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The rapid mass calorimeter (RMC) was used as a screening tool based on accelerated fire testing to assess
flame-retarded thermoplastic polyurethane (TPU). The reliability of RMC results was proven with the
cone calorimeter as reference fire test. The influence of melamine cyanurate (MC) concentration on the
fire performance of TPU was investigated, along with some flame-retardant combinations such as MC
with aluminium diethylphosphinate (AIPi), aluminium trihydrate (ATH), and melamine polyphosphate
(MPP). The two-stage burning behaviour of TPU was investigated in detail; the first stage corresponds
mainly to the hard segments' decomposition and has a much lower effective heat of combustion (EHC)
than the second stage, in which mainly the soft segments decompose and an intensive liquid pool fire is
observed in the cone calorimeter set-up. In addition to fire testing with the cone calorimeter, RMC, and
UL 94 flammability tests, the decomposition of the materials was investigated using thermogravimetric
analysis coupled with infrared spectrometry (TG—FTIR). TPU/MC/AIPi shows the most promising results,
achieving V-0 classification in UL 94 and reducing the extreme peak heat release rate (PHRR) of the liquid
pool fire from 3154 kW/m? to 635KkW/m?. Using MC/AIPi/MPP enhances the latter PHRR reduction
further. The decomposition products identified in the gas phase via TG—FTIR reveal specific MC—AIPi
—MPP interactions, as they differ from products seen in systems with MC/AIPi or MC/MPP. Correlations
between RMC and cone calorimeter results were examined and presented in the final part of the paper.
Several characteristics correlate strongly, pointing out that RMC is a reliable high-throughput fire testing

method to screen multicomponent flame-retardant solutions in TPU.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

reduce the fire risks of TPU is not a trivial task, because very effi-
cient flame retardancy is needed, while the total amount of addi-

Thermoplastic polyurethanes (TPU) are one of the most com-
mon classes of thermoplastic elastomers [1]. TPUs are linear co-
polymers consisting of alternating hard and soft segments. Due to
their excellent chemical resistance, as well as good mechanical
properties like high tensile strength and abrasion resistance, TPUs
are used in variety of applications [2—4], with a strong focus on the
cable and wire market. However, TPU is highly flammable; once
ignited, it melts and forms liquid pool fires or burning drops, which
can cause the ignition of further items and high heat release rates,
and thus lead to intensive flame spread. TPU does not meet any of
the fire safety requirements imposed for several applications. To
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tives must be kept as low as possible in order to limit deterioration
in processing and mechanical properties. The flame retardancy of
TPU is a very complex issue and calls for well-elaborated strategies
adjusted to the targeted applications.

Flame retardancy approaches for TPU depend on which fire test
is considered for the intended application. In the cone calorimeter,
for instance, the formation of a liquid pool fire results in a very high
peak heat release rate (PHRR) at the end of the burning of TPU.
Hence, one of the strategies is the introduction of char-forming
additives to limit the formation of liquid pool fires and reduce the
PHRR. The flammability tests required for electrical engineering,
such as the UL 94 classification, are more contingent on the first
burning stage, such that the flame retardants must enhance im-
mediate extinction in reaction to a small flame to achieve non-
dripping V-0 or non-flaming dripping V-0 classification.

0141-3910/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Further, the challenge is to find suitable flame retardants that
ensure efficient flame retardancy while meeting the market de-
mand for halogen-free and environmentally friendly solutions.
Nowadays combinations based of phosphorus-based and/or
nitrogen-rich flame retardants are leading the market among
others; e.g. melamine derivatives like melamine cyanurate (MC)
and melamine polyphosphate (MPP), along with phosphorous
flame retardants like arylphosphates and aluminium dieth-
ylphosphinate (AlPi). Several publications have also addressed the
use of mineral fillers and intumescent systems, e.g. the addition of
aluminium trihydroxide (ATH) or the combination of ammonium
polyphosphate (APP) and adjuvants such as iron-graphene syner-
gists [5—7]. High loadings of additives are often required, e.g.
60 wt.-% ATH to achieve V-0, which can have a critical influence on
the mechanical properties of the compound [8], but are common
solutions in the wire and cable industry. The influence of metal
oxides in intumescent flame-retarded TPU systems was reported in
the literature as well, e.g. in combination with ammonium penta-
borate or with APP [9—11]. An extensive review of flame-retarded
polyurethanes was given by Levchik and Weil as well as by Toldy
[12,13].

The successful use of MC in combination with other flame re-
tardants and/or adjuvants is crucial, especially applications in cable
jackets [7,14]. A prominent phosphorus-based flame retardant is
AlPi, which acts mainly as a flame inhibitor in the gas phase. It was
reported that addition of 30 wt.-% of AlPi to TPU leads to V-0 clas-
sification in the UL 94 test at 3 mm sample thickness [15]. However,
recently it was demonstrated that it is much more promising to use
smaller amounts of AlPi in synergistic multicomponent systems in
highly flammable polymers [16,17]. To sum up, current research
and development of modern flame-retardant TPU are focussing on
halogen-free multicomponent flame-retardancy approaches.

The plethora of possible variations in multicomponent flame
retardant systems demands the use of screening and high-
throughput methods in fire testing. Some of the proposed
screening methods rely on milligram-based sample testing, e.g.
pyrolysis combustion flow calorimeter (PCFC, or microscale com-
bustion calorimeter MCC), which allows the heat release rate of
investigated mg-specimens to be monitored upon heating at a
constant heating rate [18,19]. Nevertheless, the small sample size
and absence of a real flame restrict the assessment of some phe-
nomena like flame inhibition or formation of intumescence/a
protective layer. For this reason a new method was proposed
recently, namely the rapid mass calorimeter (RMC) [20,21]. In this
approach, reduced-size specimens (20 mm x 20 mm) are tested in
a modified semi-automated mass loss calorimeter equipped with a
linear motion unit and two sample holders, which significantly
reduces the amount of material needed and shortens the time of
testing.

The RMC is proposed as a fast and reliable screening method for
the development of flame-retarded TPU in this study. At first the
influence of MC concentration on the flame-retardant properties of
TPU is investigated, as well as the combinations of MC with AlPi or
ATH. A better understanding of the fire behaviour of flame retarded
TPU is provided as well as an insight in the influence of different
modes of action. Based on those systems and results, several
multicomponent systems were chosen and investigated in terms of
fire behaviour and thermal decomposition in the second part of the
paper. Mechanical testing was performed as a complementary
characterization with respect to application. In addition, to
demonstrate the reliability of RMC, the correlations between RMC
and cone calorimeter are discussed. The paper proposes the RMC as
a reliable high-throughput fire testing method to screen multi-
component flame-retardant solutions and scrutinizes some multi-
component flame-retardant approaches in TPU.

2. Experimental
2.1. Materials

The investigated materials were prepared in two different ways,
either by compounding with an extruder followed by injection
moulding into the test specimen (method 1), or by extrusion of a
band followed by stamping or cutting out the specimen (method 2).
Only materials produced using the same method were compared in
this study. TPU (Elastollan® 1185A10, BASF SE), as well as TPU with
various concentrations of MC (Melapur MC 50, BASF SE) and
combinations with 10 wt.-% AIPi (particle size d5g 20—40 pm, Exolit
OP 1240, Clariant Produkte (Deutschland) GmbH) and 15 wt.-% ATH
(Apyral 210, Nabaltec AG) were provided by GRAFE Advanced
Polymers GmbH following method 1. The compounds were com-
pounded via twin-screw extrusion (ZSE 27, Leistritz Extrusion-
stechnik GmbH). The test specimens were prepared via injection
moulding. The multicomponent systems investigated in the second
part of this study included the previously introduced ingredients,
and also contained MPP (Melapur 200, BASF SE), modified layered
magnesium aluminium silicate pellets (clay, Cloisite 20B, BYK
-Chemie GmbH), silica powder (Si, non-commercial product) and
AlPi (particle size dsgp 25—50 pum, Exolit OP 1230, Clariant Produkte
(Deutschland) GmbH). Commercially available halogen-free flame-
retarded TPU-FR (Elastollan® 1185A10FHF, BASF SE) was investi-
gated as well as a benchmark. These multicomponent compounds
were prepared with a twin-screw extruder (W&P ZSK 18, Coperion
GmbH) at the Fraunhofer Institute for Structural Durability and
System Reliability LBF. The extruder was coupled with a cast film
line (chill roll, Dr. COLLIN GmbH). The materials are directly
conveyed from the extruder to the cast film line. Depending on the
amount of each compound, the obtained 2—2.1 mm thick films
varied in their lengths. The exact composition and preparation
methods for all materials are presented in Table 1.

2.2. Fire behaviour

The RMC was used as it was recently proposed as high-
throughput screening method [21]. The RMC consists of a mass
loss calorimeter (Fire Testing Technology Ltd., FTT) and a chimney
equipped with thermocouples to record the heat release rate (HRR)
according to ISO 13927. The balance of the mass loss calorimeter
was replaced with a linear motion unit (Oriental Motor Co., LTD.) to
provide for semi-automatic sample exchange. The specimens were
cut into samples 20mm x 20 mm in size and placed in an
aluminium tray. The heat flux was set to 50 kW/m? and the distance
between the specimen surface and the cone heater was 25 mm. The
detailed set-up is described elsewhere [22]. As a reference method
the cone calorimeter (Fire Testing Technology Ltd., FTT) was used,
which simulates forced-flaming combustion according to ISO 5660.
The specimens, 100 mm x 100 mm in size, were investigated at a
heat flux of 50 kW/m? and with a distance of 35 mm between the
cone heater and the sample surface, ensuring proper results and
giving the materials some space for moderate intumescence [22]. In
both tests the thickness of the specimens was either 3 mm or 2 mm,
depending on the material preparation method. For each material
two specimens were investigated in RMC and cone calorimeter,
respectively. When the deviation exceeded 10% in any important
characteristic, a third measurement was performed. For industrial
applications, especially in electronics, the flammability (reaction to
a small flame) rating of the materials is required according to UL94.
Therefore, all materials presented in this study were tested in a
vertical UL 94 burning chamber (Fire Testing Technology Ltd., FTT)
according to IEC 60695-11-10. The samples were 13 mm wide and
3mm (method 1) or 2mm (method 2) thick. Thus, the same
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Table 1
Material compositions and preparation method.
Material Abbreviation Preparation Thickness
Elastollan® 1185A10 (TPU) TPU Method 1: Extrusion followed by injection moulding into 3mm
TPU +10 wt.-% Melapur MC 50 TPU/10MC specimen
TPU +20 wt.-% MC TPU/20MC
TPU +30 wt.-% MC TPU/30MC
TPU +20 wt.-% MC +10 wt.-% Exolit OP 1240 TPU/20MC/10AIPi
TPU +15 wt.-% MC +15 wt.-% Apyral 210 TPU/15MC/15ATH
TPU +10 wt.-% MC +10 wt.-% Melapur 200 TPU/10MC/10MPP Method 2: Extrusion into thick films 2
TPU +9 wt.-% MC +6 wt.-% MPP +15 wt.-% Exolit OP 1230 TPU/9MC/6MPP/15AIPi —2.1 mm

TPU +9 wt.-% MC +6 wt.-% MPP +15 wt.-% AlPi +3 wt.-% Silica TPU/9MC/6MPP/15AIPi/

3Si
TPU +15 wt.-% MC +15 wt.-% AlPi TPU/15MC/15AIPi
TPU +18 wt.-% MC +5 wt.-% Clay TPU/18MC/5Clay
Elastollan® 1185A10FHF TPU-FR

thickness was used for the test specimen in UL 94, RMC and cone
calorimeter.

2.3. Pyrolysis

The decomposition and corresponding mass loss under nitrogen
were monitored via thermogravimetric analysis (TG) using a TG
209 F1 Iris (NETZSCH-Geratebau GmbH). The mass of the specimen
investigated was 5 mg; the heating rate was 10 K/min. Evolved gas
analysis was done by coupling the TG with a Fourier transform
infrared spectroscope (FTIR, Tensor 27, Bruker Corporation) via a
heated transfer tube. This transfer line and the gas cell of the FTIR
were heated to 260 °C.

2.4. Correlation analysis

The correlation between the RMC and the cone calorimeter re-
sults were evaluated based on the Pearson correlation coefficient R.
Pearson R values range from +1 for perfect correlation to 0 for no
correlation at all [23].

2.5. Mechanical testing

Mechanical testing was performed for the multicomponent
systems in the second part of the paper to complete the compre-
hensive exploration. The samples for mechanical testing were
stamped out of the produced films. The samples were stamped out
in the direction of the film production flow. Quasi-static tensile
tests were performed at a velocity of v=100 mm/min using a
universal tensile testing machine (zwickiLine 2.5, Zwick GmbH &
Co.KG) under standard atmosphere according to ISO 291 at 23 °C
and 50% RH. For each test configuration, the final result was
generated from the average values of five single tests. Each sample
was pulled until elongation at break. The tensile strains were
measured directly in the lateral and transverse directions using an
optical extensometer. In this way the true quantities of stress and
strain were obtained and subsequently used to calculate elongation
at break and tensile strength.

3. Results and discussion
3.1. Influence of the MC concentration on performance

To investigate the influence of the MC concentration on fire
performance, TPU was mixed with 10, 20 and 30 wt.-% MC. Addi-
tionally, combination with two potential synergists, AlPi and ATH,
was investigated as a first step towards multicomponent systems.

3.1.1. Screening fire performance: rapid mass calorimeter (RMC)

With appropriate programming of the RMC procedure, it was
easy to test a series of several samples quickly. As a result, the heat
release rate curves seen in Fig. 1 a were obtained. At first glance,
each material seems to be represented as a featureless peak, but a
closer look reveals certain characteristics like a subtle shoulder
preceding the peak. The addition of flame retardants reduced the
PHRR, with the strongest effects observed for TPU/30MC and TPU/
20MC/10AIPi. The shape of the HRR curve changed most for TPU/
15MC/15ATH; the initial shoulder was pronounced, suggesting that
ATH affected the polymer decomposition matrix by slowing down
the first step (dominated by hard segments decomposition), mainly
due to the strong water release at the beginning of burning. By
plotting the PHRR over the total heat evolved (THE) (Fig. 1 b) the
general fire performance of the flame-retarded materials is
assessed, whereby the data points closer to the origin of the plot are
considered to be better flame-retardant materials. Further, the
flame-retardant effect itself is illustrated when TPU is used as the
material for comparison. It was concluded that the most promising
material is the combination of flame retardants in TPU/20MC/
10AIPi.

Plotting PHRR over MC content revealed an almost linear
decrease in PHRR, with increasing amounts of MC in the polymer
matrix (Fig. 1 ¢). The strongest reduction was observed for TPU/
30MC, where a broader HRR curve appeared as burning proceeded.
When MC was combined with AlPi in TPU/20MC/10AIPi, the PHRR
was similar to TPU/30MC, whereas TPU/15MC/15ATH had a PHRR in
the range of TPU/20MC.

The analysis of THE gave rather unexpected results for the TPU/
MC materials (Fig. 1 d). THE seemed increased with the increase in
MC content, in contrast to the expected fuel dilution effect by
replacing TPU with MC and the ammonia release of MC. In case of
TPU/20MC/10AIPi and TPU/15MC/15AIPi, the THE was lower.
Additionally the reduction in THE for TPU/15MC/15ATH was most
probably due to the replacement of fuel by ATH according to the
vol.-% of ATH, whereas the lowest THE was measured for TPU/
20MC/10AIPi, which corresponded with the flame-inhibition effect
expected for AlPi.

TPU, TPU/10MC, and TPU/20MC showed hardly any residue after
the test (Fig. 1 e); the residues remaining for TPU/30MC and TPU/
20MC/10AIPi are somewhat similar, but the different colours of the
residues suggest that the nature of TPU/20/10AlPi is closer to
carbonaceous char (more black). The fire residue formed for TPU/
30MC was not higher than the aluminium foil wrapped around the
specimen and its surface was very porous. In case of TPU/20MC/
10AIPi the fire residue was slightly higher than then aluminium
tray and the surface appeared somewhat denser. The residue of
TPU/15MC/15ATH was flat and compact and the white colour
suggested mainly inorganic character.
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Fig. 1. RMC HRR curves (a), relation between PHRR and THE (b), and influence of MC concentration on PHRR (c) and THE (d); residues after RMC test (d): TPU (1), TPU/10MC (2),

TPU/20MC (3), TPU/30MC (4), TPU/20MC/10AIPi (5), TPU/15MC/15ATH (6).

3.1.2. Fire behaviour: cone calorimeter

To characterize the fire behaviour, all materials were investi-
gated in the cone calorimeter. TPU burns in a specific manner due to
its chemical structure; it can be considered as a block copolymer
with alternating hard (rigid) and soft (flexible) segments. Once
exposed to the heat source in the cone calorimeter, the specimens
buckled slightly and then softened, which is related not only to a
softening of the TPU, but also to the beginning of decomposition of
the hard segments. Thus, ignition followed shortly afterward. At

first burning was moderate, but as soon as the sample was
completely molten, a liquid pool fire was created and the soft
segments decomposed. Just before flame-out the material became
solid and shrank. In case of the flame-retarded TPU, similar burning
behaviour was observed, but for some of the materials several ‘char
islands’ formed on the surface of the boiling liquid.

As presented in Fig. 2, the beginning of the HRR curves was quite
similar for all materials, suggesting that the flame retardants did
not influence the initial, first stage of burning. The PHRR of TPU
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Fig. 2. a) Heat release rate (HRR) curves of TPU, TPU/MC with different MC content,
TPU/20MC/10AIPi, and TPU/15MC/15ATH; b) PHRR and c) THE plotted over the MC
concentration.

reached a very high 3154 kW/m? at the end of burning, and thus the
shape is typical for non-charring materials [24]. Addition of 10 wt.-
% MC did not improve performance and the PHRR was still very
high (2780 kW/m?). TPU/20MC and TPU/15MC/15ATH presented
similar curve shapes as well, i.e. an initial plateau and a peak at the
end, but the burning time was prolonged, PHRR reduced, and time

to PHRR and burning time also increased. When 30 wt.-% of MC was
added to the TPU, there was significant reduction in the PHRR and
the shape began to shift towards a char-forming type. A pro-
nounced change in the burning behaviour was observed for TPU/
20MC/10AIPi, indicated by the change in the HRR curve shape,
including the strongest reduction in PHRR, to 635kW/m? The
interpretation of the cone calorimeter results corresponded with
the conclusions based on the RMC test.

Detailed analysis of the characteristic cone calorimeter results
gave better insight into the influence of MC concentration. The
PHRR decreased almost linearly (Fig. 2 b) with increasing MC
content; the reduction became somewhat stronger with higher
loads of MC. The addition of ATH in TPU/15MC/15ATH caused a
much stronger decrease in PHRR, nearly twofold, compared to the
PHRR value interpolated for TPU/15MC (Fig. 2 b). The most
impressive flame retardancy in PHRR was observed for TPU/20MC/
10AIPi, where the PHRR was reduced by 80% in comparison to TPU.
The reduction was not only much greater than that observed for
TPU/20MC, but also greater than for TPU/30MC. Replacing part of
the MC with AlPi yielded better results. The THE values (Fig. 2 c)
were comparable for all flame-retarded materials, showing a
reduction of ~20%, with the exception of TPU/20MC/10AIPi, which
showed a reduction of more than 30% compared to TPU. Thus there
was considerable reduction in THE compared to TPU for all flame-
retarded materials investigated.

As mentioned before, TPU shows specific burning behaviour. We
assumed that the two stages of burning would have different
effective heats of combustion according to the change in pyrolysis
products. Thus EHC for the complete burning, and EHC; and EHC,
for the both stages, were calculated based on the tangent method
applied to the HRR curve, where the onset and offset points were
determined and the mean EHC value was calculated for each step
(Table 2, Fig. 3). This method worked well for most of the presented
systems, as long as the initial burning process was well separated
from the subsequent burning stage as a liquid pool fire.

The effective heat of combustion is defined as the amount of
heat evolved divided by the mass lost. The first stage had a rela-
tively low EHC; (Fig. 3 a) of 23 MJ/kg for TPU. EHC; was reduced to
around 20 MJ/kg for all flame-retarded materials except TPU/20MC/
10AIPi, where the EHC; was 16 MJ/kg. Compared to TPU the
reduction was considerable. Since the beginning of the HRR curve
and thus the THE was almost exactly the same for all materials (see
Fig. 3), the difference is related to the increased mass loss. The
higher mass loss for flame-retarded materials was due to the
interaction with the polymer matrix and the release of additional
non-combustible volatiles causing fuel dilution, mainly from the
MC decomposition. TPU/15MC/15ATH showed additional fuel
dilution due to the water released by ATH. TPU/20MC/10AIPi
showed the largest decrease, due to additional flame inhibition
caused by AIPi. The second burning stage, the liquid pool-like fire,
has a much higher EHC (Fig. 3 b). In this second burning stage the
flame inhibition of AIPi was much more pronounced, whereas the
other systems showed values similar to TPU. There is no reduction
in EHC, for TPU/15MC/15ATH because at this point all of the water
and ammonia have already been released. The fuel dilution effect of
MC and ATH was consumed mainly in the first burning stage,
whereas their residue formation in the condensed phase influenced
the second burning stage. In contrast, AlPi works as a flame in-
hibitor in TPU/20MC/10AIPi in the second burning stage as well,
releasing phosphorus species and hence reducing the EHC [25,26].

The EHC values averaged over the entire burning time (Fig. 3 c)
show a linear decrease with increasing MC content. The two
multicomponent systems TPU/15MC/15ATH and TPU/20MC/10AIPi
are below this line. The strongest EHC reduction is observed in TPU/
20MC/10AIPj, as a result of fuel dilution by MC and the strong flame
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Table 2

Cone calorimeter data. PHRR — peak heat release rate; THE — total heat evolved; EHC — effective heat of combustion for the first burning stage (subscript 1), second (subscript

2) and averaged over the entire time of burning.

Name PHRR kW/m? THE M]J/m? EHC; MJ/kg EHC, MJ/kg EHC MJ/kg Residue % UL 94 Vertical
TPU 3154 101 23 32 29 2 V-2
TPU/10MC 2780 83 20 24 27 8 V-2
TPU/20MC 1887 81 20 31 26 7 V-2
TPU/30MC 963 78 19 28 24 8 V-2
TPU/20MC/10AIPi 635 67 16 24 20 7 V-0
TPU/15MC/15ATH 1690 83 20 33 25 11 V-2

inhibition of AlPi. Separation into two stages of burning allows the
particular flame retardant functions on the EHC to be differentiated
in each stage.

Fire performance in the cone calorimeter depends not only on
the gas-phase activity underlined by the EHC discussion, but also
strongly on the condensed-phase flame-retardancy modes of ac-
tion. Hence a detailed analysis of the residues was performed to
complete the discussion of the fire behaviour of TPU and flame-
retarded TPU composites.

TPU formed around 2 wt.-% of loose residue (Fig. 4). The addition
of MC in TPU/MC materials improved residue formation, and add-
ing 10, 20 and 30 wt.-% MC yielded a similar amount of residue,
between 7 and 8 wt.-%. Adding MC led to the formation of a very
porous, thin residue layer (Fig. 4), which seemed to provide a
limited protection layer effect, but when MC was combined with
AlPi in TPU/20MC/10AIPi, the morphology changed. The residue
yield was similar (around 8 wt.- %), but a residue with a layered
structure was formed, resulting in better protection properties,
which explained the outstanding fire performance in the cone
calorimeter, reduction in HRR and change in the shape of the HRR
curve. It was reported in the literature that combining MC and
aluminium hypophosphite leads to the formation of compact char
layer [27]. Some gases evolved seemed to inflate the char slightly,
resulting in the formation of the separated inner layers. TPU/15MC/
15ATH forms a very dense inorganic-organic layer (Fig. 4). As a
result, the PHRR was reduced, but the thermal insulation was not as
good as for TPU/20MC/10AIPi.

The flammability (reaction to a small flame) of the materials was
evaluated with the UL 94 test. All materials exhibited dripping
when the burner was placed under the specimen bar, and extin-
guished nearly immediately after removing the flame. The drops
ignited the cotton so that V-2 classification was reached by TPU, all
TPU/MC materials, and TPU/15MC/15ATH. The considerable
exception was TPU/20MC/10AIPi, where the cotton was not ignited
despite dripping, resulting in a non-flaming dripping V-0 classifi-
cation. The main results relating to fire behaviour and flammability
are summarized in Table 2. The most promising results were ob-
tained when MC was combined with AlPi in TPU/20MC/10AIPi, so
that this system was chosen for further investigation with other
synergists/adjuvants in the later part of this paper.

3.1.3. Pyrolysis: mass loss and volatile products

The pyrolysis was analysed by TG coupled with FTIR (TG-FTIR)
under nitrogen atmosphere. As reported in the literature [28—30],
and corresponding well with the interpretation of the cone calo-
rimeter results that TPU shows specific burning in two separate
burning stages differing in terms of fuel, the thermal decomposi-
tion of polyurethanes occurred in two steps (Fig. 5 a). The DTG
curves were separated in two groups (Fig. 5b and c) and the scale
(x-axis) was increased for better readability. For easier comparison
the TPU decomposition steps are denoted in Table 3 as T1/Am; and
T3/Ams. The middle step Ty/Am; is associated with MC decompo-
sition and was observed in flame-retarded systems where more

than 10 wt.-% MC was used. Substantial decomposition in the TGA
experiments is correlated to 5% loss is around 300 °C. Cleavage of
the urethane groups in the hard segments occurred first. In the
second step the soft segments decomposed, and as seen in the
differential TG (DTG) curve (Fig. 5 b), the mass loss rate was around
two times higher. Hardly any residue was left at the end of the test,
which is consistent with observations made in the cone calorim-
eter. Addition of 10wt.-% MC changed the decomposition, the
decomposition steps were clearly separated, and Am; and Amjs
were nearly the same (Fig. 5 a, Table 3). The first step shifted slightly
towards lower temperatures than for TPU (340 °C vs. 346 °C) as a
result of MC interaction with TPU. For TPU/20MC and TPU/30MC
the decomposition of MC appeared as a separate step (Fig. 5aand b,
Tp/Amy). It was noted that the mass loss was not constant and
depended on the amount of MC used in a complex way. Assuming
that this step is related purely to MC decomposition, in TPU/20MC
the mass loss Am; was about 12 wt.-%, which corresponds to
around 60% of MC content, whereas for TPU/30MC it was 80% of
MC. Further, the step corresponding to decomposition of the soft
segments (T3/Ams) shifted towards higher temperatures and the
mass loss (Ams) was reduced, suggesting an inhibiting effect of the
MC on the decomposition of TPU. The residue amount remaining
after the test was comparable for TPU/10MC, TPU/20MC and TPU/
30MC and reached around 5 wt.-%, in good agreement with the
cone calorimeter results, considering that somewhat higher tem-
peratures were reached in TG. It became clear that only a certain
amount of MC shows interaction with the TPU, whereas an
increasing amount of MC is released with increasing MC content.
Thus, the pyrolysis of the TPU/MC materials explained well the fire
behaviour in the cone calorimeter.

The TG and DTG curves of multicomponent systems are pre-
sented in Fig. 5 a and c, respectively. TPU/20MC/10AIPi showed a
middle step, which is attributed to MC decomposition, but the mass
loss at this step is higher than for TPU/20MC. Moreover, the last
step attributed to soft segment decomposition was broader with a
slight shoulder, and T3 was shifted to 425 °C. Decomposition was
influenced by AlPi and the release of pyrolysis products as well.
TPU/15MC/15ATH started to decompose much earlier than the
other materials, due to the early water release by ATH. The
following steps took place earlier as well, indicating the in-
teractions with the polymer matrix. At the end of the test 11 wt.-%
residue remained in the crucible, which corresponds well with the
cone calorimeter result. It was concluded that this inorganic res-
idue is more thermally stable at higher temperatures than the
residues of the other investigated materials, so that the residue
yield shows no difference between TG and cone calorimeter.

To better understand the pyrolysis, the IR spectra of the evolved
gases were monitored during the TG experiment; selected IR
spectra are shown in Fig. 6. As indicated before, TPU decomposed in
two steps. As the chain scission in TPU proceeded, signals from
methylene diphenyl diisocyanate (MDI, 2278 cm™!) and CO; (2359,
669 cm~!) were observed in the spectrum and dominated. Addi-
tionally, tetrahydrofuran (THF, 2981—2870, 1082, 919cm™!) and
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Fig. 3. EHC determined for the first EHC; (a) and the second EHC; (b) stage of burning,

compared with EHC averaged over the entire burning time (c).

C=N groups (1522 cm™ 1) were detected in the gas phase (Fig. 6 a).
Later, at higher temperatures, more soft segments were decom-
posed and the main products were THF and CO; [30,31]. In the case
of TPU/30MC, at first carbon dioxide was the main product evolved,
along with some lower-intensity nitrogen groups. During the
middle step (MC decomposition), ammonia (965, 930 cm™!), and
cyanic acid (3530, 2284, 2250 cm™ ') were detected (Fig. 6 b) [32].
Decomposition of MC is an endothermic process and acts as a heat
sink, while the evolved gases cause fuel dilution. Thus, the evolved
gas analysis explains well the improvement in performance in the
cone calorimeter investigation. Towards the end of the decompo-
sition mainly products of soft segment decomposition were iden-
tified. The gas-phase products originating from TPU/20MC/10AIPi
pyrolysis (Fig. 6 c) were the same as in TPU/30MC throughout the
measurement; however, additional signals were observed in the
last step. Those signals are attributed to phosphinic acid (1152,
1087, 775 cm™ ), which is a typical product of AlPi decomposition
observed in various materials [13,22,23,30,31].

The presence of ATH in TPU/15MC/15ATH caused increased
water release, observed as multiple signals between 3918 and
3567 cm~! and 1868-1396 cm~! (Fig. 6 d). Moreover, the typical
TPU decomposition products were no longer pronounced in the gas
phase, so that mainly CO; was released. It is known that in some
cases MDI may react further to form carbodiimides (N=C=N
group). As an effect of the interactions with urethane groups during
decomposition, a cross-linked structure may be formed [28]. This
hypothesis explains the lack of strong MDI signals in the gas phase.
There was only small shoulder visible on the CO; signal
(2251 cm™1), attributed to N=C=0 bonds from MDI. MC products
were not detected either, and only weaker bands of ammonia were
observed. Those observations correspond well with the increased
residue formation through interaction with the polymer matrix and
the changed decomposition mechanism indicated by the shift in
decomposition temperatures.

3.2. Multicomponent systems

The selection of multicomponent materials for the further
applied investigation was built on the fundamental results pre-
sented above. The best fire performance was achieved when MC
was combined with AIPi as a phosphorous flame retardant. To
better understand the flame retardancy in TPU/MC/AIPi, as well as
to further optimize performance, multicomponent systems were
investigated using a third component such as MPP, varying the ratio
between the additives, and introducing inorganic fillers as adju-
vants. The results are compared with TPU and the commercial
flame-retarded product TPU-FR. The materials discussed in the
following section were all 2—2.1 mm thick and prepared by flat film
extrusion.

3.2.1. Mechanical testing

In the applied research and development of the materials such
as flame retarded TPU, both mechanical properties and fire per-
formance have to be considered at the same time. Table 4 shows the
measured elongation at break and tensile strength for all the
samples. For comparison the values for TPU and TPU-FR are
included. TPU showed the highest elongation at break, at 585%, and
the commercial TPU-FR dropped 50% below the value of TPU. The
TPU/18MC/5Clay compound was in a similar range as TPU-FR. The
three compounds TPU/6MPP/9MC/15AIPi, TPU/15MC/15AIPi and
TPU/6MPP/9MC/15AIPi/3Si were grouped around 400% elongation
at break; TPU/10MC/10MPP even achieved 500%. The tensile
strength showed some difference in the comparison of the com-
pounds with each other. The compounds TPU/10MC/10MPP, TPU/
15MC/15AIPi and TPU/6MPP/9MC/15AIPi/3Si had values slightly
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above 20 MPa and therefore performed similarly to TPU-FR. The
two compounds TPU/18MC/5Clay and TPU/6MPP/9MC/15AIPi were
well over 30 MPa. The pure TPU material had a tensile strength of
over 50 MPa. The addition of Si showed that the compound TPU/
6MPP/9MC/15AIPi, which showed the best tensile strength
compared to TPU, exhibited a strong decline in tensile strength. This
decline was more powerful than the influence of Si in the elonga-
tion at break. The presented results showed that the content of AlPj,
clay, and Si yields a significant decrease in elongation at break
compared to pure TPU. In the results for tensile strength there was
no precise tendency on the influence by the different additives. All
of the investigated materials can compete with the commercial
TPU-FR with respect to their mechanical properties.

3.2.2. Screening the fire performance: rapid mass calorimeter
(RMC)

The RMC experiment indicated which materials might be of
interest. By comparing the PHRR (Fig. 7 a) it was concluded that AIPi
as a stand-alone additive in TPU/15AIPi is not efficient enough,
resulting in the highest PHRR among flame-retarded systems. On
the other hand, combining MC, AlPi and MPP caused a considerable
reduction in PHRR compared to TPU. Plotting PHRR over THE (Fig. 7
b) shows the general tendency of the materials and can be used to
assess performance. TPU/MC/Clay had the lowest PHRR, but
because the curve was broader (i.e. the sample burned longer), it
exhibited the highest THE of all materials. TPU/9MC/6MPP/15AIPi
and TPU/9MC/6MPP/15Al1Pi/3Si performed similarly, indicating that
the addition of silica had no influence on the result in the small
scale. TPU-FR, as well as TPU/10MC/10MPP and TPU/15AIPi, showed
similar THE values. TPU/15AIPi presented a rather high PHRR, but
the strong flame-inhibiting effect of AlPi crucially reduced the THE.
TPU/15MC/15AIPi showed the lowest THE, but the PHRR was
slightly higher than when MC, MPP and AlPi were combined. The
reason is the strong flame inhibition from AIPi, fuel dilution from
MC (e.g. by ammonia release) and residue formation through the
interaction of both. Replacing part of MC with MPP in TPU/9MC/
6MPP/15AIPi yielded a higher total heat evolved due to the limited
contribution of MPP to gas-phase activity, but the condensed-phase
interaction and residue formation led to a crucial reduction in
PHRR.

The closer look at the fire residues provides additional

information about the flame retardancy going on in the condensed
phase and also gives an idea of the interactions between additives
in the condensed phase (Fig. 7 c). TPU (1) burns away completely
and nearly no residue is formed, similar to TPU/15AIPi (3). TPU/
10MC/10MPP (2) and TPU-FR (8) formed shiny, metallic residues
coming mainly from MC, but MPP provided additional structure
such that denser, more closed residue appeared. Introduction of
clay led mostly to the development of inorganic ash with a rather
closed and brittle surface (4). The residues of TPU/9MC/6MPP/
15AIPi (5) and TPU/15MC/15AIPi (6) looked similar, indicating that a
significant part of the residue evolved from MC-AIPi interaction. On
the other hand, addition of silica to the three-additive system (7)
provided residue support and yielded a smoother, more closed
structure.

3.2.3. Fire behaviour: cone calorimeter

In the cone calorimeter, the shape of the HRR curves was much
more pronounced than the RMC results and gave important insight
into the fire behaviour of the materials investigated. For easier
comparison, the results are presented in two plots (Fig. 8 aand b). A
pronounced difference in time to ignition (tjg) between TPU and
flame-retarded samples was observed. For TPU (2 mm thick) the tjg
was similar to the 3-mm-thick TPU specimens investigated before
(Fig. 2). TPU ignited after around 32 s. The introduction of the flame
retardants caused interactions with the polymer matrix, however,
and the effect on tijg was more pronounced when the specimen was
thinner. A worsening in tjz occurred, which was not the case when
3-mm specimens were investigated. In Fig. 8 a TPU is compared
with the system in which MC was combined with another additive.
TPU/10MC/10MPP and TPU/18MC/5Clay showed a PHRR reduced
from 2660 kW/m? to 639 and 627 kW/m? (Table 5), respectively.
Furthermore, they showed a clear change in the HRR curve shape,
which means that the burning behaviour of the material changed
towards a char-forming type [24].

Closed-surface residue appeared, uniformly covering the
aluminium tray in the case of TPU/10MC/10MPP (Fig. 8 ¢) and with
some cracks for TPU/18MC/5Clay. MPP is a well-known flame
retardant used in intumescent systems, which forms during the
burning of highly cross-linked, phosphorus-rich char [35,36]. The
organically modified clay, which is the basis for many nano-
composites, leads to the development of thermally stable
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inorganic-organic residue [37]. In the case of TPU/18MC/5Clay, the
protective layer effect was reduced by the appearance of cracks
[38]. TPU/15MC/15AIPi presented a PHRR of 834 kW/m?, and the
HRR curve shape typical for TPU was preserved. Nevertheless,
similar to TPU/10MC/10MPP, the residue fully covered the
aluminium tray and a uniformly closed surface was observed
(Fig. 8c).

In Fig. 8 b the two multicomponent systems with the lowest
PHRR are displayed along with the commercial product TPU-FR and
TPU/15AIPi. The commercial product TPU-FR showed a slightly
increased tig. The PHRR was rather high (1249 kW/m?), but was
reached later than in TPU. In addition, the characteristic shape
observed for TPU remained. The residue showed the characteristic
metallic shining noticed for materials containing MC and was very
porous (Fig. 8 c). TPU-FR showed some improvements during initial
burning, but a very disappointing flame-retardancy effect on the
second burning stage as a liquid pool fire. In the case of TPU/15AIPi
the characteristic HRR curve shape for TPU appeared as well, but
the PHRR was significantly higher and reached 1755 kW/m?. AIPi
alone did not contribute much to condensed-phase reactions, so
that residue formation was rather limited (Fig. 8 c), and overall it
may be concluded that AlPi does not perform well as a stand-alone
flame retardant in TPU, which is consistent with RMC results. The
two best-performing materials were TPU/9MC/6MPP/15AIPi with a
PHRR of 543 kW/m? and TPU/9MC/6MPP/15A1Pi/3Si with a PHRR of
571 kW/m?. Both materials displayed the HRR curve shape of
charring-type materials without a pronounced peak. Without
addition of silica the sample burned slightly longer, but the residue
remaining after the test was rather loose and brittle (Fig. 8 ¢). When
silica was mixed into the sample, additional stabilization of the
residue occurred. The appearance of the residues of TPU/9MC/
6MPP/15AIPi and TPU/9MC/6MPP/15AIPi/3Si indicated some spe-
cific interactions between MC—MPP—AIPi. The mixtures of MC and
MPP and MC and AlPi led to the formation of a compact residue
with a closed surface, whereas mixing MC with MPP and AlPi did
not. There were blueish, shiny metallic parts in the residue of TPU/
9MC/6MPP/15AIPi and TPU/9MC/6MPP/15AI1Pi/3Si, most probably
coming from aluminium oxide. This means that incorporation of
MC, MPP and AIPi in TPU changes the decomposition process,
resulting in several additive-additive and/or additive-polymer in-
teractions and yielding improved flame retardancy, even though no
closed structure is formed. All of the cone calorimeter parameters
are listed in Table 5.

In the flammability (reaction to small flame) test TPU/18MC/
5Clay failed to achieve vertical UL 94 classification. The rest of the
materials achieved V-2 classification. The TPU/20MC/10AIPi pre-
sented in the previous section achieved V-0 rating whereas TPU/
15MC/15AIPi shown here reached V-2. Although those samples
cannot be straightforwardly compared with each other due to the
difference in the thickness, the main reason behind this phenom-
enon is most probably the levelling off effect of AlPi. Replacing part
of MC with AIPi does not bring any further benefits and V-2 clas-
sification is reached. All samples extinguished very quickly, but the
drops ignited the cotton. The exception was TPU-FR, where the
drops did not ignite the cotton so that non-flaming dripping V-
0 classification was achieved. The good UL 94 performance of TPU-
FR may perhaps correspond somewhat to the initial burning in the
cone calorimeter, but not to the entire HRR curve, to PHRR, or THE.

3.2.4. Pyrolysis: mass loss and volatiles

Table 6 summarizes the results obtained from TG. The experi-
ments were conducted under nitrogen atmosphere to simulate
anaerobic pyrolysis during burning. As observed in the cone calo-
rimeter, specific interactions between MC, MPP, and AlPi led to
improved flame retardancy; thus the mass, DTG and IR spectra for
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TG results. Tsy, — temperature for 5% mass loss; Ty 2,3 — temperature for maximum mass loss rate at the 1st, 2nd and 3rd decomposition steps; Am; 3 — mass loss at 1st, 2nd and

3rd decomposition step. Residue mass taken at 800 °C.

Material Tsy °C T, °C Amy wt.-% T, °C Am; wt.-% T; °C Ams wt.-% Residue wt.-%
TPU 305 346 31 - - 404 68 1
TPU/10MC 308 340 47 - - 412 46 5
TPU/20MC 309 342 44 375 12 411 39 5
TPU/30MC 313 351 42 384 21 412 32 5
TPU/20MC/10AIPi 300 329 36 374 17 425 42 4
TPU/15MC/15ATH 258 287 25 329 13 400 51 11
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Fig. 6. IR spectra of selected materials: TPU (a), TPU/30MC (b), TPU/20MC/10AIPi (c) and TPU/15MC/15ATH (d).
Table 4

Elongation at break in % and tensile strength in MPa measured via quasi-static
mechanical tests at a velocity of v=100 mm/min using a universal tensile testing
machine.

Elongation at break/% Tensile strength/MPa

TPU 585.5+11.4 528412
TPU/10MC/10MPP 499.9+10.1 386+14
TPU/18MC/5Clay 326.8+19.0 196+12
TPU/6MPP/9MC/15AIPi 4212448 25.7+06
TPU/15MC/15AIPi 4326293 248+1.7
TPU/6MPP/OMC/15AIP/3Si  388.3+21.1 22.7+09
TPU-FR 2823+34 214+1.0

TPU/10MC/10MPP, TPU/15MC/15AIPi and TPU/9MC/6MPP/15AIPi
are presented in Fig. 9 and analysed in detail.
Fig. 9 presents selected mass, DTG curves with corresponding IR

spectra for each decomposition step. TPU/10MC/10MPP decom-
posed in two steps (Fig. 9 a). The maximum of the mass loss rate
occurred at 342 °C, which was similar to the T of TPU (346 °C), but
the mass loss was higher (+22 wt.-%). The gas-phase products
correspond to TPU decomposition, i.e. carbon dioxide (2360—2295,
669 cm 1), tetrahydrofuran (2981—2874, 1078, 917 cm™!) and C=N
groups of melamine (1532 cm™!). The second decomposition step
shifted towards temperatures about 27 °C lower, and the mass lost
was about 28 wt.-% lower than for TPU. During this step the main
product in the gas phase was THF as a result of decomposition of
the soft segments. A clear interaction between MC and TPU
occurred, mainly enhancing the first decomposition step. Since the
MC concentration was below 10 wt.-%, no additional MC step was
observed.

In TPU/15MC/15AIPi (Fig. 9 b) the first decomposition step was
shifted to temperatures about 20 °C lower than for TPU, but the
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mass loss was similar. The dominant IR signals identified were
attributed to CO; and C=N groups. The THF was also detected, but
the intensity was rather low compared with other materials
investigated. The middle decomposition step was noticeable, with
T, at 366 °C and a mass loss of 12 wt.-%, and was attributed to MC
decomposition. The main products were cyanic acid (3545-
3508 cm~!), isocyanates (2286-2251cm~!), ammonia (965,
930 cm ™) and carbon dioxide. In the last step, signals coming from
phosphorus species, along with TPU decomposition products, were
identified in the gas phase (1152, 1087, 775cm™!). These were
volatiles released by AIPi decomposition to phosphinic acid
[16,25,26,33,34].

Incorporation of all three additives in TPU, MC, MPP, and AlPi,
resulted in changed decomposition (Fig. 9 c). Two decomposition
steps were distinguished in DTG with a small shoulder at the sec-
ond step. The T; shifted towards temperatures 15 °C lower than for
TPU. During this step mainly the hard segments of TPU decom-
posed, and the IR evolved gas spectrum was dominated by CO, and
nitrogen groups, with less intense THF signals. Additionally, P=N
bonds were identified (1302, 1228 cm™!), which were not as pro-
nounced in other combinations [39]. In the second step, ammonia
was released into the gas phase along with TPU pyrolysis products,
but this occurred later than in TPU/15MC/15AIPi. Moreover, no
signals from phosphinic acid were observed, but a strong ether
band appeared (C—O—C, 1104cm™!). This clearly supported the
statement about interactions between the additives and a changed

decomposition mechanism. The multiple interactions are the
mechanisms behind the improved performance in cone calorimeter
test.

Among all of the materials investigated, only TPU/18MC/5Clay
and TPU/15MC/15AIPi showed three steps, which is in good
agreement with the observation that MC decomposition is not
observed as a separate decomposition step when the concentration
is below 10 wt.-%. The release of MC for those two materials was
estimated at around 80%. The beginning of decomposition in TPU/
18MC/5Clay (Tsy) occurred noticeably earlier (around 290 °C) than
in other formulations. It has been reported before that the incor-
poration of clay accelerates decomposition due to the catalysis of
polymer degradation and early breakdown of the filler itself [7].

TPU-FR showed one major decomposition step at 356 °C with a
mass loss of 94 wt.-%. A small shoulder was detected, most probably
corresponding to the second decomposition process of TPU, but it
was not considered as a separate step in TPU-FR. This means that all
decomposition processes merged into a single step with a very high
mass loss rate as a result of polymer-additive interaction. The TG
results, similar to the cone calorimeter results of TPU-FR, did not
indicate a high flame-retardancy efficiency of TPU-FR in UL 94. The
residues taken at 800 °C corresponded well with the observations
in the cone calorimeter.

3.2.5. Assessing the fire hazard: Petrella plot
The Petrella plot was introduced in the early 1990s as a visual
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Fig. 8. HRR curves obtained in the cone calorimeter for multicomponent mixtures (a) and (b); residues after cone calorimeter test (c): TPU/10MC/10MPP (1), TPU/15AIPi (2), TPU/
18MC/5Clay (3), TPU/9MC/6MPP/15AIPi (4), TPU/15MC/15AIPi (5), TPU/9MC/6MPP/15AIPi/3Si (6), TPU-FR (7).

Table 5

Cone calorimeter data. PHRR — peak heat release rate; THE — total heat evolved; EHC — effective heat of combustion.
Name PHRR kW/m? THE M]J/m? EHC MJ/kg Residue % UL 94 Vertical
TPU (2 mm) 2660 66 31 3 —
TPU/10MC/10MPP 639 58 23 7 V-2
TPU/15AIPi 1755 58 22 2 V-2
TPU/18MC/5Clay 627 60 25 10 N/R
TPU/9MC/6MPP/15AIPi 543 48 19 6 V-2
TPU/15MC/15AIPi 834 48 20 4 V-2
TPU/9MC/6MPP/15AIPi/3Si 571 44 20 8 V-2
TPU-FR 1249 61 20 5 V-0

Table 6

TG results. Tsy — temperature for 5% mass loss; Ty 2,3 — temperature for maximum mass loss rate at 1st, 2nd and 3rd decomposition step; Am; ;3 — mass loss at 1st, 2nd and 3rd
decomposition step. Residue mass taken at 800 °C.

Name Tsy °C T, °C Amq % T, °C Amy, % T3 °C Ams % Residue %
TPU 305 346 31 - — 404 68 1
TPU/10MC/10MPP 307 342 53 - - 377 40 7
TPU/15AIPi 301 322 42 — — 419 55 3
TPU/18MC/5Clay 291 336 42 373 15 418 33 8
TPU/9MC/6MPP/15AIPi 299 331 41 — - 419 51 8
TPU/15MC/15AIPi 300 326 35 366 12 429 48 4
TPU/9MC/6MPP/15AIPi/3Si 300 329 40 — — 413 51 9
TPU-FR 313 356 94 - - — - 6
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Fig. 9. TG-FTIR results: Selected mass, DTG with corresponding IR spectra typical for the decomposition steps of TPU/10MC/10MPP (a), TPU/15MC/15AIPi (b) and TPU/9MC/6MPP/
15AIPi (c).
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Fig. 10. Petrella-like plot including all tested materials.

tool for assessing the fire hazard of materials by plotting the total
heat evolved (THE) against an index for flame spread (PHRR/t;g)
[40]. Fig. 10 presents a Petrella-like graphical assessment for all
of the materials investigated. Since two different thicknesses (d)
were used, the normalized specific THE/d replaced the absolute
fire load in Fig. 10. Several groups of materials were distinguished
in the plot. TPU (closed triangle) showed the highest THE/
d value, but because tjg was relatively long compared to some of
the other investigated materials, the PHRR/tj; parameter was
moderately high. TPU/15AIPi (crossed circle) and TPU-FR (open
triangle) had lower PHRR than TPU, but much shorter times to
ignition, so they appear further to the right of the plot. The THE
was reduced, but the flame spread factor was higher. It is worth
noting that the TPU-FR, exhibiting non-flaming dripping V-0,
does not show any convincing flame retardancy effect in the cone
calorimeter.

TPU/10MC/10MPP (slanted open triangles) and TPU/18MC/5Clay
(crosses) are two examples where the flame-spread parameter was
reduced significantly, but neither MPP nor clay contribute to gas-
phase or charring activity to reduce the THE. TPU/10MC and TPU/
20MC (closed squares) as well as TPU/15MC/15ATH (closed di-
amonds) presented similar THE values and tig, but differed in PHRR,
so the lowest PHRR/t;; was observed for TPU/15MC/15ATH. The fire
behaviour of TPU/30MC was changed and a lower fire hazard was
observed. Below 30 wt.-% of MC no significant improvement in fire
performance of TPU/MC occurred. All of the multicomponent ma-
terials with AIPi presented the best flame retardancy and were
located closest to the origin of the plot. At this point it should be
noted that the thickness of the specimen plays a significant role;
although it was taken into account in THE/d, its influence on tig is
crucial as well, but was not evaluated as straightforwardly as for
THE. This explains why TPU/20MC/10AIPi (closed circles) is closer
to the origin of the plot than multicomponent systems, even
though the PHRR was reduced more strongly in the latter. Never-
theless, it is clear that the combination of MC with AlPi and alter-
native additional flame retardants yields the best performance
while maintaining relatively low additive concentrations, i.e. no
more than 30 wt.-%.

3.2.6. Correlations
To directly compare the accelerated fire testing method RMC
and the cone calorimeter, the correlation coefficients between
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Fig. 11. Correlation between PHHR measured with RMC and cone calorimeter for TPU/
MC, TPU/MC/AIPi, and TPU/MC/ATH (a); the dashed-dotted line represents the corre-
lation over all points, the solid line the correlation for the MC materials. Correlation
between RMC PHRR and cone calorimeter PHRR (a) and MARHE (b) for all materials
tested.
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Fig. 12. Correlations between RMC FIGRA and cone calorimeter PHRR (a) and MARHE (b) for all tested materials.

several of their results were evaluated. PHRR was one of the char-
acteristics that correlated strongly and was highly reliable. As seen
in Fig. 11a, the R coefficient reached 0.98 when only the variation in
the MC concentration was considered (Fig. 11, solid line).
Combining MC with AIPi or ATH in TPU/MC/AIPi and TPU/MC/ATH,
and thus changing the flame-retardancy modes of action, led to
higher deviation. Nevertheless, when TPU/MC (10, 20 and 30 wt.-%)
was considered together with TPU/20MC/10AIPi and TPU/15MC/
15ATH, the correlation remains strong (R=0.87, dashed-dotted
line).

Since PHRR from the RMC test was established as a reliable
parameter, it was compared with several other characteristics from
cone calorimeter (Fig. 11 b and c). All investigated materials with a
thickness of 2 or 3 mm are presented. Considering PHRR values
from both methods, the correlation remained quite strong
(R=0.89). This means that reduction in specimen size does not
result in a loss of information about the flame-retarding effects and
reduction in PHRR. Strong correlations were also observed between
PHRR measured in RMC and MARHE (maximum average rate of
heat emission) from the cone calorimeter (R=0.86, Fig. 11 c).
MARHE represents a somewhat averaged HRR curve and can be
compared directly with the single PHRR in RMC, which also depicts
a kind of average. In both cases the correlation would be even
stronger if the TPU/MC/Clay were not taken into account. Due to the
different kind of flame-retardant mechanism in nanocomposites
compared to the other rather traditional flame retardants, TPU/
18MC/5Clay behaves as an outlier.

Not only PHRR (RMC) showed good agreement with PHRR or
MARHE from the cone calorimeter. When FIGRA (fire growth rate)
was considered, an even stronger R coefficient was observed (0.90)
(Fig. 12). This is because FIGRA is directly related to the slope of the
HRR curve. Since the curve in RMC is represented mostly as a peak
without major features, FIGRA correlates strongly with PHRR. This
happens analogously in the case of correlation between FIGRA and
MARHE.

4. Conclusions

A comprehensive multi-methodical study on flame-retarded
TPU systems was presented. A special focus was on RMC as an
accelerated screening method. MC is not very effective for contents
below 30 wt.-%, and the flame-retardancy efficiency may level off
before reaching sufficiently flame-retardant properties. When MC
was combined with AIPi the results were significantly improved,
leading to reduction in PHRR in the cone calorimeter from

3154 kW/m? to 635 kW/m?, and V-0 classification in the UL 94 test.
A detailed evaluation of EHC was presented, based on the
assumption that two burning stages are observed in the cone
calorimeter with very different EHC. The analysis revealed that the
first stage corresponds mainly to decomposition of the hard seg-
ments, and the second stage mainly to the soft segment decom-
position, yielding a liquid pool fire in the cone calorimeter. The
strongest influence on EHC in both stages was observed for TPU/
20MC/10AIPi, which is explained by the strong flame-inhibiting
effect of AlPi together with fuel dilution provided by MC.

The analysis of multicomponent systems showed that
combining MC, AIPi and MPP leads to the most promising results as
far as the cone calorimeter data are considered. In the cone calo-
rimeter the PHRR was reduced to 543 kW/m?. In the UL 94 test V-2
classification was reached, the samples extinguished within few
seconds, and only a few drops were formed. The interplay of MC,
MPP and AlPi led to a changed decomposition mechanism observed
in TG-FTIR.

The reliability of RMC was confirmed by correlation experi-
ments. Several strongly correlating parameters between RMC and
cone calorimeter were found. Based on these it is possible to predict
the performance in the cone calorimeter based on the RMC. The
RMC can be used successfully for screening to identify well-
performing materials in terms of fire behaviour. The reliability
seems to be limited when different flame-retardancy modes of
action occur, particularly with respect to quite specific performance
in various fire tests, such as the non-flaming dripping V-0 in UL 94
that was clearly met by TPU/20MC/10AIPi, but not TPU-FR.
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