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Abstract: An alarming, asymmetric flame in rocket combustion originates from a composite solid
propellant (CSP) containing defects. The defects are the result of a composition that exceeds the
maximum particle packing density. Based on the structure analysis of CSP, the addition of plasticizer
causes the correlation between the viscosity of CSP slurry and particle packing density to become
uncertain. This work aims to investigate the influence of thixotropic behavior on the maximum
particle packing density of CSP. A CSP with different thixotropic behavior was successfully produced
using aluminum/plasticizer dioctyl adipate (DOA) of 12–24. During the curing process, viscosity and
stress–growth were investigated. The structure of the CSP was defined using X-ray radiography. It is
remarkably observed that the peak of thixotropy occurred at the 15th minute of the curing process.
The particle packing density of CSP can be decisive for the relative viscosity at the peak time of
thixotropic behavior. The CSP with the highest relative viscosity at the peak time was revealed to
have voids in the upper part of the CSP. Thus, this parameter was proven to change the preceding
parameter, viscosity that was measured at the end of mixing. Based on the stress–growth analysis,
it is conceivable that the mechanism involves the time-dependent diffusion of DOA in weakening
aluminum agglomerates.

Keywords: rheology; highly filled polymer; deformation; thixotropy; agglomeration; plasticizer;
particle packing; defects; propellant; stress

1. Introduction

Composite solid propellant (CSP) is the major component in many propulsion systems.
It is commonly adopted for sounding rockets, space launch boosters, and jets. Recently,
CSP has been used to support space exploration, particularly AP/HTPB-based CSP, which
is also the most widely used propellant [1,2]. CSP has several advantages over liquid
propellants, including easy manufacture, storage stability, resistance to inadvertent detona-
tion, and chemical stability [3]. As a composite material, AP/HTPB-based CSP consists
of solid content (SC) embedded in a polymeric matrix. The matrix is a result of polymer-
ization between a polyol such as hydroxyl-terminated polybutadiene (HTPB) and curing
agents, such as isocyanate compounds. The SC includes inorganic oxidizers, ammonium
perchlorate (AP), and metallic fuels such as aluminum [4]. The composition of the CSP
has a significant impact on its performance. In most cases, 70–80% of SC is applied. A
high amount of solid content is necessary to generate immense energy, such as 88% solid
content with 25% aluminum [3,5]; this complicates the manufacture of CSP. As previously
stated, AP/HTPB-based CSP with 85% SC and 18% aluminum cannot be cast easily [6].

The production of AP/HTPB-based CSP includes mixing and casting processes. There
are two steps in the mixing procedure:
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1. The HTPB liquid is mixed with the solid content in the first step to create a
concentrated suspension known as CSP slurry. In this case, HTPB has a tribological effect.
It penetrates particle gaps and forms a layer on the surface of the particles. It lowers
particle friction, allowing particles to be freely mixed and well dispersed throughout the
HTPB [7,8].

2. An isocyanate molecule is introduced in the second step. It starts a polymerization
reaction with HTPB to produce polyurethane, a polymeric matrix. The process causes the
viscosity of the CSP slurry to increase over time. The duration of the second step is less
than that of the first to obtain the appropriate viscosity value for casting [8].

According to reports, the optimum viscosity for vacuum casting is less than 16,000 Poise,
while for pressure casting is less than 50,000 Poise [9]. The casting process becomes
complicated if the viscosity of the AP/HTPB-based CSP slurry exceeds the viscosity limit,
resulting in defects in the structure of CSP solids such as voids, porosity, voids with tails,
craze, and cracks. As a result, the asymmetric combustion of CSP occurs, causing damage
to the rocket motor [10,11]. Figure 1 shows examples of CSP solids with voids, detected
using an X-ray. Figure 2 depicts a rocket motor that has been harmed by asymmetric
combustion. To avoid damages, plasticizer compound is added.
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Figure 2. An example of a damaged motor of a rocket produced by an asymmetrical flame generated
by a flawed structure of CSP.

Dioctyl adipate (DOA) is a widely used plasticizer for AP/HTPB-based CSP. It is pre-
ferred because it has a similar value of Hansen Solubility Parameter (HSP) (17.6 MPa0.5) to
HTPB [12]. Because of these similarities, HTPB and DOA are compatible, and DOA’s chain
is effective in lubricating HTPB’s swarming chain. It reduces the viscosity of HTPB [12–14];
it has been found that adding 20% DOA to HTPB reduces the viscosity of HTPB by



Symmetry 2021, 13, 1767 3 of 13

50–62.5%. Meanwhile, for HTPB-TDI, it reduces by 88% [15–17]. When used in CSP,
adding 3% DOA reduces the viscosity of the slurry by up to 55% [18]. Adding DOA to the
CSP slurry is also a simple technique used to modify the viscosity for different applications.
For example, a larger rocket booster needs a more dilute CSP slurry. However, despite all
of the benefits, it has been observed that improper DOA addition might cause structural
damage [19]. It contrasts the particle packing concept of which only CSP with a SC greater
than the maximum particle packing density, as indicated by high viscosity, would be
damaged [7,20,21]. Since it has a low viscosity, the DOA-contained CSP slurry should be
distant from maximum particle packing density. As a result of this occurrence, it is possible
that the parameters for determining the particle packing density change (Table 1).

Table 1. Several models that correlate viscosity ratio (ηr = ηslurry/ηbinder) and packing fraction
(PF = φ/φm) [19].

Authors Model

Eilers (1941) [22] ηr = (1 + 1.25 ϕ
1−PF )2

Mooney (1951) [23] Ln (ηr) = ( k ϕ
1−PF )

Krieger and Dougherty (1959) [24] ηr = (1 − PF)−[η]φm

Chong (1971) [25] ηr = (1 + 0.75 ( PF
1−PF ))2

Quemada (1977) [26] ηr = (1 − PF)−2

Packing fraction (PF), (φ/φm), is a notation for particle packing density. It correlates
to the viscosity ratio (ηr), (ηslurry/ηbinder). Table 1 mentions some of the models. In
practice, a composition that has a maximum packing fraction in CSP slurry has a maximum
ηr [7,27–29]. However, as well as in the case of DOA addition, the uncertain correlation
between viscosity and particle packing density exists in nano-aluminum addition. It has
been observed that the effect of nano-aluminum addition on the PF of CSP is insignificant,
in contrast to its influence on viscosity [30]. Because compositions that exceed the maximum
particle packing density are prone to explosion, a new criterion to determine the optimum
value of particle packing density of CSP has to be defined.

Thixotropy is a proposed novel parameter intended to define particle packing density.
It is a prominent characteristic in concentrated suspensions, such as cementitious materi-
als [31–34]. Thixotropy is a property of viscosity that diminishes with time, as described in
Figure 3. According to reports, factors that affect thixotropy include metal particles, chem-
ical reactions, and plasticizers [31,33,34]. Because of the fast polymerization of CSP, the
consequences are more complicated. Therefore, this work aims to investigate the influence
of thixotropy on achieving the maximum particle packing density of CSP.

Symmetry 2021, 13, x FOR PEER REVIEW 4 of 14 
 

 

 

Figure 3. Thixotropy in a viscosity built-up of CSP slurry. 

2. Materials and Methods 

Table 2 shows the composition of CSP studied in this work. All materials were pro-

duced commercially by Dalian Chlorate Co, Ltd. Hydroxyl-terminated polybutadiene 

(HTPB) and Toluene diisocyanate (TDI) with the weight ratio of 14:1 played a role as a 

polymeric matrix builder during the curing process. HTPB was manufactured from free 

radical polymerization, with a molecular weight of 2300–2800 g/mol, a hydroxyl value of 

47.1 mg KOH/g, a polydispersity index of 2.5, the density of 0.8–0.9 g/cm3, and low vis-

cosity of 40–50 Poise at 30 °C. TDI had a high content of 2,4-TDI isomer (80.5%), while 

Tepanol had a density value = 1.1 g/cm3. All compositions were arranged precisely based 

on the ratio of Al/DOA, to produce CSP slurry with various thixotropic behavior. The 

following sets were also used to support that purpose. The solid content was set to be 

around 87.5%. Ammonium perchlorate, APf (50 μm), and APc (200 μm) were used with a 

weight fraction (APf/APc) of ¼ . Figure 4 shows an SEM spectrogram of the aluminum (30 

μm) that was used in this work. It was analyzed in vacuum conditions by using Phenom 

Pharos Desktop SEM with a resolution of 2000×. 

Table 2. Composition of CSP Slurries. 

No. Al/DOA 
HTPB 

(%.wt) 

TDI 

(%.wt) 

Tepanol 

(%.wt) 
AP (%.wt) 

1 12.00 10.547 0.753 0.2 75.5 

2 12.73 10.547 0.753 0.1 73.5 

3 13.64 10.547 0.753 0.1 72.5 

4 15.89 10.775 0.77 0.2 75.5 

5 19.74 10.817 0.773 0.15 72.5 

6 23.68 10.817 0.77 0.15 69.5 

Figure 3. Thixotropy in a viscosity built-up of CSP slurry.



Symmetry 2021, 13, 1767 4 of 13

2. Materials and Methods

Table 2 shows the composition of CSP studied in this work. All materials were
produced commercially by Dalian Chlorate Co, Ltd. (Dalian, China). Hydroxyl-terminated
polybutadiene (HTPB) and Toluene diisocyanate (TDI) with the weight ratio of 14:1 played
a role as a polymeric matrix builder during the curing process. HTPB was manufactured
from free radical polymerization, with a molecular weight of 2300–2800 g/mol, a hydroxyl
value of 47.1 mg KOH/g, a polydispersity index of 2.5, the density of 0.8–0.9 g/cm3, and
low viscosity of 40–50 Poise at 30 ◦C. TDI had a high content of 2,4-TDI isomer (80.5%),
while Tepanol had a density value = 1.1 g/cm3. All compositions were arranged precisely
based on the ratio of Al/DOA, to produce CSP slurry with various thixotropic behavior.
The following sets were also used to support that purpose. The solid content was set to be
around 87.5%. Ammonium perchlorate, APf (50 µm), and APc (200 µm) were used with
a weight fraction (APf/APc) of 1

4 . Figure 4 shows an SEM spectrogram of the aluminum
(30 µm) that was used in this work. It was analyzed in vacuum conditions by using Phenom
Pharos Desktop SEM with a resolution of 2000×.

Table 2. Composition of CSP Slurries.

No. Al/DOA HTPB
(%.wt)

TDI
(%.wt)

Tepanol
(%.wt) AP (%.wt)

1 12.00 10.547 0.753 0.2 75.5

2 12.73 10.547 0.753 0.1 73.5

3 13.64 10.547 0.753 0.1 72.5

4 15.89 10.775 0.77 0.2 75.5

5 19.74 10.817 0.773 0.15 72.5

6 23.68 10.817 0.77 0.15 69.5
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In the mixing process, all materials were mixed in a batch system of a planetary-type
mixer. Mixing specifications were set to allow for particle packing that causes defects on
CSP solid, not environmental water vapor. They included using a horizontal sigma blade,
vacuum equipment, the application of temperatures of 50–55 ◦C and a high rotational
speed of 60 rpm. The mixing was divided into two parts. The first part was before the
addition of TDI, while the second part was after the addition of TDI. To avoid any defects
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caused by non-uniform particle distribution, AP was divided into four parts precisely. It
was introduced in sequences during the first part of mixing.

σ = σy + a
·
γ+b

·
γc, (1)

The rheological properties of CSP slurries were analyzed using the Rheometer Brook-
field DV3T every 15 min at a temperature of 50 ◦C. They included viscosity build-up, yield
stress, and stress–growth. Viscosity build-up was determined to calculate the viscosity at
the end of mixing (ηEOM) and relative viscosity (ηrel = ηt/ηEOM). For viscosity build-up
and stress–growth measurement in startup shear, a low spindle speed (0.01667 s−1) was
set, while for yield stress measurement, the shear rate of 0.01667–0.1667 s−1 was applied
and plotted towards shear stress based on the Tscheuschner model, Equation (1), which is
an appropriate model for CSP [35]. In Equation (1),

·
γ is shear rate, σ is shear stress and

σy is yield stress.
As an attempt to investigate the physical origin of thixotropic behavior, each of the

steps in stress–growth experiments were conducted by measuring shear stress (σ) for 60 s.
A typical curve of the stress–growth experiment is presented in Figure 5, where σmax and
σeq referred to maximum shear stress and shear stress at the equilibrium stage, respectively.
To investigate the origin of thixotropic behavior, the curve was divided into two regions,
elastic and plastic. The borderline of the two regions was σmax. Parameters from the elastic
region were G and tσmax. G was a shear modulus, while tσmax was the time needed to
reach σmax. On the other hand, the parameter of the plastic region was kfs based on the
Figoni–Shoemaker model, as shown in Equation (2) [36]. In addition, the ratio of energy
(E) in elastic/plastic regions was calculated from the area below each curve.

σ = σeq + (σmax − σeq) exp (−kfst) (2)
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The process from slurry to the solid phase of CSP included casting and curing. Casting
was carried out vertically. The template was cylindric with a hollow inside. On the other
hand, the curing process was performed at 60 ◦C for 3 days. It was followed by X-ray
radiography on CSP solid using the Phillips 300 kV CR100. It was performed to detect any
defects in the structure. Bands with gradual grayscales were used as a standard according
to ISO 19232 J 249.

3. Results and Discussion

CSP slurry has a complex composition. It includes particles, polymers, and plasticizers.
After mixing, the slurry is cast vertically. The time needed for casting is around 30 min. In
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this work, in the viscosity measurement, the temperature of the slurry is 50 ◦C to resemble
its temperature in the casting process. During the casting process, the slurry undergoes
curing. Thus, x-axis in Figure 5 is called curing time.

Figure 6 shows the relative viscosity (ηrel) of samples during the curing process.
Relative viscosity is viscosity at a measurement time divided by viscosity at the end of
mixing. It is different from ηr mentioned in Table 1, which is viscosity of filled polymer
divided by viscosity of the polymer. Here, thixotropic behavior refers to decreased viscosity
with time. In Figure 6, it is noteworthy that all of the samples show the peak of thixotropic
behavior at the 15th minute of the curing process. The similarity could be attributed to the
same composition of HTPB:TDI 14:1. In the HTPB-TDI-DOA system, it is reported that the
use of the mixture 2,4-TDI and 2,6-TDI causes a lower viscosity for a longer time than the
use of 2.4-TDI only [15,37]. It is because the reactivity of 2,6-TDI is lower than 2,4-TDI [38].
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The correlation between the Al/DOA ratio and viscosity at the end of mixing (ηEOM)
and at the peak time of thixotropic behavior (ηmin) is presented in Figure 7. It is shown
that the correlation between composition and viscosity fluctuates. The fluctuation is also
reported on cementitious materials with the presence of plasticizers [39]. The reason is
explained later. Despite the fluctuation correlation, it is clearly shown that the composition
that has the highest value of ηEOM is different from that of ηmin. The highest ηEOM is
possessed by Al/DOA of 15.89 (CSP-4), while the highest ηmin is possessed by Al/DOA
of 23.68 (CSP-6). It is stated by many researchers that a composition that has a maximum
particle packing density will show a maximum value of ηr [7,22–25,27,29]. Here, as the
viscosity of CSP slurry is 100–300 times higher than the viscosity of polymer (50 Poise), the
value of ηr is assumed to be similar to ηEOM. Thus, it is later confirmed whether maximum
particle packing density is possessed by CSP-4 or CSP-6.

X-ray radiography is an appropriate tool to analyze the structure of CSP solid [10,40].
In Figure 8, it is remarkable that the radiograph of CSP-6 (Figure 8b) has several black spots,
distinguished from CSP-4, which is flawless (Figure 8a). The black spots are confirmed as
void clusters by a photograph in Figure 8c. The voids have a diameter of 1–1.5 mm, and
a cluster’s width of 2 cm. Some of the voids form a tail. It is reported that internal voids
are interpreted as areas with a lack of polymer networks [10]. Regarding the location of
void clusters, which are in the upper part of CSP-6 solid, CSP-6 is suspected to have more
agglomerates than other compositions. As a consequence, in the vertical casting process,
the vacuum force is not strong enough to draw the last part of the slurry into the template
homogenously. On the other hand, with the defect, the composition of CSP-6 exceeds the
maximum particle packing density. This underlines the fact that throughout the curing
process, minimum viscosity (ηmin) is a sharper parameter than ηEOM to define maximum
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particle packing density. In other words, thixotropic behavior in the curing process should
be considered as a better parameter in an assessment of particle packing density.

Symmetry 2021, 13, x FOR PEER REVIEW 7 of 14 
 

 

 

Figure 6. Various relative viscosity along curing process underlines the success of varying strengths 

of thixotropic behavior by varying Al/DOA. 

  

Figure 7. Maximum values of ηEOM and ηmin are possessed by different compositions of CSP. 

X-ray radiography is an appropriate tool to analyze the structure of CSP solid [10,40]. 

In Figure 8, it is remarkable that the radiograph of CSP-6 (Figure 8b) has several black 

spots, distinguished from CSP-4, which is flawless (Figure 8a). The black spots are con-

firmed as void clusters by a photograph in Figure 8c. The voids have a diameter of 1–1.5 

mm, and a cluster’s width of 2 cm. Some of the voids form a tail. It is reported that internal 

voids are interpreted as areas with a lack of polymer networks [10]. Regarding the location 

of void clusters, which are in the upper part of CSP-6 solid, CSP-6 is suspected to have 

more agglomerates than other compositions. As a consequence, in the vertical casting pro-

cess, the vacuum force is not strong enough to draw the last part of the slurry into the 

template homogenously. On the other hand, with the defect, the composition of CSP-6 

exceeds the maximum particle packing density. This underlines the fact that throughout 

the curing process, minimum viscosity (ηmin) is a sharper parameter than ηEOM to define 

maximum particle packing density. In other words, thixotropic behavior in the curing 

process should be considered as a better parameter in an assessment of particle packing 

density. 

Figure 7. Maximum values of ηEOM and ηmin are possessed by different compositions of CSP.

Symmetry 2021, 13, x FOR PEER REVIEW 8 of 14 
 

 

 

Figure 8. X-ray images of the solid of CSP-6 (b) show distinctive structure from the solid of CSP-4 

(a). The defects of CSP-6 are clearly shown using an ordinary camera (c). 

Figure 9 shows the apparent yield stress at the 15th minute of the curing process. The 

yield stress is calculated using the Tscheuschner model, as shown in Equation (1). It is 

observed that all CSP slurries have yield stress, as is also found by several reports for 

HTPB-based CSP [20,29,41]. A yield stress fluid is a fluid that can support its own weight 

to some extent. It is considered to be a sign of the presence of agglomerates [42,43]. Con-

sidering the properties of agglomerates, here, weak and strong agglomerates refer to ag-

glomerates that are easy or difficult to be cracked or broken, respectively. Since it has been 

reported that stress is a function of crack [44], CSP slurry with weak agglomerates have 

low yield stress and vice versa. In Figure 9, remarkably, viscosity increases with an in-

crease in yield stress. This is reasonable because viscosity describes the resistance of the 

fluid to flow [45] and thus, the stronger the agglomerates in the CSP slurry, the higher the 

viscosity [46]. The correlation brings to light that the properties of agglomerates are re-

sponsible for the fluctuating correlation between viscosity and composition, as shown in 

Figure 7. It is because the strength of inter-particle forces possessed by agglomerates is 

affected by many factors [47]. Effects can vary widely, even within a single agglomerate 

[48]. 

Figure 8. X-ray images of the solid of CSP-6 (b) show distinctive structure from the solid of CSP-4
(a). The defects of CSP-6 are clearly shown using an ordinary camera (c).

Figure 9 shows the apparent yield stress at the 15th minute of the curing process. The
yield stress is calculated using the Tscheuschner model, as shown in Equation (1). It is
observed that all CSP slurries have yield stress, as is also found by several reports for HTPB-
based CSP [20,29,41]. A yield stress fluid is a fluid that can support its own weight to some
extent. It is considered to be a sign of the presence of agglomerates [42,43]. Considering
the properties of agglomerates, here, weak and strong agglomerates refer to agglomerates
that are easy or difficult to be cracked or broken, respectively. Since it has been reported
that stress is a function of crack [44], CSP slurry with weak agglomerates have low yield
stress and vice versa. In Figure 9, remarkably, viscosity increases with an increase in yield
stress. This is reasonable because viscosity describes the resistance of the fluid to flow [45]
and thus, the stronger the agglomerates in the CSP slurry, the higher the viscosity [46].
The correlation brings to light that the properties of agglomerates are responsible for the
fluctuating correlation between viscosity and composition, as shown in Figure 7. It is
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because the strength of inter-particle forces possessed by agglomerates is affected by many
factors [47]. Effects can vary widely, even within a single agglomerate [48].
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Figure 9. Viscosity dependence of CSP slurry towards yield stress emphasizes the use of agglomera-
tion approach.

Being confirmed with X-ray radiography displayed in Figure 8, CSP-4 is found to
have a composition with the maximum particle packing density. Therefore, a deep rheo-
logical analysis in start-up shear was carried out on CSP-4. Figure 10a shows the curve of
stress–growth experiments towards CSP-4. The shape of the curve is similar to common
highly filled materials [32,39]. It is observed that the curve shape changes over time. It is
noteworthy that the curve shape at the 15th minute is extremely distinct to the curve at
the initial time, while after the 15th minute, the curve shapes are similar to each other. The
change in curve shape indicates energy changes. It also underlined the fact that applying a
low shear rate is successfully sensitive enough to detect energy changes [46,49].

The analysis of shearing energy is shown in Figure 10b,c. There, elastic energy is
required to break the structure of agglomerates, while plastic energy is required to flow
the agglomerates after they have been broken [42]. Remarkably, in Figure 10b, at the 15th
minute of curing, the elastic/plastic energy ratio reaches its minimum value. Figure 10c
confirms that the greatest difference between elastic and plastic energy is present at the
15th minute. In Figure 10c, although both elastic and plastic energy decrease from 0 to 15
min, the decrease in elastic energy is sharper. This means that the thixotropic behavior of
CSP slurry originates more from its elastic property than its plastic property. The decrease
in elastic energy indicates weakened agglomerates, which is supported by the minimum
value of shear modulus, G, and time to reach yield stress, tσmax, in Figure 10d. There, G is
the force needed to break agglomerates, and tσmax is the time needed to break agglomerates
before flowing. Based on the shape of the elastic phase in Figure 10a in which stress–time
possesses non-linear correlation, it was modeled that the mechanism of breakage involves
the stretching of agglomerate structure, rather than compression [48].

In Figure 10d, contrary to G and tσmax, the value of kfs increases between 0 and 15 min.
Here, kfs is calculated using the Figoni–Shoemaker model, as shown in Equation (2). The
increase in kfs continues, although with a sloping route after the 15th minute. To figure out
the phenomena, Figure 11 is presented. Figure 11 represents the relative value of shear stress
(σt/σ0) in the plastic region of CSP-4, which refers to the pink zone in Figure 5. The level of
kfs represents how sensitive the flow of CSP slurry is towards shear stress [36]. The lower the
value of kfs, the more sensitive the slurry towards stress. Here, the variety of agglomerate
sizes is assumed to be the origin of the sensitivity. This is because heterogenous size of
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agglomerates has more difficulty in flowing. In this case, smaller agglomerates strongly
depend on applied stress to escape through the gaps between the larger agglomerates to
flow. In other words, the high kfs indicate homogeneity of the size of agglomerates in CSP
slurry after breaking. It has been reported that aluminum agglomerates in CSP have high
heterogeneity in the size of which the diameter is 50–170 µm [50]. With such a wide range,
it is reasonable that kfs at 0 min is low, and kfs at 15 min is high.
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Figure 10. Stress–growth curve (a), ratio energy profile (b), elastic and plastic energy (c) and some
relative values of rheological features of CSP-4 (d) during curing process underline dominancy of
elastic deformation in thixotropic behavior.

According to the rheological analysis above, the suggested mechanism for the ori-
gin of thixotropic behavior during the curing process of CSP slurry is the immersion of
plasticizers into agglomerates of aluminum. This is emphasized by compatibility among
aluminum, HTPB, and dioctyl adipate (DOA), represented by the Hansen Solubility Param-
eter (HSP): the HSP of aluminum, HTPB, and DOA is 21.21, 16–18.1, and 17.6–18.2 MPa0.5,
respectively [13,51,52]. This means that aluminum is less compatible with HTPB than
with DOA. This property causes aluminum particles to prefer to be close with the other
aluminum particle rather than being well dispersed in HTPB-based slurry. It leads to
agglomeration, as has been reported on particles with polyelectrolytes [53]. The condition
is worsened by a pocket model, described in Figure 12a. According to the model, aluminum
is entrapped in a space surrounded by coarse AP particles so that aluminum has difficulty
in flowing [50]. On the other hand, DOA as a compatible liquid for aluminum needs
time to perform perfect lubrication on aluminum because of its low weight fraction in
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CSP composition. It has been reported that when a solid is immersed in a liquid, as time
elapses, liquid tends to move to free space in a structure. It occurs even in the high-density
polymer [54]. Thus, with increased time, as described in Figure 12b, DOA is more absorbed
into the structure of aluminum agglomerates. It is followed by lubrication, which weakens
aluminum agglomerates. As the agglomerate is weakened, it is easier to be broken into
a smaller agglomerate. The ability of plasticizer in breaking and modifying the size of
agglomerates is proven in the field of flame-retardant materials [55], nanocomposites [56],
and processing minerals [57]. The small agglomerates are aligned on the liquid to flow
and it is suggested as the mechanism of plasticizer in lowering viscosity [29], described
in Figure 12c. With the observed low shear modulus, the short required time to reach
apparent yield stress and the less sensitivity toward shear stress, this work found that the
peak of this action occurs at the 15th minute of curing time, when the polymer network is
not fully built.
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Figure 12. Mechanism of thixotropic behavior of CSP slurry; diffusion of DOA into hard Al agglom-
erates at 0 min (a), optimum lubrication of DOA and weakening of hard Al agglomerate at 15 min
(b), alignment of weak Al agglomerates to flow (c).

4. Conclusions

In this work, we investigated the influence of thixotropy on the achieved maximum
particle packing density of CSP. Due to its thixotropic behavior, we analyzed the time-
dependent viscosity of semi-cured CSP slurry. By evaluating the structural perfection of its
solid phase using X-ray radiography, we show strong evidence that relative viscosity at the
peak time of thixotropy, and not viscosity at the end of mixing, is an ideal parameter to
define particle packing. The investigation of yield stress at the time shows the attribution of
aluminum agglomerates. It is strongly affected by the elastic deformation of agglomerates.
Based on compatibility, we assumed that the committed mechanisms are the weakened
aluminum agglomerates because of diffusion and the lubrication of plasticizers. As a final



Symmetry 2021, 13, 1767 11 of 13

word, we strongly suggest using relative viscosity at the peak time of thixotropy to evaluate
the particle packing density of highly filled materials. Controlling the relative viscosities
by varying the composition of CSP will be presented in our further research.
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