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Abstract The thermal behavior of nitrocellulose

(NC) with different nitrogen contents has been widely

investigated in previous works. However, most of the

experimentswere carried out under high heating rates, a

situation inwhich it is difficult to captureminor changes

during the thermal decomposition process. In the

present study, the thermal characteristics of NC with

different nitrogen contents were theoretically and

experimentally investigated using a CALVET heat flux

calorimeterC80 at heating rates from0.2 to 0.8 �C/min.

Before thermal analysis, the results of high-precision

scanning electronmicroscopy showed that more cracks

and coarser surfaces were detected on NC fibers with

higher nitrogen contents. It was found that a ‘‘turning

point’’ was detected on the heat flow curves of NCwith

higher nitrogen contents. Furthermore, the heat flow

curves of NC transformed from ‘‘bell shape’’ to ‘‘right

triangles’’ with increases in the nitrogen content, which

suggested that NC with high nitrogen contents exhib-

ited autocatalysis characteristics under low heating

rates. This characteristic was also confirmed by the

isothermal experiment results that showed the autocat-

alytic properties became increasingly obvious by

increasing the isothermal temperature. Moreover, the

relevant chemical kinetic and thermodynamic param-

eters were obtained. The heat of the reaction (DH)
increased and the activation energy values in the initial

stages of NC decomposition decreased as the nitrogen

content was increased. Furthermore, the critical explo-

sion temperature (Tb), which is as an important

parameter to evaluate the thermal hazard of NC,

decreased by elevating the nitrogen content.

Keywords Nitrocellulose � Nitrogen content �
Thermal characteristic � Microstructure � Low heating

rate � Thermal explosion temperature

Introduction

As a derivative of cellulose, nitrocellulose (NC) has

been widely used in industrial and military
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applications, including uses as celluloid, lacquers and

solid rocket propellants (Shao and Wang 2011; Zhang

et al. 2014; Cuissinat et al. 2008; Zhou et al. 2016;

Krause 2013; Trache et al. 2016; Weir 1946; Lin et al.

2016). However, nitrocellulose exhibits some unique

hazardous properties, such as high impact sensitivity,

poor chemical stability, flammability and explosive

hazards. In particular, heat accumulation will occur in

the NC system if the heat production rate is much

higher than the heat release rate, and ultimately

thermal runaway may occur (Wang et al. 2012). As a

result, catastrophic fire or explosions are more likely

to happen (Jiang et al. 2018).

Several major accidents caused by NC degradation

are summarized in Table 1 (Xinhua News Agency

2016; Sun and Ding 2007). Among these accidents, a

particularly significant fire explosive disaster occurred

at Tianjin port in China, which caused 165 deaths, 8

missing people and 798 injuries. The direct cause of

the accident was the loss of the wetting agent for the

nitrocellulose, resulting in local desiccation and heat

accumulation due to exposure to the sun in summer for

long periods and the poor heat dissipation in the

containers (Xinhua News Agency 2016). Therefore, in

order to understand and maintain appropriate safety

protocols, it is necessary to understand the thermal

characteristics and thermal hazards during nitrocellu-

lose transport and storage.

Recently, many investigations (Pourmortazavi

et al. 2009; Sovizi et al. 2009; Katoh et al. 2010; He

et al. 2017; Wei et al. 2017) have been performed to

study the thermal characteristics, microstructures,

chemical kinetics and thermodynamics of NC. The

effects of nitrogen content on the thermal decompo-

sition of NC under high heating rates, ranging from 5

to 20 �C/min in helium atmospheres, were analyzed. It

has been concluded that the thermal stability

decreased with an increase in nitrogen content (Pour-

mortazavi et al. 2009). In another study, the thermal

behaviors and microstructures of microsized and

nanosized NC were compared, this proved that the

nanosized NC was more dangerous. Additionally, the

relevant kinetics were obtained by using ASTM E969

and the Ozawa method (Sovizi et al. 2009). In an air

atmosphere, a small exothermic peak was detected

before the main exothermic one on heat flow curves of

NC and NC stabilized with diphenylamine (DPA) or

akardite II (AKII) under a heating rate of 0.02 �C/min

(Katoh et al. 2010). The effects of humectants on

thermal stability, microstructure and combustion

characteristics of NC were investigated (He et al.

2017), which proved that NC with isopropanol and

ethanol humectants showed minor differences in their

microstructures, but the former possessed a larger fire

risk. Finally, exterior structures showed certain influ-

ences on the fire properties of NC, for example, the

chip NC was proven to possess a lower fire hazard

when compared with the soft fiber NC (Wei et al.

2017).

The majority of previous studies have focused on

thermal characteristics of NC at high heating rates

(ranging from 5 to 20 �C/min). In practice, NC slowly

decomposes and releases heat at 40 �C (Xinhua News

Agency 2016). Lower heating rates compared with

Table 1 Major accidents related to nitrocellulose (NC) during storage or handling processes (Xinhua News Agency 2016; Sun and

Ding 2007)

Number Category Time Site Cause Result

1 Nitrocellulose 1874 England The accumulation of nitrocellulose caused spontaneous

combustion

More than 20 deaths

2 Celluloid 1927 Soviet

Union

Film fires caused the disaster 144 deaths

3 Celluloid 1952 Japan Spontaneous combustion of a toy made of celluloid 14 deaths and 21

injuries

4 Celluloid 1974 Japan Film spontaneous combustion caused the fire More than 3000 films

burned

5 Explosives 2011 Cyprus Two boxes of gunpowder fire caused an explosion 13 deaths

6 Nitrocellulose 2016 China The wetting agent loss of NC was the main reason for the

spontaneous combustion

165 deaths, 8 missing

people and 798

injuries
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higher ones can capture more details and minor

changes of the NC decomposition process. Moreover,

it is widely known that the hazard degree is closely

related to the nitrification degree (or nitrogen content).

Nevertheless, many scientific issues remain unsolved

in the understanding of the thermal characteristics of

nitrocellulose with different nitrogen contents under

low heating rates, such as microcosmic structure, peak

shape, reaction characteristics and relevant kinetic

parameters. Therefore, in the present study, theoretical

and experimental studies were carried out to reveal the

effects of nitrogen content on the thermal character-

istics of nitrocellulose under low heating rates. C80

calorimeter, a kind of thermal analysis technique, has

been used isothermally and non-isothermally in the

study of the NC decomposition kinetics (Abd-Elghany

et al. 2017). SEM are performed to compare their

microstructures of NC with different nitrogen content.

To obtain the kinetics parameter variations at different

reaction stages for NC with different nitrogen con-

tents, an advanced model free method has been

employed. Compared with the model-fitting method

that uses only single heating rate, the isoconversional

methods using multiple heating rate programs not only

can circumvent the methodological flaws but also give

more reliable kinetic parameters, which has been

recommended by the international confederation for

thermal analysis and calorimetry (ICTAC) (Vya-

zovkin et al. 2011; Trache 2016; Trache et al. 2017).

And kinetic investigation of energetic materials is

crucial since it helps to understand the thermal

decomposition characteristics, and to deeply evaluate

the effect of exothermic decomposition on the poten-

tial hazard in handling, processing, storage and use

(Trache et al. 2018). Commonly, several parameters

are necessary to be evaluated. For example, the

released heat per unit sample mass of NC samples

were derived. The heating rates and characteristics

temperatures were extracted from experimental heat

flow curves, based on which the critical thermal

runaway temperatures were also induced for different

NC samples. In addition, to characterize their auto-

catalytic processes, a series of isothermal experiments

were performed on C80 calorimeter with selection of

150 and 175 �C isothermal processes.

Materials and methods

Material preparation and sample labeling

In our experiments, four kinds of NC materials were

selected. Their nitrogen contents are 11.43% (NC-

11.43), 11.50% (NC-11.50) 11.98% (NC-11.98) and

12.87% (NC-12.87). All NC samples were provided

by the Borui chemical raw materials plant in Guang-

dong Province. Before the experiment, all the mate-

rials were placed in a vacuum dryer to prevent

interference from other factors. Figure 1 shows the

macrostructures of NC with different nitrogen con-

tents, which present similar whiteness and powdered

soft fibers such as those of cellulose.

Measuring apparatus

SEM

The differences in physical microstructures of the four

samples were determined by using a scanning electron

microscope (SEM). Scanning electron micrographs

were recorded by means of a Philips XL30 ESEM-

TMP SEM (Netherlands) with an accelerating voltage

of 10 kV.

C80 micro calorimeter

A C80 micro calorimeter is commonly used as an

appropriate tool to evaluate thermal characteristics of

various kinds of substances (Wu et al. 2018; Wang

et al. 2006; Onésippe et al. 2010; Mundhwa and Henni

2007; Bessières et al. 2005; Miyake et al. 2000;

Vincent et al. 2017). Heat flow curves of nitrocellulose

were derived from a CALVET heat flux calorimeter

C80, manufactured by SETARAM Scientific &

Industrial Equipment Company in France. The sche-

matic of the apparatus is presented in Fig. 2; a CS32

controller was connected to the computer to record the

experimental data, and a 3D sensor inside surrounded

the samples to maintain stable heating conditions. The

calorimeter has a high sensitivity (with a limit of

1 lW) and a wide testing temperature range from

room temperature to 300 �C. The weighed sample

needed to be sealed into the sample cell. At the same

time, there needed the same mass of alumina for the

reference cell. The schematic of the sample cell and

the reference cell is shown in Fig. 3. Additionally, the
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sample cell is made of stainless steel (Z2 CND 17–12)

and made up with a cylindrical container and a cap,

whose volume is 8.5 mL. The same mass of alumina

for the reference cell was guaranteed for each

experiment.

Experimental methods

To obtain more details on the thermal characteristics

of NC with four levels of nitrogen content, non-

isothermal and isothermal methods were applied in the

experiments. For the nonisothermal experiments, the

heating rates used in this study were approximately

25–100 times lower than those in previous works by

others (Pourmortazavi et al. 2009; Sovizi et al. 2009;

He et al. 2017), namely, 0.2, 0.4, 0.6, and 0.8 �C/min,

from room temperature to 300 �C. For the isothermal

experiments, the executed program has four segments

in total. The first part is the initial stabilization phase

with the stable time of 1800 s at around 30 �C; the
second part is the heating stage, the temperature rises

from 30 �C to a set constant temperature (150 and

175 �C) with 1 �C/min heating rate; the third part is

the constant temperature stage and the maintained

stable time is 40,000 s; and the last one is the cooling

stage, which is cooled from the set temperature to

30 �C with the cooling rate of 0.9 �C/min. Data in the

third stage were chosen to identify if the reaction

possessed autocatalytic characteristics. Finally, the

Fig. 1 Macrostructures of NC with different nitrogen content, a 11.43% (NC-11.43), b 11.50% (NC-11.50) c 11.98% (NC-11.98) and

d 12.87% (NC-12.87)

Fig. 2 Schematic of the C80 microcalorimeter: (1) high-

precision reactor, (2) reaction cell, (3) reference cell, (4) CS32

control system, (5) power supply system, (6) data collection

system

Fig. 3 The schematic of the reaction cell and the reference cell (Height = 74 mm; Inner diameter = 12.10 mm)
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quantity of all the samples used in the tests was kept

approximately 0.05 g by using an electron balance.

Such a sample mass for NC in C80 calorimeter was

selected by referring previous publications about

energetic material degradation using C80 calorimeter

[Sun et al. 2005, Ammonium nitrate 2 g; Katoh et al.

2010; Nitrocellulose 0.05 g; Guo et al. 2009, Multi-

nitro Ester propellant 0.05 g].

Analysis

Chemical kinetic and thermodynamic parameters

The chemical kinetics of NC decomposition are

usually described by the basic kinetic equation (Vya-

zovkin et al. 2011), as shown in Eq. (1).

da
dt

¼ k Tð Þf að Þ ð1Þ

where a stands for the extent of reaction (a ranges from
0 to 1), k(T) represents the rate constant, t is the time,

and f (a) is the reaction mechanism function, which

describes the relationship between the reaction rate

and the degree of reaction. The value of a can be

derived from the peak area of the C80 heat flow curves

(Sun and Ding 2007), as described in Eq. (2).

a ¼
R Tr
Tonset

dH
dt
dt

R Tend
Tonset

dH
dt
dt

Tonset\Tr � Tendð Þ ð2Þ

where Tr represents the temperatures between the

onset temperature and the end temperature. The

reaction heat per mass is defined as DH, which can

be obtained by integrating the heat release rate in a

certain temperature range (Guo et al. 2009).

DH ¼ 1

M0

ZTend

Tonset

dH

dt
dt ð3Þ

In most cases, the reaction rate constant of k (T) is

expressed by the Arrhenius equation, whose substitu-

tion into Eq. (1) yields.

da
dt

¼ Aexp�
Ea
RT f að Þ ð4Þ

An advanced isoconversional method was proposed

by Vyazovkin (Vyazovkin 2001) to evaluate the

dependence of the activation energy on the extent of

conversion. According to the method, for a set of n

experiments carried out at different heating rates, the

activation energy (Ea) is determined at any particular

value of a by finding the value of Ea which minimizes

the function below.

U Eað Þ ¼
Xn

i¼1

Xn

j 6¼i

J Ea;Ti tað Þ
� �

J Ea;Tj tað Þ
� � ð5Þ

where the subscripts i and j represent ordinal numbers

of two experiments performed under different heating

rates. Therefore a denotes the values related to a given
extent of conversion. In this method, the integral is

evaluated by Eq. (6).

J Ea;Ti tað Þ
� �

¼
Zta

ta�Da

exp � Ea

RTi tð Þ

� �

dt ð6Þ

As shown in Eq. (6), the constancy of Ea is assumed

for the small segment Da and the integral J is

evaluated from the experimental data using the

trapezoid rule (Press et al. 1989). After obtaining the

integral J values and substituting them in Eq. (5), the

minimization is executed to determine Ea.

Evaluation of thermal hazard of nitrocellulose

The critical explosion temperature (Tb) is regarded as

an important parameter to insure the safe storage or

processing of energetic materials. It is defined as the

lowest temperature under which the reaction will go

through a transition from thermal decomposition to

thermal explosion (Xu et al. 2008; Xue et al. 2010;

Zhao et al. 2009). That is, there exists an index (Tb) to

evaluate the thermal runaway condition. Based on the

inflammation theory and the calculated kinetic param-

eters, the critical explosion temperature can be

acquired by Eqs. (7) and (8) (Muravyev and Kiselev

2017; Trache and Khimeche 2013; Zhang et al. 1994).

Te ¼ Te0 þ bbi þ cb2i þ db3i ; i ¼ 1� 4 ð7Þ

Tb ¼
EA �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
A � 4EARTe0

p

2R
ð8Þ

where bi is the heating rate, b, c, and d are the

coefficients, R is the gas constant, the value (Te0) of the

onset temperature (Te) corresponding to bi ? 0

obtained by Eq. (7) and EA is the activation energy

which can be derived from reaction kinetic methods.
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Results

Microstructures

Figure 4 shows SEM images of the four samples under

different magnifications. At low magnifications

(200 lm scale), the contrast among the four structures

is even greater, especially in the degree of cotton fiber

fracture. Moreover, at the medium magnifications

(50 lm scale), the twining fibrous micro structures can

be easily observed for the four samples while the

surface roughness increases with the nitrogen content.

The space between the fibers in NC samples shows

little difference. Further, at high magnifications

(10 lm scale), it can be clearly seen that a smooth

surface with only a few tiny cracks appeared in NC-

11.43; NC-11.50 presents a slightly rough surface with

small cracks; small cracks are further enlarged on the

surface of NC-11.98; and NC-12.87 shows large

cracks on a relatively rough surface. It is confirmed

that the diameter of the fibers is approximately 20 lm.

To the best of our knowledge, previous studies (Sovizi

et al. 2009; He et al. 2017; Wei et al. 2017) have

focused on the microstructures of the modified NC,

10 μm

50 μm

200 μm (a)    (b)     (c)      (d)

Fig. 4 SEM images of fibrous nitrocellulose with different nitrogen contents, a 11.43% (NC-11.43), b 11.50% (NC-11.50) c 11.98%
(NC-11.98) and d 12.87% (NC-12.87)
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believing that there are few differences in the struc-

tures of NCwith different nitrogen contents. However,

at the higher order of magnitude inspection, it was

found that nitrogen content had a significant effect on

the microstructures of NC. That is, the higher the

nitrogen content is, the greater are the fractures. Zhang

and Weeks confirmed that the burning rate of an NC

sample increased with the increase of the specific

surface area, allowing for more contact with atmo-

spheric oxygen. And Hurley found that the cavity

between the fibers could provide an effective diffusion

space for the oxidizing gas to enter the interior of the

sample. It is inferred that large surface cracks could

increase the contact area between NC and oxygen,

enlarge the specific contact area, thereby promoting

the reaction (Hurley et al. 2015; Zhang and Weeks

2014).

Nonisothermal experiments by C80

Effect of nitrogen content on thermal characteristics

of NC

Temperature rise experiments with constant heating

rates of 0.2 �C/min, 0.4 �C/min, 0.6 �C/min and

0.8 �C/min were executed to research the effect of

nitrogen content on the thermal characteristics of NC.

Figure 5 shows the heat flow curves of NC samples

with different nitrogen contents in an air atmosphere

heated at 0.2 �C/min.

Only one exothermic peak was detected on each

curve of Fig. 5. However, from the local enlarged

picture, it was not hard to see that there existed an

obvious turning point on heat flow curve of NC-12.87,

where the heat release rate increased suddenly. The

turning point is defined as the point on the heat flow

curve with a characteristic temperature, which is the

intersection temperature of the baseline and the

tangent at the point where the heat flow curve rises

abruptly. The point where the heat flow curve rises

abruptly corresponds to the one at which the rate of

change in heat release rate is the largest between the

reaction start temperature and the peak temperature.

And the baselines used are the experimental test ones

(empty cell with no load) under different heating rates.

According to the turning point, the whole process was

divided into two stages. Before the turning point, the

heat release rate increased slowly, but after that, the

heat flow curve increased steeply to the peak point. To

describe the ‘‘steepness’’ of the second stage on the

heat flow curve of NC-12.87, we defined a parameter h
that signified the angle between the straight line

formed by the turning point to the peak point and the

temperature axis. The value of h was 75.66� on the

heat curve of NC-12.87. In comparison, heat flow

curves of NC-11.43, NC-11.50, and NC-11.98 pre-

sented bell-shaped characteristics, and the whole

process seemed to be continuous without a turning

point.

As for the thermal characteristics of NC under 0.4,

0.6, and 0.8 �C/min, the similar behaviors are shown

in Figs. 6, 7 and 8. Taking the heat flow curves of NC-

12.87 under 0.8 �C/min as an example (Fig. 8), it was

found that the NC started to decompose at 164.76 �C,
and then the heat flow increased slowly until

186.12 �C. After that, the heat flow went up at a

linear rate (h = 89.97�) to the maximum value of

659.30 mW at 186.48 �C. The heat flow curve after

the turning point, which was enclosed with a line that

was parallel to the temperature axis, formed the shape

of a ‘‘right–angled triangle’’. As the name implied, it

stood for a kind of sharp peak which was more

appropriate to describe the sudden increase of the heat

release rate and could represent the thermal charac-

teristic of the whole curve. Although the thermal

behaviors of NC-11.43, NC-11.50, and NC-11.98

were similar and always appeared to be bell shaped,

the specific decomposition parameters were quite

different. It was found that with the increase of

nitrogen content, the heat flow curves of the NC

samples moved to lower temperatures, and the
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750

120 150 180 210
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24

36

48
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Curve

Fig. 5 Heat flow curves of NC with different nitrogen contents

under the heating rate of 0.2 �C/min
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maximum heat flows were increased. Moreover, it was

clear that the shape of the heat flow curves changed

from ‘‘bell shaped’’ to ‘‘right triangle’’.

As an important parameter to describe the rate of

change of the heat flow curves (Li et al. 2014; Wang

et al. 2017), the change of the gradient of the heat

release rate could be used to evaluate the thermal

hazard. Figure 9 shows the derivative of the heat

release rate of the NC samples under the heating rate

of 0.8 �C/min. It was found that the parameter’s peak

value of NC-12.87 was approximately 4000, which

was 160 times larger than that of the NC-11.43, NC-

11.50 and NC-11.98, whose peak values were only

approximately 25. Additionally, the derivative of the

heat release rate of NC-12.87 reached its maximum

value at a lower temperature than that of NC-11.43,

NC-11.50 and NC-12.87. From the perspective of the

heat flow curves change from ‘‘bell curves’’ to ‘‘right

triangles’’, and the rate of change of the heat release

rate increases with the nitrogen content, it is inferred

that the condition of 12.87% nitrogen content and

0.4 �C/min heating rate may be the critical state for

0.05 g sample, which can lead to combustion or

explosion (Ning et al. 2004). To conclude, it implies

that the higher the nitrogen content, the lower the peak

temperature of the gradient of the heat release rate and

the larger the corresponding peak value, thereby the

greater the thermal hazard.
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Fig. 6 Heat flow curves of NC with different nitrogen contents

under the heating rate of 0.4 �C/min
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Fig. 7 Heat flow curves of NC with different nitrogen contents

under the heating rate of 0.6 �C/min
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Fig. 8 Heat flow curves of NC with different nitrogen contents

under the heating rate of 0.8 �C/min
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the heating rate of 0.8 �C/min
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Effect of heating rate on thermal characteristic of NC

To investigate the effect of heating rate on the thermal

characteristics of NC, Fig. 10 shows the onset tem-

perature (Tonset), peak temperature (Tpeak) and the

maximum peak value (Hpeak) of NC-11.43 under the

heating rates of 0.2 �C/min, 0.4 �C/min, 0.6 �C/min,

and 0.8 �C/min. Here the onset temperature is the

point where the heat flow curve begins to deviate from

the baseline (Jenkins and Donald 1998; Poel and

Mathot 2006). And based on the Hess’s Law (Mund-

hwa and Henni 2007), the whole decomposition

reaction took a shorter time to complete under the

higher heating rate, but the total heat release was

almost the same, theoretically. Therefore, the maxi-

mum peak value (Hpeak) increased by elevating the

heating rate. Additionally, both the onset temperature

(Tonset) and the peak temperature (Tpeak) of NC

increased with the heating rate in an air atmosphere.

Based on the theoretical and experimental analysis

above, and by comparison with the previous results

(He et al. 2017), it was proven the maximum heat flow

increased by elevating the heating rate, and the total

heat release was almost unchanged.

From the experimental results of the lower heating

rates ranging from 0.2 to 0.8 �C/min, it was found that

the heat flow shape of ‘‘right triangles’’ of NC-12.87

was clearer with increasing heating rate. The variation

values of the angle h showed that the lowest heating

rate in this experiment (0.2 �C/min) could make the

reactant stay in the low temperature region for a long

time, producing more intermediate product and pro-

moting the reaction fully. The corresponding maxi-

mum heat flow was much lower, and the curve’s shape

was not clear, when compared with that of other three

heating rates which showed the more obvious right-

angled shape.

Isothermal experiments by C80

From the right-angled triangle characteristic of the

heat flow curve of NC-12.87, a sharp increase of the

heat release rate at a certain temperature was seen,

which was closely related to the autocatalytic proper-

ties of NC. To examine whether the reaction was

autocatalytic, isothermal experiments were carried

out, which are widely considered as a reliable method

to identify this process (Nguyen et al. 2017; Lv et al.

2013; Jankovic 2010).

Within the range of the onset temperatures, a higher

temperature (approximately 175 �C) and a lower one

(approximately 150 �C) were selected to conduct the

isothermal experiments, as shown in Fig. 11. It was

found that all the heat flow curves generally showed a

‘‘bell shape’’, which met the criteria to verify the

autocatalytic reaction and proved the reaction of NC

was autocatalytic (Sun et al. 2017). And it is worth

noting that the ‘‘peak envelope’’ in Fig. 11a seems to

contain two or three small peaks, which might be the

production of some intermediate products leading to

the occurrence of several parallel reactions at the
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certain temperature (Ping et al. 2014; Jiang et al.

2015).

Moreover, compared with the other three samples

under 175 �C (Fig. 11b), it is seen that the heat flow

curve shape of NC-12.87 was more like the ‘‘right-

angled triangle’’ rather than the common ‘‘bell shape’’.

This observation indicated that the autocatalytic trend

of NC increased not only with the nitrogen content but

also with the isothermal temperature. In addition,

under the isothermal temperature approximately

150 �C (Fig. 11a), the time when the heat release rate

of NC-11.43 reached to the maximum value was

19,175 s, which was three times longer than that of

NC-12.87 (5725 s). Additionally, the heat release rate

and the total heat release of the NC-12.87 was much

higher than those of NC-11.43, NC-11.50, and NC-

11.98. It is suggested that the NC with higher nitrogen

content could reach its maximum heat release rate

more quickly than those with lower nitrogen contents

and thus bring a more substantial thermal hazard.

From Fig. 11b, the time to the maximum heat release

rate of the NC-12.87 was 1022 s, which was approx-

imately 6 times shorter than that in Fig. 11a. This

phenomenon showed that time to the maximum heat

release rate could be decreased by elevating the

isothermal temperature. To conclude, the autocatalytic

property of NC became more obvious at higher

isothermal temperatures. Additionally, the higher the

nitrogen content is, the clearer is the autocatalytic

characteristic, and the larger is the thermal hazard.

Discussion

Reaction kinetic and thermal dynamic parameters

According to experimental results, the reaction kinet-

ics and thermodynamic parameters of NC with

different nitrogen contents were obtained, as listed in

Table 2. The results showed that with the increase of

nitrogen content, the heat of reaction (DH) of the four
samples increased, which indicated a larger nitrogen

content could produce a larger heat release.

Figure 12 presents the activation energy of NCwith

different nitrogen contents at various conversion rates,

using the advanced isothermal method by Vyazovkin

(Vyazovkin 2001). The results show that when the

conversion rate (a) is less than 10%, the activation

energy (Ea) of NC decreases with increasing nitrogen

content, which corresponds to the initial reaction stage

before the turning point. After that, the values of Ea

increase and show the opposite change from the

beginning stage. As a kind of energetic material with

autocatalytic characteristics, it starts slowly at the

beginning of the reaction, and the reaction rate

increases rapidly with the accumulation of the cat-

alytic products. This study mainly focused on the

thermal characteristics of NC in the initial reaction

stage, the activation energy used for evaluating the

critical explosion temperature was the average value

(EA) when the conversion rate was below 10%.

In conclusion, all these results revealed that the

higher the nitrogen content, the larger the heat of
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reaction, and the easier and faster the reaction

occurred.

Evaluation of thermal hazard

Based on the isothermal experimental results, the

thermal decomposition process of NC was proven to

be autocatalytic. Autocatalytic reactions mean that as

long as the product was generated, it would act as the

catalyst to promote the reaction to continue (Batten

1985; Tang et al. 2011; Trache and Tarchoun 2018).

As the catalyst accumulated to a certain degree, the

reaction rate could be accelerated sharply. Further-

more, the critical explosion temperatures (Tb) of the

four samples NC samples were obtained, as shown in

the last column of Table 2. It was found that the

critical explosion temperature decreased with the

increase of the nitrogen content. For example, the Tb
for the NC with the nitrogen content 11.43 was

approximately 154.56 �C, while the value of Tb was

only 139.25 �C for NC-12.87. This is mainly because

the higher nitrogen content and its corresponding

larger cracked microstructures could force the mate-

rial into more contact with air and further prompt the

reaction to proceed more easily (Hurley et al. 2015;

Zhang and Weeks 2014). As a result, the NC with

higher nitrogen content exhibits the more severe

thermal hazard.

Conclusions

To investigate the effect of nitrogen content on the

microstructure and thermal characteristics of nitrocel-

lulose, a series of experimental tests were performed

by SEM and C80. The relevant chemical kinetic and

thermodynamic parameters of NC under low heating

rates, including the heat of reaction (DH) and the

activation energy (Ea), were obtained based on the

Arrhenius equation and a theoretical model. Further-

more, the critical explosion temperatures (Tb) for NC

with different nitrogen contents were also derived. The

main conclusions are as follows:

1. SEM results of NC showed that the higher the

nitrogen content is, the more cracks there are and

the coarser is surface on the fibrous structures,

which were favorable factors to enlarge the

contact area between the substance and the air,

thereby promoting the complete reaction.

2. Low heating rates helped to discover the ‘‘turning

point’’ existing on the heat flow curves of NC with

higher nitrogen contents. The maximum heat flow

increased by elevating the heating rates.

3. Heat flow curves of NC changed from ‘‘bell

shape’’ to ‘‘right triangles’’ might be attributed to

the combustion or explosion process due to high

nitrogen content accompanied with high heating

rate. By elevating the nitrogen content, the

maximum heat flow (Hpeak), the derivative of the

Table 2 Chemical kinetic parameters, thermal dynamic parameters and the critical explosion temperatures (Tb) of NC samples

Sample No. DH
(J g-1)

EA

(kJ mol-1)

Te0
(�C)

Tb
(�C)

NC-11.43 2991.92 ± 195.28 91.40 137.92 154.56

NC-11.50 3038.79 ± 233.62 90.53 136.89 153.62

NC-11.98 3396.87 ± 149.19 89.03 126.62 142.77

NC-12.87 4073.46 ± 272.70 72.37 119.71 139.25
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heat release rate and the heat of reaction

(DH) were increased. Additionally, the activation
energy in the initial stage was reduced. All these

results indicated that the larger the nitrogen

content, the narrower the peak, the greater the

heat release, and the easier the reaction.

4. By employing the isothermal method, the reaction

of NC was verified to be autocatalytic. This

autocatalytic characteristic increased with the

nitrogen content and the isothermal temperature.

5. The critical explosion temperatures (Tb) of NC

were decreased by increasing the nitrogen content.

It was suggested that more care should be taken for

NC with higher nitrogen contents during the

processes of production, storage and transporta-

tion because of its more severe thermal hazard.

Acknowledgments This work is supported by the National

Key Research and Development Plan (Projects Nos.

2016YFC0801502 and 2016YFC0801505). These supports are

gratefully acknowledged.

References

Abd-Elghany M, Klapötke TM, Elbeih A (2017) Thermal

behavior and decomposition kinetics of Bis (2, 2, 2-trini-

troethyl)-oxalate as a high energy dense oxidizer and its

mixture with nitrocellulose. Propellant Explos Pyrotech

42:1373–1381. https://doi.org/10.1002/prep.201700179

Batten JJ (1985) The agent of the autocatalytic thermal

decomposition of aliphatic nitrate ester explosives. Int J

Chem Kinet 17:1085–1090. https://doi.org/10.1002/kin.

550171005

Bessières D, Lafitte T, Daridon JL, Randzio SL (2005) High

pressure thermal expansion of gases: measurements and

calibration. Thermochim Acta 428:25–30. https://doi.org/

10.1016/j.tca.2004.09.020

Cuissinat C, Navard P, Heinze T (2008) Swelling and dissolu-

tion of cellulose, Part V: cellulose derivatives fibres in

aqueous systems and ionic liquids. Cellulose 15:75–80.

https://doi.org/10.1007/s10570-007-9159-3

Guo S,Wang QS, Sun JH, Liao X,Wang ZS (2009) Study on the

influence of moisture content on thermal stability of pro-

pellant. J Hazard Mater 168:536–541. https://doi.org/10.

1016/j.jhazmat.2009.02.073

He Y, He YP, Liu JH, Li P, Chen MY, Wei RC, Wang J (2017)

Experimental study on the thermal decomposition and

combustion characteristics of nitrocellulose with different

alcohol humectants. J Hazard Mater 340:202–212. https://

doi.org/10.1016/j.jhazmat.2017.06.029

Hurley MJ, Gottuk DT, Hall JR Jr, Harada K, Kuligowski ED,

Puchovsky M, Torero JL, Watts JM Jr, Wieczorek CJ

(2015) SFPE handbook of fire protection engineering.

Springer, Berlin
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