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Abstract: To address the challenge of balancing flame retardancy and thermal energy storage
performance of rigid polyurethane foam (RPUF), flame-retardant RPUF composites with efficient
thermal energy storage functionality were successfully prepared in this study by incorporating
microencapsulated phase change materials (MEPCMs; n-octadecane within polyurethane shells) into
a flame-retardant RPUF matrix. At an MEPCMs loading of 6 wt%, the resulting composite achieved
a limiting oxygen index (LOI) of 26.3%, achieving a Class B2 flammability rating, while delivering a
phase change enthalpy of 10.8 J/g. Thermogravimetric (TG) and leakage analyses revealed that the
incorporation of MEPCMs did not significantly alter the final residue yield after high-temperature
decomposition, and that the RPUF markedly suppressed microcapsule leakage. Scanning electron
microscope (SEM) and mechanical performance analysis further demonstrated uniform dispersion of
MEPCMs within the RPUF interior, although the specific compressive strength of the composites
decreased progressively with increasing MEPCM content. Collectively, an MEPCM content of 6 wt%
was identified as optimal, offering a well-balanced combination of flame retardancy, mechanical
properties, and thermal performance.

Keywords: Flame-retardant RPUF, microencapsulated phase change materials, n-octadecane, thermal
energy storage

1. Introduction
Rigid polyurethane foam (RPUF) possesses excellent mechanical and thermal insulation properties,

making it widely used in both industrial and domestic applications [1–3]. In recent years, with the rapid
development of energy-saving technologies and the growing demand for efficient thermal regulation,
relying exclusively on flame-retardant functionality makes RPUF inadequate for high-performance
applications that require integrated thermal energy storage [4]. For instance, in building envelopes, sub-
stantial diurnal temperature variations often lead to excessive indoor temperature fluctuations, thereby
increasing the energy consumption of heating and cooling systems [5]. Similarly, in transportation
compartments, intermittent heat sources necessitate materials with temporary heat storage capabilities to
maintain stable internal temperatures. Therefore, the development of RPUF with integrated heat storage
performance has emerged as a key research direction for improving energy utilization efficiency [6–9].

Phase change materials (PCMs) are efficient energy storage materials capable of absorbing or
releasing substantial amounts of latent heat while maintaining a nearly constant temperature during
phase transition [6,8,9]. Among them, organic PCMs such as n-octadecane (C18) have attracted
considerable attention due to their suitable phase change temperature (approximately 28◦C), which
aligns well with the temperature range for human comfort and equipment operation, as well as
their favorable chemical stability. However, during thermal energy storage, n-octadecane undergoes
a solid–liquid phase change, resulting in severe liquid leakage. This leakage not only compromises
the effective heat storage capacity of the PCMs but also undermines the structural integrity of RPUF,
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thereby restricting the direct application of PCMs into RPUF matrices. Microencapsulated phase
change materials (MEPCMs) are PCMs encapsulated within minute capsules, which effectively mitigate
leakage, agglomeration, and other issues associated with the direct use of PCMs in RPUF [10]. Paraffin,
a representative solid–liquid PCM, is widely used owing to its excellent phase change performance
and cost-effectiveness. Nevertheless, it remains susceptible to leakage when the temperature exceeds
its phase transition point. To address this challenge, significant progress has been made in MEPCM
technology in recent years [11–13]. For instance, Liu et al. [14] designed microencapsulated phase
change materials (MPCMs) with an n-docosane core and a CaCO3/Fe3O4 composite shell to enhance the
efficiency of solar photothermal energy conversion, storage, and reuse. Chen et al. [15] reported a one-
step synthesis of ODE@cellulose–silica MPCMs for application in waterborne self-healing composite
protective fabric coatings. Moreover, Qu et al. [16] prepared polyurethane foam composites with thermal
energy storage capability using n-octadecane as the core material and polymethyl methacrylate (PMMA)
as the shell. Notably, the polyurethane shell of the microcapsules is chemically identical to the RPUF
matrix, ensuring excellent compatibility between the MEPCMs and the matrix. This chemical similarity
promotes strong interfacial bonding through mechanisms such as hydrogen bonding, thereby minimizing
phase separation and agglomeration while enhancing the overall stability of the composite [17–20].

Although progress has been made in the development of PCM-modified RPUF, most existing studies
employ pure RPUF as the matrix, neglecting the flame retardancy requirements demanded by practical
applications such as construction and transportation. Specifically, the challenge lies in achieving a robust
“dual-barrier” structure that suppresses leakage while maintaining an optimal balance between high-
capacity thermal storage and structural integrity, which is a trade-off that often leads to material failure
in conventional designs. In our unpublished preliminary work, a flame-retardant RPUF achieving B2
classification was successfully prepared by incorporating 12.5 wt% expanded graphite (EG) and 2.5 wt%
aluminium hydroxide (ATH) into the RPUF matrix, yielding a LOI of 27.4%. Building upon this, the
primary objective of the present study is to further enhance the thermal energy storage performance
of this flame-retardant RPUF system. To date, few reports have addressed the optimization of thermal
storage performance in flame-retardant RPUF composites. Several key issues remain to be resolved,
including how to balance thermal storage capacity with the inherent mechanical properties of the foam,
how MEPCM content influences thermal storage efficiency, and whether stable latent heat absorption
and release can be maintained within the flame-retardant matrix [21,22]. To address these issues, this
study aims to incorporate MEPCMs into the flame-retardant RPUF matrix and systematically evaluate
the resulting composites in terms of flame retardancy, thermal energy storage performance, mechanical
properties, and leakage resistance, providing a comprehensive solution and theoretical basis for the
design of multifunctional insulation materials in complex thermal environments.

2. Materials and methods
2.1. Raw materials and reagents

The polyether polyol (4110) used in this study was supplied by Jiahua Chemical Co., Ltd.
(Fushun, China), with a hydroxyl concentration ranging from 430–470 mg KOH/g (a median value of
450 mg KOH/g was adopted for the experiments). Triethylenediamine (A-33) and fluorodichloroethane
(HCFC-141b) were obtained from Dalian Lan Hai Jie Chu Polyurethane Insulation Waterproof Co., Ltd.
(Dalian, China). Polyisocyanate (PAPI) was obtained from Jiahua Chemical Co., Ltd. (Fushun, China),
with an equivalent concentration of 125 g/mol. Dibutyltin dilaurate (T12) was sourced from Beijing
Stable Chemical Co., Ltd. (Beijing, China). Pentafluorobutane (HFC-365mfc) was supplied by Körting
Hannover (Hanover, Germany). Distilled water (H2O) was purchased from Shandong Leilin Trading
Co., Ltd. (Shandong, China). Silicone oil (SD) was obtained from Jiahua Chemical Co., Ltd. (Fushun,
China). EG80 (with a particle size of 80 mesh) was supplied by Nanjing Grefeng Carbon Material Co.,
Ltd. (Nanjing, China). ATH was obtained from Shanghai Macklin Biochemical Technology Co., Ltd.
(Shanghai, China). The MEPCMs, consisting of n-octadecane as the core material and polyurethane as
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the shell material, were provided by Hebei Ruosen Technology Co., Ltd. (Hebei, China). According to
the supplier, the MEPCMs have the following specifications: (a) core/shell mass ratio of 8:2; (b) average
particle size of 15 μm, with a size distribution ranging from 5 to 25 μm; (c) phase change temperature
of approximately 28◦C and phase change enthalpy of approximately 180 J/g for the pure MEPCMs; and
(d) supplier-reported specifications include an encapsulation efficiency >90% and a bulk density ranges
from 0.9 g/cm3 to 1 g/cm3.

2.2. Preparation of the thermal energy storage RPUF
The foam samples were prepared using a free-rise foaming process. Polyether polyol, catalysts,

blowing agents, distilled water, silicone oil, and flame retardants were sequentially added into a 450 mL
paper cup according to the formulations detailed in Table 1. The mixture was then stirred at 50 r/min
for 10 s using an electric stirrer, during which polyisocyanate was finally added. Subsequently, the
paper cup was quickly transferred into a constant-temperature mould at 40◦C to facilitate foaming.
After solidification, the samples were placed in an oven at 80◦C for 24 h for ageing. Finally, the aged
samples were conditioned at room temperature for 72 h to obtain the final product. Photographs of the
flame-retardant RPUF with varying MEPCM contents are presented in Figure 1.

Figure 1. Photographs of flame-retardant RPUF composites with varying MEPCM contents

Table 1. Chemical compositions of flame-retardant RPUF with specific thermal energy storage
capacities

Sample MEPCMs
(wt%)

EG
(g)

ATH (g) HFC-
365mfc

(g)

SD
(g)

H2O
(g)

A-33
(g)

T12
(g)

4110
(g)

PAPI
(g)

Total
(g)

RPUF-0 0 20 4 12.5 1.25 0.5 0.4 0.5 45 75 159.15
RPUF-2 2 20 4 12.5 1.25 0.5 0.4 0.5 45 75 162.39
RPUF-4 4 20 4 12.5 1.25 0.5 0.4 0.5 45 75 165.78
RPUF-6 6 20 4 12.5 1.25 0.5 0.4 0.5 45 75 169.30
RPUF-8 8 20 4 12.5 1.25 0.5 0.4 0.5 45 75 172.98

2.3. Test and characterization
2.3.1 LOI measurement

The LOI values were measured using a PX-1-005 LOI Tester (Phoenix Co., Ltd., China). Each
sample was machine-cut into dimensions of 100 mm × 10 mm × 10 mm. The LOI value was determined
as the minimum oxygen concentration in an oxygen–nitrogen mixture required to sustain combustion of
the specimen. All experiments were performed in triplicate (n = 3) for each formulation, and the results
are reported as mean ± standard deviation (SD) unless otherwise specified.
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2.3.2 Surface morphology observation
The morphology of the polyurethane foam was examined using a G360 scanning electron microscope

(SEM) (Zeiss, Germany). Owing to the non-conductive nature of the foam samples, the specimen
surfaces were sputter-coated with a thin layer of gold prior to imaging to enhance conductivity.

The average cell size was determined from the SEM images using the mean linear intercept method.
For each formulation, five SEM images were taken from different regions of the foam sample. For each
image, three random lines were drawn, and the number of cells intersected by each line was recorded
along with the total line length (resulting in 15 intercept measurements per sample). The average cell
diameter was then calculated by accounting for the SEM magnification and applying a shape correction
factor of 1.35 to convert the mean chord length into the mean diameter for approximately spherical
cells as recommended by standard stereological methods for closed-cell foams. The final cell size was
reported as the mean ± SD based on all measurements from the five images.

2.3.3 Compressive strength analysis
The compressive performance was evaluated using a WDY-2 compression testing machine (Jinan

Start Testing Technology Co., Ltd., China). Cubic specimens with dimensions of 30 mm × 30 mm ×
30 mm were tested at a constant crosshead displacement rate of 1 mm/min at room temperature. The
compressive strength was defined as the compressive stress corresponding to 10% relative deformation.

2.3.4 Apparent density analysis
The apparent density of the foam specimens was determined using a GB/T 23111 electronic

balance (Mettler–Toledo Analytical Instrument (Shanghai) Co., Ltd., China). Specimens were cut into
dimensions of 10 mm × 10 mm × 10 mm, and the density was calculated from the measured mass and
volume of each sample.

2.3.5 Thermal conductivity test
The thermal conductivities were measured by the instantaneous planar heat source method using

a TPS 2200 thermal conductivity analyzer (Hot Disk, Sweden). A 5501 probe was used with a
measurement power of 60 mW and a measurement duration of 80 s. Throughout the entire 80-s
measurement, the sample temperature remained below 23◦C. Given that the onset melting temperature
of n-octadecane is approximately 26◦C, no detectable phase change occurred, thereby avoiding the
interference of latent heat. All measurements were performed at room temperature.

2.3.6 Phase transition enthalpy and specific heat capacity performance test
The phase change enthalpy of flame-retardant RPUF with thermal energy (phase change enthalpy

during the heating process) storage capacity was tested using a DSC3 differential scanning calorimeter
manufactured by METTLER. The phase change enthalpy (i.e., the enthalpy absorbed during the melting
process) and specific heat capacity of the flame-retardant RPUF composites were measured using
a DSC3 differential scanning calorimeter (METTLER, Switzerland). Nitrogen (N2) was used as the
protective gas at a flow rate of 50 mL/min. Samples were sealed in aluminum pans and heated from 0◦C
to 50◦C at a constant heating rate of 5◦C/min. The reported specific heat capacity values were evaluated
at 28◦C; notably, as this temperature aligns with the peak phase transition of the n-octadecane core, these
results represent the apparent specific heat capacity, which accounts for both the sensible heat of the
matrix and the latent heat contribution from the phase change process.

2.3.7 Leakage test
The leakage resistance of the composites was evaluated using an oven (Shanghai Yiheng Scientific

Instrument Co., Ltd., China). Each specimen was weighed using an analytical balance before the test.
Specimens were placed in a preheated oven at 60◦C for 12 h. After the test, the specimens were removed
from the oven, cooled to room temperature in a desiccator, and weighed again. The mass loss was
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determined by gravimetric analysis, and no separate collection of condensate was performed because
any n-octadecane that leaked onto the foam surface remained as a liquid. The leakage rate was calculated
as the percentage of mass loss relative to the initial mass of the specimen using the following formula:

Leakage rate (%) = [(m0 − m1) /m0] × 100%

where m0 is the initial mass of the specimen before the test, and m1 is the mass of the specimen after 12
h of heating at 60◦C.

2.3.8 Thermogravimetric test
The thermal stability of the flame-retardant RPUF composites was evaluated using a TG-209F3

thermogravimetric analyser (NETZSCH, Germany). Approximately 5–10 mg of each sample was
heated from 30◦C to 600◦C at a constant heating rate of 10◦C/min under a nitrogen atmosphere.
The residual mass at 600◦C and the decomposition temperatures were recorded to assess the thermal
degradation behavior.

3. Results and discussion
3.1. Morphology and mechanical properties

As shown in Figure 2, SEM investigation of the composite morphology revealed that increasing
the MEPCM content progressively transformed the cell structure from nearly spherical to irregular.
Moreover, as the MEPCM concentration increased from 0 wt% to 8 wt%, the number of foam cells
decreased, while their average size increased monotonically from 133.33 μm to 346.67 μm (Figure 3).
This substantial increase in cell size is consistent with the findings of Yang et al. [23], who observed
that the introduction of MEPCMs as solid fillers increases the viscosity of the reacting mixture and
promotes cell coalescence, leading to a larger average cell diameter. Furthermore, SEM observations
confirmed that at higher loadings, while some localized MEPCM clustering was present at the cell
junctions, the majority of the capsules remained relatively well-dispersed within the foam struts and cell
walls, without forming large-scale agglomerates. Correspondingly, mechanical analysis revealed that
this microstructural evolution led to a marked reduction in specific compressive strength, which dropped
from 4.03 kPa·m3/kg to 2.57 kPa·m3/kg.

This observation can be attributed to the increase in the MEPCM concentration that fundamentally
altered the dynamics of foaming. The incorporated MEPCM microcapsules not only occupy the physical
space required for cell nucleation but also act as foreign particles that significantly hinder gas diffusion
and disrupt the regular growth during foaming. Similarly, Vevere et al. [24] also found that the addition
of microencapsulated paraffin to rigid PU foam led to the formation of open cell morphology and
reduced mechanical performance. This dual effect of spatial constraint and diffusion barrier creates a
preferential pathway that directs gas to enlarging existing cells rather than initiating the formation of
new cells. Consequently, the average cell diameter progressively increases, accompanied by a decrease
in cell density. The deterioration in specific compressive strength can be attributed to the combined
effects of morphological changes and compromised structural integrity. The expansion of cell size and
the transition from spherical to irregular shapes lead to uneven stress distribution under compression.
Furthermore, the presence of MEPCMs at the cell boundaries interferes with the formation of continuous
polymer struts, thereby weakening the overall structural framework. Consistent with these observations,
Yang et al. [23] have demonstrated that incorporating microencapsulated PCMs into RPUF generally
results in decreased compressive strength due to defects arising in the foam’s cellular architecture. This
microstructural degradation directly correlates with the observed reduction in mechanical performance:
the specific compressive strength decreased from 4.03 ± 0.18 kPa·m3/kg to 2.57 ± 0.21 kPa·m3/kg as the
MEPCM content increased to 8 wt%. Specifically, previous detailed studies on RPUF have established
a strong linear relationship between compressive strength and elastic modulus within a relatively narrow
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density range; as density and mechanical properties increase, both parameters increase or decrease
simultaneously. For example, Calvert et al. [25] systematically characterized commercial rigid PU foams
and reported that as the compressive strength increased from 4.7 MPa to 24.7 MPa, the elastic modulus
correspondingly increased from 115 MPa to 794 MPa. Given that experimental data clearly show a
continuous decrease in absolute compressive strength from 322.7 kPa to 179.22 kPa with increasing
MEPCM content, it can be logically inferred that the elastic modulus follows the same decreasing
trend. A linear correlation was observed between average cell diameter and compressive strength
(R2 = 0.87), confirming that the increase in cell size from 133.33 μm to 346.67 μm is the dominant
factor governing the reduction in mechanical performance. The decrease in mechanical properties arises
from three factors: MEPCMs act as stress concentration points, enlarged cell diameter reduces load-
bearing struts per unit volume, and irregular cell morphology leads to non-uniform stress distribution.

Figure 2. SEM images of flame-retardant RPUF composites with varying MEPCM contents: (a) 0 wt%
(×50), (b) 2 wt% (×50), (c) 6 wt% (×50), and (d) 8 wt% (×50). Scale bar = 200 μm

The mechanical behaviour observed in this study aligns with the fundamental structure–property
relationships of foam materials. Compressive performance is predominantly governed by cellular archi-
tecture and matrix continuity. The formation of enlarged and irregular cells together with compromised
strut integrity substantially reduces the material’s load-bearing capacity and ultimately leads to a
decrease in specific strength. Notably, Rossi et al. [26] also reported that uniform PCM dispersion
slightly reduced cell size and increased panel density, thereby enhancing structural support while
reducing elasticity in flexible PU foams. This correlation between microstructural characteristics and
macroscopic mechanical response highlights the importance of maintaining optimal cell morphology
and structural integrity to achieve the desired performance in composite foam systems.
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Figure 3. Specific compressive strength and average cell diameter of RPUF with varying MEPCM
contents

3.2. Latent heat storage performance and thermal stability
The thermal conductivity of RPUF composites with varying MEPCMs contents is shown in Figure 4.

The thermal conductivity of RPUF composites increases with the addition of MEPCMs. At an MEPCM
content of 6 wt%, the thermal conductivity of the RPUF composite is 0.03413 W/(m·K), which is
0.00527 W/(m·K) higher than that of pure RPUF, representing a relatively small variation range.
Similarly, previous study also demonstrated that the incorporation of microencapsulated PCMs results
in only marginal changes in thermal conductivity due to the preservation of the foam’s closed-cell
structure [23]. This finding can be attributed to the intrinsically higher thermal conductivity of the
polyurethane/n-octadecane MEPCMs compared with that of the polyurethane foam matrix. Notably,
even when a portion of the n-octadecane undergoes phase change, the phase transition process has
a negligible effect on the thermal conductivity of the bulk foam, as the microcapsule shells impose
physical constraints on the internal phase change process.

In terms of flame retardancy, pure RPUF is classified as a Class B3 flammable material, burning
readily under ambient oxygen conditions with an LOI of approximately 20%. After incorporating
12.5 wt% EG and 2.5 wt% ATH into pure RPUF, the resulting flame-retardant RPUF exhibited an LOI
of 27.4%. At an MEPCM content of 8 wt%, the LOI dropped to 24.6%, which fails to meet the national
standard for Class B2 rating. In contrast, at 6 wt% MEPCM content, the composite achieved an LOI of
26.3%, thereby meeting the Class B2 requirement.

The variation in LOI with MEPCM concentration is likely due to the dilution of flame-retardant
components and the disruption of their uniform dispersion. Furthermore, the organic n-octadecane core
and polyurethane shell of the MEPCMs increase the total fuel load, releasing additional combustible
volatiles during thermal degradation that facilitate the combustion process and lead to the observed LOI
reduction. Such disruption may compromise the synergistic flame-retardant mechanisms, including char
layer formation by EG and endothermic decomposition by ATH. Recent studies have demonstrated that
functionalized MEPCMs can enhance the flame retardancy of RPUF. Li et al. [27] reported that PBA-
modified MEPCMs enabled RPUF composites to achieve an LOI of 25.6% with significant reductions
in total heat release and smoke production. Similarly, Zhao et al. developed MXene-doped MEPCMs
that improved both flame retardancy and mechanical properties of RPUF [28]. An optimal MEPCM
loading of 6 wt% mitigates these adverse effects, enabling the composite to maintain a desirable balance
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between flame retardancy (as evidenced by the Class B2 classification and an LOI of 26.3%) and the
thermal regulation functionality provided by the MEPCMs.

Figure 4. LOI and thermal conductivity of RPUF composites with varying MEPCM contents

To ensure the accuracy of the test data and to verify the uniform distribution of MEPCMs within
the foam, samples were collected from the top, middle, and bottom positions of each foam specimen.
The average phase change enthalpy and specific heat capacity values of the RPUF composites are
summarized in Table 2. Given that the phase change temperature of the MEPCMs is 28◦C, the specific
heat capacity of the composite material at this temperature was selected for analysis.

Table 2. Phase change enthalpy and specific heat capacity of flame-retardant RPUF with specific
thermal energy storage capacities

Phase transition enthalpy (J/g) Specific heat capacity (J/(g·◦C))

MEPCMs (wt%) 0 2 4 6 8 0 2 4 6 8
Sample (Top) 0 3.1 6.5 9.7 12.0 1.0 1.3 2.1 2.5 4.4

Sample (Middle) 0 3.2 8.0 11.6 14.5 1.2 1.6 2.8 2.9 4.9
Sample (Bottom) 0 2.8 10.0 11.0 14.4 0.7 2.2 2.3 2.4 4.0

Average value — 3.0 8.2 10.8 13.6 1.0 1.7 2.4 2.6 4.4

The thermal energy storage characteristics of RPUF composites with varying MEPCM contents
were systematically investigated using differential scanning calorimetry (DSC) and specific heat
capacity analysis. As shown in Figure 5, pure RPUF exhibits no melting endotherm or detectable
latent heat, whereas all MEPCM-modified composites display distinct endothermic peaks within the
phase transition range. The original DSC endothermic curves for samples with 2–8 wt% MEPCMs are
presented in supplementary information Figures S1–S4, respectively. Notably, the phase change enthalpy
values may exhibit slight fluctuations depending on the selected integration interval, but all variations
remain within an acceptable error range. Both the endothermic peak intensity and the integrated melting
area increase progressively with increasing MEPCM content. Quantitative analysis confirmed that the
melting enthalpy increases from 3.0 J/g at 2 wt% to 13.6 J/g at 8 wt% MEPCM content, establishing a
direct correlation between MEPCM loading and latent heat storage performance. Linear regression of
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the experimental data yields a correlation coefficient of 0.97, indicating an excellent linear relationship.
The encapsulation efficiency of the MEPCMs in the composite was calculated to be above 90%, based
on the comparison between experimental enthalpies (3.0 J/g at 2 wt%, 8.2 J/g at 4 wt%, 10.8 J/g at
6 wt%, and 13.6 J/g at 8 wt%) and theoretical values (3.6 J/g, 7.2 J/g, 10.8 J/g, and 14.4 J/g, respectively,
based on pure MEPCM enthalpy of 180 J/g). The phase change enthalpy values obtained in this study are
comparable to those reported for PU-based MEPCM composites, where core/shell ratios significantly
influence the latent heat capacity [29].

Figure 5. Phase change enthalpy of RPUF with varying MEPCM contents

Representative specific heat capacity curves for all formulations are provided in supplementary
information Figures S5–S9. Complementary specific heat capacity measurements revealed that pure
RPUF has a specific heat capacity of 1.0 J/(g·◦C), indicating no phase-change-related enhancement. In
contrast, the specific heat capacity of the composites increased steadily with MEPCM content, reaching
4.4 J/(g·◦C) at 8 wt% loading, which represents a fourfold increase compared with the unmodified foam.

Validation experiments confirmed the reliability of measurements using samples collected from
multiple regions of each foam specimen. The minimal variations in both the phase change enthalpy and
specific heat capacity values indicate a uniform distribution of MEPCMs. Furthermore, the experimental
data are in excellent agreement with the theoretical predictions based on composite mixture principles.
The measured enthalpies for the MEPCM/RPUF composites (3.0 J/g at 2 wt%, 8.2 J/g at 4 wt%, 10.8 J/g
at 6 wt%, and 13.6 J/g at 8 wt%) showed good consistency with the theoretical values (3.6 J/g, 7.2 J/g,
10.8 J/g, and 14.4 J/g, respectively), confirming that the microcapsules were effectively incorporated into
the RPUF matrix with high encapsulation efficiency and minimal leakage during the foaming process.
This synchronized enhancement in both latent and sensible heat storage establishes a clear structure–
property relationship that is dependent on the MEPCM content. This synchronized enhancement in both
latent and sensible heat storage is consistent with recent advances in multifunctional RPUF composites
incorporating PCMs for building energy conservation applications [30]. The composite with 6 wt%
MEPCMs is particularly promising because it balances substantial thermal storage capacity with flame
retardancy, making it suitable for practical applications requiring both thermal energy management
and fire safety. Compared with the chitosan-shelled MEPCMs reported by Cao et al. [31], which
required 30 wt% loading to achieve an LOI of 26.1% and a latent heat of 12.31 J/g, our PU-shell

Mater. Plast., 63 (3), 2026, 34–48 42 https://doi.org/10.37358/MP.26.3.83553

https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964
https://doi.org/10.37358/MP.26.3.83553


MATERIALE PLASTICE
https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964

MEPCM/RPUF composite achieves comparable flame retardancy (LOI of 26.3%) and thermal energy
storage (10.8 J/g) at a much lower MEPCM content of only 6 wt%. Furthermore, the compressive
strength of our composite (219.22 kPa) is comparable to that of a recently reported high-performance
flame-retardant RPUF (194–275 kPa) [32], indicating that the thermal energy storage function was
achieved without significantly sacrificing mechanical performance.

3.3. Thermal gravimetric properties
The derivative thermogravimetry (DTG) analysis results are shown in Figure 6. The DTG curve of

pure MEPCMs exhibits three characteristic peaks, whereas that of pure RPUF shows only two major
peaks. After the incorporation of MEPCMs into the foam, all composites display three characteristic
peaks. Furthermore, as the MEPCM content increases, the intensity of the peak at approximately 245◦C
progressively increases. This observation indicates that the thermal decomposition of the RPUF matrix
itself is a multistep process, likely associated with the cleavage of different segments within its polymer
structure. Upon incorporation of MEPCMs, their decomposition features are superimposed onto the
multistage decomposition behaviour of RPUF, resulting in the three-peak DTG curves for all composites.

Figure 6. DTG and TG of RPUF with varying MEPCM contents (a) DTG, (b) TG

The TG analysis results in Figure 6 show that the initial thermal decomposition temperature of pure
MEPCMs is 217◦C, whereas those of pure RPUF and the composites are approximately 240◦C, with only
minor variations. It is evident that the incorporation of MEPCMs does not significantly influence the
overall initial thermal decomposition temperature of the composites. This thermal stability is consistent
with former findings, where PU-shell MEPCMs demonstrated excellent thermal reliability and storage
stability [33]. Upon heating to 600◦C, the residual mass of pure MEPCMs is 1.0%, which is primarily
derived from trace inorganic or carbonaceous residues formed by the high-temperature carbonisation
of their polyurethane shells. In contrast, the residual mass of the flame-retardant RPUF matrix (0 wt%
MEPCMs) is 27.8%. For comparison, our preliminary tests showed that the residual mass of RPUF
without flame retardants at 600◦C is 15.1%. The significantly higher residual mass in the present study
is primarily attributed to the synergistic effect of the flame-retardant system: EG promotes the formation
of a stable, expanded char layer, while the thermal decomposition of ATH produces inorganic oxide
residues that further stabilize the thermal residue. As the MEPCM content increases, the residual mass
of the composites decreases relative to that of pure RPUF, with the minimum residual mass being
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23.3%, representing a reduction of only 4.5%. This finding indicates that within the investigated doping
range, the incorporation of MEPCMs does not significantly alter the final residue yield after high-
temperature decomposition. The thermal residue behavior remains dominated by the RPUF matrix and
the flame-retardant system, which is consistent with recent reports on flame-retardant RPUF composites
containing chitosan phase-change microcapsule [34]. The detailed TGA results are summarized in
supplementary information Tables S1–S7.

3.4. Leakage behaviour
As shown in Table 3, the leakage rate of the pure MEPCMs is 4.8%. Notably, the pure RPUF (RPUF-

0) also exhibited a mass loss of 2.5%, which is attributed to the volatilization of residual physical blowing
agents and moisture trapped within the foam matrix during the high-temperature test, rather than PCM
leakage. This value serves as a baseline mass loss for the foam system. When this baseline is accounted
for, the net leakage rates of the RPUF composites are close to zero. This indicates that the MEPCMs
are perfectly encapsulated within the closed-cell structure of the RPUF, and their robust polyurethane
shells effectively prevent any n-octadecane leakage even during thermal cycles, demonstrating superior
leakage mitigation capability.

Table 3. Leakage rates of various samples

Sample MEPCMs/wt% Leakage rate/%

MEPCMs 100 4.8
RPUF-0 0 2.5
RPUF-2 2 2.5
RPUF-4 4 2.0
RPUF-6 6 2.1
RPUF-8 8 2.0

When the microcapsule content is within 8 wt%, the MEPCMs exclusively fill the internal voids
of the foam cells without compromising the structural integrity of the RPUF. This preservation of the
inherent cellular architecture is pivotal for maintaining an effective barrier against leakage. Similarly,
Hu et al. [29] also demonstrated that PU-based MEPCMs exhibited promising application potential in
thermal energy storage fields due to their superior compactness and storage stability. The suppressed
leakage behaviour of the composite systems arises from synergy of multiple mechanisms. First, a dual
barrier effect is provided by the polyurethane shell of the MEPCMs and the RPUF matrix. The MEPCM
shell serves as the primary barrier to restrict the outflow of n-octadecane, the core material, while
the interconnected cellular network of RPUF functions as a secondary barrier to trap any potentially
leaking liquid and prevent its extensive diffusion within the composite. Second, at the test temperature of
60◦C, n-octadecane exhibits high liquid viscosity and a low diffusion coefficient. This intrinsic property
slows its mobility, even in the presence of minor defects in the MEPCM shell or RPUF matrix, thereby
minimizing the driving force for leakage.

These synergistic mechanisms collectively result in minimal sensitivity of the leakage rate to
variations in microcapsule content across the 0~8 wt% range. This stability indicates that RPUF not
only acts as a compatible carrier for MEPCMs but also significantly enhances the retention of the
phase change material core. Similar findings have been reported for waterborne polyurethane/cellulose
nanofibril/polyethylene glycol phase change foams, where the matrix effectively suppressed phase
change material leakage through superior surface tension and capillary forces [35]. For composite
systems with microcapsule contents within 8 wt%, the consistent leakage rate ensures reliable thermal
energy storage performance and structural reliability, both of which are essential prerequisites for
practical application in thermal management scenarios.
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3.5. Practical application and sustainability
From a practical perspective, the long-term reliability of the RPUF composites in building and

transportation sectors is essential. Specific potential applications include building insulation panels
for passive energy saving and refrigerated transport containers for temperature-sensitive logistics.
Regarding thermal durability, the polyurethane shell of the MEPCMs effectively protects the core
material, ensuring stable heat storage capacity during repeated heating and cooling cycles. The flame-
retardant performance remains stable over time because the EG and ATH additives are physically trapped
within the foam matrix and do not easily volatilize. Additionally, the closed-cell structure of the rigid
RPUF provides an inherent barrier against humidity and water exposure, preventing the degradation
of internal components. Although the addition of MEPCMs increases the initial material cost, the
improved thermal management efficiency can lead to significant energy savings during the service life
of the material, justifying its application in energy-efficient structures. However, practitioners should
consider the trade-off between thermal enhancement and mechanical properties; while 8 wt% MEPCM
provides optimal heat storage, a moderate loading may be more suitable for components requiring higher
structural stiffness.

3.6. Comprehensive mechanism discussion
Based on the experimental results, the multifunctional mechanisms of the MEPCM-RPUF compos-

ites can be summarized as follows. The leakage suppression is attributed to a dual physical barrier:
the inherent polyurethane shell of the MEPCMs provides primary encapsulation, while the closed-cell
network of the RPUF matrix offers secondary confinement, effectively restricting the capillary migration
of the paraffin core. Regarding the foaming process, the MEPCMs act as solid obstacles that increase
resin viscosity and impede gas diffusion, which directly leads to the observed increase in cell diameter.
Furthermore, a synergistic fire-retardant effect is established where the EG/ATH system forms a robust
char layer to block heat and oxygen, while the MEPCMs provide an additional heat sink through their
endothermic phase transition, collectively improving the fire safety of the composites

4. Conclusion
In the present study, flame-retardant RPUF composites with efficient thermal energy storage

capability were successfully fabricated by incorporating MEPCMs into a flame-retardant RPUF matrix.
The optimal MEPCM content was determined to be 6 wt%, at which the composite achieved a LOI
value of 26.3%, meeting the Class B2 flammability standard, while delivering a phase change enthalpy
of 10.8 J/g. This optimal formulation achieves a high encapsulation efficiency >90%, maintaining
a robust B2 rating despite the increased fuel load. Compared to common systems where the LOI
often drops below 24.0% at similar phase change material loadings, our composite provides a superior
balance between fire safety and energy density. This choice highlights a critical trade-off since the
8 wt% MEPCM loading further increased the latent heat to 13.6 J/g but reduced the LOI to 24.6%,
failing to meet the Class B2 requirement. TG and leakage analyses indicated that the incorporation of
MEPCMs did not significantly alter the final residue yield after high-temperature decomposition, and
the RPUF matrix effectively suppressed microcapsule leakage. The composite shows practical promise
for building insulation and refrigerated transport. However, this study has certain limitations; although
the literature provides valuable references, future work should focus on optimization and explore the
application of bio-based phase change materials. In conclusion, this work demonstrates a viable strategy
for enhancing the multifunctionality of RPUF, highlighting its potential application in the construction
and transportation sectors where both thermal management and fire safety are required.
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