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Rigid nanocomposite foams reinforced with nanoclay have low density and high mechanical strength. Additionally,
they offer improved thermal and fracture properties, making them attractive for advanced structural applications. This
study, examines the effect of nanoclay content (0, 1, 2, and 3 wt%) on the mechanical and fracture behavior of rigid
Polyurethane (PUR) foams under mixed-mode I/II loading. The samples are produced using ultrasonic dispersion and
subjected to uniaxial tensile and fracture experiments with Asymmetric Edge Notch Disc Bend (AENDB) specimens.
Fracture toughness and stress intensity factors are analyzed using Finite Element Modeling (FEM). The results show
that adding up to 2 wt% of nanoclay enhances tensile and fracture resistance, while 3 wt% reduces strength due to
nanoparticle agglomeration. Significantly, the specimen with 2 wt% of nanoclay shows the best performance, with
about 35% increase in tensile strength, 25% in fracture displacement, and up to 32% improvement in fracture load
under Mixed-Mode I/II conditions. In contrast, the 3 wt% sample exhibits reductions of about 18% in tensile properties
and 16% in mixed-mode fracture load. These findings highlight the importance of optimizing nanoclay concentration
to achieve superior fracture performance in rigid PUR foams.
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1- Introduction

Rigid nanocomposite foams are a class of lightweight materials that
consist of a polymer matrix reinforced with nanoscale fillers such as
nanoclay, carbon nanotubes, or graphene. These materials inherently
reduce density while simultaneously enhancing important mechanical
properties including stiffness, tensile strength, and impact resistance
[1-5]. The incorporation of nanofillers also improves the functional
properties of foams such as thermal insulation, flame retardancy, and
dimensional stability, making them more suitable for a variety of
demanding environments [6-10].

Among the various types of nanoscale reinforcements, nanoclay has
received more attention due to its unique combination of a high aspect
ratio, layered silicate morphology, and excellent compatibility with
polymer matrices. This compatibility ensures strong interfacial
adhesion, which is critical for efficient load transfer and improved
mechanical integrity [2, 11-15]. Nanoclay not only hinders crack
initiation and propagation within the polymer matrix but also reduces
gas permeability and enhances thermal conductivity, contributing to
improved overall thermal performance [8, 16, 17]. As a result, the
combination of nanoclay with rigid foams can find various
applications across diverse engineering sectors because of their
outstanding strength-to-weight ratio and multifunctional capabilities.
For example, in automotive manufacturing, these materials help
reduce the weight, without sacrificing safety or thermal insulation.
Similarly, in aerospace, nanocomposite foams contribute to lighter
aircraft interiors, leading to improved fuel efficiency [18, 19]. Within
the construction industry, these foams serve as energy-efficient
insulating cores that also provide necessary structural support [20-22].
With the rising global demand for materials that combine lightweight
properties with high strength, increasing attention has been directed
toward enhancing the formulation, fabrication techniques, and
durability of rigid nanocomposite foams, especially in the context of
real-world service conditions [23, 24].

The mechanical response of nanocomposite foams under typical
loading scenarios has been explored in earlier research. Previous
studies have shown that rigid nanocomposite foams are vulnerable to
mechanical and environmental degradation, particularly when
subjected to complex loading or multiaxial stress states. Several
investigations have examined the effects of nanoparticles on the
mechanical behaviour of foams. Significant findings have been
reported from these studies (see, for example, Ref. [9, 16, 25-27]). For
instance, in Ref. [25], mechanical compression tests revealed that
incorporating 5 wt% of organoclay into PUR substantially enhanced
its mechanical properties, with a 650% increase in compressive
strength and a 780% increase in modulus. Similarly, Saha et al. [17]
showed that rigid PUR foams reinforced with 1 wt% of titanium oxide
(Ti0,), nanoclay, or carbon nanofibers (CNFs) exhibited improved
mechanical and thermal properties, with CNFs providing the greatest
enhancement and TiO, the least. In addition, Javni et al. [25] found
that nano-silica acted as a physical crosslinker in flexible PUR foams,
increasing hardness and compressive strength, while micro-silica
reduced these properties but improved rebound resilience; moreover,
foam density remained largely unchanged up to 20% filler content.
Additionally, Kim et al. [28] reported that increasing nanoclay content
in rigid PUR foams decreased density and compressive strength but
enhanced thermal properties, including elevated glass transition and
decomposition temperatures. Maharsia and Jerro [29] investigated
nanoclay hybrid syntactic foams. Their results showed enhanced
tensile strength and toughness with the incorporation of 2-5%
nanoclay. In addition, the presence of nanoclay particles effectively
delayed crack initiation and propagation, leading to improved damage
tolerance. Besides, in a 2020 study, Zhang et al. [30] developed rigid
PUR foams using nano-SiO, and biomass fillers (peanut shell, pine
bark), evaluating their mechanical and structural performance. All
composites met the compressive strength requirements for insulation,
with nano-SiO, providing higher strength, density, thermal stability,
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and finer cell structure, while biomass fillers led to lower density and
residual content but still maintained acceptable mechanical properties.
While numerous studies have addressed the influence of nanoparticles
on the overall mechanical properties of polymeric foams, their specific
impact on the fracture behavior of pre-cracked foams has been largely
overlooked. To the best of the authors' knowledge, Ref. is the only
study that specifically addresses this aspect, in which Saha et al.
investigated the Mode-I fracture behavior of rigid nanocomposite
foams by examining the fracture toughness of neat rigid PUR foam
reinforced with various nanoparticles using Single Edge Notched
Bending (SENB) specimens under three-point bending conditions.
Four types of nanoparticles were evaluated: titanium oxide (5, 10, and
35 nm), nanoclay, carbon nanofibers, and multiwall carbon nanotubes
(MWNTs). Among them, the foam containing 0.5 wt% CNFs
exhibited the highest improvement in fracture toughness, with an
increase of approximately 28% compared to the unreinforced foam.
Given the practical relevance of Mixed-Mode I/II loading in structural
applications, where tensile and shear forces act simultaneously, recent
studies have increasingly focused on the fracture behavior of materials
under such conditions. Among various nano-fillers, nanoclay has
demonstrated promising potential to improve the mechanical
performance of rigid foams, with several experimental studies
supporting its mechanical strengthening mechanisms. However, the
effect of nanoclay concentration on the fracture behavior of
nanocomposite foams under different loading modes, particularly
Mixed-Mode I/II, remains insufficiently investigated. Gaining deeper
insight into this relationship is essential for the development of
nanocomposite foams tailored for safety-critical engineering
applications.

This work aims to assess the fracture behaviour of rigid PUR
nanocomposite foams reinforced with varying nanoclay contents (0,
1, 2, and 3 wt%) under Mixed-Mode I/II loading conditions for the
first time. By applying standardized asymmetric specimen geometries
and consistent test protocols, the study evaluates the influence of
nanoclay content on critical mechanical metrics such as ultimate
tensile strength, fracture load, and fracture toughness. This integrated
approach provides a more realistic assessment of structural
performance and offers essential guidance for the design of durable
nanocomposite foams in advanced engineering applications.

2- Materials, Specimens, and Procedures

This section provides a comprehensive explanation of the procedures
followed for the fabrication of rigid PUR nanocomposite foam
specimens, including both dumbbell-shaped samples for tensile
testing and disc-shaped specimens with pre-existing cracks for
fracture testing. The manufacturing steps, preparation method, and
geometrical specifications of the test specimens are described in
detail. Additionally, the methodologies used to conduct the uniaxial
tensile tests and the fracture tests under Mixed-Mode I/II loading
conditions are outlined systematically. These procedures were
carefully designed to ensure repeatability, reliability, and consistency
with standard testing.

2-1- Materials and sample preparation

To prepare rigid PUR nanocomposite foams, isocyanate was
thoroughly mixed with 1, 2 and 3 wt.% of nanoclay. To ensure
uniform dispersion of nanoparticles in the base material, an ultrasonic
stirrer made by Behin Tamin Ahura Company was used. The mixed
material of isocyanate and nanoclay was poured into the beaker and
placed in the ultrasonic mixer for 30 min. To prevent overheating of
the device, the beaker was put in a bowl of cold water and set the
device to turn off for 2 min after every 10 min of operation. After
complete mixing of nanoclay into the isocyanate, polyol was added to
the mixture and mixed for 5 s with a mechanical stirrer. It should be
noted that the Instructions for making PUR nanocomposites were
extracted from the datasheet of raw material manufacturing Company.
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Fig. 1 illustrates how the beaker was placed inside the ultrasonic
mixer.

Fig. 1: The ultrasonic setup utilized for dispersion of nanoparticles into
the base material.

The mixed material was then promptly poured into two distinct molds:
a dumbbell-shaped mold for preparing the uniaxial tensile samples
(According to ISO 527-2), and tubular molds for the preparation of
disc-shaped fracture specimens. For final curing of the samples, the
molds were heated in an oven at 120 °C for 20 min. Finally, the foam
was cut into the predefined shapes and dimensions, as will be
elaborated in the upcoming subsections.

2-2- Mechanical testing

To characterize the mechanical behavior of rigid PUR nanocomposite
foam, uniaxial tensile testing was performed using a Santam STM-
250 universal testing machine. The tests were conducted with a
crosshead displacement rate of 2 mm/min on dumbbell-shaped
specimens, following ISO 527-2 standard. The shape and dimensions
of the test specimens are illustrated in Fig. 2.

80 [109 (170

Fig. 2: Geometry and dimensions of the dumbbell-shaped sample
(dimensions are in mm).

On the other hand, to evaluate the fracture toughness of the rigid PUR
nanocomposite foams under different conditions, Asymmetric Edge
Notch Disc Bend (AENDB) specimens were employed. These
samples are specifically designed to enable measurement of both
Mode-I (K;) and Mode-II (Kj;) fracture toughness values under
Mixed-Mode loading conditions. The AENDB specimen was
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fabricated with a radius of R=34 mm and a uniform thickness of T=25
mm. A sharp pre-crack, a=10 mm in depth, was introduced into the
specimens using a fine razor blade. The overall geometry of the
AENDB specimens, along with the loading configuration used in the
experiments, are presented schematically in Fig. 3.

1111

P

Fig. 3: The AENDB specimen used for Mixed-Mode I/II fracture tests.

For the fracture tests, the prepared AENDB specimens were carefully
mounted in a three-point bending fixture, as depicted in Fig. 4. The
tests were carried out at room temperature and under a constant
loading rate of 2 mm/min. Throughout the experiments, the roller
located on the right side of the fixture was fixed at a constant distance
of §; =30.6 mm from the initial crack plane. Moreover, to induce
various Mixed-Mode loading conditions, the position of the left
support was systematically adjusted by altering the distance S, as
indicated in Figs. 3 and 4. This setup enabled controlled investigation
of fracture behavior under various combinations of Mode-I and Mode-
1I loading.

Fig. 4: Three-point bending test setup utilized for the fracture experiments
in Mixed-Mode I/II.

Table 1 provides the loading configurations required for conducting
fracture tests on rigid PUR nanocomposite foam under various Mixed-
Mode VI conditions. Specifically, it lists the values S, /R ratio that
corresponding to the left support distance S,. This ratio quantifies the
relative contributions of Mode-I and Mode-II in the applied loading.
It is important to note that S, /R varies from 0.9 (which represents a
pure Mode-I) to 0.079 (which corresponds to pure Mode-II loading
conditions). Intermediate values between 0.9 and 0.079 describe
Mixed-Mode loading states.

Table 1: Loading parameters utilized for the fracture testing under Mixed-
Mode I/II conditions.

S, (mm) 2.7 4.1 54 8 30.6
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To precisely determine the loading modes, finite element models of
the specimens were created. Varying the second support position (i.e.,
the value of S,) and evaluating the stress intensity factor values
allowed identification of the locations where pure Mode-I and Mode-
II occur.

Specifically, when S;=5,=30.6 mm, K;; approaches zero and pure
Mode-I occurs. Conversely, the results of FEM revealed that
positioning the second support at S,=2.7 mm maximizes K;; while K;
remains zero, indicating pure Mode-II.

3- Finite Element Simulation

To accurately determine the Mixed-Mode fracture toughness values,
numerical analysis was performed using Finite Element Modeling
(FEM) in Abaqus software. The geometry of the AENDB specimen
used in the simulation was identical to that of the experiment,
consisting of a disc with a radius of 34 mm, a thickness of 25 mm, and
a pre-existing crack measuring 10 mm in length. All other boundary
and loading conditions, including the positions of the support rollers,
were set according to the specifications listed in Table 1. To replicate
realistic conditions and closely match the experimental setup, a finite
element model was developed, including the AENDB specimen, one
upper support, and two lower supports. Moreover, to represent the
mechanical behavior of the nanocomposite specimen in the finite
element model, the equivalent material properties concept was used.
This methodology has been adopted in various studies for simulating
the mechanical behavior of nanocomposite samples [12, 15, 31, 32].
The supports, which are actually made of high-strength steel alloy
(CK45), are significantly stiffer than the foam specimen and therefore
were modeled as rigid bodies. The specimen, on the other hand, was
modeled as a deformable body. Moreover, a surface-to-surface
contact interaction was defined between the support surfaces and the
specimen to accurately simulate the physical contact behavior. The
coefficient of friction between the specimen and the supports was
chosen to be 0.2 [33, 34]. To apply the appropriate boundary
conditions, all degrees of freedom of the lower supports were fully
constrained. In addition, all degrees of freedom of the upper support
were restricted except in the direction of the applied load (i.e., the Y-
direction illustrated in Fig. 5) The load applied on the upper support
was modeled as a uniformly distributed downward force, introduced
via a reference point to ensure proper load transfer.

On the other hand, for meshing the geometry of the AENDB
specimen, second-order three-dimensional continuum elements with
full integration method (named as C3D20 in Abaqus) were utilized.
Special attention was given to mesh refinement around the crack tip
region. Fig. 5 shows the meshing of a typical AENDB sample,
highlighting the finer mesh elements employed around the crack tip.

2 ud Crack tip

Fig. 5: A close-up view of the elements around the crack tip.

Following a mesh sensitivity analysis, the element sizes near the crack
tip were selected to ensure sufficient resolution to ensure accurate
computation of the stress intensity factors. Fig. 6 presents the results
of the mesh sensitivity analysis for a typical sample, showing the
variation of fracture toughness in pure Mode-I with the number of
elements. The fracture toughness is equivalent to the stress intensity
factor calculated when the critical load from the experimental test is
applied in the finite element model. According to Fig. 6, employing
about 40,000 elements in the complete model offers the best trade-off
between accuracy and computational efficiency.
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Fig. 6: The mesh sensitivity analysis: variation of K, versus number of
elements.

It should be noted that due to the complex geometry and the lack of
an analytical relationship, finite element analysis was used to calculate
the stress intensity factors and fracture toughness.

4- Results and discussion

In this section, the experimental results obtained from both the tensile
and fracture tests conducted on rigid PUR nanocomposite foam
specimens are presented and discussed.

4-1- Experimental results of tensile loading

The experimental results of the uniaxial tensile tests on rigid PUR
nanocomposite foams containing 1, 2, and 3 wt% of nanoclay are first
examined in this section. For a straightforward comparison of
mechanical performance, each diagram presented below includes the
curve of the neat foam alongside the nanocomposite ones. Fig. 7
presents the Load—Displacement curves for four dumbbell-shaped
specimens containing 0, 1,2, and 3 wt% of nanoclay. Moreover, Table
2 summarizes the mechanical properties of the rigid PUR neat and
nanocomposite foams with nanoclay contents of 1, 2, and 3 wt%.

140
Nanoclay wt%
120 4 .
! - 0%
100 4 /,“-". ! —-1%
- [ - = =20
Z 80 A A | o
= Ay [ ] —3%
g 604
=3 ) I
s
w4
204 7
0 —_— —
01 2 3 4 5 6

Displacement (mm)

Fig. 7: Load-displacement diagram for dumbbell-shaped specimens
containing 0, 1, 2, and 3 wt% of nanoclay.

Table 2: Mechanical properties of rigid PUR dumbbell-shaped neat and
nanocomposite foams with 0, 1, 2, and 3 wt% of nanoclay.

Critical displacement,

Nanoclay (wt%) o, (MPa) Critical load, F,. (N)

Op (mm)
0 (Neat) 2.21 88.5 4.4
1 2.71 108.5 5.1
2 2.99 119.4 5.5
3 1.82 72.6 3.6

As observed from Fig. 7 and Table 2, the addition of 1 and 2 wt% of
nanoclay enhances the strength of the rigid PUR foam compared to
the neat sample. However, incorporating 3 wt% of nanoclay results in
a reduction in tensile strength relative to the neat foam. Furthermore,
it is evident that the sample containing 2 wt% of nanoclay exhibits the
best mechanical performance, indicating that this concentration
provides the most favorable reinforcement effect.

Volume 25, Issue 11, November 2025



721 Experimental Assessment of Fracture in Rigid Nanocomposite Foams Weakened by a Pre-Crack in Mixed-Mode

To better illustrate the effect of nanoclay on mechanical properties,
Table 3 lists the percentage increase/decrease in the mechanical
properties of each nanocomposite sample relative to the neat foam.

As can be deduced from Table 3, the specimen with 2 wt% of nanoclay
displays the highest improvement in tensile strength properties, with
approximately 35% increase in strength and maximum force, and
about 25% enhancement in fracture displacement. In contrast, the
specimen containing 3 wt% of nanoclay shows a significant reduction,

with around 18% decrease in both strength and fracture displacement.
This decline can be attributed to the agglomeration of nanoparticles at

higher concentrations, which leads to stress concentration points and
deteriorates the overall mechanical integrity of the foam.

Table 3: Variation in mechanical properties at each wt% of nanoclay
compared to the neat foam (%).

Critical displacement,

Nanoclay (wt%) Oy Critical load, F,

Sr
1 22.6 22.6 15.9
2 353 349 25.0
3 -17.6 -18.0 -182

4-2- Experimental results of fracture tests under pure Mode-I
and pure Mode-II

This section presents the experimental results obtained from three-
point bending fracture tests conducted on rigid PUR nanocomposite
foams containing 1, 2, and 3 wt% of nanoclay under Mixed-Mode I/I1
loading conditions. To determine the optimal nanoclay concentration
for enhancing fracture resistance in our tested nanocomposite foams,
fracture tests were performed under pure Mode-1 and pure Mode-II
loading conditions for all nanoclay contents. Accordingly, the load—
displacement curves for the neat and nanocomposite foam specimens
tested under these two loading modes were obtained and the results
are illustrated in Fig. 8. It should be noted that the term Displacement
in this diagram represents the vertical displacement of the upper punch
during the bending test, until the complete fracture of the samples.

As illustrated in Fig. 8, the addition of 1 wt% and 2 wt% of nanoclay
enhances the mechanical properties of the nanocomposite foams,
yielding higher fracture loads compared to the neat foam. Conversely,
incorporating 3 wt% of nanoclay negatively impacts the foam’s
strength, leading to a noticeable reduction in fracture load These
findings indicate that, consistent with the uniaxial tensile behavior, 2
wt% nanoclay offers the most effective enhancement in the fracture
resistance of rigid PUR foams. In addition, incorporating 2 wt%
nanoclay results in a 32% enhancement in fracture load under pure
Mode-I and a 22% increase under Mode-II loading, compared to the
neat foam. On the other hand, the addition of 3 wt% nanoclay leads to
a35% and 20% reduction in fracture load under Mode-I and Mode-II,
respectively.

To justify this finding, it should be emphasized that the agglomeration
of nanoparticles occurs when they cluster together due to high surface
energy and van der Waals forces, resulting in reduced surface area and
non-uniform dispersion within the host matrix. This phenomenon
negatively impacts the properties of nanocomposites, such as
mechanical strength and thermal stability, by hindering effective load
transfer and interaction between the nanoparticles and the matrix. In
the case of nanoclay agglomeration in rigid PUR foam, the issue
becomes even more pronounced due to the highly reactive and rapidly
expanding nature of the foam system. Nanoclay particles tend to
cluster during the foaming process because of poor compatibility with
the polyol and isocyanate components and insufficient exfoliation.
Thus, these agglomerates act as stress concentrators, leading to
reduced cell uniformity, irregular pore structures, and weaker
interfacial bonding between the nanoclay and the polymer matrix.
Consequently, the mechanical and thermal insulation properties of the
foam may deteriorate rather than improve.
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Fig. 8: Load-displacement curves of fracture tests for the neat and
nanocomposite foams under (a) pure Mode-I and (b) pure Mode-II.

To enable further comparison of the nanoclay's effect on foam fracture
behavior, finite element simulations were carried out for all specimens
based on the established procedure, and fracture toughness values
were determined for each tested sample. The relevant fracture
toughness values under pure Mode-I and Mode-II loading conditions
are summarized in Table 4.

Table 4: Fracture toughness of rigid PUR neat and nanocomposite foams
with 0, 1, 2, and 3 wt% nanoclay.

Nanoclay (Wt%) K;c (MPa. m®5) Ky (MPa. m®®)
0 (Neat) 0.18 0.14
1 0.19 0.15
2 0.2 0.16
3 0.15 0.11

According to the results shown in Fig. 8 and Table 4, adding 1 and 2
wt% of nanoclay improves both the strength and fracture toughness of
the rigid PUR foam compared to the unreinforced sample. In contrast,
incorporating 3 wt% of nanoclay leads to a decrease in these
properties relative to the neat foam. Among all tested formulations,
the foam containing 2 wt% of nanoclay demonstrated the greatest
fracture resistance, indicating that this concentration provides the
most efficient reinforcement.

To further clarify the influence of nanoclay on fracture toughness,
Table 5 provides the percentage change in fracture toughness under
pure Mode-I and pure Mode-II loading conditions for each
nanocomposite sample compared to the neat foam.

Table 5: Variation in fracture toughness at each wt% nanoclay compared
to the neat foam (%).

Nanoclay (Wt%) K;c (MPa. m®5) Ky (MPa. m®%)
1 5.5 7.1
2 11.1 143
3 -16.7 -214
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As shown in Table 5, the foam with 2 wt% nanoclay demonstrates the
greatest enhancement in fracture toughness, while the 3 wt% nanoclay
sample experiences a notable reduction. This decrease is likely due to
nanoparticle agglomeration at higher loadings, which can create
localized stress concentrations and impair the foam’s overall fracture
performance.

4-3- Experimental results of fracture tests under Mixed-Mode
I

Since the sample with 2 wt% of nanoclay showed the best results in
the uniaxial tension as well as in pure Mode-I and pure Mode-II
fracture tests, the mixed-mode I/Il fracture experiments were
exclusively carried out on this formulation to reduce laboratory costs,
and the results are compared with the neat foam sample. The load—
displacement curves obtained from the three-point bending tests for
the Mixed-Mode I/II fracture states are illustrated in Fig. 9.

To enable a direct comparison, Table 6 reports the experimental
fracture loads of the neat foam and the 2 wt% of nanoclay
nanocomposite foam under Mixed-Mode I/II conditions, along with
the differences between their values.

Table 6: The experimental fracture load of the neat foam and the
nanocomposite foam with 2 wt% of nanoclay under Mixed-Mode I/II
loading conditions (N).

Wt% lay 52/R
0.079 0.121 0.159 0.235 0.9
0 (Neat) 13922 12922 11406 10026 4533
2 1698.5 1495.8 1425.8 12533 594.8
Variation (%) 220 158 25.0 25.0 320

According to the data in Table 6, the 2 wt% nanoclay nanocomposite
foam shows a remarkable enhancement in fracture load relative to the
neat foam, with improvements ranging from 15.8% (S,/R = 0.121)
t0 32% (S,/R = 0.9). This finding demonstrates the effectiveness of
nanoclay at an optimal concentration in improving the fracture
resistance of rigid PUR foams under mixed-mode loading.

5- Conclusions

This study has clearly demonstrated the reinforcing effectiveness of
nanoclay in rigid PUR foams. Both experimental and FEM results
confirmed that incorporating 2 wt% of nanoclay significantly
enhances tensile strength and fracture resistance under complex
Mixed-Mode /I loading conditions. However, increasing the
nanoclay content to 3 wt% led to performance deterioration due to
nanoparticle agglomeration, which induced stress concentration zones
and compromised the foam’s structural integrity. Mixed-Mode I/I
fracture tests revealed that the addition of nanoclay increased the
fracture load by up to 32%, particularly under Mode-I dominant
conditions. Moreover, the fracture toughness of the sample containing
2 wt% nanoclay increased by approximately 11.1% and 14.3% in pure
Mode-I and pure Mode-II, respectively, compared to the neat foam. In
contrast, the sample with 3 wt% of nanoclay exhibited a reduction in
fracture toughness of about 16.7% in pure Mode-I and 21.4% in pure
Mode-II.

Overall, this study emphasizes the importance of optimizing nanoclay
concentration and ensuring uniform particle dispersion during
processing. It also confirms that rigid PUR nanocomposite foams
reinforced with nanoclay hold strong potential for high-performance
applications in automotive, aerospace, and construction industries,
where lightweight materials with superior durability and fracture
resistance are essential.
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Fig. 9: Load—displacement curves under Mixed-Mode I/II loading
conditions for the rigid PUR foam containing (a) neat and (b) 2 wt% of
nanoclay.
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