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Abstract: In this study, we prepared a series of tung oil phenolic foams (TPF) by a
one-pot method. The FT-IR and 'H NMR spectra confirm the successful Friedel-
Crafts grafting of phenol to the long-chain alkyl group in tung oil. Modified TPFs
exhibit enhanced mechanical properties, including compressive and flexural
strengths of up to 0.278 £ 0.036 MPa and 0.450 £+ 0.017 MPa, respectively, which
represent increases of 68.75% and 86.72% over those of pure phenolic foam (PF).
SEM spectra reveal the TPF microstructure to have uniform hexagonal cell mor-
phology, narrower cell size distribution, and smaller mean cell size, suggesting
enhanced mechanical properties. The TPF total smoke release decreased by
74.23%, indicating that the long alkyl chain significantly improves smoke sup-
pression of the combusting foam. However, due to the flammability of the alkyl
chains, the TPF limiting oxygen index decreases with increasing tung oil content.
Moreover, TPF exhibits reduced thermal stability and high-temperature charring
rate, elevated peak and mean heat release rates, and higher total heat release com-
pared with pure PF. Therefore, future research will focus on the use of tung oil
modified flame retardant to provide more robust phenolic foams.

Keywords: Tung oil; Friedel-Craft reaction; phenolic foams; mechanical
properties; smoke suppression

1 Introduction

Phenolic foams (PFs) possess excellent fire resistance; they have application as flame retardants, heat
insulation materials, and they provide flame penetration resistance with low smoke and low toxicity
during combustion [1,2]. There is an increasing demand for heat insulation and fire protection materials
as well as the traditional insulation materials (such as polystyrene [3,4] and polyurethane foams [5]) exist
serious shortcomings that is flammability and produce a large amount of highly toxic fumes and drips
during combustion process [6]. PFs have seen rapid development in recent years and are among the
fastest-growing categories of foam. Also, the PF molecular structure contains a benzene ring connected
via an easily oxidizable methylene linkage. This feature reduces toughness and makes PF materials
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susceptible to pulverization, severely limiting its opportunities for post-manufacture processing and
application [7,8]. Therefore, it is crucial to research methods to reduce brittleness and improve the
robustness of PF materials.

During recent decades, researchers have developed a variety of different methods to toughen PFs [9,10].
These approaches broadly fall into two categories: physical blending and chemical modification [11].
Chemical modification can provide a remarkable toughening effect by introducing long flexible chains
into the rigid phenol-resin skeleton, a technique that has attracted much research interest [12,13]. Most
toughening agents derive from limited petrochemical reserves, and their continued use is a significant
drain on resources. Biomass resources are abundant, inexpensive, and renewable. Therefore, the use of
renewable biomass to replace petroleum-sourced products is gaining popularity. Biomass chemicals have
applications in toughening phenolic foams, including lignin [14,15], cardanol [16,17], tannin [18], and
cellulose [19].

Tung oil is an industrial vegetable oil extracted from the seeds of the tung tree. This lustrous oil is the
highest quality drying in vegetable oil available [13,20]. The main component of tung oil is octadeca-
9,11,13-trienoic acid glyceride, which accounts for 73%—-80% of the tung oil composition [21]. China has
the best quality tung oil available, and produces more than 100 thousand tons per annum, which is close
to 80% of the total worldwide production [22]. The molecular structure of tung oil features a unique
conjugated triene bond that is not present in other vegetable oils. Therefore, tung oil is chemically
reactive and multiple reactions, including Friedel-Crafts, Diels-Alder, epoxidation, aminolysis,
alcoholysis, and radical polymerization reactions [23]. Researchers have developed a range of products,
including polyester [24], polyurethane [5], UV-curable resin [25,26], and plasticizer [27,28], using tung
oil as the raw material. Literature reports of the modification of by using the Friedel-Crafts reaction
reveal that after curing, the tung oil modified phenolic resin is more robust and exhibits improved wear
resistance [29,30]. These properties may suit application as a high-temperature friction material such as
brake pad linings [31,32]. However, these reports focus on phenolic plastics produced by linear
polycondensation. We were unable to find any literature reports of tung oil toughened PF materials
provided by three dimensional polycondensation. Thus, we propose to prepare resol-phenolic resin by a
one-pot method using the Friedel-Crafts reaction to combine tung oil with phenol. We will then process
the resin to obtain the tung oil toughened phenolic foam (Fig. 1). We characterized the properties of PF
foam samples, including their mechanical properties, microstructure, thermal stability, limiting oxygen
index (LOI), flame retardancy and smoke suppression.

2 Experimental Section

2.1 Materials

Tung oil (TO) was purchased from the Nanjing Daziran Fine chemicals Co. Ltd (= 95%). Phenol,
polyformaldehyde, n-pentane, tetrafluoroboric acid (40 wt% in water), Tween 80, NaOH, H,SO,, and
H;PO,4 were provided by Shanghai Titan Scientific Co., Ltd. All raw materials were analytical pure and
used as received.

2.2 Synthesis of Tung Oil-Toughened Phenolic Foams (TPFs)

First, phenol, TO (in ratio of 3, 6, 9 and 12 wt% to phenol) and 1 wt% tetrafluoroboric acid (40 wt% in
water) were added to 500 mL of the four-necked flask provided with a thermocouple, mechanical stirrer, and
condenser. The mixture was stirred at 90°C for 1 h and then cooled to 70°C. Second, paraformaldehyde was
multiple poured into the reaction system due to a large amount of heat was released when the
paraformaldehyde was decomposed, during which the pH was controlled to around 9 by adding an
aqueous sodium hydroxide solution (30 wt%). Then, the system was kept heating at 70°C for 2 h and
heated to 90°C for 1 h. The pure PF was prepared starting from the second step without Friedel-Crafts
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Figure 1: The design and synthetic scheme for TPFs

reaction. The molar ratio of formaldehyde to phenol in all reaction systems was 1.7:1. Third, the phenolic
resin prepared above (100 g), Tween 80 (5-6 g), n-pentane (8—10 g) were mixed for 30 s under rapid
stirring at 2,000 rpm. The mixed acid curing agent (20 g, water/H,SO4/H3;PO4 = 1/1/1, w/w) was added
rapid stirring at 2,000 rpm for 30 s. Finally, the mixture was quickly poured into a stainless steel mold
(200 mm x 200 mm x 50 mm) under 80°C for 1 h. Identifications of toughened samples were marked
according to the different content of TO. For instance, TPF-5 refer to the foam containing 5 wt % TO.

2.3 Characterizations

FT-IR spectra were recorded by using a Nicolet IS 10 FT-IR spectrometer (Nicolet Co., USA) in a range
of 4000-500 cm ' and the resolution of 4 cm™'. "H NMR spectra were performed on a Bruker ARX 300
NMR spectrometer with CDCIl; as solvents and tetramethylsilane as the internal standard. Elemental
analysis was investigated on a Perkin-Elmer 2400 II elemental Analyzer (USA). The molecular weight of
tung oil and pure tung oil-phenol reaction products were carried out using a Gel Permeation
Chromatography (GPC) measurement (Waters, USA) at 30°C (fow rate: 1 mL/min, column: mixed PL
gel 300 x 718 mm, 25 um) using HPLC-grade THF as solvent. Tung oil and pure tung oil-phenol
reaction products were dissolve in THF solution with concentration of 1 mg/3 mL. Thermogravimetric
analysis (TGA) were recorded by a NETZSCH TG 209F1 (Netzsch Instrument Crop., Germany) from 35
to 800°C with a heating rate of 20 °C/min under a oxygen atmosphere. The scanning electron microscopy
(SEM, JSM-7600F) was used to observe the morphology of foam with an accelerating voltage of 15 kV
after gold sputtering. The software Nano Measurer 1.2 was used to determine mean pore diameter and
pore size distribution.

Mechanical properties of the foams were tested on a CMT4000 universal testing machine (Shenzhen
Sansi Test Equipment Co., Ltd., China). Each specimen used for the flexural strength test was 120 mm x
25 mm x 20 mm (according to GB/T8812.1-2007) and the compressive strength test was 50 mm x
50 mm x 50 mm (according to GB/T 8813-2008). In both measurements, each sample need test at least
three times. The density was determined according to the weight of the foam and the dimensions.
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The cone calorimeter tests were performed according to ISO 5660-1:2015 standard on a FTT0007
(NLFRM-05) double analysis cabinet cone calorimeter (UK, FTT). Each sample was 100 mm x 100 mm X
20 mm in size, and bottom and edges wrapped in aluminum foil.

Limiting oxygen index (LOI) was conducted according to GB/T 2406-1993 standard on a JF-3 oxygen
index tester (Nanjing Jiangning Analytical Instrument Factory, China) with sample dimensions of 150 mm %
10 mm % 10 mm.

3 Results and Discussion

3.1 Friedel-Crafts Reaction between TO and Phenol

To verify the success of the Friedel-Crafts reaction between TO and phenol, we recorded the FT-IR
spectra of samples, collected at different times (0.5, 1, and 2 h) during the reaction, along —with the TO
spectrum for comparison (Fig. 2). Before FT-IR acquisition, the samples were washed several times with
hot water to remove free phenol. Characteristic TO absorption at 3104 cm™ (=C—H stretching), 992 cm™
(=C-H bending), and 1643 cm ' (C=C stretching) are absent from all reaction products [26], indicateding
that the conjugated triene bond in TO had undergone reaction. New absorption bands appeared at
approximately 3388 cm™' and 1227 cm™', which we attribute to stretching and bending vibrations,
respectively, of the phenolic hydroxyl group. Bands at 1595 cm ™' and 1500 cm™' represent benzene ring
C=C skeletal vibrations [33]. These FTIR data indicate that the Friedel-Crafts reaction was successful in
grafting phenol and TO. Furthermore, the products show new bands at 830 cm ' and 752 cm ', which
arise from the C-H bending modes of two neighboring hydrogen atoms on the bridging —CH,— groups
and the four different benzene ring hydrogen atoms illustrating that the phenol ortho and para positions
participate in the reaction. Based on these results, we conclude that the Friedel-Crafts reaction between
the TO conjugated triene and phenol occurs at the ortho and para positions on phenol.
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Figure 2: FT-IR spectra of TO and phenol Friedel-Crafts reaction at different times: (I) 0 h, (II) 0.5 h,
M) 1 h, IV)2 h

To further confirm the success of the Friedel-Crafts reaction, we acquired "H NMR spectra of the products
after 1 h reaction time for compared with the TO 'H NMR spectrum (Fig. 3). A new multiplet at around
6.75-7.25 ppm corresponds to protons in the benzene ring [33] (Fig. 3b). We attribute multiple peaks at
around 5.36-6.38 ppm to conjugated bond protons of the TO moiety (-CH=CH-CH=CH-CH=CH-) [26].
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Figure 3: "H NMR spectra of TO (a) and sample (b) collected by reacting TO with phenol for 2 h

A broad single peak at 5.11 ppm belongs to protons of the -CH=CH- group [25]. Furthermore, the peak
area integration is about 1/3 of the total integral for the triene-proton peak area in TO. Together with the
FT-IR results, these data confirm that the two outer double bonds in the conjugated triene system
participate in the reaction (Fig. 1). Thus, these results support the successful grafting of phenol onto the
TO alkyl chain. The GPC and elemental analysis results of tung oil and pure tung oil-phenol reaction
products are shown in Tab. 1. Elemental analysis has 5% measurement error. Comparing the calculated
values with the actual calculated values in Tab. | illustrates that 1 mole of tung oil has reacted with
approximately 6 moles of phenol. The relative molecular weight of tung oil measured by GPC method
is 1460 (theoretical calculated value (Calc.): 873), according to this, the relative molecular weight of
tung oil-phenol should be 1460 + 6 x 94 = 2025 (Calc.: 1438). The actual measured results for Tung
oil-phenol are 1851 g/mol (TPF3) and 2377 g/mol (TPF12), respectively, which basically accord with
the theoretical values.

Table 1: Relative molecular mass and elementary analysis of tung oil and pure tung oil-phenol reaction products

"Mw C content H content O content
(g/mol) (%) (%) (%)
Samples bCale.  “Act. Calc. Act. Calc. Act. Calc. Act.
Tung oil 873 1460  78.44  77.79  10.55 10.65 11.01 11.56

“Tung oil-phenol (TPF3) 1438 1851 77.61 73.62  8.90 8.59 13.49 17.79
Tung oil-phenol (TPF12) 1438 2377  717.61 74.48  8.90 9.12 13.49 16.40

a: Weight-average molar mass; b: Calculated value; c: Actual value; d: The Calc. of tung oil is calculated based on the main component of eleostearic
acid ester in tung oil; e: The Calc. of tung oil-phenol is calculated by reacting 1 mole of tung oil with 6 moles of phenol.

3.2 Mechanical Properties

We determined the mechanical properties of pure PF and of TPF samples by performing static
compression and bending tests. Tab. 2 lists the apparent density, compressive strength, and flexural
strengths. Both compressive and flexural strengths show increases over pure PF for TPF 3, TPF 6, and
TPF 9 (Fig. 4a). TPF-6 exhibits greatest compressive and flexural strengths of 0.278 + 0.036 MPa and
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Table 2: Mechanical properties and resin’s free formaldehyde of pure PF and TPFs

Samples Density Compressive strength Flexural strength Free formaldehyde
(Kg/m3) (MPa) (MPa) (%)

Pure PF 53.72 £ 1.49 0.160 + 0.045 0.241 £ 0.060 0.17

TPF-3 52.99 +1.22 0.206 + 0.014 0.320 £0.010 0.22

TPF-6 53.90 + 1.14 0.278 +0.036 0.450 +0.017 0.37

TPF-9 51.54 £ 2.11 0.225 +0.012 0.360 + 0.011 0.59

TPF-12 56.78 £ 0.75 0.155 +0.010 0.234 £ 0.017 1.01

0.450 + 0.017 MPa, respectively, representing increases of 68.75% and 86.72% over pure PF. This
improvements are the result of introducing the phenolic long alkyl chains into the foam’s molecular
structure. The long alkyl chains provide increased flexibility and enhanced toughness in the TPFs [7,34].
However, the compressive and flexural strengths of TPF-12 are similar to those of pure PF and show
little change. The absence of any improvement for TPF-12 is because the introduction of large amounts
of TO reduces the reactivity of the resin, resulting in imperfect curing. Fig. 4b shows that the resin’s free
formaldehyde of pure PF and TPFs gradually increases with the TO content increasing. This mainly from
the presence of alkyl side chains increases steric hindrance, thereby hindering the reaction of
formaldehyde with phenol and reducing the reactivity of synthetic resins.
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Figure 4: Mechanical properties and resin’s free formaldehyde of pure PF and TPFs

To further investigate the effects of TO on the mechanical properties of foams, we observed the
microstructure of pure PF and TPFs using scanning electron microscopy (SEM). Fig. 5 shows the foam
structures comprising closed cells. The addition of TO significantly decreases the cell size of the phenolic
foams. Pure PF has a mean pore diameter of 168.50 um. The mean pore diameters of TPF-3, TPF-6,
TPF-9, and TPF-12 are 154.18 um, 96.53 um, 120.77 um, and 153.40 pm, respectively, which represent
decreases of 8.50%, 42.71%, 28.33%, and 8.96% compared with those of pure PF. Moreover, the size of
the cells for TPFs are more uniform than they are in pure PF, which ranges from 120 to 240 um. TPF-6,
by contrast, exhibits a very narrow pore size distribution (from 70 to 140 um). Remarkably, the TPF cells
are hexagonal (Fig. 5¢;) and form a stable honeycomb-like structure, which contrasts with the ellipsoid-
like cells exhibited by pure PF. In summary, TPF 6 features a smaller pore size, a narrower pore size
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Figure 5: SEM and cell sizes distribution of Pure PF and TPFs: (a) Pure PF; (b) TPF-3; (¢) TPF-6; (d) TPF-9;
(e, e;) TPF-12

distribution, and a hexagonal cell geometry that provides the most robust mechanical properties among
all samples [35].

3.3 Thermal Stability of Pure PF and TPFs

Thermal stability refers to the ability of a material to withstand rapid changes in temperature without
damage, also known as thermal shock resistance. We assessed the thermal stabilities of pure PF and TPFs
derivatives using thermogravimetric analysis (TGA). Fig. 6 shows the TGA and derivative
thermogravimetric (DTG) curves, and Tab. 3 summarizes relevant degradation data. Pure PF has three
main decomposition temperatures. Mass loss arise mainly from foaming agent volatilization and loss of
water, free phenol, and Tween 80 (Step I: 40-200°C), diphenyl ether bond condensation-dehydration
(Step II: 200—400°C), and degradation of the methylene-bridged structure and long-chain (Step III: 400—
800°C), respectively [36]. Tab. 3 shows that the temperature at 5% mass loss (T.so;) for the TPF samples
is slightly higher than that for pure PF (106.3°C). DTG curves show that TPF samples have lower
degradation rates than pure PF throughout the pyrolysis process. However, the maximum decomposition
temperatures for step I and step III, and the TPF residual masses are significantly lower than those for
pure PF. The flexible alkyl long chain introduced into the phenolic foam matrix facilitates the thermal
motion of resin chains and facilitates the rapid removal of volatile decomposition product flux to exit
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Figure 6: TGA and DTG curves of pure PF and TPFs in O, atmosphere

Table 3: TGA date of pure PF and TPFs in O, atmosphere.

Samples Density T_505 Tmax (°C) Residual
(Kg/n) ¢C) Step 1 Step 11 Step 111 mass (%)
Pure PF 53.72 +1.49 106.3 186.7 3124 556.4 15.7
TPF-3 52.99 +1.22 114.2 131.7 / 488.4 12.5
TPF-6 5390+ 1.14 111.7 129.2 / 508.0 12.2
TPF-9 51.54 £ 2.11 119.1 131.6 / 488.7 12.0
TPF-12 56.78 £ 0.75 111.5 141.5 / 489.9 9.2

from cell walls. Moreover, the thermal stability of the alkyl chains is much less than that for the rigid benzene
rings. These factors suggest that TO modification impairs the heat resistance of phenolic foams [6].

3.4 Flame-Retardant Properties of Pure PF and TPFs

The commonly used limiting oxygen index (LOI) is a useful parameter for evaluating the combustion
performance of materials. The LOI refers to the minimum oxygen concentration required for materials to
maintain combustion in a mixed gas stream of oxygen and nitrogen. We generally express stream
composition as a percentage of oxygen of the total volume. Pure PF, a flame-retardant material, has an
LOI of 38.9%. Fig. 7 shows the LOIs data of pure PF and TPFs. The figure reveals significantly
decreasing LOI values for foams with increasing TO content. TPF-3 and TPF-6, with LOI values of
34.6%, and 27.5%, respectively, each exceed the 27% boundary considered necessary for flame retardant
materials. LOI values for TPF-9 and TPF-12 are 25.2%, and 23.8%, respectively, characterizing these
foams as combustible. The addition of TO has a significant impact on the foam LOI values. TGA testing
reveals that carbonization rates of TO modified phenolic foams are low because the long alkyl is less
stable upon heating than the benzene ring. Pure PF burns to form a black and solid blocky charred
residue. The TPF combustion residue layer becomes thinner, softer, and more powdery with increasing
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TO content. Additionally, the residue becomes a lighter shade of grey. Thin and soft char residue layers are
not effective barriers to heat and oxygen transfer in the foam solid [37]. Therefore, the TPF samples’ LOI
values decrease with increasing TO content.

Cone calorimetry is a practical test method for simulating real fire conditions. We characterized the
combustion-heat release and smoke-release behaviors of pure PF and TPF-12 by cone calorimetry (Fig. 8
and Tab. 4). Time to ignition (TTI) is the time taken for the surface of a material to ignite, which is a
parameter for evaluating the fire resistance of a material. The heat release rate (HRR), and the peak heat
release rate (pHRR) in particular, are essential parameters for assessing the flame-retardant properties of
materials by cone calorimetry. The smaller the HRR and pHRR values, the better the flame retardancy of
the material, and vice versa. The test results reveal that the introduction of long alkyl chains considerably
increases the HRR and shortens the TTI of phenolic foams. The pHRR and TTI for pure PF are 38.19 kW/m?
and 56 s, respectively, while the pHRR for TPF-12 rises to 46.30 kW/m? and the TTI shortens to 15 s. The
change in mean heat release rate (mHRR) shows a similar trend, from 15.87 kW/m? for pure PF up to
16.15 kW/m? for TPF-12. As shown by the total heat release curve (THR) (Fig. 8b), TPF-12 has a slightly
larger THR value compared with that for pure PF. After burning for 1200 s, the TPF-12 and pure PF THR
values are 19.20 MJ/m? and 18.45 MJ/m?, respectively. Additionally, the residual mass for TPF-12 after
combustion (0.84%) is significantly less than that for pure PF (7.81%) (Tab. 4). This observation suggests
that the presence of long alkyl chains reduces the foam’s ability to form a protective carbon layer and
insulate from heat effectively, cut off oxygen, and inhibit the combustion of the foam, thereby reducing the
HRR and THR during combustion [38,39].

The smoke released by the burning materials in a fire is hazardous and toxic. It can poison personnel or
cause asphyxiation, both are significant causes of death, so smoke suppression by flame-retardant materials is
particularly important. The cone calorimetry test can provide information about smoke release during
combustion, including the smoke release rate (RSR) and total smoke release (TSR) (Fig. 8c,d). Although
the peak smoke release rate (pRSR) for TPF-12 (0.39 m*/m?/s) is greater than that for pure PF (0.15 m*m?s),
the RSR for TPF-12 is consistently lower than that for pure PF. The TSR for pure PF is 30.15 m*m®. The
TSR shows increases over pure PF for TPFs (Fig. 8d). The value for TSR is linearly related to the proportion
of tung oil content in the foams. The 1* value is 0.985, revealing that the fitted results are in great agreement
with the measured results. TPF-12 exhibits least TSR of 7.77 m*/m?, representing reduction of 74.23% over
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Figure 8: Cone calorimetric test results of pure PF and TPF-12: (a) heat release rate (HRR); (b) total heat
release (THR); (c) release smoke rate (RSR); (d) total smoke release (TSR) of TPF-3, TPF-6 and TPF-12;
(e) the TSR (y) variation as a function of tung oil content ratio (x)

Table 4: Cone calorimetric test data

Samples  TTI? (s) HRR (kW/m?) THR (MJ/m®)  pSRS TSR (m*m?)  Residual
pHRR®  mHRR (m*/m?/s) mass (%)

Pure PF 56 38.19 15.87 18.45 0.15 30.15 7.81

TPF-12 15 46.30 16.15 19.20 0.39 7.77 0.84

a: TTI — time to ignition; b: HRR — the peak value of HRR; c¢: HRR — the mean of HRR.

pure PF. The smaller the TSR value, the smaller the amount of smoke released by the material in a fire. These
data indicate that smoke inhibition by TO modified phenolic foams provides a significant improvement over
pure PF, while at the same time, the material can fully and effectively burn, which we mainly attribute to
the ability of the long alkyl chains in the TO substituent to reduce char formation.

4 Conclusions

We fabricated novel tung-oil-toughened phenolic foams (TPFs) with enhanced mechanical and smoke
suppression properties. SEM micrographs reveal that the TPFs microstructures offer advantages over pure
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PF, including more uniform hexagon-cell morphology, narrower cell size distribution ranges, and smaller
mean cell sizes, which are beneficial to the observed improvements in mechanical properties. Specifically,
compared with pure PF, the mechanical properties of TPF-6 increased by 68.75% in compressive strength
and by 86.72% in flexural strength. TPF 6 has an LOI value of 27.5%, which classifies this material as a
refractory material. Total smoke release for TPF-12 is 74.23% less than that of pure PF, indicating that
the long alkyl chains in tung oil significantly improve smoke suppression of the combusting foam.
However, due to flammability of the long alkyl chains, the TPF modified foams suffer reduced thermal
stability and high-temperature charring rates, higher peak and mean heat release rates, and greater total
heat release than pure PF. Therefore, future research should investigate the modification of tung oil to
improve its flame-retardant properties and those of the toughened foams.
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