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ABSTRACT: Over the years, widespread interest has been placed on rheological
properties to reflect the processability of propellant slurries. Particle gradation
technology plays an essential role in the improvement of the processability of
propellant slurries. In this article, rheological properties of glycidyl azide polymer
(GAP) propellant slurries were measured by dynamic rheological measurements
with a rheometer. Submicron-sized (d50 = 0.221 μm) and micron-sized (d50 =
33.02 μm) CL-20 particles and ultrafine (d50 = 2.40 μm) and micron-sized (d50 =
341.69 μm) AP particles were utilized to investigate the influence of the addition
of CL-20 and particle size gradation on rheological properties. The test results
demonstrate that the LVE region remains almost invariable while the yield
transition process is delayed when the relative content of submicron-sized CL-20 increases from 10 to 20%. The values of G′, G″,
and |η*| increase with increasing submicron-sized CL-20. Despite this, the value of |η*| can be effectively reduced to about the same
value as the slurries with bimodal AP by the size gradation of CL-20. In addition, particle porosity appears to be a suitable parameter
to predict trends concerning the rheological properties of the GAP propellant slurries.

1. INTRODUCTION
Methods to overcome the high energy and low mechanical
sensitivity of solid propellants have become a research hotspot
by academicians. 2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaa-
zaisowurtzitane in the ε form (ε-CL-20) has a caged skeleton
with high tension and the energetic groups -N-NO2 and,
therefore, is regarded as a powerful oxidizer in solid propellant
formulations to entail enhanced energy.1,2 Unfortunately,
growing concerns arise when it comes to the inferior sensitivity
of ε-CL-20 to impact, friction, and electric sparks, which causes
high-probability hazards during the operation and constrains
its extensive application. The addition of glycidyl azide
polymer (GAP) is reliable in breaking through the restriction
on account of the excellent insensitivity of GAP confirmed by
Yanju et al.,3 Hussein et al.,4 and Song et al.5 However, the
poor flexibility in the backbone of GAP poses a threat to the
desired mechanical properties for solid propellants.6 Although
the plasticizer nitroglycerin (NG) possesses a high density,
high energy, and positive oxygen balance, the high sensibility
and freezing point (13.2 °C) preclude it from meeting the
demand for improved mechanical properties of GAP-based
propellants, especially at a low temperature. Diglycerol
tetranitrate (DGTN) is a kind of nitrate ester plasticizer with
energy characteristics analogous to NG, such as a density of
1.522 g·cm−3, detonation velocity of 7.80 km·s−1, and
detonation heat of 6003.4 kJ·kg−1.7 Meanwhile, its lower
values of freezing point (<100 °C) and mechanical insensibility
and similar values of solubility parameter to GAP (21.7
MPa0.5) represent an effective improvement in the operational

safety and mechanical properties of GAP-based propellants as
far as the propellant formulation is concerned.7,8

In addition to the optimized propellant formulation, the
robust performance of solid propellants requires excellent
processability of uncured propellant slurries. Otherwise, defects
such as voids, shrinkage, and cracks will occur inside the
propellant column, which severely defeats the original purpose
of developing a solid propellant with high energy and low
sensitivity. In response to these challenges, rheological tests
have been introduced, and the rheological behavior of the
slurries obtained from the experiments allows us to deduce
their processability.9,10 Propellant slurries are generally seen as
a class of soft matter whose rheological behavior differs from
that of solids and liquids, exhibiting viscoelasticity when
subjected to deformation and flow. Steady rheological tests and
dynamic rheological tests are two of the prevalent rheological
measurement methods. In terms of the regulation of the
rheological properties of propellant slurries, particle gradation,
the technology of mixing the particles with different sizes in
different percentages, has gained momentum.11,12 In other
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words, the size distribution of particles in propellant slurries is
altered by particle gradation technology.

In this work, the rheological properties of GAP propellant
slurries, wherein GAP acts as a binder, DGTN as an energetic
plasticizer, and AP or CL-20 as an oxidizer, were investigated
by dynamic rheological measurements. Strain sweep measure-
ments were employed to determine the linear viscoelastic
(LVE) region and yield transition of the slurries. Additionally,
the influence of particle size and size gradation of AP and CL-
20 on the rheological properties of the slurries was revealed by
frequency sweep measurements.

2. EXPERIMENTAL SECTION
2.1. Fabrication of the GAP Propellant Slurries. The

materials utilized for the fabrication of the GAP propellant
slurries are listed in Table 1. Mechanical treatments were
performed to obtain samples, including mixing each ingredient
and kneading the mixture. GAP and DGTN were mixed first,
and subsequently, AP or CL-20 was added to the mixture
above in sequence and multiple batches. Before the process,
freeze-drying was applied to AP and CL-20 particles. Prompt
placement onto the Peltier plate of the rheometer was
performed for the resulting GAP propellant slurries after the
well-developed kneading. The solid content was identified as
65% based on our previous study on AP/GAP slurries.

2.2. Dynamic Rheological Measurements. A rheometer
(Anton Paar MCR102, Graz, Austria) with a 25mm parallel-
plate geometry was used for dynamic rheological measure-
ments. First, the measurement temperature was increased to 50
°C, and the sample was not transferred to the Peltier plate until
the temperature deviation was less than 0.02 °C. This
procedure was adopted when obtaining fresh slurry, as
mentioned in the section “Fabrication of the GAP Propellant
Slurries.” Then, the sample was allowed to stand for 15 min to
ensure the same thermal history and the available residual force
inside the sample.12 The Peltier plate was subsequently
dropped to a gap of 1mm, which denotes that the upper
plate was 1mm away from the lower plate. Finally, strain sweep
measurements and frequency sweep measurements were
conducted to determine the rheological properties of the
samples. When the strain was swept, the strain was altered
from 0.0001 to 10% and the angular frequency was set at 10
rad·s−1; based on a constant strain drawn from the linear
viscoelastic region of the samples, the angular frequency was
changed from 1 to 100 rad·s−1 when the frequency was swept.
For both, the rheological parameters, including the storage
modulus (G′), loss modulus (G″), and complex viscosity
(|η*|), were documented by Anton Paar RheoCompass
software. Each sample was measured three times, and the
reproducible results were used for further analysis.

Table 1. Materials Utilized for This Work

sample property source

GAP number-average molecular weight of 2000, hydroxyl value of
81.97 mgKOH·g−1

the 42nd Institute of the Fourth Academy of China Aerospace Science and
Technology Corporation

DGTN see our previous work for synthetic details7

AP micron-sized, crystal density of 1.95 g·cm−3, analytically pure Sinopharm Group chemical reagent Co., Ltd.
ultrafine, crystal density of 1.95 g·cm−3 mechanical ball-milling of micron-sized AP

ε-CL-20 (hereafter
“CL-20”)

micron-sized, crystal density of 2.04 g·cm−3, analytically pure Liaoning Qingyang Chemical Industry Company
submicron-sized, crystal density of 2.04 g·cm−3, analytically
pure

Liaoning Qingyang Chemical Industry Company

Figure 1. Scanning electron micrographs and elemental distribution of C, N, and O for (a) spindle-shaped and (b) sphere-like CL-20 particles.
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2.3. Scanning Electron Microscopy (SEM). The
morphological characteristics of CL-20 particles were observed
using a scanning electron microscope (SEM, ZEISS, Germany)
at an acceleration voltage of 15kV. The SEM images were
handled using IMAGE PRO image processing software to
obtain their projection area (S), projection diameter (d), and
projection perimeter (C) for the comparison of the sphericity
(Φ) and span.
2.4. Brunauer−Emmett−Teller (BET). The specific

surface areas of CL-20 particles were determined by the
Brunauer−Emmett−Teller (BET) method (Quantachrome
Autosorb IQ3, America).

3. RESULTS AND DISCUSSION
3.1. Morphological Characteristics of CL-20. Figure 1

reveals the scanning electron micrographs and elemental
distribution of C, N, and O of two types of CL-20. CL-20
particles in Figure 1a carry sharp edges, some of which are
spindle-shaped and others are prismatic. Nevertheless, CL-20
particles in Figure 1b are sphere-like in shape with smooth
corners and possess smaller particle sizes. This is why
refinement is perceived as one of the most prevalent and
fundamental strategies to reduce the mechanical sensitivity for
CL-20.5,13,14 Additionally, greater distribution densities of N
and O elements, as observed in Figure 1, exist on the surface of
CL-20 particles, which signals enhanced energy for finer CL-
20. Figure 2 indicates the frequency distribution and
cumulative distribution curves for two types of CL-20. The
particle sizes are evidently different, one being classified on the
micron-grade scale and the other on the submicron-grade
scale. The mean diameter (d̅) of CL-20 is similar to the median

diameter (d50), specifically 33.02 μm for micron-sized CL-20
and 0.221 μm for submicron-sized CL-20. From the values of
Φ and span in Table 2, micron-sized CL-20 and submicron-
sized CL-20 possess different irregularities and similar
polydispersities.

Figure 3 presents N2 sorption isotherms of micron-sized CL-
20 and submicron-sized CL-20. The specific surface area, the
aggregate of pore surface area, and the external surface area of
particles are accessible by the BET method. The adsorption
isotherms belong to Type II and the hysteresis loops are Type
H3 according to the IUPAC classification.15−17 An inflection
point of the isotherm appears at a low p/p0, corresponding to
the adsorption saturation of the monolayer molecules. When
the p/p0 continues to increase, the adsorption of multilayer
molecules begins and capillary coalescence follows, which is
confirmed by the presence of a hysteresis loop.17 Considering
the nonporous nature of CL-20, the hysteresis loop may be
attributed to the micropores from particle accumulation and
aggregates. From Table 2, the specific surface area of 0.701 m2·
g−1 for submicron-sized CL-20 is higher as compared with that
of 0.532 m2·g−1 for micron-sized CL-20, which complies with
the fact that the specific surface area of particles is inversely
proportional to the particle size. From the above analysis,

Figure 2. Frequency distribution and cumulative distribution curves of (a, b) micron-sized CL-20 and (c, d) submicron-sized CL-20.

Table 2. Φ, Span, and Specific Surface Area of CL-20a

sample Φ span specific surface area (m2·g−1)

micron-sized CL-20 0.8956 1.091 0.532
submicron-sized CL-20 0.9465 1.076 0.701

aNote: = =, spanS
C

d d
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reduced mechanical sensibility, more adequate burning, and
different rheological properties could be deduced when
micron-sized CL-20 is replaced with submicron-sized CL-20
partially or wholly in the CL-20/AP/GAP propellant slurries.
3.2. Linear Viscoelastic Region of the GAP Propellant

Slurries. Strain sweep measurements link rheological proper-
ties to the strain response to the internal structure of materials.
A GAP/DGTN mixture and GAP propellant slurries
containing different contents of submicron-sized CL-20 were
tested at 50 °C, and the results are illustrated in Figure 4.
Compared with the GAP/DGTN mixture, the rheological
behavior of the propellant slurries is significantly distinct. In
the linear region, the loss modulus of the GAP/DGTN mixture
is greater, which is the opposite in the case of slurries. The
moduli of the GAP/DGTN mixture were constant over the
test range of strains. Nevertheless, the storage modulus (G′)
and loss modulus (G″) of the GAP propellant slurries decrease
at higher strains, strongly relying on the strain amplitude

(Payne effect).18,19 The critical strain at which the G′ begins to
drop, which is termed the yield strain of the slurries, reflects
the end of the linear viscoelastic (LVE) region and the
beginning of the yield transition process. Furthermore, the
strain where the value of G′ is equal to that of G″ refers to the
flow strain of the slurries, which represents the termination of
the yield transition process. For the GAP propellant slurries
with different contents of submicron-sized CL-20, the yield
strain is almost unchanged, and the flow strain increases
slightly with increasing submicron-sized CL-20. Both the
storage modulus (G′) and loss modulus (G″) of the slurries
increase with the increase in submicron-sized CL-20. Addi-
tionally, the weak strain overshoot behavior could be observed,
particularly for the slurries with 20% submicron-sized CL-
20.20,21 In theory, the interfacial tension between GAP and CL-
20 of 33.25 mN·m−122 renders a greater value as compared
with that between GAP and AP of 0.31 mN·m−1,23

demonstrating a stronger solid−liquid interfacial interaction.

Figure 3. N2 sorption isotherms of (a) micron-sized CL-20 and (b) submicron-sized CL-20 at 77K.

Figure 4. Storage modulus and loss modulus of (a) the GAP/DGTN mixture and (b) the GAP propellant slurries containing different contents of
submicron-sized CL-20 at 10 rad·s−1 and (c) the yield/flow strains.

Figure 5. (a) Storage modulus and (b) loss modulus of the GAP propellant slurries with multimodal particles at 10 rad·s−1 and (c) the yield/flow
strains.
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The modulus would decrease if AP is replaced by an increasing
amount of CL-20, which is incompatible with the foregoing
results. The conjecture is that the much smaller particle size of
submicron-sized CL-20 than AP, regardless of whether micron-
sized AP or ultrafine AP, contributes more to the increase in
the modulus. In a nutshell, the replacement of AP with
submicron-sized CL-20 provides access to propellants with a
higher energy density, but there is an urgent need for the
improvement of the processability of the slurries.

At a given CL-20 content of 10%, the GAP propellant
slurries containing different gradation ratios of CL-20 were
tested. The ratio of submicron-sized CL-20 to micron-sized
CL-20 (R) varies from 0.0 to 1.0. Figure 5 displays the storage
modulus and loss modulus of the GAP propellant slurries and
compares their yield/flow strains. The values of G′ and G″,
together with the flow strains, follow nonmonotonic trends as
R increases. However, the size gradation of CL-20 exerts no
significant impact on the initial yield of the GAP slurries.
3.3. Frequency Dependence of the GAP Propellant

Slurries. The AP/GAP propellant slurries containing unim-
odal or bimodal AP were prepared, and subsequently, their

rheological properties were acquired by frequency sweep
measurements. As depicted in Figure 6, the influence of size
gradation of AP particles on the storage modulus (G′), loss
modulus (G″), and complex viscosity (|η*|) of the AP/GAP
propellant slurries is accessible. It should be noted that the
rheological parameters of the slurries at 1 rad·s−1 are removed
as the experimental values present a gross underestimation of
the true situation. With an increase in frequency, an opposite
trend exists for the values of G′ and G″, increasing for G′ and
decreasing for G″. The structure response of the slurry when
sheared over a long period of time can be determined by the
rheological properties within the low-frequency regions. In the
case of the slurries that are sheared for a long time, the energy
stored is reduced while the energy dissipation is increased.
During the measurement, the G″-values of the slurries fluctuate
more significantly as compared with the G′-values. Further-
more, the values of |η*| decrease with frequency, suggesting the
shear-thinning behavior of the slurries, which is in accordance
with the results of steady rheological measurements.

On the basis of a 1:1 ratio of ultrafine AP to micron-sized
AP, the slurries with 55% AP and 10% CL-20 were tested.

Figure 6. (a) Storage modulus, (b) loss modulus, and (c) complex viscosity of the AP/GAP propellant slurries containing different contents of
ultrafine AP.

Figure 7. (a) Storage modulus, (b) loss modulus, and (c) complex viscosity of the CL-20/AP/GAP propellant slurries containing different contents
of submicron-sized CL-20.

Figure 8. Relationship between the relative content of ultrafine AP and submicron-sized CL-20 and the complex viscosity of the propellant slurries.
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Figure 7 reveals the influence of the size gradation of CL-20 on
the storage modulus, loss modulus, and complex viscosity of
the CL-20/AP/GAP propellant slurries. As the frequency
increases, the values of G′ increase and the values of G″
decrease. The characteristics of the reduced storage energy and
increased energy dissipation of the slurries are not altered by
the introduction of CL-20 when suffering long-term oscillatory
shear. Besides, the dependence of G′ and G″ on frequency is
increased.

The relationship between the relative content of ultrafine AP
and submicron-sized CL-20 and the complex viscosity of the
propellant slurries was explored, and the results are plotted in
Figure 8. The optimum content range of ultrafine AP was
found to be approximately 20%, within which the slurries
exhibit the lowest viscosity and thus possess the ease of
processing. For the slurries with bimodal AP, the |η*|-value
decreases to a minimum and then increases with an increase in
ultrafine AP, the trend of which resembles a parabola.
However, the variation of the complex viscosity becomes
complicated for the slurries containing both bimodal AP and
bimodal CL-20, indicating that insufficient or excessive
submicron-sized CL-20 gives rise to the increased viscosity.
Fortunately, the appropriate size gradation of CL-20 facilitates
the reduction in the viscosity of the slurries despite the
addition of CL-20 making the |η*|-value increase owing to the
reduced particle size. For instance, the |η*|-values are
effectively reduced to a level that differs inconspicuously
from that of the slurries where only AP is included. It follows
that the size gradation of CL-20 is a valuable option for
promoting the processability of the propellant slurries.

In terms of the CL-20/AP/GAP propellant slurries with a
given solid content of 65%, the frictional interaction between
particles becomes the main factor influencing the rheological
properties, while the thermal motion and the repulsive forces
of particles are negligible.24 When particle gradation
technology is applied, potential effects are listed as follows:10,25

(1) the finer particles with smooth surfaces act as the lubricant
at the contact of particles, which can effectively weaken the
frictional interactions between particles with sharp edges, and
(2) the step-filling effect of micron-sized, ultrafine, and
submicron-sized particles contributes to dense packing,
resulting in a decrease in the content of liquids trapped in
interparticle spaces, which is not conducive to the slurry flow.
Hence, an attempt can be made to illustrate and evaluate the
differences in the rheological properties of the slurries in terms
of factors affecting the interparticle frictional interactions and
particle packing density.

PFC 2D, a powerful particle flow code, is of vital application
in simulating the interaction of two-dimensional disks with
arbitrary geometry and size.26,27 Treating particles as disks, the
loose-packed particles before and after gradation were
modeled, and the porosity is illustrated in Figure 9. The
porosity of AP particles decreases rapidly for the ultrafine AP′s
relative content of 0−20%, where AP particles are near the
densest packing state. Afterward, the particle porosity increases
continually with the relative content of ultrafine AP. The trend
of the experimental results on the rheological properties has
been captured to some extent. Accordingly, decreasing the
particle porosity through optimizing the particle gradation is an
economically feasible and practically effective way to prepare
suitable propellant slurries with acceptable flowability.

4. CONCLUSIONS

(1) The content of submicron-sized CL-20 exerts little
influence on the linear viscoelastic region and the yield
transition process of the GAP propellant slurries, as
deduced by the mild variations for the yield strain and
flow strain ranging from 0.00304 to 0.00483% and
0.0321 to 0.0445% with an increase in the content of
submicron-sized CL-20. Moreover, the values of the
storage modulus (G′) and loss modulus (G″) increase
noticeably.

(2) For the GAP propellant slurries containing multimodal
particles, the dependence of the storage modulus (G′)
and loss modulus (G″) on the ratio of submicron-sized
CL-20 to micron-sized CL-20 is complex. Moreover, the
yield strain is barely altered, while the flow strain
changes nonmonotonically.

(3) The values of the complex viscosity (|η*|) decrease with
increasing frequency, exhibiting shear-thinning. There
exists the lowest |η*|-value for the slurries after particle
gradation when the relative content of submicron-sized
CL-20 lies between 50 and 60%. Further evaluation
using PFC 2D confirms that the parameter influencing
the rheological properties is predominantly the porosity
between particles for the GAP propellant slurries.
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