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Abstract. The aim of the research reported here was to investigate the
strain rate and temperature sensitivity of Rowanex 1100 Type 1A, a
polymer-bonded explosive (PBX). The stress supported by this PBX
at high rates of deformation (1750 % 2255~ ') was found to be about an
order of magnitude greater than that supported at low rates (0.015 sfl).
Temperature was also found to have a large effect, with the strength of
the material decreasing exponentially with temperature over the range
studied (—60 to +60°C). The exponents for the decay of the PBX’s
strength with temperature at both low and high strain rates were the
same within experimental error. So a temperature/strain rate shift fac-
tor could be determined and was found to be 31.2 + 2.4 K/decade of
strain rate.

1 Introduction

During launch up a gun-barrel, the contents of an explosive shell are subjected to very
high acceleration (ca. 200000 ms~2) [1]. This causes the phenomenon of “setback”
in which the contents of the shell are subjected to a force towards the rear [2-9].
Due to the duration of the loading and the relatively low strains reached (due to
the high bulk modulus of the explosive and the low volume fraction of voids), the
strain rates are in the “intermediate” rather than high-rate regime [10]. Nevertheless
the strain rates are higher than can easily be obtained in a conventional mechanical
test machine. So in order to be able to simulate this phenomenon, it is important
to understand the mechanical response of polymer-bonded explosives (PBXs) over a
wide range of strain rates and temperatures [1,10,11].

In recent years, a number of experimental studies have been performed to obtain
such mechanical data e.g. [12-24]. The main conclusions of such research were: (i)
the strain rate and temperature response are generally governed by the properties of
the polymer binder [15,16]; (ii) the absolute value of the stress supported for a given
strain rate and temperature is governed by the size of the explosive crystals [12,14].
Williamson et al. quantified the relationship between strain rate and temperature for
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Fig. 1. (a) Low magnification ESEM (Environmental Scanning Electron Microscope)
image of a cryogenically fractured surface of the PBX Rowanex 1100 Type 1A. (b) High
magnification ESEM image of the PBX Rowanex 1100 Type 1A.

a particular PBX through a very detailed study in both monotonic and oscillatory
loading [15].

The research reported in the present paper was performed on Rowanex 1100
Type 1A, a PBX loaded to 87% by volume with a bimodal particle size distribution
of cyclotrimethylene-trinitramine (RDX) bound together with hydroxyl-terminated
polybutadiene (HTPB). Environmental Scanning Electron Microscope (ESEM)
images are presented in Figure 1 to show the microstructure. Figure la shows that
the large RDX crystals are of the order of 1 mm in size. Figure 1b shows that the
binder in-between the large crystals is filled with small RDX crystals ranging in size
from microns to tens of microns.
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Table 1. Properties of the magnesium AZM alloy bars used in our compression SHPB.

Bar diameter 12.73 mm

Bar length 0.5m

Bar density 1797 kgm™>
Dynamic Young’s modulus 43.5 GPa

Bar elastic wave speed 4920ms~!

Bar material impedance 8856000 kgm 257!

2 Experimental method

Cast PBX specimens were provided as discs with nominal dimensions 5 mm thickness
and 10 mm diameter (i.e. a height/diameter ratio of 0.5). The actual dimensions of
each specimen were measured using a micrometer. These discs were loaded axially in
an Instron (model 5566) and a magnesium AZM alloy split Hopkinson pressure bar
(SHPB). The Instron was used to obtain low-rate (ca. 0.015s71) and the SHPB was
used to obtain high-rate (ca. 2000s~1) compressive stress-strain data. In both cases,
experiments were performed at temperatures between —60 and +60 °C.

A magnesium alloy SHPB was used in this study because magnesium has the low-
est mechanical impedance of any commonly available metal [25,26]. A low impedance
minimises the “ring-up” time for the low strength (few MPa) PBX specimens while
maintaining the simplicity of elastic analysis [14]. Viscoelastic polymer bars have been
developed and analysed by a number of research groups [27-39], but so far these have
not been used for obtaining data at non-ambient temperatures as the analysis is
complicated [40]. Metal tubes made from aluminium or magnesium alloys also have
mechanical impedances comparable to polymers, but in order to use a tube as the
output bar the load has to be transferred from the specimen to the tube via an end-
cap [41], which is mechanically more complex a simple rod. The relevant properties
of our magnesium alloy SHPB system are presented in Table 1.

Environmental chambers were used for both the Instron and SHPB in order to
obtain data at non-ambient temperatures. The temperature of the anvil (or bar
end) was monitored using a Type K (chromel/alumel) thermocouple. Cooling of the
chamber was achieved by a flow of dry nitrogen gas that had passed through a cop-
per coil immersed in liquid nitrogen. Heating was achieved by blowing hot air into
the chamber from a “heat-gun”. As PBXs have a low thermal conductivity [42,43]
(0.29 £ 0.02Wm ! K~! for the PBX studied here), the temperature of the enclosure
was held at the target value for around five minutes to ensure that the specimen
had thermally equilibrated with its environment (and hence also the thermocouple).
Petroleum jelly was used as a lubricant at both strain rates as this has been found
to give almost perfect lubrication for polymer discs loaded in compression [44-46].

The outputs of both test machines are the force the specimen supports as a
function of time, F'(¢), and the displacements of the specimen ends as a function of
time. These can be converted to true stress o(t) and true strain €(t) using

o(t) = F(t)/A(t), (1)

where A(t) is the cross-sectional area of the specimen at time ¢, and

e(t) = In(lo/I(t)), (2)

where [y is the original specimen thickness, and [(¢) is the specimen thickness at
time t. A(t) is computed assuming the volume of the specimen remains constant i.e.
Aplp = A(t)I(t) where A is the original cross-sectional area.
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Fig. 2. Comparison of the forces on the input and output sides of PBX specimens deformed
in our magnesium SHPB at (a) —46 °C and (b) +63°C.

As PBXs are low modulus materials [14], their elastic wave speed is small. So a
check was made as to whether the specimens reached force equilibrium within the
duration of the test (ca. 80 us). The check consisted of calculating the forces on the
input and output ends of specimens held at a low (—46°C) and a high (+63°C)
temperature making use of the so-called 1-wave and 2-wave analysis [47]. The result
of this check is shown in Figure 2. It can be seen that the colder (and hence stiffer)
specimen reached force equilibrium more quickly than the one that was warmer.

Another assumption behind equations (1) and (2) is that the disc does not “bar-
rel” i.e. the deformation is uniform and homogeneous. A check was made of these
assumptions using high-speed photography. The first study we know of into whether
a polymer deforms plastically at constant volume was performed for polyethylene in
both rolling and tension by Carmichael [48]. The measured behaviour was complex
(see Fig. 3), but for both modes of deformation studied the maximum volume change
was less than 1% for engineering strains of up to 70%.

More recent studies of this issue were performed over a number of years by G’Sell
and co-workers [49-51]. Addiego et al. [51] investigated how the volumetric strain
(defined as €, = €11 + €22 + €33) varied with the true axial strain £33 within the neck
formed during the tensile deformation of high density polyethylene. They used two
techniques: (i) the VidéoTraction system developed by G’Sell and co-workers [50,52]
and (ii) wide-angle X-ray scattering (WAXS). They found that there was initially a
very small dilatation that they identified with the elastic Poisson’s ratio effect followed
by a much larger dilatation due to damage associated with the growth of voids. An
additional source of dilatancy can arise in highly-filled PBXs as they are granular
materials in which the particles are bonded together using a polymer as an adhesive
(or binder). And it is well-known that dense sands with particle shapes similar to
PBXs can dilate during deformation [53]. So for these two reasons we performed an
optical check on whether volume was conserved during dynamic deformation of the
PBX specimens.

In our SHPB studies, we used a high-speed camera (Invisible Vision UHSi 12/24)
to record the deformation. The interframe time was set to 7us and the exposure
time to 0.5 us. The camera is sufficiently light-sensitive that the experiments could
be back-lit using a bright continuous light-source. The camera was triggered using
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Fig. 3. Plots of percentage density and volume changes for polyethylene as functions of
percentage reduction in cross-sectional area due to extension and percentage reduction in
thickness due to rolling. From [48].

the rising edge of the voltage pulse output from the input bar’s strain gauge bridge.
A 40 us delay was included since the gauge was 0.25m from the end of the bar.

Figure 4 shows two frames from the beginning and the end of a high-speed
sequence, for a test in which the specimen deformed as a right circular disc dur-
ing loading. The bars and specimen are back-illuminated. They therefore appear as
black silhouettes in the high-speed photographic sequences.

Using the diameter of the Hopkinson bars as a distance scale, the thickness and
diameter of the specimen was measured and plotted as a function of time (Fig. 5).
From these measurements the volume of the specimen can be calculated (Fig. 6).
It can be seen that for this particular test, the assumption that PBX specimens
deform at constant volume was valid for the duration of the experiment (ca. 80 us),
indicating that the assumptions made during the analysis of the data that resulted
in the stress-strain graph presented in Figure 7 were reasonable.
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Fig. 4. Selected frames from the high-speed photographic sequence of the high strain rate
deformation of a disc of the PBX Rowanex 1100 Type 1A. Times from the moment of trigger:
(a) Ous and (b) 77 us. The diameter of the Hopkinson bars is 12.74 mm. The input bar is to
the left of the photograph and was moving to the right at 11.1ms™?!.
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Fig. 5. Plots of the thickness and diameter versus time of the high-speed photographic
sequence represented in Figure 4.

Not all the specimens that we tested deformed as right circular cylinders. The
most usual departure from this ideal was for the diameter of the end in contact with
the output bar to increase more than the end in contact with the input bar (see
Fig. 8).

Specimens fabricated with a different (less complete) state of cure yielded at about
half the strain. Thus during the period of loading they underwent a longer period of
deformation at constant stress (compare Fig. 9 with Fig. 7). They were also found
to increase slightly in volume during high rate deformation (see Fig. 10). It is not
known whether this is due to the polymer or the RDX component of the PBX.

As the anvils used in the Instron have a diameter of 17 mm, the maximum true
strain achievable in this apparatus was ca. 1.1. For similar reasons, the maximum
strain achievable in our 12.7 mm diameter SHPB was ca. 0.5. At strains greater than
these, a specimen would have a diameter greater than the anvils (or rods) and hence
no longer be in a state of uniform one-dimensional stress. In practice the loading
time of the SHPB (ca. 80 us) resulted in strains less than 0.5 being reached before
unloading began.
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Fig. 6. Plot of the specimen volume versus time (data obtained from the high-speed pho-
tographic sequence shown in Fig. 4). The standard deviation of the data from a constant
volume of 492.5 mm® was 11 mm?.
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Fig. 7. True stress-true strain plot for a specimen of the PBX Rowanex 1100 Type 1A
whose deformation was recorded using high-speed photography (see Fig. 4).

3 Results

True stress-true strain plots for the low strain rate compression of the PBX are
presented in Figure 11, for a number of different temperatures. For clarity, the low
and high temperature data have been plotted separately. The stress-strain curves
exhibit a classic elastomer response with a load drop for strains greater than ca. 0.1,
followed by a stress minimum at a strain of ca. 0.4. For strains greater than 0.4, the
PBX strain-hardens rapidly. Some specimens that were deformed at low temperatures
fractured, resulting in sudden drops in the stress supported.

True stress-true strain plots for the high rate compression of the PBX at a number
of different temperatures are presented in Figure 12. Unlike in low rate testing, there
is a limit to the strain reached (ca. 0.15) set by the elastic wave double transit time
(80 us) in the SHPB’s striker bar. Thus there exists the possibility that the high rate
stress-strain curves may have the same shape as those obtained at low rates if longer
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Fig. 8. Selected frames from the high-speed photographic sequence of the high strain rate
deformation of a disc of the PBX Rowanex 1100 Type 1A. Times from the moment of
trigger: (a) O pus (b) 87 us. The diameter of the Hopkinson bars is 12.74 mm. The input bar
is to the left of the photograph and was moving to the right at 9.1ms~!. The diameter of
the specimen in contact with the output bar can be seen to increase more than the end in
contact with the input bar.
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Fig. 9. True stress-true strain plot for a Rowanex 1100 Type 1A PBX sample fabricated
using an alternative less complete curing method.

loading times had been applied [22,54]. However, a recent study by one of us has
shown that the time taken for the stress to relax to half its maximum value for a
polymer-bonded propellant tested in an SHPB was about 40 us [55]. As this is around
half the loading time, it is likely that the shapes of the high rate stress-strain curves
will be different to those obtained at low strain rates.

We believe the large variability in the data obtained at the lowest temperature
studied (—46 °C) was due to the PBX’s polymer binder beginning to undergo its glass
transition [14]. Glass transitions produce large changes in the mechanical properties of
polymers [56], so small variations in specimen composition or experimental conditions
will have large effects.

Glass transitions occur over a temperature range rather than at a well-defined
temperature [56,57]. The glass transition of the HTPB binder for this particular PBX
determined using an oscillatory technique (differential mechanical thermal analysis,
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Fig. 10. Plot of the specimen volume versus time for the experiment whose stress-strain
curve is shown in Figure 9. This specimen increased in volume from 480 to 540 mm? during
the test. The standard deviation in the data from a linear fit was 22 mm?>.

DMTA) lies in the temperature range —70°C to —90°C. However, a recent study
has shown that the glass transition of a polymer bonded sugar (a PBX simulant)
occurs over a higher temperature range [22]. And the temperature ranges for glass
transitions have been found to be shifted to higher temperatures under monotonic
dynamic loading conditions both for PBXs [15] and for polymers [58]. These authors
reported rate-temperature shift factors for these materials.

In 1955 Williams, Landel and Ferry published a famous paper on the physics
that gives rise to time-temperature superposition (and hence the existence of rate-
temperature shift factors) [59]. A more extended discussion of their ideas may be
found in reference [60]. However, an older theory of glass viscosity due to Vogel [61],
Fulcher [62] and Tamman [63] is at present providing more physical insight in the
modelling and simulation of polymers [64,65].

In order to quantify the effect of temperature on the stress-strain response at the
two strain rates studied, the low-strain stress maxima were obtained from the low
strain rate curves. For the high strain rate curves, the flow stresses were used. Data
recently obtained by Kendall and Siviour [22] give us confidence that this is a valid
procedure.

For each temperature and strain rate the mean value and standard deviation were
calculated (see Tabs. 2 and 3). This data is also plotted in Figure 13. The best fit to
both sets of data is provided by exponential functions. Plotting the data in log-linear
form (Fig. 14) gave a temperature/strain rate shift factor of 30.5 + 1K/decade of
strain rate.

However, an implicit assumption lies behind this straightforward analysis of the
data, namely that the yield stress of the PBX tends to zero as the temperature
tends to infinity. As there is no a priori reason for this assumption to be true, it
needed to be investigated. In order to do this, an analysis was performed on the data
using the Nelder-Mead nonlinear unconstrained optimization algorithm [66,67]. In
what follows, the subscript H on any variable indicates high rate and L indicates
low rate.

If the PBX under investigation has mechanical properties for which a change in
temperature is equivalent to a change in strain rate, once the low rate strength data,
for example, have been shifted to a temperature Tiest + Tisr (Where Tiesy at which
the experiments were performed and Tt is the temperature shift factor) then the
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Fig. 11. True stress-true strain curves for the PBX Rowanex 1100 Type 1A obtained using
an Instron at (a) room temperature and at a number of sub-ambient temperatures, (b) room
temperature and at a number of above-ambient temperatures. Nominal strain rate 0.015s 1.
The drops in stress for one of the —60 °C and one of the —20 °C tests were due to failure of
the specimens.

Table 2. Stress/MPa supported at the low strain, stress maximum of the stress-strain curves
presented in Figure 11 for the PBX Rowanex 1100 Type 1A at seven different temperatures,
for a nominal strain rate of 0.015s7 .

Temperature/°C  True stress/MPa

—60 1.45+0.4
—40 0.93£0.16
—-20 1.0+0.1

0 0.57£0.14
+20 0.36 £0.05
+40 0.22£0.09

+60 0.23 £0.07
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Fig. 12. True stress-true strain curves for fully cured PBX Rowanex 1100 Type 1A, obtained
using an SHPB at a number of different temperatures. Nominal strain rate 2000 s~! (mean
strain rate for the 14 tests 1750 4 225 s™1).

Table 3. High strain rate flow stress/MPa for the PBX Rowanex 1100 Type 1A obtained
at five different temperatures in our SHPB at strain rates of 1750 + 2255~ (data taken
from stress-strain curves presented in Fig. 12).

Temperature/°C  True stress/MPa

—46 14£3
—20 72+£08
0 5.6 0.4
420 4.3+£0.15
+63 2.5£0.2

exponential functions describing both datasets can be written as:

T
o5 = Aexp (A) t0m: 3)

(4)

T+ T,
or, = Aexp <—+)\t5f> + 0.

The most likely values for A, I, 0o, and T that are consistent with the data may
now be found. As the algorithm used optimizes the sum of the squared residuals
weighted by the reciprocal of the squared uncertainty, a data point with a large error
bar will have less of an influence on the curve fit than a data point with a small
error bar, as may be seen in Figure 15. The most important of the four parameters is
T'st which was calculated to 158 + 12K giving a temperature/strain rate shift factor
of 31.2 £ 2.4K/decade of strain rate. The graph shown in Figure 15 was arrived at
by applying a positive temperature shift of 158 K to the low strain rate data and
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Fig. 13. Plot of flow stress (for high rate deformation) and maximum yield stress (for low
rate deformation) as a function of temperature for the PBX Rowanex 1100 Type 1A. The
stress-strain curves from which this data was extracted are presented in Figures 11 and 12.
Exponential functions gave the best fit to both sets of data. The exponent for the low
rate data was —0.018 & 0.003 K™*. The exponent for the high rate data (mean strain rate
calculated from 14 tests) was —0.0135 & 0.0010 K~*.
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Fig. 14. Plot of the natural logarithms of the stresses shown in Figure 13 as a function of
temperature for the PBX Rowanex 1100 Type 1A. The error quoted above for the temper-
ature shift factor was calculated from measurements obtained at three different values of
In(stress/MPa).

replotting the data presented in Tables 2 and 3. Note that oo, (= —0.19 £ 0.14 MPa)
is close to zero.

4 Recommendations for future work

As can be seen from Figure 15, the temperature-shifted data do not overlap. So a
future study should perform tests over a wider range of rate and temperature to
ensure that the datasets obtained overlap after temperature- or rate-shifting. This
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Fig. 15. Plot of flow stress (for a strain rate of 17505 ') and maximum yield stress (for a
strain rate of 0.015s™!) as a function of temperature for the PBX Rowanex 1100 Type 1A.
The low strain rate data have been shifted to a temperature of Tiest + 158 K. The curve
was fitted to the data using a nonlinear unconstrained optimization algorithm.

could be achieved either by conducting low rate tests at lower temperatures than
was done in the study reported here or by obtaining mechanical data at intermediate
strain rates. A more accurate value for o4, could be determined by obtaining more
data at low strain rates and/or higher temperatures.

5 Conclusions

The stress supported by the PBX Rowanex 1100 Type 1A at high rates of defor-
mation (1750 + 225s7!) was found to be about an order of magnitude greater than
that supported at low rates (0.015s~!). Temperature also had a large effect, with
the strength of the PBX decreasing exponentially with temperature over the range
studied (-60 to +60°C). As the exponents at both low and high strain rates were
the same within experimental error, a temperature/strain rate shift factor could be
determined (31.2 £+ 2.4 K/decade of strain rate).
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Gould is thanked for insights into the physical meaning of temperature and rate effects in
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from specimens tested in our split Hopkinson pressure bar.
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