
R E S E A R CH A R T I C L E

Bubbles and collapses: Fire phenomena of flame-retarded
flexible polyurethane foams

Martin Günther1 | Sergei V. Levchik2 | Bernhard Schartel1

1Bundesanstalt für Materialforschung und-

prüfung (BAM), Berlin, Germany

2R&D, ICL-IP America, Tarrytown, New

York, USA

Correspondence

Bernhard Schartel, Bundesanstalt für

Materialforschung und-prüfung (BAM), Unter

den Eichen 87, 12205 Berlin, Germany.

Email: bernhard.schartel@bam.de

Flexible polyurethane foams (FPUF) are easy to ignite and exhibit rapid flame spread.

In this paper, the fire phenomena of two standard foam formulations containing tris

(1,3-dichloro-2-propyl) phosphate (FR-2) and a halogen-freepoly (ethyl ethylene

phosphate) (PNX), respectively, as flame retardants are compared. A multi-

methodological approach is proposed which combines standard fire tests as well as

new investigatory approaches. The thermophysical properties of the foams were

determined by thermogravimetric analysis (TG), reaction to small flames was studied

by means of the limiting oxygen index (LOI) and UL 94 HBF test, and the burning

behavior was investigated with the cone calorimeter. Further, temperature develop-

ment in burning cone calorimeter samples was monitored using thermocouples, and

rheological measurements were performed on pyrolyzed material, delivering insight

into the dripping behavior of the foams. This paper gives comprehensive insight into

the fire phenomena of flame-retarded FPUFs that are driven by the two-step decom-

position behavior of the foams. LOI and UL 94 HBF tests showed a reduced flamma-

bility and reduced tendency to drip for the flame-retarded foams. TG and cone

calorimeter measurements revealed that the two-step decomposition behavior cau-

ses two stages during combustion, namely structural collapse and pool fire. The

flame-retardant mode of action was identified to take place primarily during the foam

collapse and be based mainly on flame inhibition. However, some condensed-phase

action was been measured, leading to significantly increased melt viscosity and

improved dripping behavior for foams containing PNX.
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1 | INTRODUCTION

The profile of properties offered by flexible polyurethane foams

(FPUFs) is unique and responsible for their outstanding role in the

polyurethane (PU) industry. Today FPUFs are the standard material

for cushioning, upholstery, mattresses, etc.1,2 However, due to their

morphology and chemical structure, foams are easy to ignite, exhibit

rapid flame spread, and produce a great deal of toxic smoke during

combustion.3,4 Thus, foams are considered to be hazardous materials

and their applications necessitate the modification of the material's

burning behavior, while the variety of their usage demands different

flame-retardant approaches.5,6 Different studies on the fire phenom-

ena of rigid PU foams (RPUFs) were performed,7,8 and the burning

behavior of flexible foams was studied in greater detail.9-14 Even
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though flexible foams are chemically similar to rigid foams, their burn-

ing behavior differs crucially,9 yet the development of flame retardant

strategies requires a comprehensive understanding of the fire phe-

nomena occurring during the combustion of a material.15 Unlike the

morphology of RPUFs, the open cell structure of FPUF allows air flow

and makes it prone to the hazard of smoldering combustion.16,17

The conventional strategy to modify the burning behavior of foams

is to incorporate flame retardants (FRs) into the polymer matrix. There

are numerous investigations focused on the synthesis and evaluation of

novel FRs.18-21 A variety of FRs are available for FPUFs, including phos-

phorus, organophosphorus, nitrogen, halogen, and phosphorus-halogen

compounds.22 But reactive FRs are also used,23-25 which utilize cova-

lently joined compounds, thus decreasing combustibility of the foam.

However, only few additives have commercial relevance.26

Halogenated FRs were used successfully for decades, but due to

environmental concerns and toxicity, the demand for halogen-free solu-

tions is growing.27 Investigations that compare established halogenated

FRs with halogen-free FRs with a focus on fire phenomena are lacking.

The aim of this study is not to evaluate and optimize the performance

of different FRs. This paper focuses on the fire phenomena occurring

during combustion relating to the structure-property relationships of

FPUFs, and compares how they are affected by a halogenated vs a

halogen-free FR. For this a set of well-defined samples was prepared,

including a reference foam containing no FR, and flame-retarded foams

including two different FRs in varied concentrations. The FRs used are

Tris(1,3-dichloro-2-propyl) phosphate (TDCP), which is commonly used

in the PU industry, and a halogen-free poly(ethyl ethylene phosphate—

PNX). A multi-methodological approach is applied to study the fire

behavior and fire phenomena in a detailed manner. Forced-flaming con-

dition experiments were performed by means of a cone calorimeter.

Thermocouples were inserted into the specimens for cone calorimeter

tests to measure the temperature development inside burning speci-

mens. The reaction to small flames and pyrolysis behavior were investi-

gated with the limiting oxygen index (LOI) test, thermogravimetric

analysis (TG), and the UL 94 test for horizontal burning of cellular mate-

rials (UL 94 HBF). Additionally, cone calorimeter tests in vertical orien-

tation were carried out to study the effect of the FRs on the dripping

behavior of the foams. This paper shows likely relations between mate-

rial properties and resulting burning behavior.

2 | EXPERIMENTAL

2.1 | Materials

Materials were kindly supplied by ICL Industrial Products (Tarrytown,

NY). A standard foam formulation and two commercially available FRs

were chosen. For the synthesis of the foams, the following precursors

were used:

• Polyol - Dow (Midland, MI) Voranol 8136

• Isocyanate - Covestro (Leverkusen, Germany) MONDUR TD

80 Grade A

• Surfactant - Momentive (Waterford, NY) Niax Silicone L-620

• Catalyst 1 - Air Products (Allentown, PA) Dabco 33LV

• Catalyst 2 - Momentive (Waterford, NY) Niax Catalyst A-1

• Catalyst 3 - Air Products (Allentown, PA) Dabco T-10

• Halogenated flame retardant: ICL-IP (Tarrytown, NY) Fyrol FR-2,

chlorinated alkyl phosphate FR, Tris(1,3-dichloro-2-propyl) phos-

phate (TDCP); chemical structure is shown in Scheme 1a

• Halogen-free flame retardant: ICL-IP (Tarrytown, NY) Fyrol PNX,

halogen-free polymeric phosphate, Poly(ethyl ethylene phosphate);

chemical structure is shown in Scheme 1b

Table 1 lists the formulations of all materials tested in this study.

Materials are divided into three groups: F-0 is the foam containing no

FR; group two contains Fyrol FR-2 in concentrations of 5.0, 7.5, and

10.0 per hundred polyol (php), respectively; the third group uses the

same amounts of Fyrol as FR.

2.2 | Sample preparation

The samples were prepared at ICL-IP. The polyols, surfactant, FRs and

catalysts were weighed, placed in a mixing beaker and mixed to form

a homogeneous solution. Subsequently, the blowing agent (de-ionized

water) was added, and after additional mixing, while maintaining its

weight against vaporization, the polymeric isocyanate was added. The

mixture was stirred at a rate of 5500 rpm at 20�C for approximately

5 seconds and poured into a cardboard cake box. The foam thus

formed was held at room temperature for at least 24 hours and then

removed from the box and cut into test specimens with the required

dimensions using a box cutter.

2.3 | Characterization of density and air flow

Both density and air flow were determined according to ASTM

D3574-17. To measure the density, a 1000 mm3 specimen with no

skin or voids was cut from the foams, and then weighed. Air flow was

measured with an Air Flow Tester CSI-145 from Custom Scientific

Instruments, Inc. (Forks Township, PA, USA) using specimens 50 × 50

× 25 mm3 in size at standard temperature and a constant pressure dif-

ferential of 125 Pa across the specimen.

SCHEME 1 Chemical structure of A, TDCP and B, PNX
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2.4 | Cone calorimeter test

FPUF specimens with dimensions of 100 mm × 100 mm × 50 mm

were used. Measurements were performed according to ISO 5660

with a cone calorimeter from Fire Testing Technology (East Grinstead,

UK). Several different approaches have been reported for determining

a suitable sample thickness of PU foams. Using a higher sample thick-

ness leads to a decreasing heat flux with increasing distance between

the cone heater and the sample surface during combustion.10,28 Yet

the cone calorimeter has some limitations when measuring low-

density samples, as their weight and fire load are low.29,30 This can

lead to intense scattering of the results.31 Therefore, a thickness of

50 mm was used for the experiments.

Specimens were stored under standard atmosphere at 23�C and

50% relative humidity for at least 48 hours before the tests. The mea-

surements were carried out using heat fluxes of 20, 25, 35, and

50 kW/m2 and a separation of 25 mm. In order to protect the sides of

the samples and to reduce the unintended effect of edge burning, all

samples were wrapped with aluminum foil.

Time to ignition (tig), heat release rate (HRR), peak heat release

rate (PHRR), time to PHRR (tPHRR), total heat released (THR), total

mass loss (TML), and effective heat of combustion (EHC) are the

parameters that were evaluated. The results reported are the mean

values. THR and TML were calculated at flameout, which is defined as

the extinguishment of visible yellow flames. All experiments were

repeated at least three times, the reproducibility of results was within

10% for all evaluated parameters and is reported as SD.

2.5 | Temperature measurements

To monitor the temperature development inside burning cone calorim-

eter samples, the specimens were equipped with thermocouples in a

vertical orientation. The thermocouples were inserted at depths of

0, 10, 20, and 30 mm from the surface. The tip of the thermocouples

was directed toward the cone heater. The thermocouples were placed

on the perimeter of a circle with a radius of 20 mm from the center of

the specimens and inserted from the bottom up. The falloff of heat flux

in this area was reported to have a negligible effect on the results when

measuring foams.9,32 The center area of the specimen experiences a

uniform heat flux even at greater distances from the cone heater.33

The thermocouples used were 0.5 mm sheathed type-K omega thermo-

couples. For each depth, two thermocouples were inserted. Therefore,

the temperature for each depth was recorded twice per measurement.

Each measurement was carried out in duplicate.

2.6 | Dripping behavior

For the investigation of the dripping behavior, the cone calorimeter

setup was changed to vertical orientation to ensure melt flow and to

enhance dripping during the test.34,35 The conical heater of the cone

calorimeter was brought into an upright position and a foam specimen

with dimensions of 100 × 100 × 50 mm3 was placed in vertical orien-

tation at a distance of 25 mm. Samples were attached to the sample

holder with thin steel wires inserted approximately 3 mm into the

foam to avoid interference with dripping, as occurs when steel grids

are used to retain the specimen. The external heat flux was adjusted

to 50 kW/m2 to ensure a uniform and distinct foam collapse and melt

flow leading to dripping. No ignition source was used during the test

to avoid flaming combustion, and thus combustion of the drops were

collected in an aluminum catch pan. The dripping pyrolysis products

were collected until the entire foam sample had collapsed. The collec-

tion was done for two specimens of each material.

After cooling down, the collected material was scraped-off the

catch pan and the rheological properties were examined. For this, a

cone-plate rheometer (Rheometer MCR 501, Anton Paar, Ostfildern,

Germany) was used to exclude the edge effect. The measurements

were carried out once in oscillation mode with a deformation ampli-

tude of 5%. A frequency sweep from 100 to 0.1 rad/s was done. The

gap was adjusted to 0.8 mm and temperature of the test was 25�C to

assure that no further decomposition took place during determination

of the rheometric properties.

2.7 | Flammability

The reaction to small flames was measured using the LOI and UL

94 HBF. LOI experiments were carried out according to ISO 4589.

Specimens with dimensions of 100 mm × 10 mm × 10 mm were

TABLE 1 Composition of foam
materials in php

Additive F F-FR2-A F-FR2-B F-FR2-C F-PNX-A F-PNX-B F-PNX-C

Polyol 100 100 100 100 100 100 100

Isocyanate 47.50 47.50 48.80 50.40 47.50 48.80 50.40

Surfactant 0.8 0.8 0.8 0.8 0.8 0.8 0.8

Catalyst 1 0.19 0.19 0.19 0.19 0.19 0.19 0.19

Catalyst 2 0.06 0.06 0.06 0.06 0.06 0.06 0.06

Catalyst 3 0.32 0.32 0.32 0.32 0.32 0.32 0.32

Water 3.55 3.55 3.70 3.85 3.55 3.70 3.85

FR-2 - 5.0 7.5 10.0 - - -

PNX - - - - 5.0 7.5 10.0
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measured after storage under standard atmosphere at 23�C and 50%

relative humidity for at least 48 hours. UL 94 HBF tests were done in

accordance with ISO 9772. The tested specimens were

150 mm × 50 mm × 13 mm in size and were stored at 23�C and 50%

relative humidity for at least 48 hours. Parameters evaluated are the

burning time (tB), distance burned (LD), occurrence of burning drops,

and burning rate (ν).

2.8 | Thermogravimetric analysis

TG was done using a TG 209 F1 Iris (Netzsch Instruments, Selb, Ger-

many). All materials were pyrolyzed under nitrogen atmosphere. A flow

of 30 mL/min and a heating rate of 10 K/min were applied. For mea-

suring the mass loss, a sample mass of 5 mg was used. The measure-

ments were carried out using ceramic crucibles. The foams were milled

to powder using a CryoMill (Retsch, Haan, Germany) and liquid nitrogen

before testing. TG was done at least twice for each material and the

mean values are reported. The evaluated parameters are the results of

TG as well as differential TG (DTG). T95% indicates the initiation of

pyrolysis and was defined as the temperature of 5 wt.-% mass loss.

2.9 | Visual characterization

The foams' morphology was characterized by visual evaluation of

cross sections. The evaluation was done using a Zeiss EVO A10

scanning electron microscope (SEM). Images were taken with an

acceleration voltage of 10 kV, and gold sputtering was done to

improve image quality by avoiding charging effects.

3 | RESULTS AND DISCUSSION

3.1 | Foam characterization

To render foam materials comparable with respect to their burning

behavior, it is necessary to ensure not only that their chemical compo-

sition is the same, but also that their morphology does not differ cru-

cially. This is of especially great concern for cellular polymers, since

their physical form dominates the material's reaction to applied igni-

tion sources and external heat fluxes.4,7

In Figure 1, the SEM micrographs of all materials tested are

shown. Each material presents a homogenous cell structure with the

typical morphology of FPUF. The cell windows are open, that is, the

closed cell content is very low, as is desired for FPUFs.26

The density of the tested material ranges from 30.4 to

32.0 kg/m3 (Table 2), which is typical for FPUF applications such as

upholstery and cushioning.1 The air flow is measured with a flowme-

ter and gives information on the openness or porosity of the foam.2

To obtain ideal foam properties, the air flow is desired to be maxi-

mized. However, a high air flow is disadvantageous for the flame ret-

ardancy of cellular materials. Air flows that are considered typical for

FPUF are in the range of approximately 3.0 cfm.26 Since air flow

F IGURE 1 SEM micrographs of all
materials investigated

TABLE 2 Density and air flow of all
materials testedProperty F-0 F-FR2-A F-FR2-B F-FR2-C F-PNX-A F-PNX-B F-PNX-C

Density (kg/m3) 30.4 30.4 30.4 30.4 32.0 32.0 32.0

Air flow (cfm) 3.3 3.3 3.3 3.3 3.1 3.1 3.1
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depends on the opening diameter of well windows as well as the cell

size,36 similar results for air flow measurements of different materials

indicate similar cellular structures. For all measured foams, the air flow

ranges from 3.1 to 3.3 cfm. Thus, the density and air flow of all mate-

rials are reproducible within 10% of their mean value and therefore

the materials are deemed to be comparable for this study.

3.2 | Pyrolysis and reaction to small flames

The tested FPUFs exhibit the typical two-step decomposition behav-

ior under nitrogen atmosphere, representing the decomposition to tol-

uene diisocyanate (TDI) and the original polyol.37,38 This behavior is

also known from other PU polymers.39,40 The TG and DTG graphs are

shown in Figure 2 and the results of TG measurements are displayed

in Table 3.

The pyrolysis temperature (T95%) decreases with increasing

amounts of FR, which is attributed to the overlapping of polymer

decomposition and volatilization of the organophosphorus FRs.41,42

Under nitrogen atmosphere, the amount of residue is negligibly low

for F-0; after the addition of FRs there was still no significant degree

of charring. A maximum of 4.3 wt.-% was measured for F-PNX-C.

Thus, no relevant effect of a formed protection layer can be expected.

However, the slightly increased residue yield for F-PNX-C indicates

some minor condensed-phase activity of the FRs.41

TG and DTG curves reveal that the general decomposition behav-

ior of the foams is hardly changed when the formulation contains FRs.

Referring to Table 1, the amount of TDI in the final foam ranges from

31.16 wt.-% for F-0 (highest amount) to 30.17 wt.-% for F-FR2-C and

F-PNX-C (lowest amount). This is in good agreement with the mass

loss of the first stage of decomposition under TG conditions. This first

stage is characterized by the first maximum of the DTG signal, which

ranges from 274�C to 289�C. It is reported that in this first step ure-

thane and urea bonds break.37 Thus, the mass loss of the first stage

can be attributed mainly to the volatilization of TDI.43,44 Some addi-

tional mass loss due to volatilization of the FRs may also occur, which

explains the higher mass loss at Tmin for foams containing the haloge-

nated FR-2. In the second step with a maximum temperature of

approximately 377�C, most of the polymer's mass decomposes. This

second stage of pyrolysis is related to the pyrolysis of the polyol.

The LOI is a measurement for the flame resistance of polymers

and describes the minimum amount of oxygen in an oxygen-nitrogen

F IGURE 2 A, TG and B, DTG graphs of F-0,F-FR2-C, and F-PNX-C under nitrogen atmosphere [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 3 TG results under nitrogen atmosphere

Material T95% (�C) Tmax1 (�C) Tmin (�C) Mass loss@ Tmin (wt.-%) Tmax2 (�C) Residue (wt.-%)

F-0 256 287 318 30.7 377 1.8

F-FR2-A 248 288 324 31.7 377 2.7

F-FR2-B 242 289 325 33.7 378 1.9

F-FR2-C 241 288 324 34.9 378 2.3

F-PNX-A 244 277 317 29.2 377 3.0

F-PNX-B 238 277 314 29.6 377 3.9

F-PNX-C 234 274 313 30.1 377 4.3
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mixture that is necessary to maintain flaming combustion after the

ignition of the rod-shaped specimen in a candle-like setup. The mea-

sured LOIs are listed in Table 4. It amounts to 17 vol.-% for F-0. The

foam therefore must be considered as flammable.45 The addition of

FRs significantly increased the LOI up to 22.1 vol.-% for F-PNX-C,

which is in the range reported for different organophosphorus FRs.46

In general, PNX shows superior performance compared to FR-2 in

terms of LOI. The dependency of the LOI on the concentration of the

FRs is shown in Figure 3. LOI rises at low concentrations and seems

to level off when a certain fraction is reached. This behavior in known

for phosphorus FRs.47

The reaction to small flames was examined by means of the UL

94 HBF test. The foam is placed in a horizontal position and a defined

flame is applied. The test is focused on fire phenomena such as self-

extinction and dripping. Table 5 lists the test results.

F-0 exhibited no self-extinguishing behavior; the whole specimen

burned with a burning rate of 146 mm/min, which is typical for

unmodified FPUFs.48 The addition of FR-2 led to self-extinguishment

in the highest concentration and the burning rate was reduced to

91 mm/min. Furthermore, burning drops were eliminated at 5 php of

the halogenated FR. The halogen-free FR PNX presented more effi-

cient flame retardancy in the UL 94 HBF test. Burning time and

distance burned were significantly decreased, and none of the speci-

mens exhibited burning drops that ignited the underlying cotton. The

efficiency increased with increasing additive content.

PNX was determined to be more effective in terms of increasing

the LOI and eliminating burning drops. In contrast, FR-2 was better at

reducing the burning rate in the UL 94 HBF test. The effects both

seem to level off at higher concentrations (Figure 3), and both addi-

tives, FR-2 and PNX, are already effective at 5 php. Therefore, they

are a promising basis for a multicomponent system in which synergis-

tic effects are utilized to reduce the necessary concentrations of the

FRs.47,49,50

3.3 | Dripping behavior

Structural collapse and the formation of a pool fire are major charac-

teristics of burning FPUFs and the main hazard of fires involving these

materials. In general, melt flow and dripping can be both a benefit and

a disadvantage during combustion. They can help by removing heat

and mass from the pyrolysis zone, but also contribute to the flame

spread by igniting surrounding items (eg, flaming drops or melt

flow).51 For the investigation of dripping behavior, pyrolyzed material

was collected as drops in the cone calorimeter experiment using a ver-

tical test setup.

The main parameter influencing the dripping behavior of a poly-

mer in a fire is its melting viscosity as a thermophysical property.34

Viscosity, which characterizes dripping behavior during combustion, is

consistent with the steady-flow viscosity52; therefore, dripping occurs

at low shear rates.53 Shear rates ranging from 5 · 10−3 to 5 · 100 were

chosen for the measurements. Since FPUF foam is a crosslinked poly-

mer there is no melting as such, but a thermal decomposition resulting

in liquid pyrolysis products. The higher their viscosity the lower is the

polymer's tendency to drip.10

In Figure 4A the complex viscosity is plotted vs the shear rate.

The curves of each material are rather horizontal and parallel in the

log-log plot. The lowered viscosity of the F-0 pyrolysis products can

be attributed to two different phenomena. First, a possible explana-

tion is a higher degree of decomposition since shorter chains result in

lower viscosity. On the other hand, the formation of char in the melt

can also increase viscosity due to enhanced particle-particle interac-

tions.51,53 At a shear rate of 0.1 s−1 the viscosity of F-0 pyrolysis

TABLE 4 LOI results

Material LOI (vol.-%)

F-0 17.0 ± 0.2

F-FR2-A 20.6 ± 0.2

F-FR2-B 20.7 ± 0.2

F-FR2-C 21.2 ± 0.2

F-PNX-A 21.5 ± 0.2

F-PNX-B 21.8 ± 0.2

F-PNX-C 22.1 ± 0.2

F IGURE 3 Dependency of LOI and ν on the concentration of
the FRs

TABLE 5 UL 94 HBF results

Material tB (s) LD (mm) Burning drops ν (mm/min)

F-0 41.0 100.0 yes 146

F-FR2-A 62.4 100.0 yes 96

F-FR2-B 66.0 100.0 no 91

F-FR2-C 68.9 93.0 no 81

F-PNX-A 40.0 60.4 no 91

F-PNX-B 38.1 56.3 no 89

F-PNX-C 33.7 53.6 no 95
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products amounts to 7.9 Pa s. It increased to 10.9 Pa s for F-FR2-C

and to 44.4 Pa s for F-PNX-C. The results of complex viscosity corre-

late well with the residues obtained from TG under pyrolytic condi-

tions (Table 3). The residue was lowest for F-0 (1.8 wt-%) and

increased to 2.3 wt.-% for F-FR2-C and to 4.3 wt.-% for F-PNX-C with

the addition of 10 php of each FR. Hence, the formation of residue in

the melt is considered as a reason for the increased viscosity.

Figure 4B shows shear stress as a function of shear rate. The

shear stress of all materials tested decreases linearly with decreasing

shear rates, and the lines are parallel to each other. Again, lower

shear stress is attributed to lower viscosity, caused by increased char

formation as shown in TG experiments. This indicates a reduced ten-

dency to drip and decreased melt flow for the foams containing FRs.

The results of rheological measurements are in accordance with the

results from the UL 94 HBF test and show that the tendency to drip

is reduced for the flame-retarded foams compared to F-0. Foams

containing PNX as FR exhibit no dripping in the UL 94 HBF test

since the complex viscosity of the measured drops is significantly

increased.

3.4 | Fire behavior

All foams exhibited the typical burning behavior (Figure 5) that is

known from FPUFs and shown in Figure 6.9 Once the foams were

exposed to the external heat flux, the material ignited within seconds.

The reason for this is their low thermal inertia, which is caused by the

low thermal conductivity of the material. A single cell strut behaves

like a thermally thin material and reaches the temperature of ignition

much faster than a bulk material, since the heat conduction into the

material is limited.4,54

After ignition, a thin and liquid layer of intermediate pyrolysis

products is formed. This layer moves from the top of the specimen all

the way down to the bottom as the foam sample collapses and a sub-

sequent pool fire occurs. This collapse often is referred to as “melt-

ing.” Yet, PU is a crosslinked polymer, meaning that the term “melting”

is misleading. The collapse is due to the thermal decomposition of the

material generating liquid pyrolysis products.12 The result is the for-

mation of a viscous liquid layer consisting of the pyrolyzed foam.

Table 6 shows the cone calorimeter results that were obtained

using an external heat flux of 20 kW/m2. The tig ranges from 8 to

10 seconds and does not significantly differ when FRs are included

into the formulation of the foams, since their early ignition behavior is

dominated by the physical form of the cellular polymers.4 The PHRR

is the maximum of the HRR as a function of time and is often consid-

ered to be the most important fire hazard.33 PHRR amounts to

375 kW/m2 for F-0, and is slightly increased for the FR-2 foams and

significantly increased for foams containing PNX. A possible explana-

tion for this effect is the two-stage combustion of the foams. In the

first stage, when the foam collapses and the FR is vaporized, making it

available for flame inhibition and some minor condensed-phase action,

more pyrolysis products are left in the melt pool compared to F-0.

These additional products of reactions taking place in the condensed

phase then burn simultaneously with the polyol in the pool fire stage.

Since the pool fire behaves like a thermally thin material, that is, all of

its mass burns simultaneously, its PHRR strongly depends on the fire

load.33 It was reported that residual TDI has also been found in the

pool fire, contributing to combustion.55 This effect is slightly more

pronounced for foams containing PNX, since the FR seems to be more

effective according to LOI and UL 94 HBF results and flame inhibition

takes place only in the first stage of combustion.

The increase in PHRR and their slightly earlier occurrence also

leads to a slight increase in the fire growth rate (FIGRA), which equals

the maximum quotient of HRR(t)/t. The PHRR/tig probably represents

a better approach to quantify the flame spread that is not directly

measured in the cone calorimeter. However, since tig is typically quite

F IGURE 4 Results of rheological measurements of all tested foams: A, complex viscosity and B, shear stress [Colour figure can be viewed at
wileyonlinelibrary.com]
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low for foams, small variations lead to large effects on the quotient,

with the result that it becomes insignificant. For most polymers the

FIGRA can be expressed as the quotient of PHRR/tPHRR. However, as

there are exceptions, it is extremely important to pay attention to the

beginning of the HRR curve.56 For FPUFs exhibiting a rapid flame

spread after ignition, the FIGRA must be taken at the slope of the first

stage of combustion; otherwise FIGRA will be underestimated. The

FIGRA of F-0 amounts to 9.0 kW/m2s and decreased to 7.0 kW/m2s

for F-FR2-C and 7.4 kW/m2s for F-PNX-C, indicating a reduced flame

spread of the flame-retarded foams.

Observations during cone calorimeter tests indicated some char

formation on the surface in the form of black dots on top of the pyrol-

ysis zone. Yet this char did not cover the whole surface, since the

amount was insufficient and the surface was in constant movement

due to the low viscosity and intense bubbling of the pyrolysis zone.

This effect was observed for all flame-retarded foams in this study. All

tested materials burned in the cone calorimeter without residue. Thus,

no effect of a protective layer is present as is known for rigid PU

foams.8

The integral of HRR over time is referred to as THR and repre-

sents a measurement for the fire load of a material. The THR

decreased from 39 MJ/m2 for the non-flame retarded foam to 34 MJ/

m2 for the foams containing the highest amount of FR. A reduced fire

load indicates incomplete combustion, which can be caused either by

charring or by lowered combustion efficiency. Since none of the

foams yielded a significant amount of residue and thus no protective

layer was formed, the reduction of THR is related mainly to a

decreased EHC.

The EHC of a material was expressed as the total heat evolved

per TML of the cone calorimeter test. For low-weight samples this

gives more reliable results. The EHC of F-0 amounts to 26 kJ/g and

is significantly reduced to 22.5 kJ/g for F-FR2-C and 22.7 kJ/g for

F-PNX-C, respectively. This indicates incomplete combustion and

therefore gas-phase activity of the FRs.33,57 Smoke production and

CO yield are both major fire hazards and typically increase when

FRs active in the gas phase lead to incomplete combustion.33

Hence, TSR and CO yield are significantly increased when the foam

contains FRs, and the effect becomes more pronounced when the

concentration of the additives rises. This effect is known for organ-

ophosphorus FRs and indicates incomplete combustion under

forced flaming conditions.58 The increase of CO yield is

significantly greater for PNX than for foams containing FR-2. For

polymers without FRs, the EHC is the product of the EHC of the

volatiles (h0c ) and the combustion efficiency (χ). The EHC of foams

containing a FR was reduced by the factor of χ. This factor describes

how effectively a fuel is combusted in the flame and ranges between

0 and 1. Due to the well-ventilated cone calorimeter setup, χ is typi-

cally close to 1. Yet, flame inhibition leads to incomplete combustion

and decreases χ. The chemical structure of the FPUFs investigated in

this paper is considered to be the same since their formulations differ

only by the FR added as a filler. Thus, h0c is assumed to be the same

for F-0 and the flame-retarded foams, implying that the change in

EHC is caused solely by a decreased χ.8 Therefore, flame inhibition is

identified as a major flame retardant mode of action for foams con-

taining FR-2 and PNX. This is in good agreement with the literature.

The flame retardant mode of action of FR-2 is reported to be based

on some condensed-phase action and flame inhibition in the gas

phase.41,59,60 Due to results of TG and cone calorimeter experiments,

the same mode of action seems to be relevant for PNX. However,

since PNX is a polymeric FR with a molecular weight of approx.

900Da, it decomposes prior to evaporation as it is known for various

phosphorus FRs.42,61

Table 7 displays the cone calorimeter test results obtained with a

heat flux of 50 kW/m2. The measured tig decreased to 2 to 3 seconds

for all materials due to the higher external heat flux.62 Further, the

PHRR increased with heat flux and occurred earlier, leading to a dras-

tically increased FIGRA.33 Compared to the results obtained at

20 kW/m2 heat flux, the THR decreases equally with the use of the

FRs. A dependency of some of the measured parameters on the con-

centration of the FRs was found. THR and EHC clearly decrease with

increasing FR content due to flame inhibition and the resulting incom-

plete combustion of the foam. The lowered χ causes a crucial increase

in TSR and CO release. For the PHRR and FIGRA no direct correlation

with the FR concentration was measured, but PHRR generally

increased and FIGRA decreased compared to F-0. The increase was

more pronounced for the foams containing PNX. Results for heat

fluxes of 25 and 35 kW/m2 are reported in the Supporting Informa-

tion (Tables S1 and S2).

A separate series of cone calorimeter tests was performed in

which the specimens were equipped with thermocouples. During the

test, the temperature development inside burning cone calorimeter

specimens was measured on the surface and at depths of 10, 20, and

TABLE 6 Cone calorimeter results, heat flux: 20 kW/m2

tig (s) PHRR (kW/m2) FIGRA (kW/m2s) THR (MJ/m2) Residue (wt.-%) EHC (kJ/g) TSR (m2/m2) CO yield (g/kg)

F-0 10 ± 2 375 ± 17 9.0 ± 0.6 39 ± 1 0.0 ± 0.1 26.0 ± 0.1 286 ± 66 18 ± 1

F-FR2-A 8 ± 1 417 ± 6 7.7 ± 0.3 37 ± 1 0.0 ± 0.1 24.1 ± 0.2 418 ± 28 37 ± 1

F-FR2-B 9 ± 1 432 ± 16 7.4 ± 0.1 36 ± 2 0.0 ± 0.1 23.5 ± 0.1 486 ± 24 46 ± 1

F-FR2-C 9 ± 1 425 ± 24 7.0 ± 0.5 34 ± 1 0.0 ± 0.1 22.5 ± 0.2 519 ± 45 54 ± 1

F-PNX-A 10 ± 1 451 ± 10 7.8 ± 0.3 36 ± 1 0.0 ± 0.1 23.9 ± 0.3 525 ± 47 48 ± 1

F-PNX-B 10 ± 1 443 ± 26 7.3 ± 0.4 34 ± 1 0.0 ± 0.1 23.3 ± 0.2 526 ± 36 58 ± 1

F-PNX-C 10 ± 1 465 ± 20 7.4 ± 0.3 34 ± 1 0.0 ± 0.1 22.7 ± 0.5 608 ± 22 65 ± 1
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30 mm. HRR was monitored simultaneously and the results are shown

in Figure 5 for A, F-0; B, F-FR2-C; and C, F-PNX-C.

Before the pyrolysis front approaches the thermocouples, mea-

sured temperatures remain nearly at ambient temperature, indicating

that the thermal conduction into the foam is rather limited. This is in

good agreement with experiments performed on rigid PU foams.7 The

steep rise of temperature to approx. 800�C indicates the pyrolysis

front moving through the sample and therefore the collapse of the

material's cellular structure. After the foam collapses, the measured

temperatures equal the temperatures of the flame. Since the foam

collapses quickly, it is hard to determine the actual temperature of the

pyrolysis zone.9 However, Figure 5D shows a kink in the temperature

TABLE 7 Cone calorimeter results, heat flux: 50 kW/m2

tig (s) PHRR (kW/m2) FIGRA (kW/m2s) THR (MJ/m2) Residue (wt.-%) EHC (kJ/g) TSR (m2/m2) CO yield (g/kg)

F-0 2 ± 1 901 ± 97 24.5 ± 2.9 41 ± 1 0.0 ± 0.1 26.1 ± 0.7 263 ± 12 25 ± 1

F-FR2-A 3 ± 2 854 ± 71 18.2 ± 2.5 38 ± 1 0.2 ± 0.1 23.8 ± 0.1 463 ± 23 46 ± 3

F-FR2-B 2 ± 1 928 ± 29 19.5 ± 0.5 37 ± 2 0.0 ± 0.1 23.4 ± 0.3 519 ± 12 53 ± 5

F-FR2-C 3 ± 1 881 ± 88 16.5 ± 1.7 34 ± 1 0.0 ± 0.1 22.4 ± 0.2 534 ± 22 61 ± 3

F-PNX-A 3 ± 1 1070 ± 26 19.4 ± 1.2 38 ± 1 0.1 ± 0.1 23.8 ± 0.1 519 ± 18 55 ± 3

F-PNX-B 2 ± 1 1037 ± 59 19.9 ± 2.0 35 ± 1 0.0 ± 0.1 23.0 ± 0.4 545 ± 12 69 ± 5

F-PNX-C 2 ± 1 1023 ± 58 20.8 ± 1.4 34 ± 1 0.9 ± 0.1 22.9 ± 0.3 583 ± 47 78 ± 4

F IGURE 5 Temperature development inside burning cone calorimeter specimens and HRR of A, F-0; B, F-FR2-C; and C, F-PNX-C and D,
temperature at depth of 20 mm; heat flux: 25 kW/m2 [Colour figure can be viewed at wileyonlinelibrary.com]
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curve approx. Between 270�C and 330�C, measured at a depth of

20 mm from the surface. Its onset correlates with the Tmax1 and its

offset with the transition from first to second decomposition step

(Tmin). Hence, the temperature range indicates that the temperatures

of the pyrolysis zone are roughly between 270�C and 330�C, correlat-

ing with the decomposition temperature of the first step from TG.

The measured temperatures dropped when the structural collapse

of the foams was complete and the transition to the pool fire stage

took place. This effect seems to be even more pronounced with the

addition of FR, as shown in Figure 5B,C. A possible explanation for

this may be that even though the rate of heat release had already

risen to its maximum, measured temperatures are lower since the

measurements take place in the colder area of the flame plume, which

is much higher than the aluminum tray containing the thermocouples

and the burning pool of pyrolysis products. As the flame plume gets

smaller, thermocouples reach the area of higher flame temperatures.

This is followed by flameout. After flameout the measured tempera-

tures represent the radiation of the cone heater.

Based on the history of the HRR curve, as shown in Figure 6 for

F-0, the foam's combustion can be divided into two stages, namely

structural collapse and the stage of pool fire. It is salient that there is

also a kink in the history of THR, and that the slope of mass loss

decreases in the same region where the junction from foam collapse

to pool fire takes place. In the first step of foam combustion, the ure-

thane and urea bonds are reported to break, which leads to the forma-

tion of TDI and the polyol.37 Therefore, the heat release in the first

step is due mainly to the combustion of the TDI. The polyol is left as a

melt pool and burns in the second stage as a single burning layer,

which is then responsible for the majority of heat release.9 What

remains is the question of whether the two-step burning behavior is

caused by the decomposition behavior that was observed in TG

experiments.

To address this question, the first and second stages were sepa-

rated by visual evaluation of the HRR curves. The point of sudden

slope increase was determined as the junction to the pool fire stage.

This correlated temporally with the observations made during the

cone calorimeter test, where the initial collapse was followed by a rap-

idly growing flame plume when the pool fire took place. Table 8 com-

pares the TML, THR, EHC, and average HRR (avHRR) of all tested

materials in the first and second stages of combustion. The avHRR of

the pool fire stage is not evaluated, since different flameout times

affect this parameter such that it loses its significance.

The results show that TML1 amounts to 35 wt.-% for F-0 and

increases to 39 wt.-% for F-FR2-C and F-PNX-C. This increase can be

attributed to the vaporization of the FR. Further, the mass loss of the

first stage as measured in the cone calorimeter correlates well with

the mass loss of the first decomposition step that was determined in

TG. Under pyrolytic conditions the mass loss ranged from 30 to

35 wt.-%. The difference is connected to the differences in the experi-

mental setup: while TG measures under pyrolytic conditions, the cone

calorimeter simulates a fire scenario. Thus, the increased mass loss in

the cone calorimeter can be attributed to some overlap between TDI

and polyol decomposition. While the foam collapse is still taking place,

some of the polyol already decomposes, contributing to the mass loss

of the collapse stage.

Furthermore, the measurements show that the reduction in the

EHC due to FRs is significant only in the first stage. This is due to the

release of the flame retardant into the gas phase, where it is exploited

for flame inhibition. When pool fire takes place, most of the FR is

already vaporized. EHC2 therefore is hardly affected by FRs with

respect to F-0. In contrast, EHC1 for the foams containing FR-2 or

PNX decreases significantly.

THR1 and THR2 are significantly decreased in both stages for F-

FR2-C and F-PNX-C compared to F-0. The reduction in THR1 is con-

nected to the decreased EHC1 for the flame-retarded foams, leading

to a reduction in heat release despite the increased TML1. In contrast,

the decline in THR2 is caused by the decreased TML2, since EHC2

remains nearly unchanged by the incorporation of FRs.

Since a crucial difference in the EHC of the first and the second

stages of foam combustion was measured for F-0 as well, it can be

derived that the two-stage decomposition behavior that was deter-

mined under TG conditions accounts for the two steps of combustion

in the cone calorimeter experiment. The differences in EHC also cause

the substantial incline in HRR during the pool fire stage. This effect is

further enhanced since the melt pool burning in the second stage

behaves like a thermally thin material, with, the whole sample burning

at once so that the apparent PHRR becomes dependent on the fire

load of the liquid pool.33

The avHRR1 shows the effect of the FRs in the first stage of com-

bustion. Compared to F-0, the average rate of heat release is signifi-

cantly decreased. Again, this gives evidence of the FRs being active

only in the first stage but not improving burning behavior during the

pool fire. Even though the use of FRs hardly affects overall burning

characteristics, the reduction of the first peak helps passing flammabil-

ity tests.63 For heat fluxes of 20, 25, and 35 kW/m2, the

corresponding values are listed in the Supporting Information (Table

S3, S4, and S5).
F IGURE 6 HRR, THR, and mass loss of F-0 at a heat flux of
50 kW/m2 [Colour figure can be viewed at wileyonlinelibrary.com]
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In Figure 7, the effect of different heat fluxes on the HRR is pres-

ented for F-0 and each FR foam containing the highest amount of

FR. Each curve exhibits the characteristics of a two-step burning

behavior. In the first stage, ignition is followed by a sharp rise in HRR

and a plateau-like phase of burning which represents the structural

collapse. Subsequently, the pool fire takes place, which is

characterized by a sharp rise in the HRR and the PHRR. After this,

HRR drops until flameout occurs. The two stages become more obvi-

ous when the external heat flux rises, and HRR generally rises with

increased heat flux.33 Figure 7D shows the PHRR and avHRR1 plotted

versus heat flux. In this plot, the detrimental effect of the FRs on the

PHRR as well as the improvement in avHRR1 becomes obvious. Both

TABLE 8 THR, EHC, of first and second stage of combustion and avHRR1, heat flux: 50 kW/m2

TML1 (wt.-%) TML2 (wt.-%) THR1(MJ/m2) THR2(MJ/m2) EHC1 (kJ/g) EHC2 (kJ/g) avHRR1 (kW/m2)

F-0 35 ± 2 65 ± 4 11 ± 1 29 ± 1 19.7 ± 0.9 29.9 ± 1.9 255 ± 9

F-FR2-A 36 ± 1 64 ± 1 9 ± 1 29 ± 1 16.1 ± 0.2 28.1 ± 0.3 203 ± 12

F-FR2-B 37 ± 1 63 ± 1 9 ± 1 29 ± 1 14.9 ± 0.2 28.2 ± 0.6 207 ± 7

F-FR2-C 39 ± 3 61 ± 2 8 ± 1 26 ± 1 13.8 ± 0.5 28.1 ± 1.0 179 ± 16

F-PNX-A 36 ± 3 64 ± 3 9 ± 1 29 ± 1 16.2 ± 0.3 28.0 ± 0.8 202 ± 16

F-PNX-B 36 ± 3 64 ± 2 8 ± 1 27 ± 1 15.5 ± 0.8 27.2 ± 0.7 205 ± 14

F-PNX-C 39 ± 2 61 ± 2 9 ± 1 25 ± 1 15.5 ± 0.4 27.5 ± 0.7 216 ± 12

F IGURE 7 HRR curves for A, F-0, B, F-FR2-C, and C, F-PNX-C and D, PHRR and avHRR1 plotted vs heat flux [Colour figure can be viewed at
wileyonlinelibrary.com]
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FR-2 and PNX increase the PHRR, whereby the increase due to PNX

is significantly more pronounced. However, a comparison of the influ-

ence on the average heat release during the collapse stage shows sub-

stantial improvement in burning behavior. For all heat fluxes, the

avHRR1 of the flame-retarded foams is clearly decreased with respect

to F-0. The decline is most distinct for the foam containing 10 php of

FR-2.

The results for avHRR1 correlate with the observations made in

the flammability tests. However, while PNX appeared predominant

with respect to its efficiency in the LOI and UL 94 test, FR-2 was

more effective in reducing the heat release during the collapse stage

in the cone calorimeter test. Since the FRs are effective only in the

first stage of combustion, they show significance in the flammability

tests. This behavior is known for FRs active in the gas phase. A signifi-

cant effect can be measured in flammability tests, but the effect in a

developing fire scenario might be negligibly low.56

The effect of the highest concentrations of FRs on the HRR is dis-

played in Figure 8 for heat fluxes of 20 and 50 kW/m2. It is clearly

shown that the general overall burning behavior is unchanged despite

the modification of the foam formulation with FRs. Still, the burning

behavior is dominated by the two steps of thermal foam decomposi-

tion, and the intensity of burning of the pool fire increases drastically

with rising heat flux. Figure 8A also presents how the avHRR1 is

decreased for the flame-retarded foams and their PHRR is increased.

The corresponding plots for heat fluxes of 25 and 35 kW/m2 are dis-

played in the Supporting Information (Figure S1).

4 | CONCLUSIONS

All tested foams exhibited the typical burning behavior of cellular

polymers with a short tig and rapid flame spread which is based on

their morphology.4 TG analysis of the pyrolysis behavior revealed the

known two-step decomposition behavior that also dominates the

burning behavior in real world fire scenarios and is due to the chemi-

cal structure of the foams.9,37 Flammability was measured with the

LOI and UL 94 HBF test. Results showed that the LOI was signifi-

cantly increased for both FRs but levelled off at higher loadings. PNX

was more efficient in terms of LOI increase. This was confirmed by

the results of UL 94 HBF, where burning dripping was prevented by

an amount of just 5 php PNX in the foam. The effect on the burning

rate (ν) also levelled off at higher loadings. Since the relation between

the FR concentration and the outcome of LOI and ν are non-linear,

the formulations are a promising basis for multicomponent systems.

Rheological measurements of pyrolyzed material gave evidence of

the reason for the improved melt flow and dripping behavior lying in

the viscosity of the pyrolyzed foams. Collected drops of flame-retarded

FPUFs exhibited increased viscosity. This effect was more pronounced

for foams containing PNX. Also, a correlation was found between the

rheological measurements and the positive results from the UL 94 HBF

test. The increase in viscosity was in good agreement with the residues

obtained in TG. It is therefore suggested that the increase in viscosity is

caused by the condensed-phase activity of the FRs.

The two-step decomposition behavior that was measured under

pyrolytic conditions also determined the fire phenomena under

forced-flaming conditions in the cone calorimeter, namely structural

collapse and pool fire formation. This was proven by dividing the two

stages and comparing their TML and EHC. The TML of both stages

was in accordance with the mass losses measured in TG, and the sig-

nificantly decreased EHC and avHRR1 for the collapse stage gave evi-

dence of flame inhibition taking place during the collapse.

In the chosen test conditions, the FRs exhibited a detrimental

effect on PHRR. However, the total amount of heat release signifi-

cantly decreased. The FR effect was limited to the first stage of com-

bustion, where the average rate of heat release was significantly

decreased. This decrease was more pronounced for FR-2 than for

PNX. The effectivity of the FRs in the first stage correlates well with

the flammability test results. Protection goals of these tests are

F IGURE 8 HRR curves for two tested heat fluxes: A, 20 and B, 50 kW/m2 [Colour figure can be viewed at wileyonlinelibrary.com]
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focused mainly on the prevention of fires to develop and this is what

both tested FRs do. They decrease the hazard of contributing to a fire

by increased LOI, lowered burning rate, decreased FIGRA and avHRR1

as well as improved dripping behavior by increasing the melt viscosity.

This paper is focused on the fire phenomena of FPUFs and inves-

tigates the burning behavior to point out possible relationship

between material properties and the resulting fire phenomena. A sys-

tematic comparison of two commercially available FRs is given and it

was shown that additional flame-retardant modes of action are

required to further improve burning behavior. Increased condensed-

phase action leading to the formation of a protective layer could

decrease the PHRR and the fire load of the pool fire. This can be real-

ized using a multicomponent system that utilizes activity in both the

condensed and the gas phases.
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