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A B S T R A C T   

Future supercritical carbon dioxide (sCO2) Brayton power cycles demand high-performance gas-to-gas heat ex-
changers (HXs) operating under extreme temperature and pressure conditions at which most existing superalloy 
materials fail to function safely. Ceramic HXs are deemed excellent candidates for advanced sCO2 power plants as 
they can withstand high-temperature working environments. Particularly, ceramic 3D printing enables compact 
HX topologies employing complex and efficient heat transfer features. However, ceramic 3D-printed walls 
separating hot and cold flow streams are susceptible to a through-plane leakage inherent to a powder-based 
manufacturing process, including ceramic 3D printing. A potential leakage through ceramic separating walls 
poses a significant challenge in developing reliable ceramic 3D-printed HXs and could deteriorate thermal 
performance. In this study, various parameters, including feedstock slurry, 3D-printing direction, and post- 
processing conditions, are considered, for the first time, to characterize the argon gas leakage rate associated 
with alumina 3D-printed parts. Three 3D-printed ceramic structures of flat plates, curved tubes, and small-scale 
plate-and-frame HXs with various thicknesses are systematically studied to determine powder and ceramic 3D- 
printing conditions to eliminate the through-plane leakage. The results showed that an alumina 3D-printed plate 
with a thickness of 0.75 mm demonstrates a permeability of 6 × 10− 4 milli-darcy. An alumina 3D-printed tube 
with a wall thickness of 0.9 mm revealed a permeability of 9.6 × 10− 7 milli-darcy. Furthermore, leakage test 
results of functional 3D-printed modules showed a dependency on the 3D-printing direction. Particularly, 
alumina cell-scale HXs employing 1.5-mm-thick horizontal and vertical 3D-printed separating walls demon-
strated impermeability and gas permeability of 7.2 × 10− 5 millidarcy, respectively. Insights gained from the 
present study facilitate the development of complex ceramic 3D-printed HXs and other balance of plant com-
ponents for next-generation high-temperature high-pressure sCO2 power cycles.   

1. Introduction 

Supercritical carbon dioxide (sCO2) closed Brayton cycles are widely 
considered as one of the most promising candidates for next-generation 
high-efficiency power plants. The sCO2 power cycles demand high- 
performance heat exchangers (HXs) functioning under extreme simul-
taneous temperature and pressure conditions [1,2]. Metals and super-
alloys including high-grade steels and nickel-based alloys are current 
choices of materials for high-temperature heat exchanger applications. 
Metal and superalloy materials, however, experience severe degradation 
at elevated temperatures and lose their thermo-mechanical properties 

and strength at temperatures exceeding 800 ◦C [3]. 
If designed properly and manufactured economically, ceramic heat 

exchangers could provide a promising recuperating solution for several 
emerging high-temperature applications such as sCO2 power cycles, 
aero-engine recuperators, and industrial waste heat recovery. Ceramics 
offer many attractive features, including excellent mechanical strength 
at elevated temperatures combined with superior oxidation and creep 
resistances suitable for high-temperature, high-pressure gas-to-gas heat 
exchangers operating under highly oxidizing environments. Existing 
ceramic-based HX technologies are, however, primarily based upon 
conventional manufacturing approaches and thus bound to their 
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inherent limitations, including difficulty in machining and design flex-
ibility [4–7]. Additive manufacturing (AM) of ceramics eliminates 
constraints faced by traditional fabrication approaches and thus enables 
the manufacturing of complex features with enhanced 
thermo-mechanical characteristics for next-generation high--
temperature high-pressure heat exchangers [8–11]. In the use of ceramic 
3D-printed materials for thermo-fluidic energy applications, under-
standing the permeability of walls enclosing a working fluid is of para-
mount importance. A through-plane leakage between cold and hot flow 
streams could degrade the heat recovery potential of ceramic 3D-printed 
thermo-fluidic devices, including heat exchangers. 

The permeability of ceramic modules depends on the quality of 
feedstock slurry and fabrication process as well as subsequent post- 
processing steps such as drying and sintering. A review on ceramic 
foams showed that permeability drastically varies from 1.2 × 10− 7 to 
1.0 × 10− 11 m2 within a small porosity range of 0.75 – 0.95 [12]. Lip-
owiecki et al. [13] made a comparison between two rapid-prototyped (i. 
e., 3D printing and micro-stereo-lithography) artificial bone scaffold 
structures. The permeability of the porous structures was evaluated 
using both water and glycerol-water as working fluids, which resulted in 
permeability values ranging from 1.84 × 10− 10 to 4.19 × 10− 9 m2, with 
porosities ranging from 30% to 70%. Dey et al. [14] performed 
permeability assessments of cordierite bonded porous SiC ceramics. 
With porosities ranging from 30.1% to 71.7%, the resulting Darcian 
permeability coefficient ranged from 10− 13 to 10− 10 m2. Gómez-Martín 
et al. [15] performed permeability and mechanical integrity experi-
ments on porous biomorphic SiC ceramics employed as hot-gas filters. 
The porosity fractions of different samples was 45–72%, with Darcian 
permeability ranging from 10− 13 to 10− 12 m2, which falls within the 
range of granular filters reported by other studies. Biasetto et al. [16] 
explored the permeability of SiOC microcellular ceramic foams. With 
cell sizes ranging from 10 to 150 µm, Darcian permeability values varied 
from 10− 13 to 10− 10 m2 were obtained. Their results indicated that an 
increase in cell window size gives an increase in permeability. Moreira 
et al. [17] explored the permeability of ceramic foams (SiC – Al2O3 
mixture) with compressible and incompressible flows, which produced a 
Darcian permeability range of 10− 9 to 10− 6 m2. They then proposed an 
Ergun-type empirical correlation to predict permeability. However, 
most prior studies as listed above have focused on permeability assess-
ment of porous ceramic foams, in contrast to highly dense structures of 
separating walls employed in ceramic 3D-printed heat exchangers. 

There are limited studies examining permeability and controlling the 
leakage rate of functional ceramic thermo-fluidic devices. Mostly, the 
chemical vapor deposition (CVD) technique has been utilized to coat a 
barrier layer on ceramic structures and thus seal the device [18–21]. 
Since ceramic structures are produced through conventional fabrication 
approaches in separate parts and then assembled as a whole structure, 
the possibility of leakage at ceramic joints is a concern. Schmitt et al. 
[18] characterized permeability of CVD-coated structures and demon-
strated two orders of magnitude reduction in permeability compared 
with non-coated structures. Bouquet et al. [22] characterized perme-
ability of composite matrix of SiC and reported a reduction in perme-
ability value with an increase in temperature. They suggested a lower 
thermal expansion coefficient of carbon fibers than SiC is the governing 
mechanism for this behavior, which accounts for a crack size reduction 
and subsequently a drop in leakage rate. Hayasaka et al. [23] introduced 
a new SiC/SiC production process termed Nano-Infiltration and Tran-
sient Eutectoid (NITE) to reduce gas permeability of ceramic assemblies. 
The helium gas leakage of NITE SiC/SiC tubes showed more than two 
orders of magnitude improvement compared with conventionally 
fabricated ceramic samples. However, the above permeability studies 
were mainly based upon ceramic products manufactured through con-
ventional fabrication approaches. 

In order to fill the gap as noted above, the present study aims to 
characterize gas leakage rates of ceramic 3D-printed modules for the 
first time to the best of the authors’ knowledge. Here, the effects of 

several parameters, including feedstock slurry, 3D-printing direction, 
and post-processing conditions on leakage rate of alumina 3D-printed 
parts, are considered. The ceramic 3D-printed modules examined 
include flat plates, tubes, and small-scale plate-and-frame HXs. In the 
following, first, preparation of alumina feedstock slurry and 3D printing 
(i.e., robocasting) process are discussed. Next, the test facility for 
leakage characterization of ceramic 3D-printed structures is presented. 
Finally, leakage test results of alumina 3D-printed flat plates, curved 
tubes, and cell-scale HXs with horizontal and vertical separating walls 
are examined. 

2. Methods 

2.1. Preparation of alumina slurry 

Two alumina compositions were considered. The first composition 
uses a fairly high-purity alumina powder of 99.8% and an average 
particle size of 1.9 µm (i.e., feedstock A). The second alumina compo-
sition includes a high-purity alumina powder of 99.99% with an average 
particle size of ~0.5 µm (i.e., feedstock B). First, an aqueous alumina 
solution was prepared by adding the alumina powder to deionized water 
and ammonium polyacrylate with a molecular weight of 3500 g/mol as 
the dispersing agent. The alumina aqueous slurry was then mixed in a 
planetary ball mill for 6 h. Next, polyvinylpyrrolidone (i.e., PVP) with a 
molecular weight of 55000 g/mol and deionized water were mixed for 
12 h. Finally, the aqueous alumina and binder solutions were mixed for 
another 1 h and used as the feedstock slurry for ceramic 3D printing. 

2.2. Robocasting of alumina parts 

The ceramic parts were 3D-printed through robocasting as an 
extrusion-based 3D-printing technique. The robocasting technology 
largely relies on the knowledge and fundamental understanding of the 
material properties necessary to develop an extrudable feedstock suit-
able for the robocasting 3D-printing process. Particle size distribution, 
surface area, morphology, and surface chemistry of the starting powders 
are very important. In addition to the characteristics of the starting 
powder, the carrier solvent and additives such as dispersants, binders, 
and plasticizers all affect the rheology and performance of the extrud-
able feedstock (i.e., paste). These properties also affect the drying and 
curing behaviors of the 3D-printed components and thus ultimately 
control the sintering behavior and final properties of the 3D-printed 
parts. 

In the robocasting technique, the feedstock slurry is deposited in a 
layer-by-layer fashion. The feedstock slurry is loaded in a syringe 

Fig. 1. A schematic of ceramic robocasting 3D printer.  
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extruder of a custom-made 3D printer with three degrees of freedom in 
the x, y, and z directions (cf. Fig. 1). The feedstock slurry is then 
extruded through a syringe needle as the stage moves in a predefined 
path. For a proper extrusion, the ceramic paste should exhibit specific 
rheological properties. The primary ones are good, consistent flow at a 
reasonable applied pressure, and appropriate yield stress upon extru-
sion. Here, the rheology of the feedstock slurry is optimized to demon-
strate a shear-thinning behavior, thereby allowing extrusion of the 
ceramic slurry at a designed applied pressure. Once the ceramic slurry is 
deposited on the build plate, the 3D-printed green structures retain their 
shape due to the shear thinning behavior. The green body structure is 
then sintered at high temperatures (i.e., 1650 ◦C) to achieve high- 
density parts. 

3. Test facility for leakage characterization of ceramic 3D- 
printed structures 

3.1. Characterization of ceramic 3D-printed plates 

The leakage characterization of ceramic 3D-printed plates was con-
ducted in a custom-made test setup shown in Fig. 2 at room temperature. 
The test apparatus consists of two stainless steel upper and lower plates 
with a 3D-printed ceramic plate sandwiched between the two plates (cf. 
Fig. 2a). A 1.5 × 1.5 × 2.5 cm3 cuboid chamber is carved into the lower 
plate with brazed tubes, as shown in Fig. 2b and c. The brazed tubes 
allow to (i) pressurize the lower stainless steel chamber with the argon 
gas to a target pressure level and (ii) integrate a pressure sensor for real- 
time pressure monitoring. As shown in Fig. 2b, the upper stainless steel 
plate is textured to resemble typical structures of a high-temperature, 
high-pressure (HTHP) heat exchanger (HX) design. With the lower 
chamber pressurized, the upper structures prevent large deformations of 
the 3D-printed ceramic plates. 

Darcy’s law formulates the flow of a fluid through a porous medium 
(Eq. (1)). This formula defines the permeability parameter, κ, as the 
resistance of the material to pass the flow through. 

κ =
ṁ × μ × l

ρ × A × ΔP
(1)  

where μ is argon dynamic viscosity, 0.000022 Pa.s, l is the plate 

thickness, ρ is argon density, A is the surface area of the plate, 2.25 cm2, 
and ΔP is the pressure difference between the two sides of the 3D- 
printed ceramic plate. The ideal gas formula was used (Eq. (2)) to 
calculate the mass flow rate of the argon gas displaced through a ceramic 
3D-printed plate. Knowing the pressure variation of the lower chamber 
during a test, time of testing, and temperature, the mass flow rate can be 
estimated by: 

ṁ =
Vlower chamber ×

(
Pinitial − Pfinal

)

time × Rs,argon × T
(2)  

3.2. Characterization of ceramic 3D-printed tubes 

The leakage rate of ceramic 3D-printed tubes was characterized 
through a similar approach discussed in the previous section at room 
temperature. Three ceramic 3D-printed tubes with various dimensions 
were studied. The ceramic tubes were initially pressurized with argon 
gas. The in-tube pressure variations were monitored as a function of time 
for 12 h to estimate the permeability of the ceramic tube structures. The 
intrinsic leakage rate of the test system and associated connections was 
established against an impermeable metal tube. Additionally, an 
alumina 3D-printed tube that was proved to be leak-free at room tem-
perature was leak tested at combined high temperatures and pressures of 
300 ◦C / 0.7 MPa, 350 ◦C / 1 MPa, and 400 ◦C / 1.4 MPa. 

3.3. Characterization of ceramic 3D-printed heat exchangers 

In the next stage, the leakage rate of more functional ceramic energy 
devices in the form of 3D-printed heat exchangers was characterized at 
room temperature. The 3D-printed heat exchangers included hot and 
cold flow streams separated by thin ceramic 3D-printed walls. Two types 
of ceramic heat exchangers were studied to consider the effect of 3D- 
printing build orientation on the leakage rate. In the first type, the 
ceramic walls separating the hot and cold flow streams were 3D-printed 
in the horizontal direction (i.e., parallel to the build plate or XY-plane in 
Fig. 1). In the second type, the separating walls were 3D-printed in the 
vertical direction (i.e., vertical to the build plate or XZ-plane in Fig. 1). 
To study the leakage rate of the 3D-printed heat exchangers, a pressure 
potential between the hot and cold sides was established. The gas 

Fig. 2. (a) A schematic of the permeability test apparatus, (b) upper and lower chambers of the test setup, and (c) an image of the complete permeability test setup 
with two pressure sensors integrated. 

Fig. 3. (a) Images of the six 3D-printed alumina permeability test plates, (b) cross-sectional views of the test plates, and (c) 3D-printed test plates under a high- 
temperature torch flame. 
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leakage rate between the two sides determine the permeability of 
ceramic 3D-printed walls of heat exchanger modules. 

4. Results and discussions 

4.1. Ceramic 3D-printed flat plates 

Fig. 3 shows six 3D-printed plate samples made of alumina feedstock 
A. The thicknesses of examined alumina plates are 2.85 (i.e., sample S1), 
2.66 (i.e., sample S2), 1.91 (i.e., sample S3), 1.76 (i.e., sample S4), 0.91 
(i.e., sample S5), and 0.75 mm (i.e., sample S6). These ceramic plates 
were sintered at a temperature of 1625 ◦C where they achieved an 
average density of 95–96% of theoretical density with an approximately 
0.5% open porosity. To obtain a general sense of the high-temperature 
durability of these alumina 3D-printed plates, Fig. 3c depicts sample 
S1 under a high-temperature torch flame where the local temperature 
exceeds 1200 ◦C. 

Fig. 4a to c show the mass flow rate of the argon gas leaked through 
the alumina 3D-printed plates at different pressure drops (i.e., poten-
tials) across the plates. As shown, the variations of the mass flow rate are 
almost linear, with a change in the pressure drop consistent with the 
Darcy’s formula. The curve slopes for samples S1 to S5 are close and 
approximately equal to 10− 15 kg/Pa-s, while the slope is one order of 
magnitude higher for sample S6 with a value of 2 × 10− 14 kg/Pa-s. This 
clearly indicates that the permeability of the thinnest ceramic 3D- 
printed plate (i.e., sample S6) is higher. 

Fig. 5a shows the permeability of samples S1 to S6 at different plate 
thicknesses. Fig. 5b compares the permeability of the alumina 3D- 
printed plates against that of typical minerals indicating a high quality 
of the alumina 3D-printed plates. As evident, samples S1 to S5 having a 
thickness range of 2.85–0.91 mm demonstrated a permeability value of 
0.5 × 10− 4 milli-darcy below the lower permeability limit of granite. 
Sample S6 with a thickness of 0.75 mm showed a permeability of 
6 × 10− 4 milli-darcy which is between the lower and upper permeability 
limits of granite. An uncertainty analysis indicated a maximum uncer-
tainty of ± 14% associated with the reported permeability values. 

Further investigation of the alumina 3D-printed composition 
employed suggested that the density of the sintered alumina plates for 
leakage tests was about 95–96% of theoretical density with an approx-
imately 0.5% open porosity. Alumina feedstock A was composed of an 
alumina powder with a purity of 99.8% and an average particle size of 
1.9 µm. Next, alumina feedstock A was modified into feedstock B with 
additions of an alumina powder with 99.99% purity and an average 
particle size of ~0.5 µm, which reduced the average size of the alumina 
blend to 1.1 µm. Reduction of the particle size and increasing the sin-
tering temperature of samples printed with alumina feedstock B from 
1625 ◦C to 1650 ◦C resulted in sintered densities of 97–98% theoretical 
density with virtually no open porosity. This small improvement in 
density and a reduced open porosity should make alumina feedstock B 
plates essentially impermeable even at low plate thicknesses. If imper-
meability is not achieved, the cause is most likely due to problems 
associated with the 3D-printing process and not the feedstock. 

Fig. 4. Mass flow rate of the argon gas passed through samples (a) S1 and S2, (b) S3 and S4, and (c) S5 and S6 at different pressure drops (i.e., potentials) across 
the plates. 

Fig. 5. (a) Permeability values of samples S1 to S6 at different plate thicknesses, and (b) a comparison of the permeability of the alumina 3D-printed plates against 
that of typical minerals. 
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The alumina feedstock B was utilized to 3D-print two new ceramic 
plates with thicknesses of 1.6 (i.e., sample S7) and 3.2 mm (i.e., sample 
S8). Fig. 6 compares the mass flow rate of the gas leaked through two 
3D-printed plates made of alumina feedstock A (i.e., sample S4) and B (i. 
e., sample S7) versus pressure potentials across the plates. As evident, 
the alumina plate made of feedstock B demonstrates a significantly 
lower leaked mass flow rate compared with that of the alumina plate 3D- 
printed with feedstock A. The slopes of the curves for the alumina plates 
made of feedstock A and B are 8 × 10− 11 and 10− 13 kg/Pa-s, respec-
tively. This indicates that the permeability of the alumina plate 3D- 
printed with feedstock B is 2.35 × 10− 6 millidarcy, which is almost 
two orders of magnitude lower than a similar thickness plate fabricated 
with alumina feedstock A. It should be noted that sample S8, made of 
alumina feedstock B and a thickness of 3.2 mm, showed no leakage and 
thus is impermeable. In contrast, 3D-printed plates made of alumina 
feedstock A showed impermeability at a thickness of 5 mm. 

4.2. Ceramic 3D-printed curved tubes 

The promising results achieved with the ceramic 3D-printed plates 
inspired the fabrication of more functional 3D-printed parts. To this end, 
alumina tubes were 3D-printed to mimic tubes and curved manifolds of a 
typical heat exchanger design. As shown in Fig. 7, three tubes with 
different wall thicknesses were examined to study the leakage rate of 
ceramic 3D-printed tubes. The wall thicknesses of tubes 1, 2, and 3 were 
1.92, 1.9, and 0.9 mm, respectively. The intrinsic leakage rate of the test 
setup was established against a metal tube. Leakage test results 
demonstrated that the alumina 3D-printed tubes 1 and 2 are imperme-
able to a gas flow. In contrast, the alumina 3D-printed tube 3 with a 

lower wall thickness of 0.9 mm was permeable to the gas flow. Fig. 8 
shows the mass flow rate of the gas leaked through the 3D-printed tube 3 
at different pressure potentials between inside and outside of the tube. 
As shown, the leaked gas flow rate linearly increases with the pressure 
potential as predicted by the Darcy’s formula. The slope of the fitted 
curve is 5.6 × 10− 17 kg/Pa-s resulting in a permeability value of 
9.6 × 10− 7 millidarcy. 

A comprehensive study is required to understand the temperature- 
leakage dependency of the alumina 3D-printed samples at high tem-
peratures and pressures. Generally, an increase in the leakage rate is 
expected at high temperatures due to thermal expansion of micro-cracks 
if present. A series of preliminary high-temperature high-pressure tests 
were conducted to evaluate the leakage rate of the alumina 3D-printed 
tube with a wall thickness of 1.9 mm that was proved to be impermeable 
at room temperature. The alumina 3D-printed tube did not show any 
measurable leakage rate under the combined high temperatures and 
pressures of 300 ◦C / 0.7 MPa, 350 ◦C / 1 MPa, and 400 ◦C / 1.4 MPa. In 
the future, additional testing will be conducted at higher temperatures 
and pressures to thoroughly examine the leakage rate of the alumina 3D- 
printed modules at various wall thicknesses. 

4.3. Ceramic 3D-printed cell-scale HXs with horizontal and vertical 
separating walls 

Next, alumina 3D-printed cell-scale heat exchangers with an overall 
size of 5 cm × 5 cm × 1 cm were fabricated to investigate the leakage 
rate of ceramic 3D-printed parts in a more realistic HX configuration. 
The HX was 3D-printed with alumina feedstock A, resulting in a 96% 
theoretical density (cf. Fig. 9a). A pressure difference of 344.7 kPa 

Fig. 6. Mass flow rate versus pressure drop for a 1.6-mm-thick alumina 3D- 
printed plate made of feedstock B. 

Fig. 7. Alumina 3D-printed tubes: (a) front view, and (b) cross-sectional view.  

Fig. 8. Mass flow rate versus pressure drop for a 0.9-mm-thick alumina 3D- 
printed tube. 
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(50 psi) between hot and cold channels was established to evaluate 
quality of the 3D-printed heat exchanger. The alumina 3D-printed heat 
exchanger, however, demonstrated an unacceptable internal leakage 
rate between hot and cold channels. Hence, the alumina 3D-printed HX 
was scanned with X-ray computed tomography (CT) in Zeiss equipment 
to better understand the shape of internal features upon ceramic 3D 
printing and sintering. Fig. 9b-d show the CT scans of the 3D-printed HX 
made of alumina composition A. The CT scan images were able to pro-
vide significant manufacturing insights, which were not possible with 
conventional procedures unless destructive approaches were adopted. It 

is evident that the printing direction (i.e., horizontal vs. vertical build 
plane) has a distinct effect on the quality of the alumina 3D-printed 
separating walls. As shown, vertical walls demonstrate a scallop shape 
with a non-uniform layer thickness (Fig. 9b and c). Particularly, the 
thickness of a vertically 3D-printed plate locally becomes very thin with 
a possibility of a high local leakage rate. In contrast, horizontally 3D- 
printed plates exhibit a higher quality with a uniform layer thickness, 
as evident in Fig. 9d. 

The schematic in Fig. 10 depicts possible permeable pathways 
through an extrusion-based 3D-printed structure. As shown, beads of an 

Fig. 9. Alumina 3D-printed HX made of alumina composition A: (a) an overall HX image, (b) CT scan of a zoomed cross-sectional view, (c) CT scan of an x-dir. cross- 
sectional view, and (d) CT scan of a y-dir. cross-sectional view. 

Fig. 10. Possible permeable pathways through an extrusion-based 3D-printed structure.  
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extruded slurry are deposited next to and on top of each other. There-
fore, the permeability of a solid 3D-printed part depends on (i) inter-
connected porosity within the material due to possible air pockets 
present in the feedstock slurry, (ii) how well the extruded beads join 
together during the printing process, and (iii) fusion quality of ceramic 
particles during the sintering process. Particularly, the second factor 
depends on the print orientation; horizontal versus vertical printing 

direction. The microstructure between layers that form a vertical barrier 
(cf., the left schematic in Fig. 10) can be different than the microstruc-
ture between beads that are deposited next to each other within a single 
layer (cf., the right schematic in Fig. 10). Also, beads that do not 
completely flow together can leave macroscopic channel-shaped voids 
parallel to the build direction. Therefore, permeability data collected for 
flat plates are not adequate to predict the complexities of real heat 
exchanger designs. 

Cell-scale alumina HXs with horizontal (i.e., Type a) and vertical (i. 
e., Type b) separating walls between the hot and cold sides were 3D- 
printed to study the effect of 3D-printing direction on the permeability 
of 3D-printed parts. Fig. 11 shows schematics and actual images of the 
cell-scale 3D-printed HX modules for permeability tests. For simplicity, 
heat exchangers were designed with only four channels (i.e., two hot and 
two cold channels). In addition, two different thicknesses of 1.5 and 
3 mm were considered for each HX type making a total of four different 
configurations. In type a, cold and hot flow streams were separated from 
each other with a horizontal separating as shown in Fig. 11a-d. Two HX 
designs with horizontal wall thicknesses of 1.5 (Type a1.5) and 3 mm 
(Type a3) were fabricated. In type b, the plates separating cold and hot 
flow streams were 3D-printed in a vertical build direction (cf. Fig. 11e- 
h). Similarly, two HX designs with vertical wall thicknesses of 1.5 (Type 
b1.5) and 3 mm (Type b3) were considered. None of the four channels in 
types a and b are interconnected. 

The four alumina 3D-printed HXs were extensively tested for the 
leakage rate. The test results demonstrated that the permeability of 
ceramic 3D-printed modules depends on the printing direction. Both 
internal (i.e., between cold and hot flow channels) and external (be-
tween cold/hot channels and outside environment) leakage tests were 

Fig. 11. (a) A CT scan cross-sectional view of Type a HX, (b) a schematic cross-sectional view of Type a HX, (c) a front view image of Type a HX, (d) a cross-sectional 
view image of Type a HX, (e) a schematic cross-sectional view of Type b HX, (f) a CT scan cross-sectional view of Type b HX, (g) a cross-sectional view image of Type 
b HX, and (h) a front view image of Type b HX. The blue and red colors represent the cold and hot flow streams. 

Table 1 
Internal leakage test results of the four alumina cell-scale 3D-printed HXs with horizontal and vertical separating walls. All four 3D-printed HX configurations showed 
zero external leakage.  

Configuration number Built print direction Thickness of separating wall Test duration Average internal leakage rate [kg/s] Internal permeability 

a1.5 Horizontal 1.5 mm 12 hrs 0 Impermeable 
a3 Horizontal 3 mm 12 hrs 0 Impermeable 
b1.5 Vertical 1.5 mm 12 hrs 6.1 × 10− 16 Permeable κ = 7.2 × 10− 5 md 
b3 Vertical 3 mm 12 hrs 0 Impermeable  

Fig. 12. Thermal conductivity of an alumina 3D-printed coupon densified to 
96% of theoretical density as a function of temperature. 
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examined. All four cell-scale HX modules showed zero external leakage.  
Table 1 provides internal leakage test results of four cell-scale alumina 
3D-printed HX designs with horizontal and vertical separating walls. 
When the thickness of the wall separating the cold and hot sides is 3 mm 
(i.e., Type a3 and b3 HXs), the cell-scale alumina 3D-printed HXs 
demonstrated a zero-permeability independent of the 3D-printing build 
direction. It is evident that the 3D-printing build direction affects in-
ternal permeability values of the cell-scale HXs with 1.5-mm-thick 
horizontal (i.e., Type a1.5) and vertical (i.e., Type b1.5) plates. As 
shown, type a1.5 HX with a horizontal separating wall of 1.5 mm is 
impermeable. However, type b1.5 HX with a vertical separating wall of 
1.5 mm showed an internal permeability of 7.2 × 10− 5 millidarcy. This 
confirms that a horizontally built plate has a higher 3D-printing quality 
consistent with the X-ray CT scan imaging. 

The thermal conductivity of an alumina 3D-printed coupon was 
measured at high temperatures to have a better insight into the design of 
functional ceramic heat exchanger systems. Thermal conductivity is an 
important material characteristic affecting the overall thermo-hydraulic 
performance of a ceramic 3D-printed heat exchanger. Thermal con-
ductivity is particularly important for ceramic 3D-printed heat ex-
changers as their thermal conductivities are significantly lower than 
typical metals due to the absence of free electrons. Fig. 12 shows vari-
ations of thermal conductivity of an alumina 3D-printed coupon as a 
function of temperature. The alumina 3D-printed coupon was sintered 
and densified to 96% of theoretical density (i.e., a density of 3975 kg/ 
m3). As shown, the thermal conductivity is inversely related to the 
sample temperature due to anharmonic phonon scattering (i.e., phonon- 
phonon interactions). At room temperature, the thermal conductivity of 
the alumina 3D-printed sample is 18 W/m-K. The thermal conductivity 
of the alumina 3D-printed sample decreases from 11.8 to 3.4 W/m-K 
when the sample temperature increases from 100◦ to 700◦C. In the 
future, alumina 3D-printed heat exchangers employing complex heat 
transfer topologies will be developed, considering the fundamental 
properties of ceramic 3D-printed modules studied in this work. 

5. Conclusion 

In this study, the argon gas leakage rate of alumina 3D-printed 
modules consisting of flat plates, curved tubes, and cell-scale plate- 
and-frame HXs was systematically examined. Effects of several param-
eters, including feedstock slurry, 3D-printing direction, and post- 
processing conditions on leakage rate of alumina 3D-printed parts, 
were examined to identify the minimum thickness required for imper-
meability. Two alumina feedstock compositions of A (i.e., a 99.8% pu-
rity alumina powder with an average particle size of 1.9 µm) and B (i.e., 
a 99.9% high-purity alumina powder with an average particle size of 
~0.5 µm) resulting sintered alumina densities of 96% and 98% of 
theoretical density were examined. 

A noticeable change in permeability of 3D-printed flat plates made of 
alumina feedstock A and B were identified. While a minimum thickness 
of 5 mm was required to achieve impermeability with feedstock slurry 
A, impermeability was accomplished at a plate thickness of 3.2 mm with 
feedstock slurry B. A 0.75-mm-thick alumina 3D-printed plate made of 
feedstock A showed a permeability of 6 × 10− 4 millidarcy. The gas 
leakage rate of alumina 3D-printed tubes and cell-scale HXs were 
examined with alumina feedstock B. While an alumina 3D-printed tube 
with a thickness of 1.9 mm was impermeable to a gas flow, a 0.9-mm- 
thick tube showed a permeability of 9.6 × 10− 7 millidarcy. Addition-
ally, alumina cell-scale HXs employing horizontal 3D-printed walls 
separating cold and hot streams yielded impermeability at 1.5 and 3 mm 
wall thicknesses. An alumina cell-scale HX utilizing 1.5-mm-thick ver-
tical 3D-printed separating walls demonstrated a gas permeability of 
7.2 × 10− 5 millidarcy. Experiments conducted here confirmed the 
promise of ceramic 3D-printed modules to accelerate the development 
of next-generation high-temperature high-pressure sCO2 power cycles. 
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