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Shi-jun”
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Abstract: In order to investigate the effects of multi-walled carbon nanotubes (MWCNTS) content
and loading stress on the high-temperature creep properties of 1,3,5-triamino-2,4,6-trinitrobenzene
(TATB)-based polymer bonded explosives (PBXs), three-point bending creep behavior was studied
by dynamic mechanical analyzer at 60 <C. The experimental results showed that under low stress
(4 MPa), the constant creep strain rates of the multi-walled carbon nanotubes (MWCNTSs) modified
formulation reduced with MWCNTs concentration. However, due to the agglomeration of
MWCNTSs, the existence of intertube sliding or stick-slip resulted in an increase in creep strain.
Under higher stress (6 MPa and 7 MPa), with only 0.25 mass% of MWCNTSs, the creep resistance
of TATB-based PBX could be significantly improved with reduced constant creep strain rate.
Additionally, compared with TATB-based PBX without MWCNTSs, the creep lifetime of the
nanocomposites with content of 0.25 mass% MWCNTs had been considerably extended by over
33.3% and 750% under 6 MPa and 7 MPa, respectively. The nanocomposites with content of 0.5
mass% MWCNTSs displayed a lower creep resistance compared to that of TATB-based PBX
without MWCNTSs. The creep resistance of TATB-based PBXs depends significantly on loading
stress. Six-element model could be used to simulate the high-temperature creep behaviors of
TATB-based PBXs with and without MWCNTSs. The constitutive equations of creep curves under
different stresses at 60 T were obtained. Among the fitting parameters, elastic modulus of high
elastic deformation E3 and the viscosity of Voigt units n; were sensitive and promising for the
evaluation of the creep strain of TATB-based PBXs.
Key words: applied chemistry; TATB; polymer bonded explosive; carbon nanotube; creep

properties; constitutive equation
1 Introduction

As a time-dependent mechanism of plastic deformation, creep is the most basic representation
of static viscoelastic and one of the main failure forms of polymer material™?. At a certain
temperature and loading stress, the creep deformation of polymer has a strong influence on the
dimensional stability, long-term durability and reliability. Therefore, improving the creep
resistance is a long-term target for polymer!™. It is found that with the addition of very low content
of inorganic nanoparticles, such as clay®®, carbon nanotubes(CNTs)*® acicular titania
nanoparticles™, silica nanoparticles™, the creep resistance of polymer could be significantly
improved. However, it is also reported that the addition of nanoparticles, such as clay, reduced the
creep resistance of polymer due to the decrease of crystal size and degree of crystallinity™*® 7.
Among the inorganic nanoparticles, as a kind of new quasi-one-dimensional functional material,
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CNTs have attracted intensive interest for a variety of applications in science and engineering
during the past decade*®??, due to the excellent mechanical and physical properties, such as
extremely high strength and stiffness, high thermal and electrical conductivity, low density. Up to
now, most efforts have been devoted to study the neat polymer/CNTs nanocomposites, such as
PP/CNTs composites, polymethylmethacrylate (PMMA) /CNTs composites, epoxy/CNTs
compositest® 3. Yang et al.l”! have found that with only 1 vol.% of multiwalled carbon nanotubes
(MWCNTSs), creep resistance of polypropylene (PP) can be significantly improved with reduced
creep deformation and creep rate at a long-term loading period without sacrificing mechanical
properties and weight penalty. Ganf3et al. ™ have discussed the result that the nanocomposites
exhibited a decrease in creep compliance with the addition of CNTs in the light of
polymer/nanotube interaction. It is also revealed that MWCNTSs have a more significant effect on
the creep resistance of PMMA nanocomposites than that of carbon nanofiberst*.

Due to the moderately energy output and excellent thermally stability,
tri-amino-tri-nitro-benzene (TATB) has been comprehensively applied in military field as
insensitive high explosive (IHE)?". TATB-based polymer bonded explosive (PBX) is a kind of
particle highly-filled polymer composite. The structure and properties of TATB-based PBX, such
as pore structure and size distribution?®® microstructural differences between virgin and
recycled lots®”, mechanical behavior®¥ shock initiation®**!, thermal expansion®*=",
sensitivity™®, moisture outgassing™®, have been widely studied in the past years. However, there
are only few literatures concerning creep performance of TATB-based PBX. Gagliardi et al.""
have carried out high fidelity measurements of time-dependent creep strain in the plastic-bonded
explosives LX-17-1 and PBX-9502 and pointed out that the creep and recovery behavior of PBX
was dependent on the type of explosive, the percentage and type of binder, the stress level and test
temperature.

Less attention is paid to the effects of nanoparticles on the creep resistance of TATB-based PBX.

In present study, the creep behaviors of TATB-based PBX prepared with water suspension
methods, have been studied by three-point bending creep experiments. An attempt has been made
to correlate the observed creep properties of TATB-based PBX with MWCNTSs concentration and
loading stress.

2 Experimental Section
2.1 Materials

1,3,5-triamino-2,4,6-trinitrobenzene (TATB) (purity 99%, particle size about 14 pm, specific
surface area 0.87 m?g) was provided by Institute of Chemical Materials, CAEP, China.
Fluoropolymer with a weight average molecular weight of 2.74x10° g/mol and a polydispersity
index of 3.37 was supplied by Zhonghao Chenguang Chemical Industry Co., Ltd. China.
Multi-walled carbon nanotubes (MWCNTSs) with a length of 5~15 um and outer diameter of
10~30 nm were obtained from Shenzhen Nanotech Port Co., Ltd. China. The other chemicals and
reagents used in this research were commercially purchased and used without further purification.

2.2 Sample Preparation

Three TATB-based formulations including 5 mass% polymer binder were investigated. The
original formulation, which contains only TATB and fluoropolymer, is labeled as PBX-1. The
modified formulation was prepared with the addition of 0.25 mass% and 0.5 mass% MWCNTSs as

Page 2 of 13



Page 3 of 13

RSC Advances

reinforcing agent, labeled as PBX-2 and PBX-3, respectively. The molding powders of
TATB-based polymer bonded explosives (PBXs) were prepared with water suspension methods*.
Firstly, TATB (100g) was added to H,O (90 mL) and dispersed whilst stirring. Then a
fluoropolymer solution with ethyl acetate and butyl acetate (50:50) as solvent was added dropwise,
and the system was heated to 70 <T in a vacuum. After removing the organic solvent, the
precipitate was filtered, washed, and dried in air to give the molding powder of TATB-based PBXs.
Afterwards, the molding powder product was pressed in a mould at 120 <C under 380 MPa and
transformed into explosive sheet with a length of 30 mm, a breadth of 10 mm and a height of 1~2
mm. The pellet density is about 95% of the theoretical density after compression. Morphological
characterization was carried out with a field emission scanning electron microscope (FESEM,
CamScan Apollo 300, England). The samples were coated with a thin layer of gold in a vacuum
chamber for conductivity. The accelerating voltage was 2.0 kV.

2.3 Three-point Bending Creep Test

A creep test can evaluate the creep compliance of material under the constant stress condition. A
dynamic mechanical analyzer (DMA 242C, Netzsch, Germany) with a Netzsch three-point
bending sample holder was employed to characterize the three-point bending creep properties of
the samples. The sample holder with a span of 20 mm was located in a temperature chamber
regulated by electrical heating elements in the wall of the chamber, and was brought to the set
temperature via heat conduction of the air in the chamber. A small thermocouple was located in
the vicinity of the sample to measure the air temperature. The test time was set as 90 min. If no
rupture of sample was observed after 90 min, the test stopped. If the creep failure of sample was
occurred in the examined time, the test finished immediately.

The schematic of the three-point bending creep experiment was presented in Figure |. The
sample was coinstantaneously affected by tensile load and compressive load. The upper surface
sufferred from compressive load and the lower surface sufferred from tensile load. At a certain
center layer, i.e. neutral layer, no tensile stress or compressive stress was loaded on the sample.
The bending normal stress presented a linear distribution perpendicular to the neutral layer. The
bending normal stress reached maximum on the surface. The maximum bending normal stress

omax Was calculated using the following equation:

3FL
rex = 5 uh? @)

where F represented the load force, L described the span of sample holder (20 mm), w and h were
the sample width and height, respectively.
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Figure 1. Schematic of three-point bending creep experiment.
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3 Results and Discussion

3.1 Morphology of TATB-based PBXs modified with MWCNTSs

Figure 2 gives the SEM micrographs of the MWCNTs modified composites PBX-2 and PBX-3
with 0.25 mass% and 0.5 mass% MWCNTSs. As shown in Figure 2, the nanotubes are fairly well
dispersed in the nanocomposites PBX-2 with lower content of MWCNTSs (0.25 mass%). When the
filler content increases to 0.5 mass%, it is difficult to completely disperse the MWCNTSs in the
TATB-based PBX with some small nanotube aggregates.

Figure 2. SEM micrographs of MWCNTs modified composites with filler content of
(a) 0.25 mass%,; (b) 0.5 mass%.

3.2 Three-point Bending Creep Behaviors of TATB-based PBXs

The three-point bending creep strain curves of three TATB-based PBXs at 60 <C under different
maximum bending normal stresses are shown in Figure 3. Table 1 summarizes the creep
performance parameters of TATB-based PBXs. In terms of the creep time, the creep process could
be divided into there characteristic stages. In the primary stage, namely, decelerated creep stage,
the creep strain rate, i.e. Ae//At, is found to diminish with increasing creep time. In the secondary
stage, namely, steady creep stage, the creep strain rate keeps constant. In the last stage, namely,
accelerated creep stage, the creep strain rate increases with creep time. Taken the creep curve of
PBX-2 at 60 T/7MPa as an example, all these three characteristic stages are marked in Figure 3.

As can be seen in Figure 3 and Table 1, in the experimental set time, no creep rupture is found
in the three-point bending creep process of TATB-based PBXs at 60 T/4 MPa. Due to the low
loading stress, the sample displays a long-term creep process and no creep rupture time could be
obtained. Only decelerated creep stage and steady creep stage could be observed from the creep
strain curves. The relationship of the creep time on the creep strain in the steady creep stage of
PBX-1 at 60 <T/4 MPa is plotted in Figure 4. It is obvious that the creep strain varies linearly with
the creep time in the steady creep stage. The constant creep strain rate is the coefficient of creep
strain to creep time which are acquired from the slope of the fitting lines in Figure 4. At 60 <C/4
MPa, the constant creep strain rate of PBX-1 is 7.51 x10°% min™. The constant creep strain rates
of TATB-based PBXs are listed in Table 1. As revealed shown in Table 2, at 60 T/4 MPa, the
constant creep strain rates of the multi-walled carbon nanotubes (MWCNTs) modified
formulations PBX-2 and PBX-3 are lower than that of the PBX-1. This result could be also
explained by the fact that the motion of chain segment of fluoropolymer is restricted by the
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presence of MWCNTSs. However, an increase of the three-point bending creep strain of MWCNTSs
modified formulations is observed with increasing MWCNTSs content. In fact, due to the fact that
MWCNTSs are not ideally dispersed in polymer matrix, poor load transfer between nanotubes (in
some bundles or entanglements) and between nanotubes and surrounding polymer chains may
give rise to interfacial slippage and an increase in the creep strain under low stresst*"*.

Under higher stress (6 MPa and 7 MPa) at 60 <C, as represented in Figure 3(b) and Figure 3(c),
compared with PBX-1 without MWCNTs, with only 0.25 mass% of the reinforcing agent
MWCNTSs, the creep resistance of PBX-2 is improved with reduced constant creep strain rate and
prolonged creep rupture time. For example, at 60 <T/7 MPa, with regard to PBX-1 without
MWCNTSs, the creep strain increases rapidly with creep time, afterwards, creep failure of the
sample is occurred at 5.0 min with a constant creep strain rate of 4.38 x 10°% min™. The creep
rupture time of nanocomposite PBX-2 is considerably extended by 750% compared with that of
PBX-1, and the constant creep strain rate distinctly reduces by 86.6%. As a kind of particle
highly-filled composite, when the particle phase is rigid, although the polymer content is low, the
creep of polymer matrix still is the main source of the creep of composite. Consequently, the creep
behavior of TATB-based PBXs depends on the creep properties of polymer binder. Three possible
mechanisms of load transfer that could contribute to the observed enhancement of creep resistance
are proposed by Yang et al.”!, which are (i) fairly good interfacial strength between MWCNTSs and
polymer matrix, (ii) increasing immobility of amorphous region due to the appearance of
nanotubes acting as blocking sites, and (iii) high aspect ratio of MWCNTs. For
MWCNTs/fluoropolymer nanocomposites, the large deformation of fluoropolymer transfers the
external load to MWCNTSs through the good interfacial bonding. Under the external load, the
crack initiates and propagates in the fluoropolymer matrix far from MWCNTSs due to the low bulk
strength. When propagated to MWCNTSs with skin-core structure, the crack branches and deflects,
inducing an increase of crack propagation resistance. Furthermore, MWCNTs are randomly
distributed in the fluoropolymer matrix and lapped with each other. On account of the high aspect
ratio of MWCNTSs, skeleton structure is formed to bolck the motion of surrounding molecular
chain. Accordingly, a prominent increase of the creep resistance of MWCNTs/fluoropolymer
nanocomposites is achieved, resulting in the enhancement of the creep resistance of TATB-based
PBXs.

In addition, it should be noted that with 0.5 mass% of MWCNTSs, the creep resistance of PBX-3
reduces with increased constant creep strain rate and shortened creep rupture time, compared with
PBX-1 without MWCNTs. For example, at 60 <T/6 MPa, the creep failure of PBX-1 without
MWCNTs is occurred at 67.5 min, while the creep failure time of PBX-3 is shortened to 35.5 min.
Shen et al.l'® and Beake et al.”™ have studied the nanoindentation behavior of nylon 66/clay
nanocomposites and poly(ethylene oxide)/clay nanocomposites, respectively, and also revealed
that the addition of small amount of clay had an adverse effect on the creep behavior of the
nanocomposites, in accordance with the results of PBX-3 with 0.5 mass% of MWCNTSs. Generally,
as a result of the addition of nanoparticles, such as clay and carbon nanotubes into the polymer
matrix, two adverse effects are functioning simultaneously on the nanocomposites™®: (i)
significant enhancement effect from the well-dispersed, stiff, high aspect ratio nanoparticles,
usually and particularly having remarkable influence on hardness and modulus of the material, as
observed in PBX-2 with 0.25 mass% of MWCNTSs; (ii) substantial changes of micro and/or
nano-structures of the matrix due to confinement or other effects, for instance, the changes of



RSC Advances

crystalline morphology for semicrystalline thermoplastics owing to heterogeneous nucleation of
nanoparticles, which usually lower or destroy the crystal perfection or crystallinity of the polymer
matrix, as observed in PBX-3 with 0.5 mass% of MWCNTs. Two competing or combined effects
coexist in the TATB-based PBXs. For PBX-3, MWCNTSs trends to agglomerate in the polymer
matrix. On the other hand, MWCNTSs act as heterogeneous nucleating agent in fluoropolymer and
thus possibly reduce the crystal size or the degree of crystallinity. The morphological change plays
a dominant role in the creep behavior, giving rise to the poor creep resistance of PBX-3.
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Figure 3. Three-point bending creep strain curves of TATB-based PBXs at 60 <T under different
maximum bending normal stresses.

Table 1. The creep performance parameters of TATB-based PBXs.

maximum bending normal stress

constant creep strain rate

creep failure strain

creep failure time

sample
/ MPa / %.min* 1% / min
4 751 x10° >0.03526 >90
PBX-1 6 2.65 %10 0.06931 675
7 438 x10° 0.06052 5.0
4 6.43 <10 > 0.04002 >90
PBX-2 6 1.21 <10 > 0.06887 >90
7 5.89 <10 0.07889 425
4 4.96 x<10° >0.05872 >90
PBX-3 6 5.33 %10 0.05332 355
7 . 0.02854 0.4
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Creep is a typical viscoelastic phenomenon of PBX, which is intimately correlated to loading
stress. As depicted in Figure 3 and Table 1, the creep resistance depends significantly on the
maximum bending normal stress Gpay. It is clear that with o,y increased from 4 MPa to 7 MPa at
60 <C, the creep rupture time of PBX-1 minishes from more than 90 min to 5 min, the creep strain
and constant creep strain rate enlarges, suggesting that the creep resistance decreases obviously.
The creep resistance of PBX-2 and PBX-3 presents a similar trend with loading stress. The results
indicate that the dimensional stability and long-term load capacity reduces with increasing loading
stress. The result is attributed to an enhancement in molecular thermodynamic movement.
According to free volume theory™®, the viscosity which reflects time-dependence of material is
correlated with free volume fraction. An increase in intermolecular free volume fraction is caused
by the increase of stress, resulting in a decrease of material viscosity and the aggravation of
molecular thermodynamic movement. Consequently, the creep resistance of TATB-based PBXs
reduced with increasing stress.

0.04

—— experimental data
— linear fit

strain / %

1 1 1 1 1
0 20 40 60 80 100

time / min

Figure 4. The linear fit of the creep strain curves during steady state of PBX-1 at 60 T/4 MPa.

3.2 Constitutive Equation of Creep Curve

In an attempt to deeply understand the creep mechanical relaxation behavior, many researchers
propose that the creep process could be simulated by the combination of ideal spring and ideal
dashpot in different forms, such as Maxwell model, Voigt (or Kelvin) model and Burger
four-element mechanical model™®!. Among them, as a combination of Maxwell and Voigt
elements, Burger four-element mechanical model is one of the most used models to give the
relationship between the morphology of the composites and their creep behavior™. But Burger
model only gives the exponential respondence with single relaxation time. PBX is a kind of
particle highly-filled composite material based on polymer. On account of the multiplicity of
structure units and complexity of molecular motion, not only one relaxation time exist in the creep
process. Therefore, multiple element mechanical model should be adopted to simulate the creep
process. In this work, a six-element mechanical model is employed to describe the creep process,
as shown in Figure 5.
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Figure 5. Schematic drawing of six-element mechanical model.

The six-element mechanical model can be regarded as a series connection structure of a
Maxwell model and two Voigt models. During the creep process, 6=cp, consequently, the total
strain of polymer composite material PBX could be determined by:

elt)=¢ +&, +&, +¢, :%+ﬁ(l—e’”f2 )+%(1—e’”f3)+ﬁt )
1 2 3 un

where &(t) denotes a function of creep strain € with creep time t, g is the instantaneous elastic
deformation, €, and &3 are the high elastic deformation, &4 is the viscous flow deformation, oy is
the initial stress, E; is the elastic modulus of instantaneous elastic deformation, E, and E; are
elastic modulus of high elastic deformation, 1, and t3 are the relaxation time, n, is the bulk
viscosity, respectively. Among them, t,=n,/E; and t3=n3/E3 represent the time taken to produce
63.2% or (1-e™) of the total deformation in Voigt units, where n, and n; are related to the viscosity
of Voigt units.
Equation 2 divides by oy:

ft)_1 1 un), L gun), L
70_E+E_2(1 et )+E3(1 et )+774t 3)

During the creep process, the loading stress is regarded as a constant value, and therefore, the
creep process can be also characterized with the creep compliance D. The creep compliance can
be calculated as:

et
D(t) = £ @)
o
Equation 3 is transferred to creep compliance equation:
D(t):i+i(l—e‘”“)+i(l—e’”f3)+it (5)
E, E E; un

Equation 5 is the constitutive equation of creep compliance curve.

As an example, Figure 6 gives the model prediction of the experimental data with the method of
non-linear fitting for PBX-1 at 60 <T/4 MPa using Origin data analysis software. As can be seen
in Figure 6, the experimental data can well fit into the six-element mechanical model. The
non-linear fitting parameters of six-element model, including the elastic modulus E;, E,, E3, the
relaxation time t,, 13, the viscosity of Voigt units n,, ns, and the bulk viscosity n4 of TATB-based
PBXs are listed in Table 3. Square values of fitting correlation coefficient R”are all above 0.99865,
suggesting that the six-element mechanical model can effectively describe the three-point bending
creep behaviors of TATB-based PBXs with high precision.
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Figure 6. Three-point bending creep compliance curve and non-linear fitting curve of PBX-1 at
60 <T/4 MPa.

Table 2. The fitting parameters of six-element model under different conditions.

Test E; E, T2 N2 Es T3 n3 N4
sample R?
condition /MPa IMPa Is IMPa s /MPa Is IMPa s IMPa s

PBX-1 8.130x10° 3.198x10* 616.17 1971x10" 2.445x10° 21.62 5.286x10° 3.493x10° 0.99865
60°C/4MPa  PBX-2 5201x10° 2.863x10° 60353 1.728x10" 1.902x10° 2148 4.085x10° 4.106x10° 0.99869
PBX-3 5.721x10" 4.134x10* 623.76 2579x10" 8.856x10° 1225 1.085x10° 5.373x10° 0.99931

60°C/6MPa  PBX-2 8.464x10° 3.022x10° 603.96 1.825x10" 1521x10° 17.90 2.723x10° 3.270x10°®  0.99894

As can be seen from the fitting parameters in Table 2, the bulk viscosity 4, Which reflects
that the irrecoverable creep strain is much higher than the viscosity of Voigt units n,and nz. The
bulk viscosity 14 manifests a distinct depend on MWCNTSs content. 14 increases with increasing
MWCNTSs concentration, indicating that lower flow was occurred and the permanent deformation
reduced. The fact is resulted from the capability of MWCNTSs to restrict the relative slide of
molecular chain. ng4 is also sensitive to the loading stress. m4 decreases as the loading stress
increases. As mentioned above, the results could be attributed to an increase in intermolecular free
volume fraction and an aggravation of molecular thermodynamic movement with increasing
loading stress. Among the fitting paremeters, E; decreases with MWCNTSs concentration under 4
MPa. The results are in good accordance with the change trend of creep strain. The higher value of
E; implies a smaller creep strain. It is also observed that E; decreases with the loading stress,
indicating a poor creep resistance. nz also displays a similar decrease trend with MWCNTSs
concentration and loading stress. In view of the results, it seems reasonable to believe E; and ns
could be promising for the evaluation of the creep strain of TATB-based PBXs.

4 Conclusions

Multi-walled carbon nanotubes (MWCNTSs) were used as a reinforcing agent in the
1,3,5-triamino-2,4,6-trinitrobenzene (TATB)-based polymer bonded explosives (PBXSs) to examine
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the influences of MWCNTSs and loading stress on the creep properties of TATB-based PBXs. The

experimental results demonstrated that:

1. The creep behavior of MWCNTs modified TATB-based PBXs presented a different
relationship with the MWCNTSs content under low stress and high stress. It was found that
under low stress (4 MPa), compared with TATB-based PBX without MWCNTSs, the constant
creep strain rates of the multi-walled carbon nanotubes (MWCNTSs) modified formulations
reduced, while creep strain increased. Under higher stress (6 MPa and 7 MPa), with regard to
the MWCNTs modified formulation with only 0.25 mass% of MWCNTS, the creep resistance
could be significantly improved with reduced constant creep strain rate and prolonged creep
lifetime. However, the nanocomposites with content of 0.5 mass% MWCNTs displayed a
lower creep resistance compared to that of TATB-based PBX without MWCNTSs.

2. Owing to an increase in intermolecular free volume fraction and an aggravation of molecular
thermodynamic movement, TATB-based PBXs with or without MWCNTs displayed a very
pronounced decrease in the creep resistance with increasing loading stress.

3. Six-element model was utilized to simulate the relaxation process of creep process of
TATB-based PBXs. The experimental results indicated that the bulk viscosity n4 manifests a
distinct depend on the content of MWCNTS, due to the capability of MWCNTSs to diminish
the relative slip of polymer chains. Elastic modulus of high elastic deformation E; and the
viscosity of Voigt units nz were sensitive and promising for the evaluation of the creep strain
of TATB-based PBXs.
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The addition of 0.25 mass% MWCNTs is a simple and novel route for improving
creep resistance of TATB-based PBX.
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