
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

/1
1/

20
26

 7
:4

8:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Study on curing
aSchool of Materials Science and Engineerin

100081, China. E-mail: 13651278705@139
bState Key Laboratory of Explosion Scien

Technology, Beijing, 100081, China

Cite this: RSC Adv., 2021, 11, 34836

Received 25th June 2021
Accepted 23rd September 2021

DOI: 10.1039/d1ra04942a

rsc.li/rsc-advances

34836 | RSC Adv., 2021, 11, 34836–3
kinetics and behaviours of PGN
adhesives

Tengbo Li, a Xiaomeng Li,*a Shanjun Ding b and Yunjun Luo a

The curing kinetics between PGN and N100 were studied by Fourier transform infrared spectroscopy and

dynamic torsional vibration method. The results showed that the entire curing process of adhesives was

divided into three stages. Infrared spectroscopy can only monitor the first and second stages, while

dynamic torsional vibration method monitors the second and third stages. Combining the two analysis

methods allows the complete monitoring of the entire curing process in this system. Besides, differential

scanning calorimeter is not suitable for studying this process.
1 Introduction

Polyglycidyl nitrate (PGN) is an energetic binder with –ONO2

groups. Due to its high energy density and high oxygen
content,1–5 it is regarded as one of the most potential energetic
adhesives in solid propellants in the future. PGN has been
synthesized in the last century, so there are some reports on its
synthesis,6,7 modication8,9 and application,10–12 but studies on
the reaction kinetics of the PGN curing reaction system have
been rare. It is important that curing kinetics and behaviours as
well as the entire curing process of the system have potential
values for improving its curing stability.

There are some ways for monitoring the curing process,
including Fourier transform infrared spectroscopy (FT-IR),
dynamic torsional vibration, differential scanning calorimetry
(DSC)13,14 and dielectric analysis methods.15–17 In general, any
single method cannot completely monitor the entire curing
process. For instance, FT-IR spectroscopy can easily monitor the
changes of chemical functional groups, but cannot monitor the
physical crosslinking in the system at the later stage of the
reaction. Abbas et al.18 performed FT-IR spectroscopy to study
the chemical kinetics of the HTPB/IPDI and GAP/IPDI systems,
and found that the activation energies of the HTPB/IPDI and GAP/
IPDI systems were 41.06 kJ mol�1 and 63.51 kJ mol�1, respectively.
Manu et al.19 performed FT-IR spectroscopy to study the curing
reactions between hydroxyl-terminated glycidyl azide polymer
(GAP) and different isocyanates at different temperatures; the
results indicated that the reactivity of different isocyanates fol-
lowed the sequence: TDI > IPDI [ MDCI. Unlike FT-IR spec-
troscopy, the dynamic torsional vibration method can monitor the
mechanical torque changes in the late curing stage to analyze the
g, Beijing Institute of Technology, Beijing,

.com

ce and Technology, Beijing Institute of

4841
curing mechanism and curing end point, but it cannot monitor
the reaction mechanism in the early curing stage. Xu et al.20 used
the dynamic torsional vibration method to study the curing
behaviors of epoxy resin E51/OrgMMT/imidazole intercalated
nanocomposites. Their results were in agreement with the theo-
retical predictions. He et al.21 studied the isothermal curing
process of the epoxy resin-boron triuoride monoethylamine
complex-SiO2 resin system via the dynamic torsional vibration
method. As a result, its curing conditions were optimized and the
effect of ller on the cure was discussed.

Therefore, it is very important to study the whole curing
process of the system in the eld of solid propellants. In this
study, the curing process of the PGN adhesives was studied by
FT-IR, dynamic torsional vibration method and DSC, and its
curing kinetics and behaviors were analyzed. The curing
behaviors obtained by FT-IR and dynamic torsional vibration
methods were similar, and the combination of the above
methods can monitor the whole curing process.
2 Experimental section
2.1 Materials

Hydroxyl-terminated polyglycidyl nitrate (PGN, 3170 g mol�1) was
dried at 60 �C in vacuum two days before use; PGN and biuret
polyisocyanate (N100-isocyanate content: 5.38 mmol g�1) were ob-
tained from Luoyang Liming Chemical Research Institute. Dibu-
tyltin dilaurate (DBTDL) and diisooctyl sebacate were obtained from
the Beijing chemical plant and used without further purication.
2.2 Preparation of the sample

Dibutyltin dilaurate (DBTDL) was dissolved in diisooctyl seba-
cate (DOS) solution as a catalyst at a concentration of 0.5%.
First, 0.2% catalyst (0.01 g), N100 (0.6035 g), and PGN (4.3865 g)
were added in a 50 mL glass beaker at room temperature, then
stirred for 10 min. Finally, the obtained mixture was transferred
to the corresponding instrument for experimental testing.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of curing process with different time: (a) 0 d (b) 1
d (c) 2 d (d) 7 d.
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2.3 Characterization

Crosslink density test was carried out on a VTMR20-010V-T
Nuclear Magnetic Resonance Crosslink Density Meter,
Shanghai Niumai Electronic Technology Co., Ltd, at a test
temperature of 60 �C. Scanning electron microscopy (SEM) was
carried out on a Hitachi S4800, and before analysis, the surfaces
were coated with thin layers of gold of about 100 Å. Fourier variable
infrared spectroscopy (FT-IR) was performed on aNicolet 8700 FTIR
infrared spectrometer obtained from Thermo electron corporation
in the United States; the resolution was 4 cm�1, the number of
scans was 16, and the scan range was 4000 to 500 cm�1. Dynamic
torsional vibration test was performed on a RCM-3000E comput-
erized dynamic torsional vibration curing instrument of Wuxi
Liyuan Electronics Chemical Equipment Co., Ltd to test the curing
process of the sample. Differential scanning calorimeter (DSC) was
performed on a DSC1/500/578 Differential Scanning Calorimeter
(Mettler-Toledo Company, Switzerland) under N2 protection at the
ow rate of 40 mL min�1. Thermal weight loss test (TG) was per-
formed on a DSC/TGA1,Mettler-Toledo Company, Switzerland, and
the heating rate was 10 �C min�1, the N2 atmosphere was 20
mL min�1, and the test temperature was from 30 �C to 600 �C.
3 Results and discussion
3.1 Characterization of curing process

First, LF-NMR was used to test the spin relaxation time (T2) of
the adhesive system at different curing times to analyze the
relationship between the relaxation and curing time. Fig. 1
shows that the area of the T2S part grows from scratch and
gradually becomes larger with the increase in the curing time.
In addition, the cross-linking density of the system increased,
leading to a decrease in T2S, indicating that the system formed
cross-linked structures. Aer 168 h, T2S was constant, implying
that the system had reached the curing end point.

Second, the surface morphology of the adhesives was tested
by SEM during curing, as shown in Fig. 2. It can be seen that the
adhesive is liquid before the reaction, and the liquid outline was
clearly visible. As the curing reaction increased, the viscosity
Fig. 1 Multi-component spin relaxation time of binder system at
different times.

© 2021 The Author(s). Published by the Royal Society of Chemistry
suddenly increased to form gels, then the gel gradually
increased, while the sol gradually decreased, and nally the
cross-linked complex network polymer structure was formed.
Fig. 2(d) shows the cross-sectional images of the cross-linked
polymer aer curing and molding. The surface of samples is
relatively smooth and at, implying that the curing was
complete.

3.2 Fourier transform infrared spectroscopy method

The infrared spectra of the PGN/N100 system at different times
are shown in Fig. 3(a). It can be seen that the –NCO peaks
gradually decreased, indicating that the content of –NCO
groups decreased. By measuring the peak height of the reaction
peak NCO (2264 cm�1) and the reference peak CH2 (2927 cm

�1),
the kinetic data of the PGN/N100/DBTDL system were obtained.
Based on the changes in the –NCO peak height, the conversion
rate of –NCO is calculated over time. The conversion rate
calculation equation is given out as follows:

að�NCOÞ ¼ 1� H1=H2

H10=H20

(1)
Fig. 3 (a) Infrared spectra of the PGN adhesive system at 90 �C. (b)
Conversion time curves for the PGN adhesive system at different
temperatures.
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Table 1 Time t60 when the reaction conversion rate of PGN adhesive
system is 60%

Temperature/�C 60 70 80 90
t60/h 38 19.3 10.2 5.3

Fig. 4 (a) �ln(1 � a) � t relationship diagram. (b) ln K � 1000/T rela-
tionship diagram before t60. (c) (1 � 2a/3) � (1 � a)2/3 � t relationship
diagram. (d) ln K � 1000/T relationship diagram after t60.
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where H10 and H1 is the peak heights of the –NCO characteristic
absorption peak in the infrared spectrum at the initial time and
t, respectively; H20 and H2 are the peak heights of the reference
peak at the initial time and t, respectively. The conversion curve
at different temperatures is shown in Fig. 3(b). It can be seen
that the conversion rate of NCO is very high due to the high
concentration. Moreover, its conversion becomes more prom-
inent at high temperatures. Aer the conversion rate reached
60%, the reaction rate is greatly reduced due to the beginning of
curing. The viscosity of the adhesive system increases rapidly.
When the reaction degree of conversion reached 60%, the higher
viscosity impeded molecular motion and reduced the diffusion
rate, which changes the mechanism of the curing reaction. The
time t60 corresponding to the cut-off point is shown in Table 1. To
determine the best curing reaction type and molecular diffusion
method, the models from Table 2 were used to t the relation
between t and conversion rate based on the data of samples at
80 �C. The tting results are shown in Table 3.

The results show that a linear correlation is best when the
rst-order kinetic model is used for processing before the
conversion rate is 60%. Therefore, the a at different times and
temperature in Fig. 3(b) was substituted into the rst-order
kinetic model equation, as shown in Fig. 4(a).

The tted result between �ln(1 � a) and t is better before
t60, and is poor aer t60, as shown in Fig. 4(a). In addition, the
Table 2 Curing reaction kinetic mechanism function

Reaction type Name Mechanism

Diffusion control reaction Parabolic law One-dimen
Valensi equation Two-dimen
Ginstling-Brounshtein equation Three-dime
Jander equation Three-dime
Anti-Jander equation Three-dime

Chemical reaction Chemical reaction Level 1 resp
Chemical reaction 1.5 level res
Chemical reaction 2nd order r

Table 3 Correlation coefficients fitted by different mechanism function

Reaction mechanism Correlation coefficie

Parabolic law 0.989
Valensi equation 0.987
Ginstling-Brounshtein equation 0.986
Jander equation 0.982
Anti-Jander equation 0.985
Level 1 response 0.998
1.5 level response 0.989
2nd order reaction 0.994

34838 | RSC Adv., 2021, 11, 34836–34841
slope k of the tted line increased with temperature, indicating
that the reaction rate increased. Performing a linear t to the
conversion rate before t60, the specic regression equations,
correlation coefficient r, and linear slope value k at different
temperatures are shown in Table 4. A plot of ln k � 1/T gave
a straight line aer tting, as shown in Fig. 4(b). Kinetic
parameters can be obtained according to the Arrhenius equa-
tion, as follows (2):

k ¼ Ae�Ea/RT (2)
Differential form Points form

sional diffusion 1/2a a2

sional diffusion [�ln(1 � a)]�1 a + (1 � a)ln(1 � a)
nsional diffusion 3[(1 � a)�1/3 � 1]�1/2 (1 � 2a/3)-(1 � a)2/3

nsional diffusion 3(1 � a)2/3[1 � (1 � a)1/3]�1/2 [1 � (1 � a)1/3]2

nsional diffusion 3(1 + a)2/3[(1 + a)1/3 � 1]�1/2 [(1 + a)1/3 � 1]2

onse 1 � a �ln(1 � a)
ponse (1 � a)3/2 2[(1 � a)�3/2 � 1]
eaction (1 � a)2 a/(1 � a)

s

nt before 60% r Correlation coefficient aer 60% r

0.974
0.995
0.997
0.938
0.967
0.962
0.464
0.621

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Fitted data at different temperatures before t60

Temperature/�C Regression equation r k/(h�1)

60 �ln(1 � a) ¼ 0.027t 0.975 0.027
70 �ln(1 � a) ¼ 0.049t 0.998 0.049
80 �ln(1 � a) ¼ 0.099t 0.998 0.099
90 �ln(1 � a) ¼ 0.179t 0.973 0.179

Fig. 5 (a) Torque changes with time at different temperatures. (b) ln tg
� 1000/T relationship diagram.

Table 6 Gel point time at different temperatures

Temperatures 60 �C 70 �C 80 �C 90 �C
tg/h 26.3 14.7 8.3 4.6

Fig. 6 (a) Changes in torque conversion rate with time at different
temperatures. (b) [(1 + a)1/3 � 1]2 � t relationship diagram.
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where k is the rate constant, Ea is the activation energy, T is the
absolute temperature in Kelvin, A is known as pre-exponential
factor and R is gas constant. Logarithmic form of the Arrhe-
nius equation can be obtained as follows (3):

ln k ¼ ln A � Ea/RT (3)

Based on Fig. 4(b) and the eqn (3), the activation energy
before the conversion rate of 60% is 64.08 kJ mol�1, and the pre-
exponential constant A ¼ 2.92 � 108 h�1.

Fitting the mechanical function of the reaction aer 60% of
conversion rate, as shown in Table 3. It was found that the
relationship between the conversion rate and time conforms to
the Ginstling-Brounshtein equation, the (1 � 2a/3) � (1 � a)2/3

� t curve is shown in Fig. 4(c). The tting curve is linearly
related, indicating that the curing reaction mechanism con-
formed to the three-dimensional diffusion model. Aer t60
time, the regression equation, the correlation coefficient r, and
the value of the obtained tting straight line slope k are shown
in Table 5. The slope and intercept are obtained by tting ln k�
1/T, as shown in Fig. 4(d). According to the Arrhenius equation,
when the conversion rate is higher than 60%, the activation
energy of the curing reaction is 26.44 kJ mol�1, the pre-
exponential constant A ¼ 19.70 h�1.
3.3 Dynamic torsional vibration method

The dynamic torsional vibration method was used to test the
curing process of the PGN/N100/DBTDL adhesive system, and
the curve in Fig. 5(a) was obtained. To study the curing process,
80 �C was used as an example for analysis, and it can be seen
that the torque values do not change in the initial stage of the
reaction. This is because the adhesive system is in a liquid state.
As the reaction progresses, the hydroxyl group (–OH) in PGN
and the isocyanate group (–NCO) in N100 quickly react chemi-
cally, and chemical cross-linking points appear, causing the
torque to rise rapidly. As the concentration of reactants
Table 5 Fitting data at different temperatures after t60

Temperature/�C Regression equation

60 (1 � 2a/3) � (1 � a)2/3 ¼ 0.0017
70 (1 � 2a/3) � (1 � a)2/3 ¼ 0.0017
80 (1 � 2a/3) � (1 � a)2/3 ¼ 0.0023
90 (1 � 2a/3) � (1 � a)2/3 ¼ 0.0032

© 2021 The Author(s). Published by the Royal Society of Chemistry
gradually decreased, the rate of increase in the torque value
gradually reduced, implying that the system was completely
cured and the three-dimensional crosslinking networks had
been constructed.

When the system torque starts to rise, this time is called the
gel point. The gel point time decreased with the temperature, as
shown in Fig. 5(a). This is because the higher temperature
enhanced the chemical reaction rate, and reduced the curing
time. The gel point time is shown in Table 6 at different
temperature. According to the Flory gelation theory, the tted
results are shown in Fig. 5(b), and the activation energy is
58.27 kJ mol�1.

To obtain the curing reaction mechanism function of the
PGN adhesive system, a plot of the torque conversion rate with
r k/(h�1)

t � 0.019 0.994 0.0017
t + 0.058 0.987 0.0017
t + 0.047 0.997 0.0023
t + 0.037 0.996 0.0043

RSC Adv., 2021, 11, 34836–34841 | 34839
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Table 7 Correlation coefficients fitted by different reaction
mechanisms

Reaction mechanism r

Parabolic law 0.997
Valensi equation 0.985
Ginstling-Brounshtein equation 0.983
Jander equation 0.968
Anti-Jander equation 0.999
Level 1 response 0.997
1.5 level response 0.994
2nd order reaction 0.932

Fig. 7 (a) TG and DTG curves of PGN. (b) TG and DTG curves of N100.

Fig. 8 (a) DSC curves of curing reaction at different heating rates. (b)
ln(b/Tp

2) � (1/Tp) relationship diagram. (c) ln b � (1/Tp) relationship
diagram.
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the curing time curve was obtained, as shown in Fig. 6(a).
Taking 70 �C as an example, the various mechanism functions
in Table 2 are tted to the curve in Fig. 6(a), and the correlation
coefficient is shown in Table 7. It was found that the linear
correlation is the best at the range of 20–130 h using the Anti-
Jander equation, which is basically the same as that of the FT-
IR method aer the conversion rate is 60%. Combined with
the different temperature measured by FT-IR spectroscopy, the
Anti-Jander equation was used to t the conversion rates of
60 �C, 70 �C, 80 �C, and 90 �C in the intervals of 30–160 h, 20–
130 h, 10–110 h, 5–70 h, and make [(1 + a)1/3 � 1]2 � t diagram,
as shown in Fig. 6(b). It can be seen from the gure that the
tting effect is better; the regression equation and correlation
coefficient are shown in Table 8. Therefore, it can be seen that
the dynamic torsion vibration method to monitor the curing of
PGN can be divided into three stages. The rst stage is the stage
before the gel point; in this stage, the internal curing reaction of
the system occurs rapidly and forms a small amount of the
cross-linked structure, while the torque basically remains
unchanged. The second stage is that the cross-linking points
increase signicantly, the cross-linking network is gradually
formed and the viscosity increases rapidly, the diffusion of
molecules is restricted, so it can be seen that the reaction
mechanism is a three-dimensional diffusion model. The third
stage is the perfect stage of the cross-linking network, the
chemical reaction is basically complete, and physical cross-
linking is mainly caused by hydrogen bonding and the inter-
molecular interaction force. The cross-linking network is grad-
ually improved until the torque is basically constant,
completing the curing and cross-linking.
3.4 Differential scanning calorimetry (DSC) method

First of all, to understand the thermal performance of PGN and
N100, thermal analysis tests were conducted on them, and the
Table 8 Regression equation and correlation coefficient of reaction me

Temperature/�C Regression equation

60 [(1 + a)1/3 � 1]2 ¼ 8.9 � 10�4t �
70 [(1 + a)1/3 � 1]2 ¼ 5.1 � 10�4t �
80 [(1 + a)1/3 � 1]2 ¼ 4.9 � 10�4t �
90 [(1 + a)1/3 � 1]2 ¼ 4.4 � 10�4t �

34840 | RSC Adv., 2021, 11, 34836–34841
thermal decomposition curves of PGN and N100 are shown in
Fig. 7. It can be seen that PGN starts to decompose at about
170 �C; this is due to the decomposition of –ONO2 on its side
base, while N100 also starts to decompose at about 180 �C. To
avoid its decomposition, DSC was carried out to test the adhe-
sive system at different heating rates in the range of 30–150 �C,
and the kinetic parameters of the curing reaction were
obtained.

Fig. 8(a) shows the DSC curves of the curing reaction of PGN
and N100 at different heating rates. It can be seen that the
position of the exothermic peak of the curing reaction of the
PGN adhesive system is related to the heating rate, and the
exothermic peak moves in the high-temperature direction with
chanism function at different temperatures

r k/(h�1)

0.0088 0.993 8.9 � 10�4

0.0097 0.999 5.1 � 10�4

0.0121 0.996 4.9 � 10�4

0.0214 0.988 4.4 � 10�4

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Tp of PGN/N100 at different heating rates

b/(K min�1) 5 10 15 20
Tp/�C 90.92 105.17 109.25 112.33
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the increase in the heating rate. This is mainly because under
the condition of a higher heating rate, the heat effect per unit
time increases, but the energy absorption time of the system is
shorter, and the reaction lags more. Based on this, the activa-
tion energy Ea, the pre-exponential constant A, and the reaction
order n can be calculated using the Kissinger and Crane equa-
tions according to the corresponding peak exothermic temper-
ature at different heating rates. Table 9 shows the peak
exothermic temperature Tp of the exothermic peak corre-
sponding to different heating rates. The data in Table 9 was
processed according to the Kissinger equation, and a plot of the
ln(b/Tp

2) � 1/Tp gave the tted straight line, as shown in
Fig. 8(b). The slope and intercept of the straight line were
substituted into the following formula (4):

ln
�
b
�
Tp

2
� ¼ ln

AR

Ea

� Ea

RTp

(4)

where R is the ideal gas constant, R ¼ 8.314 J (mol k)�1, and A is
the pre-exponential constant (s�1). It is calculated that the
activation energy of the curing reaction of the PGN adhesive
system is Ea ¼ 46.76 kJ mol�1 and the pre-exponential constant
A ¼ 1.68 � 107 s�1. According to the Crane equation, the PGN
adhesive curing reaction order was the calculated using the
following formula (5):

dðln bÞ
d
�
1
�
Tp

� ¼ �
�
Ea

nR
þ 2Tp

�
(5)

Since Ea/(nR) is much larger than 2Tp, the above formula can
be approximately simplied to the following formula (6):

dðln bÞ
d
�
1
�
Tp

� ¼ �Ea

nR
(6)

A plot of ln b � 1/Tp gave the tted straight line, as shown in
Fig. 8(c). According to the slope, the reaction order n¼ 0.68 was
calculated.

4 Conclusions

In this study, differentmethods were used tomonitor the curing
process of PGN adhesives. By studying the curing reaction
mechanism of the adhesive system, it was found that the
combination of FT-IR and dynamic torsional vibration method
© 2021 The Author(s). Published by the Royal Society of Chemistry
can fully monitor the entire curing process of the adhesive. This
is of great signicance for studying the curing of polymers.
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