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Abstract
The objective of this study is to assess, characterize, and forecast the aging effects on the mechanical
properties of a vegetable-based polyurethane foam derived from castor oil under elevated relative
humidity conditions and at two distinct load orientations (aligned with the expansion direction and
perpendicular to it). Ten specimens were subjected to temperatures of 60°C, 75°C, and 90°C, along with a
relative humidity of 90%, for a duration of up to 60 days Compression tests, following ASTM D1621-16
standards and supplemented by 3D digital image correlation, revealed nearly isotropic behavior with
marginally lower compression strength in the expansion direction. On the other hand, the strength of
the foams at 90°C were higher in that direction. This led to a smaller activation energy (Ea) in this
property, which ended up showing a shorter lifespan prediction considering the strength retention in this
direction. The stiffness values were proportionally more similar in both directions than the strength ones
and this was observed in the E. for those curves. In contrast to several other foams and polyurethanes, the
vegetable-based polyurethane foam (PUF) examined in this study exhibited consistently higher activation

energy (E.) values for its mechanical properties, particularly in the transverse direction to expansion,



surpassing 94 kJ/mol. This indicates a robust diffusion and chemical stability, suggesting its potential for
prolonged utilization compared to conventional oil-based foams. A prediction was made that this foam
would lose 50% of its stiffness and strength in around 9.8 and 9.5 years at 20°C, respectively,
considering the directions more sensitive to the ageing process. This research offers valuable insights for
predicting lifespan based on operating temperatures and property retention needs, contributing to the
advancement of sustainable materials in structural applications.

Keywords: Polyurethane, Activation Energy, Compression, Ageing, Arrhenius
Highlights:

¢ 50 specimens investigated for each of two directions.

* Evaluation of vegetable-based PUF aging process unveils density changes.

* Unique behavior noted: different E, values for each direction.

* High E, values indicate enhanced mechanical stability over oil-based foams.

¢ Lifespan prediction based on compression properties enhances material application prospects.

1 Introduction

The search for new and eco-friendly raw materials for polymers has become the goal of
numerous researchers as we have recognized the limitations and damages caused by oil
extraction and refining [1—3]. Therefore, testing the properties of these eco-friendly polymers
has been a major scientific subject in areas such as chemistry, physics, and engineering, with
plenty of data available. However, the properties of these new materials after long-term
exposure under different conditions are still an area with a scarce amount of data.

Polyurethane foam (PUF) is a significant polymeric cellular material utilized in a broad array
of industrial applications, including automotive, furniture, aircraft, construction, and more [4].
The lifespan of PUFs varies depending on the type of exposure, ranging from 3 to more than 50
years. For instance, they typically have a lifespan of 15 years when used for refrigerator
insulation. However, there is a dearth of scientific publications concerning the lifespan of PUFs,
particularly where their mechanical properties are pertinent, such as in sandwich panels [5].
Furthermore, information regarding the durability and mechanical stability of vegetable-based
PUFs over extended periods of time is even scarcer.

The development and characterization of bio-based PUs are demonstrating great potential as
replacements for oil-based ones in the future, as many authors have focused their work on this

subject [6—8]. Castor oil emerges as an economically viable and renewable resource, attracting



significant research attention due to its applications in coatings, elastomers, sealants, and
polyurethane foams. Derived from the seeds of the Ricinus communis plant, a member of the
Euphorbiaceae family, this oil is obtained through extraction or expression methods.
Consequently, castor oil holds promise as a substitute for petroleum-derived polyol in the
production of PUFs [9]. Lee et al. [10] developed bio-based PUFs using commercial castor oil as
polyol and also experimented with castor oil combined with other additives. The authors studied
the compression properties of these materials and reported compression strength (o.) values
ranging from 250 kPa to 550 kPa. Maiuolo et al. [11] synthesized PUFs from cellulose-based
polyols and reinforced them with cellulose as well, manufacturing them with densities of 260
kg/m3 and 290 kg/m3, respectively. The o. exhibited enhancement from 2.03 MPa to 2.41 MPa,
indicating successful application of cellulose reinforcement in a cellulose-based bio-polyol.

Overall, the mechanical properties of PUFs vary with their cellular structure, which is
inherently linked to the manufacturing process [12]. The synthesis of most PUFs is based on the
reaction between isocyanate, hydroxyl groups, and a blowing agent as follows: isocyanate reacts
with hydroxyls, producing macromolecules built of urethane linkages that form the PU
structure, while the reaction between isocyanate and a blowing agent generates gases (usually
CO,) that become trapped inside the PU structure, shaping the cells within the solid [13,14]. The
size and distribution of cells within the foam directly impact its mechanical properties. Smaller
and more uniform cells generally result in foams with higher strength and stiffness due to a
greater amount of material surrounding each cell. The orientation of cells within the foam can
impact its anisotropic mechanical properties. Foams with aligned or oriented cells exhibit
directional strength properties, with higher strength along the direction of cell alignment and
reduced strength perpendicular to it [15,16].

The accelerated ageing process in PUFs can be approached from various perspectives
depending on the intended application and environmental exposure. UV ageing is most relevant
when the foam is to be used without protection from sunlight [17]. However, in many
applications, PUFs are utilized indoors or with some form of superficial protection, rendering
UV exposure negligible. Another ageing approach involves considering the material's exposure
to oxidative agents, with thermo-oxidation being the primary form of chemical degradation. The
presence of oxygen does not directly influence the decomposition rate of PU into its raw
materials but does affect the breakage of polymeric chains. Additionally, softer PU segments are
more susceptible to oxidative degradation than harder ones, potentially leading to the

appearance of scorching in degraded PUs [18—20]. Yarahmadi et al. [21] studied the ageing of



rigid PUFs in both air and nitrogen atmospheres. They reported that samples exposed to oxygen
retained 88% of their initial weight after 60 days at 150°C, whereas those exposed to nitrogen
retained 96% of their original weight under the same conditions. However, the authors observed
no differences in flexural strength in this case. Gupta and Adhikari [22] investigated the thermo-
oxidative degradation of PUs with varying chemical cross-link densities. They found that
materials with higher cross-link densities exhibited greater retention of tensile strength after an
aging period of 24 hours at 100°C.

Hablot et al. [23] outlined some kinetic properties of the chemical reaction responsible for
the synthesis of castor oil-polyurethanes. The authors utilized toluene diisocyanate (TDI),
isophorone diisocyanate (IPDI), and hexamethylene diisocyanate (HDI) to synthesize PUs with
castor oil as the polyol. They reported that the thermal stability was comparable for all
diisocyanates. Concerning polymerization kinetics, the rate constant (k) order was found to be
TDI > HDI > IPDI, and these values remained consistent for non-castor oil PUs.

Berardi [24] conducted a study where several PUFs were exposed for 4.5 months at 70°C.
Additionally, the author investigated the conductivity of the materials under various relative
humidity (RH) percentages. The author noted that closed-cell PUFs are less susceptible to
conductivity changes when exposed to moisture, and observed that the foam's conductivity
increased over the duration of the study. By applying the Arrhenius equation to the thermal
conductivity curves, the author estimated that exposure to 4.5 months at 70°C would
correspond to degradation at room temperature over more than a decade.

In the presence of moisture, the mechanical properties of polymeric materials can undergo
changes primarily due to three factors: water diffusion, erosion, and hydrolysis. Diffusion and
erosion are linked to the physical structure of materials by disrupting hydrogen bonds when
water penetrates between the chains (diffusion) or through mechanical removal of superficial
layers of the material (erosion). While the former typically results in an increase in weight
change, the latter typically leads to a decrease [25,26]. Concerning chemical degradation,
hydrolysis often leads to the breakdown of molecular chains in aqueous environments, thereby
compromising the integrity of materials, particularly under elevated temperatures, pH levels, or
mechanical loads. These conditions have been shown to increase the likelihood of bond scission
and, consequently, the hydrolysis rate in polymeric materials [27—30]. The influence of both
phenomena can be predicted and described by determining the activation energy required to
initiate such damage [31]. In the work of Hong et al. [32], the authors presented a methodology

for predicting the lifespan of a PU elastomer using Arrhenius plots. They immersed their



material in a solution of ethylene glycol and water for up to 32 days at temperatures ranging
from 50°C to 80°C. The authors observed an increasing weight change over time due to the
absorption of the solution and a decreasing tensile strength resulting from the diffusion of the
solution among the segments of the PU, which reduces the strength of the hydrogen bonds
between the urethane segments. Additionally, through FT-IR spectroscopy, they found that in
the presence of this solution, degradation via glycolysis reaction was stronger than hydrolysis.
Finally, the authors used the Arrhenius equation to calculate the lifespan in accordance with the
ASTM D2000 standard [33] and, based on the values of tensile strength, estimated a lifespan at
room temperature of at least 10 years.

Therefore, the significance of understanding the degradation mechanisms exhibited by PUFs
is unmistakably evident in numerous pivotal scientific studies, particularly when investigating
vegetable-based PUFs. Thus, the primary objective of this study is to assess the alterations in the
mechanical properties of a PUF derived from castor oil when exposed to elevated relative
humidity (RH) at varying temperatures. Furthermore, this research aims to contribute valuable
insights into parameters necessary for predicting the ageing behavior of this PUF under typical
operational conditions at said RH level. By offering such predictive capabilities, this study serves
as a vital resource for future endeavors seeking to leverage bio-based polymers effectively. It not
only provides valuable data but also offers predictive tools, thereby facilitating advancements in
the application of sustainable polymers in diverse fields. This approach not only enhances our
understanding of bio-based PUFs but also lays the foundation for more informed decision-

making and optimization of their performance in practical applications.
2 Materials

The PUF utilized in this study was procured from Kehl Company. It is a bi-component
polymer, and the manufacturer provides the following information regarding the raw materials:

e Mineral-based methylene diphenyl diisocyanate (MDI) with a density of 1.22 g/cm3 and

viscosity ranging between 170 and 250 mPa-s at room temperature.

o Fully bio-based polyol derived from a blend of vegetable oils, primarily castor oil, with a

density of 1.0 g/cm3 and a viscosity of approximately 3000 mPa-s.

The PUF was synthesized in the GeM laboratory in Saint-Nazaire, France. Prior to the
homogenization process, the raw materials were heated to 80°C in a convection oven.

Subsequently, each component was poured into a plastic container in a 1:1 proportion, resulting



in a total mass of 18 g. The reagents were then hand-homogenized for a few seconds until the
expansion process commenced. Finally, the mixture was poured into a closed steel mold and
allowed to cure for 30 minutes at 80°C until it was fully cured and ready to be stored away from

light and moisture. This synthesis method is depicted in Figure 1.
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Figure 1 - Phases of the synthesis process: (a) Polyol and isocyanate in the plastic container, (b) mixture
after homogenization, (c) mixture poured into the mold with indication of the expansion direction, and (d)

PUF after curing

3 Methods

Following the manufacture of the specimens, they were subjected to sanding using a dual-
plate polishing machine by Presi to eliminate the layer effect caused by the closed-molding
process. Subsequently, as the material was considered to be transversely isotropic, following the
pattern commonly observed in cellular materials [34,35], the labeling sequence was established
as follows: direction 1 (Dir1) was aligned with direction 2 since both are transverse to direction 3
(Dir3), which represents the direction of expansion. These directions are illustrated in Figure
1(c). Lastly, the dimensions of each direction were measured using a caliper, and the samples

were weighed on a precision scale manufactured by Sartorius with a precision of 0.05 mg.



In order to investigate the microstructure of the foam and how it influences the material
anisotropy, scanning electron microscope (SEM) images of the PUF were taken. The procedure
was carried out using a Leo 440 Scanning Electron Microscope equipped with a secondary
electron detector (SE1) and operated at an accelerating voltage of 15 kV. Prior to imaging, the
samples were sputter-coated with a thin layer of conductive material (gold) using a BAL-TEC
sputter coater to enhance their conductivity and minimize charging effects during imaging. The
SEM images were captured at two different magnifications, 50 times for the foam structure before
the tests with working distance (wd) of 45 mm and 47 mm, and 100 times for the foam after

compression with wd of 32 mm and 30 mm.
3.1 Ageing Process

The ageing effect on material properties has been extensively documented to adhere to the
Arrhenius equation governing the rates of chemical reactions, as depicted in Equation 1 [36—
38]:

—E
K = Aexp R_Ta (1)

where K represents the Arrhenius degradation rate constant of the desired phenomenon; A is a
pre-exponential and experimental factor; E, denotes the activation energy for the respective
phenomenon; R the universal gas constant (8.3145 J/K/mol); and T denotes the temperature in
Kelvin (K). The Arrhenius relationship is founded on the premise that failure occurs due to
chemical reactions or diffusion. As such, it assumes that after a critical amount of chemical
reaction, the specimen will fail. Consequently, this assumption implies that the time to failure

(1) is inversely proportional to K, as illustrated in Equation 2 [39—41]:

E
T=A exp# (2)

During cataloging, the specimens were divided into batches of 10 specimens each (5 samples
for Dir1 and 5 for Dir3). Three ageing temperatures were selected to construct a comprehensive
Arrhenius curve, based on previous studies conducted by various authors [24,39,42]. The

maximum temperature of 90°C was selected for comparison with previous studies involving the



same material [43]. The minimum temperature of 60°C was chosen to ensure the observation of
a sufficient range of degradation for constructing an Arrhenius curve. Additionally, to prevent
prolonged exposure of the material and maintain a substantial difference from the maximum
temperature, 60°C was deemed ideal.

The high RH condition was applied in order to see how the foam would behave in
comparison with a non-RH-controlled condition [43] where the effects of erosion, diffusion, and
hydrolysis can take place along with the thermo-oxidation. To regulate the ageing process, each
batch was placed in a computer-controlled climate chamber (CC) manufactured by Climats. The

specific accelerated conditions to which each batch was exposed are outlined in Table 1.

Table 1 - Accelerated ageing conditions for each batch of specimens

Batch Temperature (°C) RH (%) Time (days)
1 60 90 25
2 60 90 35
3 60 90 60
4 75 90 10
5 75 90 30
6 75 90 55
7 90 90 5
8 90 90 10
9 90 90 15

3.2 Compression Test Methodology

The compression tests were conducted using a Zwick/Roell Zo50 universal testing machine
(UTM), with data directly acquired from its TestXpert II software at intervals of 0.1 seconds. The
testing procedure adhered to the ASTM D1621-16 standard [44], which has been widely utilized
in numerous compression tests on foams in recent years [45—47]. In accordance with the
standard, the test speed was set to 5 mm/min, and the specimen dimensions were
approximately 50x50x50 mm3 before the ageing process. The test setup is illustrated in Figure

2. The strain values (&) presented in this work are logarithmic strains calculated using Equation

3:



l
E = ln— (3)
Lo

where [ represents the instantaneous length of the specimen and [, is its initial length. This
strain calculation method was chosen due to the tests being conducted up to high deformations,
indicating that the implementation of the subsequent compression data in numerical models
would involve geometric nonlinearity [48].

Five test specimens were utilized for each direction and ageing condition, and the results are
depicted as the mean values of each batch of 5, along with the standard deviation calculated
using the numpy.std function from the numpy library in Python.

The longitudinal and transverse strains were determined using the 3D digital image correlation
(DIC) technique. Images were captured by the VIC-3D system's dual-camera setup at intervals of 5
seconds. Prior to image capture, the system underwent calibration using 8 calibration images to
establish the distances between cameras and the specimen. The cameras were positioned with a
40 cm distance between lenses and a 53 cm distance between the lens and the specimen, creating a
45° angle between the specimen and the cameras. To measure strain values in both directions, two
virtual extensometers were positioned in the middle of the specimens, one vertically and one

horizontally.

4 5 6
Figure 2 - Test scheme where 1 is the computer controlling the UTM, 2 is the crosshead of the UTM, 3 is

the computer controlling the DIC Vic-Snap software, 4 is one of the two cameras for the 3D DIC, 5 is the

test specimen, and 6 is the lightning device

The general compression behavior of foams can be classified into three main categories:



elasticity of the cell walls; plastic deformation of the cell walls under constant load (plateau); and
densification hardening after the full collapse of the cells. The flat or plateau region is particularly
important as it largely comprises pure plastic deformation, contributing significantly to the foams'
exceptional energy absorption capacity. The specific energy, defined as the work per unit volume,

represents the area beneath the stress-strain graph and can be calculated using Equation 4 [49]:

U= J:O‘(E)d&' (4)

furthermore, the efficiency of energy absorption can be described as the ratio between the
specific energy and stress. This measure offers a more suitable representation of a material's
ability to absorb energy, as it takes into account the applied stress level. The energy absorption

efficiency can be calculated using Equation 5:

, = J, o(e)de (5)

o(e)

where U is the deformation energy, n is the energy absorption efficiency, and o(¢) is the stress at

its respective strain level [50].
3.3 Degradation Curves Methodology

The mass and volume changes are calculated as percentages, determined by the ratio
between the average properties before and after exposure to the CC. The density variation after
the ageing processes is reported using a probability density function, as illustrated in Equation

6, calculated by the scipy.stats.norm tool in Python:

_ exp (— sz) (6)
fx) = e

where f (x) is the probability density function and x is a real number (density of each cube in this

case).

The calculation of property retention (%) is essential for determining Arrhenius parameters,
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such as Eq, through the construction of an Arrhenius plot [51]. Consequently, this study provides
values for elasticity modulus retention (E;) and compression strength retention (S;) following
each accelerated ageing condition. As illustrated in Figure 3, it becomes feasible to compute the
properties required for the application of the Arrhenius equation (Equation 1), including E,.

As depicted in Figure 3(a), , selecting a property retention value (P,) necessitates identifying
its corresponding incubation time in the CC (t) for each temperature (7). To properly linearize
the parameters, at least three temperature values are required. Subsequently, by plotting the log of
the reaction rate (the inverse of t) on the vertical axis and the reciprocal of T on the horizontal
axis, Eq can be calculated from the slope of the curve depicted in Figure 3(b), where T, and ¢,
represent the actual or operational temperature and time under non-accelerated conditions
corresponding to the chosen P..

Consequently, it becomes feasible to predict the t. equired until a specified value of P, has

been attained, thereby defining the material's lifespan.
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Figure 3 - (a) Property retention plot over time in the acceleration condition, (b) Arrhneius plotting scheme
(developed from [25])

4 Results

The mass change over time of the PUF is depicted in Figure 4(a). Initially, there was an
increase in mass across all temperatures, which is expected due to water diffusion into the

polymer. However, a notable difference in mass increase is evident at 90°C. This variation can
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be attributed to the Arrhenius model, where temperature variation exponentially modifies the
reaction rate. In this case, as water contributes to the thermo-oxidation reaction, significant
mass loss was observed at 90°C. Following the initial mass gain, a logarithmic mass loss pattern
was observed. For the 60°C specimens, the mass loss was insufficient to exceed the mass gain
from water diffusion, resulting in specimens even after 60 days in the CC retaining a higher
mass than their initial one. At 75°C, average mass loss values of 0.31% and 0.35% were observed
after 30 and 55 days in the CC, respectively, indicating that at this temperature, the mass loss
should not exhibit considerable variation over time, as it appears to be approaching an
asymptotic point. Finally, specimens exposed to 90°C in the CC exhibited significant mass loss,
reaching 1.02% after 15 days, with no indication of nearing an asymptotic value.

The thermo-oxidative degradation in an elevated humidity degradation plays a critical role in
dictating the degradation kinetics and mechanisms of this material. Elevated relative humidity
environments introduce additional complexities compared to drier conditions. At higher
humidity levels, the presence of water molecules facilitates the penetration of oxygen into the
foam matrix, accelerating oxidation reactions, this can be interpreted by the increasing mass in
the first days of elevated humidity exposure. This heightened oxygen availability promotes more
extensive chain scission, leading to increased fragmentation and degradation of the polymer
backbone. Additionally, water molecules can directly participate in hydrolytic degradation
processes, further weakening the polymer network. Conversely, in drier environments, the
reduced presence of water restricts both oxygen diffusion and hydrolysis, resulting in a
comparatively slower degradation rate characterized by primarily thermo-oxidative
mechanisms.

The dimensional changes depicted in Figure 4(b) show variations in length in the three
directions relative to their respective initial values. After 60 days at 60°C, the specimens
exhibited slight enlargement, particularly in Dir3, noticeable as a small bump appearing in the
center of each direction. A similar, albeit much smaller bump was observed in specimens
exposed to 75°C in the CC. Yarahmadi et al. [21] demonstrated that while the cross-sectional
area changes in an environment with air, it remains unchanged in an environment with pure
nitrogen at the same temperature of 150°C. The authors reported nearly a 25% increase in cross-
sectional area after 30 days, attributing this behavior to thermo-oxidation. However, specimens
heated at 90°C showed substantial shrinkage values, up to 13.6% after 15 days of exposure. This
characteristic was attributed to gas leakage from the cells, resulting from elevated pressure due

to high temperature (which explains the previous foams' enlargement), alongside weakening of
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the polymeric structure also due to temperature, potentially causing the leakage that shrank the
specimens. Consequently, density variation after accelerated ageing was predominantly evident
in specimens exposed to 90°C. Al-Moameri et al. [52] suggested that to decrease the shrinkage
of a vegetable-based PUF, elevated reagent and curing temperatures are advisable, as the
number of cross-linked chains increases with temperature, leading to a stiffer polymeric
structure of the cell walls. Thus, the assumption that the shrinkage observed in the present
study resulted from decreased stiffness of the cell walls due to elevated temperature, rather than

manufacturing flaws, appears reasonable.
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Figure 4 - (a) Mass change and (b) dimensional change
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Table 2 - Physical properties variation among the batches

Batch Mass Length change (%) Average density
retention (%) Dir1 Dir2 Dir3 (kg/m3)

Pristine - - - - 85.20+7.88
1 100.44+0.17 100.69+0.74 100.24+0.89 100.46+0.65 86.30+5.97
2 100.3740.17 100.48+0.42 100.18+0.39 100.46+0.52 86.37+6.46
3 100.274£0.26 100.62+0.57 100.42+0.86 100.98+0.43 87.01+4.41
4 100.36+0.23 99.98+1.13 99.69+1.29 101.28+0.45 80.91£4.00
5 99.69+0.30 98.96+0.76 99.28+0.90 100.00£0.50 91.30+6.47
6 99.65+0.34 97.49+1.44 97.55+1.44 98.60+1.90 01.93+12.23
7 100.10£0.18 90.69+2.42 92.25+2.50 94.13+2.78 101.11£12.60
8 99.10+£0.40 86.92+3.32 87.98+4.34 89.64+4.95 116.56+14.24
9 98.98+0.40 86.43+6.69 86.75+5.42 89.32+7.10 133.34+31.18

The average density for the pristine foams is 85.20 kg/m3, considering the mass and
dimensions measured before the ageing process for all nine batches. Firstly, Figure 5 illustrates
the normal distribution for the samples separated by the temperature to which they were
exposed. As the dimensional and mass changes were minimal for the specimens subjected to
60°C, their density remained unchanged after the ageing process. Secondly, for the specimens
aged at 75°C, dimensional shrinkage after 55 days increased the average density to 91.93 kg/m3,
while density numbers for shorter periods of time were close to the pristine value. Finally, the
density observed after all incubation periods at 90°C exhibited an increasing average, as the
shrinkage phenomenon was prominent after 5 days of exposure, reaching an average of 133.34
kg/m3 after 15 days. Table 2 summarizes the average values depicted in Figures 4 and 5, along

with their respective standard deviation values.
4.1 Anisotropy Analysis

Our study delves into the intricate relationship between cellular morphology and mechanical
characteristics of this bio-based foam. Figure 5 shows its SEM images for planes (a) 3—1 and (b)
2—1. Figure 5 (¢) and (d) are the tested samples for the respective planes Notably, we observed a
distinctive pattern in cell shape orientation: cells aligned along the expansion direction
exhibited elongated hexagonal shapes, while those perpendicular to it tended towards elliptical
forms, approaching circularity. This asymmetrical arrangement impacted the mechanical
response of the foam, with cells oriented in the hexagonal direction demonstrating notably

lower yield strength compared to their counterparts in the elliptical orientation. This might be
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attributed to a long-beam-like shape of the elongated hexagon, which may add buckling as a
major failure mechanism to the its cell walls. This can be observed by a much higher number of
cells walls damaged in the middle of its longitudinal span as seen in Figure 5(c) than the cell

walls in Figure 5(d).
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Figure 6 - SEM images of the foam structure in planes (a) 2-3 and (b) 2-1 and crushed samples in the
respective planes for (¢) and (d)

Figure 7(a) and (b) show the compression test results for all the nine batches for Dir1 and
Dir3, respectively. The differences between Dir3 and Dir1 in the elastic zone lies in the yield
strength, where o. was 351+30 and 402+46, respectively. This directional dependence can be
exploited in applications where tailored mechanical properties are required, such as in
structural supports or impact absorption systems. For example, in composite materials where

polyurethane foam serves as a core or filler, its anisotropic nature can influence the overall
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mechanical stability of the material, since Dir1 can handle a higher amount of load, it would
present a higher flexure strength than Dir3 because core materials tend to fail due to
compression or shear in sandwich structures.

The anisotropic behavior is not significantly pronounced in the plateau region, and
considering the deviation displayed by each batch, the materials can be considered almost
isotropic within this interval. However, at higher strains, the discrepancies between Dir1 and
Dir3 become more pronounced. This behavior will primarily impact applications related to
plastic energy absorption. Therefore, Figure 8 illustrates the n-strain curves for each batch in (a)
Dir1 and (b) Dir3.
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(a) (b)
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Logarithmic strain (mm/mm)

Figure 7 - Compression test results for all batches in (a) Dir1 and (b) Dir3

The maximum energy absorption efficiency (17max) was higher for specimens in Dir1 than
those tested in Dir3. This trend is also evident in the strain limits depicted in Figure 7, where the
values for Dir3 are approximately 200 kPa higher than those for Dir1. This suggests that Dir1
can absorb more plastic energy than Dir3 under the same load at higher strains. However,
despite exhibiting different plastic behaviors at elevated displacements, the strain values at
which the maximum energy absorption efficiency occurs (e, ) were similar between Dir1 and
Dir3. This indicates that densification (the drop in energy absorption efficiency) occurs at the
same displacement for both directions. Table 3 summarizes the values presented in Figures 7

and 8 for Dir1 and Dir3.
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Energy Absorption Efficiency
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Figure 8 - Energy absorption efficiency for all batches in (a) Dir1 and (b) Dir3

Table 3 - Compression properties variation among the batches

Pristine 1 2 3 4 5 6 7 8 9
Dirt 402 382 383 335 355 320 314 330 260 200
Oc +46 +53 +21 +67 +51 +65 +56 +54 +53 +62
kPa Dir3 351 386 349 305 331 294 327 340 360 270
+30 +40 +41 +42 +32 +39 +31 +60 +40 +55
Dirt 10907 9076 8565 7515 7190 5619 4515 4781 2951 1525
E +935 £797 1+546 +1261 +1109 1875 1701 +£740 1992 1445
kPa Dir3 11034 8573 7662 6357 5883 5713 4984 5279 2891 2103
+1152 +1038 +1234 +907 +658 +802 +631 +443 +398 +326
Dirt 62.8 67.0 65.0 65.1 62.6 63.0 62.5 73.9 66.3 61.7
TNmax +1.5 +4.7 3.6 +1.1 +2.2 +5.3 +4.8 +14.7 +17.1 +13.1
% Dir3 56.3 59.6 57.2 59.6 60.0 61.6 59.6 61.6 61.0 55.6
+1.0 +4.0 +2.8 +3.5 +3.5 +4.2 +1.5 +9.0 +7.3 +8.8
Dirt 1.119 1.201 1.018 1.141 1.190 1.174 1.204 1.551 1.633 1.666
Enmax £0.021  +0.010 +0.009 +0.015 +0.033 +0.026 +0.048 +0.103 +0.221  +0.278
Dira 1.275 1.103 1.130 1.114 1.168 1.200 1.171 1.388 1.623 1.640
+0.017 +0.018 +0.011 +0.005 +0.031 +0.019 +0.037 +0.138 +0.088 +0.268

The DIC analysis successfully provided data for some of the batches, while for others, due to

misalignment and/or excessively large dimensional changes, the DIC analysis did not yield

reliable data. Additionally, during the tests, the speckle pattern painted over the samples tore,
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particularly under strain values exceeding 10%. Moreover, variations were observed at the
beginning of the tests due to sample accommodation. Therefore, Figure 9 illustrates Poisson’s
ratio (v) for logarithmic strain values ranging from 2% to 6.5%, representing most of the elastic
area. In this interval, we have observed a homogeneous initial behavior in the middle of the
samples. In the plastic regime, there is a considerable amount of strain accumulation in specific
and random areas of the specimens, this is why our Poisson’s ratio analyses go up to 6.5% of
strain. Therefore, the analyses of the Poisson’s ratio are reliable within this regime since both
transverse and longitudinal extensometers were positioned in the center of the specimens.

There was no notable difference among the batches for Dir1 within the considered valid
strain range. The v ranged from around 0.35 to 0.2. It's noteworthy that the Poisson’s ratio
showed a tendency to decrease with increasing strain. Additionally, as the foam cells collapse in
the plastic zone, it can be affirmed that volume is not conserved during plasticity. The areas that
experienced strain concentration, as highlighted in Figure 10, shrink and collapse until
densification begins. Meanwhile, the v remains close to 0 in the rest of the specimen until a new
area of concentrated strain begins to collapse, and the speckle pattern in the previous

concentration area becomes unrecognizable, as shown in Figure 10.

(a)

o
=

o
o

Poisson's ratio
o
Do

o
=

0.0f

0.020 0.025 0.030 0.035 0.040 0.045 0.050 0.055 0.060 0.020 0.025 0.030 0.035 0.040 0.045 0.050 0.055 0.060
Logarithmic strain (mm/mm)

Figure 9 - Poisson's ratio for (a) Dir1 and (b) Dir3
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Figure 10 - Strain concentration in the center of the specimen

The v for Dir3 exhibited higher deviation compared to Dir1, and the decrease with increasing
strain was more pronounced. Once again, no clear pattern was identified for Dir3. However, in
this direction, the VIC-3D software managed to recognize speckle deformation for a few
specimens in batch number 7 (the only one in Figure 9 exposed to 90°C), and the v was
approximately 50% smaller than most of the other batches. This may suggest that the shrinkage
caused by the 90°C exposure could decrease the Poisson’s ratio of the material. However, due to
the significant deviation among the specimens, drawing further conclusions becomes

challenging.
4.2 Degradation Curves

Using the data provided in Table 3, it was possible to estimate the Sr and Er for each batch.
Subsequently, P, values of 95%, 90%, and 85% were selected, as all the batches exhibited
retention values within this range, with the smallest P, (approximately 85%) being o. for Dir3 at
60°C. Therefore, it was not feasible to calculate E, for less than 85% of P,, since only two
temperatures achieved this value for all properties. Finally, through interpolation, the time (i,
t2, and t3) taken at each temperature (71 = 90°C, T2 = 75°C, and T53 = 60°C) to reach the chosen
P, was determined. This procedure was guided by Figure 3(a), and the obtained times are

presented in Table 4.
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Table 4 - Time until reaching the chosen P: for each temperature

p, t; (days) t. (days) t; (days)
Sr=95% Dir1 1.41 4.44 36.5
Dir3 11.5 8.79 43.8
Sr=90% Dir1 2.88 8.89 46.9
Dir3 12.5 18.1 53.7
Sr=85% Dir1 4.23 18.5 57.5
Dir3 13.4 27.6 60
E =95% Dir1 0.45 1.52 7.32
Dir3 0.45 1.11 5.56
E-=90% Dir1 0.91 2.93 14.9
Dir3 0.96 2.12 11.1
E.=85% Dir1 1.31 4.44 22.2
Dir3 1.41 3.23 16.9

The times increased as the temperatures decreased (t3 > t= > t1) for all P, values except for
the Sy95%, where t1 was 11.5 days and t= was 8.79 days, which contradicts what is expected
according to Equation 1. since this was a singular exception and the standard deviation in the
compression strength values showed numbers around 10%, this anomaly can be attributed to
variations in mechanical test results due to the porous characteristic of the material. For all the
acquired times regarding S,, the Dir3 numbers were higher than their respective Dir1 times.
Conversely, in E, times, all the respective times of Dir1 were higher than Dir3, except for t: at
95% E, when they were the same. Although this behavior could also be due to deviation among
the samples or some sort of material heterogeneity, another possibility is that this pattern could
be related to the accelerated ageing process, where the samples were placed inside the chamber
and left there to age in the same position over a stainless-steel grill, and the conductivity of the
grill could have influenced the bottom side of the specimens differently than the other sides.

Figures 11 and 12 show the Arrhenius plots for S, and E,, respectively, at times ti, t2, and ts,
temperatures of 363.15 K, 348.15 K, and 333.15 K, and retention levels of 95%, 90%, and 85%.
Most of the points were almost perfectly linearized, particularly those in Dir1, where 5 out of 6
coefficients of determination (R2) were 0.99. The linearized plots in Dir3 deviated more from
their scatter points, with R2 values ranging from 0.61 to 0.99. This discrepancy can be explained
by the behavior of S,95%, which did not adhere to the Arrhenius law. Excluding this value, the

other curves in Dir3 were reasonably well-fitted, especially for E,, where R? ranged from 0.96 to

0.97.
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The E,/R values for strength and stiffness are not necessarily the same, as observed in Figures
11 and 12. This discrepancy can occur because the degradation mechanisms may differ for strength
and stiffness. In stiffness, they might be primarily influenced by the breaking of chemical bonds
within the polymer chains, which could have one activation energy associated with it. On the other
hand, degradation in strength might be more related to the formation and propagation of defects

within the material, which could involve a different set of activation energies [53].
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Figure 11 - Arrhenius plot for strength retention in (a) Dir1 and (b) Dir3
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Figure 12 - Arrhenius plot for stiffness retention in (a) Dir1 and (b) Dir3

The activation energies of degradation in stiffness (E.E) were 94.08+0.84 kJ/mol and

83.43+0.88 kJ/mol for Dir1 and Dir3, respectively. This implies that more energy is necessary to
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interfere with the stiffness properties in Dir1 than in Dir3. It is noteworthy how close the E.£
values are between both directions, suggesting an isotropic activation energy for stiffness.
However, the activation energy values for degradation in compression strength (E.%) were higher
in Dir1 than in Dir3, ranging from 98.93+9.07 kJ/mol to 48.42+2.28 kJ/mol. Previous studies
have reported E, values for oil-based PUFs under compression ranging from 25 kJ/mol to 80
kJ/mol, indicating that for the bio-based PUFs studied in this work, more energy is needed to
influence their mechanical properties. The elevated RH condition facilitates the degradation
process and might be one factor lowering E, values; thus, in drier environments, the E, could be
even higher [54—56]. However, Slater et al. [56] reported an E, of 25 kJ/mol for PUFs that
were both dry and submerged in water. Therefore, castor oil PUFs are more likely to retain their
initial mechanical properties than several oil-based ones, and their ageing process should be

slower than that of conventional PUFs.
4.3 Acceleration Prediction

Once the PUF ageing properties have been acquired, it is possible to estimate the lifespan of the
bio-based foam by considering a limit P, value. For instance, Hong et al. [32] calculated the
lifespan of a PU elastomer following the ASTM D2000-18 [33] which specifies that at a tensile
strength retention of 70%, the material has reached its lifespan. Maxwell et al. [57] reported
several ways to estimate the lifespan of materials due to different factors, and one of them
is thermal ageing and the half-life of its properties, where the P, values achieve 50%. Thus,
in the absence of specific standards for cellular materials or core materials for sandwich panels,
the same P, value will be considered in order to predict the lifespan of this foam. Additionally,
room temperatures of 20°C, 30°C, and 40°C will be used as operational temperatures, as they
are more common day-to-day values.

Equation 7 shows how to calculate the time necessary to achieve the ultimate retention (t.)

by the scheme shown in Figure 3:

LT (7

=ln——-2

(t) (t) R

1 1 E,r1 1
In < )

as three operational temperatures are used for lifespan estimation, Table 5 summarizes the
predictions and shows that the predictions for Dir1 and Dir3 differ between each other. Since the

E« was very different between both directions, Dir3 would need less energy to have its
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properties permanently changed, resulting in a shorter lifespan prediction.

Table 5 - Lifespan prediction for the bio-based PUF at operation conditions of 20°C, 30°C, and 40°C

Temperature of o Lifespan prediction (years)
. Direction
operation (°C) E, =50% Sr=50%
1 22.7 102
20
3 9.8 9.5
1 6.3 26.7
30
3 32 4.9
1 1.9 7.6
40
3 1.1 2.7

Furthermore, it is worth pointing out that with the data presented in this paper, researchers
and engineers will be able to estimate the lifespan of their specific vegetable-based PUF

according to their specified P, and temperature of operation.

5 Conclusions

This study provides valuable insights into the ageing process of vegetable-based PUFs. The
foam synthesis was conducted meticulously in the laboratory, yielding specimens with
standardized density. Through comprehensive testing of 100 specimens in two directions, we
evaluated the ageing effects longitudinally and transversely to the expansion. Analysis of cellular
geometry was correlated with mechanical properties in each direction, highlighting the
importance of understanding and controlling cell shape for tailored material properties in specific
applications. Following ageing at three different temperatures and 90% RH, the specimens
underwent significant mass and volume changes, leading to increased density, particularly in
those aged at 90°C. This rise in density influenced the plastic region of compression tests,
resulting in early densification and postponement of maximum energy absorption efficiency to
higher strains. This insight is crucial for designing castor oil-based foams targeted at energy
absorption, as it clarifies the property changes after ageing in elevated air humidity
environments. The elasticity modulus decreased with harsher ageing conditions, consistent with
Arrhenius law predictions. However, an erratic behavior was observed for oc in Dir3 at 60°C,
attributed to significant sample deviation typical of cellular materials and the relatively low ageing
temperature's minimal impact on material properties. Nonetheless, other conditions exhibited

linear plots, as seen in Figures 11 and 12. The relatively high E, values indicate good mechanical
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stability for this bio-based PUF, potentially surpassing some oil-based foams. Moreover, the
calculated lifespan for P, of 50% based on the activation energy of its compression properties
provides crucial insights for applications of castor oil-based PUFs in sandwich structures.
Understanding the mechanical property stability enhances the reliability of materials containing
this foam, promoting a sustainable shift away from petroleum-based foams and reducing
greenhouse gas emissions associated with oil refining. Overall, this study offers valuable
information for implementing castor oil-based PUFs across various applications, furthering

sustainability efforts in the materials industry.
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