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Abstract. In this work, nickel citrate (NC) was combined with ammonium polyphosphate (APP) to improve the flame retardance of thermoplastic polyurethane (TPU). And, the influence of nickel citrate on the flame retardance of TPU/APP
composites was investigated by cone calorimeter test (CCT), thermogravimetric analysis/infrared spectrometry (TG-IR),
scanning electron microscope (SEM), gas chromatography/mass spectrometry (GC-Ms), and X-ray photoelectron spectrometer (XPS), respectively. It has been found the combination of NC and APP improved the flame retardancy and reduced the
total heat release (THR) of TPU composites. The THR value of TPU/APP/NC0.5 was reduced by 20.7% at 750 s compared
with that of TPU/APP. The flame retardancy of TPU composites and the graphitization degree of char residue from TPU
composites were improved by the combination of both NC and APP. This work provided a new way to improve the flame
retardancy of polymer composites.
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1. Introduction

paid to halogen-free flame retardants in recent
decades [8]. Intumescent flame retardants (IFR) have
attracted wide attention due to its high flame retardant efficiency and environmental friendliness compared with halogen-containing flame retardants. There
are three main substances in a common IFR system:
acid source, char-forming agent, and a blowing agent
[9, 10]. As an efficient acid source and blowing agent,
ammonium polyphosphate (APP) has been widely
applied in TPU composites since its high phosphorus
content (31 wt%) and the formation of a fluffy protective char layer [9, 11]. However, the mechanical
properties of TPU composites would deteriorate when
a high loading of APP was added [12, 13]. It has been
reported some synergisms can be used in TPU/APP

As one of the most generic engineering thermoplastics, thermoplastic polyurethane (TPU) had been
widely used in many fields such as wires, cables, automobiles, tubes, and adhesives due to its high tensile strength and abrasion resistance [1–3]. However,
the wide applications of TPU had been limited by its
high flammability. In particular, abundant toxic gases
were released during combustion, including carbon
monoxide and HCN [4], which led to a serious threat
to human safety [5]. Therefore, the flame retardancy
of TPU has to be improved to prolong its service life
in various harsh environments.
Many methods had been used to improve the flame
retardancy of TPU [6, 7]. Much attention has been
*
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composites to enhance the flame retardant efficiency
and mechanical properties [14].
It has been reported that transition metal compounds
can promote the carbonization of polymers during
the combustion [15, 16], it was most effective when
they were combined with other flame retardants as
well as in small amounts [17]. The metal ions were
coordinated to the molecule of TPU to make it in a
condensed-phase [18]. Furthermore, it was found that
nickel compounds had the function of catalytic carbonization and contributed to the flame retardancy
of polymer composites [19, 20]. NaNiP can significantly improve the flame retardancy of TPU composites by promoting TPU to form char residues with stable structures and make the LOI value increase to
32% [19]. The addition of 3.0 wt% of Salen-DPCPNi can reduce the peak value of the heat release rate
from 1495 kW/m2 for neat TPU to 690 kW/m2 [21].
Compared with pure TPU, the value of total smoke
production TPU/rGO-Salen-Ni1.5 was reduced by
28% [20]. In addition, the organic nickel complexes,
such as nickel citrate (NC), might be an excellent
precursor for preparing metal nickel catalysts with
high dispersion polymer resin [22]. However, there
was no research about the influence of nickel citrate
on the flame retardancy of polymer composites. Considering the different flame retardant mechanisms
between APP and nickel compounds, it was expected
that the combination of APP and NC would improve
the flame retardancy of TPU composites.
In this work, NC was incorporated into TPU with APP
to prepare TPU/APP/NC composites. Here, the flame
retardant performance and thermal stability of TPU
composites were investigated using different measurements, including CCT, TG-IR, SEM, GC-Ms,
XPS, and LRS.

was obtained from Jinan Taixing Fine Chemical Co.
Ltd (Jinan, China). Citric acid (CA, purity ≥99.5%)
was supplied by Tianjin Beilian Fine Chemical Co.
Ltd (Tianjin, China). Nickel acetate (purity ≥98.0%)
was purchased from Shanghai Shanpu Chemical Co.
Ltd (Shanghai, China).

2.2. Preparation of nickel citrate
The nickel citrate (NC) was prepared by the following procedure. The nickel acetate tetrahydrate
(Ni(CH3COO)2·4H2O, 0.03 mol) was dissolved into
deionized water (80 ml), and CA (C6H8O7, 0.036 mol)
was dissolved into deionized water (20 ml). Then, the
nickel acetate solution was added to the CA solution
slowly with stirring to obtain a green solution. And
the green solution was aged at 70 °C in a water bath
until the green sol-gel appeared. The product was
dried under 80 °C for 24 hours in a vacuum oven. Finally, the light green NC powder was obtained.
2.3. Preparation of flame retardant TPU
composites
TPU was dried at 60°C for 3 h in a vacuum oven, then
mixed with both APP and NC with different weight
ratios in the internal mixer. Then the blends were put
into the tablet machine (with the size of 100×100×
3 mm3) after mixed from the internal mixer. Five samples were prepared and named as TPU, TPU/APP,
TPU/APP/NC0.125, TPU/APP/NC0.25, TPU/APP/
NC0.5. The formulation of TPU composites was
showed in Table 1.
2.4. Measurements
The morphological characteristics were investigated
by scanning electron microscope (SEM, SU8000
15.0 kV) with energy dispersive X-ray spectrometry
(EDX). Before the tests, the specimens were sputtered with a thin gold coating to avoid electrostatic
charging.
The thermal decomposition performance of TPU
composites was tested by thermogravimetric analysis/
infrared spectrometry (TG-IR). TG-IR was performed

2. Experimental
2.1. Materials
Thermoplastic polyurethane (TPU, 9380 A) was purchased from Covestro Polymers Co. Ltd (Shenzhen,
China). Ammonium polyphosphate (APP, 300 meshes)

Table 1. Formulations, LOI and UL-94 results of flame retardant TPU composites.
Samples
TPU

TPU
[wt%]

APP
[wt%]

NC
[wt%]

LOI
[wt%]

UL-94

100.000

0

0

21.0

NR

TPU/APP

92.000

8.000

0

26.5

V-1

TPU/APP/NC0.125

92.000

7.875

0.125

26.5

V-0

TPU/APP/NC0.25

92.000

7.750

0.250

26.5

V-0

TPU/APP/NC0.5

92.000

7.500

0.500

27.0

V-1
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on a DT-50 (Setaram, France) instrument that was
interfaced with an FTIR spectrometer (IR Afﬁnity-1,
170SX) (Shimadzu, Japan). There were about 10 mg
of samples placed in an alumina crucible. The heating rate was set as 10 °C/min (nitrogen atmosphere,
the flow rate of 60 ml/min), and the wavenumber
range was set from 4000 to 400 cm–1.
The X-ray diffraction (XRD) was measured by
D-MAX 2500/PC (Rigaku, Japan), and the data were
collected over a 2θ range from 5 to 80°.
The combustion performance was tested by the cone
calorimeter instrument (Fire Testing Technology,
UK) according to ISO-5660 standard procedures.
Each sample with dimensions of 100×100×3 mm3
was put in aluminum foil and exposed to an external
heat flux of 35 kW/m2.
The limiting oxygen index (LOI) test was conducted
on a ZR-01 oxygen index meter (Qingdao Shanfang
Instrument Co., Ltd.) according to the standard oxygen index test (ASTM D2863). The samples used
were of dimensions 100×6.5×3 mm3, and five samples were studied in the LOI test.
The UL-94 level was tested on a CZF-3 instrument
(Jiangning Analysis Instrument Co., Ltd.), according
to ASTMD 380. The dimensions of samples were
100×13×3 mm3, and three samples were carried out
in the UL-94 test.
The pyrolysis products of TPU composites were analyzed by gas chromatography/mass spectrometry
(GC-Ms, QP2010 Ultra, Shimadzu, Japan). The chromatographic separation was performed using the
Rxi-5sil Ms capillary column with high-purity helium as the carrier gas, the mass of samples required
was about 3~5 mg. The temperature of chromatographic column was gradually increased, maintained
at 30 °C for 2 minutes, raised to 130 °C at a heating
rate of 10 K/min and kept for 2 minutes, then raised
to 180 °C at a heating rate of 12 K/min and held for
2 minutes. At last, it was raised to 280 °C at a heating
rate of 7 K/min and maintained for 10 minutes.
The laser Raman spectroscopy (LRS) test for the
char residue was conducted on a Horiba Scientific
LabRam HR Evolution at ambient temperature. A
514 nm laser had an output optical power of about
1 mW (about 1 mW after the laser was attenuated by
about 1%) and an integration time of 200 s, the scanning range was 5000–40 cm–1.
The X-ray photoelectron spectrometer (XPS) was
tested by Thermo Fischer, ESCALAB 250XI (US).
The analysis chamber vacuum degree was 4·l0–9 mbar,
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the excitation source was Al ka ray (hv = 1486.6 eV),
the working voltage was 14.6 kV, the filament current was 13.5 mA, and the signal accumulation of
20 cycles was performed. Passing-Energy was 20 eV,
the step size was 0.1 eV, and C1s = 284.8 eV combined energy as the energy standard for charge correction.

3. Results and discussion
3.1. Characterization of NC
The SEM images of NC were shown in Figure 1a,
1b, the morphology of NC particles was irregular
with the size from 1 to 5 μm. NC was also tested via
EDX, and the results were shown in Figure 1b. The
weight percent of C, O, and Ni on the surface were
about 3.92, 8.49, and 87.59%, respectively. The thermal decomposition behavior of NC was further characterized using the TG test in N2 (Figure 1c), and the
detailed data were shown in Table 2. T5% and Tmax
were defined as the temperatures at the initial and
the maximum weight loss rate, respectively. The initial decomposition temperature of CA was 207.6 °C
while that of NC was about 6 °C higher than that of
CA. This implies that NC does not decompose in the
preparation process of TPU composites. The maximum decomposition temperature of CA appeared at
252.3 °C, while that of NC was 266.8 °C, which was
about 15 °C higher than CA. Moreover, the char
residue of CA and NC at 685 °C was 12.1 and
49.7 wt%, respectively.
Figure 1d showed the XRD patterns of the products
obtained after NC was calcined for 2 h at 300 and
600 °C, respectively. The XRD pattern for the residue
obtained at 300 °C showed the emergence of reflections appeared at 2θ = 37.2, 43.3, 62.8, 75.3 and 79.3°
[23], which was assigned to NiO (PDF 71-1179).
However, besides the NiO (PDF 71-1179) appeared
at 2θ = 37.2, 43.3, 62.8, 75.1 and 78.9°, the XRD pattern for the residue obtained at 600 °C also showed
the emergence of reflections appeared at 2θ = 44.5,
51.8 and 76.3° assigned to Ni (PDF 87-0712) [24].
These results indicated that the decomposition product of NC at 600 °C was NiO–Ni blends, and most of
them were NiO [23]. It can be speculated that NiO
from the decomposition of NC played a synergistic
flame retardant role with APP at the initial combustion process of TPU/APP/NC composites. And,
when the temperature was raised to high temperature, both NiO and Ni played as flame retardant synergism in the above system.
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Figure 1. SEM images and EDX results of NC (a, b), TG and dTG (c) curves of NC and CA under N2 atmosphere, XRD
patterns (d) of the products calcined for 2 h of NC at 300 and 600 °C.

The combustion performance parameters, including
the time to ignition (TTI), time to end of flame
(EOF), heat release rate (HRR), total heat release
(THR), and residual mass were investigated. The detailed data of CCT results was showed in Table 3.
The HRR, THR, Mass, and CO curves of TPU composites were exhibited in Figure 2. As presented in
Table 3, the peak HRR (PHRR) value of TPU was
1016.2 kW/m2 while that of TPU/APP was
234.6 kW/m2. In the case of the samples with NC,
it can be found NC could reduce the PHRR value
of TPU composites effectively, and the PHRR value
of TPU/APP/NC0.5 was 182.3 kW/m2, which was

Table 2. Thermogravimetric data of CA and NC in N2 atmosphere.
T5%
[°C]

Tmax
[°C]

Char residue at 685 °C
[wt%]

CA

207.6

252.3

12.1

NC

213.8

266.8

49.7

Samples

3.2. Combustion performance of TPU
composites
CCT is one of the most effective measures to evaluate
the fire performance of polymer composites [25–27].
The radiation power was set as 35 kW/m2 to investigate the combustion behaviors of TPU composites.

Table 3. Combustion parameters of TPU composites obtained from CCT.
Samples
TPU

TTI
[s]

EOF
[s]

TPHRR
[s]

PHRR
[kW/m2]

THR
[MJ/m2]

FGI
[kW/(m2·s)]

FPI
[m2s/kW)]

106

471

281

1016.2

124.1

3.62

0.10

TPU/APP

65

761

94

234.6

37.2

2.50

0.28

TPU/APP/NC0.125

59

1127

86

188.8

33.8

2.20

0.31

TPU/APP/NC0.25

62

1947

87

191.3

35.5

2.20

0.32

TPU/APP/NC0.5

53

1893

80

182.3

39.2

2.28

0.29
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reduced by 22.3% compared with that of TPU/APP.
From Figure 2b and Table 3, it can be seen the THR
value of pure TPU was 124.1 MJ/m2. And the THR
value of TPU/APP was 37.2 MJ/m2, and that of
TPU/APP/NC0.125 was 33.8 MJ/m2, which was reduced by 9.1% compared with that of TPU/APP. The
PHRR and THR values of the samples containing
NC were lower than those of TPU/APP. The time required for the samples with NC to get the same THR
value was much longer than that for the sample containing APP only, which further suggested that NC
could effectively inhibit the heat release during the
combustion process of TPU composite, thus furtherly improved the flame retardant performance of TPU
composites.
Consequently, mass loss was also an important parameter for the anti-flaming and smoke suppression
of polymer composites [28, 29]. And the mass loss
curves of TPU composites were shown in Figure 2c.
It can be seen that there was almost no char residue
from pure TPU at the end of the combustion. Furthermore, pure TPU decomposed very rapidly in the

range of 160–300 s. And, the remaining mass of pure
TPU was only 17.69% at 300 s. However, there was
about 73.83% remaining mass for the TPU/APP sample at 300 s. For the samples with NC, the mass of
char residues from TPU composites increased gradually with the increase of NC at 300 s. In other words,
there were fewer gas-phase products formed for the
samples with NC. Therefore, NC improved the flame
retardant performance of the composites through the
carbonization process of TPU composites. The results
of mass loss well corresponded to the results of the
heat parameters. An intumescent char was formed
on the surface of the samples during the combustion,
which kept oxygen from diffusing into the underlying matrix or provided a low volatilization rate. The
structure of the char residue also affected the release
of smoke particles [30, 31].
For humans, it was important to reduce the release
of smoke particles and toxic gases that were also fatal
to humans in a real fire. Carbon monoxide is the main
cause of death in a fire. The production rate curves of
CO was shown in Figure 2d. It was obvious that a

Figure 2. HRR (a), THR (b), Mass (c) and CO (d) curves of TPU composites.

449

Chen et al. – eXPRESS Polymer Letters Vol.15, No.5 (2021) 445–458

large number of CO was released during the combustion of pure TPU. The maximum production rate
value of CO from pure TPU was 0.062%, while that
of TPU/APP was 0.023%. For TPU/APP/NC0.5 sample, the maximum production rate value of CO was
0.014%, which was reduced by 39.1% compared with
TPU/APP. This indicated NC significantly reduced
the toxic substances.
In addition, to obtain further parameters of fire hazard, the fire performance index (FPI) and fire growth
index (FGI) from the CCT data were calculated as
the formula: FPI = TTI/PHRR, FGI = PHRR/TPHRR.
The high FPI value and low FGI value represented
high fire safety performance for flame retardant materials [32]. It is noted that TPU/APP/NC0.25 possessed the highest FPI value and the lowest FGI value
among all samples, indicating that it showed the best
fire safety features.
Generally, the structure of the char residue layer has
a certain influence on the thermal parameters and
smoke parameters of TPU composites. The digital
photographs (the top view and front view) of char
residue from TPU composites were presented in

Figure 3. It was found that there was only a small
amount of char residue layer with almost no expansion for the pure TPU sample. It can be seen APP in
TPU/APP sample can make the char residue layer
expand high with some large holes, and the structure
of the char residue layer was uneven and not dense
enough. In the case of the samples with NC, it can
be seen NC can further improve the structure of the
char residue layer based on TPU/APP, including the
expansion degree and compactness. For TPU/APP/
NC0.125 sample, there was an intact char layer formed
with the higher expansion than that from TPU/APP
sample. The most compact and densest char residue
layer was obtained for TPU/APP/NC0.5 in all samples.
The SEM images and EDX of char residues for TPU
composites after CCT were also showed in Figure 3.
From Figure 3, it can be seen the outer surface of char
residue from pure TPU was continuous with some
pores that might be formed by gas generation during
the decomposition of pure TPU. Compared with TPU,
TPU/APP formed a compact char layer but still existed small holes in the surface of the residues. In addition, after the 0.5 wt% NC was added, a tighter char

Figure 3. Digital photographs images, SEM images and EDX results of char residue for TPU composites after CCT, TPU (a),
TPU/APP (b), TPU/APP/NC0.5 (c).
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residue layer was observed on the outer surface of
TPU/APP/NC0.5, which acted as a barrier to inhibit
the transfer of heat and oxygen during the combustion [33]. The dense char residue layer formed from
TPU/APP/NC0.5 sample because of the combination
of NC and APP in TPU. The elemental composition
and content of the char residue layer were shown in
Figure 3. There were only C, N, and O elements detected from the pure TPU sample, and there were C,
N, O, and P elements detected from TPU/APP sample. However, for the TPU/APP/NC0.5 sample, a new
peak corresponding to nickel element was found except the peaks of C, N, O, and P elements, indicating
there were some nickel-containing substances in the
char residue layer, which can greatly improve the
flame retardancy of polymer composites [34]. The
EDX results further indicated that the formation of
the condensed phase might play a vital role during

the combustion of TPU composites through the combination of ammonium APP and NC.
Moreover, the char residue layer after CCT were further characterized by LRS and XPS. And the LRS of
char residues from TPU and its composites was
given in Figure 4. It can be seen all spectra showed
D and G band at about 1360 and 1590 cm–1 [35], respectively, attributing to the disorder of graphite crystals or glassy carbon and tensile vibration [36]. The
graphitization degree of char residues was often estimated by the ratio of the integrated intensities of D
band to G band (ID/IG). It was reported the low value
of ID/IG means a high degree of graphitization [37].
As shown in Figure 4, the ID/IG of the char residue
from pure TPU was 3.24, while ID/IG values of the
char residues from TPU/APP and TPU/APP/NC0.5
were 3.23 and 2.86, respectively. The results showed
that the degree of graphitization of the char residue

Figure 4. Raman spectra of the char residues after CCT of TPU composites (a), XPS spectra of the char residues after CCT
of (b) TPU composites and deconvoluted XPS survey of (c) Ni2p.
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from TPU/APP/NC0.5 was the highest among all samples. The results showed that NC can significantly
promote carbonization and graphitization. And, the
formation of char residue layer was conducive to improve heat insulation and oxygen isolation [38], thus
the flame retardancy of TPU composites had been
enhanced.
The bonding among elements for the char residues
from TPU composites after CCT were further confirmed using XPS [39]. The survey spectrum (Figure 4b) is good in accordance with Figure 3. The highresolution of Ni2p XPS spectrum for the TPU/APP/
NC0.5 sample was shown Figure 4c. The two main
peaks at 872.6 and 854.7 eV corresponded to Ni2p1/2
and Ni2p3/2, respectively [23, 40]. Focusing on the
Ni2p3/2 core-level spectra, there were two Ni species
in Figure 4c. And, the binding energy values of 854.0–
854.9 and 851.8–852.7 eV were attributed to NiO
and metal Ni, resepectively [23]. This result was corresponding to the XRD results in Figure 1, further indicating that the decomposition products of NC were
NiO and Ni.

LOI and UL-94 tests were widely used to evaluate the
flame retardancy of polymer composites [41]. The
LOI values and UL-94 rating for all samples were
shown in Table 1. The LOI value of pure TPU was
only 21.0%, and pure TPU did not pass the UL-94
test. The LOI value of TPU/APP increased to 26.5%
with the addition of 8 wt% APP and the UL-94 rating
of TPU/APP increased to V-1. Compared with TPU/
APP, the LOI value of both TPU/APP/NC0.125 and
TPU/APP/NC0.25 were the same as 26.5% and the
UL-94 rating of the above two samples was increased
to V-0. The LOI value of TPU/APP/NC0.5 was increased to 27.0%, and the UL-94 rating was reduced
to V-1. It was reported that the UL-94 rating of TPU
composites containing 19 wt% APP and 1 wt%
NaNiP reached to V-1 [19]. The addition of NC increased the flame retardant efficiency of TPU/APP
composites.

3.3. Thermal performance of TPU composites
The TG and dTG curves were shown in Figure 5,
and the detailed data were summarized in Table 4. As

Figure 5. TG (a) and dTG (b) curves of TPU composites under N2 atmosphere and comparison of experimental values to
theoretical values of degradation temperatures of TPU composites in N2 condition (c, d).
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Table 4. Thermogravimetric data of TPU and its composites
under N2 atmosphere.
Samples

T5%
[°C]

cal
T5%
[°C]

Tmax
[°C]

cal
Tmax
[°C]

TPU

331.4

TPU/APP

310.8 310.8 357.2 357.2

407.1

Char residue
at 700 °C
[wt%]
01.7
24.2

TPU/APP/NC0.125 311.8 310.7 359.4 357.1

25.5

TPU/APP/NC0.25

316.6 310.6 363.6 357.0

29.5

TPU/APP/NC0.5

305.0 310.3 360.4 356.7

29.6

shown in Figure 5a, 5b and Table 4, T5% of TPU was
331.4 °C. For TPU/APP and TPU/APP/NC system,
T5% was lower than that of TPU because the initial decomposition temperature of APP was lower than
TPU. Moreover, the char residue of TPU was 1.7 wt%
only at 700 °C, while that of TPU/APP was 24.2 wt%.
And, the char residues of TPU/APP/NC0.125, TPU/
APP/NC0.25, and TPU/APP/NC0.5 were 25.5, 29.5,
and 29.6 wt%, respectively. With the increase of NC,
the char residue of TPU/APP/NC composites was increasing gradually at 700 °C, indicating that NC increased the thermal stability of TPU/APP/NC composites at high temperatures. To further understand the
effect of NC on the thermal stability of TPU comcal
cal
and Tmax
of
posites, it was assumed that both T5%
TPU composites obey the linear mixing law, as
shown in Equation (1) and (2) [42]:
T5cal
% = T5%, TPU/APP $ U w,TPU/APP + T5%, NC $ U w,NC

(1)

cal

T max = Tmax, TPU/APP $ U w,TPU/APP + Tmax, NC $ U w,NC (2)

Figure 6. TG-IR spectra of pyrolysis products at maximum
decomposition rate of TPU composites.

where T5%,TPU/APP and T5%,NC refer to the T5% of TPU/
APP and NC, respectively. Φw,TPU/APP and Φw,NC represent the mass fraction of TPU/APP and NC, respectively. The same was applied to both Tmax,TPU/APP
and Tmax,NC. As shown in Figure 5c, 5d, all experimental values of both T5% and Tmax were higher than
the theoretical values except for TPU/APP/NC0.5.
The TPU/APP/NC0.25 exhibited the largest differences between experimental and theoretical values,
indicated that the addition of 0.25 wt% NC possessed the best ratio in this formulation.
TG-IR was carried out under nitrogen, and the IR
spectra under the maximum degradation rate were
shown in Figure 6. TPU/APP and TPU/APP/NC had
similar spectrum upon TPU, and these bands owned
to functional group or component with characteristic
bands. The bands of water (3725 cm–1), –CH3 and
–CH2– (2974 and 2855 cm–1), CO2 (2357 cm–1),

–NCO (2340 cm–1), C=O (1735 cm–1), C–O–C
(1077 cm–1), NH3 (900 cm–1) were showed clearly
in Figure 6 [4, 5, 30, 33, 43–45]. Compare with TPU
and TPU/APP, the bands of CO2 and –NCO were decreased for TPU/APP/NC composites, which indicated the combination of APP and NC possibly
changed the decomposition process of TPU. In addition, the ester group and HCN were not visible in
Figure 6, which were located in the bands of 1148
and 722 cm–1, respectively [46]. It is very interesting
that there was almost no NH3 detected in this experiment. The reason is that NH3 decomposed from APP
can react with the compounds containing –NCO
from the degradation of TPU.
Gas chromatography/mass spectrometry (GC-Ms)
was used to analyze the gas products that formed during the thermal decomposition of TPU composites.
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Table 5. Continuance.
Peak
number

Figure 7. GC-Ms analysis results of volatile production during TPU composites degradation at 350 °C.

The total ion chromatogram was shown in Figure 7
and Table 5. The gas products were formed by pyrolysis from TPU, TPU/APP, and TPU/APP/NC0.5 at
350 °C. There were three main ways for the initial
degradation of carbamate bonds. So, the pyrolysis
products from TPU were divided into three categories [47, 48].
The first group included pentan-2-amine (peak 1),
carbon dioxide (peak 2), butane-1,4-diol (peak 5), isocyanatobenzene (peak 6), aniline (peak 7), 1-ethyl-2isocyanatobenzene (peak 8), 1-isocyanato-4-methylbenzene (peak 9), p-toluidine (peak 10), 1-ethoxy-2isocyanatobenzene (peak 12), 2-isocyanato-1,3-diisopropylbenzene (peak 13), 1-isocyanato-3-(4-isocyanatobenzyl) benzene (peak 20), and bis (4-isocyanatophenyl) methane (peak 21), respectively. These

Assigned structures

Ret.
time

6

08.06

7

08.65

8

09.20

9

10.06

10

10.27

11

11.10

12

11.44

13

14.20

14

14.87

15

16.38

16

18.03

17

18.44

18

18.71

19

21.37

20

24.21

21

25.50

Table 5. Compounds identified from the thermal pyrolysis
chromatogram of TPU composites.
Peak
number

Assigned structures

Ret.
time

1

01.54

2

02.20

3

02.49

4

05.38

5

06.82
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peaks corresponded to the primary cleavage of urethane linkage and ester. The second group included
tetrahydrofuran (peak 3), cyclohexanone (peak 4), oxacycloundecane-2,7-dione (peak 15), 7-methyl-1, 4dioxepan-5-one (peak 17), and 1,4-dioxocan-5-one
(peak 18). These were reasonably attributed to the
thermal degradation of polyether polyols, which can
happen, as dehydration, hydrogen transfer and transesterification reaction. In the last group, olefin end
groups included but-3-en-1-ol (peak 11), hept-6enoic acid (peak 14), and butane-1,4-diyldiacrylate
(peak 19), respectively.
With the loading of APP and NC, the intensity of
peak 20 and peak 21 disappeared for the TPU/APP
and TPU/APP/NC samples, the bis (4-isocyanatophenyl) methane was stored as residual char instead
of volatilized, which reduced the smoke or flammable
gas. This result meant that the decomposition process
of TPU had been changed by the NC and APP, which
corresponded with the results of CCT. During the
combustion process of TPU composites, the surface
of the char residue layer effectively kept the inside
matrix from further decomposition.

3.4. Possible flame retardant mechanism
Based on the results of CCT, TG, SEM, XPS, LRS
and XRD, the possible flame retardant mechanism

of TPU/APP/NC composites was shown in Figure 8.
The decomposition products of TPU mainly contained
bis (4-isocyanatophenyl)methane and other small
molecular products. NC mainly played an important
role in the condensed phase. The decomposition
process of TPU/APP/NC composites was changed
by both NC and APP. APP was decomposed into polyphosphoric acid, and NC was decomposed into NiO
and Ni. The bis(4-isocyanatophenyl)methane was
combined with polyphosphoric acid as well as NiO
and Ni, which remained in the char residues to form
a condensed phase. NiO and Ni promoted the formation of a protective char residue layer on the surface of the TPU/APP/NC composites. The network
structure of the char residue of TPU/APP/NC0.5 was
more compact and even, resulting in good flame retardant efficiency and smoke suppression properties.

4. Conclusions
This paper presented a new method to improve the
flame retardant efficiency of TPU. NC was decomposed into NiO and Ni, catalyzing the carbonization
of TPU/APP composite and enhance the flame retardant efficiency. NC can reduce the thermal decomposition rate of TPU/APP/NC composites and obviously
increased the char residues, resulting in high LOI
value and UL-94 rating, good fire safety performance

Figure 8. Possible flame retardant mechanism of TPU composites.
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[7] Cai W., Feng X., Wang B., Hu W., Yuan B., Hong N.,
Hu Y.: A novel strategy to simultaneously electrochemically prepare and functionalize graphene with a multifunctional flame retardant. Chemical Engineering Journal, 316, 514–524 (2017).

with low production CO in the combustion process.
The dense network structure of char residue with a
high expansion degree effectively prevented the release of combustible gas smoke precursors, thus excellent flame retardancy was obtained. Overall, the
combination of NC and APP had been proved to be
a promising flame retardant system for TPU.

https://doi.org/10.1016/j.cej.2017.01.017

[8] Xu Y-J., Shi X-H., Lu J-H., Qi M., Guo D-M., Chen L.,
Wang Y-Z.: Novel phosphorus-containing imidazolium
as hardener for epoxy resin aiming at controllable latent
curing behavior and flame retardancy. Composites Part
B: Engineering, 184, 107673/1–107673/10 (2020).
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