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Influence of Pressing Intensity on the
Microstructure of PBX 9501

P. D. PETERSON
M. A. FLETCHER
E. L. ROEMER

High Explosives Science and Technology,
Los Alamos National Laboratory,
Los Alamos, NM, USA

Microstructural features, such as defects, crystal morphology, and
crystal size distribution, can significantly affect the ignition sensi-
tivity, performance, and mechanical properties of energetic mate-
rials. To evaluate the influence of pressing parameters on
microstructure, three cylinders of PBX 9501 were pressed at
5,000, 15,000, and 30,000 psi, using a 100 ton heated steel die
press. Polarized light microscopy images taken at 144 locations
within each cylinder show differences in porosity, crystal size,
and crystal size distribution between cylinders and at different
locations within the same cylinder. Scanning electron microscopy
further verifies increased fracture and pulverization of HMX crys-
tals during pressing.

Keywords: PBX 9501, pressing parameters, particle site,
microscopy

Introduction

Studies have shown that the final density distribution in die-pressed
inert powders can be dramatically affected by variations in a
number of variables, including initial particle size, morphology, and
size distribution [1{5], pressing intensity [3], pressing temperature [6],
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number of pressure cycles [1,7], die wall lubrication [2,3,5,7], and sha-
pe=aspect ratio of the final pressed part [1,3,5,7].

In the preparation of consolidated charges of high explosive, these
same pressing parameters are often varied to account for lot-to-lot dif-
ferences in molding powder. For example, PBX 9501 is a high-explo-
sive formulation composed of 94.9=2.5=2.5=0.1wt% HMX (3:1 mass
ratio of Class 1 (coarse) and Class 2 (fine))=Estane=a eutectic mixture
of bis(2,2 dinitropropyl) acetal and bis (2,2-dinitropropyl) formal
(abbreviated BDNPA-F)=and Irganox (a free-radical inhibitor).
Sieve-size specifications for class 1 and 2 HMX are specified by MIL-
DTL-45444C. However, because this specification is broad enough to
allow for some lot-to-lot differences in the size and distribution of
both the coarse and fine HMX constituents, variables such as ultimate
pressure, pressing temperature, number of pressing cycles, dwell time,
and=or rest time (between cycles) must be varied between lots to
achieve the nominal bulk density of 1.830 g=cc [8]. Although the nom-
inal bulk density is met, variations in pressing parameters will conse-
quently lead to differences in average crystal size between samples and
in crystal size distribution and density gradients across a given sample.
In addition, microstructural features, such as crystal morphology,
crystal size distribution, and density gradients, have been shown to
contribute significantly to PBX 9501 mechanical properties [8,9], igni-
tion sensitivity [10,11], and performance [12{14]. Therefore, under-
standing how differences in pressing intensity and other pressing
parameters affect crystal size distributions and density gradients
within PBX 9501 is essential to the construction of full-scale constitu-
tive models for both the pristine and damaged materials.

To begin to understand the influence of pressing variations on
microstructure, this article examines the effect of pressing intensity
on the crystal morphology, crystal size distribution, and density gradi-
ents within pressed cylinders of PBX 9501.

Experimental Procedure

Materials

To evaluate the effect of pressing intensity on the microstructure
of PBX 9501, three cylinders (10 f�100 long (L=d¼ 1)) of Lot
HOL89C730-010 (manufactured by Holston Army Ammunition
Plant) have been pressed at 5,000, 15,000, and 30,000 psi, respectively,
using a 100 ton heated steel die press. Each specimen was pressed at
90 �C, under vacuum, for two 3-minute cycles, with a 3 minute rest
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period between cycles. Temperature was maintained during the rest
period. The vacuum pulled was 200 mm for each specimen during
pressing. Zinc stearate mold release was generously applied to all parts
of the die prior to loading the molding powder for each specimen.

Methods

Polarized light microscopy (PLM) and scanning electron microscopy
(SEM) techniques were used to examine the microstructure between
specimens and at locations within the same specimen. In addition,
the pressed specimens’ crystal size and distributions were compared
to the sieve distributions for the original 3:1 HMX distribution [15]
and to the pristine molding powder for HOL Lot 89C730-010 (which
consists of agglomerates of HMX and binder called prills).

Specimen Preparation and Analysis

To prepare the samples for PLM analysis and density measurement,
two cross-sections were cut from each cylinder and then sectioned as
shown in Figure 1. Cutting and sectioning of the pressed specimens
was done remotely using a 125mm aluminum oxide cut-off wheel at

Figure 1. Sectioning of PBX 9501 specimens.
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1000 rpm and a feed rate of 0.035mm=sec. Specimens 1L{9L were each
potted separately in Struers Epofix two-part epoxy under vacuum
(500mbar) and allowed to set overnight under nitrogen at 500 psi.
The faces of interest were then polished remotely using 1200, 2400,
and 4000 grit SiC papers, and 1 and 0.3 mm Al2O3 polishing powders
on a Struers Rotopol-25=Pedemin_S automatic grinding-polishing
machine. A final polishing was done by hand using an OP-S suspen-
sion (0.03 mm). Molding powder was potted and polished using the
same technique.

Specimens 1L{9L were then examined using a Lieca DM-RXA
PLM. The microscope is equipped with a Diagnostic Instruments
SPOT 100 camera that provides 1315�1033 pixels digital micro-
graphs. All PLM images were taken with parallel polarizers in reflec-
tance mode. A total of 16 images were taken at a magnification of
50� across each of the nine subsections of each sample. These 50�
images encompassed the entire sample. Binder rich areas were selected
from each subsection and imaged at 200�. A total of 864 images were
taken and analyzed across the three specimens. An image processing
and analysis routine was written using Clemex VisionTM image
analysis software. This routine incorporates image processing, color
thresholding, and geometric constraints to differentiate and label
HMX crystals, binder, and voids. Area percentages, average crystal
sizes, and crystal size distributions were then determined as a function
of pressing intensity and position within the sample.

A brief synopsis of the routine follows. An initial black top hat
filter was first applied to each image to highlight and label small,
dark areas within the image as voids. A high-level sharpening
filter was then applied to the original image to increase the absolute
intensity difference between the HMX crystals and the darker
binder, followed by a single cycle smoothing filter using a 3
pixel�3 pixel kernel. The smoothing filter eliminates extraneous
noise produced in the image during sharpening. Following the
smoothing filter, a lower-level sharpening filter was applied to the
image to enhance further crystal-binder intensity differences. HMX
crystals were then identified by their gray-level intensity threshold
and labeled using a colored bitplane. To separate contacting crys-
tals while maintaining each crystal’s original size, a series of succes-
sive erosion and dilation filters were then applied to the colored
HMX bitplane, and any features in the image that were not part
of the HMX or void bitplanes were necessarily assumed to be
binder. Crystals, binder, and voids were then labeled using colored
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bitplanes. In every case the colored bitplanes were visually inspected
against the original image as a reality check. Area percentages,
average crystal sizes, and crystal size distributions were then calcu-
lated from the respective bitplanes.

Immersion density measurements were taken for 36 subsections
across each sample (1D-36D; see Figure 1). In addition, the binder
was stripped from the four centermost density pieces using methyl
ethyl ketone (MEK). In each case, prior to adding the PBX 9501 speci-
mens the MEK was saturated with a 3:1 mass ratio of class 1 and 2
HMX to prevent dissolution of HMX from the pressed specimens.
During the stripping process, the samples were placed in a shaker
for 30 minutes at 250 rpm and then centrifuged for 10 minutes at
2500 rpm. The MEK was then siphoned off using a pipet and the crys-
tals were rinsed, first with HMX saturated ethanol and then with
water to remove any excess MEK. After drying overnight, the crystals
were analyzed using a Leo 1525 Field Emission Scanning Electron
Microscopy (FESEM).

Results and Discussion

Typical postanalysis PLM images at 50� and 200� are shown in
Figure 2. The crystals, binder, and voids have been labeled white,
gray, and black, respectively. The images clearly show several crystals
that have fractured either during processing of the molding powder or
during pressing of the final high explosive. Fracture of the HMX crys-
tals may also have occurred when the specimens were sectioned with
the aluminum oxide cut-off wheel, but it is believed that sufficient
material is removed from the specimen during polishing to eliminate
any residual effects due to the sectioning method. In either case, as
all specimens were sectioned and polished using the same methods,
so differences between specimens can be attributed only to variations
in pressing intensity.

Similar images were analyzed from 144 locations (at 50� and 200�
magnifications) across each pressing sample to determine local and
bulk average crystal sizes and crystal size distributions. 50� images
covered the entire sample face and were used to analyze crystals
larger than 35 m2. Crystal size distributions and percentages for
crystals between 4 m2 and 35 m2 were determined from the 200�
images. Percentages and size distributions were then calculated by
normalizing the 200� image data to the area of its corresponding 50�
image.
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Average crystal sizes were determined for pristine HMX from
HOL89C730-010, the PBX 9501 molding powder, and each of the
three pressed PBX 9501 specimens. Average crystal size for the pris-
tine HMX was calculated from sieve analysis data for the 3:1 blend
[15]. Average crystal sizes for the molding powder and pressed speci-
mens were determined from image analysis. In image analysis the
necessary assumption is that all crystals are sliced, polished, and
imaged along their volumetric centroid. Crystals that have not been
imaged along their centroid will appear to have reduced crystal
sizes. As a consequence, average particle sizes measured with micro-
scopy will be underestimated, and apparent particle size distributions
will be shifted toward smaller values. The possible magnitude of this
error will increase with particle size as the probability of slicing the
particle through its centroid decreases. Fortunately the overall
number of large particles is also statistically small.

Average crystal sizes from the PLM analysis are as follows:

Crystal size was found to decrease as pressing intensity is
increased, in agreement with [16]. Contour plots of the average crystal
size across each specimen clearly show that crystal size differs both
within and between pressing samples (Figure 3). Near the center of
the 5,000 psi specimen a semiprotected area is clearly seen, with rem-
nants still visible at 15,000 and 30,000 psi. The semiprotected area
indicates that a majority of the crystal fracture during pressing
occurs along the top, bottom, and circumferential edges of the cylin-
ders, where the effects of die and wall friction are greatest.

Comparison of immersion density profiles with the crystal size
profiles indicates that areas of large crystal size correspond to areas
of low density (Figure 3). Neither the crystal size contours nor the den-
sity contours are axisymmetric, presumably due to local variations in
the initial molding powder packing. Similar density contours have
been suggested for die pressed powders with aspect ratios of L=d¼ 1

Pristine 3:1 blend of HMX2 132.2 mm2

Molding powder 45.7 mm2

5 ksi 24.3 mm2

15 ksi 21.6 mm2

30 ksi 19.7 mm2
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under cyclic loading [1,2,7]. Very different density distributions have
been shown to exist within statically pressed PBX 9501 [17]. Compar-
ison of average crystal size profiles and pressed density profiles along
the center axis of the pressed cylinder indicates that the inverse
correlation between the two is particularly strong away from the top
and bottom edges of the cylinder where the effects of friction are
minimized (Figure 4). Near the top and bottom faces of the cylinder,
frictional effects lead to a slight decrease in crystal size and an increase
in density.

Overall size distributions for each of the three pressed specimens
have been measured and compared with size distributions for molding
powder and with the original HMX size distribution as determined
from sieve analysis (Figure 5). The dip at approximately 2000 mm2

in the pressed samples and 6000 mm2 in the molding powder and sieve
data are characteristics of a bimodal crystal size distribution. The shift
in the location of the dip further signifies that fracture and pulveriza-
tion are occurring during pressing. The decrease in the fraction of
crystals of size 100{2000 mm2 between pressing specimens indicates
fracture occurs in many of these crystals as pressing intensity
increases. An increase in the fraction of crystals smaller than
100 mm2can also be seen across the three pressed specimens, further

Figure 3. Average crystal size (above) and density contours (below)
across the entire (100�100) sample for three pressing intensities. Die
pressed up from bottom.
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indicating the generation of small crystals as more fracture and
pulverization occurs due to crystal-crystal contact. Overall, more
than a seven-fold increase in the number of crystals=in2 occurs as
the original molding powder is pressed to 30,000 psi.

Crystal size distributions were also compared for positions 1{3
(top third of the cylinder), 4{6 (center third of the cylinder), and
7{9 (bottom third of the cylinder) within the same pressed cylinder.
The results are shown in Figure 6 for the 5,000, 15,000, and
30,000 psi specimens respectively. For all three pressed cylinders,
image analysis indicates the greatest number of crystals exist along
the bottom of the pressed cylinder near the impinging die (positions
7{9). Positions 4{6 (the middle of the cylinder) contain the least
number of crystals, which further indicates that this region is at
least partially protected during die compaction. The top third of the
cylinder (positions 1{3) demonstrates intermediate numbers of crys-
tals. These crystal size distributions further suggest that crystal frac-
ture and pulverization are strongly related to die and wall friction.

Figure 4. Comparison of average crystal size and density along the
center line of pressed PBX 9501 cylinders.
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Figure 5. Crystal size distributions of entire pressed specimens com-
pared to molding powder and sieve analysis of original 3:1 HMX dis-
tribution.

Figure 6. Crystal size distribution within pressed specimens.
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Representative FESEM images of crystals extracted from the
molding powder, and crystals extracted from the center of the

Figure 7. FESEM images (molding prills|top, 30,000psi|bottom).
Bar ¼ 100 mm.
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30,000 psi specimen, clearly show increased crystal fracture has
occurred during pressing (Figure 7). Crystals extracted from molding
powder show multiple fractures and damaged crystal faces. Crystals

Figure 8. Higher-magnification FESEM images of the smaller HMX
crystals (molding prills|top, 30,000 psi|bottom). Bar ¼ 1 mm.
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extracted from the center of the 30,000 psi specimen show severe
damage to both crystal edges and faces. Higher magnification
images show that many of the crystals have been fractured and pulver-
ized until they have become spherical particles with diameters
approaching 1 mm (Figure 8). Interestingly, very few crystals with dia-
meters smaller than 1 mm are seen, indicating that there may be a lim-
iting size for crystal fragmentation at these pressures. The size limit
could also result from preferential chemical dissolution of the smallest
crystals in the MEK or Ethanol during the binder stripping process.
However, as both solutions were saturated with HMX and as a few
very small crystals are visible, we believe the limiting size to be a func-
tion of the pressing.

Conclusions

Differences in pressing intensity can lead to significant variations in
crystal size distribution between samples, and in average crystal size
and crystal size distribution variations within pressed cylinders of
PBX 9501. A majority of the crystal fracture and material consolida-
tion during pressing occurs along the top, bottom, and edges of the
cylinder. Near the center of a pressed cylinder, a partially protected
area exists where crystal fracture is minimized during pressing. At
higher pressing intensities, the fraction of crystals smaller than
100 mm2 in PBX 9501 increases dramatically as the crystal-crystal
contact further fractures and pulverizes the HMX. However, a limiting
crystal size may exist for fragmentation of the HMX crystals at these
pressures.
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