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Abstract
Polyurethane-silica aerogel (PUSA) composites have been synthesized in this study for thermal insulation applications. Silica 
Aerogel (SA) was synthesized from sodium silicate solution through a standard sol–gel process and ambient pressure dry-
ing. Previous research has shown that combining PU with SA in a composite causes brittle fracture at lower temperatures. 
This study proposes that PU was re-formulated with ethylene glycol (EG) as an antifreeze and chain extender to enhance 
the mechanical properties. In this experiment, different composites were produced having different SA concentrations (0.5 
wt.%, 1.0 wt.%, 1.5 wt.%, and 2.0 wt.%). The glass transition temperature (Tg) of the PUSA composites as conducted by 
Differential Scanning Calorimetry (DSC) between 0 to -80 ℃ reveals the shift in Tg by as much as 12% with SA addition 
between 0.5–2.0 wt. %. PUSA composite with 1 wt.% SA demonstrates the highest compressive strength (0.56 MPa), while 
composite with 1.5 wt.% SA exhibited the lowest thermal conductivity (0.2 W/mK). PUSA composites containing 1.0–1.5 
wt.% SA exhibited optimum mechanical strength and thermal insulation properties.
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1  Introduction

Polyurethane (PU) foams are versatile polymers that thrive 
in diverse insulation applications. Tailored to meet specific 
needs, they boast exceptional mechanical strength and sta-
bility across a wide temperature range, making them prime 
candidates for cryogenic insulation in liquefied natural gas 
(LNG) pipelines and cargo containment systems (CCS) [1]. 
Yet, for such demanding environments, PU foams alone 
lacks the robust compression resistance needed to withstand 
cryogenic impact forces. Numerous efforts have tackled this 
challenge including nanoparticle reinforcement [2]. Intro-
ducing chopped glass fibres yielded rigid polyurethane foam 

(RPUF) with enhanced mechanical properties, promising for 
LNG/CCS insulation. However, RPUF suffers from compro-
mised thermal insulation due to the high thermal conductiv-
ity of glass fibres (15–17 times that of PU foam). Moreover, 
PU foam itself undergoes a concerning decline in cryogenic 
strength, fracturing readily at -163 °C under compression 
testing. Conversely, RPUF's impregnated glass fibre preserve 
structural integrity at cryogenic temperatures [3], albeit at 
higher production costs [4]. Similar limitations arise with 
other approaches: graphene oxide improves Young's modu-
lus but falls short at cryogenics [5], while OMMT fillers 
enhance strength but raise thermal conductivity [6, 7]. PU 
foam-Kevlar Pulp composites offer enhanced insulation and 
strength at specific ratios, but rising fibre content compro-
mises cryogenic performance due to increased porosity [8, 
9].

Silica aerogel (SA), known for its remarkable insula-
tion properties, presents itself as a potential cryogenic 
material. However, its lack of compressive strength 
hinders standalone applications. While promising stud-
ies show that adding 1% SA particles into PU foam can 
enhance strength and reduce conductivity compared to 
pure PU foam, higher concentrations negatively impact 
cell structure and ultimately hinder thermal performance 
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[10]. Similar issues arise with chopped glass fibers in PU 
foam, where optimal loading remains crucial to manage 
conductivity [11]. Another study found that grinded SA 
can rupture the PU foam cells upon incorporation, further 
exacerbating thermal conductivity [12]. Rigid and flexible 
PU foams, although efficient and economical, exhibit high 
glass transition temperatures compared to LNG's operat-
ing temperature (-163 °C). This renders them brittle and 
unstable at cryogenic conditions [13, 14]. Nanoparticle 
additions, while reported to increase mechanical strength, 
often sacrifice thermal insulation leading to thicker and 
heavier insulation layers [11, 15]. Although previous 
studies have demonstrated the promising thermal insula-
tion properties of PU-SA composites, these materials still 
exhibit detrimental brittleness and fracturing at cryogenic 
temperatures due to a significant mismatch between their 
glass transition temperature (Tg) and the operating condi-
tions [16].

This research proposes that the key to overcoming this 
limitation lies in modifying the PU foam itself before 
incorporating SA. This approach stands in contrast to 
past attempts focused solely on incorporating reinforc-
ing materials like chopped glass fibres or nanoparticles, 
which often compromise thermal insulation or increase 
production costs [3, 5]. This study takes a novel approach 
to optimize PU-SA composites for cryogenic insulation 
by incorporating ethylene glycol (EG) as a dual-function 
agent: acting as both an antifreeze to improve cryogenic 
stability and a chain extender to fine-tune the microstruc-
ture. Additionally, distilled water is employed as a clean 
and sustainable blowing agent [17, 18]. This unique com-
bination, unexplored in prior research, aims to address the 
fundamental cause of cryogenic instability in PU foams, 
paving the way for robust and efficient cryogenic insula-
tion solutions.

2 � Materials and Methods

2.1 � Materials

The PU employed in this study was semi-rigid hydrophobic 
(PU-301, Impex Corporation, Nagar, Bangalore) with a den-
sity of 1.0 g/cm3 and a viscosity of 2800 ± 200 centipoise 
at 25 ℃. It exhibited a hydroxyl value ranging from 510 
to 537 KOH/g. EG as obtained from Sigma Aldrich was 
used as chain extender and anti-freezing agent. Acetic acid 
and sodium silicate solution with a density of 1.35 g/cm3 
were purchased from Supelco Merck Darmstadt, Germany. 
Trimethylchlorosilane (TMCS 98%, Sigma-Aldrich) with a 
density of 0.86 g/cm3 was used as silylating agent. N-Hexane 
(C6H14), with a density of 0.66 g/cm3 was acquired from 
Merck Co., Germany. Ethanol was purchased from V-Chem 
Laboratories Pvt. Ltd., Malaysia. Deionized water was used 
throughout the process. All reagents utilized were of analyti-
cal grade.

2.2 � Methods

2.2.1 � Silica Aerogel Synthesis

SA was synthesized from sodium silicate as illustrated in 
Fig. 1. The precursor was diluted with deionized water in a 
volume ratio of 1:3. Acetic acid was then added dropwise to 
the solution leading to sol–gel transition at pH 5.0–5.5. The 
resulting gel was aged in distilled water bath at 60–70 ℃ 
for 48 h as per the method described in [19]. Subsequently, 
the aged sols were washed to remove soluble salts before 
undergoing solvent exchange in a Soxhlet extractor. During 
solvent exchange process, pore water within the silica gels 
was replaced by ethanol through cyclic process for 72 h, 

Fig. 1   Process of SA synthesis 
from sodium silicate via ambi-
ent pressure drying
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yielding silica alcogels. Then, the silica alcogels were sur-
face modified to renders hydrophobicity on their surfaces. 
Surface modification was achieved by immersing the silica 
alcogel in a silylating mixture containing TMCS and N-Hex-
ane in a 2:8 volume ratio. Specifically, 100 ml of alcogel 
was immersed in 100 ml of the mixture and gently stirred 
for 2 h, following the method outlined in [20]. To remove 
residual hydrochloric acid (HCl) byproduct and unreacted 
TMCS, the gel was thoroughly rinsed with fresh N-hexane. 
Subsequently, the surface-modified alcogels underwent dry-
ing on a hot plate at 100 °C. This treatment evaporated the 
pore solvents, yielding the final hydrophobic SA.

2.2.2 � Polyurethane Reformulation and Composite Casting

Table 1 presents various formulations of PU and PUSA 
composites with varying amounts of SA (in wt%). Two 
control samples (pristine PU composites) were prepared: 
PUH2, without EG modification, and PUSA0, without SA. 
EG modification was applied to other PU composites to 
optimize pore sizes and structural strength [21]. Composite 
components were thoroughly mixed using a mechanical stir-
rer for 60 s in a flat-bottom polyethylene beaker (500 ml). 
The resulting blend was then poured into an aluminium 

cuboid with internal dimensions of 60 mm × 60 mm × 40 mm 
(length × width × breadth). The homogenous mixture was 
sealed and left under ambient conditions for 48 h. The com-
posite casting process is depicted in Fig. 2, and the physical 
appearance of the casted composites is shown in Fig. 3.

2.3 � Characterization

2.3.1 � Compressive Test

Cuboid samples of PUSA composites, measuring 
60 × 60 × 40 mm, were subjected to compressive strength 
analysis using an Instron 4467 Universal Testing Machine 
(UTM) under ambient conditions. The machine operated at 
a crosshead speed of 2.5 mm/min, adhering to ASTM D695 
standards. Strain data acquired from the test was used to 
establish strain–stress relationships.

2.3.2 � Chemical Analysis

The molecular structure of SA, PU and their composites were 
characterized using Fourier Transform Infrared (FT-IR) spec-
troscopy. Material spectra of the samples were recorded on 

Table 1   Designation of composite samples and their compositions

Sample PUF 301 (mL) Proportion of 
SA (wt. %)

EG (mL) Distilled 
water 
(mL)

PUH2 15 0 0 2
PUSA0 15 0 1 2
PUSA1 15 0.5 1 2
PUSA2 15 1.0 1 2
PUSA3 15 1.5 1 2
PUSA4 15 2.0 1 2

Fig. 2   Schematic of process 
flow for fabrication of PUSA 
composites

Fig. 3   Photographs of pristine PU composites (PUH2 and PUSA0)
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a Perkin Elmer 2000 attenuated total reflection (ATR)-FTIR 
instrument within the range of 400–4000 cm−1 at a resolution 
of 5 cm−1.

2.3.3 � Composite’s Density and Porosity

Sample’s densities were determined gravimetrically using an 
analytical balance and sample volume measured by water dis-
placement (accuracy ± 0.05 cm3). Average weight from five 
replicates and GB/T 6343–2009 standards calculated indi-
vidual and composite densities. The composite's porosity was 
subsequently computed by utilizing its theoretical density and 
skeletal density, as determined by the rule of mixtures, follow-
ing the methodology outlined in [22]. All measurements were 
repeated five times and averaged.

2.3.4 � SEM–EDX Analysis

The morphology and the dispersion of SA within the PU 
matrices were observed under Scanning Electron Microscope 
(SEM, Hitachi SU3400) and further analyzed using energy 
dispersive X-ray (EDX, Oxford Instrument). Prior to obser-
vation, the SEM samples measuring 10 mm in diameter and 
3 mm in thickness were subjected to surface polishing and 
gold coating.

2.3.5 � Thermal Conductivity

Thermal conductivity measurement of the PUSA compos-
ites was conducted in accordance to ASTM C177 standards 
(Fig. 4). Samples with dimensions of 25 mm diameter and 
5 mm thickness were prepared and mounted between a heat-
ing cylinder and a heat dissipater. A heating voltage of 25 kV 
was applied and both the heating (T1) and dissipating (T2) 
temperatures were recorded at minute intervals using TC-08 
Thermocouple Data Logger (Pico Technology, UK). Thermal 
conductivity (k) was subsequently calculated based on Eqs. (1) 
and (2).

(1)Q = ṁ × C × ΔT

Whereby,

ṁ	� water flow rate

C	� Water heat capacity

Q	� Heat transfer into the sample

L	� Thickness of sample

A	� Sample surface area

∆T	� Difference between water inlet and outlet temperature

dt	� Difference between heating and dissipating temperature

k	� the material overall thermal conductivity

2.3.6 � Heat Calorimetry

Differential Scanning Calorimetry (DSC, Mettler-Toledo 
DSC822C/600) was employed to assess the shift in the mate-
rial's Tg and the alterations in thermal transitions resulting 
from the incorporation of SA into the PU. For the analy-
sis, 10 g of powdered material was utilized and subjected 
to heating at a rate of 10 °C min−1 The temperature range 
spanned from -80 °C to 150 °C with a continuous flow of 
40 L/min N2 gas.

3 � Results and Discussion

3.1 � Physical and Chemical Properties of SA

Table 2 presents the properties of the synthesized SA which 
was utilized in the study. The hydrophobic nature of the 
material is confirmed by the FTIR analysis in Fig. 5, The 
peaks observed in the spectra at approximately 800 cm−1 

(2)k = 4.1
QL

dt

Fig. 4   Thermal conductivity 
measurement apparatus with a 
schematic illustrating a set-up in 
the heating chamber
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and 2960 cm−1 represent the Si–C and C–H bonds present 
in TMCS, indicating the formation of a hydrophobic surface. 
The absence of peaks associated with hydroxyl groups at 
3400 cm−1 and 1630 cm−1 was due to hydrophobization of 
the SA surface [23]. Figure 6 demonstrates the physical form 
of the SA sample and its internal porous structures (SEM 
images) after ambient pressure drying.

3.2 � SEM–EDX Analysis of PUSA Composites

SEM analysis revealed the influence of SA contents on the 
generation and size of cell pores in the matrix. In Fig. 7, it 
is observed that matrix homogeneity is associated with par-
ticle concentration. Low concentrations (Fig. 7a, b) of SA 
favour the generation of regular, circular, and closed pores, 
while high concentrations beyond the critical value cause 
pore degeneration and cell rupture. SEM confirms the rup-
ture of some cells in Fig. 7c, d, and e for PUSA composites 
containing 1.0 to 2.0 wt.% of SA. Furthermore, the pres-
ence of irregular and damaged cells, caused by high particle 
loading exceeding the critical value, diminishes the matrix's 
mechanical properties, as the cell walls that provide struc-
tural support and strength are negatively affected, as evident 
in Fig. 7d and e. In Fig. 7b and c, it can be observed that the 
pores are distinctly circular with a reduced cell size com-
pared to Fig. 7d and e. It has a more homogeneous particle 
dispersion with circular pores comparatively. Similarly, as 
the loading increased to 1 wt.%, the matrix remained homo-
geneous with an increased cell size compared to 0.5 wt.%. 
However, as the loading increased, the cell walls ruptured, 
and the cell geometry became distorted, displaying changes 
to elliptical and disfigured with non-uniform particle dis-
persion, as evident in Fig. 7d and e. During the forming 
process, the more air included, the higher the nucleation 
effect [24]. Similarly, the cell formation process is affected 
by the introduction of nanoparticles altering the matrix mor-
phology compared to the pristine matrix. At optimal loading 
cell morphology is altered without significant distortion and 
ruptures, which could lead to the loss of desired composite 
properties [25, 26].

Table 2   Physical properties of 
the synthesized SA

Property Value

Bulk Density 0.109 g/cm3

Surface area 500–600 m2/g
Particle size 0.2–2 mm
Porosity 95%

Fig. 5   FTIR spectrum of the synthesized SA

Fig. 6   a Photograph of the 
synthesized SA (b) SEM micro-
graph at Mag = 2000 × (c) SEM 
micrograph at Mag = 5000 ×  
(d) SEM micrograph 
Mag = 10,000 × 
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3.3 � Densities of PUSA Composites

Figure 8 illustrates the variation in composite densities with 
varying SA content. Initially, it was assumed that composite 
density would diminish with increasing SA content. How-
ever, contrary to expectations, the incorporation of low SA 
particles led to an elevation in material density. This phe-
nomenon can be attributed to the involvement of SA parti-
cles in the foaming process, contributing to densification. 
Nevertheless, a decrease in density was observed as the SA 
content increased from 1.5 wt.% to 2.0 wt.%. The composite 
reached its maximum density at 1.5 wt.%. Subsequently, as 
SA content increased further, the density decreased. This 
decline can be rationalized by the rupture of cell pores as 
particle concentrations exceeded the threshold for effective 
nucleation. Consequently, an increase in SA content resulted 
in the formation of cell pores on the composite's surface, 
leading to a reduction in density.

The cellular structure of the PU consists of an intact lat-
tice framework surrounded by gas-containing pores. Under 
load, internal forces acting on the PU’s cell walls maintain 
its foam's shape [27]. However, when stress surpasses the 
elastic limit, the cell walls bend and eventually tear, leading 
to rupture. The presence of closed cell structures, achieved 
at low SA content, enhances heat insulation performance 

of the PUSA composites. Conversely, high SA content may 
disrupt PU foam homogeneity and diminish functionality 
[28]. Excessive SA incorporation, while promoting closed 
cell formation, can reduce composite homogeneity and 
compromise function. The intersection of numerous cells 

Fig. 7   SEM micrograph and 
EDX Mapping of sample (a) 
PUSA0 with 0 wt.% of SA (b) 
PUSA1 with 0.5 wt.% of SA (c) 
PUSA2 with 1 wt.% of SA (d) 
PUSA3 with 1.5 wt.% of SA 
and (e) PUSA4 with 2.0 wt.% of 
SA respectively

Fig. 8   Variation of Composite density with increase in wt. % of SA
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as structural elements forms struts with relatively small 
strut areas. Moreover, as SA content increases, cell struc-
ture irregularities emerge [29]. The extremely low density 
of SA inhibits consistent cell formation and hampers par-
ticle dispersion, impeding homogeneous cell creation as 
solution viscosity rises. Furthermore, concerning materials 
for cryogenic insulation, the impact of applied load on cel-
lular degeneration outweighs exposure to cryogenic liquids 
or seawater [30].

3.4 � Molecular Structure of PUSA Composites

Structural changes in the PUSA composites were investi-
gated using FT-IR spectroscopy, as depicted in Fig. 9 and 
further described in Table 3. These changes, encompassing 
alterations in orientation and crystalline shape, were con-
firmed through attenuated total reflectance measurements 
of the PU component. PU contains the -NHCOO- group, 
indicative of the urethane bond, with the -OH group as an 
active hydroxyl group and the isocyanate group (-N = C = O) 
serving as another active group [31]. Vibrations associated 
with C-O bonds at 1720 cm−1, N–H vibrations at 1530 cm−1, 
and symmetric and antisymmetric stretching vibrations of 
C–O–C at 1230 cm−1 and 1070 cm−1 were observed [16]. 
An increase in peak heights and area was observed as aero-
gel contents increased from 0.5–1.5 wt.%. However, these 
trends decreased when contents increased to 2 wt.%. Inter-
estingly, the length of the hydroxyl group stretching vibra-
tions at 3750 cm−1 was longer in all composite samples 
compared to the sample without SA (0 wt.%). The pres-
ence of SA was further confirmed by the asymmetric CH3 
stretching vibrations at 2930 cm−1 from SiCH3, which is 
the only component of SA. The presence of EG in the com-
posite was confirmed by the O–H stretching vibration at 

3293 cm−1, νC-H symmetric and asymmetric stretching at 
2936 and 2874 cm−1 of the –CH2 groups [32]. Additionally, 
the νC-O symmetric and asymmetric stretching vibration 
was observed at 1413 cm−1 (a weak band between 1500 and 
1400 cm−1) in the fingerprint’s region. Within a strong band, 
a vibration was observed at 1082 and 1036 cm−1, and a rock-
ing vibration at 881 cm−1 in agreement with [33].

3.5 � Thermal analysis of PUSA composites

3.5.1 � DSC

The DSC analysis conducted on the composite samples 
reveals a notable shift in the Tg influenced by the addition of 
EG. A significant shift of approximately 11.9% is observed, 
from -51.34 ℃ in the pristine PU to -57.46 ℃ with the incor-
poration of EG. However, upon adding SA, the transition 
temperature shifts slightly in a positive direction due to 
the amorphous nature of SA. Furthermore, as SA contents 
increase from 0.5–2.0 wt.%, the matrix Tg shift becomes 
nearly negligible. This phenomenon could be attributed to 
the anti-freezing activity of EG, which exhibits less effect 
with the addition of SA within the tested concentrations, as 
indicated in Table 4. Interestingly, composites containing SA 
exhibit a stable heat flow. The DSC thermogram depicted in 
Fig. 10 illustrates the transition of sample PUSA0, exhibit-
ing a lower Tg of -57.46 ℃ compared to -51.34 ℃ observed 
for pristine PUH2 (without SA and EG). This difference 
suggests the influence of EG in shifting the material's Tg. 
Similarly, the presence of SA particles affects the stable heat 
flow of the composite within the tested temperature range. 
This influence is evident in the more parallel curves dis-
played by composites with SA (PUSA1, PUSA2, PUSA3 
and PUSA4) compared to PUSA0. This study recorded a 
lower Tg of -57.46 ℃, indicating improved composite stabil-
ity at lower temperatures, compared to the lowest Tg of -47 
℃ as reported in [34], demonstrating further enhancement 
in composite cryogenic stability.

3.5.2 � Thermal Conductivity

The thermal conductivity test was conducted 12 days after 
casting the composites to allow for the stabilization of the 
blowing agent, which may influence thermal conduction 
measurements [35]. The inclusion of SA resulted in a reduc-
tion of thermal conductivity, indicating improved thermal 
insulation, as depicted in Fig. 11. This decrease in ther-
mal conductivity showed a consistent trend as SA content 
increased from 0.5 to 1.0 and 1.5 wt.%. However, when the 
SA content reached 2.0 wt.%, there was an observed increase 
in thermal conductivity. Notably, the sample containing 1.5 
wt.% of SA among the tested samples exhibited the low-
est conductivity. These findings suggest that the thermal 

Fig. 9   Molecular structure of the composite samples as depicted by 
FTIR spectra
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insulation of the PUSA composite reached its peak at 1.5 
wt.% SA. Beyond this concentration, thermal insulation 
appears to decline, possibly due to SA particles disrupting 
the porous structure of PU. It was anticipated that adding 

high contents of particles with ultra-low conductivity would 
reduce the overall conductivity. However, an increase in 
particle quantity resulted in an increase in material thermal 
conductivity. This rise in heat conductivity was attributed to 
modifications in cell shape. In the matrix, small, uniform, 
and rounded cells performed better in terms of thermal insu-
lation than large and irregular ones. PUSA3 (1.5 wt.% SA) 
displayed the least thermal conductivity among the samples 
tested, showing a reduction of approximately 13% compared 
to the same composition of the composite reported in [36].

3.6 � Compressive Strength

Figure 12 displays the stress–strain curves obtained from the 
compressive test of the composites. The study reveals that 

Table 3   Samples FTIR Spectra 
and their peak assignment

Wavelength (cm−1) Peak Assignment

881 C-O symmetric and asymmetric rocking stretching vibration
1082–1036 C-O symmetric and asymmetric strong vibration stretching vibration
1070 C–O–C asymmetric stretching vibration
1270 C–O–C asymmetric stretching vibration
1230 C–O–C asymmetric stretching vibration
1413 C-O symmetric and asymmetric stretching vibration
1530 N–H
1720 C = O
2874 C-H asymmetric stretching of the CH2 group
2930 C–H stretching vibration
2874 –CH2 asymmetric stretching
2936 –CH2 C-H symmetric
3294 O–H stretching vibration
3750 -OH hydroxyl group stretching vibrations

Table 4   Glass transition temperature (Tg) of the sample composites

Composite Sample Onset Tg(℃) Tg Midpoint (℃)

PUH2 -51.34 -48.74
PUSA0 -57.46 -54.18
PUSA1 -56.78 -53.42
PUSA2 -56.80 -54.23
PUSA3 -55.96 -53.60
PUSA4 -56.47 -54.23

Fig. 10   DSC thermogram of pristine PU samples (PUSA0 and 
PUH2) and PUSA composites

Fig. 11   Thermal conductivity of PUSA composites at different SA 
loadings
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the highest compressive strength of 0.56 MPa was achieved 
at 1 wt.% of SA. In comparison, the 1.5 wt.% SA composite 
demonstrated a good compressive strength of 0.50 MPa, but 
it exhibited a higher nominal strain compared to the 1 wt.% 
composite. It was observed that 1 wt.% SA provided the 
highest compressive strength due to the presence of uniform 

cells with thicker cell walls that support compressive load. 
Normally, cell walls provide the material's compressive 
strength and structure as they oppose each other [35]. The 
use of higher SA contents led to the deterioration of cell 
structures and decreased mechanical strength in the compos-
ite. The compressive strength demonstrated by the material 
could be explained as the expansion of the damaged cells 
found consistent with [37].

Meanwhile, Fig. 13a illustrates the compressive strength 
of the composite material as a function of various levels 
of SA loading. It is evident from the graph that the sample 
designated as PUSA2, containing 1 wt.% SA loading, dem-
onstrates the highest compressive strength. This observation 
aligns with previous study [29]. The strength exhibited by 
the material could be correlated to its matrix morphology. 
At lower loading levels (0–1 wt.%), the particles participate 
in uniform cell formation, leading to an increase in com-
pressive strength without significant changes in cell geom-
etry. However, visible changes in morphology occur as the 
loading exceeds 1 wt.%. Figure 13b shows a micrograph of 
PUSA2 with the highest compressive strength and PUSA4 
with the lowest compressive strength among the samples 
tested. PUSA2 exhibits a more circular cell geometry 
(labeled C1) with uniform particle dispersion compared to 
relatively disfigured cells in PUSA4 (labeled C2). The high 
compressive strength demonstrated by PUSA2 indicates the 

Fig. 12   Compressive stress–strain curves of the PU-SA composites

Fig. 13   Compressive behaviour 
of PUSA composites (a) Influ-
ence of SA contents on compos-
ite’s compressive strength (b) 
SEM–EDX analysis of PUSA2 
and PUSA4 showing a change 
of cell geometry and porosity 
due to SA content
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presence of uniform cells that support compressive loads, 
while PUSA4 demonstrates weaker strength, suggesting 
the presence of non-uniform cells with a more porous mor-
phology (labeled P1), a behavior attributable to the relative 
increase in non-homogeneity of SA particle dispersion.

4 � Conclusion

This study investigates the influence of SA particles on the 
mechanical and thermal properties of PU composites. PU, 
optimized with EG as an antifreeze, forms the base compos-
ite. The addition of EG induces a shift in the composites' Tg, 
while the incorporation of SA enhances the thermal insula-
tion properties of PU. This Tg shift, induced by EG, signi-
fies improved composite stability at cryogenic temperatures. 
Previous research suggested 1 wt.% SA loading as optimal 
for both compressive and thermal properties. However, our 
findings diverge: while compressive strength aligns with 
previous studies, 1.5 wt.% SA emerges as optimal for ther-
mal properties in this investigation. The composite exhibit-
ing high compressive strength would be preferable in cargo 
containment systems and applications subject to loading, 
whereas PUSA3, demonstrating optimal thermal insulation, 
would be advantageous in cryogenic insulation systems.
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