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Abstract
Polyurethane (PU) has become one of the most important segmented copolymers, due to it can be tailored to suit a wide range of
application requirements by changing their structures and compositions. Amide, urethane and urea, which are capable of forming
intermolecular hydrogen bonding to enhance the microphase separated morphology, are now used to consist segmented copol-
ymers (poly(urethane-urea-amide) PUUA). In order to understand the usage temperature of the material and the protective
measures which can be used, we wanted study the thermal stability and degradation process of PUUA. For study the stability
of molecule structure, the thermal degradation behaviors of PUUA were extensively investigated with the thermogravimetric
analysis (TG) under pure nitrogen and air, firstly. And the degradation activation energy of PUUAwas further determined by the
Flynn-Wall-Ozawa method. To find the order of thermal stability of bonds, thermogravimeter coupled with FTIR spectropho-
tometer (TG/FTIR) was used to research their gaseous products and their releasing intensity under nitrogen. In addition, the
thermal decomposition behaviors of PUUA under air were also simulated by TG/FTIR. All results demonstrated that the bond of
polyurethane decomposed firstly, both under air and nitrogen. And the protection of the bond of polyurethane was beneficial to
prolong the service life of PUUA materials.
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Introduction

In general, segmented copolymers consist of an amorphous or
low melting polyether or polyester (soft) segment that alter-
nates with a crystalline or high glass transition temperature
(hard) segment along the polymer backbone [1–6]. Its special
morphology imparts segmented polymers with excellent me-
chanical properties at high and low temperatures [7, 8].
Among them, polyurethane (PU) are high performance seg-
mented polymers consisting of soft polyether segments and
hard polyamide segments [9, 10]. The most important feature
is the segmented polymers can be tailored to suit a wide range
of application requirements by changing their structures and
compositions [11].

In particular, PUs have drawn much attention in many dif-
ferent class of polymers, such as electromechanical applica-
tions, biomedical applications, and coatings applications [12,
13]. For example, Chen [14] prepared a series of poly (ure-
thane urea) (PUU) networks by reacting castor oil -based
polyurethane precursor with different amounts of 4-
aminophenyl disulfide with good mechanical properties and
reprocessibility. Rodrigo [15] used aqueous dispersions of
poly(urethane-urea) (PUU) to form dense membranes for the
permeability and separation of pure CO2, CH4, and N2, at
room temperature. Due to the similar reaction groups of poly-
urethane, polyamide and polyurea, we use amide, urethane
and urea to consist segmented copolymers (Poly(urethane-
urea-amides) PUUA) which are capable of forming intermo-
lecular hydrogen bonding to enhance the microphase separat-
ed morphology. The amide functionality possesses strong hy-
drogen bonding favorable to the formation of physical
crosslinks to enhance the mechanical properties, solvent resis-
tance and thermal and dimensional stability of PUUA [16,
17]. On the other hand, the polyether amorphous segments
form a continuous phase contributing to low temperature flex-
ibility and long-range elasticity of the copolymer [18]. Muthu
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[19] got excellent solvent resistivity and thermal stability
PUUA by the synthesis of 4,4′ -methylenediphenyl
diisocyanate (MDI) based polyurethane-ureas-amide using
diamine-diamide chain extenders and dihydroxy polystyrene
(PSt). Those works focused on the syntheses and perfor-
mances of their segmented copolymer. But the thermal stabil-
ity is also an important factor in the application of PUUAs. So
we want to study the thermal stability and decomposition pro-
cess of PUUA.

In our previous paper [20], we have published the reactive
processing and properties of PUUA. For farther use and study,
we have researched its thermal stability and decomposition. In
this paper, the thermal degradation behaviors of PUUAwere
extensively investigated with the thermogravimetric analysis
(TG) under pure nitrogen and air, firstly. And the degradation
activation energy of PUUA was further determined by the
Flynn-Wall-Ozawa [21–25] method, according to the results
of TG. To find the order of thermal stability of bonds, thermo-
gravimetric analysis coupled with Fourier Transform infrared
spectroscopy (TG/FTIR) was used to research their gaseous
products and their releasing intensity under nitrogen. In addi-
tion, the thermal decomposition behaviors of PUUA under air
were also simulated by TG/FTIR.

Experimental

Materials

4,4-diphenylmethane diisocyanate (MDI, AR) was sup-
p l ied by Yanta i Wanhua Polyure thane Co. Ltd .
(Shandong, China). Polytetramethyleneglycol (PTMG, in-
dustrial grade, Mw =1000 g mol−1,) was purchased from
Hyosung Chemicals Co. Ltd.(Jiaxing, China). α,ω-amino
nylon-6 with Mw =1000 g mol−1 and deionized water were
made in the labora to ry. Mul t ib lock copo lymer
PUUA(Scheme 1) was polymerized in laboratory according
to Kong, et al. [20].

Instrumentation

The measurement of TG was carried out using a Netzsch
TG209 F1 thermogravimeter at a linear heating rate of
10 K/min, 20 K/min, 30 K/min and 50 K/min, respectively.
About 7–8 mg of each sample was heated in the tempera-
ture range from 300 to 1073 K, with a controlled dry nitro-
gen or air flow of 60 ml/min. The sample was loaded with
ceramic crucibles which were treated by high temperature.
TG/FTIR measurements were carried out on a Mettler
Toledo TG/DSC 1 STARe System thermogravimeter
coupled with a Nicolet iS10 FTIR spectrophotometer.
About 8 mg of each sample was heated from 300 to
1073 K with a heating rate of 10 K/min under pure nitrogen
or air condition. The flow of dry nitrogen and air was 60 ml/
min. The sample was loaded with ceramic crucibles which
were treated by high temperature.

Results and discussion

The thermal decomposition behaviors under nitrogen

The mass loss and mass loss rate curves under pure nitrogen
were respectively presented in Fig. 1a, b. The temperature of
TP and RP of PU-PA increased increasingly with the heating
rate increasing.

The fundamental rate equation used in all kinetic studies is
generally described as

dα=dt ¼ k f αð Þ ð1Þ
where k is the rate constant and f (α) is the reaction model, a
function depending on the actual reaction mechanism.
Equation (1) expresses the rate of conversion, dα/dt, at a con-
stant temperature as a function of the reactant concentration
loss and rate constant. In this study, the conversion rate a is
defined as:

α ¼ W0−Wtð Þ= W0−Wfð Þ ð2Þ

Scheme 1 The structure of PUUA(in the blue block was bond of polyurethane; in the red block was bond of polyurea; in the green block was bond of
polyamide)
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where Wt, W0, and Wf are time t, initial and final weights of
the sample, respectively. The rate constant k is generally given
by the Arrhenius equation:

k ¼ A exp −E=RTð Þ ð3Þ
where E is the apparent activation energy (kJ/mol), R is the
gas constant (8.314 J/K mol), A is the pre-exponential factor
(min−1), T is the absolute temperature (K). The combination of
Eqs. (1) and (3) gives the following relationship:

dα=dt ¼ A exp −E=RTð Þ f αð Þ ð4Þ

For a dynamic TGA process, introducing the heating rate,
β =Dt/dt, into Eq. (4), Eq. (5) is obtained as:

dα=dt ¼ A=βð Þ exp −E=RTð Þ f αð Þ ð5Þ

Equations (4) and (5) are the fundamental expressions of
analytical methods to calculate kinetic parameters on the basis
of TGA data.

Flynn-Wall-Ozawa [21–25] method was chosen to study
the stability of samples in the entire area of decomposition
because it did not require the knowledge of reaction mecha-
nism. To show the activation energy change of decomposition
during mass loss, Flynn-Wall-Ozawa method represented a
simple method of determining activation energy directly from
weight loss versus temperature obtained at several heating
rates, using the equation:

d logβð Þ
d

1

T

� � ¼ −0:4567
E

R
ð6Þ

Twas the temperature of the same mass loss decomposition at
the different heating rates and βwas the heating rate. Figure 2
showed the trend of PU-PA under nitrogen. The activation
energy Ex for different mass loss decomposition values can
be calculated from a logβ versus 1/T plot.

Ex ¼ −2:1896R* slope of fitting lineð Þ

As shown in the Fig. 3, the activation energy of PUUA
decomposition decreased with the mass loss increasing before
40% mass loss. The activation decomposition energy of
PUUA at initial mass loss was 268.9KJ*mol−1. The activation
decomposition energy of PUUA at 40% mass loss was
212.0KJ*mol−1. Then the activation energy of PUUA in-
creased rapidly. The activation decomposition energy of
PUUA at 90%mass loss was 382.9KJ*mol−1. It indicated that
the decomposition activation energy of PUUA decreased be-
cause of the change of stability after the initial degradation.
After 40% mass loss, the stability of residues increased with
the mass loss.

Fig. 2 The Flynn-Wall-Ozawa values of PU-PA at different heating rates
under nitrogen (a:mass loss 10%; b:mass loss 20%; c:mass loss 30%;
d:mass loss 40%; e:mass loss 50%; f:mass loss 60%; g:mass loss 70%;
h:mass loss 80%; m:mass loss 90%)

Fig. 1 The TG curves (a) and DTG curves (b) of HCTP and N-HCTP
under nitrogen
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The thermal decomposition behaviors under air

At the same time, the thermal stability and decomposition
behaviors of PUUA under air was also contrasted by TG anal-
ysis. The different heating rate TG and DTG curves of PUUA
under air were respectively presented in Fig. 4a, b. The par-
ticipation of air shifted the onset decomposition temperature
of PUUA to low temperature. But the char residues yield of
PUUA under air was higher than the char residues yield of
PUUA under nitrogen. There were two decomposition peaks
of PUUA under air, while there was one decomposition peaks
under nitrogen.

Flynn-Wall-Ozawa method was also chosen to study the
stability of samples in the entire area of decomposition under
air. Figure 5 showed the fitting lines of Flynn-Wall-Ozawa
method of PUUA. In Fig. 6, the trend of activation energy
was similar with that of PUUA under nitrogen. The activation
energy of PUUA decomposition decreased with the mass loss
increasing before 20% mass loss. Then the activation energy
of PUUA increased rapidly. But the activation energy of
PUUA under air varied more than that of PUUA under nitro-
gen. The difference between the minimum and maximum de-
composition energy under air was 366KJ/mol, which was 2.14
times of that under nitrogen. All the difference behaviors un-
der air indicated that the introduction of oxygen accelerated
the initial decomposition and catalyzed the production of sta-
ble materials.

The decomposition analysis by TG/FTIR

In this part, the gaseous products generated in the decompo-
sition processing were detected by TG/FTIR. Figure 7 showed
the intensity of pyrolysis gaseous of PUUA under nitrogen
and air. There was one peak of pyrolysis gaseous of PUUA

Fig. 4 The TG curves (a) and DTG curves (b) of PUUA under air

Fig. 5 The Flynn-Wall-Ozawa values of PUUA at different heating rates
under air (a:mass loss 10%; b:mass loss 20%; c:mass loss 30%; d:mass
loss 40%; e:mass loss 50%; f:mass loss 60%; g:mass loss 70%; h:mass
loss 80%)

Fig. 3 The activation energy trend curve of PUUA under nitrogen
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under nitrogen, while two peaks of PUUA under air. Also the
temperature of peaks was consistent with those of DTG
curves.

Figure 8 showed the 3-Dimensional FTIR spectra of gas-
eous products of PUUA under nitrogen and air. As shown in
Fig. 8a, c, the FTIR spectra of gaseous products under nitro-
gen, there were strong intensity peaks at the range of 3600–
3400 cm−1, 3000-2900 cm−1, 2400–2300 cm−1 and 1800-
1000 cm−1. In order to make the FTIR peaks more clearly,
we chose some FTIR spectra at different temperature. And
the FTIR spectra of gaseous products of PUUA were listed
in Fig. 9.

As shown in Figs. 8a, c and 9a, the first peaks of gaseous
products were the characteristic peaks of CO2 under nitrogen.
The next were the peaks of ether and -CH2-. It suggested that
the bond of polyurethane was ruptured firstly. At the same
time, there were small peaks of -N-H, which indicated the

decomposition of polyamide. Then the peaks of aromatic ap-
peared in the temperature range of 623-783 K. It implied the
rupture of the bond of polyurea. The results suggested that the
order of thermal stability of bonds was like this: polyurethane

Fig. 8 The three-dimensional TG-FTIR spectra of PUUA (a) under
nitrogen, b under air; the two-dimensional TG-FTIR spectra of PUUA
(c) under nitrogen, (d) under air

Fig. 7 The intensity of pyrolysis gaseous of PUUA under nitrogen and air

Fig. 6 The activation energy trend curve of PUUA under air
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< polyamide < polyurea. And combining the TG results, the
activation energy of PUUA decomposition decreased from
40% mass loss. The temperature of 40% mass loss was
685 K at 10 K/min, which implied that activation energy of

the rupture of polyurea was lowest. The decomposition pro-
cess under nitrogen was showed in Scheme 2.

As the Figs. 8b, d and 9b illustrated, in the whole decom-
position process under air, the strongest intensity peak was at

Scheme 2 The thermal stability order of bonds (in the blue block was bond of polyurethane; in the red block was bond of polyurea; in the green block
was bond of polyamide) under nitrogen

Fig. 9 The TG-FTIR spectra of
PUUA at different temperature
(a) under nitrogen, (b) under air

242 Page 6 of 8 J Polym Res (2018) 25: 242



2351 cm−1 which belonged to CO2. There were also some
weak absorption peaks of ether in the range of 2950-
2750 cm−1 and 1200–1000 cm−1 from the temperature of
603 K. It was noticeable that the participation of oxygen
shifted the rupture of the bond of polyurethane to low temper-
ature. And combining the TG results under air, the activation
energy of PUUA decomposition decreased from 20% mass
loss. The temperature of 20% mass loss was 620 K at 10 K/
min, which implied that activation energy of the rupture of
polyurethane was lowest. It suggested that the rupture of poly-
urethane was the first rupture with lowest activation energy.
And this was different from the results of TG under nitrogen.

There were the characteristic peaks of gaseous H2O from
the temperature of 643 K, which was due to the participation
of oxygen. Then in the temperature of 643-683 K, there were
the characteristic peaks of gaseous aromatic, which belonged
to the fragment of MDI. At high temperature, new shoulder
(2200–2100 cm−1) appeared after the generating of aromatic.
Those phenomena indicated that the oxygen participated in
the decomposition and the bond of polyurethane was ruptured
firstly under air. The bonds of polyurea and polyamide were
ruptured at the same time. These results demonstrated that the
protection of polyurethane bond was very important in the
process of production and use. The decomposition process
under air was listed in Scheme 3.

Conclusions

A segmented copolymers (poly(urethane-urea-amide)
PUUA) was prepared by amide, urethane and urea, which
are capable of forming intermolecular hydrogen bonding to
enhance the microphase separated morphology. In order to

understand the usage temperature of the material and the
protective measures which can be used, we wanted study
the thermal stability and degradation process of PUUA. The
TG results under nitrogen showed the activation energy of
PUUA decomposition decreased with the mass loss in-
creasing before 40% mass loss. It indicated that the decom-
position activation energy of PUUA decreased due to the
change of stability after the initial degradation. After 40%
mass loss, the stability of residues increased with the mass
loss. Under air, the activation energy of PUUA decomposi-
tion decreased with the mass loss increasing before 20%
mass loss. Then the activation energy of PUUA increased
rapidly. Those results showed that the addition of oxygen
changed the trend of activation energy under air. The dif-
ference value between the minimum and maximum decom-
position energy under air was 366KJ/mol, which was 2.14
times of that under nitrogen. All the difference behaviors
under air indicated that the introduction of oxygen acceler-
ated the initial decomposition and catalyzed the production
of stable materials.

The results of TG/FTIR under nitrogen suggested that
the order of thermal stability of bonds was like this:
polyurethane < polyamide < polyurea. And combining
the TG results, the temperature of 40% mass loss was
685 K at 10 K/min. The polyurea bonds decomposed at
685 K in TG/FTIR at 10 K/min, which implied that
activation energy of polyurea decomposition was lowest.
And the phenomena of TG/FTIR under air indicated that
the oxygen participated in the decomposition and the
bond of polyurethane was ruptured firstly under air.
These results demonstrated that the protection of poly-
urethane bonds was very important in the process of
production and use.

Scheme 3 The thermal stability order of bonds (in the blue block was bond of polyurethane; in the red block was bond of polyurea; in the green block
was bond of polyamide) under air
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