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a b s t r a c t 

Halloysite nanotubes (HNTs) have been considered as a promising flame retardant fillers for polymers. In 

this work, the polyhedral oligomericsilsesquioxane (POSS) containing amino group was covalently grafted 

on the surface of HNTs with 3-(2,3-epoxypropoxy)propytrimethoxysilane as a chemical bridge. The POSS 

modified HNTs (HNTs-POSS) dispersed uniformly in the thermoplastic polyurethane (TPU) matrix and 

endowed TPU nanocomposites with enhanced tensile properties and fire safety. Cone calorimeter tests 

revealed that the introduction of 2 wt% HNTs-POSS to TPU matrix remarkably reduced the peak of heat 

release rate (PHRR) and total heat release (THR) by 60.0% and 18.3%, respectively. In addition, the peak CO 

production rate and total smoke release (TSR) could be significantly suppressed by the addition of HNTs- 

POSS. The well dispersed HNTs in combination with the ceramified silicon network from the thermal 

decomposition of POSS contributed to the formation of a continuous and compact char layer, exhibiting a 

tortuous effect by inhibiting heat diffusion and evaporation of volatile gaseous. In addition, the released 

crystal water from HNTs could dilute the combustible volatiles and then decline the combustion intensity. 

The tensile tests demonstrated that introduction of 2 wt% HNTs-POSS would enhance the maximum stress 

of TPU nanocomposite with a slight decrease of elongation at break. The combination of HNTs and POSS 

through the construction of effective interfacial interactions provides a feasible way to effectively enhance 

the fire safety of TPU nanocomposites without scarifying ductility. 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Thermoplastic polyurethane (TPU) has received considerable at- 

ention to exploit its applications in various fields, such as automo- 

ile, aerospace and building, due to its superior mechanical prop- 

rties, adjustable flexibility, and good chemical resistance [ 1–4 ]. 

owever, the intrinsic high flammability and the release of toxic 

umes of TPU during combustion pose a big potential threat to 

eople’s lives and property, which restrict its broad applications. 

o improve the fire safety of TPU, various nanomaterials have been 

tilized as flame retardant additives to incorporate into the TPU 
∗ Corresponding authors. 

E-mail addresses: ahu07yb@gmail.com (B. Yu), roy.vellaisamy@glasgow.ac.uk 

R.A.L. Vellaisamy). 

d

o

t  

T

ttps://doi.org/10.1016/j.jmst.2021.05.060 

005-0302/© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of
atrix. With the incorporation of 2 wt% of MXene and rGO hy- 

rids, the total smoke release (TSR) and peak of smoke produc- 

ion rate (pHRR) of TPU nanocomposite were dramatically reduced 

y 54.0% and 81.2%, respectively, as compared with that of pure 

PU [5] . Shi et al. [6] found graphitic carbon nitride in combina- 

ion of spinel copper cobaltate suppressed the pyrolysis gaseous of 

PU significantly. The pHRR and THR of TPU composites decreased 

y 37% and 31.3%, respectively. Ji et al. [7] demonstrated that TPU 

ernary composites containing 1 wt% CNT and 10 wt% intumes- 

ent flame retardants (IFRs) exhibited good flame retardancy with 

igh electromagnetic interference shielding efficiency. The intro- 

uction of CNTs contributed to enhancing the carbonization effect 

f IFRs. Graphene was mixed with different flame retardant addi- 

ives to improve the thermal stability and fire safety of TPU [ 8 , 9 ].

he results revealed that the well dispersed graphene could hin- 
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Scheme 1. Preparation route of TPU/HNTs-POSS nanocomposites. 
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er the escape of volatile gaseous with barrier function. Yu et al. 

10] exhibited that the addition of layered MXene nanosheets con- 

ributed to forming thermally insulating char layer and catalyzing 

he generation of TiO 2 during the combustion of TPU. In order to 

atisfy the continuous increasing requirement of fire safety, it is 

mportant to explore new functional nanofillers. 

Polyhedral oligomericsilsesquioxane (POSS) is a type of inor- 

anic/organic hybrid material, which consists of an inorganic Si-O- 

i core surrounded by different organic groups [ 11 , 12 ]. Because it

ombines the advantages of inorganic materials with those of or- 

anic polymers, it is considered as a new generation of multifunc- 

ional filler. Over the years, POSS has been used as a promising 

dditive for flame retarded and/or reinforced TPU. Bourbigot et al. 

13] found that the pHRR of TPU/POSS composites containing 10 

t% POSS decreased by 80% as compared to pure TPU. This was 

ue to the fact that POSS decomposition could form a ceramic-like 

ilicon char network with a polyaromatic structure. Spoljaric and 

is colleagues [14] found the presence of POSS-Boltorn hybrids in 

PU contributed to improving the thermal stability, tensile modu- 

us and strength due to the enhanced interaction and restriction 

n TPU chain segments. The corner functional groups make POSS 

n ideal building block in combination with other fillers for high 

erformance of TPU composites. 

Halloysite nanotube (HNTs) is a type of natural tubular clay 

ith a molecular formula [Al 2 Si 2 O 5 (OH) 4 ·n H 2 O)] [15] . It has been

tilized as a multifunctional filler for polymer reinforcement 

 16 , 17 ], drug delivery [18] , and water purification [19] due to its

atural availability, high aspect ratio, hollow structure, and high 

ensity of hydroxyl groups on the surface. Recent research has 

emonstrated that HNTs can serve as a thermal insulation bar- 

ier to extend the ignition time, reduce the pHRR and improve 

he char residue of polymer during combustion [ 20–22 ]. More- 

ver, the tube shape of HNTs contributes to trapping the flammable 

olatiles [23] . Thus, HNTs are regarded as promising reinforcing 

nd flame retardant nano-fillers for polymers. It is an effective way 

o modify the surface of HNTs to improve their flame retardant ef- 

ciency. Sahnouce et al. [24] modified HNTs with methyl phospho- 

ic acid to enhance the fire safety of polyamide-11. Melamine was 

elf-assembly coated on the surface of HNTs to reduce smoke re- 

ease and fire hazard of polypropylene [25] . Wang et al. [26] mixed 

NTs with soy proteins and ammonium polyphosphate as IFRs for 

oly (butylene succinate). Wang et al. [27] found the presence of 

ilicone modified HNTs could twist with degraded polyporpylene 

hains to form “fiber-like” thick and dense char layers during com- 

ustion. Jin et al. [28] demonstrated that HNT immobilized by chi- 

osan/tannic acid (CS/TA) complex could serve as a green flame re- 

ardant for PLA/bamboo fiber composites due to HNT contributed 

o form a continuous compact char layer. However, the application 

f HNTs in combination with POSS to enhance the fire safety of 

olymer composites has not been reported. 
108 
In this work, the POSS containing amino group was covalently 

rafted onto the surface of HNTs (HNTs-POSS) by using 3-(2,3- 

poxypropoxy)propytrimethoxysilane as a chemical bridge. Then 

ristine HNTs and HNTs-POSS were incorporated into TPU by melt 

ompounding, respectively. The comparison between the effects of 

he pristine HNTs and HNTs-POSS on the fire safety and mechanical 

roperties of TPU was investigated. The limited oxygen index (LOI) 

nd cone calorimeter were conducted to evaluate the flammability 

nd fire safety of the prepared TPU nanocomposites, while tensile 

ests were utilized to investigate the mechanical properties. More- 

ver, the flame retardant mechanism of TPU nanocomposites was 

urther analyzed. 

. Experimental 

.1. Materials 

Thermoplastic polyurethane (TPU, Desmopan® 9385A) was sup- 

lied by Covestro (Shanghai, China). Halloysite nanotube (HNTs) 

as obtained from Yuan Xin Nano Technology Co. Ltd, (Guangzhou, 

hina). Aminopropyl-isobutyl POSS (AM0265) was supplied by 

ybrid Plastics (USA). The methanol, Tetrahydrofuran (THF) and 

-(2,3-epoxypropoxy)propytrimethoxysilane (KH-560) were pur- 

hased from J and K Chemical (Shanghai, China). All the chemicals 

nd solvents were used without further purification. 

.2. Preparation of TPU composites 

The POSS modified HNTs (HNTs-POSS) were synthesized by two 

teps, as shown in Scheme 1 . Typically, 2.0 g HNTs was dispersed 

n 200 mL methanol with ultrasonication for 15 min. Subsequently, 

00 μl 3-(2,3-epoxypropoxy)propytrimethoxysilane (KH560) was 

dded dropwise into methanol. The mixture was stirred and re- 

uxed at 75 °C for 4 h. The resultant solution was centrifuged 

10,0 0 0 rpm, 10 min) and rinsed in methanol and DI water, re- 

pectively. The obtained HNTs-KH560 was dried in an air circulat- 

ng drying oven. Then the 1.0 g as-prepared HNTs-KH560 with 0.5 

 POSS were mixed in100 mL THF with vigorous stirring. The mix- 

ure was kept stirring and refluxed at 70 °C for 4 h. The obtained

NTs-POSS was centrifuged (10,0 0 0 rpm, 10 min) and washed with 

HF and DI water, respectively. The resultant powder was dried un- 

er vacuum for 12 h and used without further purification. 

Prior to the nanocomposite preparation, TPU pellets were dried 

t 75 °C for 4 h to remove the absorbed water. Then TPU 

as mixed with the required amount of HNTs-POSS by melt- 

ompounding (Brabender Mixer, 200 °C, 60 rpm, 8 min). The 

PU/HNTs-POSS nanocomposites were abbreviated as HNTs-POSS- 

, where X stands for the weight fraction of HNTs-POSS in the TPU 

anocomposites. Afterwards, the TPU nanocomposites were hot- 

ompressed at 190 °C for 10 min. For comparison, pristine HNTs 
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Table 1 

The formulations of TPU nanocomposites. 

Sample TPU (wt%) 

Pristine 

HNTs (wt%) 

HNTs-POSS 

(wt%) 

TPU 100 – –

HNTs-0.5 99.5 0.5 –

HNTs-2 98 2 –

HNTs-POSS-0.5 99.5 – 0.5 

HNTs-POSS-2 98 – 2 
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ere incorporated into TPU in the same processing conditions. The 

ormulations of TPU nanocomposites are shown in Table 1 . 

.3. Characterization 

The morphology and element analysis of the HNTs-POSS were 

ecorded by a transmission electron microscope (JEOL JEM-2100F) 

quipped with an Oxford energy-dispersive X-ray (EDX) spec- 

roscopy. The cross-sectional surfaces of the TPU composites sam- 

les were observed by FE-SEM (FEI Quanta FEG250) at 10 kV to 

bserve the dispersion of the HNTs and HNTs-POSS in the TPU 

atrix. The samples were cryo-fractured in liquid nitrogen and 

putter with gold before observation. The Fourier transform in- 

rared spectroscopy (FT-IR) spectra were performed on a Nicolet 

EXUS670 spectrometer in the wavenumber range of 40 0–40 0 0 

m 

−1 . Each spectrum was recorded with 16 scans at a resolution of 

 cm 

−1 . X-ray photoelectron spectroscopy (XPS, Physical Electron- 

cs PHI-5802) equipped with a monochromatic Al K α X-ray source 

1486.6 eV) was utilized to characterize the elemental chemical 

tates of pristine HNTs and HNTs-POSS. X-ray diffraction (XRD) pat- 

erns were carried out by an X-ray diffractometer (Bruker AXS D2) 

ith Cu K α radiation. The data were collected in the 2 θ range from 

 ° to 60 ° with a step of 0.02 ° (2 θ ). The thermal stability of the

omposites was evaluated by a thermogravimetric analyzer (TGA) 

TG209F3, Netzch). Approximately 10 mg of the sample was heated 

rom room temperature to 700 °C at a heating rate of 10 °C min 

−1 

nder air atmosphere. Limiting oxygen index (LOI) testing was per- 

ormed on an oxygen index instrument (HC-2, Jiangning Analyt- 

cal Instrument, China). The dimensions of the specimens were 

00 × 6.5 × 3 mm 

3 . The flame-retardant tests were performed 
Fig. 1. (a) SEM image of pristine HNTs, (b) TEM image, (c) STEM image, a

109 
n a cone calorimeter instrument (Fire Testing Technology, UK) ac- 

ording to the standard of ISO 5660. The dimension of specimens 

as 100 × 100 × 3 mm 

3 . All test specimens were wrapped in 

luminum foil and measured under an external heat flux of 35 

W m 

−2 . The Raman spectra of the char residues were collected 

rom a con-focal microRaman system (LabRAM Aramis) equipped 

ith a 532 nm internal laser. Thermogravimetric analysis-infrared 

pectrometry (TGA-IR, TA Q50 0 0) was performed to analyze the 

olatilized products after the pyrolysis of the sample from 50 to 

00 °C with a heating rate of 20 °C min 

−1 in nitrogen atmosphere. 

he tensile properties of the TPU composites were examined using 

n universal testing machine (Instron 5566) with a load cell of 10 

N. The dumbbell-shaped specimens with dimension of 75 × 5 × 1 

m 

3 were tested at a tensile speed of 200 mm min 

−1 . The re-

orted results were average values for at least five separate speci- 

ens. 

. Results and discussion 

.1. Characterization of HNTs-POSS 

The morphology of pristine HNTs and HNTs-POSS is shown in 

ig. 1 . In Fig. 1 (a, b), it is observed that the pristine HNTs and

NTs-POSS exhibit a typical tubular structure with an outer diam- 

ter of 90 nm, an inner diameter of 20 nm, and a length of about

0 0–120 0 nm. Fig. 1 (c) shows the STEM image of HNTs-POSS, and

he corresponding EDX mapping images ( Fig. 1 (d–f)) confirm the 

resence of nitrogen, aluminum and silicon elements, respectively, 

ndicating the POSS has been grafted on the surface of HNTs suc- 

essfully. 

To investigate the effect of grafted POSS on the bonds of HNTs- 

OSS, Fig. 2 (a) depicts the FT-IR spectra of pristine HNTs and HNTs- 

OSS. The stretching vibration of hydroxyl groups in HNTs is re- 

ponsible for the distant and strong peak at 3700 and 3200 cm 

−1 

29] . Two new peaks (3695 and 3622 cm 

−1 ) in the HNTs-POSS 

urve are corresponding to the inner hydroxyl groups of HNTs, in- 

icating the silane agent (KH-560) has reacted with the outer hy- 

roxyl groups [20] . The characteristic peak at 1082 cm 

−1 is as- 

ribed to the asymmetric stretching of Si-O-Si bands. The peak 

ntensity of Si-O-Si bands in HNTs-POSS increases significantly as 

ompared with that of pristine HNTs, which is due to the pres- 
nd (d) EDX elemental mapping of N, C, O, Al, and Si of HNTs-POSS. 



W. Wu, W. Zhao, X. Gong et al. Journal of Materials Science & Technology 101 (2022) 107–117 

Fig. 2. (a) FT-IR spectra, (b) XPS survey spectrum, insert is high resolution spectrum of N 1s of HNTs-POSS (c) XRD patterns, and (d) TGA curves of pristine HNTs and 

HNTs-POSS. 
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Fig. 3. Digital images of (a) pristine HNTs, and (b) HNTs-POSS dispersed in different 

solvents (1 mg mL −1 . The digital images were taken after 24 h storage). 
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P

c

nce of POSS. Moreover, two weak peaks appear in the range of 

950–2850 cm 

−1 , which are ascribed to the stretching vibration of 

sobutyl C-H bonds. Besides, the signal at 1218 cm 

−1 is assigned to 

he stretching vibration of the C-O-C band, which is derived from 

he grafted silane agent KH-560. From the FT-IR results, it clearly 

emonstrates the existence of POSS in HNTs-POSS. An X-ray pho- 

oelectron spectrum (XPS) scan of the HNTs-POSS is performed to 

urther confirm the successful introduction of POSS on HNTs sur- 

ace. The presence of oxygen (O 1s), silicon (Si 2s and Si 2p), and

luminum (Al 2s and Al 2p) in the spectrum in Fig. 2 (b) is consis-

ent with the composition of HNTs ( Scheme 1 ). Moreover, the in- 

ensity of C 1s signal observed at 284.8 eV increased significantly 

esulting from the introduced silane agent. The high-resolution N 

s spectrum of HNTs-POSS also confirms the existence of nitro- 

en, which originates from the aminopropyl group in POSS. All the 

bove results demonstrated the POSS has been successfully deco- 

ated on the surface of HNTs. The XRD patterns of pristine HNTs 

nd HNTs-POSS show the same characteristic peaks in Fig. 2 (c), 

uggesting the incorporation of POSS did not affect the crystal 

tructure. The thermal stability of pristine HNTs and HNTs-POSS 

ere investigated by TGA, as shown in Fig. 2 (d). The weight loss 

etween 30 and 150 °C is due to the release of absorbed water 

rom the surface and internal channels of HNTs. The main weight 

oss stage in the range of 350–550 °C is attributed to the loss 

f inner water. As for the HNTs-POSS, it shows a slight decrease 

n the temperature of 200–350 °C, which is corresponding to the 

yrolysis of grafted POSS. In addition, the char yields of pristine 

NTs and HNTs-POSS at 800 °C are 80.34 wt% and 78.78 wt%, re- 

pectively. These results indicate that 11.41 wt% of POSS-NH 2 was 

rafted onto the HNTs surface. 

To evaluate the differences in the surface behavior, the disper- 

ion characteristics of HNTs and HNTs-POSS in different organic 

olvents are shown in Fig. 3 . It is observed that the pristine HNTs
110 
re well dispersed in water due to the abundance of hydroxyl 

roups on the surface of HNTs. After the modification, the HNTs- 

OSS settles at the bottom and the aqueous in the container is 

lear, indicating HNTs-POSS has a hydrophobic surface. In addition, 



W. Wu, W. Zhao, X. Gong et al. Journal of Materials Science & Technology 101 (2022) 107–117 

Fig. 4. SEM images of fracture surfaces of pure TPU and its nanocomposites. (a) TPU, (b) HNTs-0.5, (c) HNTs-2, (d) HNTs-POSS-0.5, and (e) HNTs-POSS-2. 

Fig. 5. (a) TGA and (b) DTG curves of TPU and its composites under nitrogen atmosphere. 
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Table 2 

TGA data and LOI values of TPU nanocomposites. 

Sample T 5 ( °C) T p1 ( °C) T p2 ( °C) 

Char yields 

at 700 °C 
(wt%) LOI (%) 

TPU 302.5 357.1 415.2 1.97 21.7 

HNTs-0.5 307.8 351.7 417.3 2.37 22.3 

HNTs-2 300.2 352.8 417.6 4.72 24.7 

HNTs-POSS-0.5 308.6 356.6 417.0 2.88 24.0 

HNTs-POSS-2 304.3 355.8 417.9 5.41 26.3 

l  

T

i

[  

c

h

t

p

d

c

f

t

s

p

s

2

oth of HNTs and HNTs-POSS can be suspended in chloroform to 

ome extent. This phenomenon may be due to the presence of the 

lkyl chain in the grafted POSS. 

.2. Morphology of fracture surfaces of TPU nanocomposites 

To investigate the interfacial interaction between the fillers and 

olymer matrix, and the dispersion of nano-fillers in TPU ma- 

rix, the SEM images of the fracture surfaces of TPU nanocom- 

osites were shown in Fig. 4 . The pure TPU in Fig. 4 (a) exhibits

 typical phase separation structure [30] . As shown in Fig. 4 (b, 

), it is notable that both pristine HNTs and HNTs-POSS (bright 

pots in the SEM images marked by red arrows) dispersed uni- 

ormly in the TPU matrix at low concentration. In addition, the 

wo-phase structure of TPU gradually disperses with the increas- 

ng content of filler in Fig. 4 (b–e), indicating these nanofillers de- 

truct the hydrogen bonds of TPU [31] . When the pristine HNTs 

oncentration increased to 2 wt%, some aggregations (red circles) 

ppear in Fig. 4 (c). Furthermore, the fracture surfaces of TPU/HNTs- 

OSS nanocomposites appear to be much rougher than those of 

PU/HNTs nanocomposites, suggesting that the incorporation of 

NTs-POSS could dissipate more energy during fracture [32] . 

.3. Thermal stability of TPU nanocomposites 

The thermal stability of TPU nanocomposites was evaluated by 

GA, as shown in Fig. 5 . The thermal parameters, including tem- 

eratures at 5% weight loss ( T ), temperatures at maximum weight 
5 

111 
oss rate ( T p1 and T p2 ), and char yields at 700 °C were listed in

able 2 . The thermal decomposition of pure TPU can be divided 

nto two main stages, which is consistent with previous research 

 5 , 33 ]. The first stage occurs in the range of 250–380 °C, which

orresponds to the dissociation of the urethane bonds in the TPU 

ard segments [34] . The second stage between 380–520 °C is due 

o the thermal decomposition of the soft segments [35] . In com- 

arison with pure TPU, the incorporation of HNTs and HNTs-POSS 

oes not change the apparent degradation pathway in nitrogen ex- 

ept the higher char yield. The increased char yield may result 

rom the incorporation of HNTs means the formation of the effec- 

ive barrier layer in composites. In addition, the thermal decompo- 

ition of POSS contributes to forming a ceramified char made of a 

olyaromatic silicon structure network [13] . In Fig. 2 (a), it is ob- 

erved that the T 5 values of all TPU nanocomposites except HNTs- 

 are higher than that of pure TPU. The TPU/HNTs-POSS nancom- 



W. Wu, W. Zhao, X. Gong et al. Journal of Materials Science & Technology 101 (2022) 107–117 

Fig. 6. Cone calorimeter curves of TPU composites: (a) HRR, (b) THR, (c) CO production rate, (d) CO 2 production rate as a function of time. 

Table 3 

Combustion data of TPU nanocomposites obtained from cone calorimeter measurements at 35 kW/m 

2 . 

Sample TTI (s) PHRR (kW/m 

2 ) THR (MJ/m 

2 ) PCOPR (g/s) PCO 2 PR (g/s) Total smoke (m 

2 /m 

2 ) Char residues (wt%) 

TPU 54 ±1 788.5 ±20 57.3 ±0.4 0.0094 ±0.0003 0.437 ±0.010 671.6 ±20.3 4.2 ±1.0 

HNTs-0.5 62 ±3 645.3 ±15 56.2 ±0.4 0.0073 ±0.0007 0.383 ±0.007 622.8 ±18.5 4.6 ±1.2 

HNTs-2 64 ±2 426.7 ±30 53.3 ±0.7 0.0041 ±0.0004 0.249 ±0.013 545.3 ±30.1 5.7 ±0.9 

HNTs-POSS-0.5 63 ±3 495.6 ±24 48.5 ±0.3 0.0052 ±0.0004 0.304 ±0.006 602.2 ±24.3 5.3 ±0.8 

HNTs-POSS-2 62 ±1 315.1 ±35 46.8 ±0.5 0.0043 ±0.0005 0.201 ±0.009 484.7 ±26.5 8.4 ±1.0 
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osites have better thermal stability than those of TPU/HNTs nan- 

omposites. This phenomenon may be due to the barrier effects 

f HNTs and HNTs-POSS is more profound than the dehydration 

f interlayer water in HNTs [36] . The above results indicate that 

he catalytic charring effect of HNTs-POSS hybrid can enhance the 

hermal stability of TPU, which is conducive to improving the fire 

afety of TPU. 

.4. Fire performance of TPU nanocomposites 

The burning behavior of TPU nanocomposites was evaluated 

y limited oxygen index (LOI), as shown in Table 2 . The LOI 

alue of pure TPU was 21.7, indicating that TPU was flammable. 

ith the addition of HNTs and HNTs-POSS, the LOI value of TPU 

anocomposites wasn’t effectively increased. The TPU nanocom- 

osite containing 2 wt% HNTs-POSS achieved a maximum LOI value 

f 26.3. The slight increase in LOI was ascribed to the low addi- 

ion of nanofillers, which was similar to other TPU nanocomposites 

 37 , 38 ]. 

Cone calorimeter is a useful tool to estimate the real fire per- 

ormance of materials [39] . Fig. 6 shows the time to ignition (TTI), 

eat release rate (HRR), total heat release (THR), carbon monox- 

de production rate (COPR) and carbon dioxide production rate 

CO 2 PR) of TPU nanocomposies as a function of time. The parame- 

ers of cone calorimeter tests are summarized in Table 3 . It is ob-

erved that pure TPU burns violently with a peak value of HRR 

PHRR) up to 788.5 kW/m 

2 and a THR value of 57.3 MJ/m 

2 in 
112 
ig. 6 (a, b). The obvious suppressions in PHRR and THR of TPU 

anocomposites are obtained with the increasing of filler content. 

oreover, the HNTs-POSS possess a highly flame retardancy effi- 

ient as compared with that of pure HNTs under the same loading. 

ith the addition of 2 wt% HNTs-POSS, the PHRR and THR of TPU 

anocomposites are declined to 315.1 kW/m 

2 and 46.8 MJ/m 

2 with 

 reduction of 60.0% and 18.3%, respectively. In Table 3 , the TTI of

PU nanocomposites is postponed from 54 s to 62 s as compared 

ith pure TPU, indicating the enhancement of thermal stability in 

 real fire accident. It is ascribed that released crystal water from 

NTs as well as the barrier effect of HNTs and POSS postpone 

he ignition. Interestingly, the TTI of HNTs-POSS-2 is lower than 

hat of HNTs-POSS-0.5. This is due to POSS will decompose ear- 

ier than neat TPU resin, as shown in Fig. 2 (d), which is consistent 

ith other POSS-based composites [ 40 , 41 ]. Furthermore, the char 

esidue of TPU nanocomposites containing 2 wt% HNTs-POSS is in- 

reased from 3.3 wt% for pure TPU to 7.9 wt% after cone calorime- 

er tests. It indicates that the presence of HNTs-POSS in the TPU 

atrix contributes to generating sufficient residual char and re- 

ults in the suppression of heat release effectively. A mass of CO 

s a big threat during the real fire accident [42] . Fig. 6 (c) shows

he CO production rate as a function of time. It is noted that the 

eak production rate of CO (PCOPR) for pure TPU was up to 0.0094 

/s. The incorporation of 2 wt% HNTs-POSS into the TPU matrix re- 

ults in the maximum reduction in PCOPR (54.3%), which can pro- 

ide valuable escape time in fire accidents. The total smoke release 

TSR) curves in Fig. 6 (d) exhibits that the TSR for HNTs-POSS-2 de- 
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Fig. 7. Digital photos of char residues of (a) pure TPU, (b) HNTs-0.5, (c) HNTs-2, (d) HNTs-POSS-0.5, (e) HNTs-POSS-2; after cone calorimeter test. 

Fig. 8. SEM images of char residues of (a, d) pure TPU, (b, e) HNTs-2, and (c, f) HNTs-POSS-2; Raman spectra of (g) pure TPU, (h) HNTs-2, and (i) HNTs-POSS-2 after cone 

calorimeter test. 
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reases to 484.7 m 

2 /m 

2 , which is reduced by 27.8% as compared to

hat of pure TPU. These above results indicate that the addition of 

NTs-POSS can serve as flame retardant filler to suppress the heat 

elease, PCO 2 PR, PCO 2 PR and TSR of TPU nanocomposite effectively 

uring fire accidents. 

.5. Analysis of condensed phase 

The morphologies and graphitization degree of the residual 

hars were presented in Figs. 7 and 8 to analyze the condensed 

hase. The digital images in Fig. 7 reveal that the char residues 

re increased with the increasing content of HNTs or HNTs-POSS. 

s shown in Fig. 8 (a) and (d), the char residue of pure TPU has

 fragile and loose structure with big holes, which would provide 

 considerable path for the volatile gaseous to escape. With the 

ddition of HNTs, the char residue of HNTs-2 ( Fig. 8 (b) and (e))

btains more continuous structure with smaller pores, which will 

nhibit the volatile gaseous from evaporating as compared to that 

f pure TPU. On the contrary, HNTs-POSS-2 in Fig. 8 (c) and (f) ex- 
113 
ibits more compact and integrated char layers. It is ascribed to 

he thermal decomposition of POSS can form a ceramified silicon 

har network in a polyaromatic structure [13] . The continuous char 

esidue could prevent the heat transfer and suppress smoke gen- 

ration of TPU during combustion, thus improving the fire safety 

f TPU. In addition, it is clearly observed that many HNTs disperse 

n the surface of char residue in Fig. 8 (f). Raman spectra were uti- 

ized to determine the graphitization degree of char residues, as 

hown in Fig. 8 (g–i). There are two fitted peaks located at around 

362 and 1594 cm 

−1 , which correspond to D band and G band, 

espectively. The fitted area ratio ( A D / A G ) represents the degree of 

raphitization [43] . It is noteworthy that the values for A D / A G of

ure TPU, HNTs-2 and HNTs-POSS-2 are 3.02, 2.87 and 2.17, respec- 

ively. The lower value of A D / A G means the formation of a higher

raphitization degree. The result implies that the addition of HNTs- 

OSS facilitates to forming more graphitized char residue with the 

hield effect for underlying polymer. Thus, the combustion of the 

nderlying polymer can be inhibited more effectively by hindering 

he transfer of heat and volatile gaseous [44] . 
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Fig. 9. XRD patterns of the char residues for pure TPU, HNTs-2, and HNTs-POSS-2. 
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The XRD patterns of the char residues are shown in Fig. 9 . A

trong and board peak observed at 24.9 ° in pure TPU is assigned 

o the (002) lattice planes of graphite, reflecting the generation of 

raphitized carbon [45] . With the addition of HNTs or HNTs-POSS, 
ig. 10. 3D TG-FTIR spectra of (a) TPU, (b) HNTs-2, and (c) HNTs-POSS-2. Absorbance o

ram-Schmidt, (e) at maximum mass loss rate, (f) CO, (g) hydrocarbons, (h) carbonyl com

114 
he width of the characteristic peak at 24.9 ° becomes narrow, in- 

icating an increase in near-graphitization. In addition, two weak 

eaks appearing at 2 θ angles of 20.1 ° and 35.3 ° in HNTs-2 and 

NTs-POSS-2 were attributed to the lattice planes for HNTs [ 25 , 46 ].

.6. Analysis of evolved gases 

In order to simulate and monitor the release of volatile prod- 

cts during the thermal decomposition process [47] , the TG-IR re- 

ults of pure TPU, HNTs-2 and HNTs-POSS-2 are shown in Fig. 10 . 

he three-dimensional (3D) TG-IR spectra shown in Fig. 10 (a–c) 

emonstrate that the incorporation of HNTs-POSS can inhibit the 

elease of volatile gaseous. It is observed that the intensity of 

olatile products of HNTs-POSS-2 is much lower than that of HNTs- 

, indicating HNTs-POSS has a better suppression effect on the 

yrolysis products than pristine HNTs. The Gram-Schmidt curves 

n Fig. 10(d ) reveals the total absorbance intensity of the pyroly- 

is products. It is clear that the total absorbance intensity of py- 

olysis products for HNTs-POSS-2 is the weakest among the three 

amples, suggesting that HNTs-POSS-2 released the least amount 

f gas during thermal decomposition. The decomposed products 

t maximum mass loss rate of three samples in Fig. 10 (e) show 

imilar characteristic peaks. The major products of pure TPU and 
f pyrolysis products for TPU, HNTs-2, and HNTs-POSS-2 as a function of time: (d) 

pounds, and (i) alcohols. 

https://www.sciencedirect.com/science/article/pii/S1359836820333643
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Fig. 11. Schematic diagram of flame retardant mechanism of TPU/HNTs-POSS composites. 

Fig. 12. (a) Stress versus strain curves, and (b) tensile properties of TPU and its composites. 
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ts nanocomposites, including hydrocarbons (2940 cm 

−1 ), CO (2180 

m 

−1 ), carbonyl compound (1740 cm 

−1 ), and alcohols (1110 cm 

−1 ) 

re presented in Fig. 10 (f–i), respectively [48] . Similarly, the sig- 

al intensity of various gaseous from HNTs-POSS-2 is significantly 

ower than that of pure TPU. The above results demonstrated that 

he introduction of HNTs-POSS can effectively suppress the release 

f gaseous degradation products, which can be attributed to the 

ontinuous and compact char barrier network that can block the 

ass transfer of decomposed volatiles. 

.7. Flame retardant mechanism 

Based on the mentioned analysis above, the possible flame re- 

ardant mechanism of TPU/HNTs-POSS nanocomposite was specu- 

ated and illustrated in Fig. 11 . Bourbigot et al. demonstrated that 

he thermal decomposition of POSS/TPU composites will form a Si- 

-Si spatial network in a polyaromatic structure during combus- 

ion [13] . In addition, it is observed that many HNTs are immersed 

n the compact char layer, as revealed by Fig. 8 (f). The integrated 
115 
nd dense char residues, consisting of HNTs, ceramified silicon net- 

ork and carbonaceous layers, could serve as an effective protec- 

ive shield for the underlying polymer matrix and slow down flame 

ropagation and spread, thus improving the fire safety of TPU [49] . 

n the other hand, the loss of crystal water from HNTs can dilute 

he combustible volatiles and then decline the combustion inten- 

ity to some extent. Thus, the release of heat and smoke of TPU 

anocomposites were dramatically restrained. 

.8. Mechanical property of TPU composites 

The mechanical properties of TPU composites were investigated 

y tensile tests. The tensile stress-strain curves and the corre- 

ponding data are represented in Fig. 12 . The tensile strength and 

longation at break of pure TPU is 35.9 MPa and 1775.2%, respec- 

ively. With the addition of 0.5 wt% of HNTs, the tensile strength of 

he TPU composite is enhanced to 41.4 MPa, while the elongation 

t break decreases to 1662.5%. These changes can be attributed to 

he reinforcement effect of the pristine HNTs is more profound 
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han the destruction of of hydrogen bonds for TPU at low con- 

entration [ 23 , 50 , 51 ]. When the content of pristine HNTs increases

p to 2 wt%, the higher content of HNTs will bring in more de- 

truction of hydrogen bonds for TPU, resulting in the sharply de- 

rease in the tensile strength and elongation at break of HNTs-2 

37] . In addition, the aggregation of HNTs, as revealed by the SEM 

mages in Fig. 4 , will deteriorate the mechanical properties of TPU 

o some extent. As for HNTs-POSS, the presence of POSS can serve 

s physical cross-linking points to absorb more energy under exter- 

al stress [12] . In comparison to HNTs-2, the TPU composites con- 

aining 2 wt% HNTs-POSS still exhibited an enhancement in tensile 

tress (38.2 MPa). Meanwhile, the elongation at break of HNTs- 

OSS-2 was decreased by 4.9%, much lower than that of pristine 

NTs [52] . This is because the POSS functional groups replaced the 

ydroxyl groups on the surface of HNTs, which reduced the ad- 

erse effects of pristine HNTs. Moreover, the presence of bulk POSS 

ntroduces strong steric effects that impede the movement of TPU 

hains, resulting in more efficient load transfer. 

. Conclusions 

In this work, POSS was decorated onto the surface of HNTs 

HNTs-POSS) by using a silane agent (KH-560) as the chemical 

ridge. Then HNTs-POSS was mixed with TPU by melt compound- 

ng. The SEM observation revealed that HNTs-POSS dispersed ho- 

ogeneously in TPU matrix due to the presence of POSS pre- 

ented the re-aggregation. With the addition of 2.0 wt% HNTs- 

OSS, the peak of heat release rate (PHRR) and total heat release 

THR) of TPU nanocomposite were remarkably decreased by 60.0% 

nd 18.3%, respectively. Moreover, the HNTs-POSS-2 also exhibited 

n obvious reduction in the peak CO production rate (54.3%), the 

eak CO 2 production rate (54.0%) and total smoke release (27.8%). 

he Si-O-Si spatial network from the decomposition of POSS in 

ombination with the HNTs and the char residue from TPU ma- 

rix formed a continuous and compact char layer, which was re- 

ponsible for the enhanced fire safety and smoke suppression of 

PU/HNTs-POSS nanocomposite. In addition, the tensile tests ex- 

ibited that the addition of 2 wt% HNTs-POSS did not sacrifice the 

uctility of TPU nanocomposites. This work demonstrates a feasible 

ethod for improving the fire safety of TPU, potentially broadening 

he potential applications of TPU nanocomposites. 
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