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Abstract Flame retardant thermoplastic polyurethane

(TPU) composites with low smoke release have been pre-

pared by melt-blending TPU with commercially available

carbon black (CB) and ammonium polyphosphate (APP).

The experimental data from SDT indicated that an appro-

priate amount of CB and APP can decrease the amount of

smoke production in the test with or without flame. The

CCT results showed that CB and APP greatly decrease

smoke production rate, total smoke release, and smoke

factor of flame retardant TPU composites compared with

that of pure TPU. Indeed, CB is considered as an effective

smoke suppression agent and a good synergism with APP

in flame retardant TPU composites, which can greatly

improve the structure of char residue realized by TG and

SEM results. The TG and DTG results showed that CB can

decrease the initial decomposition temperature and

improve the thermal stability at high temperature for flame

retardant TPU composites. More interest, the TG-IR study

indicates that the volatilized products are CO2, ammonia

compound, acid anhydride, water, alkane compounds, and

aromatic compounds according to the temperature of onset

formation. This is a very meaningful result in fire safety

materials fields.

Keywords Flame retardant � Smoke suppression � Carbon

black � Ammonium polyphosphate � Thermoplastic

polyurethane

Introduction

The flammability of polymers and the smoke produced

when they burn still present a major hazard in the devel-

oped world [1]. It has been reported that most fire deaths

are due to toxic gases, oxygen deprivation, and other

effects that have been widely referred to smoke inhalation

instead of burns in the USA [2]. The flammability of

composites cannot be predicted from knowledge of prop-

erties of single components. In many cases, the visibility

impairing and narcotic irritating effect of fire gases are

regarded as the decisive factor preventing many fire vic-

tims from perceiving their possibilities of escape [3].

Recently, the additional fire and smoke hazards from

communication cables routed through under floor and/or

over-head spaces coupled with the rapidly rising demands

for IT systems have added to the problem. So it can been

found consistently that smoke, released by the materials

discussed above, indeed represents a potential hazard to

people’s lives; in fact, not only for transportation applica-

tions but also for furniture and accessories, smoke-related

parameters are considered critical features for developing

safety procedures and evacuation plans [4]. Within this

scenario, the effects of various smoke suppressants on

flammability of a flame retardant polymer have been

become much important.

As an engineering plastic, TPU has been applied in

many fields such as automotive parts, electrical and elec-

tronic industries, mechanical transmission parts, household

and cosmetic parts, due to its excellent physical properties,
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chemical resistance, abrasion resistance, and good adhe-

sion to chemicals and self-lubrication performance [5–8].

However, the production of much smoke and toxic gases

(i.e., chlorine compounds, benzene, and other aromatic

compounds) during burning of TPU and its high flamma-

bility have greatly limited its broad applications in various

fields mentioned above. So, the improvement in the flame

retardance and smoke suppression during combustion of

TPU becomes increasingly vital to satisfy the increasing

requirements in the practical use [9–11]. Many investiga-

tions demonstrated that halogen-containing flame retar-

dants show effective flame retardant properties in TPU and

a high price-performance. Compounds such as bromine and

chlorine, because of their low bonding energy with carbon

atoms, could be readily released and take part in the

burning process, especially with the gas-phase mechanism

by quenching the free-radicals [12, 13]. However, the uti-

lization of such retardants has been limited due to gener-

ation of toxic gas, affecting human health and the

environment. Therefore, it becomes a real request that new

flame retardant systems instead of halogenated substances

should be developed to meet the constantly changing

demand of new regulations, standards, and test methods

[14]. Intumescent flame retardants, as halogen-free system,

developed quickly in the past few years [15]. It generally

includes acid source, carbon source, and gas source in this

intumescent flame retardant system. TPU can be used as

carbon source. So, intumescent flame retardant TPU com-

posites can be obtained by incorporating APP, used both as

acid source and gas source. The intumescent flame retar-

dant TPU composites show high flame retardant properties.

However, there is still large smoke production in the

combustion process. In order to reduce the smoke pro-

duction, some smoke suppression agents are used into

TPU/APP composites. In our previous work [2], ferrite

yellow was used as smoke suppression agent into TPU/

APP) composites. Results show that ferrite yellow can be

used as efficient flame retardant synergism and smoke

suppression agent.

Carbon black (CB) is used widely in polymer science,

especially in rubber science as reinforcing material

[16–18]. There is a strong interaction between CB and

polymer molecular chain, which may slow the precipitation

of pyrolysis volatiles in the combustion process, resulting

in good flame retardant properties [19]. It has reported that

CB nanoparticles can trap peroxy radicals at elevated

temperature to form a gelled-ball cross-linked network,

which act as a barrier to both heat and mass transfer [20].

To the best of our knowledge, no work has been reported

the synergistic effects between CB and APP on achieve-

ment of smoke suppression and flame retardant properties

in TPU composites.

In this paper, CB was used as flame retardant and smoke

suppression synergism to improve the flame retardant

efficiency and smoke suppression effect in TPU composites

based on APP. The synergistic flame retardant and smoke

suppression properties of CB with APP were intensively

investigated using CCT, SDT, TG, and LOI. And, the

synergistic flame retardant and smoke suppression mech-

anism were further studied using SEM and TG-IR.

Experimental

Materials

Thermoplastic polyurethane (TPU) was produced by

Bayer, German. Ammonium polyphosphate (APP) with

particle size of 2500 mesh was purchased from new thin

Metal and Chemical Co., Ltd., Guangzhou, China. Carbon

black (REGAL 250R, 99 % GR) with average particle size

of 24 nm was purchased from Cabot Corporation, USA.

Sample preparation

TPU/APP/CB composites were prepared by melt-blending

method. Before processing experiment, TPU was dried in

an oven at 80 �C for 8 h; APP and CB were dried in an

oven at 100 �C for 10 h. A certain amount of TPU was

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

APP and CB was added into the mixer, respectively. The

blends were mixed for 10 min and hot pressed into sheets

in the dimensions of 100 9 100 9 3 mm3 using the plate

vulcanizing machine. The formulations of flame retardant

TPU composites are listed in Table 1.

Measurements

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

China) was used to measure the smoke characteristics

according to ISO 5659-2 (2012). Each specimen with

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

minum foil and exposed horizontally to an external heat

Table 1 Formulations of flame retardant TPU composites

Sample code TPU/mass% APP/mass% CB/mass%

TPU-0 100.00 – –

TPU-1 80.00 15.00 –

TPU-2 80.00 14.50 0.50

TPU-3 80.00 14.00 1.00

TPU-4 80.00 13.00 2.00
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flux of 25 kW m-2 with or without the application of a

pilot flame.

The cone calorimeter (Stanton Redcroft, UK) tests were

performed according to ISO 5660 standard procedures.

Each specimen with dimensions of 100 9 100 9 3 mm3

was wrapped in aluminum foil and exposed horizontally to

an external heat flux of 50 kW m-2.

Scanning electron microscopy (SEM) studies were

performed using a Hitachi X650 scanning

electron microscope.

LOI was measured according to ASTM D2863. The

apparatus used was an HC-2 oxygen index meter (Jiangn-

ing Analysis Instrument Company, China). The specimens

used for the test were of dimensions 10 9 6.5 9 3 mm3.

Thermogravimetric analysis (TG) 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 K min-1 (nitrogen atmosphere,

flow rate of 60 mL min-1).

Thermogravimetric analysis/infrared spectrometry (TG-

IR) of the cured sample was performed using a DT-50

(Shimadzu, Japan) instrument that was interfaced to a

Varian 2000 FTIR spectrometer. About 10.0 mg of the

TPU sample was put in an alumina crucible and heated

from 260 to 700 �C. The heating rate was set as

20 K min-1 (nitrogen atmosphere, flow rate of

60 mL min-1).

Results and discussion

Smoke density test (SDT)

Polymer materials can release a large amount of toxic gases

and smoke during the combustion process. The luminous

flux curves of flame retardant TPU composites with and

without flame in the smoke density test that gives detailed

information about the smoke production are presented in

Fig. 1a, b, respectively. As shown in Fig. 1a, it can be seen

that even though the luminous flux, in the case of TPU-0,

rapidly decreases in the first 200 s and gets the lowest

luminous flux value (12.6 %) at 510 s, it slightly increases

gradually after 510 s. The decrease in luminous flux mainly

apparent in the first 450 s, and it attains the lowest value

(48.9 %) at 600 s as APP is added into TPU in the smoke

density test. This indicates that smoke produced by TPU-1

is significantly less than that of TPU-0. Indeed, the

polyphosphoric acid compounds formed by the decompo-

sition of APP at low temperature can catalyze the car-

bonization of TPU to generate condensed carbon shell on

the surface of TPU-1, which results in the decrease of

smoke production. In the case of TPU/APP/CB systems,

the luminous flux of the samples increased rapidly. The

luminous flux of TPU-2 is up to 92.1 % at the end of

experiments, which is much higher than that of TPU-1

(56.0 %). It is concluded that CB has an apparently syn-

ergistic smoke suppression effect with APP in TPU

composites.

There is a small decrease in the luminous flux of TPU-0

at the first 390 s as shown in Fig. 1b. During the period, a

small amount of smoke produced from TPU-0. However,

the luminous flux rapidly reduced after that and reaches

27.7 % at 1200 s. And, the luminous flux of TPU-1 con-

taining only APP is much lower than that of the pure TPU

(TPU-0) in the initial 720 s. This phenomenon resulted by

two aspects: One is that APP can decompose at low tem-

perature to form some smoke precursors and char residue

shell, and the smoke precursors lead to low luminous flux

before 720 s. Another is that the formation of char residue

shell can decrease the generation rate of smoke precursors.

It is interesting that the luminous flux is significantly
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Fig. 1 Luminous flux curves of TPU composites with and without

flame
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improved when 0.50 mass% CB was incorporated into

TPU/APP composite. As the content of CB is raised to

2.00 mass%, the maximum luminous flux value of TPU-3

reached to 62.4 % at 600 s, which is lower than that of

TPU-2 (69.2 %). However, this behavior did not continue

as the amount of CB was increased. From the result, it can

be concluded that a moderate amount of CB is favorable

for improving the smoke suppression property.

The difference of testing condition in the smoke density

tests with and without flame is whether to ignite. The tests

with flame are carried out using flame of methane gas to

ignite the sample under the radiant heat flux of

25 kW m-2. And, the tests without flame are not ignited by

any flame and just under the radiant heat flux of

25 kW m-2. Comparing Fig. 1b and Fig. 1a, it can be seen

that there are many differences between the smoke density

tests with flame and without flame. For example, the

luminous flux of TPU-2 is 92.1 % in the test with flame,

but it is only 56.1 % in the test without flame. This phe-

nomenon illustrates that the smoke precursors formed in

the thermal decomposition process and can be burnt out in

the smoke density test with flame.

Cone calorimeter test (CCT)

Smoke production rate (SPR)

Smoke performance of material during combustion plays a

vital factor concerning fire safety, heavy smoke can hinder

escape, and toxic gases act as one killer during the fire

hazard. The smoke production rate (SPR) curves of all

samples are illustrated in Fig. 2. It is clearly seen that a

significant decrease in the peak SPR value taken on as the

flame retardants added. Compared with the peak SPR value

of TPU-0, the peak SPR value of TPU-1 containing only

APP is greatly decreased. The time to peak SPR of TPU-0,

however, is delayed than that of other systems which may

be attributed to the fact that APP decomposes at low

temperature to form some smoke particulates. Moreover, it

can be seen that the peak SPR value of TPU/APP/CB

systems are decreased as the gradual increase in the amount

of CB. From this result, it can be concluded that CB would

change the structure of char residue layer; and the smoke

production rate may decrease in the process of formation of

carbon layer. Because of the protection of the carbon layer,

combustible gases and smoke-forming materials reduce

rapidly in the gas phase during combustion [21]. From the

above results, it can be concluded that CB is an effective

additive to suppress smoke production in the combustion

process of TPU/APP composites.

Total smoke release (TSR)

The total smoke release (TSR) curves of TPU composites

in the cone calorimeter test at a flux of 50 kW m-2 are

shown in Fig. 3. It can be seen the TSR of TPU-0 is

628.7 m2 m-2, which is confirmed the fact that there is a

large amount of smoke production during the combustion

process of TPU. When APP is incorporated into TPU, the

TSR value of TPU-1 is 354.8 m2 m-2 at the end of the test,

which is 43.6 % lower than that of TPU-0. It also should be

figured out the TSR of TPU-1 is larger than that of TPU-0

before 180 s. The above results are attributed to the fact

that APP decomposes at low temperature to form

polyphosphoric acid, which can react with TPU to generate

some smoke particulates and char residue layer. The smoke

particulates formed at low temperature result in high TSR

value before 185 s. Then, the char residue layer formed at

low temperature can effectively prevent the release of
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smoke particulates, resulting in low TSR value of TPU-1.

When 0.50 mass% CB is incorporated into TPU/APP

composite, the TSR value is reduced compared with TPU-

1. Furthermore, the TSR value decreased with the increase

in CB. When the loading of CB is raised to 2.00 mass%,

the TSR value of TPU-4 is only 172.1 m2 m-2 at the end of

the test, which is only 27.4 % of TPU-0 without any flame

retardant additives. So, it can be concluded that CB has a

perfect smoke suppression effect in flame retardant TPU

based on APP. It has been reported that CB can be used as

reinforcing agent and improves the viscosity of the system.

So, it can be deduced that CB can improve the viscosity of

molten carbon precursor from TPU/APP composites. When

TPU is heated, the depolymerization reaction of TPU

quickly occurred to form large amount of volatile organic

compounds including polyol and isocyanate at about

220 �C, resulting in the rapid decrease in melt viscosity

and high smoke particulates release. As mentioned before,

APP can catalyze carbonization; CB can improve the vis-

cosity of molten carbon precursor. So, the char residue

layer can effectively reduce the release of smoke particu-

lates. A low TSR value can be obtained by incorporating

CB into TPU/APP composites.

Smoke factor (SF)

Figure 4 gives the smoke factor (SF) of all samples, and SF

is the product of PHRR and TSR [22]. It is obvious that the

SF value of TPU-0 is greatly decreased as APP was added.

Furthermore, the samples containing both APP and CB

show further decrease in SF values compared with TPU-1.

It is apparent that the SF values for different samples

decrease in turn as the amount of CB is increased. So it can

be concluded that the addition of flame retardant signifi-

cantly reduces the SF values of TPU composites. It has

been reported that if a material has high smoke release and

low heat release, there may be no combustion or extinguish

to suppress smoke production; if combustion process has

high heat release and low smoke production, it may result

in fire hazard and a large amount of smoke production.

Based on this theory, CB can not only decrease the heat

release rare, but also reduce the smoke production rate.

This means that CB can improve the fire safety level of

TPU/APP/CB composites.

Heat release rate (HRR)

The heat release rate (HRR) curves for pure TPU and TPU

blends with different amount of APP and CB are shown in

Fig. 5. It can be seen that pure TPU burns quickly with a

high PHRR value of 857 kW m-2 and the ignition time was

relatively fast (70 s). In case of TPU/APP, however, the

value of PHRR was dramatically reduced to 152.4 kW m-2,

and two peaks can be identified in the HRR curve, which can

be considered as characteristic feature for TPU/APP. The

first peak followed immediately the ignition point, and the

second peak corresponds to a huge increase in the HRR

value over a short period of time. In this case, the first peak is

identified as the development of the intumescent char, which

could prevent oxygen from diffusing to the underlying

substrate. After that, the HRR curves tended to a relatively

steady case. The second peak is due to the degradation of the

protective carbon layer gradually as the sample is continu-

ously exposed to the heat, and the formation of a new pro-

tective char because of the flame retardant, which then gives

rise to the third and then the fourth HRR peak [23, 24].

Moreover, when CB is incorporated into TPU/APP system,

the PHRR value further decreases. The PHRR value of TPU-

2 with 0.50 mass% CB is 88.5 kW m-2, which is much

lower than that of TPU-1 (154.4 kW m-2). And the PHRR
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value of TPU-4 (90.2 kW m-2) is lower than that of TPU-1.

The dramatic decrease in PHRR of the samples with the

addition of CB can be interpreted that CB can change the

structure of char residue, including compact and expansion

degree, and mass of char residue in the cone calorimeter test.

As shown in Fig. 5, it should be figured out the ignition time

changed a lot for the samples with different content of CB.

The reason is that when the samples containing CB are put

into sample boxes under high heat flux in the cone

calorimeter test, in which the samples become deformation

with raised centers, resulting in very short ignition time.

Mass loss

The mass loss curves of TPU composites during the

combustion test are shown in Fig. 6. By the addition of

intumescent flame retardant agents in pure TPU under heat

flow 50 kW m-2, the mass of TPU/APP and TPU/APP/CB

systems decreases more slowly than that of the TPU sys-

tem. There is about 65 % residue left after combustion for

the TPU/APP system (TPU-1). In case of TPU/APP/CB,

the mass loss is larger than that of TPU-1 before 150 s.

However, the TSR of TPU/APP/CB is lower than that of

TPU-1 (Fig. 3). This can be concluded that there are more

volatile gases formed from the TPU/APP/CB samples than

that from TPU-1. With the time prolonging, the mass loss

of TPU-2 and TPU-3 became lower than that of TPU-1.

These results indicate a moderate content of CB can

decrease the decomposition rate of TPU/APP/CB com-

posites in the cone calorimeter test, which is beneficial for

the reduced smoke production. When the content of CB is

raised to 2.00 mass%, the mass loss of TPU-4 is larger than

that of TPU-1 during all the combustion process. In con-

trast, the TSR of TPU-4 is lower than that of TPU-1 during

all test time (Fig. 3). Combining the HRR results as shown

in Fig. 5, the ignition time and the time to PHRR of TPU-4

are the shortest among all samples. The above results mean

there are a lot of flammable gases formed for TPU-4 at low

temperature. But, the amount and release rate of flammable

gases is not lager than that from TPU-1 because the PHRR

of TPU-4 is lower than that of TPU-1. Also, some smoke

particulate may be burnt out by the lot of flammable gases.

The above analysis and discussion are based on the con-

servation law of matter. The char residue structure also can

affect the smoke production, including the compact degree,

expansion degree [25, 26]. An intumescent char layer

creating a physical protective barrier for heat and mass

transferring may emerge on the surface of the flame

retardant sample during combustion. The char layer would

prevent oxygen from diffusing to the underlying substrate

or give a low volatilization rate. Then, the structure of char

residue layer would be studied in the following.

Photographs and scanning electron microscopy (SEM)

of char residue

The digital photographs of the char residues for all the

samples after the cone tests are shown in Fig. 7. It can be

seen that the char residue layer has a concentric circle shape

for the TPU-0 sample. This means that the viscosity of

molten carbon layer cannot effectively bind the volatile

substances during combustion process, resulting in large

amount of smoke release and heat release. When APP is

introduced into TPU, there is a continuous, compact char

residue layer with high expansion degree formed on the

surface of TPU-1 sample. However, there are some col-

lapses in the char residue layer, which is generated after the
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volatile compounds released. This would make multi-peaks

in the SPR and HRR curves. In a word, this char residue

layer can act as barrier for the heat from flame zone into the

underlying materials and can reduce the amount of volatile

substances, especially smoke precursor. This result can

illustrate the TSR result shown in Fig. 3. In case of TPU/

APP/CB composites, it can be seen CB changes the structure

of char residue layer. The compact and expansion degree of

char residue layer from the samples with CB become better

than that from TPU-1 without CB. Furthermore, there are

almost no collapse in the char residue layer from the samples

with CB, which mean this char residue structure has higher

mechanical strength and long-term capability to protect the

underlying materials from further pyrolysis and release of

volatile compounds. This can illustrate the smooth SPR

curves from TPU-2 to TPU-4 in Fig. 2.

The SEM of char residues for the TPU composites can

further evaluate the influence of CB on the structure of

intumescent char residue layer determines smoke suppres-

sion properties. For TPU-0S, there are many holes and cre-

vices, and the carbon layer presents an irregular appearance.

This cannot effectively bind volatile compound releasing,

resulting in large SPR and TSR. And, a very smooth fracture

surface can be observed as APP is added into TPU. More-

over, a compact appearance and smooth surface clearly as

well as clear interface have been shown by the char residue of

TPU-4S with 2.00 mass% CB. So it can be concluded that

CB can change the structure of char residue layer, restraining

the heat release and smoke generation.

Limiting oxygen index (LOI)

The LOI values of flame retardant TPU composites are pre-

sented in Fig. 8. It can be seen that the LOI value of the

composite with APP is as high as 28.3 comparing with that of

pure TPU with the LOI value of 21.3. And the values of the

composites containing CB at the corresponding additive level

are higher than that of TPU/APP composite. The highest LOI

value of 30.1 is obtained by TPU-4 with 2.00 mass% CB. The

above results imply that CB can improve the structure of char

residue from TPU composites. Firstly, CB not only can

increase the melt viscosity of the composites, resulting in high

LOI value; secondly, CB can change the expansion degree and

density of char residue, which play an important role in

improving LOI value. Moderate expansion degree and density

may correspond to high LOI value.

Thermogravimetric (TG)

Thermogravimetric (TG) is a high-precision method for the

study of pyrolysis under well-defined conditions [27–30].

The TG also provides the identification of different sur-

factant environments and structure arrangements, and it can

be also used for revealing thermal and structural stabilities

[31–33]. Thermogravimetric (TG) curves of various flame

retardant TPU composites under nitrogen atmosphere are

shown in Fig. 9a. As shown in Fig. 9a, it can be seen that

the curves can roughly be divided into three different

regions; the first stage appears below 300 �C, which is due

to the drying procedure and the release of some light

volatiles. At the second stage (between 300 and 500 �C) is

attributed to the great thermal decomposition of both TPU

and APP, resulting in a significant drop in mass. At the

third stage, the mass loss is not as significant as the pre-

vious period. To say it specially, the base TPU begins to

decompose rapidly at about 333.9 �C, and this decompo-

sition ends at about 600 �C with about 10 % char residue.

The initial decomposition temperature of TPU-1 with only

APP is 309.2 �C which is similar to TPU-0, but there are

20 % char residue at last. Compared with TPU-1, the char

residue of TPU/APP/CB composites is large; the reason

may be due to that APP can catalyze carbonization and CB

can improve the viscosity of molten carbon precursor, so a

rigid char residue layer can form and reduce mass loss.

The derivative TG (DTG) presents the mechanism of

composites decomposition. And the DTG curves of various

flame retardant TPU composites under nitrogen atmosphere

are shown in Fig. 9b. For pure TPU, there is a two-phase

morphology in which a soft phase containing either poly-

ethers or polyesters is reinforced by condensation with a

hard domain consisting of an aromatic diisocyanate exten-

ded with a short chain diol. And two peaks are shown in

Fig. 9b, the first peak is the decomposition of hard domains

comprising of urethane linkages at 370 �C to form alcohols

and isocyanates, whereas the second stage is attributed to

the further destruction of the C–C and C–O bonds on the

main chain [34]. But for TPU-1, three peaks showed during

decomposition. The first peak is attributed to the decom-

position of APP to form ammonia gas and water vapors,

etc., which can dilute the combustible fuel and reduce

oxygen concentration. The reason for the second peak is

APP can further degrade into polyphosphoric acid com-

pounds which can catalyze the carbonization of TPU to

generate some volatile compounds and condensed carbon

TPU-0 TPU-1 TPU-2 TPU-3 TPU-4

21.3

28.3 29.6 29.6 30.1

Fig. 8 Limiting oxygen index for TPU composites
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shell on the surface of TPU-1. And, the third degradation

process is the decomposition of the unstable carbon layer

formed during the second stage. Because the protective

layer on the polymer surface during the third degradation,

the third maximum mass loss rate is lower than that of TPU-

0. It also can be clearly seen that the addition of APP

reduces the formation temperature of carbon layer, pre-

venting TPU composites from further thermal degradation

[15, 35]. For TPU/APP/CB composites, it can be seen that

the initial decomposition temperature is lower than that of

TPU-1. Which may due to that CB can as a kind of alkaline

substance that catalyze APP decomposing. Compared with

the TPU-1, the samples containing both APP and CB also

have three peaks. And it is illustrated that the peaks of this

composites are lower than TPU-1. This result means that the

production rate of volatile compounds is reduced by CB. So

it can be concluded that a good synergistic smoke sup-

pression and flame retardant effects between CB and APP

are shown in TPU composites.

It has been reported that the TG results in nitrogen

atmosphere are correlated well with the mass results from

cone calorimeter test. But, it can be found there is a con-

tradiction comparing TG curve (Fig. 9a) with mass curve

(Fig. 6). In the TG results, the char residue of TPU/APP/

CB composites is much higher than that of TPU/APP

sample in nitrogen atmosphere. However, the char residue

of TPU/APP/CB composites is lower than that of TPU/APP

sample in the cone calorimeter test. This can be illustrated

in the following. In TG test, the test condition is under

nitrogen atmosphere; there is no oxygen to oxidize the char

residue degradation of the composites at higher tempera-

ture. In the CCT, the test condition is under air atmosphere.

When the samples are put into sample box under high heat

flux, there is a lot of pyrolysis gases formed. At this time,

the solid phase is under inert atmosphere, and the char

residues form the TPU/APP/CB samples are high than that

of TPU/APP. After that a compact char residue shell

formed on the surface of the sample, which can reduce the

pyrolysis gases, resulting in low heat release rate. This

leads the char residue shell can not effectively covered by

the flame zone. So, part of the char residue with unsta-

ble structure is exposed to the high heat flux in air atmo-

sphere. Smoldering is occurred on the surface of the

sample, resulting in the further reduction of mass loss.

Thermogravimetric analysis/infrared spectrometry (TG-IR)

The TG-IR technique that directly gives identification of the

volatilized products can significantly contribute to an

understanding of thermal degradation mechanisms

[14, 33, 36]. The volatilized products formed during the

thermal degradation of the TPU composites were charac-

terized by TG-IR technique, as shown in Fig. 10. The peaks

at about 3327, 3000, 2989, 2335, 1750, and 900 cm-1 are

attributed to H2O, aromatic compounds, hydrocarbon, CO2,

and NH3, respectively [37]. NH3 is caused by the degradation

of APP. Hydrocarbon and CO2 are caused by the degradation

of TPU. For TPU-0, the intensity of characteristic CO2 peaks

increases until it reaches the maximum at 460 �C, and then

turns into a rapid decrease. But for TPU-1 and TPU-4, the

intensity of this peak is lower than that of pure TPU when the

products obtained at higher temperature, suggesting that

during the thermal degradation, the further decomposition of

carbon-containing compounds can lead to the elimination of

CO2. More interesting is that, comparing with the pure TPU,

the aromatic compounds peaks (3000 cm-1) for TPU-1 and

TPU-4 are decreased, that may due to that APP degrade to

polyphosphoric acid compounds which can catalyze the

further decomposition of aromatic compounds to generate

condensed carbon shell on the surface of TPU-1. This result

also indicates that CB can reduce the production of aromatic

compounds as smoke precursor, leading low smoke release.
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Fig. 9 TG and DTG curves of TPU samples at a constant heating rate

of 20 K min-1
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Conclusions

When carbon black is combined with APP in TPU com-

posites, there is obviously synergistic smoke suppression

and flame retardant effect. Carbon black can greatly

enhance the thermal stability at high temperature in TG test

under nitrogen atmosphere and reduce the aromatic com-

pounds as smoke precursor realized by TG-IR results.

Carbon black represents dramatically excellent smoke

suppression properties in flame retardant TPU composites

based on APP by changing the structure of char and not

decreasing the mass loss residue in SDT and CCT. Other

carbon materials may be used as smoke suppression agents

in fire safety materials.
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