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Abstract In this paper, ferrous powder has been used as
flame retardant and smoke suppression synergism with
ammonium polyphosphate (APP) in flame retardant ther-
moplastic polyurethane (TPU) composites. The synergistic
flame retardant and smoke suppression effects between
ferrous powder and APP have been studied using cone
calorimeter test (CCT), smoke density test (SDT), and
limiting oxygen index (LOI). The CCT results showed that
appropriate amount of ferrous powder can greatly decrease
heat release rate, total heat release, mass loss, smoke pro-
duction rate, total smoke release, and smoke factor. The
SDT results indicated that ferrous powder can greatly
improve the luminous flux of flame retardant TPU com-
posites in the test with flame; however, the luminous flux
decreases with the addition of ferrous powder in the test
without flame. And the LOI results showed that the LOI
value of the samples with ferrous powder is higher than
that of the sample with only APP. The above results imply
there are synergistic flame retardant and smoke suppression
effects between ferrous powder and APP in TPU com-
posites. Then, the thermo-gravimetric (TG) and scanning
electron microscopy (SEM) were used to investigate the
synergistic flame retardant and smoke suppression mech-
anism between ferrous powder and APP in TPU compos-
ites. The TG and DTG results showed that ferrous powder
can decrease the initial decomposition temperature and
improve the thermal stability at high temperature for flame
retardant TPU composites. The SEM results showed that
ferrous powder can improve the quality of char residues
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after CCT, resulting good flame retardant and smoke sup-
pression properties for TPU composites containing both
APP and ferrous powder. This is a very meaningful result
in fire safety materials fields.
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Introduction

As an engineering plastic, thermoplastic polyurethane
(TPU) has been applied in many fields such as automotive
parts, electrical and electronic industries, mechanical
transmission parts, household and cosmetic parts, due to its
excellent physical properties, chemical resistance, abrasion
resistance, and good adhesion to chemicals and self-lubri-
cation performance. However, the high flammability of
TPU and its production of much smoke and toxic gas (i.e.,
benzene and other aromatic compounds) during burning
has greatly limited its broad applications in various fields
above mentioned [1-4]. So, the improvement of the flame
retardancy and smoke suppression during combustion of
TPU becomes increasingly vital to satisfy the increasing
requirements in the practical use [5]. And developing the
retardants with good flame retardancy and smoke sup-
pression is the key to further explore the TPU applications.
Many flame retardant additives used to reduce the flam-
mability and smoke formation of polymer have been
studied and reported [6—11].

Indeed, it has been reported that most fire deaths are
due to toxic gases, oxygen deprivation, and other effects
that have been widely referred to as smoke inhalation
instead of burns in the USA [12]. In many cases, the
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visibility impairing and narcotic irritating effect of fire
gases is regarded as the decisive factor preventing many
fire victims from perceiving their possibilities of escape
[13]. As a consequence, reducing the flammability and
smoke formation of polymer of TPU becomes more
important.

Many investigations demonstrated that halogen-con-
taining flame retardants show effective flame retardant
properties in TPU. However, the utilization of such retar-
dants has been limited due to generation of toxic gas,
causing life and environmental problems. Thus, a wide
range of halogen-free flame retardants has been developed
and used in TPU, which are mostly phosphorus-containing
flame retardants and achieve good improvement [14]. The
addition of flame retardants is an effective way to reduce
flammability [15]. With advantages such as low release of
smoke and toxic gas characteristics, eco-friendly intumes-
cent flame retardants have been well developed as
replacements for the halogen-containing flame retardants
[16, 17]. In addition, the additives include compounds
containing antimony, tin, zinc, copper, iron, and molyb-
denum, etc., while the most important commercial smoke
suppressants are iron and molybdenum compounds. In our
previous work, it has been found that ferrous powder can
be used as intumescent flame retardant synergism in PP
composites [18]. To the best of our knowledge, no work
has been reported the synergistic effects between ferrous
powder and APP on achievement of smoke suppression and
flame retardant properties in TPU composites.

In this paper, ferrous powder was used as flame
retardant and smoke suppression synergism to improve
the flame retardant and smoke suppression efficiency in
TPU composites based on APP. The synergistic flame
retardant and smoke suppression properties of ferrous
powder with APP were intensively investigated using
CCT, SDT, and LOI. And the synergistic flame retardant
and smoke suppression mechanism was further studied
using SEM and TG.

Experimental
Materials

Commercial TPU (9380A) was produced by Bayer, Ger-
man. The basic properties of TPU are as follows, density:
1.110 g cm ™’ (ISO1183); hardness: 82A (ISO868); tensile
strength: 40 MPa (ISO527-1, -3); elongation at break:
500 % (ISO527-1, -3). APP with particle size of 2,500
mesh was purchased from new thin Metal and Chemical
Co., Ltd., Guangzhou, China. Ferrous powder with the size
of 0.5-10 pm was purchased from the Qingdao Zhicheng
Trade Co., Ltd., Qingdao, China.
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Sample preparation

Before processing experiment, TPU was dried in oven at 80 °C
for 8 h. APP was dried in oven at 100 °C for 10 h. A certain
amount of TPU was melted in the mixer at 175 °C. Then, a
certain amount of ferrous powder and APP were added into the
mixer, respectively. The blends were mixed for 10 min and
pressed into sheets using tablet press machine. The formula-
tions of flame retardant TPU composites are listed in Table 1.

Measurements
Cone calorimeter test (CCT)

The cone calorimeter (Stanton Redcroft, UK) tests were
performed according to ISO 5660 standard procedures.
Each specimen with dimensions of 100 x 100 x 3 mm?
was wrapped in aluminum foil and exposed horizontally to
an external heat flux of 50 kW m™>.

Smoke density test (SDT)

A smoke density test machine (JQMY-2, Jiangiao Co, China)
was used to measure the smoke characteristics according to
ISO 5659-2 (2006). Each specimen with dimensions of
75 x 75 x 2.5 mm’ was wrapped in aluminum foil and
exposed horizontally to an external heat flux of 25 kW m™>
with or without the application of a pilot flame.

Thermo-gravimetric (TG)

Thermo-gravimetric analysis (TG) of the sample was per-
formed using a DT-50 (Setaram, France) instrument. About
10.0 mg of sample was put in an alumina crucible and
heated from ambient temperature to 750 °C. The heating
rates were set as 20 K min~' (nitrogen atmosphere, flow
rate of 20 mL minfl).

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) studies were per-
formed using a Hitachi X650 scanning electron microscope.

Table 1 Formulations of flame retardant TPU composites

Sample code TPU/mass% APP/mass% Ferrous powder/mass%
TPU-0 100.000 - -

TPU-1 80.000 20.000 -

TPU-2 80.000 19.375 0.625

TPU-3 80.000 18.750 1.250

TPU-4 80.000 17.500 2.500

TPU-5 80.000 16.250 3.750
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Limiting oxygen index (LOI)

LOI was measured according to ASTM D2863. The appa-
ratus used was an HC-2 oxygen index meter (Jiangning
Analysis Instrument Company, China). The specimens used

for the test were of dimensions 10 x 6.5 x 3 mm”>.

Results and discussion
Cone calorimeter test
Heat release rate (HRR)

Figure 1 shows a comparison between the heat release rate
(HRR) curves for pure TPU and TPU blends with different
amount of APP and ferrous powder. It can be observed from
Fig. 1 that pure TPU (TPU-0) burns quickly with a high peak
HRR (PHRR) value of 1,460.1 kW m 2. For TPU-1 with
only APP, the value of PHRR was dramatically reduced to
152.4 kW m72; and two peaks can be identified in the HRR
curve, which can be considered characteristic feature for
intumescent flame retardant polymer composites. The first
peak followed immediately the ignition point. And the sec-
ond peak corresponded to a huge increase in the HRR value
over a short period of time. In this case, the first peak is
identified as the development of the intumescent char, which
could protect samples. After the first peak, the HRR curves
tended to a relatively steady case, in which the increase in
HRR was suppressed because of the presence of the efficient
protective carbon layer. The second peak is due to the
gradual degradation of the protective carbon layer as the
sample is continuously exposed to the heat, and the forma-
tion of a new protective char because of the flame retardant,
which then gives rise to the third and then the fourth HRR
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Fig. 1 Heat release rates of TPU composites at a flux of 50 kW m™2

peak [19, 20]. Moreover, the PHRR values of the samples
with both APP and ferrous powder decrease significantly
compared with that of TPU-1 with only APP. And when
ferrous powder is incorporated into TPU/APP system, the
PHRR value further decreases. The PHRR value of TPU-2
with 0.625 mass% ferrous powder is 126.5 kW m_z, which
is lower than that of TPU-1 (152.4 kW m~2). And TPU-5
with 3.750 mass% ferrous powder has the lowest PHRR
value (98.6 kW m_z) among all samples. The dramatic
decrease of PHRR in the samples with the addition of ferrous
powder can be interpreted that ferrous powder can improve
the compact, expansion degree and mass of char residue in
the cone calorimeter test [21-24].

Total heat release (THR)

The results of THR during combustion are shown in Fig. 2.
The THR value of TPU-0 is 121.3 MJ m™> at 400 s. When
APP is introduced into TPU, the THR value of TPU-1 is
reduced to 40.8 MJ mfz, which is much lower than that of
TPU-0. In the case of sample TPU-2 with 0.625 mass%
ferrous powder, the THR value is larger than that of TPU-0
before 200 s, which indicates that ferrous powder promotes
pyrolysis process of TPU/APP composites. In this pyrolysis
process, there is a compact char residue shell with high
expansion degree formed on the surface of TPU-2, leading
low THR between 200 and 650 s. When the combustion
time exceeds 650 s, the THR of TPU-2 is higher than that
of TPU-1. This is because the initial quality of TPU-2 is
larger than that of TPU-1. As shown in Fig. 3, the mass
loss of TPU-1 is larger than that of TPU-2. With the con-
tent of ferrous powder further increasing, the THR
decreased greatly. And the TPU-5 with 3.750 mass% fer-
rous powder shows the lowest THR value of 34.4 MJ m 2
among all samples. It is reported that the gradient of THR
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Fig. 2 Total heat releases of TPU composites at a flux of 50 kW m™>
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Fig. 3 Mass loss curves of TPU composites at a flux of 50 kW m™>

curve can be assumed as representative of flame spread
[25, 26]. The gradient of THR curve from TPU-1 with only
APP is reduced more than that from TPU-0, which indi-
cated that the flame spread speed slows down. In the case
of the samples with ferrous powder, the flame spread speed
further decreases, which is due to that there is a much
expansive and compact char residue forming on the surface
of the sample, restricting flames spread.

Mass loss

Figure 3 gives the mass loss curves versus time for all
samples. From Fig. 3, it can be seen that the mass loss of
TPU-0 is very large, just 10 % remained at 200 s. How-
ever, there is about 75.5 % char residue of TPU-1 at 200 s.
This can be illustrated that an intumescent char, creating as
a physical protective barrier for heat and mass transfer,
may emerge on the surface of the flame retardant sample
during combustion. The char would prevent oxygen from
diffusing to the underlying substrate or give a low vola-
tilization rate. When ferrous powder is incorporated into
TPU/APP system, the mass loss is lower than that of TPU-
1. This can be explained that ferrous powder can change
the structure of char residue in the cone calorimeter test. It
has been reported that ferrous powder can make the char
residue much compact with high expansion degree [18].
The mass loss result is in agreement with the behavior of
heat release and smoke suppression. The decrease in mass
loss is attributed to char formation and its morphological
structure on the surface of the composites [25].

Smoke production rate (SPR)

Smoke performance of flame retardant material during
combustion plays an important factor concerning fire safety:
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Heavy smoke can hinder escape and toxic gases act as one
killer during the fire hazard. The smoke production rate
(SPR) curves of all samples are illustrated in Fig. 4. It can be
clearly seen that a significant decrease of the SPR curves
taken on as the flame retardants added. The peak SPR value
of TPU-1 containing only APP is decreased to 0.057 m* s~
from 0.105 m? s~ " of TPU-0 in the combustion process. The
time to peak SPR of TPU-1 is 30 s, which is much shorter
than that of TPU-0 (160 s). This can be attributed to the fact
that APP decomposes at low temperature to form some
smoke particulates. Moreover, the samples containing both
APP and ferrous powder show lower peak SPR values than
that of TPU-1 in the combustion process. The main reason is
that ferrous powder would help to promote charring and
formation of carbon layer. So, the SPR decreased in the
process of formation of carbon layer. Because of the pro-
tection of the carbon layer, combustible gases and smoke-
forming materials reduced rapidly in the gas phase during
combustion [27]. As a result, the SPR values of the samples
(TPU-2 to TPU-5) are all below 0.03 m? s~ ! after 50 sin the
cone calorimeter test. Especially, the SPR value of TPU-5 is
below 0.02 m? s™" after 50 s. It can be concluded that fer-
rous powder is an effective additive to suppress smoke pro-
duction in the combustion process of TPU/APP composites.

Total smoke release (TSR)

Figure 5 shows the total smoke release (TSR) curves of
TPU composites in the cone calorimeter test at a flux
50 kW m~2. It can be seen that there is no difference
between pure TPU and the flame retarded samples until an
obviously distinction is apparent after 50 s. For example, at
the end of the experiments, the TSR values of TPU-0 and
TPU-1 are 980.0 m> m 2 and 590.1 m> m~—2 at 400 S,
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Fig. 4 Smoke production rates of TPU composites at a flux of
50 kW m™>
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Fig. 5 Total smoke release of TPU composites at a flux of
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respectively. But, the TSR value of TPU-4 is 407.2 m* m 2.
It can conclude that ferrous powder plays a significant role
in the decrease in the TSR values. Some studies have shown
that the smoke suppression effect of ferrous powder has two
aspects. One can be by promoting the soot particle oxidation
to CO and COy; another can be by promoting the formation
of compact carbon layer to prevent combustible gases and
smoke precursor from diffusing into air [28, 29]. The TSR
value of TPU-4 is lower than that of TPU-5 which can be
illustrated by mass loss results from Fig. 3. It can be seen
from Fig. 3, the mass of TPU-4 and TPU-5 is 56 and
50 mass%, respectively, at the end of the combustion test.

Smoke factor (SF)

SF is the product of PHRR and TSR [30]. Figure 6 gives
the smoke factor (SF) as a function of time for all samples.
It can be seen that the SF value of TPU-1 containing
only APP is decreased to 115.8 MW m~2 from 1,609.9
MW m~? of TPU-0. It is very clear that the addition of
flame retardant significantly reduces the SF values of
TPU composites. Furthermore, the samples containing both
APP and ferrous powder show further decrease in SF val-
ues compared with TPU-1. It is apparent that the SF values
for different samples decrease in turn as the amount of
ferrous powder increased. And the TPU-5 is just
51.1 MW m™~

Smoke density test

The smoke density test gives detailed information about the
smoke production. Figure 7a presents the luminous flux
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Fig. 6 Smoke factors of TPU composites at a flux of 50 kW m~>2
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curves of flame retardant TPU composites with flame in the
smoke density test. In the case of TPU-0, the luminous flux
rapidly decreases in the first 200 s and gets the lowest
luminous flux value (7.5 %) at 480 s and increases grad-
ually after 480 s. The luminous flux mainly decreases in
the first 450 s, and it attains the lowest value (48.9 %) at
600 s in the smoke density test as APP is added into TPU.
The luminous flux increases from 18.7 to 56.0 % at the end
of the experiments. This indicates that smoke produced by
TPU-1 is significantly less than that of TPU-0. Here, the
addition of APP in TPU decomposes at low temperature to
form polyphosphoric acid compounds which can catalyze
the carbonization of TPU to generate condensed carbon
shell on the surface of TPU-1 resulted the decrease of
smoke production.

Compared with TPU-1 containing only APP and pure
TPU, the luminous flux of the samples containing ferrous
powder increased rapidly. In addition, the luminous flux
increases along with the increase in ferrous powder con-
tent. For example, the luminous flux of TPU-5 is, respec-
tively, up to 89.5 % at the end of experiments, which is
much higher than that of TPU-1 (56.0 %). It is concluded
that there may be an apparently synergistic effect of smoke
suppression between ferrous powder and APP in TPU
composites.

The luminous flux curves of TPU composites without
flame in the smoke density test are presented in Fig. 7b. It
can be seen from the Fig. 7b that there is a small grow of
the luminous flux, and we can conclude that there is a small
amount of smoke produced from TPU-0 at the first 300 s.
But then, the luminous flux rapidly reduces and reaches
8.4 % at 1,200 s. Also, we can see that the luminous flux of
the sample containing only APP (TPU-1) is much lower
than that of the pure TPU (TPU-0) in the initial 720 s. The
luminous flux of TPU-1 is higher than that of TPU-0 with
the increase in time. The reason is that APP can decompose
at low temperature to form some smoke precursors and
char residue shell and that the smoke precursors lead to low
luminous flux before 720 s. On the other hand, the lumi-
nous flux in TPU-1 is higher than that of TPU-0, which
may be resulted from the generation rate of the smoke
precursor decreases with the formation of char residue
shell. It is interesting that the luminous flux is significantly
improved compared with TPU-O or TPU-1 when
0.625 mass% ferrous powder is incorporated into TPU/
APP composite (TPU-2). And the maximum luminous flux
value (61.2 %) is obtained when the content of ferrous
powder is raised to 1.25 mass%. But then, the luminous
flux decreases with the addition of ferrous powder. This
implies that ferrous powder plays a negative role in the
process of the formation of smoke precursors. And it is
noted that a moderate amount of ferrous powder is favor-
able for improving the structure of char residue from TPU
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composites during the smoke density test without flame, so
results low luminous flux.

The difference of testing condition in the smoke density
tests with and without flame is whether to ignite. The tests
with flame are carried out using flame of methane gas to
ignite the sample under the radiant heat flux of 25 kW m 2.
And the tests without flame are not ignited by any flame and
just under the radiant heat flux of 25 kW m™>. Comparing
Fig. 7b with 7a, it can be seen that there is much difference
between the smoke density tests with flame and without
flame. For example, the luminous flux of TPU-5is 89.5 % in
the test with flame, but it is only 32.5 % in the test without
flame. This phenomenon illustrates that the smoke precur-
sors formed in the thermal decomposition process and burn
out in the smoke density test with flame.

Thermo-gravimetric (TG)

The key factor of improving the flame retardancy of TPU is
to enhance the char-forming ability on the TPU surface.
The APP/ferrous powder flame retardant system used in
this paper has been, accordingly, designed for flame
retarding TPU by considering the aspect mentioned above.

It is well known that thermo-gravimetry (TG) was
developed by Professor Kotaro Honda (Tohoku Imperial
University) in 1916 and that it is a high-precision method
for the study of pyrolysis under well-defined conditions
[31-34]. The TG also provides the identification of dif-
ferent surfactant environments and structure arrangements,
and it can be also used for revealing of thermal and
structural stabilities [35, 36]. Figure 8a, b shows the
thermo-gravimetric (TG) and derivative thermo-gravimet-
ric (DTG) curves of various flame retardant TPU com-
posites in the temperature range of 25-700 °C under air
atmosphere. For sample TPU-0, it can be seen that the base
TPU begins to decompose rapidly at about 439.7 °C and
this decomposition ends at about 700 °C with almost no
char residue. Compared with TPU-0, the initial decompo-
sition temperature of TPU-1 with only APP is 309.2 °C,
which is lower than TPU-0. This can be attributed to the
decomposition of APP at low temperature [37]. As usual,
thermal degradation of TPU has two steps: The first stage is
responsible for the rupture of the TPU main chains,
whereas the second stage is attributed to the further
destruction of the C—C and C-O bonds on the main chain
[38]. But for the TPU-1 with only APP, the thermal deg-
radation has three steps according to Fig. 8b. The three
thermal degradation steps are assigned to ammonia release,
catalysis of the charring process, and decomposition of the
polyphosphoric acid chain, respectively. It can be clearly
seen that the addition of APP reduces the formation tem-
perature of carbon layer so that prevents TPU composites
from further thermal degradation [39, 40].
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For TPU-2 sample, the initial decomposition temperature
is 287.5 °C, which is lower than that of TPU-1. The decrease
in the decomposition temperature of the samples containing
ferrous powder owe to that ferrous powder as a kind of active
metal, which can catalyze APP decomposing. Furthermore,
ferrous powder decreases the mass of flame retardant TPU
composites at high temperature. It figured out that the sam-
ples with both APP and ferrous powder have four decom-
position processes, but TPU-1 with only APP shows three.
From Fig. 8b, it can obviously be seen that the decomposi-
tion rate of the samples with both APP and ferrous powder is
larger than that of TPU-1 at the first stage. The phenomena
may attribute to the catalyzing deamination by ferrous
powder. For the samples TPU-2 to TPU-5 containing ferrous
powder, the second decomposition stage is the reaction
between polyphosphoric acid and ferrous powder. The third
stage is responsible for the rupture of the TPU main chains.
And the fourth stage is attributed to the further destruction of
the C—C and C-O bonds on the main chain [38].

Photographs and scanning electron microscopy (SEM)
of char residue

Figure 9 is the photographs and SEM of char residues for
the TPU composites after cone calorimeter test. The heat
transfer between flame zone and burning substrate can be
prevented by the formation of efficient carbon layer, and
thus protecting the underlying materials from further
burning and pyrolysis of polymer composites. It can be
seen that TPU-0 has the lightest and loosest char residue
that is responding to the highest HRR and largest mass
loss among all samples. Compared with TPU-0; the char
residue of TPU-1 containing only APP is relatively high.
What is more, a coherent and dense char can be formed
only at a suitable ratio of ferrous powder into TPU/APP
composites. It is apparent that the samples containing both
APP and ferrous powder have high and regular char resi-
dues. For the TPU/APP/ferrous powder series, TPU-4 has
the densest and most compact char residue surface among
all samples, which can explain the related data tested by
cone calorimeter.

In order to further evaluate the influence of ferrous
powder on the structure of intumescent char determining
flame retardant properties, SEM micrographs of intumes-
cent chars of TPU-0 (TPU-0S), TPU-1 (TPU-1S), and
TPU-5 (TPU-5S) magnified 200x are shown in Fig. 9,
respectively. For TPU-0S sample, there are many holes and
crevices, and the carbon layer presents an irregular
appearance. But for TPU-1S composites with APP (Fig. 9),
a very smooth fracture surface is observed. Compared with
TPU-0S and TPU-18, the char residue of TPU-4S shows a

Fig. 9 Photographs and SEM of char residue of TPU composites
after CCT
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compact appearance and smooth surface clearly as well as
clear interface. This can be explained that ferrous powder
can help to promote charring and forming compact carbon
layer, restraining the heat release and smoke generation.

Limiting oxygen index (LOI)

The LOI values testing results of the flame retardant TPU
composites are presented in Fig. 10. It can be seen that the
LOI value of the composite containing 20.00 mass% APP
is as high as 31.25 compared with that of the pure TPU.
Moreover, the values of the composites containing ferrous
powder at the corresponding additive level are higher than
the TPU/APP composite. And TPU-3 with 1.25 mass%
ferrous powder shows the highest LOI value (32.75) among
all samples. With ferrous powder further increasing, the
LOI values of TPU/APP/ferrous powder composites
decrease. For example, the LOI value of TPU-4 with
2.5 mass% ferrous powders is 31.75, but the LOI value of
TPU-5 with 3.75 mass% ferrous powder increases slightly.
The above results imply ferrous powder can improve the
structure of char residue from TPU composites. Indeed,
ferrous powder not only can react with polyphosphoric acid
from the decomposition of APP to form iron pyrophosphate
compounds which increases the melt viscosity of the
composites, resulting high LOI value, but also can change
the expansion degree and density of char residue which
plays an important role in LOI. Moderate expansion degree
and density may correspond to high LOI. The sample
TPU-3 containing 1.25 mass% ferrous powders plays a
vivid example. But it can be seen that the LOI values of
TPU-4 and TPU-5 are lower than that of TPU-3 when the
ferrous powder content is raised. This phenomenon con-
tributed by that the density of char residue increases but the
expansion degree of char residue decreases as the ferrous
powder content is raised. As the LOI values of TPU-4 are
lower than that of TPU-5, which may be due to that ferrous

3275 31.75

TPU-0 TPU-1 TPU-2 TPU-3 TPU-4 TPU-5

Fig. 10 Limiting oxygen index for TPU composites
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powder particles aggregated severely in the APP/TPU
blend, suggesting poor dispersibility, it can be concluded
that there is synergistic effect between APP and ferrous
powder in improving LOI value of TPU composites.

Conclusions

As to all the results of TPU/APP/Fe composites tested by
CCT, SDT, TG, SEM and LOI, the following conclusion
was deduced. Firstly, the combination of the ferrous
powder with APP intumescent system has the best syner-
gistic effect in flameretardant of TPU, greatly enhancing
the quality of the formed condensed phase charred layer
and hence improving the flame retardancy. Secondly, fer-
rous powder can help to change the structure of char res-
idue layer that restrain the heat release and smoke
generation. Thirdly, ferrous powder represents dramatically
excellent smoke suppression properties inflame retardant
TPU composites based on APP.
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