing
TEOS-based aerogel powder into the solvent at a concentration of
60wt%. The solvent was made by dissolving polyvinyl alcohol
(PVA, Mw ~ 10,000; Sigma-Aldrich, St. Louis, MO) into deionized
(DI) water at a concentration of 0.05 g/mL of the DI water. PVA
serves as the binder to improve the strength and integrity of the
printed sample. The good integrity also makes the printed sample
less dusty after drying. Darvan 811(Vanderbilt Minerals,
Norwalk, CT) was added by 1.6 vol% of the DI water to disperse
the aerogel powders. The commercially available Fiber sheet
(E08, Unifrax, Buffalo, NY) was blended using a food blender
(BBR-2001; Capbran Holdings, Los Angeles, CA), then added to
the prepared solvent by 10 wt% of the aerogel powder. The suspen-
sion was then pre-mixed homogenously for 6 h on a magnetic stir-
ring hot plate (UX-04600-12; Thermo Scientific, Waltham, MA).
Hereafter, hydroxypropyl methyl cellulose (HPMC, H7509;
Sigma-Aldrich, St. Louis, MO) was added to the suspension as a
viscosity modifier at a concentration of 12 mg/mL of the DI
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Fig. 1 Direct ink writing of silica aerogel insulation material. (a) The recipe and pre-mixing step

of preparing aerogel ink. (b) The presence of additives in the ink ensures its printability. The
gaseous bubbles are uniformly distributed in the ink. (c) Schematic diagram of the direct ink
writing process. (d) The aerogel printed object with a UB logo geometry and its infrared image

showing the thermal insulation property.

water. HPMC was equally split into two batches, adding to the sus-
pension sequentially. The first batch was added and followed by
blending for 3 h, then the second batch was added and also
blended for 3 h. Sequentially adding the HPMC will help it to be
thoroughly dissolved into the suspension, whereas directly adding
the entire batch will cause HPMC to tangle together and makes
the ink difficult to blend. Finally, CTAB (VWR, Radnor, PA)
was added as the surfactant to form uniformly distributed gaseous
bubbles, which will be developed into the porous structure after
printing [25-27]. Unlike the conventional way to make printable
ink, where a defoamer-like chemical such as 1-Octanol is added
to make smooth and continuous paste (slurry) [28,29], the proposed
approach in this work took the opposite route by adding a foaming
agent to generate the pore-supporting porous structure. Although
with the presence of defoamer, the printed sample using conven-
tional approach will have good integrity, but essentially resulted
in a dense structure, which is not ideal for thermal insulation pur-
poses. By vigorously blending the ink, the foaming agent generated
abundant gaseous bubbles in the ink. The bubbles can retain the size
and quantity after 1 week of aging in a closed container. Figure 1(b)
shows the ready-to-print ink, the sub-figure is a close-up view of the
ink and the gaseous bubbles were evenly distributed in the ink.

2.2 Direct Writing of Silica Aerogel Ink. A custom-built 3D
printer was constructed; the screw-driven linear stage (Velmex
XN10, Bloomfield, NY) was mounted onto the printer; and this
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linear stage provides a mechanical force for extruding the aerogel
ink. As the stage moved down, a downward mechanical force
will be generated, which then exerted on the piston of the
syringe, pushing it downwards, and extruding the ink out of the
nozzle. The prepared ink was loaded into a 30 mL syringe with a
helix-locked conical shape nozzle (Nordson EFD, East Providence,
RI) attached to the tip of the syringe. The extruder path and G-code
were generated by sLIC3R software,” the infill pattern was set as rec-
tilinear, and the layer thickness was 0.8 mm. As a process parameter
that can only pertain to the 3D printing process, the infill density
was set at 50%, 75%, and 100%, respectively, which was used to
study its influence on the thermal conductivity. A stainless-steel
woven mesh-sheet (SATINIOR-Woven-02) was used as a substrate,
its fine meshes on the thin sheet were permeable to air. It prevented
the printed sample from cracking caused by non-uniform drying. In
addition, the flexible mesh sheet can be easily peeled off from the
sample without damaging the bottom surface.

To achieve a continuous and stable extrusion of the ink, the effec-
tive printing speed (v, was calculated by [20]

-2
7(d/2)

where Q is the volumetric flow rate, which was measured as
9.05 mm%/s, d is the nozzle inner diameter, a 1 mm diameter

Vefy (€Y

2slicSr.org
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Fig. 2 Characterization of the aerogel ink. (a) A hexagon
contour written by aerogel ink with suitable rheology. (b) Unfa-
vorable ink printability. (c)—(e) The shear-thinning behavior of
the aerogel ink. (f)-(h) The ink without shear-thinning behavior
cannot form continuous and uniform filament.

nozzle was used to print all the samples for characterization, which
corresponded to an effective printing speed of 8 mm/s. Faster print-
ing speed will result in non-continuous filament extrusion, while an
over-slow speed will cause over-extrusion.

2.3 Ambient Pressure and Temperature Drying. Once
printed, the samples were dried in an ambient pressure and room
temperature environment. After 6-h drying, the mesh substrate
can be easily peeled off from the sample. With additional 4-h
drying, the as-printed solid sample was obtained.

3 Direct-Ink-Writing of Centimeter-Scaled
Three-Dimensional Complex Geometries

3.1 Printability of the Silica Aerogel Ink. The printable
ink shall be shear-thinning non-Newtonian fluid with a high viscos-

ity. The shear-thinning behavior is essential to facilitate the DIW
method, because it ensures that the filament can readily and

continuously flow through the nozzle under shear through the
nozzle. The highly viscous ink enables the printed aerogel objects
to maintain a free-standing and three-dimensional structure by a suf-
ficiently high yield stress and storage modulus. Figure 2 shows a
qualitative characterization of the ink. Figure 2(a) is a hexagon
shape contour, which was printed using the typical printable
aerogel ink, where the filament can be uniformly extruded from
the nozzle. If the aerogel or the fiber is not uniformly distributed
in the ink, it could cause the nozzle-clogging issue, as shown in
Fig. 2(b), where the nozzle-clogging and over-extrusion issues
were observed, indicating an unfavorable ink printability. When-
ever the nozzle-clogging happens, it causes an undesirable accumu-
lation of the extrusion pressure. As a result, it leads to subsequent
over-extrusion. Figures 2(c)-2(e) are the sequential photographs
showing the shear-thinning behavior of the printable ink. Compared
with Figs. 2(f)-2(h), where the ink did not possess a shear-thinning
property, and no continuous or uniform filaments were formed.
Upon extrusion, the ink first accumulated at the nozzle tip and
form the drop-like shape, it subsequently dripped down under its
own gravity.

3.2 Direct-Ink-Writing of Silica Aerogel. Figure 1(d) shows
an infrared (IR) image as a demonstration of the thermal insulation
property of the printed UB logo. The image was captured after
30 min of heating. The base-plate temperature was 67 °C, and the
top surface of the UB logo was 46 °C. The temperature difference
between the heat plate and the top surface of the logo shows effec-
tive thermal insulation, and the uniform color on the logo IR image
shows good integrity of the printed specimen.

To further validate that the proposed technique is capable of
printing silica aerogel material in free-standing, three-dimensional
structure with high resolution, several CAD models were first
built, namely (1) twist cylinder model, (2) high-aspect-ratio wavy
vase model, (3) short curvy vase model, (4) tall vase model, and
(5) oval bowl model. The CAD models were then sliced, and its
G-code was generated accordingly. The parameter settings are
listed in Table 1. Figure 3(b1) shows the printed silica aerogel parts.

(1) Twist cylinder model: A solid infilled printed object, with the
twisted contour in the vertical direction.

(2) High-aspect-ratio wavy vase model: A hollow object with
70:1 aspect-ratio. With the relatively extreme thin wall, the
object stands well in its as-printed shape.

(3) Short curvy vase model: With a small layer thickness and
nozzle size, the curvy shape contour can be printed in high
resolution.

(4) Tall vase model: A tall and hollow structure shows the rheol-
ogy of aerogel ink was quite suitable for direct ink printing,
so that the complex geometries can be clearly printed.

(5) Oval bowl model: The printed object shows very uniform
layers, indicating the extrusion was very smooth and
uniform. Since the model has a higher dimension, relatively
large layer thickness and nozzle size were adopted to print
this model to save the printing time.

3.3 Thermal Insulation Performance of the Printed
Objects. After the 3D objects were printed, its thermal insulation

Table 1 Parameter settings for direct-ink-writing process
Dimension Printing time ~ Nozzle size  Layer thickness

Object name (L x W x H, mm) (min) (mm) (mm) Infill
Twist cylinder 10x10x22 40 0.40 0.3 Solid
High-aspect-ratio wavy 12x12x36 35 0.40 0.3 Hollow
vase
Short curvy vase 14x14x22 13 0.40 0.25 Hollow
Tall vase 28 x 28 x 42 45 0.50 0.35 Hollow
Oval bowl 30x30x30 25 0.50 0.35 Hollow
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Fig.3 Thermalinsulation demonstration of the 3D printed aerogel objects. (a1)—(a3) The candle demonstration. The candle 1 was
placed on the 3D printed twist cylinder and stayed intact, candle 2 was placed directly on the heat plate, it was melted after 10 min
heating. (b1) shows the printed aerogel objects with three-dimensional complex geometries, namely 1. Twist cylinder model;
2. High-aspect-ratio wavy vase model; 3. Short curvy vase model; 4. Tall vase model; 5. Oval bowl model. (b2) shows the IR
image of all the printed objected, with the heat source set at 180 °C, the lowest temperature on the object is 66.8 °C. (c1)—(c3) Tem-
perature profile on the printed tall vase model, and the temperature difference between the object and heat source. The heat
source was set at 180 °C. (d1)—(d3) Temperature profile on the printed short curvy model, and the temperature difference
between the object and heat source. (e1)—(e3) Temperature profile on the printed tall vase model, and the temperature difference
between the object and heat source. All the scale bars represent 10 mm.

performance was examined. Two demonstrations were conducted,
the first one is a candle demonstration, as shown in Figs. 3(al)-
3(a3). Two identical candles were prepared, with one positioned
directly on the heat plate, the other one sits on top of the printed
twist cylinder part (printed part 1). The hypothesis is the aerogel
sample will prevent the heat from penetrating into the candle, so
that the candle stays intact. While the other candle will be quickly
melted due to the heat. The demonstration starts from room tem-
perature, then the heat plate temperature was set at 115 °C. After
5 min of heating, the bottom of candle 2 began to melt and then
fall down, while candle 1 kept the original shape. After heating
for 10 min, candle 2 was fully melted, as shown in Fig. 3(a2),
candle 1 still stayed intact. Finally, an IR image was taken after
30 min of heating, and it can be seen from the IR image that the
printed twist cylinder part insulated the majority of the heat from
the bottom, preventing the candle 1 from melting. With the heat
source increasing from room temperature to 115 °C, the candle 1
body temperature increased only to 45.7 °C, which means 75.3%
of the temperature increase was insulated by the aerogel printed
object.

Figures 3(b1) and 3(b2) show the set of 3D printed objects, along
with the IR image, where the heat source temperature was set at
120 °C, 130 °C, 150 °C, and 180 °C, respectively. The lowest

Table 2 Temperature profile on the printed object

Lowest
Heat source temperature on Temperature Heat
temperature object difference insulation rate
120 °C 49.6 °C 70.4 °C 72.58%
130 °C 51.8°C 78.2°C 73.07%
150 °C 56.3 °C 93.2°C 73.38%
180 °C 65.8 °C 114.2°C 72.74%

Journal of Manufacturing Science and Engineering

temperature on each object body is summarized in Table 2. The
hypothesis is that regardless of the object geometry, all the
printed samples should have the same level of the thermal insulation
property. In Table 2, the heat insulation rate refers to the ratio of
temperature increase (A7) of the object to the temperature increase
(ATp) of the heat source. At different heat source temperatures, the
printed object has a near-identical heat insulation rate, at a level of
73%, which indicates its thermal insulation behavior is independent
of the temperature change. The 3D printed aerogel objects can
achieve the same thermal insulation performance, regardless of
the geometry and the environment temperature.

The thermal insulation behavior of the printed objects under dif-
ferent heat source conditions was also observed. The temperature
change on the object body along with the absolute temperature dif-
ference (IAT1) of the object and the heat plate were plotted versus the
heat plate temperature. The heat source temperature was set at
50 °C, 80 °C, 120 °C, 135 °C, 150 °C and 180 °C, respectively.
Three experiments were performed separately, the printed parts
and IR images were shown in Figs. 3(c1)-3(e3). As shown in the
plots, the temperature-difference increases linearly as increase in
the heating-source temperature, indicating a better thermal insula-
tion performance at a higher temperature. The linearity was
observed over all the objects, which verifies the hypothesis that
the thermal insulation property of the printed aerogel specimen is
independent of the geometries.

4 Characterizations and Experimental Results

The following characterization and experimental study are first
performed to study the thermal insulation behavior with respect to
different drying methods, namely, freeze-drying, sintering, and
ambient pressure drying. It is aimed to demonstrate the ambient
pressure and temperature drying can result in the same level of
thermal conductivity performance while it can substantially
reduce the drying process time and cost. Then, the infill density,
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fiber concentration, and foaming agent concentration, as three of the
major process parameters, were studied, respectively, which can
provide a guidance on the optimization of the printing process,
aiming to reach an optimum pore size control and thermal insulation
property. Finally, the compression tests were performed for the
direct-ink-printed, crack-free samples to characterize the mechani-
cal property.

4.1 Drying Methods Comparison. To verify the ambient
pressure drying is a cost-effective drying method for producing
the high porosity silica aerogel insulation material, three different
drying methods were compared, namely, freeze-drying, sintering,
and ambient pressure drying. The sample for this set of tests was
cubic shapes with a dimension of 30 mm in length by 30 mm in
width by 8 mm in thickness.

To perform the freeze-drying method, the printed cubic samples
were first frozen in a refrigerator at —20 °C. The freeze-drying
system (FreeZone Triad Model 7400 Series; LABCONCO,
Kansas City, MO) was pre-frozen to —40 °C, then the sample was
put into the chamber. The primary drying process started from
—40 °C, ramped to —10 °C at a rate of 0.25 °C/min and held at
—10 °C for 6 h. Followed by the secondary drying process started
from —10 °C, warm up to 0 °C at a rate of 0.25 °C/min, and held
at 0 °C for 6 h. Finally, the chamber temperature was elevated to
20 °C at the rate of 0.25 °C/min and hold for 2 h, to allow the
solvent content to be completely sublimated. The vacuum of the
system was maintained at 0.013-0.018 mBar during the entire
drying process. The processing time was 23 h in total.

The sintering method aims to burn out the organic component
inside the sample, left with the empty pore structure. The printed
sample was first dried at room temperature for 6 h, after the sub-
strate was removed from the sample, then transferred into a tube
furnace (GSL-1500X; MTI Corporation, Richmond, CA). The
heating profile began from room temperature, then ramped up to
400 °C at a rate of 2 °C/min and holds for 2 h at 400 °C, followed
by natural cooling to room temperature. The processing time was
13 h in total.

As described in Sec. 2.4, the room-temperature ambient pressure
drying took 10 h in total. After the samples were dried using three
different methods, the thermal conductivity was measured by a
custom-built heat flux sensing instrument. It was composed of a
heated plate at the top and a cooled plate at the bottom, with two
heat flux sensors attached to each plate. The temperature of the
heated plate remained constant at 37 °C, and the temperature of
the cooled plate was set at 30 °C. The sample was placed in
between the two heat flux sensors. The heat flux and thermal con-
ductivity relationship is given by

=A% AT
a= Ax

where ¢ is the heat flux value collected by the sensors, A is the
thermal conductivity, AT is the temperature difference across the
sample collected by the embedded thermal couple in the sensors,
and Ax refers to the thickness of the sample. In general, the negative
sign is an indication of the direction of the heat transfer.

The results are shown in Fig. 4(a), it confirms the hypothesis that
three different drying methods reach the same level of thermal insu-
lation performance, with the ambient pressure and temperature
drying has the lowest thermal conductivity, and the freeze-drying
has the highest thermal conductivity. Further considering the pro-
cessing time, freeze-drying takes more than twice the time com-
pared with the ambient pressure drying. It is sufficient to
conclude that ambient pressure drying is effective for 3D printing
of silica aerogel insulation material at low cost.

(@3

4.2 Density Measurements. The sample density was calcu-
lated according to the mass and volume of the samples. Mass was
measured by using a weighing scale (AX223, OHAUS, Parsippany,
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NIJ). The sample volume was measured with the gas-replacement
pycnometer (Micromeritics Accu-Pyc II 1340, Norcross, GA).
Three sets of samples were compared, one set was the dense
samples, where no foaming agent was included in the ink recipe,
resulting in very limited pores in the sample. In comparison, the
other two sets of samples were considered as porous samples,
where the cetyltrimethylammonium bromide (CTAB) and SDS
acting as the foaming agents were added at a concentration of
0.5 wt% of the aerogel powder. The foaming agent generates
gaseous bubbles in the ink, which will be further developed into
the porous structures. As shown in Fig. 4(b), the sample density
against the different infill density was plotted. With the presence
of a foaming agent, the density of the porous samples was
reduced to one-third of the dense samples, indicating the foaming
agent plays a vital role in generating the porous structures.

4.3 Thermal Conductivity Measurements. Thermal conduc-
tivity is one of the key factors for the thermal insulating property.
Three sets of experiments were studied to investigate the relation
between the process parameter and the thermal conductivity,
namely, the infill density, the foaming agent concentration, and
the fiber concentration.

4.3.1 Study the Influence of Infill Density on the Thermal
Conductivity. The infill density describes the amount of ink
printed inside the object, which can be precisely designed and con-
trolled in additive manufacturing. Less infill density results in
saving material and increasing the printing efficiency. Three infill-
densities were compared, 50%, 75%, and 100%, respectively. The
result is shown in Fig. 4(c), the fully filled sample has the highest
thermal conductivity, while the 50% infill samples reach the
lowest thermal conductivity with a 20% reduction. The same
trends were observed for both CTAB- and SDS-foamed samples.
The result concludes that relatively less infill density benefits the
thermal insulation property. Consider a 50% infilled sample, the
other 50% was left as empty pores, and the pattern was precisely
controlled by the printing process, together with the micro-pores
generated by the surfactant, which makes it less conductive to the
heat.

4.3.2  Study the Influence of Foaming Agent Concentration on
the Thermal Conductivity. The effect of the foaming agent concen-
tration on the thermal conductivity was studied in order to find an
optimum value to reach the best insulation performance. Two
foaming agents were used, CTAB and SDS at four concentrations,
0 wt%, 0.15 wt%, 0.3 wt%, and 0.5 wt%, respectively. As indicated
in Fig. 4(d), the dense sample has the highest thermal conductivity,
while the 0.3 wt% concentration sample has the lowest value. The
thermal conductivity of CTAB-foamed samples reach to
0.065 W/m*K and SDS-foamed samples reach to 0.053 W/m*K.
Further increase in the concentration will result in an increase in
the thermal conductivity again. It is reasonable that for the dense
sample, due to the very limited pores inside the sample, the conduc-
tivity is high. With the presence of a foaming agent, the generated
pores help to lower down the conductivity. While the reason that
0.5 wt% concentration sample has higher conductivity compared
to the 0.3 wt% is due to the excessive foaming agent tends to
over generate bubbles. The over generated small bubbles will
combine together to large bubbles in an uncontrolled form, resulting
in large pores inside the sample. When the heat transfers from the
bottom, the air molecules carry the heat and quickly pass through
the large empty pores without any resistance, then the heat is
easily transferred to the top surface. The ideal pore structure
would be uniformly distributed pores with controlled size and
pattern [30].

4.3.3 Study the Influence of Fiber Concentration on the
Thermal Conductivity. The fiber was added to the ink for the con-
sideration of the mechanical strength of the printed sample. To
verify the hypothesis that fiber reinforces the sample, but not
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thermal conductivity.

affects too much on the thermal conductivity, three different fiber
contents were studied, 0 wt%, 10 wt%, and 20 wt%, respectively.
The result is shown in Fig. 4(e), the change of fiber content does
not cause the thermal conductivity to fluctuate too much, with a
maximum value of 0.0649 W/m*K and a minimum value of
0.062 W/m*K and only a 5% deviation. While considering the
mechanical strength (detailed Sec. 4.4), the addition of the fiber
can significantly reinforce the sample, without affecting the insula-
tion property.

4.4 Mechanical Characterization. The mechanical strength
was characterized to show the durable pore-support structure of
the printed sample, using the compression test stand (ESM303,
MARK-10, Copiague, NY). As discussed in Sec. 2.3, fiber was
added to the ink for printing, in order to reinforce the strength,
the evaluated sample was in the cubic shape with a dimension of
10 mm long by 10 mm wide by 10 mm thick. A sample without
fiber content was also characterized as a control sample.

The stress-strain curve is shown in Fig. 5(a), the control sample
has the Young’s modulus of 6.5 Mpa with a maximum load of
0.52 Mpa. While with the addition of fiber, the sample has the
Young’s modulus of 15.84 Mpa with a maximum load of
1.02 Mpa. Young’s modulus as a mechanical property that mea-
sures the stiffness of the sample is three times stronger than
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without fiber content, which concludes that the fiber is effective
in reinforcing the sample strength.

4.5 Characterization of the Microstructure. The microstruc-
ture of the printed sample, as illustrated in Figs. 5(b)-5(e), was char-
acterized by scanning electron microscopy (SEM). Figure 5(b)
shows the evenly distributed pore structures, zoomed into (d) dem-
onstrates pores with combined fiber contents. Figure 5(¢) shows the
fiber bonds well with the aerogel skeleton, which substantially con-
tributes to the increased structural strength.

5 Discussion

The experimental results from Sec. 4 are correlated to one
another; here, we will comprehensively discuss all the results. Com-
parison of drying methods shows that the freeze-drying procedure
takes the longest time, but the resulting thermal conductivity did
not outperform the ambient pressure drying, meaning the time
cost can be saved by 56% if using the proposed ambient pressure
and temperature drying. With the consideration of expensive equip-
ment costs of freeze-drying, the actual cost-saving is substantial.
For the sintering drying method, although it is widely used for
direct ink writing [31,32] to help remove all the organic solvent
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Fig. 5 Mechanical properties characterization and microstruc-
ture characterization. (a) Stress-Strain curves for specimens
without fiber and with 20 wt% fiber content. (b) and (c) are SEM
images to show the internal porous structure. (d) and (e) show
the bonding between fiber and aerogel skeleton.

and additives, it suffers from the potential internal cracks during and
after sintering, which requires adding the additives, such as binder
to help prevent the structure from collapse. Furthermore, the sinter-
ing process also requires precise temperature control, which will
incur considerable equipment costs. Considering manufacturing
the aerogel products, neither the freeze-drying nor sintering could
be an effective way. Our proposed ambient pressure and tempera-
ture drying, also result in good thermal insulation performance,
but it does not require heavy equipment investment, and the pro-
cessing time is significantly shorter, which makes it promising
toward the large-scale and low-cost fabrication.

The ambient pressure and temperature drying (APD) largely
reduced the use of organic solvents. By adding the surfactant to
the aerogel ink, the surface tension between the aerogel and the
solvent is reduced. As a result, the capillary pressure on the aerogel-
solvent interface is dropped to a favorable level, which helps to
prevent the aerogel from cracking or collapsing during the APD
process. As shown in Figs. 5(b)-5(d), no cracks exhibited in the
SEM images.

The mechanical strength is another important property for the
aerogel products. Since aerogel has a highly porous structure, the
majority of the internal structure is in the form of empty shells.
Therefore, the binding of the aerogel skeleton is critical to make
durable structures. Here, in order to reinforce the strength but not
affect the thermal insulation performance, fiber content is added to
the ink. The mechanical test shows that after adding fiber, samples
have a 143% increase in Young’s modulus, which indicates the
fiber plays a vital role in making the sample much stiffer. The inves-
tigation of the microstructure by SEM confirms that the samples have
a uniform internal porous structure and the fiber contents bind well
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with the skeleton. The blending procedures (Sec. 2.1) is of critical
importance for good binding. Blending facilitates the relative long
fiber content evenly dispersed in the ink without settling down or tan-
gling together. It should be pointed out that after printing, the fiber is
located along the longitudinal direction since the printing is done by
extruding cylindrical filament and printed layer by layer. After
drying, the small, scattered fiber will tangle together and form a
stiff truss-like structure and therefore enhance the overall strength.
On the other hand, the pore-supporting skeleton is another factor
to form a durable structure. As introduced in Sec. 1, the gaseous
bubbles in the ink eventually are well-developed into the pores
after drying. From the SEM images in Fig. 5, no crack has been
observed even at a microscale level. This concludes that the pore-
supporting structure, together with the addition of the fiber content
can make the printed sample strong and durable.

The process parameter study provides a guideline on how to
further optimize the fabrication with respect to the thermal insula-
tion performance. It can be concluded that with lower infill
density, the sample can reach a better performance of thermal con-
ductivity and it proved that direct ink writing is a feasible way to
produce the aerogels. While 50% of infill density is the lowest
reached for this study, it could be further decreased by designing
the internal truss-like structures. Not only can it reach even lower
infill density but also the truss-like structure is proven to be a
rigid structure.

The foaming agent study shows that 0.3% concentration per-
forms the best of thermal insulation; from Fig. 5, it is also shown
that the pores were closely assembled. While with a 0.5% concen-
tration, it performs worse than the 0.3%, primarily due to the over-
generated bubbles tend to merge together to form undesired large
bubbles. Also, the results show that at each concentration, SDS per-
forms better than CTAB in terms of thermal insulating. The hydro-
philic group and its charge of SDS are the deciding reason that SDS
holds a better foaming ability [33]. SDS as an anionic surfactant,
when it is being agitated in the ink, the charge of SDS further
creates a surface charge and surface potential. The presence of
surface potential promotes the electrostatic repulsion on the inter-
face of bubble and ink; this helps to create a stable environment
to maintain the bubbles in the ink [34]. While CTAB is a cationic
based surfactant, which possesses a negative charge on the hydro-
philic group. Although it also reduces the surface tension and
very effective in creating abundant bubbles in the ink, but due to
the nature of its higher nonpolar portion of the hydrophilic
groups, which results in less uniformity of the bubbles [35].
Overall, with the assistance of the foaming agent, the 3D printed
samples gain porous structure, which is preferable for thermal insu-
lation materials.

For the future improvement, the better method to control of pore
size can be explored from the foam ink preparation step. Based on
the density of the current sample and the benchmark samples with
lower thermal conductivity, they have the same level of density,
which means the foaming agent content is sufficient to introduce
the gaseous bubbles. However, after the bubbles are formed, a
better approach of blending in order to achieve a smaller pore
size shall be used to replace the current method.

6 Conclusions and Future Work

In summary, a cost-effective approach to direct-write 3D print-
able aerogel ink is demonstrated. The fabrication method is
enabled through the development of gaseous bubbles silica
aerogel ink and the direct ink writing setup. Furthermore, combined
with the ambient pressure and temperature drying after printing, the
samples achieve thermal insulation property and durable mechani-
cal strength. Moreover, validation of the thermal insulation proper-
ties is observed on the 3D printed aerogel structures, the printed
structure can insulate 75% of the heat. The cost-effectiveness of
the proposed approach creates the potential for advanced manufac-
turing, experiments show the processing time can have a 56%
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reduction. The future works are focused on manufacturing and
large-scale production of the silica aerogel products. From the man-
ufacturing perspective, the proposed method can be developed to
fabricate customized-architecture parts for thermal insulation appli-
cations. From the large-scale production perspective, this approach
can be scaled up to produce commercial insulation aerogel products.
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