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A B S T R A C T

The multicomponent flame retardant system of melamine polyphosphate (MPP), melamine cyanurate (MC) and
aluminum diethylphosphinate (AlPi) is proposed and investigated for thermoplastic polyurethane (TPU). The
synergy between those additives and the resulting superior fire performance are discussed. Systematically varied
sets of flame retarded TPU with various MPP/MC/AlPi ratios were investigated in terms of fire behavior, pyr-
olysis products and mechanical properties. The total amount of the additives was always 30 wt.-%. Further, the
influence of various AlPi concentrations was investigated. The optimal MPP:MC ratio was determined while
keeping the amount of AlPi constant. The combination of 8 wt.-% MPP, 12 wt.-% MC and 10 wt.-% is proposed as
the most promising halogen free flame retardant formulation for TPU, because it yielded a reduction in PHRR
from 2660 kW/m2 (TPU) to 452 kW/m2 and enabled V-0 classification in the UL 94 test. Combinations of MPP
and MC as well a high concentration of AlPi are beneficial for the mechanical properties e.g. tensile strength and
elongation at break of the formulations and could be a strong competitor to commercial flame retarded TPUs.

1. Introduction

Thermoplastic polyurethanes (TPUs) are an important class of
polymers widely used in numerous applications, one of the major areas
being the cable industry. The regulations for materials used in cables
are strict, especially for applications as building products, and require
high flame retardancy. Therefore, the thermal stability, decomposition
process and performance upon thermal stress are of high interest when
designing new compounds. TPU does not usually fulfill those require-
ments due to extensive burning and flaming dripping. The fire behavior
is determined by the chemical structure of TPU [1–3]. The polymer
chain consists of alternating hard and soft segments, which provides a
copolymer-like structure and attendant properties. Once the material is
ignited, decomposition of the hard segments occurs and TPU softens,
melts and finally creates pool fires. Burning liquid spreads easily,
leading to fire propagation. Different flame retardant approaches have
been proposed in the literature [4–9] and the extensive reviews were
given by Toldy [10] and Levchik [11]. Nevertheless, reduction of the
fire risk and flammability of polymers that burn as strongly as TPU is
not an easy task. Excessive loading with additives may lead to dete-
rioration in mechanical properties, whereas low concentrations will not

be efficient enough. For a long time, halogen-based flame retardants
were used with great success, since they provide satisfying results even
at lower loadings. However, due to toxicity and environmental con-
cerns, the market is requiring more halogen-free solutions. As an ideal
compromise, multicomponent systems are proposed [12–14], where the
combination of two or more additives leads to increased flame re-
tardancy through synergistic interactions. This approach was proposed
in our previous work [15] and used in the following study, where the
combination of three commercially available flame retardants – mela-
mine polyphosphate (MPP), melamine cyanurate (MC) and aluminum
diethylphosphinate (AlPi) – was used as a synergistic flame retardant
mixture for TPU.

Each of the flame retardants mentioned above represents different
main mode of action. MPP combines the benefits of phosphorus and
melamine-based flame retardants, and is widely used in various poly-
mers to promote both charring and the formation of highly crosslinked
phosphorus-carbon structures [16,17]. MC is often used as a synergist
for phosphorous flame retardants, and its main mode of action is gen-
erally fuel dilution by ammonia release [18,19]. Further, it is widely
used in polyamide 6, in which MC enhances dripping [20], but also in
TPU [21,22]. Additionally, when combined with other additives, it may
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induce a supportive condensed phase mechanism. AlPi is known for its
strong flame inhibition properties [23,24] and works especially well in
oxygenated polymers like polyamides and polyesters [25–28]. As its
contribution to the condensed phase and residue formation is rather
low, AlPi is rarely used as a stand-alone flame retardant. Recently it was
proposed as a part of the multicomponent polyolefin system [29] and it
is also known for synergistic interactions with nitrogen-based flame
retardants like MC [30]. The combination of all three flame retardants
was proposed as a suitable system for TPU, where fire performance is
improved through synergistic interactions and superior contributions to
the gas and condensed phase modes of action, without excessive
amounts of additives. To achieve optimal fire performance, a systematic
set of materials with different MPP, MC and AlPi concentrations was
analyzed in terms of fire behavior, pyrolysis products and mechanical
properties.

2. Materials

The polyether-type TPU (Elastollan® 1185A10, BASF SE) was chosen
as polymer matrix. The additives used in this study were melamine
polyphosphate (MPP; Melapur 200, BASF SE), melamine cyanurate
(MC; Melapur MC 50, BASF SE) and aluminum diethylphosphinate
(AlPi; Exolit OP 1230, Clariant SE). They were compounded with the
TPU in a twin-screw extruder (W&P ZSK 18, Coperion GmbH). Two-
millimeter thick films were obtained by coupling the extruder via gear
pump with a cast film line (chin roll, Dr. Collin GmbH). The extrusion
temperature was 190 °C; the throughput 6 kg/h with a srew revolution
of 500 min−1. The total amount of additives was set to 30 wt.-% and the
ratios between MPP, MC and AlPi are presented in Table 1.

3. Methods

The fire behavior of the investigated materials was evaluated via
rapid mass calorimeter (RMC) and cone calorimeter. The RMC was used
as a high-throughput screening method, as recently proposed in the
literature [31,32]. RMC consists of a modified mass loss calorimeter
(Fire Testing Technology, FTT, UK), with its balance replaced by a
linear motion unit (Oriental Motor, JP) to provide semi-automatic
sample exchange. The heat release rate (HRR) is measured via ther-
mocouples placed in the chimney of the calorimeter, in accordance with
ISO 13927. For this test, parts of the films were cut into specimens of
20mm×20mm, wrapped in aluminum foil and exposed to the ex-
ternal heat flux of 50 kW/m2. The distance between the sample surface
and the cone heater was set to 25mm. The cone calorimeter was used as
a reference method in which forced flaming conditions are simulated
according to ISO 5660. Compared to RMC the size of the cone plates
was 100mm×100mm and the heat flux was set to 50 kW/m2. The
distance between the cone heater and the specimen surface was 35mm,
to provide homogenous irradiance of the inner area and to ensure en-
ough distance in the case of moderate intumescence [33]. In order to
determine the flammability of the materials, test specimens with a

width of 13mm were cut out of the film sheets and were tested in a
burning chamber (FTT, UK) according to IEC 60695-11-10. All speci-
mens were conditioned at 23 °C and 50% relative humidity for a
minimum of 48 h prior to test.

The pyrolysis and its decomposition products were studied by
thermogravimetry coupled with FTIR spectrometry (TG-FTIR). The
mass loss during decomposition under nitrogen atmosphere was mon-
itored using TG 209 F1 Iris (Netzsch Instrument, Germany). The TG
chamber and the spectrometer (Tensor 27, Bruker Optics, Germany)
were connected by a transfer line heated up to 260 °C to enable con-
tinuous recording of the gas phase IR spectra. The specimen mass was
5mg.

The samples for mechanical testing were stamped out of the pro-
duced films in pull direction. Quasi static tensile tests according to ISO
527-1 were performed at a velocity of v= 100mm/min using a uni-
versal tensile testing machine (zwickiLine 2.5, Zwick GmbH & Co.KG)
at standard atmosphere according to ISO 291 at 23 °C and 50% relative
humidity. The tensile strains were directly measured in the lateral and
transverse directions using an optical extensometer.

4. Results and discussion

4.1. Influence of the MPP:MC ratio

4.1.1. Fire behavior: rapid mass calorimeter and cone calorimeter
A systematic series of materials with different concentrations of

melamine cyanurate (MC) and melamine phosphate (MPP) was in-
vestigated using RMC and cone calorimeter. The aluminum diethyl-
phosphinate (AlPi) content was kept constant at 5 wt.-%. In the RMC
test the TPU sample burned completely very fast. Addition of MC and
AlPi led to a significant reduction in the peak heat release rate (PHRR,
Fig. 1 a and c) in TPU with 0/25/5 MPP/MC/AlPi as compared to the
non-flame retarded sample, but it still produced the highest peak
among all flame retarded samples. In addition, the shape of the curve is
different from other flame retarded materials; before the peak max-
imum was reached, a distinct shoulder occurred. Replacing just 5 wt.-%
of MC with MPP produced a significant change in the PHRR (sample 5/
20/5). However, the decrease in the PHRR in the rapid mass calori-
meter is not linear with the increase in MPP content. It was clearly
observed, that combining all three additives led to a stronger reduction
in PHRR than when no MC or MPP was present in the system, 0/25/5
and 25/0/5 respectively. This observation indicates the synergy be-
tween MC and MPP in TPU/MPP/MC/AlPi systems. The strongest sy-
nergistic effect was observed for the combination 10/15/5, as its PHRR
value was the lowest and differed most from the calculated super-
position (Fig. 1 c, dashed line).

Similar conclusions were drawn from cone calorimeter investiga-
tions, where the differences in the HRR curves (Fig. 1 b) were more
pronounced. TPU burned fast with a high PHRR of 2660 kW/m2, and
the HRR curve had a characteristic shape. At first a small plateau-like
region is observed, followed by a sharp peak in HRR. Right after the
PHRR was reached, flameout occurred. This type of shape, where the
high PHRR is reached at the end of burning, is characteristic for non-
charring materials [34]. As was reported in previous work [15], the two
stages differ significantly in burning behavior, which is attributed to the
chemical structure of TPU. The first stage is controlled mainly by hard
segment decomposition, where the sample softens and the burning is
not so intense. Subsequently a liquid pool fire is created and the sample
burns intensively with strong boiling; this phase is controlled mainly by
soft segment decomposition.

All flame retarded samples ignited earlier than TPU, suggesting in-
teraction with the polymer matrix. Addition of 25 wt.-% of MC and
5wt.-% AlPi led to a 70% decrease in PHRR as compared to TPU. The
shape of the HRR curve was similar to the HRR curve of TPU, with the
plateau region followed by a peak observed in HRR. When MPP was
present in the system, even at low loadings, the change in the HRR

Table 1
Weight percent ratio of MPP, MC and AlPi used as flame retarding system for
TPU.

MPP:MC ratio AlPi increase

MPP
wt.-%

MC
wt.-%

AlPi
wt.-%

MPP
wt.-%

MC
wt.-%

AlPi
wt.-%

0 25 5 12 18 0
5 20 5 10 15 5
10 15 5 8 12 10
15 10 5 6 9 15
20 5 5 – – –
25 0 5 – – –
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curve shape was evident. There was no distinguishable peak and a
steady burning plateau was observed. Moreover, the samples burned
longer than those without MPP. The differences in PHRR between
various MPP concentrations were more subtle than in the rapid mass
calorimeter (Fig. 1 d), but the synergistic behavior was noticeable. The
cone calorimeter and rapid mass calorimeter results were very con-
sistent and in good agreement.

Each of the flame retardants used –MPP, MC and AlPi – represents a
different main mode of action, so to attain the most benefits, the right
concentration ratios are needed. The gas phase activity is monitored by
the effective heat of combustion (THE/TML), measured in the cone
calorimeter (Fig. 2 a). A significant decrease was observed for all flame
retarded materials compared to TPU. In 0/25/5 the reduction was
about 30% as a result of the combined effects of fuel dilution (MC) and
flame inhibition (AlPi). Replacing 5 wt.-% of MC with MPP did not
affect the effective heat of combustion, but with increased MPP content
a slight decrease in gas phase activity was indicated. Moreover, simi-
larly as for the PHRR, the change was not linear; so that at 10/15/5 the
optimal MPP/MC/AlPi ratio was reached, indicating a synergism (Fig. 2
a). The combination of a protective layer and fuel storage (MPP), fuel

dilution due to MC, and flame inhibition caused by AlPi resulted in the
lowest THE/TML. When the MPP concentration exceeded the MC
content, a slight increase in THE/TML was observed due to the limited
contribution of MPP to gas phase activity. However, the synergistic
effect in the effective heat of combustion is in the same range as the
uncertainty, whereas the synergy in the residue is more pronounced.
The residue yield rose along with melamine polyphosphate content
(Fig. 2 b), but again, the increase was not linear. A significant change in
the amount of residue was observed when 5wt.-% MC was replaced by
MPP, whereas differences between 15, 20 and 25 wt.-% were more
subtle. All cone calorimeter data are summarized in the Table 2. Con-
sidering all of the main parameters monitored in the cone calorimeter,
the optimal concentration ratio was 10/15/5.

In the UL 94 test (reaction to small flame) TPU achieved a V-2
classification. The specimen extinguished within less than 10 s after
removing the flame, but during this time many small burning drops
were formed and ignited the cotton placed under the sample. The flame
retarded combinations presented a slightly different behavior. In most
of the tests no dripping was observed during the first flame exposure,
but the specimen started to melt. During the second flame application,

Fig. 1. HRR curves for different MPP:MC ratios at constant AlPi concentration from rapid mass calorimeter (a) and cone calorimeter (b) together with corresponding
PHRR dependency on the MPP:MC ratio (c and d, respectively).

Fig. 2. The dependency of different MPP:MC concentrations on the/TML (a) and residue yield (b) in cone calorimeter.
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dripping and/or melt flow was observed, but the cotton was not ignited,
resulting in a V-0 classification. The exceptions were the 5/20/5 and
15/10/5 mixtures, where one of five specimens from the set ignited the
cotton at the second exposure to flame; therefore those materials were
on the border between V-0 and V-2.

4.1.2. Pyrolysis: mass loss and volatiles
Mass loss during the pyrolysis process was monitored via thermo-

gravimetry (TG) (Fig. 3 a). All flame retarded materials started to de-
compose slightly earlier than TPU (Table 3, T5%) and the difference
became larger when more MPP was in the sample, indicating stronger
interaction with the polymer matrix.

The residue yield increased with MPP content and clear synergy
occurred (Fig. 3 b), as all the residue yields lay way above the line
associated with the superposition, especially the 10/15/5 and 15/10/5
mixtures. Above 10wt.-% MPP content the residue amount remained at
a similar level, which is consistent with the conclusions drawn from the
cone calorimeter tests.

A closer look at the mass loss rate curves (Fig. 3 c) shows that all
flame retarded formulations had three distinguishable decomposition
steps, but in some cases there was a clear shift in the temperatures and a
merging of the first two steps. TPU decomposed in two major steps,
dominated by hard segment and soft segment decomposition, respec-
tively. At the end of the test the material was consumed nearly com-
pletely with only 1 wt.-% of residue left (Table 3). In 0/25/5 three
distinct peaks were identified. At first mostly polymer matrix decom-
posed, in particular, hard segments of the TPU chain. The temperature
of the maximum mass loss rate was 15 °C lower than for TPU and the
mass loss was slightly higher (Table 3, Δm1). The second step was at-
tributed mainly to MC decomposition and the release of ammonia and
melamine in the gas phase. At this point around 22wt.-% mass was lost,
which corresponds well with the MC content (25 wt.-%). Afterwards
further pyrolysis of TPU proceeded and soft segments decomposed.
Subsequent replacement of MC by MPP caused the disappearance of the
middle step related to MC decomposition. Additionally, the last de-
composition step, which was dominated by soft segment decomposi-
tion, was shifted towards temperatures lower than for TPU (Table 3,
Δm2). As the MPP content increased, the first step was separated, so
that a shoulder was distinguished at around 343 °C with mass loss of
17 wt.-% and 22wt.-% for 20/5/5 and 25/0/5, respectively. This step
was related to the partial release of melamine from MPP. The detailed
temperatures and mass loss for each step are summarized in Table 3.

The combination of TG with Fourier transform infrared spectro-
scopy (FTIR) allowed identifying the gas products evolved during the
pyrolysis process. The volatiles were carried in the nitrogen flow to the
spectrometer via transfer line. The temperature of 260 °C was chosen to
minimize the risk of the products condensation in the transfer line.

The IR spectra for each material taken at second decomposition step
are presented in Fig. 4 a. This step was chosen as the most re-
presentative for the analysis, where the volatiles coming from both
polymer and additives were observed. The complete set of the FTIR
spectra covering all decomposition steps are presented in the

supplementary data (S.1). Since only 5 wt.-% of AlPi was contained in
each material, no typical bands of its decomposition products (e.g.
phosphinic acid) were observed in the gas phase, due to either low
intensity or overlapping by other signals. When no MPP was in the
material (0/25/5) mainly TPU decomposition products were detected,
like methylene diphenyl diisocyanate (MDI, 2286-2247 cm−1), along
with volatiles coming from MC, namely ammonia (968, 929 cm−1) and
cyanic acid (~3530 cm−1) [15]. Ammonia as an inert gas is responsible
for fuel dilution, as observed in the cone calorimeter. As the MC con-
centration decreased in favor of MPP, ammonia and HOCN were less
pronounced. Moreover, MDI signals were less intense, and new bands
attributed to tetrahydrofuran (THF, 2982-2872, 1082, 909 cm−1) ap-
peared and CO2 (2360-2313, 667 cm−1) started to dominate the spec-
trum, especially in the 25/0/5 sample. Those bands were attributed to
the soft segments of TPU [3,35]. This suggests changed TPU decom-
position and explains the shift in temperatures observed in the mass loss
rate curves. When the MPP concentration reached 20 wt.-% and above,

Table 2
Cone calorimeter data of TPU and flame retarded TPU. PHRR – peak heat re-
lease rate; THE – total heat evolved; THE/TML – effective heat of combustion.

Material
(MPP/MC/AlPi)

PHRR
kW/m2

THE
MJ/m2

THE/TML
MJ/m2g

Residue wt.-% UL 94

TPU 2660 ± 168 66 ± 1 3.1 ± 0.1 3.1 ± 0.3 V-2
0/25/5 865 ± 61 52 ± 2 2.2 ± 0.1 4.9 ± 1.9 V-0
5/20/5 558 ± 9 54 ± 1 2.2 ± 0.1 7.6 ± 0.1 V-0/V-2
10/15/5 601 ± 13 50 ± 2 2.1 ± 0.1 8.8 ± 0.3 V-0
15/10/5 541 ± 5 54 ± 2 2.2 ± 0.1 10.6 ± 0.1 V-0/V-2
20/5/5 500 ± 15 53 ± 1 2.2 ± 0.1 11.5 ± 0.1 V-0
25/0/5 534 ± 20 54 ± 2 2.3 ± 0.1 12.6 ± 0.2 V-0

Fig. 3. Mass curves for different MPP:MC ratios at constant AlPi load (a), re-
sidue amount (b) and mass loss rate curves (c).
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additional bands of melamine (multiple bands between 1699 and
1223 cm−1) were identified, indicating that part of MPP interacted in
the condensed phase while the rest was released as volatiles in the gas
phase. It explains well the observations made in the cone calorimeter
and thermogravimetry, where the residue increase was not linear with
the MPP concentration. On the other hand, released melamine provides
worse fuel dilution than ammonia from MC, which in turn explains the
higher effective heat of combustion for materials whose MPP content
was slightly higher than MC.

To observe the changes in the condensed phase, the residues after
the cone calorimeter test were ground into homogenous powder and
analyzed by ATR-FTIR (Fig. 4 b). As it is known from the literature,
MPP leads to the formation of highly crosslinked char rich in phos-
phorus. Indeed, in the formulation with 25wt.-% MPP the corre-
sponding bands are observed. The signal at 1600 cm−1 was attributed
to the aromatic structure of carbonaceous materials, and gained in in-
tensity when oxygen was present in the functional groups. The double
band at 1134 and 964 cm−1 corresponded to P–O and P=O bonds,
which are part of the crosslinked phosphorus residue. As the amount of
the MPP in the material decreased, these bands lost intensity; however,
in the 10/15/5 sample a new band appeared at 1259 cm−1 and was
attributed to the P=N bonds formed during interaction of the melamine
cyanurate with MPP and/or AlPi. The intensity of this signal increased
along with increased MC content. When there was no MPP in the
sample (0/25/5), the phosphorous bonds merged into one weak peak at
1076 cm−1, which was attributed to the P–O/P–OH bond [36].

4.1.3. Mechanical testing
Table 4 shows the measured elongation at break and tensile strength

for samples where the MPP:MC ratio was varied. The two compounds
5/20/5 and 10/15/5 show a similar elongation at break of around
380%; the maximum tensile strength is found for the compound 5/20/5
with a value of 23.2MPa. The synergy between MPP and MC opens up
with the look at the compounds 0/25/5 and 25/0/5. Both show the
minimum values for the elongation at break and tensile strength

(Fig. 5). The elongation at break and the tensile strength values de-
crease with the reduction of MC content and the lowest point was
reached for the compound 25/0/5 with 214.5% and 11.0MPa. On the
other side replacement of 5% MC through 5% MPP results in a sub-
stantial improvement of the mechanical values. All of the investigated

Table 3
Thermal decomposition characteristics of investigated materials. T5% – temperature at which 5wt.-% of the material was lost; T1,2,3 – temperature of the maximum
mass loss rate at 1st, 2nd and 3rd step; Δm1,2,3 – mass loss at each decomposition step. Residue was taken at 800 °C.

Material (MPP/MC/AlPi) T5%

°C
+/-1-2

T1

°C
+/-1-2

Δm1 wt.-%
+/-1

T2

°C
+/-1

Δm2 wt.-%
+/-1

T3

°C
+/-1-4

Δm3 wt.-%
+/-1

Residue wt.-%

TPU 305 346 31 – – 404 68 1.3 ± 0.5
0/25/5 302 331 36 376 22 420 37 4.9 ± 0.1
5/20/5 305 333 35 371 18 413 39 6.9 ± 0.5
10/15/5 301 339 50 shoulder 398 39 10.2 ± 0.7
15/10/5 301 shoulder 345 45 391 43 12.0 ± 0.1
20/5/5 301 323 23 343 17 392 47 12.4 ± 0.2
25/0/5 300 317 18 342 22 386 48 12.5 ± 0.5

Fig. 4. Gas phase FTIR spectra of investigated materials taken at temperatures according to T2 (Table 3) (a) and ATR-FTIR spectra of the residues (b).

Table 4
Elongation at break in % and tensile strength in MPa measured via quasi-static
mechanical tests with a velocity of v=100mm/min.

Material (MPP/MC/AlPi) Elongation at break
%

Tensile strength MPa

0/25/5 293.7 ± 63.2 16.7 ± 3,4
5/20/5 373.4 ± 34.6 23.2 ± 1.7
10/15/5 380.5 ± 4.4 20.9 ± 0.4
15/10/5 346.1 ± 32.2 19.1 ± 0.9
20/5/5 347.8 ± 5.2 17.7 ± 0.9
25/0/5 214.5 ± 34.0 11.0 ± 1.2

Fig. 5. Elongation at break in % (circles) and tensile strength in MPa (squares)
for the continuous variation of the MPP:MC ration at constant AlPi loading.
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materials can compete with the commercial flame retarded TPU type
(Elastollan® 1185A10FHF) with respect to their mechanical properties
(Elongation at break 282.3 ± 3.4% and tensile strength
21.4 ± 1.0MPa) [15].

4.2. Influence of AlPi concentration

Based on the conclusions made on the relationship between MPP
and MC, the ratio 2:3 was chosen as the optimal one. A slight surplus of
melamine cyanurate provided good fuel dilution and led to reduction in
the effective heat of combustion, whereas melamine polyphosphate
content was still high enough to provide sufficient residue and pro-
tective layer formation. In the following section, the influence of the
AlPi concentration on fire performance was investigated.

4.2.1. Fire behavior: rapid mass calorimeter and cone calorimeter
All materials were tested first in the rapid mass calorimeter to assess

their performance (Fig. 6 a). A clear reduction in PHRR by almost half
was observed in the 12/18/0 system compared to TPU. Replacing part
of the MPP/MC mixture with AlPi led to a further decrease in PHRR.
The reduction was comparable for all materials with AlPi, except for 8/
12/10 where the difference in PHRR was much stronger. Additionally, a
slight increase in PHRR was observed for the 6/9/15 mixture (Fig. 6 c).
Two effects are behind this phenomenon. The decrease in the effec-
tiveness of phosphorus-based flame retardants is well known [23,37],
i.e. increasing P content improves performance until it approaches a
limit, after which no further enhancement or even slight decay in ef-
ficiency occurs (Fig. 7a). Furthermore, reducing the amount of MPP
causes the residue yield to decrease; therefore less efficient protective
layer is formed. In the cone calorimeter (Fig. 7 b and d), a strong re-
duction in PHRR by about 85% was observed for flame retarded sam-
ples; they also burned significantly longer than TPU. The lowest PHRR
was achieved for the 8/12/10 formulation, as in the rapid mass ca-
lorimeter, and leveling off occurred for 15 wt.-% AlPi as well, albeit not
as pronounced as in the small-scale test.

As to the effective heat of combustion (Fig. 7 a), strong reduction is
observed for 12/18/0 due to intense fuel dilution caused by the release
of ammonia from MC. Addition of AlPi provides supplementary flame
inhibition. With the increase of AlPi content, a distinct linear decrease
was observed up to 10wt.-%, whereas the difference between 10% and
15% was much lower, as the effectiveness of AlPi in the gas phase
abates. On the other hand, the residue (Fig. 7 b) increased significantly
for the 12/18/0 formulation compared to TPU, but the subsequent re-
placement of MPP/MC with AlPi caused a nearly linear decrease in
yield, and rapid decay was observed for the 6/9/15 formulation. Hence
it was concluded that addition of more than 10wt.-% of AlPi not only
does not improve effectiveness, but also causes deterioration of some
other properties. All cone calorimeter parameters are presented in
Table 5.

In the UL 94 test (reaction to small flame) all flame retarded ma-
terials behaved similarly. Upon the first inflammation the specimen
started to melt, but often no drips were formed. As soon as the burner
was removed, the specimen extinguished within seconds. After the
second application of the flame, dripping was observed and the cotton
ignited; therefore a V-2 classification was reached. The exception was
the 10/15/5 sample, where fewer drops were observed and the cotton
was not ignited, resulting in V-0 classification. One of the reasons be-
hind this might be the synergy due to adjusted modes of action. When
no AlPi is added to the mixture, no flame inhibition occurs, whereas an
excess of AlPi (too little MPP/MC) reduces the condensed phase mode
of action so that more flammable drops are formed.

4.2.2. Pyrolysis: mass loss and volatiles
The pyrolysis process proceeded in two main steps for all flame

retarded materials (Fig. 8). The first step contains the hard segment
decomposition of TPU as well as the MC decomposition as a shoulder.
Similarly, as in the cone calorimeter, the addition of flame retardants
led to a reduction in the temperature at which 5 wt.-% of the material
was lost due to interactions within the additive-polymer matrix, but the
difference was smaller (Table 6, T5%). The same tendency was observed

Fig. 6. HRR curves for various AlPi concentrations from rapid mass calorimeter (a) and cone calorimeter (b) together with corresponding PHRR dependency on the
MPP:MC ratio (c and d, respectively).
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for the first step, which was dominated by the decomposition of TPU's
hard segments (T1). In contrast, the second stage shifted towards higher
temperatures with increasing AlPi content (T2). In this phase, not only
soft segments of TPU underwent pyrolysis, but also AlPi, so that the
temperature difference between 12/18/0 and 6/9/15 was about 29 °C.
It is worth mentioning that no separate step attributed to MC decom-
position was observed besides a shoulder in the 10/15/5 sample (Fig. 8
b). As described in our previous work, adding more than 10wt.-% MC
leads to the appearance of a separate step [15]. Since no such ob-
servations were made in the presented study, it is assumed that the
interactions in the condensed phase caused a different decomposition
model whose steps are merging/overlapping. The residue amount was
comparable for all flame retarded materials, due to the fact that AlPi
has a limited contribution to residue formation in the TG.

To complete the investigation of the interactions between the ad-
ditives, the gas phase was analyzed by an FTIR spectrometer coupled
with TG via the transfer line. The spectra taken at the second decom-
position step for each flame retarded material are presented in Fig. 9 a.
The complete FTIR spectra covering all decomposition steps are pre-
sented in the supplementary data (S.2). As observed before, MPP does
not contribute to the gas phase except for traces of melamine seen in the

12/18/0 sample. Other signals were attributed to TPU decomposition
products, like CO2, MDI and THF, and the last of these overlapped the
NH3 bands coming from MC. As the MPP/MC content decreased, the
TPU products became less prominent until the THF signal disappeared
nearly completely; only the ether bond at 1109 cm−1 remained. On the
other hand, no traces of AlPi or its volatile products were observed in
the gas phase. Only in the 6/9/15 sample was a weak signal at
851 cm−1 detected and attributed to the P–C bond. It was concluded
that AlPi reacts significantly in the condensed phase with the polymer
matrix and/or MPP/MC. This explains well why the decrease in effec-
tive heat of combustion observed in the cone calorimeter was somewhat
lower than expected.

The ATR-FTIR spectra of the residues after the cone calorimeter test
are shown in Fig. 9 b. For better comparison, the spectra of 12/18/0
and 10/15/5 are enhanced two times. In the formulation without AlPi
(12/18/0) the residue consisted of highly crosslinked carbonaceous
char rich in phosphorus, which was formed mainly by MPP (C=Car

1585 cm−1, P–O–P 970 cm−1, P–O–C 875 cm−1). Replacing part of
MPP/MC with AlPi led to a decrease in the intensity of those signals,
but a new band of P=N appeared (1259 cm−1), which became more

Fig. 7. The dependency of different AlPi concentrations on the/TML (a) and residue yield (b) in cone calorimeter.

Table 5
Cone calorimeter data of TPU and flame retarded TPU with increasing AlPi
content. PHRR – peak heat release rate; THE – total heat evolved; THE/TML –
effective heat of combustion.

Material (MPP/
MC/AlPi)

PHRR kW/m2 THE
MJ/m2

THE/TML
MJ/m2g

Residue wt.-% UL 94

TPU 2660 ± 168 66 ± 1 3.1 ± 0.1 3.1 ± 0.3 V-2
12/18/0 494 ± 30 54 ± 1 2.3 ± 0.1 9.4 ± 0.6 V-2
10/15/5 601 ± 13 50 ± 2 2.1 ± 0.1 8.8 ± 0.3 V-0
8/12/10 452 ± 6 48 ± 1 2.0 ± 0.1 8.4 ± 0.1 V-2
6/9/15 543 ± 19 48 ± 1 1.9 ± 0.1 6 ± 0.3 V-2

Fig. 8. Mass loss and differential thermograms of materials with variable AlPi concentrations.

Table 6
Thermal decomposition characteristics of flame retarded TPU with increasing
AlPi content. T5% – temperature at which 5 wt.-% of the material was lost; T1,2,3

– temperature of the maximum mass loss rate at 1st, 2nd and 3rd step; Δm1,2,3 –
mass loss at each decomposition step. Residue was taken at 800 °C.

Material
(MPP/MC/
AlPi)

T5%

°C
+/-1-2

T1

°C
Δm1

wt.-%
+/-1

T2

°C
+/-1-4

Δm2

wt.-%
+/-1

Residue wt.-%

TPU 305 346 31 404 68 1.3 ± 0.5
12/18/0 307 340 ± 1 46 391 46 8.0 ± 0.1
10/15/5 301 339 ± 8 50 398 39 10.2 ± 0.8
8/12/10 302 330 ± 1 44 414 47 8.6 ± 0.3
6/9/15 300 330 ± 1 41 420 51 7.6 ± 0.4
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prominent in the 8/12/10 formulation. When AlPi was the major ad-
ditive (6/9/15) the spectrum was dominated by P–O/P=O bonds at
1112 cm−1 and 950 cm−1, which were attributed to AlPi and/or its
decomposition products [36]. This complements the observations from
the gas phase and confirms that what takes place here is not only the
typical AlPi gas phase activity, but also pronounced activity in the
condensed phase influencing the chemical structure due to various in-
teractions with MPP and MC.

4.2.3. Mechanical testing
Table 7 shows the measured elongation at break and tensile strength

for all samples with an increasing percentage of AlPi at constant
MPP:MC ratio of 2:3 (overall flame retardant loading: 30%). With in-
creasing AlPi content the elongation at break rises from 312.6% up to
421.5% while the tensile strength increases from 20.0 up to 25.7MPa.
These values are at the same level as the values from the variation in
MPP:MC ratio, however it seems, that a high concentration of AlPi is
beneficial for the mechanical properties (Fig. 10).

5. Conclusions

A systematic series of flame retarded TPU samples was investigated
in terms of fire behavior and the pyrolysis process to understand the
interplay between MPP, MC and AlPi in the polymer and its influence
on final performance. In each material used in this work, the total
amount of additives was 30 wt.-%. The study of the ratio between MPP
and MC at a constant AlPi load revealed that the most benefits are
obtained when the 2:3 ratio was used, i.e. in the 10/15/5 sample (MPP/
MC/AlPi). In the cone calorimeter, synergistic effects were observed in
PHRR and EHC as well as in residue formation, and the latter was ob-
served in thermogravimetry as well. Moreover, nearly all flame re-
tarded materials achieved V-0 classification in the UL 94 test.
Subsequently, materials with 0, 5, 10 and 15 wt.-% AlPi at 2:3 MPP:MC
ratio were investigated. The 8/12/10 formulation showed the best
performance, with a reduction of PHRR from 2660 kW/m2 (TPU) to
452 kW/m2 and V-0 classification in UL 94 test. Above 10wt.-% AlPi a
slight leveling off was observed. The results suggest that the synergy in
TPU/MPP/MC/AlPi systems occurred due to both an adjusted balance
between different modes of action and optimized interactions during

the pyrolysis process.
Similar as for the flame retardant performance, the mechanical

properties of the formulations are influenced through the loading of the
components. Combinations of MPP and MC as well as high concentra-
tion of AlPi are beneficial for the mechanical properties e.g. tensile
strength and elongation at break of the formulations. Replacement of
5% MC through 5% MPP results in an increase of elongation at break
from 293.7 to 373.4% and an increase in tensile strength from 16.7 to
23.2 kJ/m2. In addition an increase of the AlPi concentration at con-
stant MC/MPP ratio results in further improvement of the mechanics. In
any case the achieved values are superior to commercial products.

The understanding of mutual relations, interactions and synergy
between different additives in a multicomponent flame retarded system
is crucial for successful design of well performing polymeric materials
used in various applications. This study demonstrated that both the
type of the flame retardant and the ratio between the components are
important and play a significant role.
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Fig. 9. Gas phase FTIR spectra taken at the second decomposition step (a) and ATR-FTIR spectra of the residues after cone calorimeter test (b).

Table 7
Elongation at break in % and tensile strength in MPa measured via quasi-static
mechanical tests with a velocity of v=100mm/min.

Material (MPP/MC/AlPi) Elongation at break
%

Tensile strength MPa

12/18/0 312.6 ± 51.2 20.0 ± 2.7
10/15/5 380.5 ± 4.4 20.9 ± 0.4
8/12/10 401.0 ± 7.9 22.7 ± 0.5
6/9/15 421.5 ± 4.8 25.7 ± 0.6

Fig. 10. Elongation at break in % (circles) and tensile strength in MPa (squares)
for increasing of the AlPi content at constant MPP:MC ratio.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.polymertesting.2019.01.001.
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