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A B S T R A C T

This study examines the effect of porosity, topology and material composition on the performance of additively
manufactured ceramic porous media burners. Thermal-structural simulations of triply periodic minimal surfaces
(TPMS) were performed to investigate thermal-stress magnitude and distribution. Alumina and mullite TPMS
structures were 3D-printed and tested in a methane-air combustion experiment, where the mullite structures
showed superior durability compared to alumina. X-ray imaging revealed notable correlation between predicted
high tensile stress regions and experimental crack formation. At equivalent porosity and cell size, TPMS
structures with higher specific surface area and tortuosity were found to have lower thermal strain and
propensity for structural failure. Structures with these features, namely diamond and I-WP, demonstrated
favorable thermal and structural behavior under identical thermal conditions. These findings can guide the
design and manufacturing of high-temperature applications with embedded porous structures, such as heat
exchangers, catalytic converters, and thermal management systems.
1. Introduction

Ceramic materials are widely employed in various engineering ap-
plications [1–3] due to their remarkable compressive strength, stiffness,
and resilience in corrosive environments. In particular, porous ceramic
structures have been applied in high temperatures systems, includ-
ing heat exchangers, injector face plates, and catalytic converters to
modulate thermal transport, reactivity, and stability [4,5]. However,
creating complex yet durable ceramic structures that concurrently op-
timize thermal, fluidic, and structural performance is challenging using
conventional methods. Combining the potential for customization from
additive manufacturing (AM) with the excellent thermal and corrosion
resistance of ceramic materials enables the construction of optimized
structures that are robust for application to extreme conditions.

Traditional fabrication techniques of ceramic foams consider bulk
properties, such as pore density, and result in random strut orientations
and pore distributions, which can significantly alter performance. AM
methods, such as digital light processing (DLP), allow for the fabri-
cation of highly engineered structures generated from computer-aided
design (CAD) software, circumventing the limitations of traditional
methods. Specifically, a series of formula-driven structures known as
triply periodic minimal surfaces (TPMS) are often used to generate CAD
models. TPMS structures include Schwarz primitive, gyroid, I-graph
and Wrapped Package-graph or ‘I-WP’, diamond, and PMY. Defining

∗ Corresponding author.
E-mail address: sobhani@cornell.edu (S. Sobhani).

1 Co-first authors.

the porous matrix based on one of these TPMS allows significant
control over the topology, pore size, wall thickness, and functional
gradation. TPMS have been considered in a variety thermofluidic ap-
plications [6–8]. However, the complexity of TPMS structures prohibits
manufacturing via conventional means beyond a small number of unit
cells, thus necessitating the use of AM.

Recently, multiple studies have examined the mechanical and ther-
mal properties of additively manufactured TPMS structures [9–12].
Compression testing of TPMS across a range of porosities demonstrate
Diamond and I-WP as two of the strongest sheet-TPMS, whereas primi-
tive is commonly found to be among the weakest [10,11]. Additionally,
a similar trend was found for polymeric TPMS structures, where Gy-
roid has been reported to possess promising mechanical properties
as well [13,14]. Numerical simulations of residual thermal stresses
induced during fabrication via AM reported the effective mechani-
cal properties of various TPMS geometries and noted reductions in
properties such as stiffness. [15]. Interpenetrating phase composites
reinforced with thickened sheet-TPMS architectures were found to
produce a lower effective coefficient of thermal expansion (CTE) com-
pared to conventional composites leading to higher robustness [16].
Although previous studies have demonstrated the differences in com-
pressive strength among TPMS structures as well as the effects of
thermal stresses, the relationship between ceramic TPMS topology and
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Table 1
Triply Periodic Minimal Surfaces (TPMS) studied and corresponding implicit functions
used to defined the structure.
TPMS Implicit function

SP 𝜓SP(x,y,z)= cos(x) + cos(y) + cos(z)

G 𝜓G(x,y,z)= sin(x)cos(y) + sin(y)cos(z) + sin(z)cos(x)

I 𝜓I(x,y,z)= 2(cos(x)cos(y)+cos(z)cos(x) + cos(y)cos(z)) -
(cos(2x)+cos(2y)+cos(2z))

D 𝜓D(x,y,z)= cos(x)cos(y)cos(z) - sin(x)sin(y)sin(z)

P 𝜓P(x,y,z)= 2cos(x)cos(y)cos(z) + sin(2x)sin(y) + sin(x)sin(2z)
+ sin(2y)sin(z)

thermal-structural performance in high temperature systems has not
been investigated.

One application of interest for complex ceramic porous structures
is porous media burners (PMBs). Prior studies have shown that com-
bustion in porous media offers significant advantages over traditional
free-flame combustion in regards to emissions, flame stability, and fuel
efficiency [17–20]. PMBs are comprised of an inert porous infill inside
olid burner walls, and are characterized by a large internal surface area
hich promotes conductive and radiative heat transfer throughout the
urner. Heat recirculation to the reactants upstream results in excess
nthalpy burning and enables stable ultra-lean combustion [21–24],
eading to improved fuel efficiency and decreased emissions of NOx and
O byproducts [20]. However, studies have shown significant crack for-
ation and material degradation after PMB operation due to the high-

emperature flame embedded in the porous structure [4,23,24]. The
ong-term performance and reliability of PMBs and other thermoflu-
dic systems involving porous structures depend on their structural
ntegrity. Therefore, characterizing the thermal-structural durability of
dditively manufactured porous ceramic structures is highly relevant
o addressing the growing interest in such advanced clean combustion
echnologies as well as other high temperature energy conversion and
hermal management systems.

Here, coupled thermal-structural simulations and experiments of
ive different cylindrical ceramic TPMS structures were performed to
nvestigate their performance and durability at high temperatures.
ariations in tensile stress levels formed under thermal expansion
ere explored computationally. Temperature measurements from ex-
eriments were used to define the thermal conditions applied in com-
utational analysis. For experimentation, structures were fabricated
sing DLP 3D printing in mullite and alumina, two ceramic materials
hat exhibit different CTE, which is known to contribute to thermal
hock resistance [25]. Flexural bending tests and thermomechanical
nalysis (TMA) were performed on samples of both materials at ele-
ated temperatures to compare strength degradation, anisotropy and
TE. Furthermore, crack formation in burners post-combustion were
xamined using X-ray Computed Tomography and compared with high
ensile regions predicted by simulations. The methods used for finite
lement (FE) simulations, designing and manufacturing of the porous
tructures, and combustion experimental setup are outlined in Sec-
ion 2, followed by the computational and experimental results in
ection 3. Finally, the conclusions and comments about future work
re presented in Section 4.

. Methods

.1. TPMS structures

Five TPMS structures were investigated, namely Schwarz primitive
SP), gyroid (G), I-WP (I), diamond (D), and PMY (P). The TPMS
mplicit functions used for each structure are shown in Table 1.

In this work, sheet-TPMS structures were selected based on their
2

avorable mechanical properties as compared to skeletal-TPMS [26,27]. t
Table 2
Specific surface area (SSA), pore diameter (D𝑝𝑜𝑟𝑒), minimum sheet thickness (t𝑠ℎ𝑒𝑒𝑡), and
tortuosity for 1 mm 75% porosity unit cells of each TPMS structure.
TPMS SSA (mm−1) D𝑝𝑜𝑟𝑒 (mm) t𝑠ℎ𝑒𝑒𝑡 (mm) Tortuosity

SP 22.5 0.1 0.35 1.05
G 27.2 0.08 0.26 1.20
I 32.2 0.06 0.28 1.17
D 36.2 0.06 0.29 1.23
P 39.0 0.02 0.08 1.17

Previous work with alumina 3D printed TPMS structures demonstrated
both higher strength and stiffness for the case of sheet-gyroids as
compared to skeletal-gyroids [28]. Additionally, sheet-TPMS offer a
higher specific surface area (SSA), which is advantageous in thermal
applications where interphase heat exchange is critical. In the sheet-
TPMS framework, a thickness is applied to the minimal surface to
achieve a target cell size and relative density [29]. Porous structures
studied were designed using MSLattice software [29].

Fig. 1 illustrates the unit cells of the five TPMS structures employed
n this study and workflows for simulations and experiments. For 1 mm
ell size and 75% porosity structures, the geometric properties of the
PMS structures investigated are summarized in Table 2. The SSA, pore
iameter, and minimum sheet thickness were measured within nTopol-
gy. Hydraulic tortuosity is defined as the total length of a line divided
y the euclidean distance from start to finish; this was estimated using
NSYS Fluent by imposing laminar viscous flow through each unit cell
t a Reynolds number < 1. The total length of each streamline was
ivided by the corresponding euclidean distance, then averaged over
he volume to give a characteristic tortuosity [30]. Fig. 1(a) shows the
treamlines through each structure, which illustrates tortuosity. The
eometric properties of each TPMS structure are later used to ana-
yze combustion and thermal-structural behavior from corresponding
omputational and experimental results.

.2. Computational modeling

Thermal-structural FE simulations were performed to evaluate the
mpact of internal topology on thermal-stress formation and dissemi-
ation. Additionally, a comparison between pure alumina (Al2O3) and
ullite (11Al2O3:1SiO2) was made to explore the differences between

wo commonly used AM ceramic materials that exhibit varying thermal
roperties. Uniform and graded structures were studied to investigate
undamental understanding of thermal-structural behavior as a function
f topological features as well as to facilitate comparisons with the
raded experimental burners. The length and diameter of the compu-
ational porous structures were 10 mm with a surrounding shell of
.5 mm thickness.
First, computational designs were imported from MSLattice to soft-

are nTopology [31] for meshing. Then, all meshes were constructed
ith quadratic tetrahedral elements to adequately capture deformation
t edge midpoints. A mesh resolution study was conducted to establish
onvergence of results and an element edge length/pore diameter
atio of approximately 0.05 was found to be satisfactory. Fig. 1(b)
llustrates the resolution of an example solid mesh. Meshes were then
mported into ANSYS Mechanical where steady-state thermal analysis
as coupled with static-structural analysis. A radial constraint bound-
ry condition was imposed on the outer surface of the cylinder, which
epresents experimentation conditions (see Section 2.4) and other rele-
ant practical applications. Experimental thermocouple measurements
rom combustion testing were used for the temperature boundary con-
itions at the top and bottom faces to facilitate comparisons between
he simulations and experiments. Averaged measurements from ther-
ocouples 2 and 3, which were closest to the flame, were imposed for

he top and bottom boundary conditions, respectively (see Fig. 2(b) for
hermocouple locations). Given a positive CTE, this temperature condi-

ion induces thermal expansion and elastic strain since free motion is
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Fig. 1. (a) Computational results illustrating streamlines used to compute tortuosity of 1 mm unit cells of the five TPMS structures investigated. (b) Workflow for the geometry
generation, experimentation and computations.
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restricted by structural boundary conditions. Stress and strain develop
according to the following relations for isotropic materials [32]:

𝜖𝑡ℎ𝑒𝑟𝑚𝑎𝑙𝑖𝑗 = 𝛼(𝑇 − 𝑇𝑟𝑒𝑓 )𝛿𝑖𝑗 (1)

𝜖𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑗 = 1∕𝐸(𝜎𝑖𝑗 − 𝜈(𝜎𝑘𝑘𝛿𝑖𝑗 − 𝜎𝑖𝑗 )) (2)

𝑡𝑜𝑡𝑎𝑙
𝑖𝑗 = 𝜖𝑡ℎ𝑒𝑟𝑚𝑎𝑙𝑖𝑗 + 𝜖𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑗 (3)

𝑖𝑗 = 2𝜇𝜖𝑡𝑜𝑡𝑎𝑙𝑖𝑗 + (𝜆𝑒 − 𝛽(𝑇 − 𝑇𝑟𝑒𝑓 ))𝛿𝑖𝑗 (i,j = 1,2,3) (4)

here 𝛼 is the temperature dependent CTE, 𝜈 is the Poisson ratio,
is the Young’s Modulus for the material, 𝜆 and 𝜇 are the Lamé

lastic constants, 𝛽 is the thermoelastic constant, e is the dilatation; T
s the temperature at evaluation, and T𝑟𝑒𝑓 is a reference temperature
sed to define zero-strain. The constants 𝜆, 𝜇, and 𝛽 are compact
erms that are functions of 𝛼, 𝜈, and E. For the simulations, a Young’s
modulus of 400 GPa at 25 ◦C and 360 GPa at 500 ◦C was applied for
lumina and 220 GPa and 190 GPa for mullite, respectively [33,34].
hese values were also verified using deflection data from bending
ests, as discussed in Section 2.4. Values for 𝜈 were taken to be fixed
t 0.23 and 0.25 for alumina and mullite, respectively. As shown in
qs. (1)–(4), the magnitude of thermal strain is directly related to the

material’s CTE, so accurate property data as temperature increases is
paramount. Therefore experiments on printed samples were performed
to determine the CTE as a function of temperature.

2.3. Additive manufacturing

High-quality stereolithography files were generated of the burners
nd scaled by a factor of 1.3 to account for shrinkage during sintering.
tructures were printed using an Admaflex 130 DLP printer at a layer
eight of 30 μ m and 50 μ m feature size. The printed structures

were first debound in a deionized water bath for 24 h at 40 ◦C to
3

emove a portion of the water-soluble resin, subsequently dried for 24–
8 h, and then thermally debound in a muffle furnace over a 48 h
eriod. This debinding process removes resin from the printing process
n preparation for sintering at a final temperature of 1625 ◦C. The
eneral design process is illustrated in Fig. 1(b). Previous additively
anufactured porous structures used in PMBs [24] were fabricated
sing only alumina, which resulted in significant degradation of the
tructures due to thermal cycling. In order to address this durability
oncern, silica was added to the alumina slurry to create a mixture
f mullite (95% alumina, 5% silica). The addition of silica lowers the
ixture CTE, thus it is expected to exhibit improved resistance to

hermal shock while maintaining superior processing characteristics to
he alumina slurry. Additionally, one alumina diamond structure was
rinted for comparison of material durability.

.4. Characterization and testing

Flexural bending tests were conducted to compare the strength
eductions of thermally shocked and un-shocked samples of 3D printed
ullite and alumina. Criteria followed ASTM C1525-18 and C1161-18,
tilizing a four-point bending test with a loading span half that of the
upport span [35,36]. Maximum flexural stress was calculated using the
ormula:

𝑓 = 3𝐹𝐿
4𝑏𝑑2

(5)

where the flexural stress is given as a function of the load in 𝑁 (F),
length of the support span (L), width of the test beam (b) and depth
of the beam (d). In these tests, a support span of 40 mm was utilized
with a beam length of 45 mm, and width and depth of 4 and 3 mm
respectively. Three samples were printed and tested for each reported
condition.

Thermomechanical analysis was conducted via a TA Instruments
Q400EM wherein 5 mm sections of alumina and mullite flexural bend-
ing beams were heated from 100 to 1000 ◦C with a holding force of 1
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Fig. 2. (a) PMB experimental setup with an embedded flame in the alumina and mullite burners shown during operation. (b) Schematic illustrating thermocouple arrangement.
for the duration of the experiment. The CTE was calculated based
n the linear coefficient of thermal expansion:

= 1
𝐿
𝑑𝐿
𝑑𝑇

(6)

where 𝛼 is the CTE, dependent on the reciprocal of the original sample
length, 𝐿, and the change in length, dL, with respect to change in
temperature, 𝑑𝑇 .

Experimental PMBs were designed as a cylinder with an outer
shell thickness of 1.5 mm, an outer diameter of 28 mm, and axial
height of 50 mm. In each case, the TPMS structure was linearly graded
axially, from a cell size of 5 mm at the entrance to 10 mm at the
exit, at a constant 75% porosity. Prior research has shown similar
grading to support stable combustion over a wide range of operating
conditions [24,37,38]. The structures were created in MSLattice and
ubsequently merged with a tubular structure generated in nTopology.

Fig. 2(a) and (b) illustrate the experimental setup and thermocouple
pacing in the burners. Three type K thermocouples (labeled as 1) were
ositioned at a height of 5 mm above the burner exit and spaced evenly
cross the diameter, with the left and right thermocouples placed
.5 mm inward from the edge. Three additional type-K thermocouples
labeled 2–4) were inserted into the sampling ports in the tube, one
0 mm upstream from the burner exit, one at the middle point of the
urner, and one 10 mm from the entrance to the burner. All temper-
ture data was captured with a Pico Technology TC-08 thermocouple
ata logger. A mixture of methane gas and air was introduced to the
MBs via two MKS mass flow controllers (MFCs) at a constant rate
uring the duration of the experiment. In these experiments, flow rate
nd fuel-air equivalence ratios were kept constant to isolate the effects
f heat flux on porous microstructure. The fuel-air equivalence ratio,
, is defined as the ratio of mass flux of fuel to that of air divided
y the stoichiometric ratio of the fuel to air. Here, a fuel-lean value
f 𝜙 = 0.95 was targeted by setting a flow rate of 1400 standard cubic
entimeters per minute (SCCM) of air and 140 SCCM of methane. PMBs
ere preheated with a heat gun to reach an internal temperature of
t least 100 ◦C at all thermocouples in order to reduce the potential

for thermal shock upon ignition. After ignition, the flame stabilized at
the surface of the PMB for up to 10 min. Next, a secondary external
heat source was applied to move the flame into the porous media.
In most cases, this heat source was used until the temperature of the
top thermocouple was 300–400 ◦C. At this point, the flame moved
pstream, embedding in the porous structure. The system was then
4

allowed to reach an equilibrium stabilization temperature defined to
be the point at which the temperature at the top burner thermocouple
port did not fluctuate more than 5 ◦C over a 15 min period.

X-ray computed tomography (XCT) imaging of burners after exper-
iments was conducted to determine the extent of material failure for
each burner. Imaging was performed using a Zeiss Versa 520, scanning
at 120 kV with an exposure time of 1.2 s, with a resulting 30-35 μm per
pixel resolution. The digital imaging files generated from the XCT scans
were segmented in 3D Slicer [39,40] to produce high contrast images
that highlight any cracks developed within the fired burners.

3. Results and discussion

3.1. Flexural bending and TMA tests

Fig. 3 illustrates the results from flexural bending and TMA tests
of 3D printed mullite and alumina bars printed perpendicular (‘Z’) and
parallel (‘XY’) to the printing plane. The results show that while mullite
has lower flexural strength than pure alumina, its strength degradation
due to thermal shock is less pronounced than that of alumina, as shown
in Fig. 3(a). When heated to 700 ◦C, strength in the XY plane exhibited
a ∼ 90% strength reduction for alumina and ∼77% for mullite as
compared to room temperature strength. This demonstrates that pure
alumina suffers from greater material degradation at elevated tem-
peratures. Bars printed in the ‘Z’ orientation had approximately 74%
lower strength than those in ‘XY’, thus illustrating significant anisotropy
in the strength of ceramic AM materials. Average strength values in
the XY plane at ambient conditions were used to evaluate the FI in
the simulation analysis. Fig. 3(b) illustrate the higher CTE of alumina
compared to mullite over the operating regime of the porous media
burners. The logarithmic curve fits for each experimental run were
used as inputs for the ANSYS thermal models to better characterize the
thermomechanical behavior of 3D printed ceramics.

3.2. Thermal-structural simulations

The computational results are presented using the failure index FI,
which is used to quantify regions of material failure based on maximum
principal stresses, 𝜎MPS, adapted from [41].

The material is likely to fail when FI is equal to or greater than 1,
defined as:

FI =
𝜎MPS (7)

𝜎MAX
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Fig. 3. (a) Average flexural bending strength of alumina and mullite, comparing ‘Z’ and ‘XY’ print orientation, and effects of thermal shock at 400 ◦C and 700 ◦C. (b) Experimental
TMA data for alumina and mullite (solid lines) with logarithmic curve fits for each (dashed lines).
Fig. 4. Failure Index FI based on maximum principal stresses of uniform cell size structures (4 mm cell size) and graded mullite structures (4 mm–2 mm).
where 𝜎MAX is the maximum average strength of the material as de-
termined by flexural bending tests. Since the ultimate compressive
strength of ceramics is typically an order of magnitude higher than
the ultimate tensile strength, the structure promoting the highest states
of tensile stress is assumed have the highest propensity for crack
formation. These states of tensile stress are captured by 𝜎MPS developed
within each element. FI is calculated at each element for the simulated
uniform and graded TPMS structures, and results are shown in Figs. 4–
8. Regions shown in grey exhibit only principal stresses in compression,
where all others experience varying degrees of tensile stress.

Fig. 4 correspond to structures with 75% porosity and either a linear
gradation in cell size from 4 mm to 2 mm or a uniform cell size of
4 mm. For all structures tested, the highest stresses are seen near the
center of the structure, which suggests that peak stress levels are most
sensitive to the underlying TPMS topology as opposed to the junction
at the cylindrical wall. Significantly more regions of failure (i.e. FI > 1)
5

are predicted for structures made of alumina as compared to mullite.
Among the mullite structures, ’D’ and ’P’ have smaller regions of failure.

Results shown in Fig. 4 are further quantified by binning the nodes
in different FI categories. Since element edge lengths for each mesh
were nearly identical with less than 15% deviation from the mean for
one standard deviation, the number of nodes in each FI range are nor-
malized by the total nodes to approximate the percentage of elements
under compression or at various degrees of tension approaching failure.
These results are shown in Fig. 5 for uniform and graded structures,
respectively. Results for uniform and graded structures were consistent
for each TPMS topology. This analysis confirms that more elements
in the alumina structures were found to have FI > 1 as compared to
mullite. This supports our experimental finding and can be attributed
to the lower CTE of mullite, as seen in Fig. 3(b) which produces lower
thermal expansion given identical temperature conditions. The volume
with FI > 0.8 for SP structures was considerably higher for both graded



Journal of the European Ceramic Society xxx (xxxx) xxxN. DiReda et al.

p

a
w
c
a
d
t

m
T
F
s
d
S
t
w
S
e
w
h
s

i
l

Fig. 5. Volume percentage of failure indices for uniform and graded cell size alumina and mullite structures.
Fig. 6. (a) Thermocouple temperature measurements at steady-state burner operation, dotted lines indicate unsuccessful non-embedded flames. (b) Specific surface area (SSA),
ore diameter, and tortuosity of each 1 mm 0.75 porosity unit cell, with regions of flame stability indicated. .
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nd ungraded conditions. This indication of lower strength is consistent
ith previous work examining the compression testing of TPMS which
oncluded sheet-based SP samples had lower ultimate strength than I
nd G structures [11]. SP stress distributions indicate failure propensity
ue to a poor ability to mitigate thermal strain in forms other than
ensile stress.

Unrestricted and frictionless motion in the Z axis allows axial defor-
ation which can be used as a proxy for the stiffness of each structure.
he geometric characteristics from Table 2 are shown graphically in
ig. 6(b) to highlight regions of low, moderate and high thermal
train. Fig. 7(a) illustrates axial thermal strain calculated as the axial
eformation normalized by the original length for 75% structures. High
SA, low pore diameter, high tortuosity generally correspond to low
hermal strain and stress distribution. Here, the SP and P structures
ere found to be the least and most stiff, respectively. SP has low
SA, large pore diameter, and low tortuosity providing the freedom for
xpansion under thermal loads. Greater deformation is shown to scale
ith stress severity for each structure. The stiffer structures such as P
ave higher SSA, smaller pores, and greater tortuosity, and thus lower
tress and FI fields.

Simulations were also performed to understand the effects of poros-
ty and cell size changes on thermal-structural behavior. These simu-
ations were conducted from ambient to a uniform condition of 550
6

t

◦C. Results shown in Fig. 7(b) represent uniform structures at three
different porosities (68%, 75%, 82%) and 4 mm cell size. Cell size
gradation and porosity within a given TPMS structure are found to
have a weaker influence on stress development than internal topology
and material properties. Results demonstrate that axial thermal strain
increases with porosity for all structures due to larger void space
and thinner struts. However, the trend in thermal strain between the
structures is mostly independent of porosity, with the exception of D
and P structures at the lowest porosity.

Results in Fig. 8 correspond to uniform structures at 75% porosity
nd three different cell sizes 4 mm, 3 mm, 2 mm. At smaller cell
izes within a fixed dimension structure, the increased number of con-
ections between adjacent cells improves lateral support and stiffness.
hus, there is a decrease in thermal strain with decreasing cell size.
s with porosity, the trend in thermal strain between the structures is
ostly independent of cell size (i.e. SP consistently the largest).

.3. Combustion experiments

To thermally stress each burner, we exploited the high temper-
tures from combustion in the PMB configuration as described in
ection 2.4. The experiments illustrated significant performance varia-

ions for burners of different internal topology under constant operating
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Fig. 7. (a) Axial thermal strain for uniform and graded structures in alumina and mullite at 75% porosity. (b) Thermal strain at 4 mm cell size and variable porosity.
Fig. 8. Failure Index (FI) based on maximum principal stresses of structures with 75% porosity and different cell size, and corresponding thermal strain calculated at uniform
temperature conditions.
conditions. Fig. 6(a) displays the average stabilization temperature
measurements from all internal thermocouples over the duration of
operation, which was approximately 15 min for each burner that sus-
tained an embedded flame. These measurements did not fluctuate more
than 5 ◦C over this time interval. Since the burners were not insulated,
radiative heat losses result in lower temperatures than reported in
comparable works with TPMS-based porous media burners [4,38]. The
heat from combustion recirculated upstream in all cases, as evidenced
by preheated reactant temperatures. For the burners that sustained an
embedded flame, the temperature profiles differed by approximately
10% within the solid, but followed similar trends in regards to the
gradient between thermocouples 2 and 4.

Of the five tested structures, only three were successful in main-
taining an embedded flame, or combustion within the porous media,
namely D, G, and I. In contrast, SP and P burners did not achieve
embedded flames. As illustrated in Fig. 6(b), the geometric properties of
the SP and P structures are hypothesized to prohibit embedded flames.
Among the TPMS structures tested, SP has the minimum SSA and
tortuosity, which lead to shorter fuel residence time within the burner
and lower the interphase heat exchange. These characteristics limit the
heat release and recirculation needed in porous burners to sustain an
embedded flame. Conversely, as the structure with the maximum SSA
7

and tortuosity, the P structure enables excessive heat transfer from the
gas to the solid phase, thus acting as a flame arrestor.

3.4. Durability and X-ray image analysis

All burners exhibited noticeable wear in the regions experiencing
the highest heat flux with differing levels of crack severity. The D and I
burners were found more durable than the G. Furthermore, the mullite
D burner was significantly more durable than the alumina D burner.
Considerable fracture exhibited by the G burner precluded imaging by
XCT, and the P and SP burners were disregarded since embedded flames
could not be sustained. Fig. 9 illustrates the cracking seen in the D and I
burners after approximately one hour of steady operation. Minor cracks
are highlighted in red to improve visibility. Multiple cracks can be seen
to cross the D structure struts in the layer plane, which is reported to
be of lower strength compared to the layer-orthogonal direction when
considering results from the four point flexural bending tests, see Fig. 3.
Altering the print orientation of future models may provide greater
resilience if weak points are identified and structures are printed so that
they exhibit favorable mechanical properties in such loading direction.

The X-ray images show cracks in both longitudinal and transverse

planes for D and I mullite burners. Fig. 9(b) and (c) show a comparison
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Fig. 9. (a) XCT isosurface of mullite ‘D’ burner, with longitudinal and transverse cross sections from (b) XCT and (c) simulations. (d) XCT isosurface of mullite ‘I’ burner, with
longitudinal and transverse cross sections from (e) XCT and (f) simulations. Minor cracks in the are highlighted in red for clarity.
between the X-ray images and the FE simulation for longitudinal and
transverse cross-sections of the D burner. Analogously, Fig. 9(e) and
(f) show these results for the I burner. For both structures, there
is noticeable overlap between regions of predicted high FI and the
crack locations in the X-ray images, denoted by the red arrows. It is
likely that initiation occurred at such locations within a unit cell then
propagated throughout the structure as operation continued. Unlike
ductile materials, ceramics do not undergo plastic deformation, but
rather sudden planar fracture perpendicular to tensile loading direc-
tions. Minor crack locations and high stress regions are shown to exhibit
consistent spacing. Highlights within a unit cell in Fig. 9(e) appeared
approximately 90◦apart as did high FI regions in Fig. 9(f). These
comparisons demonstrate the fidelity of FE simulations in predicting
regions of high stress and subsequently burner failure zones.

4. Conclusion

In this study, ceramic additive manufacturing was applied to print
five different TPMS porous structures, namely Schwarz primitive (SP),
gyroid (G), I-WP (I), diamond (D), and PMY (P). Durability was inves-
tigated by assessing the mechanical behavior through FE simulations
and combustion experimentation. The main conclusions drawn from
this work are summarized as follows:

• Axial thermal strain from simulations was used as a proxy for
stiffness and an indicator of potential failure. TPMS structures
with high specific surface area, high tortuosity, and low pore
diameter were found to have lower thermal strain and thus
decreased failure index values.

• The combustion performance of porous burners is found to be
sensitive to geometric features of the TPMS structure. SP and P
burners did not facilitate an embedded flame at the same operat-
ing conditions as the D, I and G burners, which is hypothesized to
be a result of the extremes of specific surface area and tortuosity
characteristic of these structures.

• The mullite burner at a composition of 11Al2O3:1SiO2 had much
higher durability as compared to the pure alumina burner. This
finding was supported by simulations using experimentally de-
rived material properties for mullite and alumina.

• Comparisons between simulations and XCT imaging of burners
after operation showed strong correlation between the predicted
tensile stress concentrations and experimental crack formation.
Crack spacing patterns were also identified, which supports the
use of FE simulations to predict thermal-structural performance.

These results demonstrate the potential for tailoring complex porous
structures via ceramic AM in the application of high temperature
systems, both to augment thermofluidic behavior and for system dura-
bility. Future work is required to develop alternate ceramic slurries for
DLP printing, which have more favorable thermal shock performance
8

as compared to alumina or mullite, to further improve durability.
Beyond porous burners, future work also includes the application of
this methodology to developing optimized ceramic heat exchangers,
heat pipes, and other complex ceramic structures in energy and thermal
management systems.
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