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Abstract

Porous skeletons play a positive role in improving the heat storage and release rate
of molten salt phase change materials, making their development a research hot spot.
However, the current simple structure of the porous skeletons limits their application in
complex heat storage devices. In this study, the aluminum nitride porous ceramic
skeleton, prepared by the photocuring additive manufacturing technology, was shown
to improve the heat transfer performance of a solar salt. The solar salt/aluminum nitride
porous ceramic skeleton composite phase change materials were prepared and their heat
storage rate was investigated. The composite phase change materials could reduce the
heat storage time by up to 33.05 % compared to the pure solar salt; the maximum
temperature difference decreased by up to 22.1<C. Even after 180 heat cycles, the
aluminum nitride porous ceramic skeletons exhibited excellent anti-corrosion against
the solar salt and maintained their original phase, functional groups, and elements, with

no new compound formation. This study is of great significance to improve the heat
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storage performance of complex heat storage devices and provides a foundation for the
application of ceramic additive manufacturing in the field of energy storage and heat
transfer.

Keywords: Porous ceramic; photocuring additive manufacturing; solar salt; heat

transfer; anti-corrosion

Nomenclature Al;O3 Aluminum oxide
AIN Aluminum nitride NaNO3 Sodium nitrate
PCMs Phase change materials KNOs Potassium nitrate
SiC Silicon carbide LSl Liquid silicon infiltration
LCD Liquid crystal display XRD X-ray diffraction
Y203 Yttrium oxide EDS Energy dispersive spectroscopy

1. Introduction

To alleviate the growing energy demands worldwide, various novel energy
harvesting methods are being developed with improved energy conversion efficiencies.
Common thermal energy storage technologies include electrochemical heat storage,
sensible heat storage and phase change heat storage [1]. Compared to other methods,
phase change heat storage exhibits the advantages of high energy storage density and
low costs [2]. It has been applied in industrial waste heat recovery, solar energy storage,
and staggered peak energy storage [3-6]. Based on their phase change temperature of
the phase change materials (PCMs), they can be divided into low-temperature PCMs,
medium-temperature PCMs, and high-temperature PCMs [7, 8]. In general, low-

temperature PCMs are mainly organic [9-12], whereas, medium- and high-temperature
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PCMs are inorganic [13-17].

Notably, the low thermal conductivity of PCMs reduces their heat storage and
release rate, and therefore, improving the heat storage and release rate of PCMs has
become a major research focus. PCMs heat storage and release rate have been enhanced
using various methods, such as microcapsules [18, 19], metallic skeletons [20, 21], and
metal fins [22, 23]. However, these methods are commonly applied only to low-
temperature PCMs [24]. Medium- and high-temperature PCMs generally exhibit strong
corrosive [25, 26], which makes it difficult to apply to the abovementioned heat-transfer
enhancement methods. In addition, several studies have tried adding nanoparticles to
enhance the PCMs properties [27-29]. However, phase separation often occurs between
the nanoparticles and PCMs after repeated heat storage and release cycles, making the
two incompatible [30].

Porous skeletons also play an important role in heat storage and release rate [31,
32], which are commonly prepared using metallic, carbon-based, and ceramic materials
[33-35]. Ceramic materials exhibit excellent (i) anti-corrosion properties compared to
metals and (ii) mechanical performance compared to carbon-based materials. Owing to
these properties, the incorporation of porous ceramic skeletons in PCMs has
demonstrated improved heat storage and release rate [36-38]. Luo et al. [39] prepared
three-dimensional (3D) hierarchical ultralight silicon carbide (SiC) foams, obtained
from nickel (Ni) foam by annealing, chemical vapor deposition, and gas phase
infiltration. Compared to pure PCMs, the thermal conductivity increased by 259% for

the composites. Li et al. [40] studied the effective thermal conductivity of NaLiCOs-
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based composites, prepared by combining magnesium oxide (MgQO; i.e. the ceramic
skeleton), PCMs, and heat transfer enhancers. Xu et al. [41] prepared biomorphic SiC
foams with high thermal conductivity (up to 116 W/mK) by reactive infiltration of
molten silicon (Si) into carbonized wood. Zhang et al. [42] prepared SiC porous ceramic
materials by impregnating polyurethane foam with a SiC slurry and studied the molten
salt/SiC composite PCMs. They showed that the porous SiC can reduce the maximum
temperature difference of the molten salt phase change from 148<C to 130<C and
increase the heat storage rate by 42.9%.

From the above studies, it is clear that porous ceramics play a crucial role in
improving the heat transfer rate of molten salt PCMs. However, the heat storage device
structures are generally complicated and the shape of the porous ceramic is not
controllable. Thus, poorly matched shapes increase the thermal resistance and reduce
the heat storage rate. Therefore, the preparation of porous ceramic materials with
controllable structures has become an important goal of energy storage research. With
the continuous development of additive manufacturing, the porous ceramic skeletons
of the additive manufacturing have found extensive applications in the field of heat
transfer [43-45]. However, their effect on improving PCMs heat storage rate remains
unclear.

In this study, the heat transfer properties of solar salt/AIN porous ceramic skeleton
composite PCMs were analyzed. Four AIN porous ceramic skeletons, with porosities in
the range of 60.46-82.20%, were prepared by using a liquid crystal display (LCD) 3D

printer. Further, the anti-corrosion property of the AIN porous ceramic skeleton in the
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solar salt composite PCMs was investigated. We aimed to improve the rate of heat
storage devices with complex structures and provide a foundation for the application of
3D-printed porous ceramic materials in heat storage applications.
2. Methods and meethods
2.1 Materials

The photosensitive resin (transparent) was procured from Shenzhen Creality 3D
Technology Co., Ltd., China; AIN ceramic powder with two different diameters (6.5
pm and 3 pm; purity=99.9%) from Hebei Keze Metal Materials Co., Ltd., China;
yttrium oxide (Y203) and aluminum oxide (Al.Oz) powders (purity=99.5%, average
particle diameter of 1 m) from Hubei Nona Technology Co., Ltd., China; silica fume
(purity = 99.5%, average particle size of 6 pm) from Qinghe Chuangying Metal
Material Co., Ltd., China; and sodium nitrate (NaNO3) and potassium nitrate (KNO3)
(purity =99.9%) from Shanghai Aladdin Industrial Inc., China. The photosensitive
resin was used as the raw material for the LCD 3D printer; Y203 and Al.O3 were used
as sintering aids, and the silica fume was used for the liquid silicon infiltration (LSI)
materials. The solar salt was prepared using a mixture of NaNO3z and KNOs.
2.2 AIN porous ceramic skeleton preparation

Four different models of the AIN porous ceramic skeleton were established in the
3D modeling software (detailed structural dimensions and nomenclature of the porous
skeleton have been listed (Table 1)). The overall dimensions of the porous models were
70 mm %59 mm =55 mm. Subsequently, the 3D geometric porous model was sliced

using the CHITUBOX 64 software into 0.05 mm thick layers, and the curing time of
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each layer was 20 s [35]. The sliced porous skeleton model was then imported into the
LCD 3D printer [LD-002H; Fig. 1(b)], and the mixed AIN ceramic slurry was
introduced into the material tank of the printer [Fig. 1(a)]. The porous green body
skeleton was then printed [Fig. 1(c)] and carbonized in a furnace (GF1750, Nanjing
Boyuntong Instrument) under a nitrogen (N2) atmosphere [Figs. 1(d, e)]. The
carbonization process was as follows: the temperature was increased from 20-150<C
over 65 min; it was then increased to 500 <C over the next 700 min, and maintained at
that temperature for 30 min; finally, natural cooling temperature ranges from 500<C to
room temperature. The carbonized porous skeleton was placed in a furnace for liquid
silicon infiltration (LSI) under an argon (Ar) atmosphere [Figs. 1(f, g)]. The LSI process
was as follows: The skeleton temperature was gradually increased from 25-600<C over
115 min; 600-1100<C over 50 min; and 1100-1550<C over 150 min. The temperature
was maintained at 1550<C for 120 min. It was subsequently cooled down to 1100C
over 100 min, and then, to room temperature naturally.

Table 1. Dimensions of the AIN porous skeleton structure.

Name Pore (mm) Strut (mm) Long (mm) Wide (mm) Height (mm)
I 35 0.5
Il 2.5 0.5 70 59 55
1l 3.5 0.8
v 2.5 0.8
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Fig. 1. AIN porous ceramic skeleton preparation process. (a) ceramic slurry and porous
model, (b) LCD 3D printer, (c) the porous green body skeleton, (d) carbonization in the
atmosphere furnace, (e) porous skeleton after carbonization, (f) LSI in the atmosphere furnace,
and (g) ceramic skeleton after LSI.

2.3 Heat transfer experiment of the porous ceramic skeleton

Solar salts find extensive applications in solar thermal power plants, waste heat
recovery, and other related fields [28]. They are classified as inorganic PCMs, which
possess substantial latent heat and excellent thermal stability. In this study, a solar salt
was employed as the PCMs (thermo-physical properties in Table 2). The heat source of
the heat transfer test device was a 250 W aluminum (Al) heating plate of dimensions
100 mm <100 mm <20 mm [Fig. 2(a)]. During the heat transfer test, the temperature
of the heating plate was set to 300<C and regulated by the temperature controller.

Previous studies have shown that ceramic surfaces exhibit excellent wettability [47, 48].
7
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Therefore, the solar salt/AIN porous ceramic skeleton composite PCMs was contained
in a transparent quartz cuboid box (56 mm > 36 mm > 56 mm) under atmospheric
pressure. To reduce heat transfer from the surrounding environment, the quartz cuboid
box was sealed using an insulating brick.

Table 2. Thermo-physical properties of the solar salt [42, 46].

m(NaNO:s): Density, Solidus Liquidus Thermal conductivity,
m(KNO3) kg/m? temperature, T temperature, T W/m.K
0.59(solid) /
6:4 1980 225 246
0.48(liquid)

The composite PCMs temperature field was monitored during melting using three
thermocouple temperature sensors (K type-RNK-191/E), fixed in the quartz cuboid box
at three different points (Qz, Q2, and Q3). Q1 and Q3 were located 20 mm away from the
left and right walls of the quartz cuboid box and Q> was located at its center; all the
sensors were placed 20 mm above the bottom of the quartz cuboid box. As the salt
melted, the temperature change inside the quartz cuboid box was recorded by the
sensors, and the data was collected once per minute using a connected temperature
recorder. Additionally, the melting liquid fraction and temperature change of the
composite PCMs were recorded every 10 min using a digital camera (Nikon-D7500)
and a hand-held infrared thermometer (HIKVISION-HM-TPH16-6VF/W). Every

experiment was repeated thrice.
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Fig. 2. Testing device. (a) Heat transfer testing device, (b) Schematic of the heat transfer testing

device, and (c) corrosion testing device.
2.4 Thermal conductivity tests
The thermal conductivity of the solar salt/AIN porous ceramic skeleton composite
PCMs was determined using a thermal conductivity tester (DRE-I11, Xiangtan Xiangyi
Instrument Co., Ltd., China), which is equipped with a hot disk probe and employs the
transient plane source method. The ceramic skeleton was cut into two pieces of

dimensions 50 mm %50 mm =10 mm.
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Then, the molten solar salt was injected into the two skeletons, followed by a
waiting period for the composite PCMs to cool down to room temperature. The probe
of the thermal conductivity tester was securely clamped between the two solar salt/AIN
porous ceramic skeleton composite PCMs and firmly affixed using a specialized
clamping device, ensuring complete contact between the sample and the probe. The
voltage of the thermal conductivity tester was set to 0 V using the test software and the
thermal conductivity of the solar salt/AIN porous ceramic skeleton composite PCMs
was estimated. Materials with similar thermal conductivities are presented in the
reference table. Finally, the heating power, test time, and sampling interval were
inputted into the testing parameter selection interface based on the material test values
in the reference table, and obtained the thermal conductivities of the composite PCMs
through testing. To eliminate the randomness of the experiment, each group of tests was
repeated thrice and the mean thermal conductivity values were computed.

2.5 Corrosion experiment

To evaluate the anti-corrosion of the AIN porous ceramic skeleton, the AIN porous
ceramic skeleton (with different porosities) and copper (Cu) metal foam (volume =
1cmd®) were separately mixed with the solar salt for heat cycle testing in an alumina
crucible. A nickel (Ni)-chromium (Cr) alloy wire was used as the heat source, which
could heat up to 850 <C. The temperature sensors measured the temperature at a distance
of 40 mm above the center of the experimental device heating wire. The top of the
experimental device remained unsealed, resulting in rapid loss of a significant amount

of heat energy. The quartz crucible was directly connected to the heating wire. The

10



10

11

12

13

14

15

16

17

18

19

20

temperature change of the heat cycles was controlled by the temperature controller [Fig.
2(b)]. The temperature controller was set as follows:

(i) Heating temperature is 80 C~245<C, and the heating time is 8 min;

(1i) Keep the temperature at 245<C for 2 min;

(iii) Cooling temperature is 80 T~245<C, and the cooling time is 16 min;

(iv) Keep the temperature at 245<C for 2 min;

(v) The heat cycles program repeats from ( 1 ).

The structural changes in the Cu foam and ceramic skeleton after 60, 120, and 180
heat cycles were recorded using the digital camera. Finally, the structure and
composition of the ceramic skeleton, after the heat cycles, were analyzed by X-ray
diffraction and Raman spectroscopy.

3. Results and discussion
3.1 Structural analysis

The ceramic slurry solid loading and sintering process parameters have been
described in detail in the supplementary material. Py is the porous green body skeleton
with pore size of 3.5 mm and strut size of 0.5 mm after LSI. Py, is the porous green body
skeleton with pore size of 2.5 mm and strut size of 0.5 mm after LSI. Py is the porous
green body skeleton with pore size of 3.5 mm and strut size of 0.8 mm after LSI. Py is
the porous green body skeleton with pore size of 2.5 mm and strut size of 0.8 mm after

LSI.
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Fig. 3. (a) AIN porous ceramic skeleton; (b-d) surface microstructure of the AIN porous

ceramic skeleton; (e) XRD; (f) compressive stress of the Py, Py, Pii, and Pyy.

After LSI (Fig. 3), the length, width and height of the ceramic skeletons were

reduced to 10-20% of the porous green body skeleton. As the ceramic slurry solid

loading was relatively low (33.33 wt.%), the organic resin in the porous green body was

converted to carbon (C) after carbonization. If the solid loading is increased, the UV

penetration is hindered and the skeleton cannot be printed. The surface of the skeletons

exhibited more pores after LSI, and the size of the micropores was in the range of 1-10

um [Fig. 3(b-d)]. The main phase of the porous ceramic skeleton after LSI was

characterized by XRD, and the main phases were the AIN, Si and SiC [Fig. 3(e)]. The

skeletons contained residual silica fume after LSI, which reacted with C in the

carbonized skeleton to form SiC at 1550 <C. The maximum compressive stress of the P,

Pu, P, and P were 0.11, 0.45, 0.54, and 1.40 MPa, respectively [Fig. 3(f)]. The

porosity of the ceramic skeletons was measured using the drainage method (Table 3),

12



10

11

12

13

14

15

16

17

18

19

20

and the uncertainty analysis of the porosity testing was conducted in the supplementary
material.

Table 3. Porosity of the AIN porous ceramic skeletons.

P P P Piv

Porosity (%) 82.200.46 75.2440.39 74.160.39 60.460.39

3.2 Heat transfer analysis

The temperature change at Q1, Q2, and Q3 were measured when the pure solar salt
melted [Fig. 4(a)]. The temperature at Qi rapidly increased as the heat transfer time
increased from 0-50 min, but the heating rate gradually decreased. At the initial stage
of heat transfer, the pure solar salt near the heating wall accumulated a large amount of
heat, and the heat storage technology mainly focuses on sensible heat storage. The
temperature difference between Qi and Q2 was up to 84.5<C. As the temperature
increased and the heat transfer time exceeded 50 min, the solar salt near the heating
wall began melting and entered the phase change heat storage stage. The heat transfer
at this point occurred only through conduction [49, 50]. The temperatures at Q> and Q3
also increased gradually with the increasing heat transfer time. Compared to Q, the
heating rates at Q2 and Qs were reduced. As the liquid fraction increased, the molten
solar salt started moving toward the bottom wall due to gravity [51, 52]. The heat
transfer mode changed from only conduction to a combination of conduction and
convection, thereby enhancing the PCMs melting rate and accelerating the melting front
expansion. The temperature difference between Q2 and Qs was significantly reduced

compared to that between Q1 and Q2. Once the heat transfer time exceeded 160 min,
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the temperatures at Q1, Q2, and Q3 gradually increased. As the temperature difference

between these points and the heating plate was 300 <C, the heat storage technology of

the PCMs was classified as sensible heat storage. The temperature profile exhibited a

linearly increasing trend for Q1, Q2, and Qs during the melting of the solar salt/Pyv

composite PCMs [Fig. 4(b, c)].
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Fig. 4. Heat transfer test; (a) pure solar salt; (b) solar salt/P, composite PCMs; (c) solar salt/Py

composite PCMs; and (d) liquid fraction.

When the solar salt/ Piiv composite PCMs melt, the temperature difference Q1-Q>

was 72.5<C and 62.4 T, respectively, and that Q2-Qz was 56.7 <C and 42.1<C. Compared

to the pure solar salt, the temperature difference Q1-Q2 and Q2-Qs were lower by 22.1<C

and 14.6<C, respectively, when the solar salt/P\ composite PCMs melt. As the heat

conductivity of the ceramic skeleton was greater than that of the pure solar salt, the heat

14



1

2

3

10

11

12

13

14

15

16

17

18

transfer rate of the solar salt/AIN porous ceramic skeleton composite PCMs also
increased comparatively.

Table 4. The melting time.

Solar salt/ P Solar salt/ Py Solar salt/ Py Solar salt/Pv
Solarsalt  composite PCMs composite composite composite
PCMs PCMs PCMs
Time (min) 23322 1852 1754 1722 15642

The melted area was calculated using the ImageJ software, which can accurately
identify and measure the pixel-based solid and liquid areas of the PCMs. The melted
volume fraction refers to the ratio of the liquid areas occupying the front wall surface
areas of the quartz cuboid box. The PCMs liquid fraction gradually increased at the
initial melting stage (melting time<40 min) as the heat transfer occurred mainly through
conduction [Fig. 4(d)]. Subsequently, with the increasing liquid fraction, the PCMs heat
transfer became a combination of convection and conduction, further increasing the
liquid fraction rapidly. However, with the suppression of convection over time, the
liquid fraction decreased towards the end of the melting stage.

The melting time of the pure solar salt was 23342 min (Table 4), whereas that of
the Py, Pu, P, and Pyv composite PCMs was 18542, 17541, 17242, and 1562 min,
respectively. The melting time of the composite PCMs was lower than that of the pure
salt (by up to 33.05%), increasing with the porosity of the ceramic skeleton. Although
the increased porosity inhibited the PCMs heat convection, the improvement in thermal

conductivity far outweighed these effects.

15



10

11

12

13

14

15

16

17

18

19

20

21

22

The ceramic skeletons were prepared by the sol-gel, direct foaming, gel injection,
and organic porous impregnation methods to enhance the PCMs heat storage rate [53].
These ceramic skeletons, however, exhibited uncontrollable structures and non-uniform
pore sizes. The pore size, strut dimensions, and complex structures could be controlled
by using the photocuring 3D printing technology. This complex porous ceramic
skeleton is anticipated to be used in future heat storage devices with complex structures
and widely applied in the field of medium- and high-temperature PCMs thermal storage,
making up for their inadequate corrosion resistance in metal porous foam structures.
However, compared to the ceramic skeletons prepared using other methods [36, 45, 54,
55], the AIN porous ceramic skeleton prepared in this study exhibited lower solid
loading and thermal conductivity.

The heat transfer in nonmetallic materials mainly relies on lattice vibrations [56].
Solar salts exhibit serious lattice defects; the phonons present within them are scattered
during heat transfer [57, 58]. However, the AIN porous ceramic skeleton improves the
mean free path of the phonons and attenuates phonon scattering [55]. The experiments
showed that the thermal conductivities of the Py, Py, P, and Piv composite PCMs were
1.05, 1.31, 1.33, and 1.46 W/(m-K), respectively. Compared to the pure solar salt (0.59
W/(m-K)) [59], the thermal conductivity of the composite PCMs increased by 77.97%,
122.03%, 125.44%, and 147.46%, respectively.

Fig. 5 shows the temperature gradients of the pure solar salt and the composite
PCMs after melting for 40, 80, 120, and 160 min. Initially, the heat was primarily
transferred through conduction, and the melting front was almost parallel to the heating

16
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wall [Fig. 5(al)]. However, with the increasing liquid fraction, the melting front
gradually tilted and took the shape of a large circular triangle. As the temperature of the
solar salt decreased, it flowed along the solid-liquid boundary toward the bottom wall.
Moreover, due to the heat convection, the temperature difference between the solid and
liquid phases was lower at the bottom wall, slowing down the melting rate [60,61] and
resulting in an inverted melted salt triangle at the bottom wall [Fig. 5(a2)]. The melting
front moved downward as the solar salt continued to melt, and the shape of the unmelted
solar salt gradually changed from a trapezoid to a triangle until it completely melted
[Figs. 5(a3, a4)]. Moreover, the melted liquid fraction of the composite PCMs was
greater than that of the pure solar salt, decreasing with the increasing porosity of the

AIN porous ceramic skeleton [Figs. 5(b-€)].
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XRD and Raman spectrum of the AIN porous ceramic skeleton after the heat cycles, respectively.
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Fig. 6(a) shows the AIN porous ceramic skeleton and Cu foam after the heat cycle
tests. The Cu foam surface color changed from yellow to black after 60 heat cycles due
to corrosion by NaNOs and KNOs, reducing its heat conductivity and service life
[62,63]. After 180 heat cycles, the P, and Py composites cracked, whereas Py and P
did not. Due to its thermal expansion during the phase transition, the solar salt interacts
with the ceramic skeleton. The maximum compressive stress of Py and Py is greater
than that of P, and Py (Fig. 3(f)). The phase and functional groups of the ceramic
skeleton, after the heat cycles, were analyzed by XRD and Raman spectroscopy [Figs.
6(b, ¢)]. The composition of the AIN porous ceramic skeleton remained unchanged and
no new substances were formed, as revealed by the sharp XRD peaks. This indicated
that the ceramic skeleton did not corrode.

In addition, the elemental content analysis of the ceramic skeleton by energy
dispersive spectroscopy (EDS) revealed the major elements to be Al, N, and C [Figs.

7(a-d), along with sodium (Na), oxygen (O), potassium (K), and Si [Figs. S2-4].

20
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Fig. 7. EDS analysis (a) Ref; and after (b—d) 60, 120, and 180 heat cycles for the AIN porous

ceramic skeleton.

4, Conclusion

In this study, the AIN porous ceramic skeletons with controllable structures were
prepared using an LCD 3D printer. The solar salt/AIN porous ceramic skeleton
composite PCMs was fabricated through the impregnation of solar salt into AIN porous
ceramic skeleton. It effectively shortens the melting time of solar salt and reduces the
temperature difference in the internal temperature field during the melting process.
Additionally, the ceramic skeleton exhibits excellent anti-corrosion against solar salt.
The main conclusions of this study are presented as follows:

(1) The porosities of the Py, Py, Pii, and Piv is 82.21%, 75.21%, 74.23%, and 60.15%,
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respectively, and their maximum compressive stresses are 0.11, 0.45, 0.54, and 1.40
MPa, respectively.

(2) When solar salt/P\v composite phase change materials melts, the temperature
difference between Q1-Q2 and Q2-Qz is 62.4 <C and 42.1 <TC, respectively, lower
than those for the pure solar salt by 22.1 <C and 14.6 <C, respectively.

(3) The melting time of pure solar salt is 233 &2 min, whereas that of the solar salt /Py,
Pu, P, and Piv composite phase change materials are 18542, 175+1, 17242,
and 156 =+ 2 min, respectively.

(4) The melting time of the composite phase change materials increases with the
increasing porosity of the aluminum nitride porous ceramic skeleton. The maximum
melting rate of the composite phase change materials increases by 33.05%
compared to that of the pure solar salt.

(5) After 180 heat cycles, the Cu foam is corroded by the solar salt, and the P, and Py
skeletons cracks. However, X-ray diffraction and Raman spectra analysis show that
the compositions of the skeletons do not change and no new substances are
produced.

(6) The solar salt impregnates the ceramic skeleton through the surface pores. The
energy dispersive spectroscopy results show that the ceramic skeleton contains Al,
N, and C, in addition to Na, K, and O, even after 180 heat cycles.
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