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Abstract In this paper, a novel and efficient halogen-free

flame retardant, HGM@TiO2, was synthesized by coating

hollow glass microspheres (HGM) with TiO2. The flame-

retardant and smoke suppression properties of HGM@TiO2

in thermoplastic polyurethane (TPU) have been investi-

gated using several techniques including cone calorimeter

test (CCT), smoke density test (SDT), thermogravimetric

analysis (TGA) and fourier infrared, respectively. The CCT

results showed that HGM@TiO2 could greatly improve the

flame-retardant properties of TPU composites. The peak

heat release rate of the sample with 0.5 wt% HGM@TiO2

(405 kW m-2) was reduced by 64% compared with the

sample with the same loading HGM (1117 kW m-2), and

the structure of char residue layer of TPU composites was

obviously changed. The SDT results showed that

HGM@TiO2 could effectively decrease the amount of

smoke production in the test. Furthermore, the TGA results

indicated that HGM@TiO2 could decrease the initial

decomposition temperature and improve the thermal sta-

bility of TPU. And the FTIR results revealed that

HGM@TiO2 could promote the composites to release

inflammable gas such as CO2 earlier to suppress the

combustion. According to this study, there may be some

new methods to obtain flame-retardant polymer with low

loading level.
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Introduction

In recent years, thermoplastic polyurethane (TPU) has been

widely used in coatings, films, automotive and infrastruc-

ture cables, etc. [1–4]. However, high fire risks associated

with TPU, including dense smoke generation, high heat

and toxic gases release, have greatly limited its broad

applications. As a consequence, the study on how to

improve the flame-retardant properties of TPU has attrac-

ted more and more attentions. Traditionally, flame retar-

dants containing the halogen [5] will be harmful to people

in the process of application, and the demands for halogen-

free flame retardants have become more and more impor-

tant due to the healthy and environmental concerns [6–8].

Intumescent flame retardant, as an environmental

friendly flame retardant, has been widely used in the TPU

composites [9]. The effect is good, but there are still some

disadvantages. Such as the amount of intumescent flame

retardant is usually relatively large, which will have a great

influence on mechanical properties [10]. Inorganic nano-

materials and nano-composite (montmorillonite, clay and

nano-ZnO) are also used as flame retardants being added

into polymer materials [11–13] and have a good flame-

retardant effect [14–17]. But the nano-materials are easy to

agglomerate, leading to the particle size too large to dis-

perse uniformly, and the effective controlling of nanopar-

ticle agglomerates is not easy.

Hollow glass microspheres (HGM) have attracted con-

siderable interest in the past few decades because of its

excellent physical, such as well-defined morphology, uni-

form size, strong filling ability, low density, and large

surface area, small and well-distributed internal stress in

products [18, 19]. HGM were often used to reinforce

polymer for its high compression strength and good fluidity

[20]. In our previous work, it has been found HGM could
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be used as a synergistic agent to improve the flame-retar-

dant efficiency and smoke suppression effect in TPU

composites based on APP [20]. HGM have the character-

istic of low density and the migration feature of HGM onto

the surface of the sample when the composites are in the

melt stage, so it could be used as a barrier from the flame

zone to the underlying materials, restrained the flammable

gases to the flame zone. In addition, TiO2 also has many

excellent characteristics, such as high thermal stability. As

a flame retardant, it will migrate onto the polymer surface

after the matrix melted. Then, TiO2 can blend with carbon

residue to increase the intensity of the char layer [21].

Combining HGM and TiO2, there may be good flame-re-

tardant effect in polymer. HGM may be used as effective

flame retardants for the polymer with high charring yield

property with TiO2. Currently, researchers on HGM coated

with TiO2 are mainly forced on the field of photocatalysis

[22]. And no work has been reported to coat HGM with

TiO2 in flame-retardant field.

In this paper, HGM@TiO2, as a novel and efficient

halogen-free flame retardant, was successfully synthesized

by modifying HGM with TiO2, and characterized by SEM–

EDS and XPS, respectively. Then, the flame-retardant,

smoke suppression and thermal stability properties of TPU/

HGM@TiO2 composites were intensively investigated

using SDT, CCT and TG–IR, respectively.

Experimental

Materials

Hollow glass microsphere (HGM) was produced by the PQ

Corporation (grade 5020, with particle size of 5–115 lm,

medium particle of 55 lm and density of 0.2 g cm-3).

Ti(SO4)2 was produced by the Tianjin Guangfu Fine

Chemical Research Institute. Commercial TPU (9380A)

was produced by Bayer, German. The basic properties of

TPU are as follows, density: 1.110 g cm-3 (ISO1183);

hardness: 82A (ISO868); tensile strength: 40 MPa

(ISO527-1,-3); and elongation at break: 500% (ISO527-1,-

3).

Sample preparation

Synthesis of HGM@TiO2

Firstly, HGM was rinsed with pure water for 5 min and

cleaned with 10% NaOH in ultrasonic cleaner for about

30 min. After that, HGM was washed and filtered with pure

water four times and then dried in a vacuum oven at 80 �C
for 2 h. Maintaining the temperature at 80 �C, the ethanol

(150 mL), water (100 mL) and HGM (8 g) were added to

the flask. At the same time, 20 mL 20% Ti(SO4)2 solution

and 10% NaOH solution were added to the flask slowly,

maintaining a pH of 3–6, and the mixed solution was

continuously stirred at 80 �C for another 5 h. The upper

layer of the HGM@Ti(OH)4 was separated, filtered and

rinsed three times with ethanol. The crude product was

dried in a vacuum oven at 80 �C for 6 h to obtain the crude

products. Then, the products were calcined in a vacuum

furnace at 500 �C for 2.0 h, to obtain the HGM@TiO2

(Scheme 1).

Preparation of TPU/HGM@TiO2 composites

The TPU pellets were dried at 80 �C for 4 h. A certain

amount of TPU was melted in the mixer at 175 �C. Then, a

certain amount of HGM or HGM@TiO2 was added into the

mixer. Later, the samples were hot-pressed at about 180 �C
under 10 MPa for 20 min into sheets of suitable thickness

for analysis. Formulations of flame-retardant TPU com-

posites: TPU/HGM with 99.5 wt% TPU and 0.5 wt%

HGM; TPU/HGM@TiO2 with 99.5 wt% TPU and 0.5 wt%

HGM@TiO2.

Measurements

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was performed using

a Hitachi X650 scanning electron microscope.

Cone calorimeter test (CCT)

The cone calorimeter (Stanton Redcroft, UK) tests were

performed according to ISO 5660 standard procedures.

Each specimen of dimensions 100 9 100 9 3 mm3 was

wrapped in aluminum foil and exposed horizontally to an

external heat flux of 35 kW m-2.

preparation HGM@TiO2 by precipitation

TiO2

Ti(OH)4

Ti(OH)4

deposition

calcination

500 °C

Ti(SO4)2 +NaOH

pH = 6–8

Scheme 1 Schematic illustration of synthesis of HGM@TiO2
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Smoke density test (SDT)

A smoke density test machine JQMY-2 (Jianqiao Co,

China) was used to measure the smoke characteristics

according to ISO 5659-2 (2006). Each specimen of

dimensions 75 9 75 9 2.5 mm3 was wrapped in alu-

minum foil and exposed horizontally to an external heat

flux of 25 kW m-2.

Thermogravimetric analysis/infrared spectrometry (TG–

IR)

Thermogravimetric analysis (TGA) of the sample was

performed using a DT-50 (Setaram, France) instrument.

About 10.0 mg of sample was put in an alumina crucible

and heated from ambient temperature to 700 �C. The

heating rates were set as 20 �C min-1 (nitrogen atmo-

sphere, flow rate of 60 mL min-1). Thermogravimetric

analysis/infrared spectrometry (TG–IR) of the cured sam-

ple was performed using a DT-50 (Shimadzu, Japan)

instrument that was interfaced to a Varian 2000 FTIR

spectrometer.

Results and discussion

Characterization of HGM@TiO2

Figure 1 showed the photographs of HGM and

HGM@TiO2 in SEM. It could be seen that there was

obvious distinction between HGM and HGM@TiO2. For

HGM (HGM-A, HGM-A0), there was nothing on the sur-

face of it. But for HGM@TiO2 (HGM@TiO2-B,

HGM@TiO2-B0), some particles were on the surface with

dense and ultrafine, indicating that the particles may be

TiO2 particles. The analytical results of the chemical ele-

ments from the material of the HGM@TiO2 were that of

9.2% Ti, as shown in Fig. 2. The XRD patterns of the

HGM, HGM@TiO2 are shown in Fig. 3. It could be seen

that a number of XRD peaks for the anatase TiO2 attest theFig. 1 SEM image of the outer surface of HGM/HGM-TiO2
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Element Mass% Atomic%

B K 9.72     14.37
C K 25.93     34.53
O K 37.81     37.80
Na K 2.80     1.95
Al K 0.75     0.44
Si K 13.44     7.65
S K 0.36     0.18
Ca K 0.00     0.00
Ti K 9.20     3.07

Totals 100.00

Full Scale 6529 cts Cursor:4.068 (241cts)
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B K 12.88    19.01
C K 21.76    28.90
O K 36.91    36.80
Na K 1.53    1.06
Si K 20.57    11.68
S K 0.23    0.11
Ca K 6.11    2.43

Totals 100.00

Full Scale 5441 cts Cursor:4.068 (486cts)

Ca
S

Si

Na

O

C
B
Ca

HGM@TiO2 HGM

Fig. 2 EDS results of HGM/HGM@TiO2

Preparation and characterization of TiO2-coated hollow glass microsphere and its flame… 2731

123



good crystallinity after the coated reaction. So the modi-

fication has been tested to be feasible.

Cone calorimeter test

Heat release rate (HRR)

The heat release rate (HRR) curves for the samples are

shown in Fig. 4. It was easy to see that TPU was a relatively

flammable polymeric material, and a sharp peak HRR

(PHRR) (1429 kW m-2) was obtained at 195 s. The PHRR

value of TPU/HGM was 1117 kW m-2 at 185 s, and the

PHRR value of TPU/HGM@TiO2 was 405 kW m-2 at

110 s. The PHRR value of TPU/HGM@TiO2 decreased

significantly compared with TPU or TPU/HGM, which

meant that the flame-retardant effect of TPU composites

with HGM@TiO2 was better than that of HGM to reduce the

HRR when the loading of flame retardant was 0.5 wt%. The

above phenomenon could be explained by the compact char

residue forming on the surface of sample [23]. TPU could be

softened by heat, and then, both HGM and HGM@TiO2

could migrate progressively onto the surface of the sample

and change the structure of char residue layer preventing

heat and mass transfer between underlying materials and

flame zone, thus reducing the HRR. However, for the

samples with HGM@TiO2, TiO2 on the surface of HGM

can further promote the char formation and change the

structure of char residue.

In addition, the ignition time (IT) of composite became

shorter after HGM or HGM@TiO2 being added into TPU.

604020

HGM@TiO
2

HGM In
te

ns
ity

/c
.u

.

2

TiO
2

θ /°

Fig. 3 XRD results of HGM/HGM@TiO2
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Fig. 4 Heat release rate curves of flame-retardant TPU composites at

a flux of 35 kW m-2
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Fig. 5 Total heat release curves of flame-retardant TPU composites

at flux of 35 kW m-2
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Fig. 6 Mass loss curves of flame-retardant TPU composites at a flux

of 35 kW m-2
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The reason may be that HGM or HGM@TiO2 migrated

onto the surface of the sample to promote the decomposi-

tion of TPU at short time. It also could be seen that TPU or

TPU/HGM had a single peak, which could be easily

explained by the sample gradually burning. It was inter-

esting that the HRR curve of TPU/HGM@TiO2 sample had

two peaks. The first peak was identified as the development

of the intumescing char, which could protect samples; the

second peak was due to the fact that the protective carbon

layer gradually degraded as the sample was continuously

exposed to the heat from cone.

Total heat release (THR)

Figure 5 presented the THR curves of all the samples. The

slope of the THR curve was assumed to be representative

of flame spread [24]. It could be seen the THR of the

samples of TPU or TPU/HGM was higher than that of

TPU/HGM@TiO2 at the end of the combustion. The flame

spread of TPU or TPU/HGM was obviously faster than that

of TPU/HGM@TiO2 between 50 and 250 s. It was seen

that the slope of the sample with HGM@TiO2 remained

remarkably low, which was conducive to prevent the

spread of fire. The results showed that the flame spread of

TPU or TPU/HGM was quickly in the earlier stage. In the

case of TPU/HGM@TiO2, the heat insulation of

HGM@TiO2 could be obtained during the combustion

process, which resulted in the low THR. Furthermore, there

was no apparent effect when an equal amount of HGM was

added into TPU compared with pure TPU; there was the

lowest THR for TPU/HGM@TiO2 because of the TiO2 on

the surface of HGM.

Mass

Figure 6 presented the mass curves of the samples. It could

be seen that TPU/HGM had the highest mass loss before

130 s, followed by TPU/HGM@TiO2 and TPU, respec-

tively. This result could be used to illustrate why the

ignition time of TPU/HGM sample was shorter than those

of TPU and TPU/HGM@TiO2. Furthermore, the mass loss

of TPU/HGM was larger than those of TPU and TPU/

HGM@TiO2 during the combustion process in range of

130–180 s, and the mass loss of TPU was larger than those

of TPU/HGM and TPU/HGM@TiO2 during the combus-

tion process after 180 s. This meant that the protective

carbon layer had been generated for TPU/HGM at about

180 s. High mass loss meant there was much larger amount

of volatile compounds formed. Combining the results from

Fig. 5, the volatiles compounds were mainly flammable

gases. The reason for the high mass loss for TPU/HGM and

TPU/HGM@TiO2 in early stage (50–130 s) was that it

could promote the pyrolytic reaction; once the protective

char carbon was formed, HGM or HGM@TiO2 would play

positive effects role on flame retardant. However, the mass

loss rate of TPU/HGM@TiO2 was significantly lower than

TPU or TPU/HGM at later stage. This can be explained

that HGM@TiO2 could change the structure of char resi-

due layer. On the one hand, HGM@TiO2 could make the

char residue compact, and on the other hand, HGM@TiO2

could migrate onto the surface of the samples during the

heat process, showing good barrier effect for heat and mass

transferring, Further explanation was that TiO2 on the

surface of HGM could promote the carbonization of TPU

to form char residue layer. Then, the mass loss values of

sample TPU/HGM@TiO2 reduced to the same low levels

as TPU/HGM or TPU, due to the fact that the char residue
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Fig. 7 Smoke production rate curves of flame-retardant TPU com-

posites at flux of 35 kW m-2
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was unstable and could be oxidized in the conditions with

high temperature and oxygen.

Smoke production rate (SPR)

Smoke performance of flame-retardant material is a very

important parameter in fire safety fields [25]. The incom-

plete combustion of flame-retardant composite systems can

be seen in the smoke production rate [26]. The smoke

production rate (SPR) curves of TPU composites are given

in Fig. 7. Compared with the peak SPR values of TPU

(0.072 m2 s-1) and TPU/HGM (0.064 m2 s-1), the peak

SPR value of TPU/HGM@TiO2 was 0.023 m2 s-1, which

was the lowest one among all samples. The peak SPR value

decreased greatly with the addition of TPU/HGM@TiO2,

and the smoke suppression effect of HGM@TiO2 was more

obvious than that of HGM. It could be explained as fol-

lows: HGM@TiO2 can migrate onto the surface, which can

improve the stability of the char residue layer, protecting

the inner matrix, and reduce the amount of smoke-forming

materials in the gas phase during combustion.

Total smoke release (TSR)

Figure 8 presented the total smoke release (TSR) curves of

the samples. It could be seen that the TSR of TPU/

HGM@TiO2 was slightly higher than those of TPU and

TPU/HGM before 180 s. This illustrated that HGM could

change the structure of char residue from TPU/HGM in the

combustion process, which results in less smoke particu-

lates released. After 300 s, the TSR of TPU and TPU/HGM

was greatly higher than that of TPU/HGM@TiO2 until the

end of combustion. TPU/HGM@TiO2 had a low TSR

value compared with TPU/HGM during 180–350 s, which

was attributed to the fact that the rupture of char residue

layer in the combustion process. The ultimate TSR value of

sample TPU was 602 m2 m-2 (TPU/HGM was

659 m2 m-2; TPU/HGM@TiO2 was 754 m2 m-2). The

TSR value from TPU/HGM@TiO2 was higher than that of

TPU or TPU/HGM at the end of CCT, which was attributed

to formed compact char layer residue lead to the internal

material of smoldering with the continuous heating by cone

calorimeter. In fire, materials smolder, less heat release, but

produce a lot of smoke [27].

Smoke factor (SF)

Figure 9 gave the smoke factor (SF) curves of all samples.

SF is the production of HRR and TSR. SF values described

the hazards of fire by the aspect of heat and smoke [28].

The peak SF values for all samples were 851, 735 and

304 kW m-2, respectively. It could be seen that the addi-

tion of a certain amount of HGM could reduce the fire

hazards of TPU composites. And, HGM@TiO2 could fur-

ther decrease the fire hazard of TPU composites, including

heat (Fig. 5) and smoke (Fig. 8). So, HGM@TiO2 could be

used as effective flame-retardant and smoke suppression

agent for TPU.

Photographs of char residue

Figure 10 showed the photographs of char residues after

CCT. A carbonaceous char formed during expansion,

which could act as a thermal shield between the flame zone

and the substrate, preventing heat from penetrating. It

could be seen that there were many cracks and holes on the

surface of carbon layer from TPU sample. This structure

cannot effectively bind combustible gas and smoke par-

ticulates from the underlying materials, resulting in high

HRR and SPR. For TPU/HGM, there were many bigger

micro-holes, which cannot release flammable gases into

flame zone, but it could play the role of heat insulation

resulting high HRR. This result cannot be used to illustrate

the HRR and SPR results. However, the mass results in

Fig. 6 could be combined with the structure of char residue
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Fig. 10 Photographs of flame-retardant TPU composites after CCT
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after CCT. From Fig. 6, it had been concluded that TiO2

could promote carbonization of TPU between 180 and

300 s. At the same time range, the low HRR and SPR were

also gotten. It could speculate that there was much dense

char residue layer formed on the surface of sample. But, the

char residue was unstable, which can be oxidized with high

temperature and oxygen.

Photograph of the char layer

The morphologies and structures of char residue of TPU,

TPU/HGM and TPU/HGM@TiO2 after CCT were exam-

ined by SEM and EDS. Typical images were shown in

Figs. 11 and 12. In the low magnification (2009 TPU-A,

TPU/HGM-B, TPU/HGM@TiO2-C) views, numerous

particles with micrometer-sized diameter were appeared on

below the surface. The high magnified images (10009

TPU-A0, TPU/HGM-B0, TPU/HGM@TiO2-C0) displayed

the different surface morphologies between TPU/HGM and

TPU/HGM@TiO2. For TPU/HGM@TiO2-C0, the char

residue image showed a compact appearance and smooth

surface. Compared with TPU/HGM@TiO2-C0, the TPU/

HGM-B0 sample surface appeared a significant uplift phe-

nomenon, the result of extensional fracturing of the char

residue surface structure due to longitudinal compression

warping deformation. The char residue of TPU/

HGM@TiO2 has better thickness and mechanical strength

compared with TPU/HGM. In addition, there were many

holes on the surface of HGM (TPU/HGM-B0) sample, and

there were many crevices on the surface of TPU (TPU-A0)
sample. In contrast, the char residue of HGM@TiO2 (TPU/

HGM@TiO2-C0) showed a compact appearance and

smooth surface. Holes and crevices were nearly not existed

in the char residue of TPU/HGM@TiO2. This could be

explained that HGM@TiO2 could help to promote charring

change the structure of carbon layer and form compact

carbon layer.

EDS images showed that the distribution of both Ti and

Si atom had a strong consistency. As seen from Fig. 12

Fig. 11 SEM images of the

(TPU-A 9200) and (TPU-A0

91000) magnification views of

char residue of TPU composites

after CCT. (TPU/HGM-B

9200) and TPU/HGM-B0

91000) magnification views of

the TPU/HGM composites.

(TPU/HGM@TiO2-C 9200)

and (TPU/HGM@TiO2-C0

91000) magnification views of

the TPU/HGM@TiO2

composites

Fig. 12 The EDS images from char residues of outer (outer-C, outer-

Si, outer-Ti) and inner (inner-C, inner-Si, inner-Ti) surface of TPU/

HGM@TiO2 composites after CCT
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[inner (Si, C, Ti), outer (Si, C, Ti)], the Ti and Si atom

distribution density and central tendency of the inner/outer

surface were represented through the EDS images. It was

easy to find that both the inner surface and the outer sur-

face have the distribution of Si atom and Ti atom. How-

ever, the density is different. The EDS results of char

residues were given in Table 1. It could be clearly seen that

the Si atom content on outer surface (1.30 wt%) was higher

than that of inner surface (0.21 wt%); the Ti atom content

on outer surface (1.02 wt%) was also higher than that of

inner surface (0.14 wt%). The results confirmed that HGM

or HGM@TiO2 could migrate progressively onto the sur-

face of the sample when burnt.

Fire performance index (FPI) and fire growth index (FGI)

In order to judge the fire hazard of composites, the fire

performance index (FPI) and the fire growth index (FGI)

are calculated after CCT. The FPI is defined as the ratio of

time from ignition to PHRR, and the FGI is defined as the

ratio of peak HRR to time to PHRR [29, 30]. From Fig. 13,

it could be seen that the FPI values increased and the FGI

values decreased for TPU/HGM@TiO2 compared with

pure TPU. The results showed that the FPI values of

sample TPU/HGM@TiO2 (0.121 m2 s kW-1) were

improved by three times compared with TPU/HGM

(0.042 m2 s kW-1); the FGI values of sample TPU/

HGM@TiO2 (3.67 kW m2 s-1) were reduced by two times

compared with pure TPU/HGM (7.25 kW m2 s-1). It can

be concluded that HGM@TiO2 could extend the time of

reach crashing and then reduce the risk of fire, which

indicates the sample with TPU/HGM@TiO2 have good

flame retardancy.

Thermogravimetric analysis (TGA)

Figure 14a showed the TGA curves for all samples. The

initial decomposition temperatures of TPU, TPU/HGM and

TPU/HGM@TiO2 were 330, 303 and 295 �C, respectively.

It could be seen that HGM and HGM@TiO2 could promote

the thermal degradation of TPU at low temperature. When

the temperature was raised to 508 �C, the remaining char

residues of TPU, TPU/HGM and TPU/HGM@TiO2 were

11.9, 9.3 and 41.9%, respectively. The temperature was

raised to 700 �C, and the remaining char residues were

10.3, 8.5 and 8.9%, respectively. There was a turning point

in the TPU/HGM (365 �C, 37.6%) and TPU/HGM@TiO2

(435 �C, 41.9%) curves. Compared with the sample with

HGM, the turning point temperature of the composite with

HGM@TiO2 significantly improved.

The DTG curves were given in Fig. 14b, and the

degradation reaction of composites could be divided into

three stages. First stage, the water was evaporated at about

258, 185 and 210 �C, respectively. Second stage, the peak

temperature of TPU, TPU/HGM and TPU/HGM@TiO2

decomposition was 361, 343 and 642 �C, respectively. And

it could be seen that HGM could improve the formation of

char residue during combustion and accelerate the com-

posite system to crack. However, it did not bring significant

mass loss when HGM@TiO2 was added into the compos-

ites. Last stage, the peak represented the decomposition of

soft domains. The peak decomposition temperatures of

TPU, TPU/HGM and TPU/HGM@TiO2 were 433, 457 and

404 �C, respectively. The mass loss rate for TPU (the peak

value was -21% min-1) was significantly higher than that

for TPU/HGM (-5.5% min-1) and TPU/HGM@TiO2

Table 1 The content of elements of outer/inner surface by EDS test

Element Outer surface Inner surface

Mass% Atomic% Mass% Atomic%

B K 9.38 10.87 8.17 9.15

C K 73.71 76.90 85.66 86.33

O K 14.44 11.31 5.79 4.38

Al K 0.16 0.07 0.03 0.01

Si K 1.30 0.58 0.21 0.09

Ti K 1.02 0.27 0.14 0.04

Totals 100.00 100.00

Fig. 13 Fire performance index

for flame-retardant TPU

composites at flux of

35 kW m-2
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(-13.0% min-1). Both the samples TPU/HGM@TiO2 and

TPU have same residual because less decomposition rate at

the stage 2. The difference between the sample of TPU/

HGM@TiO2 and TPU at the stage 3 with composite

decomposition is, first, the TPU/HGM@TiO2 decomposi-

tion time for arrival of the peak value earlier than TPU;

second, the peak value of TPU/HGM@TiO2 decomposi-

tion rate lower than TPU. It was worthy noted that a broad

peak (stage 4) appeared on the curve of TPU/HGM@TiO2.

This meant that the composite was not decomposition

completely; it was very obvious effect for TPU/

HGM@TiO2. In conclusion, the time to arrive the peak

value for TPU/HGM@TiO2 was earlier than TPU because

of the peak accompanied by formation of char layer;

however, the time of forming char layer for TPU/HGM was

earlier than pure TPU. In stage 2, compared with the DTG

results of HGM, the peak DTG temperature of TPU/

HGM@TiO2 and maximum mass loss were higher. The

mass loss of sample TPU/HGM was mainly focused on the

stage 2 due to the formation of low char layer efficiency.

By contrast, the mass loss of sample TPU/HGM@TiO2

was mainly focused on the stage 3. For such cases, we

explain from two respects. First, the heating methods of the

two instruments are different (CCT use side heating and

TGA use full-circumferential heating). Second, the size of

sample was different. Focused by radiation heat in samples

surface external, part of the heat to be reflected back, due to

the HGM, has been migrated to the surface. The samples

were heated by full-circumferential; the upper HGM can-

not play the effectiveness of the insulation. Furthermore,

large sample size was easier to form char layer. In con-

clusion, HGM@TiO2 could promote TPU thermal

decomposition in the early stage and slow down the rate of

TPU thermal decomposition in the last stage.

The volatilized products formed during the thermal

degradation of the TPU composites were characterized by

TG–IR technique and are shown in Fig. 15a–c, respec-

tively. It was obviously noted the peaks around 3230–3550,

2800–3150, 2250–2400, 1700–1850, 1250–1500 and

950–1150 cm-1 [31]. Some of the volatilized decomposi-

tion products of the TPU were unambiguously identified by

characteristic strong FTIR signals, such as H2O

(3230–3550 cm-1), CO2 (2300–2400 cm-1), CO

(2250–2300 cm-1), carboxylic acid (1700–1850 cm-1)

and aliphatic hydrocarbons (2800–3150, 1250–1500 and

950–1150 cm-1). In the process of pyrolysis, the main

products of the thermal decomposition of TPU were

compounds containing H2O, CO2, CO, carboxylic acid, and

aliphatic hydrocarbons, etc. The pyrolysis processes of

these three samples are significantly different according to

Fig. 15a–c. In the case of TPU, it decomposed drastically

with lots of pyrolysis products, and at last no product

released that the composites pyrolyzed completely. The

generated trend of CO2 is shown in Fig. 16. There were

two maximum intensity temperatures of CO2 from TPU/

HGM, which were at 450 and 700 �C, respectively. In

addition, there were three maximum intensity temperatures

of CO2 from TPU/HGM@TiO2, which were at 380 and

680 �C, respectively. Also, the initial formation tempera-

ture of CO2 from TPU/HGM@TiO2 was much lower than

that of TPU/HGM. This can be illustrated by the TiO2

catalyzing polyol from depolymerization of polyurethane

to form water. Then, the water can react with isocyanate

from depolymerization of polyurethane, generating CO2.

The reason for the second maximum intensity temperatures

of TPU/HGM and TPU/HGM@TiO2 was the self-poly-

merization among isocyanates from depolymerization of

polyurethane to form CO2, chain segment crosslink and

then reduce the formation of combustible gases. At
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intermediate stage, the HGM@TiO2 and the char residue

played a role in effective making stability and protective.

Figure 16 showed that FTIR spectra obtained at the

maximum evolution rates [200 (a), 300 (b), 420 (c) and

560 �C (d)] during the thermal decomposition of TPU,

TPU/HGM and TPU/HGM@TiO2, respectively. From

Fig. 16a, it could be clearly seen that the peak appeared at

2360 cm-1 (CO2), this showed the sample of TPU/

HGM@TiO2 has released CO2 at 200 �C. The non-

flammable gases (CO2, H2O) released from samples of

TPU/HGM@TiO2 can dilute the combustible gases in the

gas phase to play the role of flame-retardant efficiency. For

Fig. 16b, the peak appears at 2863 cm-1 (–CH2–/–CH3–),

this showed only the sample of TPU has released hydro-

carbons at 300 �C. For Fig. 16c, the peak of all the sample

curves is similar, the only difference is the intensity of

peaks. The combustion gas content at evolved gaseous

products of TPU was higher than that TPU/HGM or TPU/

HGM@TiO2. For Fig. 16d, the sample of TPU had com-

pletely burnt out; at the same temperature the TPU/

HGM@TiO2 still had residual.

Conclusions

The XRD, SEM and EDS results showed that a novel and

efficient halogen-free composite flame-retardant

HGM@TiO2 has been synthesized. During the combustion

process, HGM@TiO2 can migrate to the surface and pro-

mote the formation of carbon layer. The HGM@TiO2 can

also greatly reduce the HRR, THR and SPR values, sup-

press the formation of flammable gases and promote the

formation of CO2, promotion of matrix crosslinks,

achieving good fire-retardant effect.
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Fig. 16 FTIR spectra of volatilized products during thermal degradation of TPU composites
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Development of flame retarded self-reinforced composites from

automotive shredder plastic waste. Polym Degrad Stab.

2012;97:221–7.

26. Chen X, Jiang Y, Jiao C. Smoke suppression properties of ferrite

yellow on flame retardant thermoplastic polyurethane based on

ammonium polyphosphate. J Therm Anal Calorim.

2014;120:1493–501.

27. Lu C, Meng D, Yu M. Study on material parameters effects on

smoldering and transition from smoldering to flaming combus-

tion. Adv Mater Res. 2011;261:571–5.

28. Ricciardi M, Antonucci V, Zarrelli M, Giordano M. Fire behavior

and smoke emission of phosphate-based inorganic fire-retarded

polyester resin. Fire Mater. 2012;36:203–15.

29. Marney D, Russell L, Mann R. Fire performance of wood (Pinus

radiata) treated with fire retardants and a wood preservative. Fire

Mater. 2008;32:357–70.

30. Zhao L. Novel tough and thermally stable cyanate ester resins with high

flame retardancy, low dielectric loss and constant based on a phe-

nolphthalein type polyarylether sulfone. Rsc Adv. 2015;5:58989–9002.

31. Xu T, Huang X. A TG-FTIR investigation into smoke suppres-

sion mechanism of magnesium hydroxide in asphalt combustion

process. J Anal Appl Pyrolysis. 2010;87:217–23.

2740 H. Wang et al.

123


	Preparation and characterization of TiO2-coated hollow glass microsphere and its flame-retardant property in thermoplastic polyurethane
	Abstract
	Introduction
	Experimental
	Materials
	Sample preparation
	Synthesis of HGM@TiO2
	Preparation of TPU/HGM@TiO2 composites

	Measurements
	Scanning electron microscopy (SEM)
	Cone calorimeter test (CCT)
	Smoke density test (SDT)
	Thermogravimetric analysis/infrared spectrometry (TG--IR)


	Results and discussion
	Characterization of HGM@TiO2
	Cone calorimeter test
	Heat release rate (HRR)
	Total heat release (THR)
	Mass
	Smoke production rate (SPR)
	Total smoke release (TSR)
	Smoke factor (SF)
	Photographs of char residue
	Photograph of the char layer
	Fire performance index (FPI) and fire growth index (FGI)

	Thermogravimetric analysis (TGA)

	Conclusions
	Acknowledgements
	References




