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Abstract
Two-scale tests, microscale and bench scale, are conducted to analyze the flammability of a flexible polyurethane foam.

Microscale tests include simultaneous thermal analysis coupled to Fourier transform infrared spectroscopy, and microscale

combustion calorimeter (MCC). Evolved gas components, heat release rate per unit mass, total heat release, derived heat

release capacity, and minimum ignition temperature are obtained. Bench scale tests are performed on cone calorimeter.

Peak heat release rate per unit area, effective heat of combustion, minimum incident heat flux for ignition, and total heat

release per unit area of different incident heat fluxes are obtained. FO-category of the PU foam is estimated by multiple

discriminant function analysis based on the results of cone calorimeter test. The relationship between the two-scale tests is

analyzed. The minimum ignition temperatures derived from multi heating rate MCC tests are used to predict the time to

ignition and compared with the results from cone calorimeter tests. This PU foam is evaluated as a high fire hazard polymer

having low heat release capacity, low ignition temperature, and short ignition time.

Keywords Polyurethane foam � Flammability � Microscale combustion calorimeter � Cone calorimeter � Ignition time �
Heat release rate � Heating rate

List of symbols
EHC Effective heat of combustion

hg Combustion heat

MCC Microscale combustion calorimeter

pHRR Maximum HRR per unit mass

PU Polyurethane

Tonset Onset temperature

TpHRR Temperature at maximum HRR per unit mass

THR Total heat release

tig Time to ignition

tpHRR Time to peak HRR

TRP Thermal response parameter

qr Incident heat flux

qmin Minimum heat flux for ignition

qnet Net heat flux

b Heating rate

hg The total heat of gasification per unit mass

j Heat conductivity

q Density

gc Heat release capacity

Introduction

Polyurethane (PU) foams have increasing applications in

the world around us, including construction, insulation,

furniture, and transportation industries [1]. But as

Torvi et al. [1] mentioned, the fire safety and fire perfor-

mance are key limited factors for its wide applications.

During the previous decade, many serious building fires

were related to PU. For example, one fire disaster occurred

at Shanghai Jing’an Apartment caused unstandardized

welded construction, resulting in 58 people dead and at

least 70 people injured. For the residence fire, bedding and

upholstered furniture are the first item ignited in roughly

19% of fatal fires [2]. In a white paper launched at the EU

parliament in 2014, entitled ‘‘Europe is playing with fire’’,

Fire Safe Europe called on the European Commission to

take actions to improve fire safety in buildings [3].
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The flammability research on PU foams seems more

important as the flame retardant is forbidden in PU foams

used in upholstered furniture. In United States, Maine is the

first state bans flame retardants in upholstered furniture, the

new law will take effect on January 1, 2019, and prohibits

the sale of residential upholstered furniture that contains

more than 0.1% of flame-retardant chemical or more than

0.1% of a mixture that includes them [4]. This measure is

due to the flame-retardant chemicals are linked to cancer,

risk of birth defects, and learning disabilities in young

children. Thus, fire behavior evaluation of PU foam will

help fire protection engineers to improve fire prevention

design and make reasonable fire control strategy.

Checchin [5] used cone calorimeter to study the fire

behavior of seven types of polyurethane foams and pointed

out that the cone calorimeter was effective enough for

differentiating the fire behavior of materials with very low

density, such as polyurethane foams. A special section of

Fire Technology compiled three papers about research on

the fire science and engineering of PU foams [2, 6, 7]. Cone

calorimeter is one of the main facilities and data sources in

all of these three papers used to describe burning behavior

and establish fire safety engineering models of PU foams. It

was also pointed out by Lefebvre et al. [8] that the eval-

uation of the flammability of flexible polyurethane foams

using cone calorimeter was a suitable way to predict the

fire behavior of foams when subjected to normalized fire

tests. While Jerome Lefebvre et al. evaluated flammability

of several flexible polyurethane foams by three standard

tests, Federal Motor Vehicle Safety System (FMVSS No.

302), Cone calorimeter (ISO 5660), and Statutory Instru-

ment 1324 (SI 1324) Schedule 1 Part test using the method

of British Standard 5852, statistical study was also carried

out to find correlations of test results and foam formula-

tions by principle components analyses [8].

The microscale combustion calorimeter (MCC) was

developed by Federal Aviation Administration (FAA) to

offer industry a research tool to assist the FAA in its

mandate to dramatically improve the fire safety of aircraft

materials [9], as a quick screen method in the development

of fire retardant materials. The tester has been validated by

American Society of Testing Materials (ASTM), and MCC

was established as an international standard test method

ASTM D7309-13 [10]. MCC has been used as a handy tool

in flammability analysis and screening fire retardant

materials. Snegirev et al. [11] developed a comprehensive

model, Pyropolis, to predict performance of polymer

composite materials from either TGA or MCC measure-

ments. Walters et al. [12] modified MCC to study the gas

phase combustion of polymers and flame-retardant plastics.

Stoliarov et al. [13] predicted burning rate of charring

polymers in bench scale measurement based mainly on the

data collected by TGA and MCC. Many researchers used

MCC as one of the main facilities to develop and charac-

terize of fire retardant materials [14–16].

In this study, two-scale experiments were conducted

which leads to a comprehensive understanding of the

flammability of the PU foam and provides reliable Material

Flammability data for fire prediction and fire protection

design. With the use of microscale TGA, DSC, and FTIR,

the pyrolysis process and product of PU can be clearly

understood, and MCC can obtain the information of the

peak heat release rate, the peak heat release rate, the total

heat release rate, and the heat release capacity of the PU in

the non-flame combustion process. The ignition charac-

teristics and flame burning characteristics of PU are

obtained by bench scale tests, and the obtained specific

parameters are the ignition time, the peak heat release rate,

the peak heat release rate time, the effective combustion

heat, and the total heat release. The relationship between

the two-scale parameters is analyzed by empirical formula,

and a comprehensive understanding of PU combustibility is

achieved. The results of this study have implications about

solid fuel burning behavior prediction [17, 18] and can help

to get better understandings of relations between different

scales of polymer fire hazards.

Experimental

Microscale tests

Simultaneous thermal analysis (STA, using a Netzsch STA

449C TG-DSC) was employed here, which applied TGA

and DSC to PU samples under different gaseous atmo-

sphere, nitrogen, air, and oxygen. A heating rate of 10, 20,

30, and 50 K min-1 to a maximum temperature of 600 �C
was used with gas flow rates 75 mL min-1. Al2O3 cru-

cibles without lid were used for measurements. Poly-

urethane sample was purchased from Yantai Wanhua

Polyurethane Co., Ltd.

Coupled technique, STA-FTIR, that enables the identi-

fication of the gases evolved during PU pyrolysis was used

in this research. The STA was coupled to Fourier transform

infrared spectroscopy (FTIR), a type of 5700 instrument

from Nicolet Instrument Company. For FTIR, the

wavenumber range was set as 400–4000 cm-1. In this

study, STA-FTIR instrument was employed to explore the

degradation process of PU in air atmosphere.

MCC tests were conducted with a Govmark MCC-2

located at the VTT research center of Finland. Specifica-

tions of the Govmark MCC-2 instrument are as follows [9],

1. Sample heating rate: 0–10 K s-1.

2. Gas flow rate: 50–200 cm3 min-1, response time of

\ 0.1 s, sensitivity of 0.1% of full scale,
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3. Repeatability is ± 0.2% of full scale and an accuracy

of ± 1% of full scale deflection.

4. Sample size: 0.5–50 mg (milligrams).

5. Detection limit: 5 mW.

6. Repeatability: ± 2% (10 mg specimen).

Pyrolyzer heating temperature was from 75 to 600 �C,
and combustor temperature was set at 900 �C.

All tests followed the ‘‘Method A’’ procedure of the

MCC. In the ‘‘Method A’’ procedure, the specimen

undergoes a controlled thermal decomposition [10] when

subjected to controlled heating in an oxygen-free/anaerobic

environment. The gases released by the specimen during

operation are swept from the specimen chamber by nitro-

gen, subsequently mixed with excess oxygen, and then

completely oxidized in a high-temperature combustion

furnace. The volumetric flow rate and volumetric oxygen

concentration of the gas stream exiting the combustion

furnace are continuously measured during the test to cal-

culate the rate of heat release by means of oxygen con-

sumption. In Method A, the heat of combustion of the

volatile component of the specimen (specimen gases) is

measured but not the heat of combustion of any solid

residue [10].

From the ‘‘Method A’’ procedure, the maximum HRR

per unit mass pHRR, onset temperature Tonset, temperature

at maximum HRR per unit mass TpHRR, total heat release

THR, heat release capacity gc, and oxygen concentration at

maximum HRR 4O2 can be determined.

The PU foam shows light yellow color and has a density

of 44.0 kg m-3. Specimen of MCC test was taken from the

foam panel. The specimens were prepared in three groups

with nominal specimen masses of 1.50, 2.50, and 3.50 mg;

the group of tests was labeled as 1.50, 2.50, and 3.50 mg.

In the tests, nine heating rates, 0.1, 0.2, 0.5, 1.0, 1.5, 2.0,

2.5, 3.0, and 3.5 K s-1, were selected.

Bench scale tests

Bench scale tests of the PU foam were carried out on cone

calorimeter in accordance with ISO 5660 [19]. For cone

calorimeter tests, the specimens of PU foam were cut as

100 by 100 mm square samples, with a thickness of

20 mm. All test specimens were conditioned according to

the standard, and during tests, were exposed in the hori-

zontal orientation with the standard pilot operating. Spec-

imens were tested with the use of an edge frame sample

holder to retain the specimen as allowed in the standard.

The edge frame holder reduces the test surface area to

0.0088 m2, and this is the area used in calculations.

Specimens were packed to the correct test level height

using ceramic fiber blanket. The specimen inside the holder

was supported horizontally on a load cell and exposed to a

set external heat flux with irradiance level of 17, 25, 35, 50,

and 75 kW m-2. Ignition is promoted using a spark igniter.

The nominal exhaust system flow rate for all tests was

0.024 m3 s-1.

Specimen mass was weighed by a Mettler AX205

Analytical Semi Micro Balance Delta Range with read-

ability of 0.01 mg in the weighing range of 81 g.

Test results and analysis

TGA–DSC–FTIR

Within the experimental temperature range, the residual

mass of the PU foam reaches 25% in N2 atmosphere, while

no mass residue is observed in all experiments of air and

O2 atmosphere. Almost all the PU foam was pyrolyzed in

air and O2 atmosphere, which means that polyurethane

reacted with oxygen which promoted its decomposition

process. Four different heating rates, 10, 20, 30, and

50 K min-1 were performed for each atmosphere. How-

ever, different heating rates showed the same mass varia-

tion only with TGA curves shifting to higher temperature

direction for high heating rate. In the following discussion,

10 K min-1 cases for different pyrolysis atmospheres are

selected as examples for discussion and comparison.

From Fig. 1, it can be seen that the main mass loss peak

of PU in nitrogen, is located at 310 �C, with two flat

shoulders’ peak from 150 to 220 �C and 340 to 430 �C,
and peak at 190 and 400 �C, respectively, and in accor-

dance with three distinct endothermic peaks in DSC curve.

It indicates that thermal degradation process of PU

undergoes one principle and the other inconspicuous stage

in nitrogen. As Fig. 2 shows, two obvious degradation

steps can be observed, two evident DTG peaks is located at
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Fig. 1 TG–DTG–DSC analysis of PU in N2 with 10 K min-1
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335 and 535 �C, and two exothermic peaks are also in this

temperature range as DSC curve shows in air. Moreover,

the slight shoulder located at 190 �C exists. Figure 3 rep-

resents the TG–DTG–DSC curves of PU in oxygen atmo-

sphere at the heating rate of 10 K min-1. At 325 and

494 �C, two primary peaks are showed in DTG curves, in

accordance with the two exothermic peaks in DTG curve.

The profile is almost the same as that in air, but the steps

and peaks are slightly ahead of the latter. From [20–23], the

pyrolysis of such flexible polyurethane shows similar

variations with those of rigid polyurethane.

The results of FTIR experiment also indicate that the

whole pyrolysis process is divided into two steps, and the

main product is generated in these two steps, as shown in

Figs. 4 and 5. There was no obvious difference for escaped

gas content when the heating rate increased from 10 to

50 �C min-1. However, the infrared absorption increased

almost three times, which means that the density of

escaped gas increased. Under higher heating rate, the

escaped gas would collect higher concentration.

In the absorption ranging from 4000 to 400 cm-1, two

absorption peaks 667 and 2340 cm-1 are very obvious,

which were caused by asymmetric stretching and bending

vibrations of CO2. The absorption around 850–1050 cm-1

was caused by the stretching vibration of ether bond C–O–

C, and the shoulder absorption peaks attributes to the

stretching vibration of CO. In high absorption wavenum-

ber, the vibration peak of 3600 cm-1 was caused by the

generation of H2O and aliphatic alcohol. During the whole

heating process, some small molecule ethers could volati-

lize during the low range temperature 100–175 �C. After
the temperature reached 230 �C, the main escaped gas was

CO2 accompanying with some CO and a little of –OH

compound. During the temperature ranging from 200 to

644 �C, large amounts of CO2 produced, and its concen-

tration reached maximum value when temperature reached

311 and 520 �C. At 311 �C, the main chain of PU broke

and produced isocyanates, then isocyanates reacted

dimerization and trimerization reactions, during which
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large parts of CO2 could be generated, meanwhile some

other CO2 could be produced by the oxidative reaction of

regenerated polyols [24, 25]. At 520 �C, the degradation

reaction closed to the end, and the main production of

residue oxidation was also CO2. During the temperature

ranging from 273 to 650 �C, the absorption peak happened

at 520 �C, which was mainly caused by the incomplete

oxidation of aromatic hydrocarbons and amines.

MCC test

The HRR curves from MCC mainly show two main peaks

with a small peak fluctuation between two main peaks, but

there are two stages in general. The shape of HRR curve is

closer to the DSC and DTG of PU in air and O2 atmo-

spheres, but the peak value of most curves is the primary

peak at low temperature stage (Fig. 6).

pHRRs increase with heating rates (as shown in Fig. 7),

but the HRR is not as high as some other thermoplastic

polymers in the literatures. For example, the pHRR of the

PU foam at 1 K s-1 is 85.1 ± 4.7 W g-1, while the

average pHRR of polymethylmethacrylate was

387 ± 22.2 W g-1 [26], around 900 and 520 W g-1 of

two different extruded polystyrene foams [27],

693.1 W g-1 of an expanded polystyrene foam at

50 K min-1 [28], but it is close to a PVC with pHRR of

110 W g-1 [29]. Among 17 tested common polymers [30],

only fluorinated ethylene propylene had a low pHRR of

82 W g-1, other 16 polymers’ pHRRs were above

150 W g-1.

Compare with the seventeen polymers [30], this PU

foam’s THR (from 16.5 to 17.6 kJ g-1 in average shown in

Fig. 8) is in medium level, while the value of poly-

methylmethacrylate in [26] was 22.46 ± 0.42 kJ g-1,

more than 22.9 for an expanded polystyrene foams in [28],

27.4 and 32.1 kJ g-1 for two kinds of extruded polystyrene

foams in [27].

A shift of TpHRR to higher temperature as the heating

rate b increases is observed in agreement with TGA tests.

TpHRR versus b-1 can be fitted by Eq. 1. The fitting

parameters are listed in Table 1. TpHRR was taken as

ignition temperature in literature [31], thus minimum

ignition temperatures can be calculated for PU foam by

Eq. 2, as listed in Table 2. The average minimum TpHRR is

272.5 �C, and it is very low temperature for polymers

[27, 30] and it would be ignited at a lower temperature

(Fig. 9)

TpHRR 1=bð Þ ¼ T0 þ A1 1� e � 1=bð Þ=t1ð Þ
� �

þ A2 1� e � 1=bð Þ=t2ð Þ
� �
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Cone calorimeter test

Figure 10 illustrates the HRR curves from cone calorimeter

tests. Some typical parameters are given in Table 3.

As shown in Fig. 10, the PU foam can be ignited at

lower incident heat flux, and it shows an obvious two-stage

phenomenon described in the literatures [2, 7, 8]. The

change of time to ignition is not significant for the tests of

incident heat fluxes over 17 kW m-2.

The test results are summarized in Table 2. The incident

heat flux was plotted versus the reciprocal ignition time

(Fig. 11), which is known as Janssens’ method [32] and

showed that the minimum heat flux required for ignition of

the PU foam was 6.75 kW m-2. The time to ignition data

of 50 and 70 kW m-2 are too close to each other and

cannot be used in this method.

Material’s fire behavior in ISO 9705 room can be pre-

dicted based on the cone calorimeter tests of 50 kW m-2.

The FO-category grouping classifies material belonging to

which category according to the following set of rules [33]:

• FO-category 1: products not reaching flashover during

1200 s of testing time.

• FO-category 2: 600 s\ tFO\ 1200 s.

• FO-category 3: 120 s\ tFO\ 600 s.

• FO-category 4: tFO\ 120 s.

Materials can be determined to which FO-category based on

statistical information from cone calorimeter, known as

Anne Steen Hansen’s multiple discriminant function analy-

sis method (MDA) [33]. Using Fisher’s linear discriminant

function for cases classification, the result of this analysis is a

set of four linear functions, one for each of the four FO-

categories. The parameters used by this method are:

• z1 = mean density (kg m-3).

• z2 = THR300 (MJ m-2) = total heat release during

300 s after apparent time to ignition.

Table 1 Parameters of

exponential fitting of TpHRR
versus b-1

Specimen T0 A1 t1 A2 t2 R2 Minimum TpHRR/
�C

1.50 mg 708.4 - 381.2 0.1 - 48.0 5.6 0.96 279.0

2.50 mg 869.8 - 63.2 2.3 - 520.4 0.1 0.95 286.3

3.50 mg 494.2 - 80.3 14.3 - 161.8 0.3 0.99 252.1

Average 272.5 ± 18.0

Table 2 Typical data of cone

calorimeter tests
Label Mass/g tig/s pHRR/kW m-2 tpHRR/s EHC/MJ kg-1 THR/MJ m-2

75 9.9 4 274.6 34 48.0 11.34

50_1 11.6 5 222.2 32 46.6 12.8

50_2 12.0 5 227.1 51 47.3 13.4

50_3 11.5 5 217.7 40 41.4 13.1

35_1 9.5 3 194.8 45 43.0 12.5

35_2 10.2 4 194.6 42 34.9 10.6

35_3 10.5 3 190.4 34 35.5 11.8

25_1 11.7 4 166.1 39 40.1 11.4

25_2 11.0 5 176.3 31 39.6 11.5

25_3 11.2 5 174.6 32 38.9 11.4

17_1 11.4 8 183.5 68 41.6 12.6

17_2 11.0 11 173.4 46 38.1 11.9

Average 41.3 ± 4.3 12.0 ± 0.8
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• z3 = ln(FIGRAcc) where FIGRAcc is the maximum

value of the ratio between HRR and time when HRR

was measured.

Hansen [33] gave four classification functions that are

expressed as follows:

• FFO1 = 0.01789z1 - 0.06057z2 ? 0.971z3 - 7.910.

• FFO2 = 0.01492z1 ? 0.03354z2 ? 1.877z3 - 7.418.

• FFO3 = 0.008589z1 ? 0.409z2 ? 2.721z3 - 13.406.

• FFO4 = 0.0000256z1 ? 0.347z2 ? 3.621z3 - 9.215.

For the PU foam in our tests the mean density is

44 kg m-3, from three 50 kW m-2 tests THR300 are 12.8,

13.4, and 13.1 MJ m-2; ln(FIGRAcc) are 1.94, 1.49, and

1.70. Substitute these data into above four classification

functions, the results are listed in Table 3. For three

50 kW m-2 tests, all FFO4 give the largest value of all four

Fisher’s liner discriminate functions. Thus, the PU foam

can be determined as a member of FO-category 4, which

would reach flashover in ISO room within 120 s, it is very

dangerous.

The relation between MCC and cone calorimeter
data

Equation 2 [34] is used to predict the temperature increase

rate at sample surface

dT

dx
jx¼0 �

q2net
jqhg

; ð2Þ

where hg is the total heat of gasification per unit mass of

PU, and qnet is net heat flux at the sample surface in pilot

ignition. The heat of gasification of PU is estimated with

cone calorimeter test data [2, 35], dividing the measured

heat of combustion by the slope of a plot of HRR versus

nominal heat flux. Using the average EHC in Table 2, the

resulting heat of gasification of the PU foam is estimated to

be 41.3 MJ kg-1/2.18 = 18.95 MJ kg-1. Assuming qnet-
= incident heat fluxes, temperature increasing rates on

sample surface are predicted with Eq. 2. The rates of sur-

face temperature rise are listed in Table 4. The concept of

virtual heating rate is introduced here, because it is difficult

to achieve such a high heating rate in real fire scenario.

Using minimum Tmax listed in Table 1 as ignition tem-

perature, the times to ignition are calculated and illustrated

in Table 4. Times to ignition can be calculated directly by

the following equation [35]:

tig ¼
p
4

TRPð Þ2

qr � qminð Þ2
; ð3Þ

where TRP is thermal response parameter, for PU foam is

105 kW s-1/2 m-2 [35], qr is incident heat flux (kW m-2),

and qmin is the minimum heat flux for ignition which is

6.75 kW m-2.

The tig predicted by ignition temperature and heating

rate is shorter than that predicted from Eq. 3, listed in

Table 4, but the predicted tig at higher incident heat fluxes,

35, 50, and 75 kW m-2, are close to the results from cone

calorimeter tests (Table 2).
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Fig. 10 Heat release rate of cone calorimeter test

Table 3 Calculation results of MDA for PU foam

50_1 50_2 50_3

FFO1 - 6.0144 - 6.4877 - 6.2714

FFO2 - 2.6908 - 3.5154 - 3.1425

FFO3 - 2.5141 - 3.4932 - 3.0608

FFO4 2.2525 0.8312 1.4658
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Conclusions

Comparing the results of above two-scale tests, some

conclusions can be drawn here.

First, in microscale experiments, results by MCC, STA,

and FTIR showed that the pyrolysis process of the PU foam

was mainly divided into two stages. However, there is no

two-stage observed in bench scale experiment, which is

quite different from those described in some literatures.

Second, the microscale MCC experiment shows that the

peak heat release rate is not high, which is in agreement

with the result obtained by the cone calorimeter experi-

ment. However, the minimum ignition temperature specu-

lated by MCC is much lower than those of other polymers

obtained by the same method. It is combined with the short

time to ignition obtained in the cone calorimeter experi-

ment to determine that the PU foam is a kind of com-

bustible material which is very easy to be ignited, but the

rate of heat release is not high.

Third, it is found that the heat release capacity of the PU

foam obtained by MCC still depends on the heating rates.

This may lead the classification of flammability by heat

release capacity inaccurately.

Comprehensive analysis of different scales tests and

multiple parameters of flammability would be the basis of

reliable fire safety evaluation.
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flammability and smoke emission of rigid polyurethane foams

modified with nanoparticles and halogen-free fire retardants.

J Therm Anal Calorim. 2017;130(1):131–41.

23. Jiang L, Zhang D, Li M, et al. Pyrolytic behavior of waste

extruded polystyrene and rigid polyurethane by multi kinetics

methods and Py-GC/MS. Fuel. 2018;222:11–20.

24. He JJ, Jiang L, Sun JH, et al. Thermal degradation study of pure

rigid polyurethane in oxidative and non-oxidative atmospheres.

J Anal Appl Pyrolysis. 2016;120:269–83.

25. Jiang L, Xiao HH, He JJ, et al. Application of genetic algorithm

to pyrolysis of typical polymers. Fuel Process Technol.

2015;138:48–55.

26. Xu Q, Jin C, Griffin GJ, Matala A, Hostikka S. A PMMA

flammability analysis using the MCC effect of specimen mass.

J Therm Anal Calorim. 2016;126(3):1831–40. https://doi.org/10.

1007/s10973-016-5688-z.

27. Xu Q, Jin C, Jiang Y. Compare the flammability of two extruded

polystyrene foams with microscale combustion calorimeter and

cone calorimeter tests. J Therm Anal Calorim.

2017;127(3):2359–66. https://doi.org/10.1007/s10973-016-5754-

6.

28. Xu Q, Jin C, Jiang Y. Analysis of the relationship between MCC

and thermal analysis results in evaluating flammability of EPS

foam. J Therm Anal Calorim. 2014;118(2):687–93. https://doi.

org/10.1007/s10973-014-3736-0.

29. Schartel B, Pawlowski KH, Lyon RE. Pyrolysis combustion flow

calorimeter: a tool to assess flame retarded PC/ABS materials.

Thermochim Acta. 2007;462:1–14.

30. Principles and Practice of Microscale Combustion Calorimetry,

DOT/FAA/TC-12/53; 2013.

31. Lyon RE, Walters RN, Stoliarov SI. A new methodology for

measuring flammability parameters of plastics. In: Proceedings of

the 64th annual conference of the society of plastics engineers,

May 7–11. Charlotte; 2006. p. 1626–30.

32. Janssens ML. Improved method of analysis for the LIFT appa-

ratus, Part I: ignition. In: Proceedings of 2nd fire and materials

conf. interscience communications, London, England; 1993.

p. 37–46.

33. Hansen SH, Hovde PJ. Prediction of time to flashover in the ISO

9705 room corner test based on cone calorimeter test results. Fire

Mater. 2002;26(2):77–86.

34. Lyon RE. Heat release kinetics. Fire Mater. 2000;24:179–86.

35. Tewarson A. Flammability Parameters of Materials: ignition,

combustion, and fire propagation. J Fire Sci. 1994;12:329. https://

doi.org/10.1177/073490419401200401.

Evaluate the flammability of a PU foam with double-scale analysis 3337

123

https://doi.org/10.1007/s10973-016-5688-z
https://doi.org/10.1007/s10973-016-5688-z
https://doi.org/10.1007/s10973-016-5754-6
https://doi.org/10.1007/s10973-016-5754-6
https://doi.org/10.1007/s10973-014-3736-0
https://doi.org/10.1007/s10973-014-3736-0
https://doi.org/10.1177/073490419401200401
https://doi.org/10.1177/073490419401200401

	Evaluate the flammability of a PU foam with double-scale analysis
	Abstract
	Introduction
	Experimental
	Microscale tests
	Bench scale tests

	Test results and analysis
	TGA--DSC--FTIR
	MCC test
	Cone calorimeter test
	The relation between MCC and cone calorimeter data

	Conclusions
	Acknowledgements
	References




