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INTRODUCTION

Energetic materials are often used under conditions of mechanical confinement; e.g., explo-
sives by the steel casings and propellants by high pressures during burning. When modeling, the
response of energetic materials to planned and unplanned mechanical stimuli, it is necessary to
know the mechanical failure modes and other mechanical properties as a function of confinement.
Previously reported studies indicate a change with confinement in failure modes, but not elastic
properties for compression of polycrystalline explosives; i.e., TNT (trinitrotoluene) and Composition
B, a composite of TNT and RDX (cyclotrimethylene trinitramine) (refs. 1 and 2). In addition, the yield
strength observed with confinement is independent of confining pressure (ref. 2). The sample load-
ing conditions for this work is shown in figure 1 and results for Composition B are given in figure 2.
While studies of composite plastic bonded explosives also indicate a change in compressive failure
mode with confinement, use of the same steel cylinder technique as used for TNT and Composition
B indicates that the results cannot be interpreted in terms of properties independent of confining
pressure (ref. 3). The exploratory work reported here was undertaken to investigate the confining
pressure dependence of failure and other mechanical properties of plastic bonded explosives.

A cell designed to contain pressures up to at least 138 MPa was used to study the compres-
sive mechanical properties as a function of confining pressure (ref. 4). Hydraulic oil was used as the
confining medium and the sample in the form of a right circular cylinder was protected from the oil by
use of a tight fitting tubular gun rubber shroud. A sketch of the sample shroud and sensors is given
in figure 3. The ends of the sample were against steel platens and O-ring seals were used to pre-
vent oil from reaching the sample. The samples were compressed along the cylindrical axis and two
linear voltage differential transformers (LVDTs) were mounted to measure axial strains. They were
spaced 180 deg apart around the circumference of the sample and the sample axial strain was
taken as the average of the strains obtained from the two LVDTs. Two additional LVDTs were
mounted to measure radial strains. They were placed at the sample axial mid-position and were
also 180 deg apart around the sample circumference. The confining pressure is taken here as the
cell hydrostatic pressure before the start of the axial compression. Measurements at atmospheric
pressure were made in air.

Axial stress versus axial strain data in uniaxial compression was obtained using the above cell
and an MTS servo-hydraulic system operated at a constant strain rate of 0.001/sec (refs. 1 and 5).
The samples were right circular cylinders and were 3.81 cm (1.50 in.) in length and 1.90 cm (0.75
in.) in diameter. The end faces of all samples were coated with a lubricant (e.g., graphite) to mini-
mize frictional effects between the sample and the loading platens. The measurements reported
here were made at 25°C and samples were conditioned at temperature for at least 2 hrs before
measurement. The dimensions at 0.1 MPa (atmospheric pressure) were used to obtain engineering
stress and engineering strain.

Most of the samples are a composite (PBS 9501) containing 94% sugar (sucrose), and a
binder composed of 3% Estane and 3% BDNPF/A (Bis(2,2-Dinitropropyl) Acetal/Formal). This
composite was developed as an inert mechanical simulant for a plastic bonded explosive (PBX
9501) composed of 95% HMX (cyclotetramethylene tetranitramine), 2.5% Estane, and 2.5%
BDNPF/A (ref. 6). The unconfined compressive mechanical properties of PBS 9501 are very similar



to those PBX 9501 (ref. 6). A few results are also given for PBX 9501 and for another composite,
PAX 2A, made up of 85% HMX, 9% BDNPF/A, and 6% cellulose acetate butyrate. Samples of the
composites were prepared by pressing into large billets and machining to size, and precautions were
taken to insure that the cylinder end faces were adequately flat and paralle! (refs. 6 through 8). The
densities of all samples were in a narrow range close to the maximum theoretical (zero porosity)
density.

RESULTS

In figure 4, the compressive axial stress-strain response of PBS 9501 is given for two confining
pressures, 0.1 MPa (atmospheric pressure) and 34 MPa (5,000 psi). The former is generally con-
sidered as unconfined. There are several significant differences between the two curves in figure 4.
These include (a) a change from strain softening after the maximum at 0.1 MPa to work hardening at
34 MPa; (b) an increase in the yield strength, oy, (€) an increase in the initial slope and so Young’s
modulus, E; and (d) a decrease in the strain at yield, all with increasing confining pressure, p. Al-
though Young’s modulus is defined as the initial slope at atmospheric pressure, the same terminol-
ogy and symbol E is used here at higher confining pressures.

in one case, the yield strength, taken at the point at which the initial part of the stress-strain
curve deviates from linearity (fig. 4), is extremely low (see below). To help characterize the data, a
flow stress is taken as the stress at the intersection of a straight line fitted to the work hardening part
of the stress-strain curve with the straight line fitted to the initial Young’s modulus portion of the
curve. This is indicated in figure 4 for the data at 34 MPa. The flow stress, the yield strength,
Young’s modulus, and the work hardening coefficient [slope of the work hardening portion of the
curve (fig. 4)] are given in figures 5 through 8, respectively.

As shown in figure 2, the results for samples compressed axially while radically confined in a
thick walled steel cylinder are similar in part to the confined case of figure 4 (ref. 2). However, in the
plastic flow region of the confined curve of figure 2, the slope is determined primarily by the bulk
modulus. This is not the case for the confined curve of figure 4.

The yield strength given in figure 6 for the sample compressed at 138 MPa lies considerably‘
below the extrapolation of the straight line fitted to the other thee points of this figure. This sample
was hydrostatically cycled from atmospheric pressure to 138 MPa to atmospheric pressure and
again to 138 MPa before axial compression at the latter pressure. In addition, during the first cycle
of confining pressure increase and decrease, this sample may have received some axial loading.
Therefore, damage that may have been induced either by the hydrostatic pressure cycling or by the
axial loading during the first cycle may account for the apparently low yield strength observed for this
sample. All other samples were compressed hydrostatically to the indicated pressure and then
axially loaded without additional hydrostatic cycling or loading. However, the results given in figures
5 and 7 indicate that the flow stress and the modulus are apparently not affected by the hydrostatic
pressure cycling or possible axial loading during the first cycle of pressure cycling. Although there is
more scatter in the results of figure 8, the data suggest that the work hardening coefficient is also not
strongly influenced by this first cycle of pressure cycling. Additional measurements are necessary to
resolve this matter.



Results qualitatively similar to those of figure 4 have been obtained for several other compos-
ites including PBX 9404, PBX 9501, PBX 9502, PAX 2A, and Composition B using another type of
confinement (refs. 8 and 9). Uniaxial compression of cylindrical samples with length (L) to diameter
(D) ratios (L/D) of approximately 0.1 and 1 are given in figure 9 for PAX 2A. The results of figure 9
for the smaller value of L/D are similar to the data of figure 4 at 34 MPa while the results for the
larger value of L/D are of course similar to the data at 0.1 MPa of figure 4. The confinement in this
case is due to the frictional forces between the sample ends and the compression platens. Calcula-
tions indicate that this confinement influences the strains only at short distances from the sample
ends (ref. 10). Thus, for the larger value of L/D, this radial confinement has littie or no measurable
effect on the axial stress-strain curve, but for the smaller /D, the effect is very pronounced as the
results of figure 9 indicate. A yield strength can be obtained from the upper curve of figure 9 in the
same manner as it was obtained from the upper curve of figure 4. From measurements of thin
wafers of PAX 2A as a function of temperature and strain rate, a qualitative measure of the yield
strength as a function of these parameters has been obtained (ref. 9). The initial slope of the upper
curve of figure 9 (L/D = 0.1) is not meaningful because of instrumental effects.

The strain softening at 0.1 MPa (lower curves of figures 2, 4, and 9) has been attributed to
crack growth processes (refs. 9 and 11). Therefore, the results of figures 2, 4, and 9 indicate that
this crack growth is either strongly inhibited or absent for the confined conditions of these figures.
The photograph of figure 10 shows pictorial evidence to support this conclusion. The sample com-
pressed at 0.1 MPa shows extensive cracking or tearing, while the samples compressed at 69 and
138 MPa show no evidence of external cracking.

The total axial strain was different for each sample of figure 10 and it is clear from the figure
that the retained or permanent axial strain also differs for each sample. The sample compressed at
0.1 MPa has, in addition to extensive cracking and tearing, a large radial expansion at the bottom,
but negligible radial expansion at the top. A gradient of radial strain is often observed for this type of
sample, this amount of axial compression and this confining pressure (atmospheric). The perma-
nent axial strain for this sample is =5.2%. -

In contrast, the samples compressed at 34 (not shown), 69, and 138 MPa do not exhibit evi-
dence of surface cracking or tearing and the radial strain is much more uniform along the sample
length (fig. 10). The permanent axial and radial strains are —10.8% and 4.5% for the sample com-
pressed at 138 MPa and —38.8% and 27.1% for the sample compressed at 69 MPa (fig. 10). The
permanent radial strain is actually somewnhat larger at the ends than along the rest of the sample for
these two samples. This apparently occurs because of plastic flow of the sample along the sides of
the steel compression platens. Before compression, the sample and platen diameters are equal.
However, with axial compression, the sample diameter increases much more than the diameter of
the steel platens. Therefore, regions of the sample near the circumference at each end of the sam-
ple are not in contact with the respective platen and so plastically flow along the cylindrical side
surfaces of the platens. Because of this effect, the sample ends are recessed as shown in figure 11
and the permanent axial strains given were measured in the recessions. The permanent radial
strains were measured in regions of uniform radial strain away from the sample ends.

In an effort to determine if the samples that were compressed while confined have significant
internal cracking, the changes in volume and density were estimated for the sample compressed at
138 MPa. The fractional volume change (AV/V) was estimated from the values given for the perma-
nent axial strain ((AL/L), the permanent radial strain (AD/D), and the relationship
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AVN = ALJL + 2AD/D = -10.8 + 2 x 4.5 = -1.8% 1)

where as noted, AL/L and (AD/D were measured away from the non-uniformly damaged sample
ends. The non-uniformly damaged sample ends were then removed by cutting along planes per-
pendicular to the sample axis and the remaining sample was further cut in half by cutting along the
sample axis. The density of one of the halves was determined by weighing in air and water and the
density change due to confined compression was found to be

Aplp =-1.0 + (0.5)% | @)

where p and Ap are the density and the change in density, respectively. The rather large uncertainty
in equation 2 is due to the difficulty of determining the sample weight in water because of the solu-
bility of sugar, the main constituent of the composite in water. Both the volume and density changes
as given in equations 1 and 2 are small compared to the permanent axial and radial strains and
indicate that this sample has deformed primarily at constant volume and so without extensive inter-
nal cracking. The discrepancy between AV/V and Ap/p is attributed to errors introduced because of
the experimental difficulty of obtaining AV/V of a sample with non-uniformly damaged ends, and
further, the experimental difficulty of determining the sample weight (and so density) in a liquid,
water, in which the sample is soluble.

The results given in figures 5 through 8 indicate that the flow and yield stresses increase
linearly with p, that E increases exponentially with p, and that the work hardening coefficient in-
creases approximately in a linear fashion with p. The observed decrease of the strain at yield with
increasing p is consistent with the fact that E increases faster with p than oy and indicates a differ-
ence from previously reported unconfined results as a function of temperature and strain rate. In the
latter case, o, (om) was found for several similar composites including PBX 9501 to be proportional _
to E and a failure strain (gn,) to be constant as temperature and strain were varied (refs. 8 and 12).
Increases in the yield or flow stresses and in the modulus with increasing confining pressure have
been reported for polymers and polymer composites, including gun propellants (refs. 13 through 15).
However, the increases per unit confining pressure increase for PBS 9501 are significantly greater
than those reported in these references. The modulus increases by about a factor of 20 and the
yield strength is estimated to increase by a factor of at least 10 with a confining pressure increase
from 0.1 to 138 MPa. Thus, at 138 MPa, the estimated yield strength and the modulus of PBS 9501
are about 60% of the values of aluminum and 20% of the values of steel, the latter two at 0.1 MPa
(ref. 16). Therefore, at the confining pressures used in this work, this composite has metal-like
properties; i.e., it fails by yield and plastic flow and the yield strength and the modulus approach the
values of metals. This behavior is to be contrasted with the sometimes brittle ceramic-like properties
when unconfined.

As noted, measurements were also made of the radial strain at the sample mid-plane. From
the slope of the radial strain versus axial strain curve, the value of Poisson’s ratio is found to be
about 0.34 at 0.1 MPa confining pressure. At higher confining pressures, this slope is reduced, but
the smaller strains and attendant lower signal to noise ratios preclude giving meaningful values of
Poisson’s ratio at this time.




DISCUSSION

A discussion of the general nature of pressure dependence of the stress versus strain curve is
followed by a discussion of the pressure dependence of the yield strength, the modulus, and the
work hardening coefficient.

The yield strength is taken as the threshold stress for the initiation of the yield process and the
flow stress is taken as the stress necessary for significant plastic flow. The data of figure 6 suggests
that the onset of yield that is characterized by a deviation from linearity of the stress versus strain
curve (fig. 4) is of the same nature at 0.1 MPa and at the higher confining pressure, but that the yield
strength increases with pressure. However, the extrapolation of the flow stress versus pressure
curve of figure 5 to 0.1 MPa indicates a flow stress at this pressure of about 30 MPa. Yet the maxi-
mum stress that is observed at 0.1 MPa is only about 8 MPa as shown in figure 4. These results
suggest that after yield at 0.1 MPa, the crack growth processes that are responsible for the strain
softening so weaken the sample that the stress necessary for significant plastic flow cannot be
attained. After yield at the higher confining pressures, these crack growth processes are apparently
so sufficiently inhibited by the confinement, that this weakening does not occur and the stress nec-
essary for significant plastic flow is attained. Thus, the results indicate that at 0.1 MPa yield is fol-
lowed primarily by crack growth processes while at the higher confining pressures yield is followed
primarily by plastic flow and work hardening. The transition from yield and crack growth (strain
softening) to yield, plastic flow, and work hardening is shown qualitatively as a function of L/D and so
confinement in figure 12 for PBX 9501. As L/D is decreased, the effect of the confinement at the
end surfaces is increased so that crack growth processes, and so the strain softening are reduced
and the stress at any strain greater than the strain at the maximum stress is increased (ref. 9). This
increase of stress allows increased plastic flow to take place. The initial slope of the upper curve of
figure 12 (L/D = 0.08) is not meaningful because of instrumental effects. Similar results have been
obtained for PBX 9404, PBX 9502, PAX 2A (fig. 9), and Composition B.

As pointed out, polymers exhibit the type of confining pressure dependence found here for the
initial slope E and for the yield strength oy (ref. 15). Therefore, the results presented here support
the conclusion made from the temperature and strain rate dependencies of these quantities; i.e., that
these mechanical properties are strongly influenced by the polymer content of this and similar com-
posites, even though the polymer content is in this case only 3.0% (ref. 9). Thus, the initial part of
the stress-strain response, which is characterized by the E and oy, is strongly influenced by the
polymer content of the composite.

The confining pressure dependence of the yield strength can be understood very simply in
terms of the Coulomb yield criteria in which a frictional stress on the slip plane resists yield (ref. 17).
This frictional stress is proportional to the total normal stress on the slip plane and so increases
linearly with the applied confining pressure. The equation for the yield strength can then be written
as

oy=b+cp 3)

where oy is the applied axial stress at yield, p is the applied confining pressure, and b and ¢ are
constants.




A mark of this type of yield criteria is that the plane of maximum shear stress is not at 45 deg
with respect to the applies compressive stress as is usually the case without friction, but at an angle
whose deviation from 45 deg is dependent on the friction coefficient (ref. 17). Thus, evidence for or
against this type of yield criterion can be obtained from the slip direction when it is known. The slip
direction has not as yet been identified for this composite.

A linear increase of the yield strength with increasing confining pressure has also been attrib-
uted to a linear increase with confining pressure of the thermal activation energy for plastic strain
(ref. 18). This activation energy must also decrease linearly with increasing applied axial stress.
The jump frequency v in the direction of the applied stress is then given by

v =y, e-U+op-po ) kT (4)

where v, is the vibrational frequency, U is the zero stress, zero pressure activation energy, p is the
confining pressure, ¢ is the applied axial stress, T is the temperature, and o and B are activation
volumes for the pressure and the stress, respectively (ref. 18). v is assumed to be proportional to
the plastic strain rate which at yield is approximately equal to the total strain rate. Then, from equa-
tion 4, the yield strength o, is given by

G, = U +op+kTin€ 7¢,) ) B : (5)

where ¢ is the strain rate and ¢, is a constant. Thus, this model predicts the temperature, strain rate,
and confining pressure dependencies of the yield strength, and in particular, predicts the observed
linear dependence of the yield strength on confining pressure at 25°C and a constant strain rate.
Yet, analysis of limited published data as a function of temperature and strain rate at atmospheric
pressure indicates that this material does not satisfy the predictions of this model (ref. 6). In addi-
tion, more extensive data for PBX 9501, also at atmospheric pressure, do not satisfy this model (ref.
9). However, the results also indicate that the mechanism of failure may not be the same at 0.1
MPa and at 34 MPa and above. Therefore, data as a function of temperature and strain rate at the
higher confining pressures are necessary to conclusively determine the applicability of this ap-
proach.

The confining pressure dependence of the modulus might be due to two separate effects. The
samples contain approximately 2.5% porosity that could be reduced by the confining pressure.
Exponential dependencies of the modulus on porosity have been predicted and observed (refs. 19
and 20). Thus, the observed exponential dependence of the modulus on confining pressure follows

“if the porosity reduction varies linearly with confining pressure. This effect will saturate at sufficiently
high confining pressures and additional measurements are necessary to determine the plausibility of
this mechanism for modulus increase with increasing confining pressure. In addition, an increasing
confining pressure forces the molecular chains of the polymer closer together, leading to increased
stiffness because of an increased slope of the repulsive term in the energy versus intermolecular
separation curve. The plausibility of this effect must also be assessed by additional work.

An extrapolation of the straight line fitted to the work hardening slope versus pressure data of
figure 9 to 0.1 MPa indicates a very small slope or coefficient at this pressure. Thus, the work
hardening is increased very significantly by the confining pressure. Because the processes of plas-
tic flow are not established at this time, it is not possible to ascribe a mechanism to this work hard-
ening. The plastic flow could take place primarily by dislocation interactions in the filler (sugar) of




the composite or more probably primarily by polymer processes in the binder. But whatever the
mechanisms of plastic flow and work hardening, the efficiency of the work hardening process is very
significantly increased by the confining pressure. Additional work is necessary to develop an under-
standing of these processes.

And finally, some of the reasons are now apparent for why the data obtained by compressing
plastic bonded explosives in the thick walied steel cylinder (fig. 1) are not easily interpreted. The
data of figures 5 through 8 indicate significant pressure dependencies of the yield strength, the flow
stress, the modulus, and the work hardening slope. For the thick walled steel cylinder, the hydro-
static component of the stress taken as the average of the three principal stresses increases con-
tinuously from zero as the axial stress increases (fig. 2). Thus, the modulus and so the slope in-
creases continuously until yield is attained. In addition, in the stress range above yield, the work
hardening contribution to the slope will also increase with axial stress. Therefore, the linear regions
of figure 2 for Composition B are curved for plastic bonded explosives, the yield point is not obvious
and values for the modulus and yield strength not so clearly defined.

SUMMARY

These exploratory results indicate significant increases of the yield and flow stresses, the
modulus and the work hardening coefficient with increasing confining pressure. In addition, crack
growth processes that appear to account for the strain softening at a confining pressure of 0.1 MPa
are not apparent at confining pressures of 34, 69, and 138 MPa. Instead, plastic flow and work
hardening are observed at the later pressures. These results indicate that the dominant failure
processes change from yield, crack generation, and growth at 0.1 MPa to yield and plastic flow at
the higher confining pressures.

The rather strong confining pressure dependencies of the yield and flow stresses, the
modulus, and the work hardening coefficient clearly account for the fact that compression of polymer
containing composites in the thick walled confining cylinder, with the attendant strong change of the
hydrostatic component of stress, did not give easily interpretable results. The results using the latter
technique are most easily interpreted if the mechanical properties are independent of the hydrostatic
component of stress.

The results also indicate that the mechanical properties of this polymer composite are more
confining pressure dependent than some other polymers and polymer composites.
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Flow stress versus confining pressure for PBS 9501
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Figure 6
Yield stress versus confining pressure for PBS 9501
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Log of Young’s modulus versus confining pressure for PBS 9501
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From left to right:  undeformed sample and samples compressed axially with confining pressures of
0.1 MPa, 138 MPa, and 68 MPa. The maximum axial strain differs for each sample and the sample
deformed at 138 MPa was graphite coated before deformation.

Figure 10
Photograph of an undeformed and deformed sample of PBS 9501

Figure 11
End view photograph of the sample of PBS 9501 that was deformed while confined at 68 MPa
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