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Abstract: Uniaxial tensile testing and short-term tensile creep testing within several hours for a long-term thermally aged polymer bonded explosive
(PBX) within years were conducted to evaluate the aging effects in terms of mechanical properties. Dumbbell specimens were thermally aged at 45,
55, 65 °C and 75 °C respectively for 36 months. The quasi-static tensile strength testing was conducted at 45 °C. The tensile creep testing for 6 month
and 36 month thermally stored specimens were carried out at controlled temperature of 45 °C. The results show that the tensile mechanical proper-
ties, such as tensile strength and elastic modulus essentially keep unchanged compared to the pristine specimens, but the creep time to rupture ( TTR)
of the thermally treated specimen becomes much longer than the pristine specimens except for 75 °C . Combining scanning electronic microscope
(SEM) observation and contacted angle analysis, we proposed that the mechanical failure for the targeted PBX was controlled by the thermal rheolog-
ical mechanism of the ingredients when aged temperature is below 55 °C, but when temperature is above 55 °C; the failure was controlled by thermal

stresses mismatch around the interface between the binder and the explosive crystals in the formulation. The long-term thermally storage below 75 °C

for this PBX can improve the creep performance in terms of TTR.
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1 Introduction

The physical and chemical changes of polymer bonded
explosives ( PBXs ) with aging under diverse storage
environments have been extensively studied, for instance, the
effects of thermal aging at elevated temperatures on well
known composition of PBX-9501 have been studied and the
changes resulted from this type of treatment have been
found"' .

the hydrolysis of the binder, for instance Estane, may occur

It shows that the major aging mechanism, i. e.,

and the molecular weight may decrease and, thus degrade the
tensile or compression mechanical properties of PBX 950177,
Similar studies have been done for LX-14 and many other
compositions'*™'. Most of the surveillance methods for aging
evaluation were to inspect the conventional mechanical
properties, which involve measurements of compression/

tensile strength and elastic modulus'’™"’

According to the
previous studies, it seems that there is no evidence of

catastrophic structural integrity loss for all known PBXs which
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have been exposed to various aging environments'®’.

But, as
well known, the measurement of conventional mechanical
properties, for instance, the tensile strength testing just takes
less minutes and thus has its weakness to manifest the time-
dependent effects of the PBXs. Lots of PBX compositions, such
as EDC37, LX-17 and PBX 9501, show strongly time-
dependent behaviors resulted from the polymer binders inside
the compositions'"' ™",

Although the time-depend behaviors of creep of PBXs

have been investigated extensively!'*™"*’

, very few studies on
the creep performance for those PBXs having been long-term
aged up to years are available. Most of the published studies
attributed the time-dependent behaviors of PBXs to the
binders, and forgot that the physical interfaces between the
binder and the energetic crystals may play a key role on the
creep behavior, especially on the sustainable creep time until
to failure. In fact, in a long-term aging environment,
especially when the temperature of storage is above the glassy
transition temperature of the binder, the interfaces may change
slowly and the residual stains induced by the mould pressing
may release. The slowing changes in interfaces can not be
easily inspected through conventional mechanical strength
testing. The principal motivation of this study is to find and
evaluate measurable changes of a pressed PBX after 6 month
and 3 year storage under different temperature environments

through mechanical tensile testing and creep testing.
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2 Experimental

2.1 PBX Composition and Specimen Preparation

PBX-901 employed in this study, is a PBX pressed from
molding powder, which comprises about 95% crystalline
cyclotetramethylen tetranitramine ( HMX) and a small portion
binder of 5% fluoro-rubber binder by mass. The pressed PBX-
901 stocks were machined to standard cylindrical dumbbell
specimens ( Fig. 1) which meet the requirements of the
Chinese military standard for tensile strength and tensile creep
testing. All the specimens had been inspected by Non-
destructive methods to ensure those with pre-exiting defects
were eliminated before thermally storage and mechanical

testing started.
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Fig.1 Size of the specimen

2.2 Thermal Aging Treatment

The dumbbell specimens were stored in different
environmental ovens at the temperature of 25, 45, 55, 65 °C
and 75 °C, respectively. Each oven was equipped with safety
thermostats, the temperature variation was maintained within
=1 °C and monitored by a remote-controlled recording device.
Some of the specimens were stored for 6 months and some up
to 36 months. After treatment, the aged specimens were
removed from the environmental chambers for tensile testing

and tensile creep testing.

2.3 Tensile Testing

The clamp-method tensile testing was carried out by an
Instron 5582 universe test machine equipped with an environ-
mental temperature chamber as well as a high precise dual-
extensometer. The constant crosshead speed is 0.05 mm - min™'
that gives a nominal strain rate of 0.0033 s~ ,and the testing tem-
perature was at 45 °C which has been proved as a transition tem-
perature in term of mechanical property for this type of PBX"*.
The stress-strain curve was obtained and Young's modulus of each
specimen can be calculated. It should be noted that each tensile
strength or elastic modulus was an average output of five replicate
tensile specimens per condition. The tensile strength for pristine
and aged specimen at 25 °C, i.e. the ambient temperature,

were also measured in order to determinate the creep testing
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stress level, which will be detailed later.

2.4 Tensile Creep Testing
The tensile creep experiments were conducted by using
Instron 8862 creep testing machine equipped with a

temperature-controlled chamber'"’.

The creep strains were
recorded by a dual extensometer. All creep testing
temperatures were at 45 °C, same as the tensile testing. The
tensile creep stress of the specimens aged for 3 years was kept
constant of 2. 88 MPa, which was about 60 percent of the
tensile strength of 4.8 MPa at 45 °C or 52 percent of the tensile
strength of 6.90 MPa at 25 °C. For those stored for 6 months,
the tensile creep stress level was kept constant of 3.58 MPa,
which was about 75 percent of the tensile strength at 45 °C.
Setting such higher creep stress was to accelerate the time to
rupture ( TTR). In this work, the TTR can be an indictor to
evaluate the aging effect on the creep performance of PBXs. To
start the creep testing, the specimen was firstly loaded to the
pre-determinate creep stress with the crosshead speed of
0.05 mm - min~' and then the stress was kept constant by load-
hold method of the testing machine. The tensile creep strains
were recorded automatically. For those specimens stored at
room temperature, the creep rupture occurred very early and
the creep testing will stop automatically after rupture, otherwise
the testing will stop intentionally after the creep maintains for 8

hours since the beginning.

3 Results and Discussion

3.1 Tensile Mechanical Properties after Aging

The tensile stress-strain curves at 45 °C for the specimens
stored for 3 years under the temperature of 45, 55, 65 °C and
75 °C, respectively, are given in figure 2, where the curve of
the pristine specimen is presenting together. The tensile
strength and Young's modulus as well as the standard deviation
are listed in table 1. From the figure 2 and table 1, it shows
that the tensile strength and Young’'s modulus at 45 °C are

almost unchangeable even after 3 year thermally storage at
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Fig.2 Tensile stress-stain curves at 45 °C of 3 year stored specimens

under difference temperature (the pristine specimens included)
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difference temperature regarding the test uncertainty, except for
slightly increasing for those stored at 55 °C or 65 °C. The tensile
strength (4.64 MPa) and Young’s modulus (9.17 GPa) of those
stored at 75 °C for 3 years were slightly degraded and it suggests
that above the temperature of 45 °C the thermal aging takes effect
on the mechanical properties.

Table 1 Tensile strength and modulus at 45 °C

aging temperature/°C  tensile strength/MPa  tensile modulus/GPa

pristine 4.73+0.27 9.92+0.45
45 (3 year) 4.74+0.14 10.27+0.30
55 (3 year) 5.03+0.22 10.45+0.32
65 (3 year) 5.20+0.21 10.05+0.27
75 (3 year) 4.64+0.13 9.17+0.29

3.2 Tensile Creep Behaviors

The tensile creep curves of those specimens stored for
3 years were plotted together with pristine specimen in figure 3.
It is found that the pristine specimen ruptured after 17326 s,
much less time than those thermally treated specimens, which
kept intact for 28800 s, i.e. 8 h. Similar results were obtained
for those 6 month thermally treated specimens. Table 2 gives
the creep testing results of those 6 month thermally aged
specimen at a constant tensile stress of 3.58 MPa. Because the
creep stress level for 6 month aged specimens was higher than
3 year stored specimens, the TTR was shortened accordingly.
The pristine specimen has the shortest TTR of 2100 s,
compared to all 6 month thermally treated specimens, in
which those stored at 55 °C bear the longest TTR of 9600 s.
But, for those at 75 °C for 6 months, the TTR was dramatically
shortened to 2280 seconds and this shortened TTR result was
similar with the slightly degraded tensile strength and Young's
modulus for those 3 vyear stored specimens as described
previously. Although we do not present the tensile results for 6
month stored specimens, we can safely say that the
temperature of 75 °C is not a safe condition for PBX-901 and
the specimens will be assuredly thermally damaged at75 °C. It
suggests that for PBX-901 a suitable long-term thermally
storage environment will improve the creep performance and

the storage temperature should be below 75 °C.

Table 2  Creep parameters of 6-month aged and pristine under 3.58 MPa
and 45 °C

parameter TTR/s failure strain/%
pristine 2100 0.082
aged at 45 °C 4020 0.073
aged at 55 °C 9600 0.078
aged at 65 °C 5160 0.073
aged at 75 °C 2280 0.073
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Fig.3  Tensile creep curves of pristine ( marked “1” in the plot) and 3
year stored specimens (2, 3, 4, and 5) at different temperature, all

tests were performed under 2.88 MPa and 45 °C

3.3 Morphology of Cross Section of Ruptured Specimen

To understand the failure mechanism of tensile testing as
well as creep testing, the SEM observations of the broken faces
were carried on. Figure 4 gives the morphology photos of a
broken pristine and two 3 year aged specimens, which were
tensile failures at 45 °C as described previously in chapter 3. 1.
From figure 4, it shows that the tensile broken sections of pristine
resemble the aged specimens with much smoother faces, which
are big different from the creep failure (figure 5) sections. In
tensile testing, the HMX crystals inside the specimen have been
transgranular sectioned and the smooth morphology was left as
shown in figure 4a. This transgranular failure model is
contradiction to de-bonding model that is accepted as a very
common failure model for PBXs. The tensile creep failure of the
specimens still comply with the de-bonding model as shown in
figure 5, which presents the morphology of creep rupture of
6-month-aged specimens. As figure 5 shows, there was a
hollow left in position 1 (figure 5a) and a HMX single crystal
(figure 5b) was left in position 2 for the pristine specimen
which was creeping ruptured, and a clear de-bonding interface
in position 3 can be found in the failure face (figure 5c¢).

As the morphology of the tensile broken sections nearly
keep same whether in pristine or aged specimens (figure 4) , it
suggests the conventional tensile testing can not reveal the ag-
ing effects in terms of degradation of mechanical properties,
whereas short-term creep testing within several hours in this
work can disclose the slowing change during thermally stor-
age, and the interface de-bonding between the crystals and

binder can be clearly demonstrated.

3.4 Analysis of Contact Angle

The SEM observations demonstrate that the failure model
of PBX-901 in tensile testing is different from the creep testing
and we attribute this difference to the evolution of the interface
status between HMX crystals and fluoro-rubber binder during

aging treatments. However, few investigations are availably so

At HA
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far on the time-dependent interfacial property when PBX

creeps. The contact angle measurement is considered as an
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Fig.4 Morphology of tensile failure specimens at 45 °C
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Fig.5 Morphology of tensile creep rupture specimens at 45 °C
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Small pellets for the Wihelmy plate method were fabrica-
ted from fluoro-rubber binder used in PBX-901 and were re-
spectively stored at temperature of 45, 55, 65 °C and 75 °C for
2 months, 4 months and 6 months. A series of reference lig-
uids including water, ethylene glycol and diodo-methane were
employed to measure the static contact angle using contact an-
gle analyzer(JY-82) and the results are plotted in figure 6.

It can be found that at each aging temperature the contact
angle decreases as time passed at early aging stage, but this
trend did not keep monotonic decreasing except for the case of
55 °C, contrarily, the contact angle goes up after a certain ag-
ing period. For the binder aged at 45 °C or 55 °C the turning
time is in 4 months or less, and 2 months is for those aged at
65 °C and 75 °C. It helps to understand that the wetting resul-
ted from the long-term dependent thermo rheological mecha-
nism of the binder takes effects, and the slower interaction be-
tween binder and crystals can release the residual strains resul-
ted from pressing process. After turning time, for instance, the
binder aged at 75 °C, the contact angle goes up rapidly, it

suggests that the thermally damage inside the interface domi-
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nates and in turn to shorten the TTR during creeping.

Interesting result comes from the binder aged at 55 °C
when the contact angle keeps monotonic decreasing. If refer-
ring to the creep testing, the specimen treated at 55 °C bears
the longest TTR compared to the rest specimens. These two re-
sults are consistent very well with each other and it implies
that for this kind of PBX the best stored temperature should be
at 55 °C.

Base on the results and analysis, we propose that there
are two competing mechanisms during thermally aging
process: one, for store environment at lower temperatures, is
the wetting induced by thermally rheological evolution which
makes better interface, where the initial micro-defects such as
the microvoids and micro delaminating induced probably from
pressing can be healed and the residual strains are released
slowly. The other, with the temperature increasing, is the
thermal damage which poses a severe de-bonding stress in the
interface that may come from the mismatch between the HMX
crystal and the binder. But, the long time-dependent aging
evolution can not be revealed distinctly by tensile testing, so
we recommend using short-term creep testing within several
hours to evaluate the long-term aging effects for plastic bond-

ing explosives, especially for those pressing made PBXs.

4 Conclusions

It demonstrates that the short-term creep testing within
several hours is a very useful method to evaluate the thermally
effects on the mechanical properties and mechanical perform-
ance of long-term aged PBX. The TTR during creep testing can
be a characteristic indicator to quantify the effects compared to
the conventionally employed tensile strength testing.

The thermally treated specimenemployed in the work
shows much resistance to the creep failure in terms of much
longer TTR compared to the pristine specimen and it suggests
that for the types of pressed PBXs, much longer storage dura-
tion under a suitable storing temperature benefits eliminating

the residual strains caused by pressing.
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