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ABSTRACT: The thermal stability of the resin matrix is an important factor affecting the safety performance of fiber-reinforced bullet-

proof composites (FRBCs) during their service period. In this study, two kinds of waterborne polyurethanes based on polyester diol

(PEDL218) and isophorone diisocyanate were synthesized; these were used as the matrix of para-aramid FRBCs. Their thermal stabil-

ity and thermal decomposition behaviors in a nitrogen atmosphere were studied by dynamic thermogravimetric analysis techniques.

The kinetic parameters, including the activation energy (E) and pre-exponential factor (A), were calculated by the Flynn–Wall–Ozawa,

Kissinger–Akahira–Sunose, Kissinger, and �Satava–�Sest�ak methods. The results show that the cationic waterborne polyurethane with

quaternary ammonium groups has better thermal stability than the anionic waterborne polyurethane with carboxylate groups. Their

nonisothermal decomposition mechanisms were studied, and the kinetic parameters were also calculated; this will offer theoretical

reference for the manufacturing and application of FRBCs based on waterborne polyurethane. VC 2015 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2015, 132, 42374.
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INTRODUCTION

Waterborne polyurethane (WPU) is a kind of polymer dispersed

in water. It has the advantages of good properties, for example,

a light smell, no pollution, and energy savings;1 this is in

accordance with environmental guidelines. In recent years,

WPU has been used for the preparation of unidirectional fiber-

reinforced bulletproof composites (FRBCs), a kind of composite

widely used in the applications demanding ballistic protection,

as a substitute for traditional solvent-based resins (vinyl ester

resins, phenolic resins, and styrene–isoprene–styrene block

copolymer). After a dipping and hot-pressing process, WPU is

combined with para-aramid fibers to become strip composite

laminates. Then, these materials (unidirectional FRBCs) can be

processed into a variety of products according to different bal-

listic protection applications.

The ballistic mechanism of the FRBCs during high-speed

impact involves many factors, including the properties of fiber

and resin, the interfacial interaction of fiber and matrix, the

arrangement of fibers in the composite and the processing con-

ditions.2 The resin matrix can significantly influence the per-

formance of the bulletproof composites, although the amount

of matrix is small (typically in the range 10–20 wt %). Under

impact, the resins are involved in energy transfer and absorp-

tion and keep the fibers in the distribution beneficial to absorb

energy.3 As well know, the motion of bullets in a gun chamber

can produce lots of heat because of friction, so there may be a

high temperature around the projectiles. Therefore, the thermal

stability is another important property of the resin matrix; it

can affect the safety of bulletproof composites in a service

period. The study and evaluation of the thermal properties are

always key research fields related to bulletproof equipment.4–6

For aramid/WPU bulletproof composites, the aramid fiber has

excellent thermal stability, but that of the WPU is much lower.

Therefore, WPU is a main factor affecting the thermal stability

of composites. Obviously, the properties of materials are closely

related to their structure. According to the charge characteristics

of hydrophilic groups, WPU can be divided into cationic type

(quaternary ammonium groups), anionic type (carboxylate or

sulfonate groups), and nonionic type [water-soluble poly(ethyl-

ene glycol) groups or hydrophilic copolyether groups].7 Previ-

ous studies have shown that the sorts and concentration of the

hydrophilic ionic groups can greatly affect the physical and

chemical properties of WPU, such as the hardness, modulus,

tensile strength, elongation at break, glass-transition tempera-

ture, and particle size of the polyurethane dispersion.8–10 How-

ever, the influence of ionizable groups on the thermal stability

and thermal decomposition kinetics of WPU has not been
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studied. Indeed, more attention should be paid to these prob-

lems in the processing and use of bulletproof composites. When

these ionic groups were used to adjust the material properties,

we also hope to understand their effects on the thermal stability

of the materials, which is important for the manufacture and

application of bulletproof composites.

Thermogravimetric analysis (TGA) techniques have been wide-

spread used for the study of the thermal stability and the ther-

mal decomposition of polymers. A number of researchers have

studied the thermal decomposition behaviors of polyurethane

foam,11,12 elastomer,13–15 adhesive,16 and coating.17 The kinetic

parameters and models of the reactions were calculated by dif-

ferent experimental and calculation methods based on TGA

techniques. For instance, Lefebvre et al.11 investigated the mod-

eling of the mass losses of rigid polyurethane foam under linear

heating rates (b) in an inert atmosphere with the invariant

kinetic parameters method. Hyoe et al.12 used the Flynn–Wall–

Ozawa (FWO) method to calculate the thermal decomposition

activation energy (E) of biobased polyurethane composite foams

filled with inorganic fillers and predicted the durability of the

materials through the dynamic parameters.

In this study, two kinds of WPUs based on polyester diol

(PEDL218) and isophorone diisocyanate (IPDI) were synthe-

sized and used as the resin matrixes for para-aramid FRBCs.

Next, a comparative study of the thermal stability of these

WPUs with different ionizable groups (the quaternary ammo-

nium groups and the carboxylate groups) was made with

dynamic TGA techniques. Their kinetic parameters and models

of the thermal decomposition were evaluated by the FWO,

Kissinger–Akahira–Sunose (KAS), Kissinger, and �Satava–�Sest�ak

methods. The results of this research will offer theoretical refer-

ence for the manufacturing and application of FRBCs based on

WPU.

EXPERIMENTAL

Materials

Polyester diol [PEDL218; number-average molecular weight

(Mn) 5 2000] was purchased from Yantai Huada Chemical Co.,

Ltd. 1,4-Butanediol (BDO) was purchased from Shanxi Sanwei

Co., Ltd. Dimethylol propionic acid (DMPA) was purchased

from Anqing Zhongda Chemical Co., Ltd. IPDI was purchased

from Germany Bayer Co., Ltd. Acetone was purchased from

Beijing Yanshan Chemical Co., Ltd. Triethylamine (TEA) was

purchased from Shijiazhuang Shijilongxin Co., Ltd. N-Methyl

diethanolamine (MDEA) was purchased from Changzhou Yup-

ing Chemical Co., Ltd. Glacial acetic acid was purchased from

Liaoning Shuangding Chemical Co., Ltd., and dimethyl sulfate

was purchased from Nantong Dalun Chemical Co., Ltd.

Synthetic Method

AWPU was synthesized according to the modified acetone pro-

cess.1 A 1000-mL, four-necked round-bottom flask, equipped

with a stirrer and thermometer, was added with 200 g of polyes-

ter diol (PEDL218, Mn=2000) and 9 g of BDO. The mixture

was stirred and heated to 1108C to dehydrate it in vacuo for

2 h. Then, the reaction temperature dropped to 808C in the

presence of nitrogen, and 11.2 g of DMPA, 85.7 g of IPDI, and

50 g of acetone were added to the flask. After 6 h of stirring,

the temperature dropped to 608C. The mixture and 8.4 g of

TEA were put into the emulsification tank and stirred. Then,

650 g of distilled water was added to the mixture. The product

(AWPU) was filtered and obtained. In the preparation of the

AWPU, polyester diol (PEDL218) was used as the soft segment,

and IPDI was extended with BDO and DMPA as the hard seg-

ments. DMPA was used as the ionic center, and TEA was used

as a neutralizer.

CWPU was prepared with the same raw materials used in the

preparation of the AWPU as the soft segments, but its hard seg-

ments were made up of IPDI, BDO, and MDEA. To a 1000-mL,

four-necked, round-bottomed flask equipped with a stirrer and a

thermometer were added 200 g of polyester diol (PEDL218,

Mn 5 2000), 9 g of BDO, and 10 g of MDEA. The mixture was

stirred and heated to 1108C to dehydrate in vacuo for 2 h. Then,

the reaction temperature was decreased to 808C in the presence of

nitrogen, and 85.7 g of IPDI and 50 g of acetone were added to

the flask. After 6 h of stirring, the temperature was decreased to

608C. An amount of 10 g of dimethyl sulfate was added to the

flask, and the reaction mixture was refluxed for 0.5 h. The mixture

and 55 g of glacial acetic acid were put into the emulsification

tank and stirred. Then, 650 g of distilled water was added to the

mixture. The product (CWPU) was filtered and obtained. In the

preparation of the CWPU, MDEA was used as the ionic center,

and glacial acetic acid was used as a neutralizer.

Finally, the resin films of the two samples were prepared by the

placement of 30 mL of WPU onto a polytetrafluoroethylene

plate, followed by drying at room temperature for 1 week. The

final films were then dried at 608C in vacuo for 24 h.

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was performed on the WPU films in attenu-

ated total reflectance mode with a Nicolet iN10 spectrometer.

The spectra were recorded at a 4-cm21 resolution from 500 to

4000 cm21.

1H-NMR Spectra

A Bruker ARX-400 NMR spectrometer was used to obtain the
1H-NMR spectra with dimethyl sulfoxide as the solvent.

TGA

TGA of all samples was performed with a TA Instruments Q50

instrument. The samples (3–5 mg) were heated from ambient

temperature to 5008C at various bs: 10, 20, 30, and 40 K/min.

A high-purity nitrogen stream was continuously passed into a

furnace at a flow rate of 60 mL/min.

Kinetic Methods

According to nonisothermal kinetic theory, the kinetic equation

of the solid matter thermal decomposition can be expressed as

follows:18

da
dT
¼ A

b
exp 2

E

RT

� �
f ðaÞ (1)

where a is the conversion of the reaction (%), b is the heating

rate (K/min), A is the pre-exponential factor (min21), E is the

apparent activation energy (J/mol), T is the absolute tempera-

ture (K), and R is the gas constant [8.314 J (mol�K)21], f(a) is
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a mathematical model function of kinetics which depends on

the reaction type and reaction mechanism.

KAS Method. The KAS method19,20 is an integral isoconver-

sional linear method; the equation is expressed as follows:

ln
b

T 2

� �
¼ ln

AE

gðaÞR 2
E

RT
(2)

where g(a) is the integral form of the reciprocal of f(a) and can

be expressed as shown in eq. (3), which is the reaction model

and depends on the reaction mechanism:

gðaÞ ¼
ða

0

da=f ðaÞ (3)

From eq. (2), plots of ln(b/T2) versus 1/T were made, and E

was calculated from the slopes of these lines at different as.

FWO Method. The FWO method21 is another common integral

method, which can determine E only through given values of a.

The integral form of the FWO method is represented by eq. (4).

lgb ¼ lg
AE

g að ÞR 22:31520:4567
E

RT
(4)

Because the value of log{AE/[Rg(a)]} is approximately a con-

stant when the values of a are the same at the different bs, the

plot log b versus 1/T is approximately linear. Thus, with the

plotting of log b against 1/T at certain percentage a, the slope

(20.4567E/R) leads to E.

Kissinger Method. The Kissinger method is a common differ-

ential method used to study the thermal decomposition mecha-

nism; it can determine E and A. The Kissinger method19,22,23 is

expressed by eq. (5):

ln
b

T 2
p

¼ ln
AR

E
2

E

RTp

(5)

where Tp is the peak temperature of the differential thermog-

ravimetry (DTG) curve (K). By plotting ln(b/Tp
2) versus 1/Tp,

the activation energy calculated by the Kissinger–Akahira–

Sunose method (E), and the pre-exponential factor calculated

by the Kissinger–Akahira–Sunose method (A) can be calculated

on the basis of the slope (2E/R) and intercept [ln(AR/E)],

respectively.

�Satava–�Sest�ak Method. The �Satava–�Sest�ak method is used to fit

the nonisothermal decomposition mechanism of the solid mate-

rials. The expression form of this method24 is given by eq. (6).

lggðaÞ ¼ lg
ASES

Rb
22:31520:4567

ES

RT
(6)

where As is the pre-exponential factor calculated by the �Satava–
�Sest�ak method (s21), Es is the apparent activation energy calcu-

lated by the �Satava–�Sest�ak method (J/mol), and g(a) comes

from 1 of 30 forms of an integral formula in the literature.25,26

Figure 1. FTIR spectra curves of CWPU and AWPU. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. 1H-NMR spectra of CWPU.
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For fixed b, the values of Es and As can be obtained with eq.

(6) at any selected g(a). Therefore, we could obtain 30 sets of

values for Es and ln As, and the mechanism functions of the

thermal decomposition reactions could be found through these

data. Generally, the g(a) values are kept as long the following

condition is met: 0< Es< 400 kJ/mol. So, we needed to com-

pare the values of Es and ln As with Eo and ln Ak, respectively,

where Eo comes from the FWO method and ln Ak comes from

the Kissinger method. If the results meet with |(Eo 2 Es)/

Eo|� 0.1 and |(ln As 2 ln Ak)/ln As|� 0.4, the corresponding

g(a) will be an integral form of the most probable mechanism

function of the reaction.

RESULTS AND DISCUSSION

FTIR Analysis

The FTIR spectra of the CWPU and AWPU are revealed in Fig-

ure 1. There were three characteristic absorbance peaks of poly-

urethane in the curves: the 3336 and 3363-cm21 peaks due to

NAH stretching vibrations, the peak at 1723 cm21 due to the

C@O stretching vibrations of the urethane carbonyl group, and

the peak at 1529 cm21 due to the NAH bending vibrations.27,28

Moreover, the other absorption peaks in the curves were as fol-

lows: those at 2947 and 2875 cm21 due to CAH stretching

vibrations, those at 1456 and 1382 cm21 due to CH2 and CH3

deformation vibrations, and those at 1130 cm21, 1178, and

1240-cm21 peaks due to the CAO vibrations of polyester. This

indicates that the two substances synthetized in this research

were all polyester polyurethane and their main functional

groups were highly similar. According to the shifting of the

NAH stretching vibrations, we observed that CWPU had a

higher degree of hydrogen bonding than AWPU.29 Furthermore,

no absorption peak of the NCO group (2270 cm21) was

observed in these samples; this indicated that the NCO groups

of the prepolymer reacted completely with the chain extenders

during the chain-extension step.

Figure 3. 1H-NMR spectra of AWPU.

Figure 4. TG and DTG curves of (a) CWPU and (b) AWPU under a

nitrogen atmosphere at four bs (10, 20, 30, and 40 K/min). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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1H-NMR Analysis

The NMR results of CWPU and AWPU are shown in Figures 2

and 3.

1H-NMR (CWPU, d, ppm): 2.38 (s, 3H), 3.66 (t, 4H), 3.71 (s,

3H) and 4.24 (t, 4H).

The peak at 2.38 ppm corresponded to the protons of NACH3.

The peak at 3.66 ppm corresponded to the protons of NACH2.

The peak at 3.71 ppm corresponded to the protons of OACH3.

The peak at 4.24 ppm corresponded to the protons of

OACH2AC.

1H-NMR (AWPU, d, ppm): 1.28 (s, 3H), 1.68 (t, 3 3 3H), 3.71

(q, 3 3 2H) and 4.25 (s, 4H).

The peak at 1.28 ppm corresponded to the protons of CACH3.

The peak at 1.68 ppm corresponded to the protons of 3 3

CACH3. The peak at 3.71 ppm corresponded to the protons of

3 3 NACH2. The peak at 4.25 ppm corresponded to the pro-

tons of OACH2AC. The results of 1H-NMR already show that

AWPU and CWPU were successfully synthesized.

TGA

Thermogravimetry (TG) and DTG curves at different bs (10,

20, 30, and 40 K/min) of the CWPU and AWPU are shown in

Figure 4(a,b). All of the TG curves exhibited a sharp mass loss

from 100 to 5008C; these were accompanied by a peak in the

weight loss rate in the DTG curves. The curves under different

bs had an approximate shape, and the peaks shifted to high

temperature with increasing b. Looking at the details of the TG

curves, we found that the 50% mass loss for AWPU and CWPU

occurred at 361 and 3838C, respectively. This indicated that

CWPU had a better thermal stability than AWPU. This may

have been attributed to their different hard-segment structures

and interactions between the hard and soft segments.

The DTG curves of CWPU and AWPU [Figure 4(a,b)] showed

obviously that there were two major steps of mass loss. With

the DTG curves at 10 K/min as an example, the first stage of

the CWPU decomposition occurred in the range 267–3688C

with a mass loss of 5–40%. Differently, AWPU occurred in the

range 274–3618C with a mass loss of 5–50%. The CAO bond of

urethane groups on the polymer backbone were broken and

induced the generation of isocyanate and polyol; this further

decomposed into amines, olefins, and CO2.30 In the second

stage, the decomposition of CWPU occurred in the range

368–4508C with a mass loss of 40–95%. For the AWPU, it was

361–4508C with a 50–97% mass loss.

Figure 5. Plots of the KAS method for the thermal decomposition E of

(a) CWPU and (b) AWPU. The as of the reaction were (W) 0.1, (•) 0.2,

(�) 0.3, (�) 0.4, (�) 0.5 (3) 0.6, (") 0.7, (3) 0.8, and ($) 0.9.

Figure 6. Plots of the FWO method for the thermal decomposition E of

(a) CWPU and (b) AWPU. The as of the reaction were (W) 0.1, (•) 0.2,

(�) 0.3, (�) 0.4, (�) 0.5 (3) 0.6, (") 0.7, (3) 0.8, and ($) 0.9.
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Nonisothermal Kinetic Studies

The kinetics of nonisothermal decomposition for CWPU and

AWPU were investigated with the KAS, FWO, Kissinger, and
�Satava–�Sest�ak methods. In these works, the as were set to speci-

fied values from 0.1 to 0.9. According to eqs. (2) and (4), the

plots of ln(b/T2) versus 1000/T (KAS) and ln b versus 1000/T

(FWO) corresponding to different as were obtained. As shown

in Figures 5 and 6, a series of approximate parallel lines were

obtained by the linear fitting method. The left-to-right lines in

the graphs corresponded to a values of 0.9–0.1. E was calculated

from the slopes of the lines at different as.

The kinetic parameters calculated by KAS and FWO are given

in Table I, and the relationship between E and a is shown in

Figure 7. We found from Figure 7 that E of CWPU and AWPU

varied throughout the decomposition process. The E values of

CWPU quickly increased from 162.6 to 265.3 kJ/mol (FWO)

with increasing a from 0.1 to 0.7 and then turn into a down-

ward trend. On the contrary, the E values of AWPU decreased

first and then increased slowly until the sample almost com-

pletely decomposed. This indicated that the thermal decomposi-

tion mechanism of CWPU and AWPU were completely

different, although they had a similar structure. In the majority

of thermal decomposition processes, the E values of CWPU

were obviously higher than that of AWPU. Additionally, as

shown in Figure 7 and Table I, we found that the E values

calculated by the KAS method were in good agreement with the

results of the FWO method.

According to eq. (5), the plots of ln(b/Tp
2) versus 1000/Tp were

obtained (Figure 8), where Tp is the temperature at peak of the

DTG curve for different bs. E and ln A were calculated on the

basis of the slope (2E/R) and intercept [ln(AR/E)], respectively.

The calculated results are summarized in Table II. The results

show that the correlation coefficients (R2s) were greater than

0.97 for the Kissinger method. However, there was a significant

Table I. E Values of CWPU and AWPU Obtained with the KAS and FWO Methods

Stage Ia Stage IIb

KAS method FWO method KAS method FWO method

Sample E (kJ/mol)c R2 E (kJ/mol) R2 E (kJ/mol) R2 E (kJ/mol) R2

CWPU 191.31 0.9768 191.55 0.9790 253.41 0.9909 251.67 0.9916

AWPU 176.92 0.9702 177.89 0.9731 180.77 0.9163 182.39 0.9252

a CWPU, a 5 0–0.4; AWPU, a 5 0.4–0.9.
b CWPU, a 5 0–0.5; AWPU, a 5 0.5–0.9.
c Relative uncertainty (ur) 5 0.02.

Figure 7. E of CWPU and AWPU at different as. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. Plots of the Kissinger method for thermal decomposition E and

A of (a) CWPU and (b) AWPU. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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deviation for the E values (Tables I and II) of AWPU in the first

stages. This was attributed to the divergence of the calculating

methods.31

The �Satava–�Sest�ak method allowed us to compute Es and ln As

and model the thermal decomposition of the materials. In this

study, the values of Es and ln As for the different as and bs were

calculated by any selected g(a), according to eq. (6). The results,

30 sets of the values of Es and ln As, are listed in Table III. The

values of Es and ln As were compared with the value of activa-

tion energy calculated by the Flynn–Wall–Ozawa method (Eo)

Table II. Values of E and ln A of the Thermal Decomposition of CWPU and AWPU Calculated with the Kissinger Method

Stage I Stage II

Sample E (kJ/mol)a ln A (min21) R2 E (kJ/mol) ln A (min21) R2

CWPU 219.11 36.46 0.9741 280.78 42.55 0.9976

AWPU 117.66 15.37 0.9848 180.44 25.25 0.9787

a Relative uncertainty (ur) is 0.02.

Table III. Values of Es and ln As of the Thermal Decomposition of CWPU and AWPU Calculated with the �Satava–�Sest�ak Method

CWPU AWPU

Stage I Stage II Stage I Stage II

No.
Es

(kJ/mol)a
ln As

(min21) R2
Es

(kJ/mol)a
ln As

(min21) R2
Es

(kJ/mol)a
ln As

(min21) R2
Es

(kJ/mol)a
ln As

(min21) R2

1 101.61 10.27 0.9624 136.55 12.93 0.9962 154.55 14.90 0.9885 89.38 9.43 0.9934

2 106.07 10.40 0.9669 170.16 15.42 0.9908 100.22 9.87 0.9742 170.16 15.42 0.9908

3 107.66 9.90 0.9684 185.85 16.07 0.9869 102.05 9.39 0.9759 185.85 16.07 0.9869

4 110.85 10.21 0.9713 218.38 18.77 0.9778 105.73 9.74 0.9790 218.38 18.77 0.9778

5 27.71 4.80 0.9713 54.60 6.72 0.9778 26.43 4.70 0.9790 54.60 6.72 0.9778

6 27.12 4.83 0.9692 48.69 6.35 0.9843 25.75 4.73 0.9768 48.69 6.35 0.9843

7 95.40 8.70 0.9572 116.20 10.22 0.9970 88.65 8.10 0.9633 116.20 10.22 0.9970

8 89.48 8.12 0.9513 97.94 8.65 0.9976 82.46 7.50 0.9568 97.94 8.65 0.9976

9 57.86 7.20 0.9751 136.26 13.32 0.9625 55.69 7.01 0.9831 136.26 13.32 0.9625

10 38.58 5.80 0.9751 90.84 9.76 0.9625 37.13 5.68 0.9831 90.84 9.76 0.9625

11 28.93 5.14 0.9751 68.13 8.01 0.9625 27.84 5.05 0.9831 68.13 8.01 0.9625

12 19.29 4.53 0.9751 45.42 6.32 0.9625 18.56 4.47 0.9831 45.42 6.32 0.9625

13 14.47 4.26 0.9751 34.06 5.51 0.9625 13.92 4.22 0.9831 34.06 5.51 0.9625

14 115.73 11.63 0.9751 272.51 24.24 0.9625 111.38 11.24 0.9831 272.51 24.24 0.9625

15 173.59 16.19 0.9751 408.77 35.28 0.9625 167.06 15.59 0.9831 408.77 35.28 0.9625

16 231.45 20.79 0.9751 545.02 46.38 0.9625 222.75 19.99 0.9831 545.02 46.38 0.9625

17 54.24 6.57 0.9692 97.38 9.85 0.9843 51.50 6.33 0.9768 97.38 9.85 0.9843

18 55.43 6.50 0.9713 109.19 10.64 0.9778 52.86 6.28 0.9790 109.19 10.64 0.9778

19 56.03 6.43 0.9723 115.52 11.03 0.9743 53.56 6.22 0.9801 115.52 11.03 0.9743

20 44.49 6.27 0.9465 32.70 5.34 0.9807 40.56 5.94 0.9494 32.70 5.34 0.9807

21 38.89 5.93 0.9274 15.60 4.30 0.9279 34.56 5.57 0.9243 15.60 4.30 0.9279

22 33.96 5.61 0.9055 7.50 3.96 0.8633 29.47 5.25 0.8950 7.50 3.96 0.8633

23 50.80 6.55 0.9624 68.27 7.81 0.9962 47.58 6.27 0.9691 68.27 7.81 0.9962

24 76.21 8.38 0.9624 102.41 10.34 0.9962 71.38 7.95 0.9691 102.41 10.34 0.9962

25 25.40 4.84 0.9624 34.14 5.41 0.9962 23.79 4.72 0.9691 34.14 5.41 0.9962

26 16.93 4.35 0.9624 22.76 4.68 0.9962 15.86 4.27 0.9691 22.76 4.68 0.9962

27 12.70 4.14 0.9624 17.07 4.36 0.9962 11.90 4.09 0.9691 17.07 4.36 0.9962

28 14.87 4.56 0.9852 176.35 16.98 0.8512 17.31 4.72 0.9578 176.35 16.98 0.8512

29 65.67 7.93 0.9847 244.63 22.25 0.9131 64.90 7.87 0.9915 244.63 22.25 0.9131

30 7.43 4.11 0.9852 88.18 9.78 0.8512 8.66 4.16 0.9578 88.18 9.78 0.8512

a Relative uncertainty (ur) 5 0.02.
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and the value of ln Ak obtained by the Kissinger method,

respectively. The results show that in the first stage, the decom-

position reaction of the CWPU was consistent with the mecha-

nism of nucleation and growth.26 The form of the integral

equations for the mechanism function was g(a) 5 [2ln (1 2

a)]3. However, AWPU had no appropriate functional form con-

sistent with the mechanism of thermal decomposition. More-

over, the values of Es and ln As were 173.59 kJ/mol and 16.19/

min for CWPU and 167.06 kJ/mol and 15.59/min for AWPU,

respectively. In the second stage, the thermal decomposition

mechanism for CWPU was consistent with the chemical reac-

tions, The form of the integral equations for the mechanism

function was g(a) 5 (1 2 a)21 2 1. However, the mechanism

for AWPU was consistent with three-dimensional cylindrical

symmetric diffusion,26 the form of the integral equations for

the mechanism function was g(a) 5 (1 2 2/3a) 2 (1 2 a)2/3.

So, the values of Es and ln As of the CWPU in the second stage

were regarded as 244.63 kJ/mol and 22.25/min, respectively;

those of AWPU were 185.85 kJ/mol and 16.07/min, respectively.

CONCLUSIONS

In summary, two kinds of WPUs with different charge proper-

ties were synthesized to study the influence of a hydrophilic

chain extender on the thermal decomposition behaviors of

WPU in a nitrogen atmosphere. The thermal stability was inves-

tigated by dynamic TGA techniques. The results of the experi-

ment indicate that the decomposition reaction of CWPU and

AWPU could be divided into two stages. CWPU had better

thermal stability than AWPU. This observation was confirmed

in the literature32 by the investigation of the dissociation ener-

gies of CHAH (452 kJ/mol), CH2AH (473 kJ/mol), CAN (770

kJ/mol), and OC@O (532 kJ/mol). The CHAH and CH2AH

bonds probably generated simultaneous scission under high

temperatures. Next were OC@O and CAN bonds. In the struc-

ture of CWPU, the CAN bond was the main chain of the poly-

mer, and the CAN bond was in the side chain of AWPU. The

degradation of CWPU needed more energy. Kinetic parameters

were calculated with the FWO, KAS, Kissinger, and �Satava–
�Sest�ak methods. The most probable kinetic function [g(a)] of

the thermal decomposition was established by the �Satava–�Sest�ak

method. The results show that the decomposition reaction of

CWPU in the first stage was consistent with the mechanism of

nucleation and growth. The form of the integral equations for

the mechanism function was g(a) 5 [2ln(1 2 a)]3. However,

AWPU did not have an appropriate functional form consistent

with the mechanism of thermal decomposition. Moreover, the

values of Es and ln As were 173.59 kJ/mol and 16.19/min,

respectively, for CWPU and 167.06 kJ/mol and 15.59/min,

respectively, for AWPU. In the second stage, the decomposition

reaction of CWPU was consistent with the chemical reactions,

and the form of the integral equations was g(a) 5 (1 2 a)21 2

1. The mechanism for AWPU was consistent with three-

dimensional cylindrical symmetric diffusion, and the form of

the integral equations was g(a) 5 (1 2 2/3a) 2 (1 2 a)2/3. The

values of Es and ln As of the CWPU in the second stage were

244.63 kJ/mol and 22.25/min, respectively. For AWPU, the val-

ues of Es and ln As were 185.85 kJ/mol and 16.07/min,

respectively. These results were helpful to the manufacturing

and application of FRBCs based on WPU. In the design of the

resin matrix for bulletproof material or in the hot processing of

FRBCs, information about the thermal stability and thermal

degradation of WPU is needed.
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