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Isocyanate is a toxic substance that is one of the main reactants used in the conventional fabrication route for
polyurethane foams. This study presents the synthesis of isocyanate-free polyurethane foams from cyclic car-
bonates and diamines using sodium bicarbonate as the foaming agent. Three different series of foams are syn-
thesised using three types of sodium bicarbonates having different average particle sizes (i.e. 3, 13, and 22 ym) at
four content levels (i.e. 5, 10, 15, and 20 wt% with respect to cyclic carbonate). The density, open-cell content,
average cell size, normalised standard deviation of the cell size distribution, anisotropy, cell density and cell
nucleation density are characterized for all the materials synthesized. In addition, a theoretical study of the
expected densities is conducted to compare the theoretical values with the experimental densities obtained for
the foams. Finally, the foams previously manufactured with high sodium-bicarbonate content are optimised by
modifying the catalyst content from 0.5 to 2.0 wt% with respect to cyclic carbonate, thereby producing foams
with lower densities. Nonisocyanate polyurethane foams having densities as low as 142 kg/m® are fabricated.

1. Introduction

Polyurethane (PUs), invented by Otto Bayer in 1937 [1], is one of the
most versatile polymers with a unique combination of properties that
allow its application in a wide range of different industrial sectors, such
as automotive, construction, furniture, packaging, medicine, and sports.
Because of the various PU synthesis methods, different types of PU
materials are available, including flexible foams for comfort and well-
ness (e.g. bed mattresses and furniture); foams for acoustic absorption,
filtering, or shock absorption in the automation sector, rigid foams used
in thermal or acoustic insulation; elastomer fibres for textiles; and solid
elastomers for shoes and components of adhesives and sealants. In
addition, thermoset PU foams cover most of the PU market and are
among the largest segments of the polymeric foam market, representing
more than 50% of the global foam market [2].

Industrially, the synthesis of PU foams is primarily based on two
simultaneous reactions: the polymerisation or gelling reaction, in which
isocyanate reacts with a polyol to create a PU matrix, and the foaming or
blowing reaction, in which gas is generated to expand the foam by
adding physical or chemical blowing agents [3]. Physical blowing
agents are typically liquids having low boiling points, such as hydro-
carbons or hydrofluoroolefins, which volatilise during exothermic
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foaming. Chemical blowing agents, such as water, produce gas via
chemical reactions. Water is the most commonly used blowing agent in
several PU foam applications. In water-blown PU foams, isocyanate re-
acts with water to form unstable carbamic acid, which spontaneously
decomposes into CO5 and its corresponding amine. Subsequently, the
generated amine continues to react with isocyanate to generate urea
products. Therefore, polyols, isocyanates, and water are the most critical
starting components for the synthesis of PU foams having complex
structures.

Most isocyanates and polyols used in the PU industry are produced
from petroleum-based ingredients [4], which are non-renewable re-
sources with substantial drawbacks. Thus, the petroleum crisis and
environmental concerns have increased the need for more suitable and
environmentally friendly alternatives to replace petroleum-based PU
components. As such, academic and industrial attention has been
recently focused on replacing all or some of the conventional petroleum-
based polyols with polyols from renewable resources, such as biomass
residues, vegetable oils, or industrial by-products [5]. However, PU
foams containing biopolyols must be produced using isocyanate because
only few compounds can replace this reaction. The most important
commercial method for isocyanate production based on the phosgena-
tion of amines presents a considerable health problem, as exposure to
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phosgene, which is a highly toxic gas, can cause severe respiratory ef-
fects, ocular irritation, burns to the eye and skin, and eventually death
[6]. Moreover, the obtained isocyanate monomers are harmful com-
pounds [6,7]. Consequently, several studies are being conducted with a
focus on new routes for PU synthesis without requiring either phosgene
or isocyanates to conform to special safety, health, and handling pre-
cautions and meet the demands of green chemistry and production
processes [5].

The reaction between cyclic carbonates and diamines is one of the
most promising alternatives to conventional synthesis for designing a PU
material without isocyanates [8,9,18,10-17]. The main problem of this
route is the limitation for foaming the PU matrix. The main problem
with this method is the limitation of foaming the PU matrix. As previ-
ously explained, the gas generated by adding a chemical or physical
blowing agent and the polymeric matrix generated by the polymerisa-
tion reaction are simultaneously produced in conventional PU foams. In
contrast, the formation of nonisocyanate PU (NIPU) foams from cyclic
carbonates and diamines does not produce gases that would allow ma-
terial expansion. Thus, an additional physical or chemical blowing agent
must be added to the reaction mixture [19]. For instance, Sternberg et al.
[20] recently produced NIPU foams using poly(methylhydrosiloxane) as
a chemical blowing agent. In 2016, Grignard et al. [19] developed a
foaming process by utilising scCO; as a physical blowing agent. In 2018,
Clark et al. [21] achieved self-foaming behaviour, in which the specific
reaction between cyclic carbonate and diamine spontaneously liberated
CO., thereby allowing foam formation.

In this study, we developed NIPU foams via a reaction between tri-
methylolpropane triscarbonate (tricarbonate) and diamine. Cyclic car-
bonates are interesting monomers because they are non-toxic [21]. In
particular, although safety measures are still necessary during their use,
diamines and N-N-dimethylcyclohexylamine (DMCHA) are less harmful
to human health than isocyanates [22]. To date, only a few studies
related to this synthetic route have been conducted [18,23-28]. In 2015,
Cornille et al. [23] developed NIPU foams for the first time by imple-
menting the step-growth polymerisation of two types of cyclic carbon-
ates and diamines using poly(methylhydrogenosiloxane) as a chemical
blowing agent, which generates hydrogen gas when it reacts with di-
amines. The foaming process was performed at high temperatures
(80-120 °C). The apparent densities obtained varied in the range of
194-295 kg/m>, and the materials produced exhibited interconnectivity
between the cells, measured qualitatively by performing scanning
electron microscopy (SEM). In 2016, Cornille et al. [18] improved the
last formulation to achieve NIPU foams at room temperature having
densities of 270-300 kg/m>, homogeneous microscopic structures with
pore sizes of 400-1300 pm, and a large open-cell content. Figovsky et al.
[24-26] patented NIPU foams based on epoxy/NIPU hybrid systems.
This technique uses epoxy monomers, acrylic monomers, cyclic car-
bonates and amines as raw materials and hydrofluorocarbons, hydro-
chlorofluorocarbons, alkylhydrogenosiloxane and also hydrocarbons as
physical blowing agents. In 2016, Blattmann et al. [27] developed NIPU
foams using a liquid hydrofluorocarbon as the physical blowing agent.
The apparent density of the foams was in the range of 142-219 kg/m?,
and the cell size was approximately 135 pm. In 2020, Monie et al. [28]
explored the formation of self-blown NIPU foams to improve samples
previously obtained via reactions between cyclic carbonates, amines,
and thiols. In this case, thiols reacted with carbonates to generate CO,.
The density of 166-207 kg/m® was achieved with cell sizes of 600-980
pm.

In this study, NIPU foams are obtained from tricarbonate and
diamine using sodium bicarbonate (SBC) as a chemical blowing agent.
SBC is a sustainable chemical that is environmentally compatible and
safe for human health. Thus, it has a wide range of applications, such as
cooking, cleaning, and hygiene, and can be used as a chemical blowing
agent for thermoplastics. Owing to its high availability, non-
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flammability, and eco-friendly characteristics and tunability of its
decomposition temperatures with respect to the particle size, SBC is a
promising alternative to the previously mentioned chemical or physical
blowing agents. In the system studied here, the polymerisation reaction
between tricarbonate and diamine forms a polymeric matrix in the
presence of a catalyst. The thermal decomposition of SBC generates COo,
which facilitates foam expansion. The effects of SBC having different
particle sizes (22, 13, and 3 pm) and contents (5, 10, 15, and 20 wt%
with respect to cyclic carbonate) on the density and cellular structure of
the resulting NIPU foams are evaluated. Moreover, NIPU formulations
having a high SBC content (20 wt% with respect to cyclic carbonate) are
optimised by changing the amount of catalyst to obtain foams having
reduced densities.

2. Experimental
2.1. Materials

NIPU foams were obtained from two reactants: tricarbonate, which is
commercially referenced as SP-3-00-003 (with a functionality of 3,
molecular weight of 439.4 g/mol, and purity of 75 wt%) and synthesised
by Specific Polymers, and hexamethylene diamine (HMD), which is
commercially referenced as H11696 (molecular weight of 116.20 g/
mol) and purchased from Sigma-Aldrich. DMCHA, commercially refer-
enced as Polycat® 8 (density of 0.849 g/mL at 25 °C) from Evonik, is a
tertiary amine used to promote the reaction between tricarbonate and
HMD.

In this study, the chemical blowing agents used were three different
grades of SBC from Sigma-Aldrich having different mean particle sizes of
22,13, and 3 pm.

2.2. Synthesis of the NIPU foams

The formation of the NIPU foams is based on two simultaneous re-
actions: gelling or polymerisation, which creates a polymeric matrix of
PU, and foaming or blowing, which generates the gas needed to expand
the material. The synthesis route for the PU foams without isocyanate
used in this study is presented in Fig. 1.a. The polymerisation reaction is
performed by using a cyclic tricarbonate and HMD because cyclic car-
bonates are amenable to ring opening by suitable nucleophiles, such as
amines (aminolysis reactions). The NIPU formulation is adjusted to
contain a carbonate group that reactes with an amine group to form a
urethane group. This reaction is performed in the presence of DMCHA,
which is used as a catalyst for promoting the conversion of the reactants
into polyhydroxyurethane products, increasing the degree of cross-
linking and, consequently, the viscosity of the mixture. The blowing
reaction occurs because of the thermal decomposition of SBC when the
reactive mixture is placed in an oven at 150 °C for 6 min to generate CO2
gas, water, and sodium carbonate (Fig. 1.b). The temperature of 150 °C
is chosen in this study because the optimum range of the decomposition
temperature for SBC is 141-150 °C, as indicated in the literature [29].
The CO; produced during the decomposition of SBC facilitates the foam
expansion and, consequently, generation of the cellular structure. As the
two reactions involved in the generation of NIPU foams occur simulta-
neously, a balance must be maintained between them to obtain mate-
rials having the lowest possible density. For example, when CO; gas is
formed via SBC decomposition, the reactive mixture must have suffi-
cient viscosity to retain the CO, for increased efficiency of the foaming
process. However, if the viscosity is excessively high when the gas is
released, the expansion ratio should be reduced.

Three series of NIPU foams having different formulations are sum-
marised in Table 1.The samples are prepared as per the procedure des-
picted in Fig. 1.b. First, tricarbonate is mixed with the respective
amounts of SBC in a mould (diameter of 2 cm and height of 3.5 cm) at
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SBC (DMCHA) (HMD)
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Fig. 1. (a) New route to synthesize NIPU foams from cyclic carbonates and diamines using sodium bicarbonate as chemical blowing agent and (b) lab route to

produce the samples.

Table 1
Formulation of NIPU foams with different SBC types (22 ym, 13 ym and 3 um)
and several SBC contents.

NIPU foams with different  SBC Tricarbonate = HMD Catalyst
SBC types (® ® (€3] (D
5 wt% SBC 0.05 1 0.4 5.9
10 wt% SBC 0.10 1 0.4 5.9
15 wt% SBC 0.15 1 0.4 5.9
20 wt% SBC 0.20 1 0.4 5.9

250 rpm for 3 min using an overhead stirrer (EUROESTAR 60 control
from IKA) with an R 1002 screw-type stirrer. Subsequently, the 0.5 wt%
DMCHA catalyst (respect to the mass of tricarbonate) is mixed into the
blend at 250 rpm for 2 min. The corresponding amount of HMD is stirred
with the previous mixture at 250 rpm for 2 min to initiatethe poly-
merization reaction. Finally, all the mixtures are heated in an oven (E-
42, Heraeus) at 150 °C for 6 min to promote SBC decomposition, thereby
generating gas and expanding the material. The mixture is then cooled
to room temperature (between 20 and 25 °C). Next, the formulation of
the NIPU foams with high SBC contents is optimised by varying the
amount of catalyst, as shown in Table 2.

2.3. SBC characterisation

The size of the SBC particles used in this study was measured via laser
diffraction using an LS 13 320 analyser (Beckman Coulter). The chem-
ical composition was determined by performing Fourier transform
infrared (FTIR) spectroscopy using a Bruker Tensor 27 spectrometer in
the attenuated total reflectance (ATR) mode. SBC decomposition was
studied by conducting thermogravimetric analysis (TGA) from 50 to
1000 °C at a heating rate of 20 °C/min under an inert atmosphere (N3)
using a Mettler Toledo TGA/SDTA 851.

Table 2
Formulation of NIPU foams optimized with different SBC types (22 pm, 13 pm
and 3 um).

NIPU foams with different ~ SBC Tricarbonate =~ HMD Catalyst
SBC types (€] (8) (8) (D)

20 wt% SBC_0.5 wt% CAT 0.20 1 0.4 5.9

20 wt% SBC_1.5 wt% CAT 0.20 1 0.4 17.7

20 wt% SBC_2 wt% CAT 0.20 1 0.4 23.6

2.4. Foam characterisation

2.4.1. Density

The density of the foams (pp) was determined by employing the
water-displacement method based on Archimedes’ principle (Eq. (1))
using a density determination kit for an AT261 Mettler-Toledo balance.

vvf.air

= ar 1
W/.uir - Wf.,walerpwamr ( )

Pr

where, wy, g is the weight of the foam in air, wyyarer represents the
weight of the foam in water and pyqr denotes the density of water.

2.4.2. Open cell content

To measure the percentage of open cells in the foams, namely, the
open-cell content (OC%), a gas pycnometer (AccuPyc II 1340, Micro-
meritics) was used as per the procedure described in the ASTM D6226-
10 standard [30]. The following equation provides the value of this
parameter:

prcnam('ler - Vexpasedcells

mep[e ( 1- /1,)

Interconected cells volume Ve —

0C(%) =
(%) Total gas volume

(2

where, Vsgmple is the volume of the foam calculated as the ratio of the
weight of the foam to the density measured by using Archimedes’
principle, Vpycnometer is the volume determined by employing the pyc-
nometer, Vexposed cells is the volume occupied by the cells on the surface
of the samples used for these measurements and p, is the relative density
calculated as the ratio of the density of the foam (py) to the density of the
corresponding solid polymer (p;).

Cylindrical samples having radius r and height h were used for the
measurements. Vexposed Cells, which accounts for the volume of the cells
on the surface of the samples, was calculated by applying the following
equation as per the ASTM D6226-10 standard:

Adyp

1.14 @

Vexpoxed =

In which ¢yp is the average two-dimensional (2D) cell size obtained
from the SEM micrographs, as A is the geometric surface area of the
specimen and calculated as follows:

A =21 4+ 2nrh 4

where r is the radius of the sample and is considered to be the radius of
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the mould, and h is the height of the cylinder.

The thermal decomposition of SBC produces sodium carbonate par-
ticles that remain in the PU matrix as fillers, modifying the density of the
solid polymer. Therefore, the rule of mixtures for a compound of solid
PU and sodium carbonate must be applied to obtain the p; for each foam
having different SBC contents, assuming that the amount of sodium
carbonate in the blend is 64% of the SBC mass introduced into the initial
formulation (Fig. 2.a).

2.4.3. Scanning electron microscopy (SEM)

SEM was used to investigate the surface morphology of the NIPU
foams. The cellular structures of the samples were analysed using a
FlexSEM 1000 VP-SEM instrument (Hitachi). For correct visualisation,
the samples were fractured in liquid nitrogen to preserve their original
cellular structures. The sample surfaces were then coated with gold
using a sputter coater (model SDC 005, Balzers Union, Balzers,
Liechtenstein) and finally visualised in the growth plane. Several pa-
rameters were measured to obtain a complete analysis of the cellular
structure. A tool based on the ImageJ/FIJI software[31] was used to
quantify these structural parameters. The average three-dimensional
(3D) cell size (¢3D) was determined by multiplying the 2D values
measured in the SEM image by the correction factor of 1.273 [31].
Moreover, the standard deviation (SD) coefficient of the cell size dis-
tribution SD/ ¢ (normalised standard deviation coefficient) calculated
as an indicator of the homogeneity of the cellular structure, and
anisotropy ratio were determined for comparison between the materials.
In addition, cell density (N,) which is the number of cells per unit vol-
ume of foam (cells/cm®) was determined according to Eq. (5), taking
into account the density of both the solid polymer (p;), foam samples (py)
and ¢3D [31].

6(1 —2)
Ny=——%5 )
7(¢sp)

The cell nucleation density (NO) was determined using Eq. (6). This
parameter measures the number of cells per cubic centimetre of solid
material or unfoamed material (nuclei/cm?®) assuming that degeneration
does not occur during the processing, this means that every nucleation
point in the solid becomes a cell in the foamed material [31].

N,
No = (6)
Pr/p,

2.4.4. FTIR spectroscopy

FTIR analysis of the final foams was performed 1 day after foam
production to verify the completely consumption of the reactants to
form the products (urethane groups). The comparison of the spectra
revealed the bands associated with tricarbonate (carbonyl stretching
band at 1790 cm’l) and HMD (NH stretching bands between 3500 and
3000 cm ™) and the carbonyl band associated with the urethane group
formed at 1695 cm™[18]. The FTIR spectra were recorded on a Bruker
Tensor 27 spectrometer by employing the ATR mode.

3. Results and discussion
3.1. Characterization of the SBC

A bimodal particle size distribution is detected for all the materials
(Fig. 2). The mean particle sizes obtained for each type of SBC and the
key parameters of the particle size distributions are listed in Table 3. As
expected, clear differences are present among the three SBC grades.

The mass loss of the SBC particles (Fig. 3) is ascribed to the decom-
position of SBC into COj, water, and sodium carbonate (Fig. 1.a). A
comparison of all the SBC reveals three different decomposition rates;
the decomposition rate increases as the particle size decreases (Fig. 3.a).
This behaviour is important for the production of NIPU foams because
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Fig. 2. Particle Size distribution of the three SBC.

gas formation occurs earlier in the foams produced using smaller par-
ticles. Moreover, the residue obtained is 64% for all the SBC, corre-
sponding to the sodium carbonate formed in the SBC decomposition that
remains as a filler in the PU matrix. Fig. 3.b shows the first derivative of
the thermograms, in which the minimum value is considered to be the
mean decomposition temperature. These mean decomposition temper-
atures are 145.7, 137.9, and 133.8 °C for the SBC having the size of 22,
13, and 3 pm, respectively; thus, these temperatures are below 150 °C
(temperature used for foaming) for all the particles. Moreover, a sig-
nificant temperature difference of 12 ‘C exists between the smaller and
larger particles.

3.2. NIPU foams produced with different types of SBC

Fig. 4 shows the FTIR spectra of the reactants and foam. The largest
amount of SBC decomposes at higher temperatures. Polymerisation is
completed under the experimental conditions because the bands asso-
ciated with tricarbonate and HMD do not appear in the spectrum of the
NIPU foam. Similar results are observed for other NIPU foams. More-
over, the bands associated with the SBC particles (Fig. 4.d) do not
appear in the spectrum of the final foams (Fig. 4.c), demonstrating the
decomposition of all SBC during foam production.

Density is one of the most important parameters because it de-
termines the performance, cost, and in many cases, final applications of
foams. The measured density values are shown in Fig. 5. The density is
expected to decrease as the amount of SBC increases, generating more
CO, gas during particle decomposition. However, this trend is not
observed in any of the NIPU foam series studied. This unexpected
behaviour can be ascribed to the different balances of the two simulta-
neous processes involved in the synthesis of the NIPU foams (Fig. 1.a).

Moreover, any change in the particle size or catalyst content may
affect the kinetics. The SBC having the particle size of 22 pm exhibits a
behaviour closer to the expected trend. For this system, increasing the
amount of the blowing agent reduces the density until it reaches an
almost constant value of approximately 15 wt% content. This behaviour
indicates that the viscosity of the polymeric system is sufficiently high to
retain large amounts of CO when SBC is released. This may be related to
the delayed gas release of this specific SBC (Fig. 3). Meanwhile, the SBC
having a particle size of 3 um releases gas earlier, decreasing the vis-
cosity of the gas and allowing a higher expansion at low SBC concen-
trations. However, this lower viscosity decreases the stability of the
system, and larger amounts of SBC promote higher-density foams owing
to the gas that cannot be retained and/or degeneration of the cellular
structure. Note that this is a qualitative explanation of the behaviour of
these complex systems. The complexity of the samples in terms of the
foaming temperature and sample size limits the in situ measurements in
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Table 3
Main parameters of the size distribution of the SBCs used in this study.
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SBC D10 D50 D90 Mean particle size Mean size of the first peak in the bimodal Mean size of the second peak in the bimodal
particles (um) (um) (um) (um) distribution (um) distribution (um)
22 ym 2.7 22.6 39.6 22 9.2 24.3
13 um 1.2 10.8 27.8 13 1.1 18.7
3 um 0.2 1.8 7.8 3 1.3 7.1
a) 400 b)
0,000 | e e
95 +
90 -
N °
9 85 - ::
= 2
S
2 Lie S .0,005
= 1 =
75 4 8
ﬁ‘-
70 H
o5 | ——22 um sBC ——22 uym SBC
| ——13um SBC N —— 13 um SBC
1 3 um SBC 3 um SBC
60 - - -0,010 : , ’
[ 100 200 300 [1] 100 200 300

Temperature (°C)

Temperature (°C)

Fig. 3. (a) TGA thermograms and (b) first derivative of the decomposition curve for the different SBC particles under study.
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Fig. 4. FTIR spectra of (a) tricarbonate, (b) HMD, (c) 20 wt%. 22 pm SBC foam used as an example, and (d) 22 pm SBC.

quantifying the foaming mechanisms and reaction kinetics in detail. For
the type and amount of catalyst employed in the formulations of these
foams, the SBC having a particle size of 13 pm achieves the optimum
values, suggesting the promoted formation of foams having lower den-
sities. Therefore, for this specific system, a good balance exists between
the polymerisation and blowing reactions for SBC contents of up to 15

wt%. A higher SBC content promotes a distinctive increase in density.
The SEM micrographs of the samples are shown in Fig. 6. The ma-
terials have a significant number of open cells and slight anisotropy in
the growth direction. In addition, in several cases, such as SBC having a
particle size of 3 pm and high SBC content, highly degenerated struc-
tures are observed. The materials having low densities for each series
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Fig. 5. Density of the NIPU foams obtained with different types of SBC as a
function of the SBC content.

show more homogeneous structures. Moreover, the materials produced
with SBC having larger particle sizes exhibit the most homogeneous
structures.

The other parameters of the cellular structure are listed in Table 4.
All the foams have a significant number of open cells, with open-cell
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content of 60%-100%. In particular, a reduction in the particle size
increases the open-cell content. The cell size increases as the foam
density decreases. Smaller cell sizes are obtained for the materials pro-
duced with the SBC particle size of 3 pm.

The values of the NSD are in the range of 0.4-0.9 and not dependent
on the density. The SBC having the particle size of 13 pm results in the
most heterogeneous materials. The foams exhibit anisotropy ratios
greater than one, indicating a slight degree of orientation along the
growth direction. The materials produced using SBC having the particle
size of 3 pm have the largest anisotropy. Finally, the cell density and
nucleation density increase with the density. As such, the materials with
SBC having the particle size of 3 pm achieve the largest value for these
parameters.

The theoretical density of the NIPU foams is calculated by applying
the following equation:

(1= 2%, + 0.6X6,

Ps

Pr= XP @
{Xchq’[(l *ﬁ)ﬂpu +XSPBC] } +1

where ppy is the density of the solid PU matrix (1190 kg/m3), pspc is the
density of SBC (2200 kg/m®), and psc is the density of sodium carbonate
(SBC residue, 2710 kg/m®). The gas yield of the SBC was assumed to be
¢ = 80 cm®/g = 0.08 m3/kg. This equation is formulated by assuming
ideal conditions, in which all the CO5 generated is used in the foaming
process and no gas escapes from the system. Fig. 7 shows the behaviour
obtained using Eq. (7) as the number of SBC particles increases. Note

22 um SBC

13 ym SBC

3 um SBC

15% SBC

20% SBC

o

Fig. 6. Representative SEM images of the cellular structure of the NIPU foams: (a) 5% SBC 22 um, (b) 10% SBC 22 um, (c) 15% SBC 22 um, (d) 20% SBC 22 pm, (e)
5% SBC 13 um, (f) 10% SBC 13 um, (g) 15% SBC 13 pm, (h) 20% SBC 13 um, (i) 5% SBC 3 pm, (j) 10% SBC 3 um, (k) 15% SBC 3 um, (1) 20% SBC 3 pm.
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Table 4
Cellular structure characterization of the NIPU foams.
Sample Density ocC Cell NSD A No Ny
(kg/ (%) Size (nuclei/ (cells/
m?) (um) cm®) cm?®)
5% SBC 492 + 60.0 168 0.52  1.07 5.87 x 2.40 x
22uym 12 +3 + + 10° 10°
16.8 0.11
10% 439 + 66.2 173 0.49 113 6.53 x 2.35 x
SBC 11 +3 + + 10° 10°
22 ym 17.3 0.11
15% 318+8 826 262 0.62 111 3.06 x 7.89 x
SBC +4 + + 10° 10*
22 um 26.2 0.11
20% 321+8 789 348 0.47 1.10 1.30 x 3.36 x
SBC +4 + + 10° 10*
22 ym 34.8 0.11
5% SBC  278+7  76.7 376 0.83 1.14 1.20 x 2.77 x
13 ym +4 + + 10° 10*
37.6 0.11
10% 233+6 839 322 0.84 1.21 2.41 x 4.61 x
SBC +4 + + 10° 10*
13 um 32.2 0.12
15% 274+7 722 342 0.56  1.03 1.67 x 3.72 x
SBC +4 + + 10° 10*
13 um 34.2 0.10
20% 401 + 86.8 162 0.57 117 9.40 x 3.02 x
SBC 10 +4 + + 10° 10°
13 um 16.2 0.12
5% SBC 408 + 95.3 227 0.64 1.09 3.19 x 1.08 x
3 um 10 +5 + + 10° 10°
22.7 0.11
10% 318+8 777 171 0.44 1.19 1.08 x 2.82 x
SBC 3 +4 + + 10° 10°
um 17.1 0.12
15% 457 + 96.0 186 0.50 1.25 5.06 x 1.88 x
SBC3 11 +5 + + 10° 10°
um 18.6 0.13
20% 482 + 84.1 174 0.50 1.34 5.76 x 2.23 x
SBC3 12 +4 + + 10° 10°
um 17.4 0.13

that this equation is formulated by considering that 64% of the SBC used
in the formulation remains in the foam as sodium carbonate, that is, as a
filler, which increases the density of the polymeric matrix.

Table 5 shows the expected density values obtained from Eq. (7).

An adequate mass fraction of the SBC introduced into the foam must
be considered to determine the expected theoretical values. Therefore,
these fractions are recalculated with respect to the total mass of the
blend, that is, the masses of tricarbonate (1 g) and HMD (0.4 g) added to
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Fig. 7. Evolution of theoretical density when the mass fraction of SBC (X5,.)
is changed.
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Table 5
Amount of SBC used in this work expressed in grams, the corresponding mass
fraction of SBC (X2,.) and theoretical density of the resulting NIPU foams.

SBC mass introduced Mass fraction  Theoretical density of foams with

in the foam (g) of SBC different contents of SBC (pyg) (kg/
(X¢sc) m®)
0.05 0.0345 278
0.10 0.0667 162
0.15 0.0968 117
0.20 0.1250 92

SBC (Table 5).

Different trends are observed for the theoretical (Table 5) and
experimental densities (Fig. 5); the experimental values are well above
the theoretical values. As previously discussed, an increase in the SBC
content is not always related to a density reduction. Several reasons exist
for the differences between the expected and actual densities. On one
hand, Eq. (7) assumes that all the gases released by the SBC are used to
reduce the density, which is clearly incorrect because gas diffuses out of
the system, especially in the early stages of foaming. On the other hand,
this model does not consider the cell opening and the escape of gases
from the formed cells when the cells are connected. As such, we need an
optimised foaming process to achieve a high viscosity sufficient for the
early stages of foaming to reduce gas escape, cell opening, and coales-
cence phenomena, thereby reaching values similar to those predicted by
applying Eq. (7).

3.3. Optimisation of the formulation of the NIPU foams

Formulation modification aims to determine the minimum density
for each system. An increase in the catalyst content promotes the degree
of polymerisation to retain higher amounts of gas generated during SBC
decomposition. The densities of the foams are shown in Fig. 8 and
Table 6. The cellular structure parameters are listed in Table 6, and the
SEM micrographs are displayed in Fig. 9. As shown in Fig. 8, in the foams
having 0.5 wt% catalyst, the polymeric matrix cannot retain the
generated gas, and the density is excessively high for the three blowing
agents used. In addition, with 2 wt% catalyst, the degree of polymeri-
sation is excessive, inhibiting the expansion of the matrix by the gas. In
both cases, the densities are extremely high. In contrast, the lowest
densities are achieved with 1.5 wt% of catalyst. This trend is observed
for all three SBC foam series. Although the theoretical values are not
achieved, the values obtained improve compared with the previous re-
sults. In particular, the smallest value is achieved with 3-um SBC; it is
142 kg/m>, which is extremely low compared with the value obtained
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Fig. 8. Density of the optimized NIPU foams changing the amount of catalyst.
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Table 6

Cellular structure characterization of optimized NIPU foams.
Sample Density ocC Cell Size NSD A No Ny

(kg/m®) (%) (um) (nuclei/ cm®) (cells/ cm®)

22 um SBC_0.5 % CAT 321+ 8 78.86 + 4 348 + 35 0.47 1.10 £ 0.11 1.30 x10° 3.36 x10*
22 ym SBC_1.5% CAT 202 +5 90.53 + 5 362 + 36 0.59 1.10 + 0.11 2.09 x10° 3.38 x10*
22 ym SBC_2% CAT 264 +7 80.84 + 4 375 + 38 0.54 1.23 £ 0.12 1.35 x10° 2.86 x10*
13 pum SBC_0.5 % CAT 401 + 10 86.81 + 4 162 + 16 0.57 1.17 £ 0.12 9.40x10° 3.02x10°
13 pm SBC_1.5% CAT 281 +7 88.56 + 4 461 + 46 0.75 1.01 + 0.10 6.70x10* 1.51x10*
13 um SBC_2% CAT 362+ 9 - - - - - -
3 um SBC_0.5 % CAT 482 + 12 84.13 £ 4 174 £ 17 0.50 1.34 £ 0.13 5.76x10° 2.23x10°
3 pm SBC_1.5% CAT 142 + 4 89.97 + 4 329 + 33 0.58 1.05 + 0.11 4.17x10° 4.75x10*
3 um SBC_2% CAT 420 +£ 11 - - - - - -

0.5% CAT

1.5% CAT

22 um SBC

13 pm SBC

3 um SBC

Fig. 9. SEM micrographs of the optimized NIPU foams with 20 wt% SBC: (a) 22 pm SBC_0.5 % CAT, (b) 22 um SBC_1.5 % CAT, (c) 22 um SBC_2 % CAT, (d) 13 um
SBC_0.5 % CAT, (e) 13 um SBC_1.5 % CAT, (f) 13 um SBC_2 % CAT, (g) 3 um SBC_0.5 % CAT, (h) 3 um SBC_1.5 % CAT, (i) 3 pm SBC_2 % CAT.

with 0.5 wt% catalyst (482 kg/rn3).

The values of the cell size for the optimum foams are in the range of
330-460 pym. The material produced with the smallest particle is ob-
tained using the minimum cell size of 330 um. Most of the materials
show an open-cell content higher than 80% and an anisotropic cellular
structure, with slightly elongated the cells in the growth direction. The
cell nucleation densities are in the order of 10* nuclei/cm3, which is the
value for the foam having the lowest density of 4.75 x 10* nuclei/cm?>.
The materials produced with a higher catalyst content and SBC having
particle sizes of 13 and 3 pm cannot be quantitatively characterised
using SEM because of their high heterogeneity. For these materials, the
high viscosity of the polymer does not facilitate a proper foaming of the
system. Therefore, we can summarise that proper optimisation of the
catalyst content can produce NIPU foams having lower densities (i.e. the

minimum density of 142 kg/m® with a porosity of 89%) and a homog-
enous open-cell cellular structure with the average cell size of 329 ym.
Among all the catalyst contents used, the optimum foams are obtained
with 1.5 wt% catalyst owing to their lower differences from the theo-
retical values (92 kg/m3 for 20 wt% SBC). In particular, the lowest
density reached differs from the theoretical value by a factor of 1.5,
because of the strong capacity of the theoretical model to estimate
density as an expected difference. In addition, our lowest density is
similar to that reported by Blattmann et al. [27]. The SBC particles
providing the optimum results have a smaller size (3 pm) and a lower
decomposition temperature.
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4. Conclusions

In this study, a new synthesis route for NIPU foams using SBC as a
chemical blowing agent was developed for the first time. The use of this
chemical blowing agent is a sustainable approach for developing NIPU
foams.

SEM, laser diffraction, FTIR spectroscopy, and TGA were used to
characterise the SBC particles having sizes of 22, 13, and 3 um. Three
series of NIPU foams were synthesised for each type of SBC having
different SBC contents (5, 10, 15, and 20 wt%). The effects of the
different types and contents of SBC on the density and cellular structure
of the resulting NIPU foams were evaluated. The density decreased as
the SBC content increased because more CO, was produced during SBC
decomposition. However, a reduction in this value was not observed for
all SBC types as the amount of the chemical blowing agent was
increased. The expected densities depended on the balance between two
simultaneous reactions: the polymerisation reaction between tricar-
bonate and diamine, which formed the polymeric matrix, and the
decomposition of the SBC particles, which generated CO; to expand the
polymer. Therefore, the initial formulations tested did not have a proper
balance between the polymerisation and foaming reactions because
each type of SBC decomposed at different times (decomposition was
accelerated for smaller SBC sizes). For the material that underwent rapid
SBC decomposition, the degree of polymerisation was extremely low;
thus, the PU matrix was unable to entrap all the formed CO,. This
particularly occurred for the NIPU foams having 3-um SBC because of
the highest decomposition rate. Consequently, these foams exhibited the
highest densities.

The foam formulation was optimised by increasing the amount of
catalyst to obtain materials having the desired densities. The increase in
the catalyst content promoted the polymerisation reaction for retaining
the gas generated during the SBC decomposition. This formulation was
optimised for foams having high SBC contents because these materials
have considerable potential for density reduction, considering the high
amount of SBC used. Among the three NIPU foams the foam having the
lowest density was obtained with 1.5 wt% catalyst. The lowest density of
142 kg/m> was achieved for the NIPU foam having the SBC of 3 um,
corresponding to a porosity of 89%. This material exhibited a homoge-
nous open-cell cellular structure with an average cell size of 329 ym. The
route proposed in this study could be further optimised by further
reducing the SBC particle size and fine-tuning the polymerisation ki-
netics of the polymeric matrix. Further, the kinetics of both reactions
should be properly adjusted to obtain low-density homogeneous NIPU
foams.
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