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ABSTRACT

Rigid polyurethane foams (RPUFs) are essential materials in
structural applications due to their thermal insulation,
lightweight properties, and mechanical strength. However,
evaluating and comparing their compressive performance is
complicated by differences in formulation parameters such
as density, aging, and crosslink density. This study proposes
a standardized normalization approach to evaluate
compressive properties across diverse RPUF formulations by
adjusting all data to a common reference density. Samples
were subjected to controlled aging conditions and analyzed
using dynamic mechanical thermal analysis (DMTA) to
investigate the relationship between crosslinking behavior
and mechanical performance. The results demonstrate that
aging, formulation composition, and isocyanate index
significantly influence the foam’s compressive strength and
modulus, as well as its thermal transitions. The proposed
method enables a more reliable and efficient comparison of
RPUF performance, offering practical implications for
optimizing formulation design in construction, automotive,
and aerospace applications where mechanical integrity and
durability are critical.
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1. INTRODUCTION

Plastics have become a ubiquitous class of materials in contemporary industries because
of their adaptability, affordability, and processability. Numerous reports on plastic have been
published [1-4]. With their derivation largely from petrochemical sources, plastics encompass
a diverse spectrum of polymer types, each specifically developed for targeted properties of
mechanics, heat, and chemical resistance. Their lightweight, coupled with the robustness and
flexibility of product designs, has led to their universal usage across industries such as
packaging, construction, vehicles, electronics, and healthcare. However, the growing global
usage of plastics has led to increased concerns over their environmental sustainability, largely
because of their non-biodegradability and role in contributing to lingering pollution over time.
In response to these issues, recent studies have focused on developing enhanced
functionality of plastic materials with advanced formulations, functional additives, and hybrid
composites while looking into other substitutes such as bio-based or recoverable polymers.
Among these, polyurethane systems (particularly foams) have drawn interest for their
structural functionality and insulating abilities, and they are of intense focus in developing
high-performance and more environmentally sustainable plastic usage.

Low-density rigid polyurethane foams (RPUFs) are popular, cost-effective, and efficient
insulations that are applied in numerous industries, such as residential and commercial
buildings, industrial processes, and transportation systems [5]. The most typical ones include
wall and roof insulation, gap sealing with spray foam, refrigeration units, and structural
reinforcement with sandwich panels [6]. The high usage of RPUFs can be attributed to the
combination of desirable traits, such as low thermal conductivity, lightweight composition,
mechanical strength, and versatility in various shapes, such as sprayed or molded structures
[7-9]. Their closed-cell structure reduces heat loss through the entrapment of blowing agents,
and their resistance to moisture and stability in terms of shape and size with changes in
environmental conditions contribute to improved performance [10-17].

In practical settings, RPUFs frequently endure compressive loads during storage,
transportation, or service life, particularly in scenarios such as roofing, where foot traffic
imposes mechanical stress [18—20]. The compressive strength of polyurethane foam, defined
as the maximum stress sustained before or at 10% deformation, plays a critical role in
determining its suitability for such applications. Compression initially causes the polymer
matrix to deform, followed by cell wall contact and densification as loading progresses [9, 21—
23].

Assessing compressive properties in three orthogonal directions typically requires large,
well-machined foam samples and complex testing protocols [24]. These directional strengths
are geometrically averaged and normalized to a reference density to isolate the influence of
formulation variables on mechanical performance. While effective, this approach is
cumbersome and inefficient, particularly in product development contexts where rapid
screening of formulations is necessary [25-28].

Foam density is among the most influential parameters affecting compressive behavior
[13, 20]. Due to its strong correlation with mechanical strength, normalization to a consistent
density is essential for meaningful comparison between formulations. Additional factors such
as foam age, cell morphology, and chemical composition also contribute to variability in
compressive properties [29-31].

Aging further complicates performance evaluation by inducing chemical and structural
changes over time [32—-35]. Various degradation mechanisms—such as oxidation, hydrolysis,
thermal exposure, ultraviolet radiation, loss of plasticizers, microcracking, crosslinking
imbalances, and moisture absorption—alter the foam’s internal structure and reduce its
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ability to withstand compressive forces [36—39]. While some foams may temporarily benefit
from post-curing crosslinking, the overall trend typically involves progressive decline in
strength due to material embrittlement and network deterioration [40-42].

Despite recognition of these variables, a significant research gap persists in the form of a
missing standardized, efficient method for evaluating compressive properties across different
RPUF formulations. Conventional methods are labor-intensive and ill-suited for rapid
prototyping or high-throughput optimization. Moreover, the combined effects of foam
density, aging, crosslink density, and isocyanate index under controlled conditions remain
insufficiently understood.

Therefore, this study aims to develop a simplified normalization method that enables fair,
efficient, and systematic comparison of compressive strength and modulus across various
RPUF formulations by adjusting data to a uniform density. The study also seeks to evaluate
the individual and combined effects of aging, crosslink density, and isocyanate index on
mechanical performance. By integrating dynamic mechanical thermal analysis (DMTA) into
this framework, the research contributes a practical and scalable approach for optimizing
RPUF formulations, with direct relevance to industries demanding durable, load-bearing, and
thermally efficient materials.

2. METHODS
2.1. Materials and Foam Preparation

The RPUF formulations were prepared using 100 grams of JEFFOL 393 polyol (designated
as Jeff 1) and polymeric methylene diphenyl diisocyanate (PMDI), both obtained from
Huntsman Company. All formulations maintained a constant isocyanate index of 1.1. Distilled
water (1 g) was used as the chemical blowing agent. Table 1 summarizes the key properties
of the polyols and PMDI.

The RPUF formulations were prepared using 100 grams of JEFFOL 393 polyol (designated
as Jeff 1) and polymeric methylene diphenyl diisocyanate (PMDI), both obtained from
Huntsman Company. All formulations maintained a constant isocyanate index of 1.1. Distilled
water (1 g) was used as the chemical blowing agent. Table 1 summarizes the key properties
of the polyols and PMDI.

Table 1. Specifications of polyols and PMDI.

Property Jeffl Jeff2 Jeff3 PMDI
Specific gravity (@25°C) 1.08 1.06 1.07 1.19
Functionality 3.9 3.2 3.0 2.72
Hydroxyl number (mgKOH/g) 393 310 635 -
Water content (%) 0.1 0.1 0.1 -
NCO content (wt%) - - - 31.2
Viscosity (cP @ 25°C) 5000 2200 430 156-216

The B-side components (comprising polyol, catalysts, surfactant, and nanoparticles) were
thoroughly mixed in a plastic container and subsequently blended with PMDI for 10 seconds
using a mixer blade operating at 2000 rpm, mounted on a table drill press [43]. The resulting
mixture was immediately poured into a wooden mold (11 x 11 cm?), lined with aluminum foil
to prevent adhesion. The exothermic polymerization reaction induced foam expansion, with
the reaction temperature monitored using a Reed SD-947 Data Logger. The foaming process
was considered complete once the temperature began to decline, indicating stabilization of
the polymer network [44].
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To establish a testing methodology, foams were produced at nine different density levels
(R1-1 through R1-9) by varying the amount of physical blowing agent (cyclopentane), as
presented in Table 2. Key parameters, including cell morphology, density, and aging behavior,
were analyzed.

Table 2. Amount of physical blowing agent (PBA) for different foam formulations.

Foam Sample PBA (g)

R1-1 4
R1-2 6
R1-3 8
R1-4 10
R1-5 12
R1-6 14
R1-7 16
R1-8 18
R1-9 20

Following the optimization of foam density methodology, additional formulations were
fabricated to examine the effects of crosslink density (recipes R2-1 to R2-4) and isocyanate
index (recipes R3-1 to R3-5). All foam samples were stored untrimmed at 25°C until testing,
with storage durations varied according to subsequent experimental procedures.

2.2. Cell Size Analysis

To evaluate structural anisotropy, foam samples were analyzed for variations in cell size
and orientation, which are critical in determining compressive performance. Samples were
extracted from the uppermost region of each foam block. Average cell dimensions were
measured along both the rise direction and perpendicular to it to capture anisotropy.
Measurements were conducted using an RM 5 Raman microscope (Leica S/N 255150 BZ 03)
coupled with an ELMO CCTV digital signal processing camera. A magnification of 500 um was
used to capture detailed cellular structure [45-47].

2.3. Compressive Testing

Compressive tests were performed on foam specimens cut to dimensions of 5.8 x 5.08 x
2.54 cm, taken from the upper portion of each foam block. Before testing, all samples were
conditioned at 25°C for 24 hours. Tests were conducted in the rise direction in accordance
with ASTM D1621 standards. Each sample was tested in triplicate, and the average value was
reported for analysis [48-50].

2.4. Crosslink Density Characterization

Crosslink density was evaluated using the equilibrium swelling method based on the Flory—
Rehner equation [40, 51-53]. Foam samples were cut into small, uniform pieces. The initial
dry mass (mgy) and density (pq) were recorded. Samples were immersed in toluene until the
swelling equilibrium was achieved. The swollen mass (ms) was then recorded after surface
blotting. Finally, samples were dried and weighed again to ensure mass consistency. The

polymer volume fraction in the swollen samples (v;) was calculated using Equation (1).
Voluem of the polymer __mg/pd (1)

v, = =
r Total volume of the swollen samples mg/ps

where pg and ps are the densities of the dry and swollen foam samples, respectively.
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The crosslink density (uu) was determined using the Flory—Rehner correlation (Equation

(2)).
— [ln(l—vr)+vr+)(*v1§]
GG

(2)

Here, Vo is the molar volume of toluene (106.8 cm3/mol), and y is the Flory—Huggins
interaction parameter, given by Equation (3).

x =035+ :—OT(solubility of toluene — solubility of sample) (3)

2.5. Dynamic Mechanical Analysis (DMA)

Rectangular foam specimens (0.5 x 1 x 5 cm) were cut from the center of the free-rise
region. All samples were free of surface contaminants. Dynamic mechanical analysis was
performed using a Physical MCR301 rheometer (Anton Paar) equipped with a solid torsion
fixture under a nitrogen atmosphere.

A small oscillatory force was applied to the samples while the temperature was increased
from 50°C to 250°C at a rate of 3°C/min, with a frequency of 1 Hz. The DMA recorded changes
in storage modulus, loss modulus, and tan 6 as functions of temperature. The glass transition
temperature (Tg) was identified either by the peak in the tan 6 curve or by a distinct drop in
the storage modulus [54-56].

3. RESULTS AND DISCUSSION
3.1. Effect of Foam Density

Foam density was systematically varied by adjusting the loading of the physical blowing
agent (cyclopentane). To assess how density governs cell geometry and compressive
response, specimens were taken from the core region of each block near the mold wall (box
edge), where processing gradients are minimal and microstructure is representative. Figure 1
presents optical micrographs (RM 5 Raman microscope used in optical imaging mode with a
DSP camera) of the cell morphology in the two principal directions: (i) the normal
(perpendicular) to the rise direction and (ii) the parallel to the rise direction. In Figure 1(a),
cells appear more equiaxed and compact, a morphology that promotes uniform stress
transfer under compressive loading normal to the rise. In Figure 1(b), cells are visibly
elongated along the rise axis, reflecting the kinematics of foam expansion and gas escape
during foaming; this elongation imparts greater compliance and energy-dissipation capacity
for loads applied parallel to the rise.

Quantitatively, the measured average cell sizes fall in the range 0.55-0.61 mm in the
normal direction and 0.67-0.73 mm in the parallel direction, yielding a stable anisotropy ratio
of 1.2 across the density series (see Equation (4)). This relatively constant anisotropy indicates
that changes in compressive properties with density are driven primarily by cell size/solid
fraction rather than by directional changes in cell shape. Consistent with cellular solids theory,
the smaller, more equiaxed cells in the normal direction enhance load-bearing capacity,
whereas the elongated cells parallel to the rise contribute to strain accommodation and

resilience during deformation.
Dimension in therise direction

Cell Anisotropy Ratio =

dimension perpendicular to the rise direction (4)
Because the anisotropy ratio is approximately constant, the geometric mean of
compressive strength for an axisymmetric cellular structure can be estimated from the rise
direction value; for an anisotropy ratio of 1.2, this mean is about 86% of the compressive
strength measured in the rise direction. On this basis, to streamline the test matrix while
preserving fidelity, subsequent compressive characterization in this study was performed in
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the rise direction only, with the understanding that the measured trend reflects the bulk
(direction-averaged) behavior with high fidelity.

Finally, the microstructural trends in Figure 1(a) and (b) align with the macroscopic
density—strength relationship discussed later: as cyclopentane loading increases (reducing
density), cell walls thin and cells enlarge, leading to a monotonic decrease in compressive
strength. Over the examined density window, this dependence is well captured by a linear fit
(high R2R"2), which we adopt for density normalization in subsequent sections to isolate
formulation effects from density.

1000
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-500 0 500 1000 1500 2000 2500

-500 0 500 1000 1500 2000 2500

Figure 1. Cell Morphology in a) normal and b) parallel foam rise direction.
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For axisymmetric foams, the geometric mean of compressive strength can be
approximated based on the observed cell anisotropy ratio [2]. When the anisotropy ratio is
approximately 1.2, as identified in this study, the geometric mean compressive strength is
estimated to be around 86% of the compressive strength measured in the rise direction. Given
the uniformity in cell morphology across all samples (regardless of blowing agent level), this
approximation provides a reliable basis for simplifying the experimental methodology. As
such, compressive testing was conducted only in the rise direction, allowing for consistent,
efficient evaluation of mechanical performance while minimizing experimental complexity.

Figure 2 presents the foam densities achieved at nine different levels of cyclopentane
loading, corresponding to formulations R1-1 through R1-9. The plotted error bars represent
the standard deviations from three replicate measurements, reflecting the reproducibility of
foam density at each blowing agent level. As expected, an inverse relationship was observed
between cyclopentane loading and foam density, consistent with increased gas expansion
and lower polymer content. However, beyond a certain threshold (specifically at the two
highest blowing agent levels (R1-8 and R1-9)), further increases in cyclopentane did not result
in additional decreases in density. This suggests that the foam system had reached its
expansion limit, likely constrained by factors such as polymer network strength, surface
tension, and gas escape during foaming. In some cases, excessive blowing agent can even lead
to cell coalescence or collapse, producing structurally unstable or non-uniform foams.

To ensure reliability and consistency in subsequent mechanical analysis, samples R1-8 and
R1-9 were excluded from further testing. Their inclusion could introduce variability unrelated
to formulation intent, obscuring the interpretation of density-dependent trends. The
remaining seven formulations (R1-1 through R1-7) exhibited well-behaved and linearly
correlated density variations, forming the basis for the compressive strength and modulus
analysis presented in the following sections.

Figure 3 illustrates the relationship between compressive strength and foam density for
the formulations R1 1 through R1 7, corresponding to the range of cyclopentane loadings that
produced structurally stable foams. While compressive strength in cellular solids is typically
modeled using a power-law relationship, such modeling assumes a wide range of density
variations and often requires log-transformed data. In this study, however, the density range
was relatively narrow (between 58 kg/m3® and 27.3 kg/m?3), and the data exhibited strong
linear behavior within this window.

Figure 3 illustrates the relationship between compressive strength and foam density for
the formulations R1 1 through R1 7, corresponding to the range of cyclopentane loadings that
produced structurally stable foams. While compressive strength in cellular solids is typically
modeled using a power-law relationship, such modeling assumes a wide range of density
variations and often requires log-transformed data. In this study, however, the density range
was relatively narrow (between 58 and 27.3 kg/m3), and the data exhibited strong linear
behavior within this window.

A linear regression model was applied, yielding an exceptionally high coefficient of
determination (R? = 0.9989), which confirms the robustness of the linear fit. This high level of
correlation justifies the adoption of a linear model over more complex non-linear approach.
The simplicity and accuracy of this model make it especially suitable for density normalization,
a core objective of this research, as it allows for straightforward correction and comparison
of compressive strength across samples with different densities.

To ensure coverage of densities relevant to a wide array of practical RPUF applications,
three levels of cyclopentane loading (10, 12, and 14 g) were selected for replication across all
experimental recipes. This design ensured the repeatability of density influence while
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controlling for formulation-specific effects. Consequently, the observed trend in compressive
strength reflects not only the influence of density itself but also establishes a reliable
framework for normalizing mechanical data, thereby enabling equitable comparisons among
foam samples produced under varying conditions.
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Figure 2. Foam density at different physical blowing agents.
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Figure 3. Impact of foam density on foam compressive strength.
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3.2. Effect of Foam Age

To investigate the effect of short-term aging on the mechanical properties of rigid
polyurethane foams (RPUFs), samples produced using five different cyclopentane loadings
(formulations R1-3 to R1-7) were subjected to controlled aging conditions of 50% relative
humidity and 24°C. The untrimmed foam blocks were stored for various durations (2, 6, 8, 14,
and 21 days) before testing, to capture the early evolution of mechanical behavior resulting
from post-curing and environmental exposure.

Compressive strength and compressive modulus were both evaluated as functions of foam
density across the different aging periods, and the results are presented in Figures 4 and 5,
respectively. It was noted that even within the same cyclopentane formulation, foam
densities exhibited minor fluctuations over time. These variations may be attributed to slight
changes in mass loss, gas diffusion, or polymer relaxation during aging.

To allow for an equitable comparison of mechanical properties over time, a density
normalization procedure was applied to each data set. This ensured that compressive
properties could be compared on a common basis, independent of density fluctuations. For
each aging period, a linear regression was performed to correlate compressive strength and
modulus with foam density. The resulting fitting equations for each time point are
summarized in Table 3.

As anticipated, the analysis indicated that the compressive strength gradually increased
with the density of the foam, irrespective of the aging time. This pattern is consistent with
the overall reasoning that denser foams have thicker cell walls and a higher percentage of
solid forms, which leads to better load-bearing properties.

Similarly, the compressive modulus exhibited a positive relationship with density
throughout all aging periods. They could have done this by applying linear normalization so
that the effect of aging, as opposed to confounding factors, including density, was isolated.
This method provides better insight into how the intrinsic mechanical behavior of the foam
matrix changes with time owing to the aging process. The normalized data are further
analyzed in the following sections to measure the changes in compressive strength and
modulus with respect to aging time.
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Figure 4. Impact of foam aging on foam compressive strength with different foam densities.
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In this study, a target density of 40 kg/m3 was selected as the reference point for
normalizing all compressive strength and modulus data. This normalization allows for
meaningful comparisons between foam samples that may vary in density due to formulation
or processing, by effectively isolating the effects of aging and formulation variables from
those of density.

Using the regression equation derived from the 2-day aging data set (Equation (5)), with R?
=0.9989, the normalized compressive strength at 40 kg/m3 was calculated to be 0.272 MPa:

Compressive Strength (MPa) = 0.0084 x Foam density (%) —0.0668 (5)
The same normalization approach was applied across all aging intervals to evaluate how
compressive strength and modulus evolve at a fixed density. This method ensures that

observed changes in mechanical behavior reflect intrinsic aging effects, rather than variations
in foam density.
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Figure 5. Impact of foam aging on foam compressive modulus with different foam densities.

Table 3. Fitting equations for the compressive strength (Figure 4) and compressive modulus
(Figure 5) at different aging periods.

Aging Days Fitting Equation R? value
Compressive Strength

2 y = 0.0084x - 0.0668 0.9989
6 y =0.0087x - 0.1369 0.9988
8 y =0.0089x - 0.1536 0.9954
14 y =0.0091x - 0.1703 0.9978
21 y =0.0093x - 0.1882 0.9966
Compressive Modulus

2 y =0.2231x - 4.2097 0.9967
6 y=0.2423x - 3.4521 0.9936
8 y =0.2682x - 4.0314 0.995
14 y =0.2966x - 4.6761 0.9933
21 y =0.3279x - 5.3928 0.9891
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The results of the normalization procedure are presented in Figures 6 and 7, which display
the evolution of compressive strength and modulus, respectively, across the aging period.
Error bars represent the average standard deviation across all tested formulations,
accounting for variability due to formulation and measurement.

Analysis of the normalized compressive strength revealed notable fluctuations between
days 2 and 8, with the most pronounced decrease observed at day 6. These fluctuations may
be attributed to changes in the gas composition within the foam cells, including the
replacement of blowing agents with ambient air, diffusion-related shrinkage, or polymer
relaxation during post-curing.

Over this period, the normalized compressive strength exhibited an overall decline, while
the normalized compressive modulus increased significantly, suggesting a transition in foam
behavior from a softer, more ductile state to a stiffer, more rigid network. This could reflect
progressive crosslinking or structural reorganization at the polymer matrix level.
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Normalized Compressive Strength
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Figure 6. Normalized compressive strength over an aging period.

From day 8 onward, both the compressive strength and modulus demonstrated minimal
variation, indicating that the foam had reached a relatively stable mechanical state. Based on
this stabilization, all subsequent compressive testing in the study was conducted on foams
aged between 8 and 21 days, to ensure data consistency and reliability across different
experimental conditions.

3.3. Effect of Crosslink Density

The influence of crosslink density on the mechanical behavior of rigid polyurethane foams
(RPUFs) was systematically investigated using formulations R2-1 through R2-4, as outlined in
Table 4. These formulations were designed by varying the average functionality of the polyol
blends (from 3.9 to 3.13) to induce changes in network crosslinking, while maintaining a
constant hydroxyl number of 393 mgKOH/g across all blends. This ensured that differences in
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mechanical response could be attributed primarily to crosslink density, rather than overall
reactivity or chain length.

5 97

3

3 87

o

S 77

(1]

= b +

wy

E — 5

5<

E= 4+

S e

o 3T

w

- 2 4

©

E 14

O

= 0 I I I I I

0 5 10 15 20 25
Number of aged days
Figure 7. Normalized compressive modulus over an aging period.
Table 4. Recipes for the %relative crosslinked density.
) Foam samples
Recipes
R2-1 R2-2 R2-3 R2-4

Jeff 1 100 60 30 0
Jeff 2 0 28.4 33.6 39.5
Jeff 3 0 15.7 43.4 54.8
Functionality 3.9 3.6 3.42 3.13
%Relative crosslink density 100 94.2 86.8 69.7
Isocyanate Index 1.1 1.1 1.1 11

To eliminate the influence of other variables, the isocyanate index was fixed at 1.1 for all
recipes, and identical amounts of catalysts, surfactant, and water were used. Furthermore,
each formulation was foamed at four different cyclopentane loadings (8, 10, 12, and 14 g),
enabling the generation of a range of densities suitable for subsequent density normalization.
This approach provided a robust dataset to isolate the effect of crosslink density on
compressive strength and modulus.

Theoretically, increasing crosslink density enhances the rigidity of the polymer network, as
more three-dimensional connections between polymer chains restrict molecular mobility and
reinforce the structural framework. As a result, foams with higher crosslink density are
expected to exhibit improved resistance to compressive deformation, manifested as higher
compressive strength and modulus.

Figures 8 and 9 display the normalized compressive strength and compressive modulus,
respectively, for all four crosslink density formulations, evaluated at the reference density of
40 kg/m3. The data show a clear, monotonic increase in both mechanical properties with
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increasing crosslink density. This trend provides strong empirical support for the theoretical
prediction that enhanced network connectivity translates into improved mechanical integrity
under load.
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Figure 9. Impact of relative crosslinked density on the normalized compressive modulus.

This relationship highlights the critical role of crosslink density in tailoring RPUF
performance. As the formulation shifts toward higher polyol functionality, the resulting foam
becomes more structurally rigid, offering greater compressive resistance. Such behavior is
highly desirable in applications where dimensional stability and load-bearing capability are
essential, including construction panels, impact-absorbing materials, and thermally insulating
structural components.
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The findings also validate the effectiveness of the normalization methodology adopted in
this study, as it allows for clear differentiation between formulation effects while controlling
for density variations. In the following discussion, additional considerations such as foam
shrinkage at low crosslink density are addressed to contextualize limitations and edge
behaviors in the dataset.

Foams formulated with the lowest relative crosslink density (69.7%) exhibited substantial
shrinkage when produced with high cyclopentane loading (14 g). This collapse behavior is
attributed to the insufficient structural rigidity of the polymer matrix, which was unable to
withstand the internal vacuum pressure generated as volatile gases within the cells
condensed during cooling. Inadequate crosslinking likely resulted in poor cell wall
reinforcement, allowing atmospheric pressure to compress the foam structure.

Due to the severe deformation observed, these samples were excluded from compressive
testing, as their compromised geometry rendered an accurate mechanical evaluation
impossible. To maintain the continuity of the data set and enable comparative analysis, the
normalized compressive properties for the formulation with 73% relative crosslink density
were extrapolated from the available data obtained from higher crosslink density
formulations. This extrapolation was performed using established trends in the normalized
dataset and allowed meaningful insights to be retained despite the limitations imposed by
sample shrinkage.

3.4. Effect of Index

The influence of the isocyanate index on compressive behavior was explored using foam
formulations R3-1 through R3-5, in which the index was systematically varied from 1.0 to 1.4.
All other formulation components (including polyol content, catalysts, surfactant, water, and
cyclopentane) were held constant, ensuring that any observed effects could be attributed
solely to changes in the isocyanate-to-hydroxyl ratio.

The results of this investigation are shown in Figures 10 and 11, which present the density-
normalized compressive strength and modulus, respectively, as functions of isocyanate index.
In addition, Figure 12 illustrates the variation in glass transition temperature (Tg), determined
via dynamic mechanical analysis (DMA), with increasing index.

The mechanical data reveal that increasing the isocyanate index led to only modest
changes in normalized compressive strength and modulus. Although a slight upward trend
was observed, the differences were not substantial within the studied range. In contrast, a
clear increase in Tg was noted with higher isocyanate indices, indicating a denser crosslinked
network and reduced polymer chain mobility.

These findings suggest that while crosslink density (as modulated by the isocyanate index)
does affect thermal transitions, it may have a limited impact on compressive performance
under room temperature conditions. One possible explanation lies in the relaxation behavior
of the polymer matrix: although increased crosslinking can stiffen the foam, it may not
significantly enhance its ability to resist compressive loads without concurrent changes in
foam density or cell morphology.

This highlights a critical insight: enhancing compressive strength through crosslinking alone
has diminishing returns beyond a certain threshold. To achieve further improvements in
mechanical performance, a holistic optimization strategy is necessary, one that considers not
only chemical structure (e.g., index and crosslink density) but also physical structure, such as
cell size, cell anisotropy, and overall foam density.
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4. CONCLUSIONS

The compressive strength of RPUF is essential for ensuring its functionality in a wide range
of applications, particularly when used as load-bearing materials. This mechanical property
directly influences the capacity of the foam to endure compressive forces without
succumbing to deformation or failure. RPUF is utilized in diverse fields, including packaging
and insulation, where its mechanical properties are pivotal. This study investigated the
compressive characteristics of various PU recipes using a normalization approach.
Standardizing the foam samples to a consistent foam density facilitated a balanced
comparison method. The key parameters examined during the investigation included foam
density, aging, crosslink density, and isocyanate index, with a specific focus on foam. Five
distinct cyclopentane concentrations were subjected to controlled environmental conditions,
with a relative humidity of 50% and a temperature of 24°C. The normalization process enabled
the evaluation of the compressive strength and modulus at a unified density. Over this period,
a notable reduction of approximately 31.6% in the normalized compressive strength was
documented, whereas the compressive modulus exhibited an increase of approximately
63.8%. A higher crosslink density contributed significantly to enhanced foam rigidity, which
was attributed to the reinforced material structure. However, minimal changes were
observed in the normalized compressive strength and modulus as the isocyanate index
increased. Despite this, foams with elevated isocyanate indices demonstrated a higher glass
transition temperature, indicating that an increased crosslink density had been successfully
achieved. The influence of crosslink density on foam properties appears to stem from the
relaxation behavior that is inherent to the polymer matrix. These findings provide valuable
insights into the interplay of foam density, aging, crosslink density, and isocyanate index in
determining the mechanical performance of RPUF, paving the way for potential applications
in optimizing RPUF for enhanced durability in construction insulation, automotive
components, and aerospace structures, where reliable load-bearing capabilities are critical.
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