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Polymer foams can have heterogeneous and complex internal structures, especially when material blends
or particles have been integrated to create composites. It becomes even more challenging to probe and
understand foam structure/properties when using non-uniform particles, such as biobased fillers. Optical
or SEM imaging can only provide limited information as these are two-dimensional (2D) surface
techniques. In this study, 3D X-ray tomography was applied to comprehensively analyze the structural
rice hull fillers. The in-depth
characterization at a wide range of length scale enabled us to quantify and obtain statistics of the unique

features of biobased polyurethane foams containing porous

trends in foam pore size and pore orientation corresponding to rice hull particle fraction and particle
size. Rice hull particles were found to induce smaller cell formation. In addition, these biobased particles
influenced cell expansion and caused cells to have less consistent orientation. Furthermore, after foam
samples were subjected to cyclic compressive loading, X-ray tomography showed fractures in large
(>100 um) particles. This helps reveal the premature failing mechanism of composite foams with highly
porous and coarse particles. The study elucidates novel microstructural evolution and deformation
mechanisms using 3D X-ray tomography. The results offer new insights on internal structures for
biobased composites and foams that are not previously possible through the conventional

rsc.li/rsc-advances characterization tools.

1. Introduction

Polymer foams are among the most common materials utilized
in our daily life, from insulation, to lightweight packaging."?
Recently, low-isocyanate polyurethane foams with improved
stability and compression modulus have been successfully
prepared from biosourced and landfill-diverted materials.® As
researchers strive to develop more sustainable alternatives to
traditional petroleum-based foams, the changes in materials
and processes will inevitably lead to unique structural
properties.*™ In order to understand the structure-property
relationships in these materials, it is critical to reveal the
complex microstructure of the foam.'™™ Characterizing the
internal foam structure comprehensively is a challenge. Tradi-
tional methods of foam imaging, such as scanning electron
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microscopy (SEM), are limiting, because viewing a sample from
several angles requires multiple sample replicas with different
cross-sections and the sample surface must be damaged by
cutting or fracturing to reveal the cross-section. On the other
hand, X-ray computed tomography (XCT) can provide a precise
three-dimensional (3D) view of the internal microstructure non-
destructively, thus eliminating concerns over defects in cut/
fractured cross-sections.'® Furthermore, XCT can provide fine
resolution (~1 pm voxel size at the lab-scale micro XCT and
~50 nm in nano XCT) within big structures, which allows us to
investigate the foam structures and identify the fine features of
biobased fillers at the same time.

XCT has previously been used to study porous materials
including polyurethane foams."*"® Singaravelu et al'* per-
formed an in situ XCT analysis of expanded bead polyurethane
foams to characterize a gradient cell structure with small cells
close to interfaces and larger cells in the bulk. Many foam
materials such as polymethacrylimide,” polystyrene,**** poly-
mer fiber composites,”*** and ceramic and metal foams>*?®
have been analyzed with similar XCT methods. X-ray computed
tomography provides a robust way to non-destructively visualize
the structure in three dimensions. The 3D datasets obtained
using XCT can be further analyzed to quantify the structural
parameters such as cell volume and ligament thickness, giving
a complete and accurate view of the foam structure.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In this work, micro XCT was used to examine composite
castor oil and rice hull foams and reveal novel insights into
internal structures and mechanical properties that could not
have been possible through conventional microscopy analysis
alone. Rice hulls were selected as a filler due to their widespread
abundance,”*® low cost,*® and primarily cellulosic composi-
tion.*” Thus, by utilizing ground rice hulls, we have a means to
divert biobased material from the landfill and control foam
properties without chemical alterations. Foam samples were
prepared with either coarse or fine rice hull particles where the
particle size was controlled by grinding and sieving. Previous
work has shown that after grinding, these particles generally
have an anisotropic, flake-like morphology. The variation of
particle size significantly influences the foam properties.®
Furthermore, the addition of rice hull particles not only
provides mechanical reinforcements but can also alter the
cellular structure of these foams. For example, foam structures
may be influenced by rice hull particles acting as nucleation
sites for pores or by particles hindering the expansion of pores
during the foaming process. In addition, the size and fraction of
the rice hull particles could play a significant role in deter-
mining the evolution of structure and the mechanical perfor-
mance of these foams.

To successfully predict and control the mechanical proper-
ties of these foams, it is important to understand how pro-
cessing influences the evolution of the foam structure. To our
knowledge, very few studies have been conducted on the
detailed correlation between processing and structure-proper-
ties of biobased composite foams. In this work, we uncover the
processing-structure-property relationships in bio-based
composite foams using multiple experimental tools including
X-ray computed tomography, scanning electron microscopy,
compression testing, and cyclic creep-recovery testing. X-ray
computed tomography enabled 3D visualization of the foam
structure, while scanning electron microscopy provided
a means to understand the structure at a smaller length scale,
beyond the resolution limit of X-ray tomography. Furthermore,
the 3D datasets obtained from X-ray tomography were utilized
to statistically quantify the cellular structure of these composite
foams. Using rigorous image analysis algorithms, we have
accurately quantified the evolution of cell size and orientation
as a function of varying nature of rice hull particle size and
loading. The use of mechanical testing further enabled us to
understand the impact of these structural parameters, such as
cell size distribution and orientation, on mechanical properties.
The analysis showed that the addition of rice hull particles led
to an anisotropic cellular structure as well as anisotropic
mechanical properties. Mechanical testing suggested that the
particle morphology, including both particle anisotropy and
internal porosity, caused a directional dependence of the
compression modulus. The novelties of this work lie in the
application of XCT to investigate complex composite foams with
hierarchical porosity, and in elucidating the relationships
among foam processing, structure, and properties. This
approach has led to the discovery of unique foam failure
mechanisms and direction-dependent properties, insights that
were achievable only through the use of XCT.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2. Methods

2.1 Synthesis of foams

Polyurethane foam synthesis was carried out using the same
procedure described elsewhere.* The method is briefly
summarized here. Chemicals used include research grade
castor oil, 4,4-methylenediphenyl diisocyanate, and hexam-
ethylene diisocyanate from Sigma-Aldrich (St. Louis, Mo). The
catalyst was >95% purity dibutyltin dilaurate from TCI America
(Portland, OR). The surfactant was VORASURF™ DC 2584 from
Dow Chemical (Midland MI). The filler was rice hulls obtained
from a commercial source while the blowing agent was deion-
ized water. Filler particles were produced by grinding rice hulls
in a cyclone mill and then sieving though a 350 um mesh for
coarse particles (CRH) and 150 um mesh for fine particles
(FRH). Rice hull particle morphology (size and shape) were
thoroughly characterized in previous work.? CRH and FRH
particles have an average size of 50 um and 136 um respectively.
They are primarily cellulosic material with hydroxyl groups on
the particles’ surface available to react with isocyanates.® Foams
were produced by first preparing a pre-polymer, reacting the
pre-polymer with isocyanate and water, then allowing the foam
to rise under ambient conditions. The pre-polymer is a mixture
of castor oil, rice hull particles (if included), catalyst, surfactant,
and a small portion of isocyanate. The control formulation did
not contain any rice hull particles and had an isocyanate index
of 0.75. Formulations containing rice hull particles were iden-
tical to the control with particles added as a weight fraction
relative to the castor oil mass.

2.2 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to image cross-
sections of the foam samples. Sample cross-sections were
prepared by using a razor blade to cut perpendicular to the foam
rising direction. The samples were then sputter coated with
iridium. Samples were imaged with a FEI Quanta-FEG 250 SEM
operating at an accelerating voltage of 10 kV in variable pressure
mode (30 Pa).

2.3 X-ray computed tomography

The structure of all the biofoams in the as-processed state was
investigated using a commercial X-ray microscope (Zeiss Xradia
Versa 620, Carl Zeiss, Dublin, CA). This microscope is equipped
with an X-ray source having a tungsten target. The voltage for X-
ray production can be varied from 30 kVp to 160 kVp, producing
X-rays with maximum energies ranging from 30 keV to 160 keV.
The maximum X-ray power obtainable at these energies varies
from 2 W to 25 W, respectively. The X-rays are produced in
a cone beam-shaped Bremsstrahlung radiation. Both the poly-
meric material and rice hull particles have low X-ray attenua-
tion, resulting very little artifact in reconstruction.

Multiple scans with different resolutions were performed to
visualize the cellular structure of these foams at multiple length
scales. All scans were performed using a voltage of 40 kv and
power of 3 W. 3201 projections in the range of 0° to 360° were
acquired for all scans. The scout and zoom procedure was
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implemented to perform scans at different resolutions. In this
procedure, successive scans with increasing magnifications are
performed, where the “scout” scan provides larger field of view
but poorer resolution and allows the user to select the region of
interest for higher resolution scan, referred to as “zoom” scan.
Then, this zoom scan is used to select another region of interest
to conduct the scan at even higher magnification, and so on.
This first scan was carried out with a 0.4x objective and 1 s
exposure time per projection and provided a uniform voxel size
of 23.5 um. The volume of interest was then identified using this
scan to perform a zoom scan at higher resolution. The zoom
scan was carried out using a 4x objective and a 3 s exposure
time and provided a uniform voxel size of 3 um. The same
process was repeated to obtain another higher resolution scan
that had a uniform voxel size of 0.7 um. This scan was per-
formed using a 20x objective and 15 s exposure time per
projection. All scans were conducted using camera binning 2
with each projection containing 1024 x 1024 pixels. All scans
were reconstructed using commercial Zeiss reconstruction
software that is based on a filtered back-projection algorithm.
The same scanning procedure was repeated for the character-
ization of post-fatigue samples. Following the scans, commer-
cial image analysis software (Avizo 9.0, Thermo Fisher
Scientific, Hillsboro, OR) was used for image analysis, visuali-
zation, and quantification of the microstructure.

2.4 Mechanical testing

One set of foam samples were fatigued through cyclic creep-
recovery using a DMA 7e (PerkinElmer, Waltham, MA) with
a parallel compression plate fixture. Testing was conducted
under isothermal conditions at 25 °C. Samples were loaded into
the instrument with the same orientation to ensure force was
always applied parallel to the foam rising direction. Samples
were held under a static force of 10 mN for 1 minute before
cycling began. Each cycle consisted of a creep force applied for 1
minute followed by a recovery force (10 mN) applied for 2
minutes. Creep force was adjusted for each sample to achieve
approximately 50 &+ 5% strain. Each test consisted of 20 cycles.

Foam compression testing was carried out using the same
procedure as previously published?® only altering sample orien-
tation. The tests were conducted with an Autograph AGS-]
(Shimadzu Corp., Kyoto, Japan) universal electromechanical
tester fitted with a 5 kN load cell. In previous work, samples
were always oriented such that force was consistently applied
parallel to the foam rising direction. In this work, the same
formulations were tested with force applied perpendicular to
the foam rising direction. Compressive modulus was calculated
as the slope of the initial (<5% strain) linear portion of the
stress-strain curve.

3. Results

Five castor oil foam formulations were prepared using the same
methods as previously published.®* The first formulation is
a control containing no rice hull particles. The remaining four
formulations contain 10 and 30 weight% of coarse rice hulls
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(CRH) and fine rice hulls (FRH). Correspondingly, the samples
are hereon referenced with the names: control, 10CRH, 30CRH,
10FRH, and 30FRH. A thorough analysis of these foam struc-
tures was conducted with XCT. Fig. 1 showcases the resolution
and scale of images acquired from XCT scans. In the XCT scans,
particles can be distinguished from the polymer matrix due to
both variation in density and the presence of micro-scale pores.
Fig. 1a-c display the cellular structure of the control sample and
Fig. 1d-f show representative images of rice hull-containing
samples. For the control sample, XCT confirms the open cell
structure initially viewed in SEM images (Fig. S17). Additionally,
rice hull particles were clearly seen fully encased within cell
walls. The particles are typically anisotropic and flake-shaped
with internal porosity heron referred to as micro-scale pores.

More importantly, with a 3D perspective, we can now deter-
mine that the cells are not spherical. The cells are ellipsoidal
with the elongated axis parallel to the foam rising direction -
a common occurrence in free-rise polyurethane foams.** Fig. 1a
also shows that these foams have a few larger pores of 3-5 mm
length (indicated by arrows) which are likely air bubbles intro-
duced during mixing. Foam samples containing rice hull
particles have a similar ellipsoidal open cell structure (see
Fig. 1c and f). Quantitative differences in structural features
between the control sample and samples with rice hulls will be
discussed in detail later in this section.

The rice hull particles are scattered throughout the cell walls
and struts. Many cell struts in Fig. 1d are noticeably thicker than
the struts in Fig. 1b, likely due to the presence of the particles.
Instances of particle clusters (see Fig. le) were observed.
Multiple adjacent particles could be easily distinguished from
one another by differences in orientation of micro-scale pores.
Clear contrast between the particle and polymer matrix arises
from differences in material density. However, the density of
these particles is not homogenous, leading to some particles
not having distinguishable boundaries separating them from
the surrounding polymer.

The addition of rice hull particles can lead to a change in the
size and orientation of foam cells, which could play a significant
role in determining the mechanical behavior of these foams. To
gain further quantitative insights into the structural changes
caused by the addition of rice hull particles, the 3D datasets
obtained from X-ray tomography were segmented and analyzed.
Higher resolution scans with a uniform voxel size of 3 pm were
used for quantification. As shown in Fig. 1, these foams contain
an interconnected network of open cell pores, thus, separating
individual cells becomes a difficult task. Identifying boundaries
between adjacent cells is important to accurately get statistics
on each individual cell. Manually separating adjacent cells is
not a viable solution for such large datasets. The accurate
separation and quantification of individual cells was achieved
using an integrated image analysis approach that involved
threshold segmentation followed by watershed analysis.**
Greyscale thresholding separates foreground and background
pixels based on a selected range of gray values.*® The binarized
datasets obtained after the threshold segmentation were
analyzed using watershed analysis. The watershed algorithm
uses a peaks and valleys approach to separate individual cells

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Examples of foam structure particle cross-sections as seen on different scales (a) single scan of control sample with 0.4x objective,
exposure time 1 second, and pixel size 23.5 um, (b) single scan of control sample with 4 x objective, exposure time 3 seconds, and pixel size 3 um,
(c) 3D rendering of control sample produced from a mid-level resolution scan (pixel size 3 um) which has been segmented to show ligament
structure, (d) mid-level resolution scan (pixel size 3 pm) showing several particles scattered throughout the structure, (e) high resolution scan
(pixel size 0.7 um) of two adjacent particles, (f) 3D rendering of 30FRH sample from a mid-level resolution scan (pixel size 3 um). Particles are
distinguished by the presence of "micro-scale pores” and, in some cases, a clearly discernible boundary arising from a difference in density

between the particles and surrounding polymer matrix.

from the interconnected network.*® More details about the
image analysis protocol are given in the ESI (Fig. S2t). As shown
in Fig. S2,1 individual cells were accurately identified and
separated using this integrated image analysis approach.

The 3D volume renderings of pores in each sample are
shown in Fig. 2 and Table S17 lists data for the different
parameters quantified for cells. The control sample (Fig. 2a) has
cells which are consistent in packing, size, and orientation. The
open cell structure causes 3D pores to be closely packed and in
contact with one another. The 10FRH and 30FRH samples
(Fig. 2b and c) show some notable differences. The pores in
these samples appear smaller than those in the control sample.
In addition to that, these samples contain several tiny pores
which are not in contact with neighboring pores, indicating that
these cells are closed rather than open. 30FRH has a noticeably
higher number of smaller, closed cells than 10FRH. The
samples with coarse rice hulls (Fig. 2d and e) also show a similar
trend. The result of these structural changes is a more random
distribution of cells, i.e., more isotropic, with a significantly
wider distribution in cell size.

Fig. 3a and b show histograms of cell volume. The quanti-
fication included approximately 100-200 cells in each sample. It

© 2024 The Author(s). Published by the Royal Society of Chemistry

appears that the cell volume distribution has shifted toward
lower volume (left side) with the addition of rice hull particles.
As discussed above, the addition of rice hull particles leads to
the formation of smaller, closed cells. The insets of Fig. 3a and
b show that these closed cells have a volume less than 5 x 10°
um?®. The control sample has 18% of cells with volume less than
5 x 10° pm?®. This number increased to 47% and 59% for the
10FRH and 30FRH samples and to 58% and 73% for the 10CRH
and 30CRH samples, respectively. Fig. 3c shows the plot of
average cell volume as a function of particle fractions. We can
notice from Fig. 3c that the average cell volume also decreases
as particle fraction increases. The decrease in cell volume is
greater for CRH foams than for FRH foams. These results
suggest that the biobased filler may act as a nucleation agent or
trigger the formation of small cells by restricting cell expansion.

Cell orientation with respect to the foam rising direction was
also measured (Fig. 3d and e). An orientation of 0° indicates the
long axis of the cell is parallel to the rising direction. In the
control sample, over 90% of cells are oriented with a small
deviation (<10°). With the addition of rice hull particles, the
distributions become broader and shift to the right, as the
frequency of cells oriented >10° increases. The CRH and FRH

RSC Adv, 2024, 14, 19528-19538 | 19531
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Fig. 2 3D renderings of separated pores within the foam structure generated from a mid-level resolution scan (pixel size 3 um). (a) Control
sample, (b) 10FRH, (c) 30FRH, (d) 10CRH, (e) 30CRH. The black arrow indicates the direction of rising and red arrows point to examples of small,

closed pores.

foams have some instances of cells oriented 70-80°, nearly
perpendicular to the rising direction. Fig. 3f shows the average
orientation of cells with respect to rising direction. The average
cell orientation for the 10FRH, 30FRH, 10CRH, and 30CRH are
13°, 17°, 21°, and 20° respectively. Therefore, coarse particles
disrupt the alignment of cell orientation more than fine parti-
cles, though increasing the coarse particle fraction does not
necessarily correspond to further disruption. Interestingly, the
change in cell orientation does not correspond to a statistically
significant change in cell aspect ratio. The aspect ratio in the
control sample is approximately 1.5. As particle fraction
increases, the aspect ratio remains consistent.

Given both the anisotropic nature of these foam structures
and the influence rice hull particles have on cell orientation, it
is reasonable to hypothesize that these foams may exhibit
differences in mechanical properties depending on the direc-
tion of the property measurement. Previous work by Patterson
et al. used in situ compression testing with XCT to demonstrate
a correlation between foam structure and directional depen-
dence of mechanical properties in polyurethane foams." To test
directional dependence, foam samples were compressed in two
directions as shown in Fig. 4a and b. In the first scenario,
compression force was applied parallel to the rising direction,

19532 | RSC Adv, 2024, 14, 19528-19538

and in the second scenario, force was applied perpendicular to
the rising direction. Fig. S31 shows representative stress strain
curves for each sample. The compression moduli, calculated as
the slope of the stress strain curve in the initial linear region,
were then compared (Fig. 4c). The percent change was calcu-
lated as parallel modulus divided by perpendicular modulus
minus 100% (Fig. 4d). Thus, a positive% change implies the
perpendicular modulus is higher and a negative% change
implies the parallel modulus is higher. The control sample has
a slightly lower parallel modulus (67 kPa) than perpendicular
modulus (72 kPa). This is likely due to the foam structure
anisotropy as pores are elongated in the parallel direction
indicated by XCT scan. On the other hand, all particle-
containing foams have higher parallel modulus than perpen-
dicular modulus. This phenomenon is most significant in the
coarse rice hull samples, where the percent change for 10CRH
and 30CRH is —43% and —39% respectively. Given that the rice
hull particles disrupt cell orientation, it is interesting that the
rice hull containing samples display significantly more property
inhomogeneity compared to the more aligned control sample.
This suggests additional factors, such as particle morphology
and particle alignment in cell walls are likely to have a greater
influence over mechanical performance than cell alignment.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cell size and orientation data calculated from 3D segmented images. (a) FRH foam cell volume distribution, (b) CRH foam cell volume
distribution, (c) change in average cell volume with increasing particle fraction, (d) FRH foam cell orientation distribution with respect to rising
direction, (e) CRH foam cell orientation distribution, (f) change in average cell orientation with increasing particle fraction.

XCT also enabled observation of internal mechanical
damage in these foams. Foam samples were mechanically
fatigued through multiple creep-recovery cycles where the
maximum strain was approximately 50%. Creep-recovery cycle

© 2024 The Author(s). Published by the Royal Society of Chemistry

data is provided in the ESI (Fig. S4).t Foams in cushioning and
packaging applications will experience multiple stress loading
cycles over the product lifetime and the ability to recover the
original shape is an important indicator of durability over long

RSC Adv, 2024, 14, 19528-19538 | 19533
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Fig. 4 Compression testing with changing orientation. Schematic of foam sample between compression platens with (a) force applied parallel
(/) to rising direction, (b) force applied perpendicular (L) to rising direction. Compression testing data displayed in terms of (c) modulus versus
particle fraction and apparent density data, (d) the change in modulus in parallel direction relative to perpendicular direction. Parallel modulus
and density data shown in (c) was reported in the previous work by Mort et al.®* Bars in (d) marked with * indicate the change is statistically
significant within a 95% confidence interval using a one-way ANOVA with post hoc t-test.

term use. Fig. 5 shows representative examples of structural
damage. The control sample (Fig. 5a) has multiple ligament
fractures but does not show visible signs of permanent defor-
mation. This observation is supported by the residual strain
data reported in the original study, where the control sample
had only 3.1% permanent strain following 20 creep-recovery
cycles.® Samples containing particles also experienced liga-
ment fracture (Fig. 5c-e). In addition, particles themselves
experience internal fracture (Fig. 5b and d). If particle delami-
nation (i.e., adhesive failure) had occurred, we would see a clear
gap between polymer matrix and in-tact particles. Instead, it
appears the particles fractured along internal micro-scale pores
(i.e. cohesive failure). The cohesive failure of particles could be
partially responsible for the increased permanent strain seen in
foams with rice hulls. Interestingly, there were no cases of
particle fracture or delamination observed in particles with less
than 100 pm Feret length (the largest distance between two
parallel tangential lines in any in-plane direction of a flake). It is
possible that these particles have a lower probability of having
a strength-limiting flaw, or that they are simply more difficult to
distinguish from the polymer matrix, making it consequently
more difficult to identify instances of small particles exhibiting
signs of damage. Small particles are also likely to form
agglomerates, which would be more prone to mechanical
damage due to the mechanical weaknesses at particle-particle

19534 | RSC Adv, 2024, 14, 19528-19538

interfaces. Single particles with amorphous (non-crystalline)
regions would be far tougher and resist fracture. Additionally,
several instances of apparently undamaged particles directly
adjacent to fractured particles were observed.

4. Discussion

The results outlined in the previous section reveal several
unique structural features and structure-property relationships
in rice hull composite polyurethane foams. In the initial study,
in depth characterization of mechanical and thermal properties
was performed.® The key mechanical and thermal properties
from the previous study are summarized in Table 1.

The data summarized in Table 1 shows that rice hulls
generally increase foam density and compression modulus.
Fig. 4c shows how density and compression modulus follow the
same trend. This correlation was discussed in depth in previous
work.® It is noteworthy that despite the general correlation,
density alone cannot explain all mechanical property behavior.
For instance, 10CRH and 30CRH have nearly identical densities,
but significantly different compressive moduli. 30FRH has the
highest density out of all samples, but still has a far lower
compressive modulus compared to the CRH foams. Coarse
particles can dramatically increase compression modulus by up
to three-fold, but also cause a corresponding increase in
compression modulus variability. Composite foams also have

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Reconstructed 2D transverse slices of samples after undergoing 20 consecutive creep-recovery cycles. (a) Multiscale scan of control
sample, (b) multiscale scan of 30FRH, (c)—(e) high resolution scans of 30FRH showing examples of damage from creep-recovery tested. Blue
arrows indicate fractured ligaments and yellow arrows indicate damaged particles.

more permanent deformation after undergoing repeated
applied stress compared to the control. XCT analysis provided
the necessary 3D perspective and subsequent quantitative
structural data to better understand (1) how rice hull particles
influence foam structure, and (2) how the structural features
correlate with mechanical properties.

XCT of the control sample (Fig. 1a—c) confirmed an open cell
structure. The cells are ellipsoidal in shape, with the long axes

oriented parallel to the foam rising direction. The XCT scans of
samples containing particles (Fig. 1d and e) also show ellip-
soidal open cells with particles fully embedded within cell
struts. The particles, interestingly, have their own internal
porosity. These micro-scale pores generally follow the same
orientation as the individual particle. It should be noted that it
was difficult to observe smaller particles (<50 pm) in either SEM
or XCT. The lack of consistent contrast between particle and

Table 1 Foam formulation nomenclature and properties of foam formulations as reported in the previous study.®* Compression modulus and
creep-recovery test data shown were collected with samples oriented such that force was applied parallel to the foam rising direction

Particle

Sample name Particle type weight% (kg m™?)

Apparent density Compression
modulus (kPa)

Residual strain after 20
creep-recovery cycles (%)

Stress at 50%
strain (kPa)

Thermal conductivity
(mWm 'K

Control — 0 93+7 66.6 + 7.3 11.1 £ 1.9 3.1 46 £ 2
10CRH Coarse rice hull 10 108 £2 182.6 £ 15.9 30.1 £2.2 23.3 47 £ 3
30CRH 30 107 £ 7 136.0 £ 23.9 319 £238 17.4 59 £5
10FRH Fine rice hull 10 90 £5 51.7 £ 1.7 115+ 2.1 20.2 47 £ 4
30FRH 30 139+ 3 98.0 + 3.0 36.7 £ 6.2 8.9 60 + 2

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymer matrix means that distinguishing a particle's boundary
is not always possible. The finer particles may also have fewer
micro-scale pores, having been eliminated during the grinding
process.

The overall foam cell structure has been quantified.
Following the image analysis steps outlined by Fig. S2,T 2, and 3
it was possible to visualize individual cells and perform statis-
tics on cell data sets. The 3D renderings presented in Fig. 2
revealed that the presence of rice hull particles disrupted the
growth and organization of the cell structure. Both fine and
coarse rice hull particles caused the formation of small, closed
cells scattered throughout the otherwise open cell structure.
This suggests large particles or particle agglomerates may be
capable of restricting cell expansion. Furthermore, in 30CRH in
particular, the overall average cell size appears to decrease
significantly. As particle fraction increases, average cell volume
decreases and fewer cells are strongly oriented (<10°) with the
rising direction. These trends are also more drastic in CRH
samples than in FRH samples. There are multiple ways in which
rice hull particles could be affecting these structural properties.

Cell size in free-rise polyurethane foams is determined by
several factors such as surfactant selection,® temperature,* and
homogeneous vs. heterogeneous nucleation.?” Previous studies
have shown that using particles as heterogeneous nucleation
sites results in a reduction of final cell size due to the higher
number of bubbles initially formed.*” Heterogeneous nucle-
ation is a possible mechanism of the cell size trends observed in
these rice hull composite foams, though more studies are
needed to support this hypothesis. Another possible mecha-
nism to explain cell size trends is rice hull particles impeding
cell expansion by altering local viscosity and flow behavior.
When particles are present in a high enough concentration to
form aggregates,®® it is feasible that such aggregates could
significantly alter local flow patterns.*® Very large and irregularly
shaped particles may have a similar effect. This hypothesis
could account for the presence of the small, closed cells which
might have effectively been trapped by surrounding particle
aggregates. It also provides an explanation for change in cell
orientation (Fig. 3f). The ground CRH and FRH particles have
apparent densities of 0.528, and 0.438 g cm° respectively.? The
higher density and overall mass of very large particles and
aggregates means that they might also be impacted by gravita-
tional pull. Gravity could therefore act as an opposing force to
the flow patterns during rising, causing the particles to get
pulled downward and forcing cell orientation to shift. This
would help explain why the coarse rice hull foams displayed far
greater shifts in cell orientation than the fine rice hull foams.

The anisotropic structure of these foams has important
implications for mechanical properties, such as compression
modulus, which could change depending on the direction of
the measurement. An experiment was conducted to test direc-
tional dependence by compressing samples either parallel or
perpendicular to the rising direction (Fig. 4a and b). The cell
orientation data collected from XCT shows the cells in the
control sample are more oriented towards the rising direction
than the samples with added rice hulls. This can help explain
the ~9% difference between parallel and perpendicular moduli
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in the control sample, where perpendicular modulus is greater
than parallel modulus. In contrast, both CRH and FRH foams
had much higher differences (up to 43%), with parallel modulus
consistently being higher than perpendicular modulus. These
results suggest that the anisotropic particle morphology may
play a bigger role than the cell orientation (Fig. 1e) within the
composite foams. Previous work determined the number
average aspect ratio of CRH and FRH particles were 0.7 and 0.6
respectively, where an aspect ratio less than 1 indicates elon-
gation.® The thin flake-like shape of the particles should allow
particles to follow the contour of the cell walls. Just as pores are
stretched during foam rising, so is the material in the cell walls.
Thus, it would be expected that particles are generally oriented
with their longer axis aligned with the long axis of the cell.
Therefore, it is likely that the added reinforcement in the
parallel compression scenario arises from particle alignment.

The particles themselves still have their own internal
microporosity, which will likely affect how the particle responds
to stress applied in different directions. The orientation of pores
will influence in which direction they are most likely to fail.
Fig. 5d provides an example of neighboring particles which have
differing responses to applied mechanical force. Only one
particle experiences cohesive failure while the others do not
show any clear signs of failure. The discrepancy must be
attributed to the differences in particle orientation, particle
density, and micropore orientation. Therefore, it is reasonable
to conclude that the particle orientation and morphology has
greater influence over mechanical properties than the foam cell
structure alone. This may also provide further explanation for
the compression modulus trend seen in CRH foams, where
10CRH has higher modulus than 30CRH (Fig. 4c). The coarser
particles are more likely to be irregularly shaped and form
bigger aggregates than the finer particles,® and aggregation may
cause more randomness in particle orientation. Not only would
these aggregated particles have their long axes oriented with the
contour of the cell, but there are also new interfaces to consider.
In a cluster of particles, inter-particle interactions will be
weaker than an individual particle, making agglomerates more
susceptible to shear forces.

Finally, to better understand how stress affects foam struc-
ture, a set of samples were mechanically fatigued prior to XCT
analysis. The creep-recovery data presented in Table 1 shows
that the control sample has the least amount of permanent
deformation (i.e., the sample mostly recovered to its original
shape). Fig. 5a supports these results as the only evidence of
structural damage are sporadic ligament fractures. These liga-
ment fractures do not hinder the polymer from returning to its
original shape after force is removed. Addition of rice hull
particles increases permanent deformation. Prior to XCT anal-
ysis, it was suspected the permanent strain could have arisen
from particles which had delaminated from polymer matrix,
creating a gap but otherwise leaving the polymer and particle
intact. However, as seen in Fig. 5b and d, the images suggest
that the primary mechanism for permanent deformation was
particle cohesive failure rather than adhesive failure. Previous
research by Mort et al.®> showed that due to the presence of
hydroxyl groups on the particles’ surface, rice hulls were capable

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of reacting with isocyanates. Therefore, it is possible for parti-
cles to be covalently bonded to the polyurethane matrix, which
would result in strong adhesion at the particle-polymer inter-
face. The reaction kinetics of the rice hull hydroxyl groups
compared to the castor oil hydroxyl groups has not been directly
studied. Thus, the percentage of reacted hydroxyl groups in the
coarse and fine rice hulls is unknown. This unexpected and
distinctive cohesive failure mechanism indicates that the
limiting factors influencing permanent deformation are the
properties of the particles themselves. Reducing particle size
aids in eliminating potential crack propagation sites, but higher
particle loading is needed to increase modulus.

Another interesting observation in Fig. 5d is that though one
particle is fractured, adjacent particles of similar size are not.
These adjacent particles may not have failed due in part to
a difference in the orientation of micro-scale pores and/or
difference in material density. This could give rise to the
directional dependence of compression modulus as stated
previously. Furthermore, clear particle damage of any kind was
only observed in particles with >100 um Feret length. It is
possible smaller particles experience damage as well but limi-
tations in contrast between particle and polymer made it chal-
lenging to observe. Another explanation is that smaller particles
may have fewer points of mechanical weakness due to lower
porosity. This would explain why CRH foams experience higher
permanent deformation than FRH foams.

5. Conclusions

In this work, the unique structural features of composite castor
oil-rice hull polyurethane foams were revealed through XCT.
Quantitative characterization of foam structure not only
allowed us to better understand how rice hull particles of
different sizes affect foam formation, but also provided insight
into structure-property relationships. Crucially, the mechanical
performance of these composite foams is not only determined
by the overall foam structure, but also by the morphology of the
rice hull particles. XCT allowed us to visualize and quantify the
3-dimensional structure of these foams, revealing multiple
unique features including the presence of abnormally small,
closed cells within an otherwise open cell structure as well as
the reduced orientation of the cells. The major learnings about
the composite foam structure-property relationships in this
study are as follows:

e Rice hull particles lead to smaller cells on average,
including several small, closed cells.

e The flake-like particles align with the orientation of the
cells such that the long particle axes provide greater reinforce-
ment when force is applied parallel to the rising direction.

e Large particles and particle agglomerates are the driving
forces in foam structure change, leading to smaller cells and
less consistent cell organization in CRH foams compared to
FRH foams.

e Cohesive failure of large particles leads to permanent
deformation. Durability can be improved simply by reducing
particle size.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Future work such as in situ synchrotron XCT could further
improve knowledge of bubble nucleation during synthesis and
real-time mechanical response to compression. Furthermore,
particle selection could be expanded to other biobased agri-
cultural waste materials such as coffee chaff, corn stover, or
wheat straw. By introducing different particle morphologies,
a more complete theory of particle influence over foam prop-
erties and failure mechanisms can be developed. Ultimately,
understanding the mechanisms which determine foam struc-
tural properties will enable ways to produce more effective and
sustainable composites in the future.
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