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The goal of this study is to build upon previous research in the suspension of microencapsu-
lated phase-change material (MEPCM) in photocurable resin with the intention of additively
manufacturing heat exchangers capable of storing large amounts of latent heat for thermal
energy storage (TES) applications. Liquid crystal display ((LCD) printing methods were used
with the intention of creating enhanced geometrical features, including a high surface-area-to-
volume ratio, thin fins/walls, and uniform PCM suspension across the geometry. To solve issues
with the viscosity of the MEPCM-resin composites, methods involving heating the composite
material, the resin vat, and printing bed were experimented with to determine if the resulting
samples were of better quality in both TES capabilities and geometrical stability. The thermal
properties of the resulting composite samples were analyzed and compared to bulk materials
and previous findings. Dimensional analysis was also performed on the samples to determine
the quality and resolution of the composite prints. Although the LCD 3D printing process
of the MEPCM=resin mixtures provided lower amounts of complications compared to other
techniques used, there is a very crucial limiting factor that currently prevents higher MEPCM
ratios from being obtained. The composite resins heated in this study showed that the heated
process and techniques lead to more efficient and effective printing and increased latent heat of
fusion and thermal conductivity, vital qualities needed for TES.

Nomenclature

𝑑 = depth, 𝑚𝑚

ℎ𝑠𝑙 = Latent Heat of Fusion, kJ · kg –1

k = Thermal Conductivity, W · m–1 · K–1

𝐿 = Length, 𝑚𝑚

𝑇 = Temperature, °C
𝑡 = thickness, 𝑚𝑚

𝑊 = Width, 𝑚𝑚

I. Introduction

Phase-change materials (PCMs) have become relevant to a large extent when attempting to optimize the use of
thermal energy due to their ability to absorb substantial amounts of energy in the form of heat as they undergo a

phase change remaining at a mostly constant temperature. This attribute makes PCMs ideal for thermal energy storage
(TES) and control in a large number of applications including thermal management of buildings [1–4], refrigeration of
perishables[5–7], and biomedical applications [8–10].

There are multiple different types of PCMs, all with their own specific set of advantages and disadvantages. For
TES, the selected PCM should have a high latent heat, high thermal conductivity, chemical stability, low cost, and be
nonflammable [11, 12]. However, organic PCMs (e.g., bio-based, paraffins, and fatty acids), that are flammable and
possess low thermal conductivity, have been found to be the most used materials TES [13, 14]. Organic PCMs have been
extensively researched and are extensively used in TES because of their large range of transition temperatures in addition
to their chemical stability, thermal stability, and low toxicity. As PCMs go through thermal cycling in their respective
applications, the material continuously cycles between its solid and liquid phase. Using a microencapsulated form of
PCM has been found to mitigate this issue, allowing for higher PCM retention and improving system longevity [15–17].
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Introducing additive manufacturing techniques to the production of PCM-based TES systems can help magnify the
heat transfer characteristics of the PCMs by allowing for complex geometries that were previously found to be unfeasible
when using more traditional methods, such as injection molding and casting [18]. The geometrical complexities possible
with additive manufacturing result in high surface-area-to-volume ratios, optimized PCM content, and walls that are
more slender but still have structural stability, all of which actively enhance the execution of heat transfer within the
system. The utilization of these techniques also allows for the implementation of materials that were seen as atypical
for thermal applications in previous years. While metal heat exchangers have been seen as the standard for many
years, polymer heat exchangers have begun to gain traction in the field due to multitude of advantages they provide.
Contrary to their metal counterparts, polymer heat exchangers are low in weight and cost, antifouling, and anticorrosive
[19, 20]. Another advantage to polymers is that they possess low melting points and require low processing temperatures,
implicating that they require less energy to manufacture than the metal equivalents [21]. Some of the limitations to
using polymers, inclusive but not limited to their low thermal conductivity, could be mitigated in the design process by
introducing slender walls [22, 23] or thermal conductivity enhancing additives such as expanded graphite [24], graphene
[25], carbon nanotubes [26], and ceramic fillers [27].

A few of the additive manufacturing techniques that are being explored for the 3D printing of PCM composites are
filament-extrusion-based such as fused filament fabrication (FFF), also known as fused filament deposition (FDM)
[28–32]. Comparably, another additive manufacturing technique that is being used in these applications is direct ink
writing (DIW) [33–36], which relies on the depositing of an ink through a layer-by-layer extrusion similar to that of
FDM or FFF. Resin-based processes such as stereolithography (SLA), digital light processing (DLP), and liquid crystal
display (LCD) are also being used to fabricate PCM-based structures [37–39]. These manufacturing processes function
by exposing a layer of photocurable resin to a UV light source or laser, determined by the method in use. The resultant
3D printed geometries have been found to have very high resolution in relatively short time frames compared to other
techniques.

Currently FFF and FDM continue to be very popular in the field due to the low cost involved with the materials and
associated equipment, wide variety of material options, and the overall ability to scale [32, 40]. This technique however
involves the fabrication of a custom composite filament that can be very difficult to achieve consistent samples [29, 32].
Additionally, the elevated temperatures involved in the filament extrusion process have been found tp compromise
the integrity of the encapsulation shells or result in low PCM retention during fabrication. These filament-dependent
techniques have been found to also result in large air gaps in the 3D printed parts, causing an increase in the thermal
resistance that is found between the print layers, decreasing the overall effective thermal conductivity of the component
[41].

Previous work by researchers at Embry Riddle Aeronautical University Daytona Beach [42] suspended MEPCM in
a photocurable resin for LCD 3D printing of composites possessing the capability of TES. The thermal properties of the
resulting sample composites, comprised of different mass ratios of MEPCM to photocurable resin, were studied to
determine the TES capability and thermal conductivity using differential scanning calorimetry (DSC) and transient
plane source (TPS), respectively. The highest ratio, 37% MEPCM, was found to have an effective PCM content of
32.47%, indicating a relatively smaller PCM loss than some of the other methods studied. The primary issue found
within the study was that as the ratio of MEPCM went up, the viscosity of the composite resin became too high for
creating reliable and efficient prints.

In the current study, the composite resin and the 3D printing bed is heated to lower the viscosity, in order to achieve
more reliable prints. Room Temperature samples would be made of different ratios, 25%, 30%, and 35%, along with
samples made when the composites are heated to 65 °C. These would then be studied for their TES capabilities using
DSC and TPS. Additionally, using microscopic imaging, the surface and cross-sectional microstructures of the samples
were visualized to verify the general material distribution and the state of the capsule shells post printing and processing.
The goal of this study is to determine the thermal properties of the resulting MEPCM/resin samples, such as latent
heat of fusion, phase-change temperature, and thermal conductivity while also verifying the ability to print complex
geometries to assist in the efficiency of the storage of thermal energy.

II. Materials and Manufacturing Methods

A. Materials
The photocurable resin, High Tensile UV Photopolymer, was supplied by Photocentric (Avondale, AZ). The technical

data sheet provided by Photocentric reports a heat deflection temperature of 63 °C, a density of 1.16 g/cm3, and a
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viscosity of 510 cPs. The microencapsulated PCM, EnFinit PCM 28RPS-T, was supplied by Encapsys (Appleton, WI)
and has a manufacturer-reported phase-change temperature of 28 °C.

B. Manufacturing Equipment
Multiple Liquid Crystal Display Resin 3D Printers from ELEGOO (Shenzhen, China), Mars 3, Mars 2 Pro, and

Saturn 3 Ultra were used to manufacture samples for testing. To test the differences in manufacturing with printing
samples at room temperature and at an increased temperature of 65 °C, multiple 12W Flexible Polyimide Heater Plates
from Harissess were adhered to both the resin vat and build plate. The resin vat and bed were both heated to 65 °C when
heating the resin before printing. Once the samples had begun to be printed, the bed was set to 50 °C.

C. Mixture Preparation
Differing mixtures of resin and MEPCM were created by combining the two materials to form specific mass ratios.

Mixing was done manually with low intensities and speeds to prevent shell fractures as a result from stirring. Since
varying the amount of PCM in the composite directly correlates to the TES capacity, maximizing the amount of PCM
within the composite is a priority; however, 3D printing methods that use photocurable resin as a printing medium are
especially sensitive to variations in the resin properties such as its viscosity and depth of penetration. Altering these
properties by introducing additives such as the MEPCM can affect the resin curability and cause the printing process to
fail. The MEPCM ratios outlined in this study are 0%, 25%, 30%, and 35%. Mixtures that were to be used for created
using the Heated Printer were placed in an isotemp oven (Isotemp 737F Oven, Fisher Scientific, Waltham, MA) at 68 °C
for at least 12 hours to pre-heat before being introduced to the heated vat.

III. Experimental Methods

A. Differential Scanning Calorimetry
A DSC (DSC 3 STARe, Mettler Toldeo, Columbus, OH) was used to measure the latent heats of fusion and

phase-change temperatures of the MEPCM/Resin composite samples. Additionally, the effective amount of MEPCM
was calculated using the latent heat of fusion. The masses of the samples, ranging between 12 and 18 mg were measured
using an analytical balance (XS105DU, Mettler Toledo, Columbus, OH) before placing them in 40 µL aluminum
crucibles. Each of the samples contained in the crucibles were held at an initial temperature of 0◦C for a 10 min duration.
Then, the temperature was increased from 0◦C to 60 ◦C using a heating rate of 2 ◦C/min. The sample temperature
of 60◦C was maintained for 10 min before being cooled to 0 ◦C at -2 ◦C/min. During this process, the heatflow and
temperature were recorded every one second. These cycles were performed twice for each sample to ensure the material
melted down and optimal thermal contact with the bottom of the crucible was achieved.

Fig. 1 Diagram illustrating heatflow versus temperature curve with labeled onset, endset, and peak temperatures
in addition to the latent heat of fusion. The phase chnage temperature of the MEPCM suspended in the resin is
represented by the peak.
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Using the heatflow versus temperature curve obtained from the DSC testing, similar to the example graph seen in
Fig. 1, the melting temperature range of the composite can be evaluated from the onset and endset temperatures. These
are the temperatures at which the composite material begins and ends the melting phase. Graphically, the onset and
endset temperature can be defined as the intersection between the tangents of the leading and trailing edge of the peak
and baseline, respectively. The latent heat of fusion can also be determined in similar fashion and is defined as the
integral or area under the heatflow versus temperature curve.

As an additional method to verify MEPCM distribution, samples from the edge and center locations were tested to
ensure that the MEPCM was evenly distributed across the printed samples. This sample location study found that the
latent heats of fusion varied by less than 2% across the two sampling locations used for each of the five samples tested.

B. Thermal Conductivity Measurements
Thermal conductivity measurements of the 3D-printed composites were taken using a thermal constants analyzer

(Transient Plane Source (TPS) 2500S, Hot Disk, Gothenburg, Sweden). A 4-mm diameter Kapton sensor (C7577, Hot
Disk, Gothenburg, Sweden), comprised of a resistance heater and a temperature sensor, was sandwiched between two
30-mm diameter 3D printed samples with a thickness of 5-mm. By applying Joule heating, the temperature response of
the sensor can be used to determine the thermal conductivity of the samples through a mathematical model. A power
of 5 mW and a sampling time of 10 seconds were used during testing, with each measurement being taken after a 30
minute standby time.

C. Print Quality and Resolution
A standard 3D-pinting "torture test" model, displayed in figure 2, was created using Solidworks 2022 (Dassault

Systemes SolidWorks Corporation), a Computer-Aided Design (CAD) Software. Samples of the model was printed in
the base resin and in a 25% MEPCM-resin composite. The resolution of the prints were compared to each other and the
original CAD model. Measurements were taken of the sample size and the different geometrical tests and the average
error was calculated to determine the quality and accuracy of the print. These geometrical features consist of a set of
cubes and spheres of increasing size, a free standing arch, created using rectangular segments of 2 mm stacked on top of
each other at 10 °, and different size thru-holes.

Fig. 2 CAD renderings of the torture test print.

IV. Results and Discussion

A. Phase-Change Temperature and Latent Heat of Fusion
As stated previously, samples were collected from edge and center locations to verify the general material distribution

as a result of the mixture preparation and printing process. Throughout the sample preparation process, it was observed
that the viscosity of the prepared MEPCM-resin mixture allowed for consistent suspension of the MEPCM even after
periods of minimal mixing. As stated, the previous studies found that there was less than 1% latent heat of fusion
variance across the five tested samples, indicating that the material distribution is fairly uniform across the radius of the
samples. Following the sample location independence study, samples were taken from the midpoint to measure the
phase-change peak temperature (Tpeak), onset temperature (Tonset), endset temperature (Tendset), and latent heat of
fusion (hsl). Representative results for all explored MEPCM mass ratios are shown in Table 1. As an approach to obtain
the effective MEPCM content in the post-processed samples, the ratio of the latent heats of fusion of the MEPCM/Resin
samples and the pure MEPCM is determined. As shown in Table 1, there exists a discrepancy between the hypothesized
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value and the actual value determined by the DSC testing. These losses can be attributed to a number of factors
such as ruptured encapsulation shells that occur during the sample preparation process and/or chemical interactions
between the materials and rinsing solvents. Prior work done by the authors using PureTemp (Minneapolis, MN) PCM42
and HDPE as a shape stabilizer had a considerably higher loss of PCM during the fabrication process [28, 29]. In
these studies, the PCM/HDPE composite was extruded into custom filament to be used in FFF 3D printing. These
manufacturing processes involve prolonged exposure to high temperatures and stresses which results in the leaking of
PCM as is reflected in the lower latent heat of fusion of the final product. The higher PCM retention rate provided by
the encapsulation material and minimal thermal stresses imposed by the manufacturing process results in a significant
improvement in the containment of PCM. In the current study, 35% was the highest achievable content of MEPCM
that still results in a mixture suitable for effiecent additive manufacturing and provides the effective TES capacity of a
composite containing 31.51% MEPCM.

Table 1 Phase-change temperature and latent heat of fusion for differing samples of MEPCM-Resin material.

𝑇𝑝𝑒𝑎𝑘 𝑇𝑜𝑛𝑠𝑒𝑡 𝑇𝑒𝑛𝑑𝑠𝑒𝑡 ℎ𝑠𝑙 𝐸 𝑓 𝑓 𝑒𝑐𝑡𝑖𝑣𝑒

(°𝐶) (°𝐶) (°𝐶) (𝑘𝐽/𝑘𝑔) 𝑃𝐶𝑀 (%)
Room-Temp MEPCM 30.13 27.59 34.80 143.54 ——-

25% 30.49 27.94 32.69 26.15 18.22
30% 32.01 27.93 34.49 40.59 28.28
35% 30.09 27.23 33.43 45.23 31.51

Heated 25% 30.52 26.95 32.73 30.39 21.17

It is important to note the relationship between increasing MEPCM content and resulting effective latent heat of
fusion. As the MEPCM content is increased between 25% and 30%, in the room temperature samples, the latent heat of
fusion increases by a factor of 1.55, going from 26.15 kJ/kg to 40.59 kJ/kg. Similarly with 25% and 35%, the latent heat
of fusion increases by a factor of 1.73, going from 26.15 kJ/kg to 45.23 kJ/kg. It is important to point out that the heated
heated 25% sample exhibited a higher latent heat, increasing by a factor of 1.25, going from 26.15 kJ/kg to 30.39 kJ/kg.
The peak, onset, and endset temperature values of the mixture appear to remain constant even as the mixture content
varies. The samples have an average peak melting temperature of 30.78 °C, an average onset temperature of 27.51 °C,
and an average endset temperature of 33.34 °C.

B. Thermal Conductivity
One of the advantages of using LCD printing versus other 3D printing techniques, such as FFF, is the lack of air

gaps that normally form, meaning that the functional thermal conductivity of the material should be identical to that of a
3D printed sample that is rigid in geometry. LCD printing produces a smooth surface, which is ideal for TPS testing
because it makes certain good thermal contact with the heat source in the setup. Having poor contact with the heating
source (Kapton sensor) results in a lower measured thermal conductivity which can lead to skewed results.

Table 2 Average thermal conductivity and standard deviation for each sample ratio

Sample k [W/(m-K)] St.D
Room-Temp Resin 0.1989 0.0101

25% 0.2538 0.0066
30% 0.2593 0.0092
35% 0.2708 0.0059

Heated 25% 0.2557 0.0073
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Fig. 3 Average thermal conductivity for each sample. The error bars shown represent the standard deviation

To determine an average effective thermal conductivity and standard deviation for each MEPCM/Resin ratio, each
sample was measured twenty times. The resulting thermal conductivity measurements can be seen in Table 2 and Fig. 3.
Based upon the results, it can be seen that the addition of MEPCM results in an increase in thermal conductivity. The
pure resin has an average thermal conductivity of 0.1989 W/m-K while 25% has an average thermal conductivity of
0.2538 W/m-K. The mixture containing the optimal amount of MEPCM for TES, 35%, was found to have an average
thermal conductivity of 0.2708 W/mK. It is worthy to point out that the heated sample of the 25% composite showed
slightly higher thermal conductivity with an average conductivity of 0.2557 W/m-k. While the thermal conductivity is
still low for heat transfer applications, it may be enhanced using conductivity-enhancing additives and accounting for it
in the design of the geometry. Enhanced heat transfer performance can be obtained by accounting for the low thermal
conductivity with thinner design fins/walls and higher surface-area-to-volume ratios.

C. Print Quality and Resolution
Another advantage of using LCD printing compared to other 3D printing methods is the ability to get more accurate

and precise prints when evaluated against the original CAD model. LCD additive manufacturing techniques print
each layer, with each layer being usually 0.05 mm, allowing for relatively more accurate geometric features, especially
features that are round in nature. Using a torture test print, a stress test used on 3D printer that is designed to push the
limits of the printer’s capabilities. By performing a visual inspection and dimensional analysis on the torture test printed
in both pure resin and MEPCM-resin composite, conclusions could be drawn on the potential to print the previously
stated complex geometries that would allow for maximum surface-area-to-volume ratios.

(a) (b)

Fig. 4 Torture test printed at room temperature in pure resin (a) and a 25% MEPCM-resin composite (b)

Upon visual inspection of the samples shown in Figure 4, it was clear that the sample printed in pure resin had a
clearer resolution and the debossed numbers were readable. All of the geometric features were printed and looked very
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similar to the original CAD model. In contrast, the sample printed of a 25% MEPCM-resin sample had multiple defects
such as a hole in the free standing arch and no hole went entirely through the sample print. To determine the average

Table 3 Average percent error of the pure resin and 25% MEPCM-resin composite samples of the torture test
print.

𝐿𝑡𝑜𝑡𝑎𝑙 𝑊𝑡𝑜𝑡𝑎𝑙 𝑡𝑡𝑜𝑡𝑎𝑙 𝐶𝑢𝑏𝑒𝑠 𝑆𝑝ℎ𝑒𝑟𝑒𝑠 𝑑ℎ𝑜𝑙𝑒𝑠

(%) (%) (%) (%) (%) (%)
Resin 0.080 0.040 0.000 7.667 0.639 0.000
25% 1.04 1.8 3 16.722 5.361 50.750

percent error of both samples, the printed geometrical features were measured using a dial caliper and the difference
relative to the original CAD model dimensions were calculated. Then the percent error was then calculated for each size
of the feature and then the average was calculated for each group of features, such as cubes and spheres. These results
are displayed in Table 3. The pure resin print had below 1% error in most of the dimensions of the features. The largest
error was seen in the sizes of the cubes, most likely due to the orientation of the print when sliced for printing. The 25%
Room Temperature composite sample however, had greater error in the dimensions of each of the geometrical features.
The highest error was seen to be the holes, that were one average less than half way through the sample, and the cubes,
which experienced an average of 16.722% error.

V. Concluding Remarks
In the present study, MEPCM was suspended in photocurable resin, creating a composite material for use in LCD

3D printing. Samples of increasing MEPCM contents such as 25%, 30%, 35%, and a sample of 25% heated to 65 °C
were 3D printed and explored as a material suitable and capable for TES. DSC testing was used to determine the TES
capability of each of the printed samples and it was determined that 35%, the highest achievable MEPCM content,
effectively behaves as if there was 31.51% MEPCM in the composite material. The DSC results also showed <1%
variation across different sampling regions in the geometry. The thermal conductivity was determined using a TPS. This
testing found that the addition of MEPCM results in a general increase in thermal conductivity when compared to that
of pure resin. Visual inspection and dimensional anaylysis were used on a sample stress test print in pure resin and 25%
MEPCM-resin composite to determine quality of the samples printed and gain a numerical understanding of the errors
seen in printing with the MEPCM composite resins.

While the LCD 3D printing process of the mixtures provided lower amounts of difficulties compared to other
techniques, there is a very vital limiting factor that currently prevents higher MEPCM ratios from being obtained. The
increasing viscosity that occurs with the higher ratios prevents the LCD printers from effectively printing the samples
using the present technique. As seen in the quality and resolution testing, composite resin prints made with the unheated
mixtures showed many areas of defects or failures. During the creation of the test samples used in this study there were
a multitude of failed or faulty prints. A solution briefly tested in this current study was the heating of the composite
resin to reduce the number of errors in printing.

Having the composite resins heated in this study have shown that they can lead to more efficient printing and
increased latent heat of fusion and thermal conductivity, vital qualities needed for TES. Comparisons between the tested
non-heated and heated 25% MEPCM-resin composite samples showed a 16.2 % increase in effective PCM content and
a 0.749 % increase in thermal conductivity. The heated samples were also observed to print with minimal defects or
failures. Future work will continue to focus on the reducing viscosity of the composite resins through pre-heating the
resin before printing and then having the vat and print bed heated during the manufacturing process. This will not only
increase the quality of the printed samples, but also increase their thermal energy storage capabilities. Work is needed
on streamlining the process and equipment used in controlling the temperature during printing. This would allow for
further testing of the heating process and techniques in order to verify the validity of this solution to the high viscosity
of the MEPCM-resin composites.
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