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Cellulose nanofibres (CNF) with hydroxyl functional groups are among the most attractive types of
functional additive candidates being explored to improve the mechanical and thermal insulation
performance of rigid polyurethane foams (RPUF). However, in practice, the poor dispersion of CNF in
polyols has hindered the potential enhancements to RPUF using this approach. In this study, CNF/polyol
dispersions with a good distribution of CNF in polyol at loadings from 0.03% to 1.12% w/w were used to
prepare the CNF/RPUF nanocomposites (CNF/RPUF) containing 0.01% to 0.40% w/w CNF loading.
This series of true RPUF nanocomposites represents a better platform to investigate the effect of the
CNF on the microstructure, thermal and mechanical properties of RPUF. A CNF/RPUF nanocomposite
(0.01% w/w CNF in RPUF) prepared from a dispersion of 0.03% w/w CNF in polyol afforded a 20%
reduction in thermal conductivity and a 25% and 56% improvement, respectively, in specific compressive
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strength and specific modulus. This scale of thermal insulation and mechanical
improvement for low-density (39 kg m~3) CNF/RPUF systems has not previously been reported.
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1. Introduction

Rigid polyurethane foam (RPUF) is the most widely explored
material for improved thermal insulation performance given
that buildings consume 30% of the produced global energy.
They are excellent materials due to their versatile features such
as low thermal conductivity, high compressive strength-to-
weight ratio, and long-term stability at a low-density regime.
The improvement in thermal insulation performance of
RPUF is significantly studied by varying high functionality
polyols, surfactants, and micro-/nano-scale functional particu-
late additives."™ The effectiveness of the particulate additives
may be dependent on the method of incorporation,>® quality of
dispersion,®”° host polymer compatibility” ™" and loading
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level>'*™'* in the RPUF precursors. For example, at an optimal

loading, the homogenous distribution of an additive in the
polyol media may offer optimal nucleation during foaming,
resulting in good microstructure and enhanced performance,
whereas the poor distribution (due to less compatible system or
inefficient mixing) may lead to re-agglomeration, which in turn
may result in damaged microstructure. Above the optimum load-
ing (regardless of quality of dispersion), the microstructural and
physical properties®'>'® could be adversely affected due to the
increase in viscosity of the dispersion, limiting effective mixing
with the isocyanates.”'” Therefore, achieving a high-quality dis-
persion of particles at an optimum loading level and maintaining
the processibility of the dispersion during foaming are key factors
for controlling the microstructure and the thermomechanical
properties of the resultant RPUF.589

Cellulose nanofibre (CNF) is one such additive material that
can be directly incorporated as a filler in RPUF, which also has
the potential to interact with the polyol and isocyanate media to
obtain RPUF with increased cross-linking strength.?°* These
nanofibres are flexible and self-interacting (coiling/collapsing,
entangling, branched fibrils, bundles) compared to other
nanoscale rigid and dimensionally stable nucleating additives
(cellulose nanocrystal (CNC),>?®?**2% carbon nanotubes,?”
nanoclay,>*®?° or graphene oxide®°).

CNF is typically produced as a wet-dispersion, and this
complicates its suitability as a sustainable additive. Typically,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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it has been incorporated in RPUF by redispersion of dehydrated
(freeze-dried or spray-dried) powder into polyol by mechanical
mixing,'®'%2?! sonication,>® or solvent-assisted dispersion.>*
Unfortunately, once dried, CNF additives are not easily disper-
sible in the polyol media resulting in the agglomerated fibre
bundles in polyols, which in turn results in inconsistent/insig-
nificant microstructural variations that affect the physical
properties of the RPUF. Hence, ideally, a better CNF/polyol
dispersion could be achieved through the incorporation of
never dried CNF in the polyol matrix.

Previous studies suggest that better dispersion of never dried
CNF in the polyol could be achieved through a combination of
solvent-assisted dispersion with mechanical mixing.’ However,
given that the addition and removal of organic solvents may
not be a sustainable solution in terms of scalability and cost-
effectiveness,® the direct incorporation of CNF/water disper-
sions followed by the removal of water appears to be a reasonable
solution for achieving enhanced dispersion of nanocellulose in
the RPUF.

Recently, Haridevan et al® reported a methodology for
retaining good distribution of CNF in polyols through water-
assisted dispersion and scalable vacuum drying of CNF/polyol/
water dispersions. These dispersions have resulted in a broad
range of viscosity and flow behaviour depending on the CNF
loading in the polyol. Herein, we hypothesise that a broad
range of rheological properties of these CNF/polyol dispersions
pertaining to dispersion methodology and loading level can be
adopted for controlling microstructure and consequentially
tailoring the physical properties of the RPUF.

To investigate further, CNF/polyol dispersions prepared by
water-assisted dispersion, at levels of 0.028 to 1.12% w/w in
polyol (reported in Haridevan et al®), were used to prepare
CNF/RPUF nanocomposites (CNF/RPUF) with resultant loading
levels of 0.01 to 0.4% w/w. Given that, it is challenging to
directly monitor the influence of rheological properties of the
CNF/polyol dispersions on the foaming process, the evaluation
of curing kinetics of CNF/polyurethane resins (RPUF formula-
tion without blowing agent at an NCO index of 37) using
rheological analysis was also attempted to serve as a link
between the complex systems of CNF/polyol dispersions and
CNF/RPUF. The changes in density, microstructure, compres-
sive mechanical properties, and thermal insulation perfor-
mance of the RPUF were carefully monitored as the influence
of CNF.

The flexibility and the self-interacting nature of CNF (which
influenced the rheological behaviour of polyol dispersions®)
were observed to distinctly influence the microstructural char-
acteristics of RPUF at each loading level. Consequently, CNF/
RPUF with a 0.01% w/w CNF loading in RPUF afforded a 20%
reduction in thermal conductivity and a 25% and 56% improve-
ment, respectively, in specific compressive strength and modu-
lus perpendicular to foam rise compared to the control RPUF
(VOF). At low loading levels, polyols with high degree of disper-
sion and distribution of CNF were observed to produce low-
density foams with significantly enhanced thermal insulation
performance. In contrast, the polyol dispersions with higher

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CNF loading levels which caused increase in viscosity (due to
CNF-CNF interactions) were observed to produce high-density
RPUF with (statistically) insignificant improvement in thermal
insulation performance. Thus, by successfully demonstrating
the correlation of dispersion and distribution of CNF with
microstructural, mechanical, and thermal insulation perfor-
mance of the RPUF, this study shows that the incorporation
method for retaining good dispersion of nanoparticulate addi-
tive in polyol and the rheological properties of the polyol media
are the key determining factors for microstructure and proper-
ties of the RPUF.

2. Materials and methods

2.1. Materials

The CNF/polyol dispersions are prepared using a sucrose/
glycerol-initiated polyether polyol (Voranol™ 446) and CNF
derived from alkali-treated spinifex grass (Triodia pungens) pulp
as described in Haridevan et al.® Tegostab™ B 8460 from Evonik
and dimethylcyclohexamine (DMCHA) from Sigma-Aldrich
were utilised as the surfactant and catalyst. HFCM1, a proprie-
tary blend of HFC245a and HFC365mfc from Applied Polymers,
was used as the physical blowing agent, while water was used as
the chemical blowing agent. The polymeric isocyanate (pMDI)
(PAPI 27 of the Dow Chemical Company) with NCO content
31.5% was used as obtained from the Applied Polymers. The
mould release agent ERALEASE LP57 was obtained from Era
Polymers.

2.2. Preparation of CNF/RPUF nanocomposites

A typical formulation for a basic RPUF, initially proposed by the
Dow Chemical Company but slightly modified in our laboratory
to accommodate the preparation of foam with polyol and a
different blowing agent, is used as the control formulation
(VOF) (Table 1). The control RPUF samples VOF and VOSF were
prepared using neat polyol (Voranol ™ 446, V0) as-received,
and that subjected to high shear mixing treatment (VO0S),
respectively. This was done to completely replicate the proces-
sing history of nanocomposites in the control RPUF sample
without the CNF.

The CNF/polyol dispersions with low loadings 0.028% w/w
to 0.28% w/w, were used to prepare low-density (<50 kg m?)
CNF/RPUF nanocomposite samples with final CNF loadings of
0.01% w/w to 0.1% w/w (namely VCF0.028, VCF0.07, VCF0.14,
VCFO0.28), according to the formulations in Table 1. Whereas
CNF/polyol dispersions with relatively higher loadings 0.56% w/
w to 1.12% w/w in polyol (with high viscosity as determined by
rheological measurements) were used to prepare high-density
CNF/RPUF with 0.2% w/w to 0.4% w/w CNF loading (VCF0.56,
VCF0.84, VCF1.12) respectively, according to the formulations
in Table S1 in ESLt An additional control RPUF (VOF-control 2)
was prepared using the same formulation of VOF at a higher-
density (63 kg m ™) by over-packing the mould with extra mass.

For the polyol blends (Part B), all materials, except the
blowing agent, were pre-blended using an overhead stirrer

Mater. Adv,, 2024, 5,1540-1551 | 1541
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Table 1 Formulation, foam kinetics and properties of control and CNF/RPUF samples

Sample VOF-control VOSF VCF0.028 VCF0.07 VCF0.14 VCF0.28 VOF- control 2 VCF0.56 VCF0.84 VCF1.12
CNF loading in polyol (% w/w) 0 0 0.028 0.07 0.14 0.028 Vo VCo0.56 VC0.84 VC1.12
CNF loading in RPUF* (% w/w) 0 0 0.01 0.025 0.05 0.1 0 0.2 0.3 0.4
Part B: polyol blend (by parts)

Voranol TI:/I 446 100 100 100 100 100 100 100 100 100 100
Tegostab™ B 8460 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Water 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
HFCM1 30 30 30 30 30 30 30 30 30 30
DMCHA 1 1 1 1 1 1 1 1 1 1
Part A: pMDI

NCO index 110 110 110 110 110 110 110 110 110 110
Reaction kinetics

Mixing time (s) 18 18 18 18 18 18 18 18 18 18
Cream time (s) 28 28 33 45 45 50 28 58 60 59
Gel time (s) 56 58 53 52 70 78 56 100 104 104
Rise time (s) 186 164 135 134 140 144 180 154 154 150
Tack free time (s) 470 392 240 250 310 320 474 420 420 540
Density of cups (kg m ™) 41.4 40 44 44 48 47.5 63 62 74 80
Glass transition temperature, 176 177 173 164 165 166 179 176 176 176
T, (°C) of RPUF

Maximum degradation 339 350 341 348 336 338 345 336 347 352

temperature, Ty max (°C) of RPUF

¢ Resulting mass fraction.

(Makita HP2071F, stainless steel dissolver shaft with 12 blades)
at 2000 rpm for 5 min. The blowing agent (HFCM1) was then
added, and the total mixture was blended for a further 5 min.
Part A (pMDI) was then added to Part B and mixed at 4000 rpm
for 20 s, after which it was immediately poured into a pre-
heated mould at 60 °C (I x b x h: 30 cm X 30 cm X 10 cm)
coated with a release agent. Then, the mould was tightly closed
using nuts and bolts and allowed to cure for 24 h. The entire
mixing was conducted as room-temperature. The weight of
pMDI required to achieve a constant 110 isocyanate index
was calculated from the experimental hydroxyl values of the
polyol blends as described by Pinto et al.** The de-moulded
RPUF samples were skinned to remove the release agent, and
the core of the foam was cut into pieces in accordance with the
sample size requirement for each characterisation proposed by
Septevani et al.**

To understand the influence of CNF on reaction kinetics and
flow behaviour during reaction, rheological measurements
were performed on resin formulations i.e., without the addition
of blowing agents in the foam formulation. The polyurethane
resin formulations with CNF (VOR, VOSR, VCR0.028, VCR0.07,
VCRO0.14, VCRO0.28, VCR0.56, VCR0.84, and VCR1.12) were
prepared by mixing the CNF/polyol dispersions reported by
Haridevan et al.® with surfactant and catalyst according to the
Part B formulations in Table 1 (and Table S1 in ESIt) without
the blowing agents (HFC M1 and water) and then pMDI at a low
NCO index of 37 (mixed for 5 s) in order to avoid rapid
exothermicity and polymerisation on the rheometer.

2.3. Characterisation

The rheological analysis of the polyurethane resins was carried
out using a rheometer (DHR-2 series, TA instruments) at oscil-
lation mode with room temperature (25 °C) and a gap of
500 um. A disposable parallel plates geometry with a diameter
of 25 mm was used for the experiment. Preliminary strain

1542 | Mater. Adv., 2024, 5,1540-1551

sweeps were conducted at a frequency of 1 Hz to evaluate the
linear viscoelastic region. Time sweeps were measured from
10 s (after mixing) to 650 s within the linear viscoelastic region.
Excess material from the plates was cleaned before the start of
the experiment. The curing kinetics of the CNF/polyurethane
resins was measured under dynamic oscillation as a function of
time. Although this experimental system has several limita-
tions, including the reduced NCO index and lack of blowing
agents, this allowed controlled monitoring in the rheometer
and afforded an understanding of the effect of CNF on the
reactivity kinetics of CNF/polyol dispersions on reaction with
pMDI. No pre-shearing was conducted.

The RPUF samples were characterised by measuring reaction
kinetics, density, thermal conductivity and compressive properties.
The reactivity of the formulations was measured using a standard
cup test (ASTM D7487) to record the cream time, gel time, free rise
time, and tack-free time. The apparent core density of the RPUF
samples was determined according to ASTM D1622 using a
standard specimen of 1 x b x h: 51 mm x 51 mm x 40 mm.

Fourier transform infrared spectroscopy (FTIR) was per-
formed on a Thermo-Nicolet 5700 fitted with a diamond
attenuated total reflection (ATR) accessory (Thermo Electron
Corp., USA). The spectra were further smoothened and normal-
ised. Spectra for RPUF samples were recorded in the wavenum-
ber range of 500-4000 cm ™' over 128 scans with a resolution of
4 cm™ . The spectra were further smoothened and normalised.
The thermogravimetric analysis was conducted to investigate
the thermal properties of the CNF/RPUF using a Mettler Toledo
TGA operated by STA-R® version 9.10 software. The samples
were heated in a nitrogen atmosphere using aluminium pans of
a standard size of 40 pl. The temperature was initially ramped
from room temperature to 40 °C before heating to 480 °C at a
constant heating rate of 10 °C min~'. Thermo-mechanical
property analysis of the foams was performed on cylindrical
specimens (<15 mm diameter) in compression mode on a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dynamic mechanical analyser (DMA) (simultaneous differential
thermal analysis (SDTA) 861e, Mettler Toledo GmbH, Switzer-
land) operated by STA-R® version 9.10 software. Specimens were
tested at a frequency of 1 Hz over a temperature range between
—50 °C and 250 °C with a heating rate of 2 °C min™".

The surface microstructure of the RPUF was examined using
scanning electron microscopy (SEM). RPUF samples were condi-
tioned in liquid nitrogen for 1 min and then fractured and
mounted on aluminium stubs for further examination under a
tabletop scanning electron microscope (Hitachi TM4000) for micro-
structural observations. The average cell size (diagonal length) of
the RPUF was measured from the SEM images, both parallel and
perpendicular to the direction of foam rise, using Image] software.

High-resolution microCT imaging of RPUF samples (one
specimen for each formulation) were performed using a Sky-
scan 1272 uCT (version 1.1.19, Bruker, Belgium) desktop X-ray
microscopy platform. The scanning parameters were: 50 kV
X-ray voltage, 200 pA current, 1300 ms exposure time, no filter,
0.75 pm isotropic voxel size, 0.1° rotation step, 180° scan, 1801 x 1
binning, and 4 frame averaging. The datasets were reconstructed
with NRecon (version 1.7.3.1; Bruker, Belgium) and InstaRecon
(version 2.0.4.6; University of Illinois, USA) software using cone-
beam reconstruction (Feldkamp) algorithm, along with ring arte-
fact reduction and beam hardening corrections.

The tomographs were modified in 2D using CTAn software
version 1.16.4 (Bruker, Belgium), and the images were further
resized by 4 times. FIJI image processing software (Image]J, USA)
was used to pre-process the CT images to ensure the wall could be
reliably distinguished from the space. This was achieved by
identifying the wall signal and setting the background information
to zero. The images were further processed according to the
method optimised by Haridevan et al** with the help of IMARIS
Surface Wizard which applies water shed algorithm for 3D pore
reconstruction. The selected parameters were further quantified.

The thermal conductivity of RPUF was measured using a heat
flow meter (FOX200, LaserComp, USA) in the direction parallel to
foam rise using three standard samples having dimensions of / x
b x h:20 cm X 20 cm X 2.5 cm according to ASTM C518-10. The
compressive strength and compressive modulus of RPUF were
determined using a universal testing machine (Instron 5965) with
a 5 kN load cell with six standard samples ! x b x A: 51 mm X
51 mm x 40 mm (per direction to foam rise) in compression mode
following standard ASTM D1621-10. The statistical variation
between different samples for mechanical properties, thermal
conductivity, density, and microstructural parameter measure-
ments, was analysed using an independent #test at a confidence
level of 95% (p < 0.05) (Tables S2-S11, in ESIt). The error bars
represent the standard error of the sample (the standard deviation
of the sample population).

3. Results and discussion
3.1. Influence of CNF on the Reactivity of CNF/polyol dispersions

Fig. 1a shows the complex viscosity of the neat resins and
the CNF/polyurethane resins as a function of time. The initial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Complex viscosity of CNF/polyurethane resins dispersions;

(b) schematic representation of the effect of CNF on the reactivity of
CNF/polyol dispersions at low and high loadings.

increase in complex viscosity (~10-100 s) of the resins
indicates the increased reactivity of CNF/polyol dispersion with
pMDI. The neat resins (VOR and VOSR) gradually gained visc-
osity after ~100 s due to cross-linking with pMDI. However,
the rate of increase with VOSR was significantly lower than
observed for VOR. At this point in time, the reason for this
is unknown, given that there are insignificant differences
between the respective control polyols in their spectroscopic
and rheological properties.® The CNF/polyurethane resins
started at higher viscosities than the control resins. Interest-
ingly, resins VCR0.028 and VCR0.07 prepared using CNF/polyol
dispersions (VC0.028 and VC0.07) with a viscosity lower than
the control polyol,® also exhibited higher viscosities than the
control resins. Furthermore, both the resins reached their gel
time faster than control, despite both having a slower cream
time than the control. This shows the enhanced reactivity of
these formulations. The onset of complex viscosity increase was
faster for the samples with higher CNF loading (red dotted line
in Fig. 1a), suggesting the rapid formation of the cross-linked
network and reduced mobility of macromolecular chains.
Furthermore, the disturbances caused by shear mixing are
not observed for CNF/polyurethane resin, indicating that CNF
possibly acts as an effective local “constrainer or confiner” of
molecular motion. This is supported by the increase in storage
modulus (G’) and the reduced differences between loss mod-
ulus (G”) and G’ (Fig. S1 in the ESIt), which indicates the
improvement in the elastic component of the resins as a
reinforcement effect of CNF. Given the insignificant changes
in OHv of the CNF/polyol dispersions (Table S1 in the ESI¥), the
increase G’ (elastic component) at low CNF loadings is due to

Mater. Adv., 2024, 5,1540-1551 | 1543
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the formation of rigid domains through cross-linking reactions
of OH groups with NCO units®® and secondary (van der Waals
and hydrogen bonding) interactions between matrix and CNF.

Resins prepared from dispersion with CNF loading > 0.56% w/w
exhibited G-G" crossovers indicating earlier gelling behaviour*®
within 600 s. These three resins (VCR0.56, VCR0.84, VCR1.12)
exhibited a slightly different rheological response, in which the
G' gradually increased, after that stabilised with minimal
increase in viscosity, possibly due to the network formation with
percolated CNF.

The curing kinetics of the CNF/polyurethane resins mea-
sured by the rheological response shows that the reactivity of
CNF/polyol dispersions with pMDI is predominantly influenced
by polyurethane-fibre interactions at low loading, and network
formation at high loading fibre-fibre interactions, as sche-
matically illustrated in Fig. 1b. At low loadings, the presence
of well-distributed CNF covalently connects with the polymer
chains and exhibits increased reactivity of the CNF/polyol
dispersion. At high loadings, the presence of percolated CNF
networks increases the viscosity, hindering the effective mixing
of the CNF/polyol dispersions with pMDI, and thus possibly
resulting in minimal/negligible improvement in chemical reac-
tivity. This trend is reflected in the reaction kinetics measured
by the standard cup foam test (discussed in the next section).

3.2. Influence of CNF on CNF/RPUF formation

The foaming reaction kinetics of the RPUF samples was exam-
ined through a standard cup foam test (Table 1). The gel times
of VCF0.028 and VCF0.07 were faster than the control RPUF
(VOF and VOSF), and this was attributed to the increased fibre-
polymer reactivity at low viscosity CNF/polyol dispersions

Perpendicular Parallel

Perpendicular

a) Paralle!

VOF- control 1

VOSF

VCF-.028

VCF0.07

VCF0.14

VCF0.28

Fig. 2
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(VC0.028 and VC0.07) compared to the neat polyols (VO, VOS)
during mixing at high shear rates. In contrast, the reactivity
decreased (increased gel time) for the dispersions with
the higher CNF loadings, and this was potentially due to the
increase in viscosity limiting mixing efficiency and accessibility
of the OH groups to pMDI. These observations are in support of
the curing kinetics of CNF/polyurethane resins at low NCO
index (37), specifically, VCR0.028 and VCRO0.07. Furthermore,
there was no apparent chemical interaction observed for CNF/
RPUF when subjected to ATR-FTIR (Fig. S3 in ESIT).

The thermal stability of CNF/RPUF was characterised using
TGA (Fig. S4 in ESIf). As summarised in Table 1, there were
slight shifts in maximum degradation temperature (T4 max) for
CNF/RPUF but with no significant trend observed. Similarly,
the CNF incorporation (incremental loading levels) did not
show a significant influence on the storage modulus (G’) and
tan ¢ obtained from DMA (Fig. S5 in ESIT). In contrast to the
significant improvement in G’ observed for RPUF nanocompo-
sites with cellulose nanocrystals,” only a slight increase in G’ for
VCF0.07 and VCF0.56 was observed compared to their corres-
ponding control RPUF along with a slight decrease in glass
transition temperature (T,) (Table 1) measured from the tan ¢
peak. This inconsistency improvement in G’ and a slight
decrease in T, could indicate the insignificant reinforcement
effect of CNF. Despite the improvements observed in rheo-
logical responses of CNF/polyurethane resins (i.e. different
interactions and two loading regimes), the insignificant rein-
forcement in RPUF can be attributed to collapsing/coiling
nature of CNF during the foaming process (cell formation)
and/or low stiffness of CNF. The flexibility and conforming
nature of such non-wood-based CNF can be attributed to its

b)

Parallel

Perpendicular Parallel Perpendicular

/N B

VCF0.84 VCF0.56 VOF-control 2

VCF1.12

Scanning electron micrographs of (a) low-density and (b) high-density CNF/RPUF both parallel and perpendicular to foam rise.
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3.3. Influence of CNF on RPUF microstructure -
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The influence of different degrees of CNF dispersion in RPUF 3 : _1‘: _T_]
. . _ . . S
on the microstructure formation was first investigated using B2 25
SEM analysis (Fig. 2a and b). The average cell size values (cross- >le °F
sectional diameter) measured for both low-density and high- ol® e
density RPUF samples are summarised in Table 2. The control |1 HHA
1 . [ N — n
RPUF (VOF) exhibits an average cell size of 663 mm and Olw =3I
> | B
669 mm, respectively, for cells measured parallel and perpendi- «
cular to the foam rise direction. There is a statistically signifi- Tle <o
cant difference between the average cell size of the control § _ﬂ ::
RPUF (VOF and VOSF) parallel (—15%) and perpendicular g g
. (=}
(—21%) to foam rise, and both had a polygonal cell morphol- >le ¥
ogy. All the CNF/RPUF nanocomposite samples (Fig. 2a and b) =
showed a statistically significant decrease in the average cell x
size compared to VOF with a change in anisotropy. Unlike the o mMooo, dmoq
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control samples (VOF, VOSF and VOF-control 2) which exhibited S+ HH HHHH ; HH+HH “
relatively smaller cell sizes perpendicular to the foam rise than § § § '§ ;; pi " g ;; 3 E @ é
in the parallel direction, the CNF/RPUF nanocomposite sam- E)
ples exhibited smaller average cell sizes in parallel to the foam - IR =
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rise. Specifically, at highest loading level, VCF1.12 showed a S j: ﬁ j;' g
statistically significant decrease (—26%) in the average cell size Sla = 'c%
in the direction parallel to rise, but an increase (16%) in SN B
perpendicular to foam rise (Table S2 in ESIT). 515 I3 2
. . . 5 S
The decrease in the average cell size observed for low-density g Q =S ;
. ~
CNF/RPUF (VCF0.028, VCF0.07, VCF0.14, VCF0.28) is clearly Sl o 5
due to the nucleation effect induced by the well-dispersed CNF 5 2
in the polyol. However, the decrease in the average cell size for X §
high-density CNF/RPUF (VCF0.56, VCF0.84) is possibly due to o|ld ow meceehoaey @
. . . . ) N o [Sela] O OO -HOOOO [}
combined effect of increased viscosity and nucleation. The S|+ HH HHHHXxHHHH £
Q
nucleation effect inhibits the coalescence of cells during cell é ; g3 S$333 5 5 g 3 E % 2
formation, resulting in an increased number of smaller cells 2 5
. o . «
in the resultant RPUF.*" With increased loading levels, an < 4 BS& a
increase in viscosity (with nucleation effect) causes reduction & B j; ﬁ ﬁ Y
in expansion of cells in the foam rise direction during foaming. o | £ | & g 5
Four RPUF samples at different loadings of CNF were 3 P 2
. . . . . @ -
examined to investigate the influence of CNF loading on the £ > g
. . . . G S
microstructure of CNF/RPUF using X-ray pCT analysis. Fig. 3a Sl Bl o Neoo, mnon i
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and .e shows the 3D reconstructe.d modelling using the images Sl Elh W4 VTR : YRR 2
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used to estimate spatial microstructural parameters, such as R — NET oo 8
cell volume and ellipticity (prolate, oblate and sphericity), and _8 =~ =
solid skeletal parameters, such as strut volume, strut thickness, E %% E
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strut length, cell wall thickness and cell wall length. The g 23 _;
average values of the microstructural parameters (spatial and 2 88 & =
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solid skeletal) are summarised in Table 2, and the statistical g & EE 2 o &8 E
significance of the values are summarised in Table S3-S6 in € gE B% =0 “E _E &t &
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Fig. 3 (a) Tomographic 3D reconstruction of the skeleton of the scanned
CNF/RPUF nanocomposites (view from the top); (b) pore separation
highlighted on a representative 2D slice; (c) 3D reconstruction of the scanned
CNF/RPUF nanocomposites (view from the side); representative tomographic
slices filtered for (d) struts and (e) cell walls. The representative images here
have been colour corrected and formatted for better visualisation.

distribution of microstructural parameter values at each load-
ing level is much more relevant than studying the effect of
loading level on the average values obtained for each micro-
structural parameter. However, Fig. S7 and S8 in ESI{ show the
influence of loading of CNF on the spatial and skeletal micro-
structural parameters for reference.
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3.3.1. Spatial parameters. Cell volume is the measure of the
space occupied by an individual cell. All CNF/RPUF samples
exhibited a statistically significant reduction (>91%) in aver-
age cell volume compared to the control RPUF (Fig. 4a, Table 2
and Table S3 in ESIt). Further, the jitter distribution (Fig. 4a)
shows that the spread of cell volume in all CNF/RPUF samples
was significantly tighter than in the VOF, reflecting the larger
number of cells with reduced cell volume due to the increased
density of the CNF/RPUF. Nevertheless, large cells (outliers) are
still present in both the VOF-control and all CNF/RPUF foams.

Fig. 4b violin chart shows the density plot (width), median
(white dot in the centre of the box), interquartile region (length
of the inner black box) and range (length of the line that
extends out of the black box) of cell sphericity of CNF/RPUF
samples and Fig. 4c shows the normalised counts for oblate
ellipticity (disk-like shape), prolate ellipticity (cigar-like shape)
and sphericity (roundness) of the cells.

A statistically significant reduction (13 to 22%) in the oblate
ellipticity was observed for the CNF/RPUF samples with increas-
ing CNF loading up to VCF0.28 (Table 2 and Table S4 in ESIY).
This was reflected in the prolate ellipticity and cell sphericity.
This shows that the increase of CNF reduces the homogeneity
of the cell shape and is clearly observed in the density distribu-
tion (width) of the cell sphericity values (Fig. 4b) of VCF0.28.
These differences in cell ellipticity at different loadings could
be attributed to the differences in alignment and collapse
(coiling) of CNF during cell formation and rise.” Therefore, it
can be summarised that the dispersion and the loading levels
of CNF strongly affect the spatial parameters of the RPUF
microstructure.

3.3.2. Skeletal parameters. The solid polymer skeleton of
the RPUF is constructed of struts (junctions) and walls (faces).
The average and distribution values for strut thickness,
strut length, wall thickness, wall length, and the average strut
volume was estimated from processing the 2D CT tomographs
(summarised in Table 2) and the statistical significance of the
values are summarised in Tables S5 and S.6 in ESL¥
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Fig. 4

Influence of CNF on the (a) cell volume distribution (b) cell sphericity, (c) cell ellipticity (d) strut volume and density of CNF/RPUF. (e) Schematic

representation of the effect of fibre distribution (loading level) on the RPUF microstructure.
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The average strut thickness and strut length of CNF/RPUF
exhibited a statistically significant decrease with the incorpora-
tion of CNF (Fig. S6a, b, ESIT and Table 2) compared to the
control RPUF (Table S6 in ESIf). The reduced interquartile
range and the increased density of the distribution of the
values around the median value for CNF/RPUF compared to
VOF-control also supports this conclusion. A strong trend was
not observed for the variation in strut thickness or strut length,
which is attributed to the significant differences in the ellipti-
city of the cells.

The average cell wall thickness and average wall length of
the CNF/RPUF also exhibited a statistically significant decrease
with the incremental increase of CNF loading compared to the
control RPUF (Fig. S6c, d and Table S5 in ESIY). Statistically
significant differences for average wall length were also
observed for CNF/RPUF compared to each other (Table S6 in
ESIY). The reduction in average wall length suggests the possi-
bility of increased adjacent cells (increased cell coordination
number) and/or the total number of cell walls.**

As previously discussed, it appears that the CNF, while
acting as nanoscale nucleating agents, can align, coil, collapse
during the foaming process and affect the formation of cells or
cell morphology significantly in many possible ways. Due to the
diverse possible morphology of CNF, the spatial microstruc-
tural parameters such as cell volume and cell ellipticity (spheri-
city) are affected. As a consequence of changes in the shape of
the cell, the skeletal parameters (strut thickness, strut length,
wall thickness, and wall length) simultaneously changes.

The effect of fibre morphology on skeletal parameters is
validated by the good correlation (>70%) (Fig. S9 in ESIf) of
the average strut volume with the viscosities (at 60 s~ ) of the
CNF/polyol dispersions (previously reported®) and the CNF/
polyurethane resins. This correlation indicates that the mor-
phology of struts is influenced by the rheological behaviour of
the CNF/polyol dispersions. CNF loading and percolation
effects at high loadings are also observed in the struts. Given
that the volume of RPUF scanned is constant, the increase in
strut volume of CNF/RPUF samples with foam density shows

Table 3 Properties of low-density CNF/RPUF samples
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that the struts of CNF/RPUF are heavier than that of VOF-
control. This is also supported by the fact that the strut volume
is increasing with the relative reduction of strut thickness and
wall thickness (Fig. 4c and Table 2). Therefore, it appears that
increased solid polymer (represented as strut volume) in CNF/
RPUF is redistributed as many thin struts and walls as possible.
This concurs well with the inverse correlation of strut volume
with average strut thickness and average strut length of CNF/
RPUF (Fig. S7 in ESIt). This polymer re-distribution phenom-
enon was also observed for relatively high lignin load incorpo-
rated RPUF.**

To summarise, the alignment/collapse/conformation of CNF
during the foaming process strongly affects the microstructural
formation. The nucleation effect of CNF prompts the formation
of a larger number of smaller cells with distinct ellipticity
depending on the loading levels and CNF interaction. This
subsequently results in differences in the skeletal parameters.

The lack of a significant trend in the changes observed in
microstructural parameters with the increase in loading levels
was attributed to the two different working mechanisms
induced by CNF interaction and dispersion. The schematic
representation in Fig. 4e illustrates the effect of CNF/polyol
dispersions (fibre-fibre and fibre-polyol interactions discussed
in Haridevan et al.®) on RPUF at the various loading levels. At
low loadings, well-distributed CNF increases the nucleation
effect resulting in RPUF with reduced cell volume. As the
loading increases, the fibre interaction affects the ellipticity
resulting in a more heterogeneous microstructure. Whereas at
high loadings, the percolation of CNF bundles results in RPUF
with reduced cell volume, not only through nucleation but also
due to the high viscosity of the CNF/polyol dispersions and
associated constraints foam evolution.

3.4. Influence of CNF on the physical properties of the RPUF

3.4.1. Density. The cup foam densities (Table 1) show that
incorporating CNF into RPUF at low loadings up to 0.4% w/w in
RPUF can result in a 93% increase compared to the VOF-
control. This is also reflected in core densities (Table 3) that

VOF-

Sample control VOSF VCF0.028 VCFO0.07

VOF-

VCF0.14  VCF0.28 control 2 VCF0.56 VCF0.84 VCF1.12

Properties

Core density (kg m™®)  32.7 + 2.3 31.0 £ 2.4 39.3 +3.1 37.9 £ 2.2

Compressive strength 02+00 01+00 02+00 0.2%0.0
(MPa) ()
Compressive strength 0.14+00 01+£0.0 02=+0.0 0.2=%0.0
(MPa) (L)
Compressive modulus 354+03 32+08 39+13 45+09
(MPa) ()
Compressive modulus 2.84+02 3.0+06 52+03 45404
(MPa) (L)

Initial 4 at RT“

(mWm 'K

Aged 2 (mW m ' K™1):
6 months at RT

299 £ 2.3 347 £1.5

24 £2.7 284 +£10.6 24.1 £3.7 269 +7.8

39.5 £ 2.0 40.5+ 43 55.6+1.8 53.2+3.5 62.3 £2.7 63.1 +3.0

0.2+ 0.0 0.2+0.0 04+01 03+00 03+00 0.3=%x0.0
0.2+ 0.0 0.2+0.0 04+00 02+00 03+00 0.3=x0.0
46 1.1 4.7+£0.7 83+24 66+05 72+£05 69+1.7
48+ 0.2 4.6 +£0.3 83+06 57+03 7.0+02 7.4+02

309 £8.0 253 £1.7 25.6 £1.8 25.8 £ 2.1

32+1.5 36.6 +£3.3 27.1 £4.1 31.4 +£11.3 26.5 £3.2 30.1 £11.4 32.8 +£9.9 27.6 £2.3 28.1+2.0 283 £1.6

“ Measured to parallel to rise, 4 = thermal conductivity, || = parallel to rise, L = perpendicular to rise, and RT = room temperature.
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show a statistically significant increase parallel and perpendi-
cular to the foam rise with increased CNF loading. The low
viscosity polyol dispersions offered relatively low density RPUF
whereas the high viscosity polyol dispersions with percolated
networks offered high density RPUF. This strongly indicates
that the dispersion and distribution of CNF has a strong impact
on the structure of the RPUF, consequentially the density of
the foam.

3.4.2. Compressive strength and Young’s modulus. The
compressive mechanical properties of the neat RPUF and all
CNF/RPUF (parallel and perpendicular to foam rise) are sum-
marised in Table 3. The significance and percentage change of
the properties compared to VOF-control and VOSF are sum-
marised in Tables S7 and S8 in ESI.f The correlation of specific
compressive properties of CNF/RPUF with the microstructural
properties of CNF/RPUF has been attempted using heat maps
with Pearson correlation (Fig. S9 in ESIt). Given that the
correlation of microstructural properties with compressive
properties is based on the small piece of the scanned CNF/
RPUF sample, the analysis is not expressed in terms of statis-
tical significance but as interpretations with considerable
caution.

The comparison of specific compressive properties at var-
ious densities is an effective way of evaluating the effect of the
CNF on the compressive properties of RPUF. The CNF/RUF with
the same relationship between density and compressive prop-
erty indicate a comparable improvement (Fig. 5). In contrast,
the deviation of the values away from the trendline represents
significant improvement or decline with respect to the density.
All low-density CNF/RPUF, after normalisation by density,
exhibited statistically significant improvements in specific
compressive strength (18-25%) and specific compressive mod-
ulus (35-57%) in comparison to VOF in the direction perpendi-
cular to rise without compromising the properties in the
direction parallel to rise.

In comparison to VOSF, VCF0.028 and VC0.07 exhibited
significant improvement of 24-27% and 25-39% in specific
compressive strength and specific compressive modulus,
respectively, in the perpendicular direction to foam rise. This
could be attributed to the strong hydrogen bonding of the well-
distributed individual CNF in the polyurethane matrix, offering
a reinforcement effect™*'® and the potential alignment of CNF
in the direction of foam rise allowing effective stress transfer
from matrix to filler. Septevani et al.”’ reported that CNC (0.4%
w/w) incorporated RPUF exhibited significant improvement
specifically in the direction perpendicular to foam rise due to
the alignment of CNC in the direction of foam rise.

In contrast, in the high-density CNF/RPUF (Fig. 5), such
reinforcement effect was not observed, and the specific com-
pressive properties significantly declined compared to the
corresponding high-density control RPUF. This can be attrib-
uted to three possible reasons, (i) the heterogenous microstruc-
ture of RPUF due to the percolated CNF morphology and high
viscosity, (ii) poor stress-transfer between CNF and matrix
potentially due to the collapse of CNF bundles in the resultant
RPUF and (iii) the CNF from the selected non-wood biomass is

1548 | Mater. Adv., 2024, 5, 1540-1551
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Fig. 5 Specific compressive strength of CNF/RPUF of (a) and (b) low
density and (c) and (d) high density and specific compressive modulus of
CNF/RPUF of (e) and (f) low density and (f) and (g) high density; both
perpendicular and parallel to foam rise (error bars represent standard error
and n = 6 samples per direction).

not stiff enough to reinforce foams of high-density. The
improved G’ observed for CNF/polyurethane resins at high
loadings is not reflected for high-density CNF/RPUF, possibly
because the relative CNF content is minimal at bulk scale.
Hence, it can be postulated that stress transfer occurs well in
the low-density CNF/RPUF with low loadings, owing to retained
dispersion (from the polyol dispersions) of individual CNF in
cell walls.

Overall, the reinforcement effect as reflected in specific
compressive properties and the improved reactivity for the
low-density CNF/RPUF indicates that the optimal loading of
CNF is likely around 0.025% w/w in RPUF. However, this effect
is lost for CNF/RPUF above the optimal loading, possibly due to
the differences in conformation, alignment, and collapse of the
long thin fibres with foam rise, influencing the cell ellipticity
and thus decreasing the compressive properties of the resultant
RPUF. This is supported by the good correlation of average cell
sphericity with the specific compressive properties both paral-
lel and perpendicular to foam rise (Fig. S9 in ESI{). Given the
relative lack of significant sampling of measurements of phy-
sical properties (n = ~3-12) in comparison to the statically
precise microstructural quantification (~n < 400-20000),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conclusions were made carefully. Further data collection is
required to determine the precise relationships between micro-
structural and physical properties of the resultant RPUF.

3.4.3. Thermal conductivity of VCF. The effective thermal
conductivity of RPUF is strongly influenced by the conductivity
and ratio of solid/gas phases and cell parameters (average cell
size and the closed-cell content). The influence of changes in
microstructure and density of RPUF on the thermal conductiv-
ity was investigated. The thermal conductivity of neat RPUF
VOSF increases when the polyol is shear processed, reflecting
the larger cell size than the control RPUF VOF.

The incorporation of CNF decreased the thermal conduc-
tivity of low-density and high-density CNF/RPUF samples (Fig. 6
and Table 3). Given the similar densities and a common
blowing agent, VCF0.028 exhibited a statistically significant
improvement of 14% and 20% in thermal conductivity, respec-
tively, compared with VOF-control and VOSF predominantly due
to the significant reduction in average cell volume (Fig. 4a).

This reduction was observed for the low-density CNF/RPUFs
other than VCF0.07 compared to VOSF. This was attributed to
the microstructure of RPUF formed from the CNF/polyol
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Fig. 6 Initial and aged thermal insulation properties of CNF/RPUF sam-

ples (n = 3) at (a) low density and (b) high density (c) correlation of viscosity
of polyols and density of RPUF samples with the thermal conductivity of
respective RPUF samples.
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dispersion at rheologically a transient loading level of CNF, as
discussed in Haridevan et al® VCF0.07 with weak CNF-CNF
interactions forming a transient network is observed to strongly
influence the cell ellipticity, thus the difference in polymeric
pathways, which may increase the effective thermal conductivity.

At higher CNF loading with a similar range of foam density,
VCF0.28 exhibits only a 10% statistically significant reduction
in effective thermal conductivity despite reduced average cell
volume and cell wall thickness and length than VCF0.028. This
could be potentially due to the differences observed in the
average cell ellipticities of the VCF0.028 (nearly spherical) and
VCF0.28 (prolate) (Fig. 6b) manifesting as heterogeneous ellip-
ticity affecting the heat flow.

For high-density CNF/RPUF (Fig. 6b and Table 3), given the
similar densities and a common blowing agent with VOF-
control 2, a significant reduction in thermal conductivity was
observed for VCF0.56. However, further increase in CNF load-
ing did not significantly reduce the thermal conductivity (Table
S9 in ESIY), possibly due to the increased strut volume (solid
phase) with foam density.

The long-term insulation performance of the RPUF samples
was also tested after six months of storage at room temperature
(Fig. 6a, b and Table 3). After six months, a statistically
significant increase in thermal conductivity was observed for
the VOF-control sample.

There was a statistically insignificant difference between
thermal conductivity before and after six months for low-
density CNF/RPUF, indicating minimal gas diffusion. For the
high-density CNF/RPUF, a statistically significant increase in
thermal conductivity after six months was observed, indicating
the poor retention of gas by the thin cell walls.

Thus, the reduction and the retention of thermal conductiv-
ity observed for low-density CNF/RPUF confirm their applic-
ability for thermal insulation in refrigerators and the building
industry (BS EN 13165-2012 and BS EN 14315-1:2013) complying
with industry specifications in terms of low density (40 kg m ™),
compressive strength (>150 kPa), and thermal conductivity
(24 mW mK ™).

The long-term insulation performance of the RPUF samples
was tested after six months of storage at room temperature
(Fig. 6 and Table 3). After six months, a statistically significant
increase in thermal conductivity was observed for the VOF-
control sample.

There was a statistically insignificant difference between
thermal conductivity before and after six months for low-
density CNF/RPUF, indicating minimal gas diffusion. For the
high-density CNF/RPUF, a statistically significant increase in
thermal conductivity after six months was observed, indicating
the poor retention of gas by the thin cell walls.

Thus, the reduction and the retention of thermal conductiv-
ity observed for low-density CNF/RPUF confirm their applic-
ability for thermal insulation in refrigerators and the building
industry (BS EN 13165-2012 and BS EN 14315-1:2013) com-
plying with industry specifications in terms of low density
(40 kg m™?), compressive strength (>150 kPa), and thermal
conductivity (24 mW mK ™).
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The viscosity of the polyol dispersions showed an interesting
association with density and the thermal conductivity of the
resultant RPUF samples (Fig. 6¢). The low viscosity of the polyol
dispersion with the least CNF (0.028% w/w) loading is reflected
in the decrease in density and thermal conductivity of the
respective sample (0.01% w/w CNF in RPUF) supporting the
nucleation effect by nanoparticles reported elsewhere.*>?®
CNF/RPUF prepared with 0.07% w/w to 0.028% w/w CNF in
polyol exhibited low density; however, the relative inconsisten-
cies observed in the viscosity of the dispersions are reflected in
the density and thermal conductivity of the resultant foams.
Finally, CNF/RPUF prepared from the percolated polyols
(0.056-1.12% w/w CNF in polyol) exhibited high density with
an insignificant increase in thermal conductivity. These trends
show that the rheological behaviour of the polyols (controlled
by loading level, morphology, dispersion and distribution of
CNF) has a substantial impact on the microstructure and
physical properties of the resultant RPUF.

4. Conclusions

This study demonstrates the preparation of RPUF containing
between 0.01% w/w to 0.4% w/w CNF using the CNF/polyol
dispersions prepared through the water-assisted dispersion
method. It was observed that CNF/polyol dispersions with low
CNF loadings, up to 0.2% in polyol, afforded a low-density
RPUF (30-50 kg m~?), whereas the CNF/polyol dispersions with
higher loadings, 0.56% to 1.12% w/w in polyol, resulted in
RPUF with high-density (50-80 kg m ).

The structural characterisation of CNF/RPUF indicated that
the incorporation of CNF generates microstructural changes
over chemical changes. 2D cross-sectional analysis and 3D
reconstruction analysis shows that the dispersion of CNF in
the polyol is retained in the microstructure of the RPUF. On the
evaluation of the microstructural parameters, it was observed
that the self-interaction of CNF (fibre—fibre interaction) in the
polyol and its loading level in RPUF distinctly affected the
microstructural parameters of the CNF/RPUF. CNF/polyol dis-
persions with low loadings promoted nucleation, reducing the
average cell size of RPUF. In contrast, the CNF/polyol disper-
sions with higher loadings appear to influence the microstruc-
ture formation through both the increase in viscosity and
nucleation effects. This shows that the broad range of rheolo-
gical properties of these CNF/polyol dispersions can be
exploited for controlling or engineering microstructure and
consequentially tailor the physical properties of foam.
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