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Abstract

This study focuses on the improvement of the thermal stability and flame-retardant
performance of polyurethane (PU) foam by using effective flame-retardant additives and
nanosilica (nSiO2) particles from rice husk. The addition of non-halogen flame retardants
(FRs) including aluminum trinydroxide (ATH), triphenyl phosphate (TPP) and
diammonium phosphate (DAP) leads to markedly enhanced thermal stability and fire
resistance of the PU/nSiO2/FRs nanocomposites, resulting in achieving UL-94 HB standard.
In particular, the nanocomposites met the UL-94 V-0 criteria thanks to the inclusion of DAP
at 25 phr. The LOI value of the nanocomposites reached 26% which is much higher than
that of PU/nSiO2 nanocomposite, about 20%. In order to further understand the fire-proof
mechanism, the residue char layer remaining of the PU/nSiO2/FRs nanocomposites after
being burned was also investigated by SEM and FTIR. In addition, the microstructure,
thermal stability, thermal conductivity and mechanical properties of nanocomposites were
also evaluated in this study.

Keywords: Flame retardancy; polyurethane/nSiO, nanocomposite; aluminum hydroxide;

diamonium hydrogen phosphate; thermal stability; nano silica from rice husk.

1. Introduction

Polyurethane (PU) foam with outstanding properties such as flexibility in product shaping,
high strength, good sound insulation, and high compressive strength has played an
increasingly important role in many areas of life [1, 2]. However, besides the above
advantages, it still has a disadvantage which is a low fire resistance [3, 4]. This is one of the
main barriers limiting the future development of PU foam materials [5]. To solve this

problem, many solutions have been proposed, but the most widely used is adding flame
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retardant (FR) additives to PU foam materials [6-9]. Among the FRs used, the most
effective are halogen flame retardants. However, halogen flame retardant additives often
produce a lot of smoke and toxic gases, so now halogen FRs have been banned (or limited)
in many countries around the world. Instead, non-halogen flame-retardant additives (such as
phosphorus-containing compounds, nitrogen-containing compounds, or metal hydroxides)
have shown their ability to effectively replace halogen compounds in the flame-retardant
role for (nano)composite materials based on PU foams [2, 10-13]. Recent advances in
halogen-free FRs for PU foams have focused on three main strategies: inorganic,
phosphorus, and phosphorus-nitrogen FRs. Phosphorus and phosphorus-nitrogen
compounds are effective radical trappers as well as efficient charring agents, acting as flame
retardants in both the gaseous and condensed phases [14-17]. The literatures study that
when both phosphorus and nitrogen were included in the polymers, the flame-retardant
efficacy increased greatly due to the synergistic action of phosphorus and nitrogen. The
incorporation of FRs into composite materials partly improves their fire resistance,
however, this improvement still has many drawbacks. The biggest limitation is that in order
to achieve fire resistance that can be applied in practice, the amounts of FRs are used
relatively large. Especially, in the case of using FRs which are metal hydroxide compounds,
this significantly affects the physical and mechanical properties and also reduces the
applicability of the materials. To overcome this limitation, besides traditional non-halogen
FRs, researchers have proposed to combine inorganic components such as metal oxides
(specifically silica) into a polyurethane foam matrix [10, 18, 19].

On the other hand, in the context of the over-exploitation of natural resources, the search for
biological origin materials to increase the sustainability of the final material is also a

concern. For countries that produce a lot of rice, the amount of rice husk (RH) produced
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every year is extremely large. It is estimated that the amount of RH discharge into the
environment can be up to 100 million tons (in 2018) and it increases over the years [20-22].
In the past, RH was often used as a low-efficiency fuel source, causing great waste because
the source of silica in its components was not utilized [21, 23]. In order to fully utilize the
source of silica present in RH, particularly to improve the fire resistance of PU foam, this
study focuses on using nano silica (nSiO2) derived from RH combined with non-halogen
FRs to synthesize the effective environmentally friendly flame-retardants which could be
used to enhance the thermal stability and fire retardancy for PU foams. In the past recent
years, nSiO has been widely integrated into polymer materials to improve heat resistance,
radiation resistance, mechanical, and flame retardancy properties [24-27]. During
combustion, nSiO2 has the ability to catalyze the creation of carbonaceous carbon on the
surface. This carbon layer can play a role as a barrier, keeping the underlying material from
coming into touch with the flame and therefore limiting the fire propagation. Besides that,
the addition of nSiO, decreased the heat release rate and total heat release of the material
[28, 29]. The spread of fire also can be delayed by limiting the quantity of heat emitted
during combustion.

However, the use of nSiO, has a limitation in terms of improving the flame retardancy for
PU foam because the action of mechanism is attributed to condensed phase/physical effect
that improves the thermal stability and low thermal conductivity rather than gas
phase/chemical reaction [30]. To fulfill the requirements of many applications that demand
a high degree of flame retardancy, it is necessary to incorporate FR additives to slow down
or potentially extinguish the burning process. While numerous studies have explored the
incorporation of non-halogen FRs into fire-proof PU nanocomposite foams, there is a
limited literature addressing the improvement of the thermal stability and flame-retardant
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performance of PU nanocomposite foam by using effective non-halogen FR additives and
nSiO2 from RH.

In this study, we used three types of FRs: phosphorus FR (TPP), nitrogen-phosphorus FR
(DAP), and inorganic FR (ATH). According to the flame-retardant mechanism FRs are
classified into two types: chemical and physical mechanisms. While ATH works mainly
according to the physical mechanism, releasing water and forming Al.Os in the condensed
phase [31]. On the contrary, TPP works mainly by chemical mechanism, during combustion
TPP retards flames by producing phosphoric acids during the pyrolysis process and
releasing phosphorus-containing radicals, breaking the chain reaction of combustion [32].
And more especially DAP which could act to chemical and physical mechanisms. DAP
achieves its fire resistance by slowing down heat and fuel transfer processes during polymer
combustion through dilution effect, while phosphorus-containing moieties active free
radicals transferred from phosphorus derivatives could deactivate He and OHe radicals.
Furthermore, the char formation through pyrophosphoric acid also contributes to the

polymer materials' flame retardancy [33].

2. Experimental

2.1. Material

Methylene diphenyl diisocyanate (MDI) (DESMODUR 44 V 20 L) containing less than
31% NCO was supplied by DOW, China. Its viscosity and density are 210 mPa and 1.23
g/cm?® at 25 °C, respectively. Polyol (Voracor CR 765) was purchased from DOW, China
with OH index of 360 mg KOHY/g, viscosity of 800 mPas, and density of 1.12 g/cm? (at 20
°C). Rice husk was provided from a rice mill in the Mekong Delta of Vietnam. HCI 37%

was purchased from Xilong, China. Flame retardant additives: triphenyl phosphate (TPP)
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was supplied by Merck, Germany. Diamonium hydrogen phosphate (DAP) and aluminum
trihydrate (ATH) were purchased from Guangdong Guanghua Sci-Tech Co., Ltd.,

Guangdong, China.

2.2. Synthesis of nSiO> from rice husk

The nSiO: is synthesized using the same procedure as reported in previous work [34]. To
remove contaminants, RH was washed in water and dried at 60 °C. Then, the RH was
treated with 500 ml of 1% HCI at room temperature for 2 h using a mechanical stirrer. The
mixture was given an overnight soak before being completely cleaned with distilled water to
a pH of 7. It was then dried to constant mass. The RH was then milled into a fine powder

and burnt at 700 °C for 2 h in a furnace to collect nSiO..

2.3. Preparation of PU foam/nSiO./FRs nanocomposites

PU foam/nSiO2/FRs nanocomposites are synthesized on the one-pot method as described in
Figure 1. Accordingly, Figure 1 depicts the steps taken in the manufacture of a
nanocomposite PU/nSiO2 with and without flame retardant additive. Accordingly, nSiO:
was first added to the polyol and stirred to completely disperse for 2 min. Then the FR was
added and stirred to obtain the homogeneous dispersion mixture. After that, MDI was
quickly added to the mixture and thoroughly stirred for about 20-25 s. Then, the mixture
was quickly poured into the mold, with the dimension of 150 x 150 x 50 mm, the lid of the
mold was quickly closed then. The mold was kept closed to ensure that the nanocomposite
was completely cured. The sample was kept stable in the mold for 24 h at room temperature

before preparing for further evaluation.
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Figure 1. Procedure to prepare PU foam/nSiO2/FRs nanocomposite.

2.4. Characterization

The fire resistance of the materials was tested using the UL-94 V and UL-94 HB methods.
The dimension of each specimen bar is 127 x 13 x 10 mm and the test procedure has been
performed in accordance with ASTM D635 and ASTM D3801 with UL-94 HB and UL-94
V methods, respectively. In addition to UL-94, limiting oxygen index (LOI) is also a very
popular method to test the fire resistance of materials. The measurement of LOI value was
carried out according to ASTM D2863, with a sample dimension of 130 x 10 x 10 mm.

The fire reaction at the material scale were also performed with a cone calorimeter oriented
vertically. The experiment consists of exposing a sample to a radiant heat flux coming from
an electrically heated conical coil [35]. The samples were exposed vertically to the radiant a
heat flux of 50 + 0.5 kW.m™ without pilot. The radiant heat flux emitted by the cone was
controlled before each test using a Schmidt-Boelter fluxmeter (Medtherm). The selected
sample sizes were 100x100 mm with a 10 mm thickness. As specified in the standard 1SO
5660-1 [36], the samples were wrapped with two layers of aluminum foil, except their top
side exposed to the radiative heat flux. The sample was then placed in a steel holder,
followed by ceramic insulating foam and ceramic plate. The distance between the sample

and the heater was 25 mm. A precision scale with a 0.01 g resolution was used to measure
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the mass loss. The mean mass loss and the Mass Loss Rate Per Unit Area (MLRPUA) are
the average of three measurements.

The thermal properties of nanocomposite with and without flame retardant additives were
tested using LABSYS EVO machine (DTA/DSC-1600 °C) (Setaram, France). The samples
are analyzed in the temperature range of 25-800 °C, with a heating rate of 10 °C/min in the
N2 gas environment.

The density of the nanocomposite was determined according to EN 323 standard, at least 3
specimens of each nanocomposite with size 50 x 50 x 50 mm were prepared and measured.
The compressive property of the nanocomposite was performed in the direction parallel to
the rising foam using a Mechanical Tester model AG-X plus (Shimadzu, Japan) with a
compression speed of 2.5 mm/min according to ASTM D1621 standard. The results
obtained are the average of 5 measurements for each nanocomposite.

The nanocomposites and their residue chars after burning at 500 °C were evaluated by a
scanning electron microscope (SEM, Hitachi S-4300, Tokyo, Japan) at a voltage of 15 kV.
The samples were coated with platinum before scanning.

Moreover, microscopic images of nanocomposites were also obtained using an
environmental scanning electron microscope (ESEM, Quanta 200, FEI Company). Two
sample preparations were tested: a surface cut by a microtome blade and a fracture surface.
The latter yielded better results and was adopted for all samples. The samples were placed
on carbon conductive double-sided adhesive disc, without any further preparation. Images
were taken in Low Vac mode at 100 Pa, with a 10 kV voltage, a beam spot size of 4.5 and a
working distance of approximately 10 mm. The Low Vac mode allows samples to be

imaged without any coating even though they are not electrically conductive. The tension
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was reduced to limit the beam penetration and the working distance was a compromise
between the detector signal and the degradation of the electron beam in the chamber.

The quantification of pore dimensions was performed in FIJI (Image J version 1.54f) [37]
using the Local Thickness tool. In this method, the algorithm determines the diameter of the
largest circle that can be fit inside an object. To this end, regions of 800 x 800 pixels were
selected from each image. Brightness and contrast were automatically corrected, and the
“Find Edges” command was applied. The resulting images were inverted and later
processed using the “Local Thickness” command. Histograms were plotted using the values
from the thickness maps.

Raman spectra were obtained in an Alpha 300R Plus equipment (Witec, Germany) using a
785 nm laser and a 10x objective lens (EC Epiplan Neofluar, ZEISS, Germany) with a
numerical aperture of 0.25. Spectra were measured on three regions of the sample fracture
surface, with an integration time of 0.5 s and 100 accumulations. The replicate spectra were
averaged and processed in RStudio (version 2023.09.1) using the hyperSpec package [38].
Spectra were smoothed using a second order Savitsky-Golay filter with an 11-point
window. Also, a linear baseline correction has been performed. Specifically, hyperspectral
maps were generated for 250 x 250 pum? regions from the PU-nSiO2/TPP sample. The
chemical images were obtained over a total of 50 x 50 points with an integration time of 0.1
s. Maps of integrated intensity for two regions (1604-1624 cm* and 998-1018 cm™) were
plotted using Witec Project FOUR software (Build 4.0.18.15).

nSiO2 was analyzed on an X-ray diffractometer, D8 Advance A25 (Bruker, Karlsruhe,
Germany), using Cu K, radiation, and the 2 Theta between 10° and 80°. The particle size
and morphology of the nSiO, were investigated by transmission electron microscopy

(TEM), model JEM1400 (JEOL, Tokyo, Japan).
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The FTIR-ATR spectrum was recorded using a diamond crystal and an incident angle of 45°
(JASCO FT/IR-6600). For each sample, an average of 32 scans with a 16 cm™ resolution
were carried out in the 400-4000 cm* wavenumber range.

In order to characterize the thermal conductivity of studied materials, the Hot Disk TPS
2200 (the Hot Disk method, also referred to as the Transient Plane Source, TPS or the
Gustafsson Probe), has been used. The measurements were performed in a climate chamber
where temperature and relative humidity were maintained at 23°C and 50 % RH,
respectively. The Hot Disk sensor 7577 (r =2 mm) has been used and was placed between
two identical samples being tested with dimensions of 50 x 50 x 5 mm. Three
measurements were done for each sample; the thermal conductivity presented in this article
is an average value from 3 measurements.

3. Results and discussion
3.1. Properties of nSiO;

Prior to burning, RH was treated by HCI to remove inorganic impurities like Fe, Mn, Ca,
Na, K, and Mg, which can affect the material properties. The treatment of RH with HCI acid
was carried out at room temperature with a 1% (w.w) HCI concentration. Following HCI
treatment, the RH was cleaned with distilled water before being dried at 60 °C to a constant
weight. The nSiO> sample was then produced by burning RH powder (after HCI treatment)
at 700 °C for 2 h. This removed all organic chemicals present in the RH components
(cellulose, hemicellulose, and lignin). The obtained nSiO, sample is a white powder. The
characteristics of the nSiO> were evaluated using XRD, FTIR, and TEM methods (Figure
2). The burning of RH can produce either amorphous nSiO> or crystalline forms of SiOo,
depending on the temperature conditions [39]. The nSiO, produced by burning RH at 700

°C was found to be in an amorphous state (the peak at 2 Theta: 22°), which is consistent
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with the XRD of nSiO; presented in Figure 2a. The FTIR spectrum of the SiO, sample,

which was acquired after burning the RH sample treated with HCI at 700 °C for 2h, is

shown in Figure 2b. A low-intensity signal peak is presented at wavenumber 1640 cm?, this

signal is caused by the bending vibration of the linkage Si-OH [40]. At a wavenumber of

3450 cm?, there is a signal associated with the stretching of the O-H group. Particularly, the

FTIR result of the nSiO. exhibits signal peaks that are attributed to the asymmetric

stretching vibration of O-Si-O in the wavenumber of 1109 cm™, the symmetric stretching

vibration of O-Si-O at 804 cm?, and the bending vibration of O-Si-O at 472 cm™ [41]. TEM

was used to examine the size and form of the nSiO. particles obtained from RH. The

particle size distribution chart (Figure 2c) and the transmission electron microscopy image

(Figure 2d) both show silica particles with spherical shapes. As can be observed, the

average size of the silica particles is about 10-15 nm.
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Figure 2. a) XRD, b) FTIR, c) TEM image, and d) Particle size distribution diagram of

nSiO>.
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245  3.2. Flame retardancy

246  The flame retardancy of rigid PU foam and PU-nSiO2 nanocomposite foam with and
247  without flame retardant additives was tested using both the UL-94 HB and UL-94 V tests.
248  The samples are initially evaluated for UL-94 HB, and if that standard is reached, the
249  samples are then subjected to UL-94 V testing. Table 1 and Figure 3 show the UL-94 HB

250  test results.

Horizontal Vertical
Burning test burning test
After 10s After 30s !
PU &l TR ) |
PUnSIO, [ 1 o By 2l
PU-nSiO,/»STPP  JH | m Lm P
PU-nSiO,/ATH T | Lo B | - ;
PU-nSiO,»*DAP ¥ | L B m c B0 d
, a) PU-nSi0,/2TPP; b) PU-nSi0,/35TPP; ¢) PU-nSi0,/4SATH; d) PU-nSi0,/~DAP
51
252 Figure 3. Result of UL-94 testing of rigid PU and PU-nSiO; with and without FR.

253 The rigid PU foam sample burnt swiftly past the 25 mm (1 inch) mark after only a few
254  seconds of exposure to the heat of the flame. After ceasing to burn, the flame continues to
255 spread and burn out the sample, producing a large amount of smoke. After burning the
256 sample is completely deformed. For the PU-nSiO, sample without flame retardant,
257  performing the UL-94 HB test also gave a similar result. Fire behavior is greatly improved
258  with the addition of FR compounds. The flame has not yet reached the initial 25 mm mark

259 in the presence of DAP additive at 25 phr, in the 30 s of burning time, and the flame is
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extinguished as soon as it stops burning. Similar results were observed after the addition of
TPP at 25 phr or ATH at 45 phr (Table 1, Figure 3). However, compared to TPP, DAP, and
ATH flame retardants dramatically reduced the amount of smoke generated during the UL-
94 HB test. It is clear that the composite material was able to meet the UL-94 HB fire
resistance criteria thanks to the introduction of FR additives.

Table 1. Flame retardancy performance of rigid PU and PU-nSiO> with and without FR.

Combustion test

FR loading LOI
Sample Horizontal Vertical
(phr) (%)
burning burning
PU 0 Not achieved No rating -
“PU-nSiO; 0 Not achieved ~ No rating 20 N
“PU-nSiO2/5TPP 25 HB  No rating -
PU-nSiO2/*TPP 35 HB V-1 -
“PU-nSiO,/°ATH 40 HB V-1 -
PU-nSiO2/*ATH 45 HB V-0 24
“PU-nSiO,/°DAP 20 HB V-1 -
PU-nSiO2/DAP 25 HB V-0 26

The ratio of polyol/isocyanate:1/1.5 (g/g); nSiO2:3 wt%

Based on the UL-94 HB test results just reported, the UL-94 V test is further used to
evaluate the fire resistance of the nanocomposites in the presence of FR additives. For the
sample containing TPP with a content of 25 phr, the flame was extinguished immediately
after the first 10 s of burning, the sample was continuously burned for 10 s and the sample
was stopped without further burning. However, during the burning time, the flame reached
the specimen holder, and the specimen was deformed after combustion, producing a lot of
smoke, and deformation appeared (Figure 3). As can be seen from the result of the UL-94

HB test, the addition of TPP flame retardant at 25 phr improves the fire resistance (the

13
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sample has achieved UL-94 HB), but it is ineffective in achieving the UL-94 V-0 standard.
Increasing the content of TPP flame retardant additive to 35 phr has proven to be effective,
the material doesn’t deform too much after testing the fire resistance by the UL-94 V
method, but the issue with fire to the specimen holding clamp is still present (Figure 3).
Therefore, even after raising the amount of TPP used to 35 phr, the sample did not satisfy
the UL-94 V-0 standard because TPP acts as a plasticizer in addition to its flame-retardant
effect [38]. Increasing the TPP additive content to 35 phr has affected the shape, physical,
and mechanical properties of the nanocomposites as well as the shrinkage of the samples
after synthesis. For the nanocomposite containing ATH additive at a content of 45 phr, the
flame extinguishes instantly after ceasing to burn after 10 s of the first burning and 10 s of
the second burning, according to UL-94 V test results (Figure 3). Moreover, the specimen
was not deformed after burning, and less smoke was produced than that of the
nanocomposite containing TPP and without flame retardant additive. The presence of DAP
additive with 25 phr content in the nanocomposite gets the best UL-94 V test results among
all the samples containing the flame retardant studied. When the sample was exposed to the
heat source during both combustion durations, it was not burned up to the specimen holding
clamp and self-extinguished immediately after it stopped burning. Moreover, the amount of
smoke generated during combustion was also significantly lower than when using ATH and
TPP additives (Figure 3). The results show that the use of ATH at 45 phr and DAP at 25 phr
in PU foam nanocomposites allows them to meet the criteria of the UL-94 V-0 flame
retardant standard.

In addition to the UL-94 test method, the limiting oxygen index (LOI) test method was also
conducted with samples with ATH or DAP and without flame retardant to verify the flame-
retardant properties of the additives DAP and ATH. The LOI test results shown in Tables 1

14
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and Figure 4 are very consistent with the UL-94 test results. The LOI value of the
nanocomposite without flame retardant compounds reached 20%. This LOI value is
classified as combustible material due to the porous structure of PU foam, which makes it
very flammable, little nSiO, was utilized (3 wt%), which was insufficient to decrease the

flammability of the base plastic when the flame spread swiftly.

PU-nSiO,/DAP 26 | —
o |
£ :
s i
7 I
PU-nSiO, 20 | m
0 5 0 15 20 25 30
Limitting oxygen index (%) Image after UL-94 V testing

Figure 4. Resulting of LOI test of the nanocomposites.

The introduction of ATH and DAP significantly increased the LOI value of the
nanocomposites. The LOI value of the sample, specifically, reached 24% and 26%
respectively when adding ATH additive at 45 phr or DAP additive at 25 phr (both LOI
values above are classified as self-extinguishing materials). The results of LOI and UL-94
demonstrate that the presence of ATH and DAP flame retardant additives greatly increased
the flame retardancy of the nanocomposites.

A cone calorimeter test was carried out to investigate the combustion behavior of samples
with and without FR. In comparison with TGA, this kind of experiment allows to explore
larger-scale effects such as heat transfer through the simple and the formation of char at the

surface of the simple. The results, including the MLRPUA and mass loss, are shown in
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Figure 5a and Figure 5b, respectively. Accordingly, the average MLRPUA of the PU-nSiO;
sample at an incident heat flux of 50 KW m= in cone calorimeter increases with a peak of
0.085 gmst and then decreases sharply with time. At 120 s, the MLRPUA data is close to
0.015 gm?st and the total mass loss is about 74% (Figure 5b). The peak of MLRPUA for
the PU-nSiO2f°TPP sample is similar to that of the PU-nSiO2 sample, but this value then
decreases slowly with time. At 120 s, the MLRPUA data of this sample is nearly 0.03 gm
st and the total mass loss is about 65%. Compared to the PU-nSiO, sample, the
incorporation of 35 phr TPP maintains a similar MLRPUA peak, but the TPP leads to a
relatively faster decay of the MLRPUA profile. The MLRPUA peak of the PU-nSiO2/2°DAP
sample is at 0.0727 gms?. Over 120 s, the MLRPUA data of this sample is almost 0.0125
gm2 st and the total mass loss is about 70% (Figure 5b). Compared to the PU-nSiO;
sample, the incorporation of 25 phr DAP lowered the MLRPUA peak but kept nearly the
same decay of the MLRPUA profile. Finally, the peak of MLRPUA for the PU-
nSiO2/*°ATH sample is lower with a value of 0.065 gm=2s™. At 120 s, the MLRPUA data of

this sample is nearly 0.0275 gms™ and the total mass loss is about 55%.
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Figure 5. The experimental cone calorimeter tests for mass loss rate per unit area
(MLRPUA) (a) and mass loss (b) of the samples at an external heat flux of 50 KW.m2.
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Accordingly, the incorporation of 45 phr ATH led to a lower MLRPUA peak. The
significant reduction of MLRPUA peak could be explained by the thin char layer formed
above the sample surface during the cone calorimeter test. Thus, the presence of DAP (25
phr) and ATH (45 phr) in the nanocomposite led to improve fire resistance through the
reduction of the MLRPUA peak during the combustion. Moreover, the mass loss of these
samples is small in comparison with the PU-nSiO> sample, which does not contain flame-

retardant additives.

3.3. Thermal properties

The thermal characteristics of the nanocomposites have been evaluated by Thermo-
Gravimetric Analysis (TGA). Figure 6 shows the TGA and DTG curves for the
nanocomposites with and without flame retardant additives in the range of room
temperature to 800 °C, at a rate of 10 °C/min in a N2 gas environment. Table 2 summarizes
information obtained from TGA including Ts, Tso, and Tes respectively the temperature at

which the sample lost 5, 50, and 65% of the weight and the residue char at 800 °C.
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Figure 6. (@) TGA and (b) DTG curves of PU and PU-nSiO, nanocomposite with and

without FR.
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The sample without flame retardant additives exhibits three primary stages of heat
degradation, as shown by the TGA curve in Figure 6. The first stage of thermal
decomposition occurs in the temperature range of 300-360 °C with a large mass loss (about
55% of sample mass). This procedure is the breakdown of the polyol long chains and the
urea bond. At the second stage of thermal decomposition, which lasts between 370 and 550
°C, 25% of the mass was lost. During this stage, the cross-links and aromatic ring bonds of
the porous PU are broken. The thermostable aromatic compounds that are produced during
the second decomposition completely decompose in the third stage of the process, which
takes place at temperatures between 675 and 750 °C [11]. The mass of the sample was
almost constant between 750 and 800 °C. The amount of residual char at 800 °C was about
14 % of the initial sample weight (Table 2). Comparing the TGA results of PU foam and PU
foam/nSiO2 nanocomposites, it was found that the presence of nSiO. (even at a very low
content, 3 wt%) significantly increased the thermal stability of PU materials. The Ts, Tso
and Tes values of the nanocomposites are all higher than that of the PU foam. The reason for
this result may be due to the amount of nSiO2 added has been evenly distributed in the PU
foam matrix, and when the nanocomposite was exposed to heat, nSiO, creates a barrier
layer char that protects the inside material and makes the material more thermally stable.
Indeed, the presence of nSiO2 acts mainly as a delay of thermal degradation: the ultimate
residual mass, at 800 °C, is the same as the net PU foam. In addition, due to the relatively
small nSiO2 content, it is impossible to effectively protect the sample from the impact of the
flame or improve remarkable thermal properties.

Table 2. Thermal stability parameters of the nanocomposites from TGA analysis.

Temperature (°C) Residue at 800 °C
Ts Tso Tes (%)

Sample
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392
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PU 236 341 363 13.2

PU-nSiO: 269 370 451 14.2
PU-nSiO2/*DAP 244 367 483 30.8
PU-nSiO2/*ATH 268 389 508 28.3

As seen in Figure 6, the thermal degradation of the nanocomposite with ATH content of 45
phr proceeds in two stages. The first decomposition stage comes at temperatures between
250 and 370 °C, with a mass loss of roughly 45%. Most of the mass loss at this stage is due
to the degradation of the ATH additive. At temperatures greater than 210 °C, ATH begins to
decompose to produce aluminum oxide and water, which evaporates at high temperatures
[42]. Parallel to the above-mentioned process, the decomposition of the urea bond also
occurs. The second stage of thermal decomposition takes place at a temperature of 380-520
°C, and the sample loses about 25% of the mass, at this time, the sample with ATH additive
was decomposed the cross-links, aromatic ring links derived from isocyanate. As can be
shown in Table 2, the Tso and Tes values of the PU-nSiO>/ATH sample are both larger than
that of the PU-nSiO, sample (389 and 508 °C versus 370 and 451 °C, respectively). It is
obvious that the sample with ATH additive considerably enhanced the thermal stabilization
in stage 2 of proceed decomposition as compared to the sample without additive. The cause
of this is the effectiveness of the aluminum oxide layer and the nSiO layer acts as a
protective barrier to block heat transmission and mass transfer, assisting in more
successfully protecting the sample. After 660 °C, the sample is stable and its weight is
practically unchanged. The amount of residual char in the sample at 800 °C reached 28% of
the sample weight, twice as high as the residual char of the PU-nSiO, sample. The presence
of ATH therefore not only delays the temperature levels at which decomposition arises but

also reduces very significantly the total mass loss.

19



397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

Two distinct stages of thermal degradation can be observed in Figure 6 for the
nanocomposite with the addition of DAP additive. At the first stage of thermal
decomposition, which took place between 280 and 370 °C, 51% of the sample mass was
lost. The presence of DAP made the thermal degradation stage in nanocomposites occur
earlier when compared to the nanocomposite sample without flame retardant additive. The
cause of this phenomenon is that DAP is decomposed to produce water vapor and ammonia
gas, accompanied by a layer of solid char P4+O1o [33]. It is the early degradation of DAP that
significantly increases the thermal stability of the nanocomposites, thereby effectively
protecting the material in the second stage of decomposition. In the subsequent thermal
decomposition process, from 390 to 500 °C, 12% of the mass of the nanocomposite sample
was lost as a result of the breakdown of the crosslink and the bonding of the aromatic ring
present in the MDI structure. The sample lost less weight than the nanocomposite with the
ATH additive and the nanocomposite without the additive because the residual char P4O1o
layer, created by the DAP additive, combined with nSiO,, effectively protected the
underlying material from thermal degradation. Specifically, the sample is thermal stable and
the mass remains constant from 580 °C forward (while with the nanocomposite sample
containing the ATH additive and the nanocomposite without the FR, the temperature at
which the sample mass remains constant is 660 °C and 750 °C, respectively). The sample
with DAP has more residual char at 800 °C, 31% of the initial mass, as compared to 28%
and 14% for the two nanocomposites with ATH additive and without flame retardant,
respectively. This outcome demonstrates that the thermal stability of nanocomposite

materials is markedly improved by the introduction of DAP flame retardant component.
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3.4. Characterization of the residual char
FTIR has been used to analyze the residual chars generated after burning the samples at 500

°C, as shown in Figure 7.
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Figure 7. FTIR spectra of PU-nSiOz, PU-nSiO2/*DAP, and PU-nSiO2/*ATH residual chars

(500 °C).

A peak at 1600 cm™ is the bending vibration of the water molecule adsorbed onto the silica
surface in the FTIR spectrum of the residue layer of PU foam/nSiO, nanocomposites with
and without flame retardant additives. In addition, the IR spectrum of residue chars of the
nanocomposite with DAP additive has a signal at the wave number of 1055-940 cm,
which is characteristic for the P=0, P-O-P, and P-O-C vibrations that phosphoric acid
and/or its derivatives produced during combustion [43].

The morphology of remaining residual chars after burning was analyzed by SEM to further
clarify the distinction between the flame-retardant performance of ATH and DAP, as

described in Figure 8.
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a) PU-nSiO, b) PU-nSiO,/DAP ¢) PU-nSiO,/ATH
Figure 8. SEM images of PU-nSiO2, PU-nSiO2/*DAP, and PU-nSiO2/*ATH residual chars

(500 °C).

Accordingly, after burning, the cell structure of the nanocomposite without flame retardant
was destroyed by the flame (Figure 8a). The SEM of residue char image of the
nanocomposite samples introduced DAP or ATH demonstrates the distinction with the
material without additive. Due to the presence of DAP, a thick layer of thermally stable char
has formed (with P4sO10 playing a key role), shielding the underlying material from thermal
deterioration (Figure 8b). Meanwhile, with the sample containing the ATH flame retardant
additive, the residual char layer became denser (Figure 8c), caused by the formation of
aluminum oxide which acts as a thermal barrier, helping to improve the fire resistance of the
nanocomposite. It is clear from the TGA data, FTIR, and SEM images that the two FRs,
DAP and ATH, have different flame-retardant mechanisms. With DAP, the flame-retardant
process occurs in both condensed phase and gas phase mechanisms. In the solid phase, DAP
is thermally decomposed to produce phosphoric acid. Phosphoric acids, after that, will react
with each other to produce a solid layer of P4O1 that acts as a barrier to protect the material
from thermal degradation. In the gas phase, DAP is decomposed to produce phosphorus free
radicals such as POe and PO+ which capture OHe and He free radicals, resulting in a
significant improvement in fire resistance. Besides, the decomposition process of the DAP

flame retardant additive also produces NH3z gas to help dilute and reduce the concentration
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of highly active free radicals in the burning zone [43]. With the ATH, the flame-retardant
process mainly occurs through the thermal decomposition of the ATH additive. Aluminum
oxide is formed in significant quantities during this process, producing a barrier effect. In
addition, since the thermal decomposition of ATH is endothermic, it contributes to the fire
resistance of the material through its dilution and cooling effects [44].

Figure 9 schematizes the flame-retardant mechanism of two additives ATH and DAP,
employed in this research. It is clear that the two additives, ATH and DAP, differ in how
they perform as flame retardants, and, as a result, different amounts of flame retardant must
be employed to comply with the UL-94 V-0 fire retardant standard (25 phr for DAP and 45

phr for ATH).
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Figure 9: Flame retardant mechanism of PU-nSiO, with ATH or DAP additives.
3.5. Compressive strength
The high FRs loading often affect the mechanical properties of the nanocomposites. Thus,
evaluating the mechanical properties, or more especially the compressive strength of the

nanocomposites, is required to determine their applicability. With the presence of FRs, the
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compressive strength of the nanocomposites increased by 8% and 10% respectively with the

sample containing DAP at 25 phr and ATH at 45 phr, as presented in Figure 10.
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Figure 10: Compressive strength and density of PU-nSiO2, PU-nSiO2/*DAP, and PU-

nSiO2/*ATH.

A remarkable result is that the density of the nanocomposites also increased with the
amount of additives used. In addition, a noticeable trend is that when the FR loading
increases, the nanocomposite density also increases (specifically, 74.41 + 0.56 kg/m?3 when
using 25 phr DAP and 89.06. + 0.56 kg/m?® when using 45 phr ATH). During the foaming
process, the presence of FRs increases the viscosity of the reaction mixture, which decreases
the mobility of the molecules, slows the pace of PU polymerization, and reduces volume

expansion, leading to the enhanced density of the PU foams.

24



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

To thoroughly analyze and explain the compressive strength and density of the
nanocomposites, the pore structure of the samples was characterized by SEM, as shown in
Figure 11. The cells in the nanocomposite sample made without additives are all oval in
shape, and fairly homogeneous in size (191 pum ca.), especially all cells are closed. In
particular, from Figure 11 (a, a', a"), it can be seen that nSiO: is dispersed quite well in the
foam material, nSiO. is mostly located in the cell walls, struts, and struts joints. This
outcome is due to the effectively carried out nSiO; dispersion procedure and the very low
loading of nSiO2 (only 3wt%) that was utilized. For the PU-nSiO2 sample containing ATH,
although closed cells are still obtained, the cell size has increased (ca. 297 um), along with
the uniformity of the cells has decreased. The cell walls, struts, and strut joints were where
the majority of the ATH FR was distributed (Figure 11 (b, b, b")). However, the cell wall
thickens and the cell size increases as a result of the high loading of ATH additive (45 phr).
When the DAP was added to the PU-nSiO, material, similar outcomes were also seen; the
additive was primarily distributed throughout the cell walls, struts, and struts joints (Figure
11 (c, ¢', ¢")). However, the DAP loading which is lower than the ATH (25 phr and 45 phr,
respectively), has less of the impact on cell size and uniformity. In particular, compared to
the PU-nSiO2/ATH sample, the average cell size of PU-nSiO2/DAP is smaller (ca. 275 pm),
and the cells of PU foam nanocomposite with DAP are more uniform. The shape and
structure of the cell are significantly changed by the flame retardant additive TPP. The
PU/nSiO.-TPP sample shrank after the synthesis and its cells did not maintain a stable
structure (Figure 11 (d, d', d")). The TPP component, in addition to its fireproof function,

also has a plasticizing effect, which explains this phenomenon [38].
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Figure 11: SEM images at different magnifications of PU-nSiO; (a, a’,a”), PU-nSiO2/ATH

(b, b’,b”), PU-nSIO2/DAP (c, ¢’, ¢”), and PU-nSiO2/TPP (d, d’,d”").

Although the addition of FRs altered the size and shape of cells, it is not possible to see the
additive’s agglomeration, which disturbed the cell’s structure observed from the SEM
image. This implies that the additives were well dispersed into the material throughout the
mixing process and were mostly embedded into the pore wall, improving the material's
compressive strength. Additionally, it was observed that while the density of the material
exhibited a notable increase, there was not a significant enhancement in compressive
strength. As discussed previously, higher loadings of FRs were associated with expanded
cell size, changing cell shape, and thinner cell walls (Figure 11), leading to limit the
material's ability to withstand external forces, even though the density increased due to the

addition of the FRs.
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517 In addition, the pore structure of the samples was characterized by ESEM, as shown in
518 Figure 12. Pore size distribution was estimated by generating thickness maps, that is,

519 measuring the diameter of the largest circles that can be fit inside the pores.
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521 Figure 12. SEM images of PU-nSiO;, PU-nSiO2/*°ATH, PU-nSiO./*DAP, and PU-
522 nSiO2/*°TPP samples (left). Thickness maps (mm) generated in FIJI (middle) and their

523  respective histograms (right).
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Except for the PU-nSiO2/*°TPP sample, in which pores are collapsed, the composites
present a closed-cell pore structure with ellipsoidal pores. Pore collapse may be a result of
the presence of TPP and its plasticizing action, making the cell walls more ductile, i.e.,
increasing their deformation before fracture. The addition of ATH or DAP appeared to
hinder the formation of the larger pores observed for the PU-nSiO, sample, probably due to
a partial limitation of the porosity reaction during material synthesis. As a result, the pore
size distribution is more homogeneous, what may be linked to the improved compressive
strength measured for the PU-nSiO2/*°*ATH and PU-nSiO2/?DAP samples.

In addition, no agglomerates of additives could be observed, indicating an even dispersion
over the pore cell walls. This result was confirmed by Raman spectroscopy, as illustrated in
Figure 13. Characteristic vibrations from polyurethane could be identified at 1184, 1256,
1314, 1450, 1528 and 1616 cm™ [45, 46]. The spectra for PU-nSiO2, PU-nSiO2/*°*ATH, and
PU-nSiO2/*DAP presented a similar spectral profile, with no additional peaks due to the
presence of the additives. The spectra were obtained using a 785 nm laser and a 10x
objective of NA = 0.25, providing a lateral resolution of approximately 1.9 um according to
Rayleigh criterion (0.61*(2/NA)). On this basis, no micrometric agglomerates of additives
could be identified on the samples.

The PU-nSiO2f°TPP sample, on the other hand, presented a new peak at 1010 cm,
corresponding to the ring symmetric stretching from triphenyl phosphate [47]. The
hyperspectral maps for the 1010 and 1616 cm™ (C=C stretching from aromatic rings in PU)
peaks coincide, also demonstrating an even dispersion of the additive over the pore cell

walls.
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Figure 13. Raman spectra for PU-nSiO2, PU-nSiO»/*ATH, PU-nSiO./*°DAP, and PU-
nSiO./>TPP samples (bottom). Optical microscopy and Raman images for PU-nSiO./*°TPP

sample (top).

3.6. Thermal conductivity

The important characteristic of PU foams and its nanocomposites is their effective thermal
conductivities, as shown in Table 3. Accordingly, the PU-nSiO> sample has the most
effective thermal insulation performance with the lowest thermal conductivity value, about
0.036 W.mL.K™1, corresponding to a density of about 55.2 (kg/m?). The addition of different
flame-retardant additives to sample PU-nSiO; at different concentrations leads to slight
increasing the thermal conductivity value to about 0.042 W.m*.K! of PU-nSiO2/?DAP,

0.044 W.m*.K! of PU-nSiO2/*°ATH and 0.047 W.m™. K1 of PU-nSiO2/**TPP, respectively,
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corresponding to a slight increase in their density. This result can be explained by the fact
that the flame-retardant additives are inorganic compounds with higher density and thermal
conductivity than the PU-nSiO2 sample.

Compared to PU foams reinforced by bamboo fiber and bamboo nanocellulose fiber in the
literature, the PU-nSiO2 sample and its nanocomposites in this study demonstrated their
higher thermal insulation efficiency thanks to their lower values of thermal conductivity
without significantly changing their densities, as presented in Table 3. Furthermore,
compared to insulation panels derived from natural fibers, the PU-nSiO> sample and its
nanocomposites have superior thermal insulation properties. This result can be explained by
their highly porous structure, which contains the air within the pores, leading to their low
thermal conductivity values. These materials have therefore demonstrated significant
thermal insulation performance and are promising for industrial applications.

Table 3: Thermal conductivity of PU-nSiO. and its nanocomposites

Sample Density Thermal conductivity Ref.

(kg/m3) (W.m.K?Y)

PU-nSIiO> 55.2 0.036 + 0.001 This study
PU-nSiO2/*ATH 89.1 0.044 + 0.001 This study
PU-nSiO2/%DAP 74.4 0.042 +0.001 This study
PU-nSiO2/*TPP 0.047 £0.001 This study
PU foams/7% bamboo [48]
nanocellulose fiber 76.2+3.8 0.0489

PU foams/7% bamboo [48]
nanocellulose fiber 82.4+43 0.0484
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PU foams/7% bamboo fiber 81.7+5.3 0.0491 [48]

PU foams/5% bamboo fiber 82.1+34 0.0510 [48]

Hemp fibers (48%), Shives 30 0.05 [49]
(32%) and binder fibers

(bicomponent fibers) (20%)

Cotton stalks fiberboard 150-450 0.059-0.082 [50]
Bamboo fiberboard 431 0.077 [51]
Bamboo powder board 628 0.101 [52]

4. Conclusion

This work investigated the effect of DAP or ATH additives on the flame retardancy, thermal
properties, and mechanical properties of PU foam/nSiO2 nanocomposites. With the presence
of DAP (25 phr) or ATH (45 phr), the nanocomposites were able to meet the UL-94 V-0
standard. The results of the LOI analysis also revealed that the addition of DAP increased
the LOI value of nanocomposites by 30%, reaching a value of 26% (as compared to 20% of
the sample without the additive). The TGA analysis method also showed a significant
improvement in the thermal properties of the nanocomposites in the presence of FRs.
Notably, the amount of residual char at 800 °C increased by 100% and 120%, respectively,
with ATH and DAP additives. In addition, the presence of FRs also increases the
compressive strength values by 8% and 10% respectively with the presence of DAP and
ATH in the nanocomposite, namely thanks to an increased density. Particularly, this work
proved that the two additives, DAP and ATH, have different flame-retardant mechanisms
based on the difference in the amount of additives required for the material to meet the UL-
94 V-0 fireproof standard as well as the results of the FTIR and SEM, performed on the
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residue char layer after burning. In addition, DAP acts as a condensed phase and gas phase
mechanism while ATH plays the role of the barrier layer to the heat flux. In particular, PU-
SiO2 and its nanocomposites have low thermal conductivity values, which demonstrate high
thermal insulation efficiency compared to other bio-insulation materials. In addition, the
addition of FRs to the sample leads to an increase in the thermal conductivity compared to
samples without FRs, but the thermal conductivity value of these samples is still much

lower than samples of the same density in the literature.
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