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Abstract

The high explosive PBX 9502 undergoes irreversible expansion during thermal cycling (“ratchet
growth”). Recent innovations in thermomechanical modeling via homogenization strategies are
beginning to incorporate mesoscale information such as grain size, total porosity, and spatial
distribution of voids and cracks. To generate a complete experimental data set to challenge and
inform these models, PBX 9502 pellets were thermally cycled, cross-sectioned using ion
polishing, and imaged in high resolution with scanning electron microscopy. Ratchet growth was
found to drive expansion through microcracking. Microcracks were affected by agglomeration of
crystals within the PBX. Virgin material showed greater ratchet growth than recycled material.

1. Introduction

Triaminotrinitrobenzene (TATB) is a high explosive that is remarkably insensitive to mechanical
insult. TATB, and its associated plastic-bonded explosive (PBX) formulations, undergo
irreversible thermal expansion (“ratchet growth”) upon thermal cycling [1-4]. Explorations of
ratchet growth have been numerous, and at least several researchers have posited driving
mechanisms to explain this behavior[5-8]. These range from atomic to microstructural in nature.
TATB crystals are roughly graphitic in morphology, with a triclinic crystal structure where the
basal planes (a-b) are weakly bonded to each other in the c-direction [9]. All of these factors
combine to result in a material that is highly thermomechanically anisotropic at the atomic scale
as well as the grain scale. The irregular shape of the crystals may also play a role in the
development of crystal orientation anisotropy, or texture, in consolidated parts [10, 11].
Numerous studies of TATB and PBX 9502 (95 wt% TATB, 5 wt% Kel-F 800 polymer) have
shown evidence for asymmetric thermal and mechanical properties as a result of anisotropic
crystal orientation [11, 12]. The exact nature of the relationships between crystal anisotropy,
texture, and ratchet growth are currently not well-defined in the literature, but the interactions
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and interfaces between bonded particles must play some role because TATB single crystals and
loose powder do not exhibit ratchet growth [7, 10].

Part of the difficulty in discovering the underlying mechanisms of ratchet growth is the lack of
ability to characterize certain properties of TATB. TATB itself is highly insoluble and so single
crystals cannot be grown to a large enough size to be measured by all desired techniques. For
example, the full elastic tensor of TATB has never been measured and is only available through
calculations [13, 14]. TATB, like most high explosives, is relatively fragile, and it tends to clump
in powder form and when formulated with a polymer binder. While the polymer binder does give
mechanical stability, enabling manufacturing and machining to prepare convenient specimens,
typical microstructural characterization techniques are made difficult by the poor optical and
electronic contrast between the crystals and the binder [15]. Nonetheless, optical microscopy can
be useful when done carefully, showing for example that “virgin” PBX 9502 has larger grain
sizes than “recycled” PBX 9502, which incorporated reprocessed TATB from other PBX batches
into the formulation [16]. In either case, the TATB crystals are generally sub-50 um and are
often sub-10 pum [17-19], suggesting that scanning electron microscopy (SEM) might be a more
suitable choice for imaging the microstructure. Indeed, several studies have used SEM imaging
on PBX 9502 to attempt to study grain size, fracture surfaces, and even the effects of ratchet
growth [5, 6]. However, sample preparation is always an issue, as polishing the PBX pellets can
be difficult. Non-destructive imaging techniques, primarily x-ray computed tomography, have
been used with some success to examine voids, cracks, and grain agglomeration, but do not have
the spatial resolution of SEM [15, 20].

Recent advancements in microscale characterization and analysis of explosives have the
potential to greatly improve our understanding of the effects of ratchet growth on explosive
performance, as recent PBX modeling efforts have begun to incorporate discrete mesoscale data
to improve prediction of explosive properties. These range from void-based reactive burn models
for detonation physics [21-23] to self-consistent homogenization models for thermomechanical
behavior [24, 25]. These models have reached a level of sophistication where high-fidelity
descriptions of void morphology (e.g., not just overall porosity or average void size) are highly
relevant. Ultrasmall angle neutron scattering (USANS), for example, can easily measure a void
size distribution by assuming spherical voids [26], but some results in TATB have indicated that
the voids are more likely elongated and even networked [27]. Traditionally, these elongated and
interconnected voids would be termed “cracks” and consequently require different treatment in
models than isolated voids [24, 28, 29].

Identification and characterization of voids and cracks are therefore important to both the PBX
mechanics and PBX detonation communities. Here, in an effort to distinguish between the
formation of isolated voids and cracks in ratchet growth of PBX 9502, we present an SEM-based
study on pristine and ratchet-grown material. Samples are prepared from typical compaction
processes and then thermally cycled while measuring axial displacement and strain. We avoid
traditionally difficult sample preparation by using a broad beam ion polisher to create a smooth
cross-section immediately before imaging. We study both virgin and recycled lots of PBX 9502,
which to our knowledge is the first direct comparison of ratchet growth behavior in the two



materials. Image analysis was used to determine overall void content as well as void morphology
as a function of ratchet growth. Apparent microcracking associated with ratchet growth was also
analyzed, as well as its contribution to void measurements. Observations of microcrack
morphology associated predominantly with apparent particle interfaces are examined. Discussion
of how these data can be implemented in models moving forward will be presented. We adopt
the terminology herein of distinguishing between crystal grains and agglomerates, where we
refer to both interchangeably as “particles.”

2. Experimental

2.1 Sample Preparation and Thermal Cycling

PBX 9502 virgin and recycled lots were supplied from legacy reserves. Both lots were die
pressed into small cylinders approximately 3 mm length by 3 mm diameter. Pressing was
performed at 50°C, and the pellets were pressed to average density of 1.889 + 0.003 g/cm?.

All thermal cycling tests were performed on a TA Instruments Thermal Mechanical Analyzer
(TMA) Q400. For all tests, a single cycle consists of a 30 minute hold at 23°C, ramp up to 153°C
for a 30 minute hold, ramp down to ambient again for another 30 minute hold, ramp down to
-53°C for a 30 minute hold, and finally a ramp up back to ambient for a 30 minute hold. All
ramp rates were 1°C/min. Two specimens of each lot were cycled 10 times and one specimen
each was cycled once. The 10 cycle tests were used to compare ratchet growth response of the
virgin and recycled lots. The once-cycled tests, as well as the first cycle of the 10-cycle tests,
were used to compare coefficient of thermal expansion (CTE) response of the two lots. It is
important to note that the strain measured on each specimen is in the axial direction of the
cylindrical specimens. During pressing of TATB into cylinders, Schwarz et al. found that the
TATB platelets tend to align perpendicular to the pressing direction [11]. Therefore, strain is
measured along the pressing direction, normal to the platelet surface, which is the direction of
the most growth [30]. Volumetric expansion can be estimated from this axial measurement
where the diametral expansion is estimated to be 70% of the axial measurement [31].

2.2 SEM Characterization

Six of the pellets (3 virgin, 3 recycled) were shipped to Sandia National Laboratories for cross-
sectioning and SEM analysis. Table 1 shows the sample details. Initial attempts were made to
prepare sufficient quality sample surfaces using in-situ focused ion beam (FIB) milling. This
technique has been used with reasonable success on some other HE samples recently [32, 33].
However, the PBX samples were quite soft and easily damaged by the milling, such that the
subtle microstructural features (e.g., voids) were somewhat difficult to quantitatively measure
with so many FIB-induced defects and curtaining artifacts. All samples were therefore prepared
ex situ to the SEM using a broadbeam argon ion mill (Hitachi IM4000 Plus) operating at 6 kV
and 70 pA, in a similar way to previously established efforts [34, 35]. A +40° stage swing was
used to improve uniformity of the ion-polished surface and minimize curtaining artifacts.
Multiple cuts were performed so that the section analyzed was several hundred microns from the



outer edge of the pellet; however, a center cut was not used, due to the prohibitive time and
material costs of milling half of each pellet away. This process resulted in several mm? of
reasonably clean surface area per pellet. Subsequent SEM imaging was performed using the
secondary electron detector and a 1.1 kV accelerating voltage.

Table 1. List of the 6 Samples for SEM Analysis

Sample Lot # Thermal Cycles
R-0 Recycled 0 — Pristine
R-1 Recycled 1

R-10 Recycled 10
V-0 Virgin 0 — Pristine
V-1 Virgin 1
V-10 Virgin 10

The cross-section surfaces were not completely centered in the pellet but were far enough from
the outer edge as to avoid any potential skin effects. Multiple images were taken of the sectioned
surfaces at two different spatial resolutions. Figure 1 shows a schematic of the nominal imaging
plan. In reality, some images were taken at slightly different locations to avoid any large artifacts
(debris, scratches) induced by the sectioning. Each image location was tracked with x- and y-
Cartesian coordinates. Many high-resolution images were taken with a 50 um field of view
(FOV) and a resolution of 12.2 nm/pixel; larger FOV images (400 and 800 um) were taken at
lower resolution (195 nm/pixel). Note that the images are rectangular at a 4(x):3(y) ratio, but for
convenience the x-value is used here as the label of the FOV. The goal was to have a small
amount of overlap between the large and small FOV images so that correlations could be made
between different FOV and with respect to the apparent measured damage. Some of the 50 um
images also contained a small amount of overlap so that they could be virtually stitched together
to create a larger representative area for future analysis or simulations. Each pellet had at least 20
images taken with a total imaged area of just over 1 mm?.
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Figure 1. Approximate locations of all image locations for each cross-sectioned pellet.

2.3 Image Analysis

All image analysis for this work used the open source program ImagelJ [36]. The two principal
microstructural features measured were voids (including cracks) and grain size. Both were
measured using standard techniques. Voids and cracks were identified and measured using a
thresholding process in a similar way to many reports [37-39]. Briefly, ImageJ allows the user to
define some pixel grayscale value to be the boundary value between two “materials” (e.g., solid
vs. void), and then the grayscale image is segmented to binary by assigning all pixels with higher
values to be one material and all pixels below to be the other. One part of the binary image or the
other can then be selected and segmented for measurement. An example of void segmentation is
given in Figure 2.
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Figure 2. Original image shown along with segmented images with void area and with void
edges highlighted. These are representative 50 pm FOV images.



As with any thresholding process, some amount of judgement is needed in determining exactly
where the edges are, which “defects” count as voids, etc. For these measurements, any defect
that was not obviously a surface scratch or artifact from the surface preparation was considered
to be “void.” The error of the technique was quantified by performing the thresholding process
and measuring voids three separate times per image, where each repetition slightly changed the
threshold value to be more generous or more restrictive for the void phase. This process results
in void measurements that include both isolated voids and voids associated with microcrack
openings. The grayscale values for cracks are more or less identical to isolated voids and so it is
impossible to separate them automatically with the standard approach. To attempt to differentiate
between these, a modified approach was used for a limited subset of the 50 pm FOV images for
each sample to generally characterize the cracking. Imagel has routines for measuring “particles”
as well as total void content. If the particle parameters are chosen as broadly as possible, the total
area of all particles will give the same result as the void content. However, additional restraints
on particle aspect ratio (“circularity”’) and total size can be imposed. Circularity is defined as
4m(Area/Perimeter?) and ranges from 0 to 1, where 0 is effectively a line and 1 is a perfect circle.
For the crack measurements presented here, an ad hoc circularity range was set to between 0 and
0.2, based upon our interpretation of the images and judgment. It should be noted that some
recent attempts have been made in the literature to segment defects into cracks vs. voids using
other advanced segmentation techniques (relying on void aspect ratio and connectivity, for
example) [33, 39, 40]. The images collected here could be reanalyzed with these new techniques
in the future if needed.

Grain size measurements were also attempted for each sample. These were done manually using
stereological techniques such as the line-intercept method because the grains were not generally
well-defined [41]. The ion polishing did not sufficiently reveal grain boundaries for statistically
significant analysis. Previous microstructural studies have indicated a wide range of potential
particle sizes, suggesting that TATB particles tend to agglomerate [16, 42, 43]. Here,
agglomeration was apparently observed at the larger FOV as “particles” outlined by cracks,
while finer grain structure could be observed at the smaller FOV. The larger particles were often
incompletely described by a visible interface and so actual agglomerate size measurements
require some interpretation (and possibly extrapolation). However, since these measurements are
being made on the pressed PBX microstructure, they provide additional information on the actual
microstructure as opposed to traditional particle size measurements (e.g., laser light scattering or
sieving [42-44]) that characterize the powder before formulating and pressing.

3. Results and Discussion

3.1 Thermal Cycling

Figure 3a shows the change in axial strain (Ag) contributed from each hot or cold cycle versus the
accumulated strain (XAg) of each hot or cold cycle for the virgin and recycled lots. Also included is
the single data point for the hot and cold cycle of the single cycle CTE runs just to compare the first
cycle growth. For both cold and hot cycles, the virgin lot initially grows slightly more than the
recycled lot and also continues to grow more after 10 cycles. Figure 3b shows the strain value after



one full cycle (hot and cold) vs. the cycle number and summarizes the data in Figure 3a. Recall that
one full cycle goes up to 153°C and down to -53°C with 30 minute holds at each endpoint
temperature as well as at every pass through ambient (23°C). Overall, the virgin material exhibits
more ratchet growth than the recycled material.
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Figure 3. Hot and cold strain per cycle plotted against total strain accumulation for multiple pellets
of each material (a). The total strain accumulation as a function of cycle number is shown in (b). In
both cases, strain is derived from the displacement value recorded during the 30 minute hold at
ambient after a full cycle.

Figure 4 shows strain vs. temperature by plotting the first cycle ramp from 153°C to -53°C for each
sample. The CTE is the slope of the strain-temperature curve of the first cycle ramp. For consistency,
the samples are broken out into two groups, those cycled only once and those eventually cycled 10
times, though there should be no real difference in the first cycle strain for a given lot. The cold
behavior of both lots is similar, but the virgin lot exhibits a greater CTE, or more change in strain per
°C, than the recycled lot. This may be related to the observed higher amount of accumulated strain
from ratchet growth at warm temperatures shown in Figure 3.
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Figure 4. Strain vs. temperature of ramp from 153°C to -53°C for the first cycle only for each
sample.

3.2 Void Size Analysis

Void size was measured for each sample using multiple fields of view. Figure 5 shows the
typical variability in measured void content image to image for a given field of view, with the 50
um FOV shown here because it has the highest number of images taken and the highest spatial
resolution. Values from the images are plotted sequentially (the final plotted point is the overall
average value for the sample), but the spatial data was retained and a statistical analysis of void
content as a function of sample location could be performed if desired in the future. We did not
observe any obvious trends in porosity as a function of sample location (e.g., moving from the
edge to the center of the sample).

While most of the samples exhibited significant scatter in the measurements image to image, on
average the porosity is consistent with expectations based on the bulk measurements. The large
number of images is therefore considered a reasonably representative sampling of the pellets.
The highest porosity calculated in any individual image is less than 5%, and generally ranges
between 1.5% and 3.5%. Recall that the pellets were pressed to ~97% TMD and then ratchet
grown another 0.2-0.4%, so this overall amount of porosity is approximately what would be
expected. This gives confidence in the approach chosen to characterize the porosity.

Figure 5d shows the total void percentage for all six samples at 3 different FOV. The number of
cycles (0, 1, or 10) and the lot are also indicated. Each sample shows the same trend of the
smaller FOV yielding higher measured void content. This may be because the spatial resolution
is worse at lower magnifications (greater FOV), so a higher number of potential voids are not
likely resolved and so are missed by the threshold process. Also important to note is that if the
accumulated sample area from all of the 50 um FOV images is enough to be considered a
representative sample for the entire pellet, then the 50 um data alone would be the most
believable due to having the highest spatial resolution.
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Figure 5. Image by image void content measurements for the pristine samples (a), samples after
one cycle (b), and samples after 10 cycles (c) at the 50 um FOV, showing typical variability. A
summary of the void data all 3 FOV are shown for each sample in (d).

When comparing porosity measurements from void size analysis with the thermal cycling
experiments, the microstructural measurements show some consistencies but also some
limitations. For both lots of material, there is a clear difference in measured void content
between pristine samples and those that have been ratchet grown. The difference is a little more
obvious for the recycled samples than it is for the virgin samples. This is interesting because the
ratchet growth was actually slightly higher in the virgin samples (see Figure 3). The total
porosity is also slightly higher for both of the ratchet grown recycled samples, which is again
inconsistent with the thermal cycling, but as Figure 5 shows, the error bars are quite large.
Similarly, the total porosity in the once-cycled samples is not measurably different than the
samples cycled ten times, since the standard deviations overlap significantly. So the general
trend of ratchet growth increasing porosity is consistent between the thermal cycling data and the
porosity measurements, but directly linking the amount of porosity to the measured amount of
strain (and therefore volume growth) in the samples does not appear possible due to significant
local variations in porosity.

A final note on total porosity. While the bulk porosity in the pellets should be ~3% based on bulk
measurements, most of the measurements here show a lower total void content. This is most
likely due to resolution issues and uncertainty in choosing threshold values for surface features
which were not obviously voids. Figure 6 shows a 50 um FOV sample with several features
which, by eye, represent voids or other damage, but would not get picked up by the threshold
process. It is possible to manually calculate the porosity from these images using stereological



techniques, but this would be prohibitively time consuming to gather appropriate statistics.
Overall, the high-level takeaway from these measurements is that general trends are apparent,
but quantifiable relationships between the porosity measured from the image segmentation and
from the bulk uniaxial strain measurements are not achievable with the current methods. It is
possible that more advanced stereological techniques could yield more useful results, and these
may be pursued in future research. We also note that this is not the case for the subsequently
discussed microcrack characterization, where clearly discernable differences in microcracking
are apparent between the virgin and recycled lots.
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included by -
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Features not
included by
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Figure 6. Typical image at 50 um FOV, showing subtle features not segmentable (and therefore
not measureable) by the threshold technique.

3.3 Grain Size Analysis

The concept of grain size or particle size for PBX 9502 is somewhat complicated compared to
most traditional materials. TATB is quite difficult to grow as large crystals [45]. The fine
particles can often clump when measured [46] and certainly tend to agglomerate once the
formulation process with the binder has been finished [16]. Because of the graphitic structure of
TATB crystal lattice, the crystals are thought to tend to form elongated grains [10, 24], though
this seems to depend on processing, and most measurements of particle size have either been
with sieves or using light scattering methods where sphericity must be assumed. Generally,
TATB crystal grains are much smaller than 100 um and often are smaller than 50 um. However,
the agglomerates can be larger, and recent modeling has shown that this length scale is also



important [25]. Here, a grain of TATB is defined by having a single crystallographic orientation,
while an agglomerate is composed of grains with multiple orientations. A final length scale of
importance observed in the literature is that of the PBX 9502 molding prills. These prills are the
final product state before consolidating into pellets or other charges. The prills are low density
spheroidal particles on the mm scale, consisting of aggregated crystals and binder, with a binder
rich region on the outside [20, 47]. Despite charges being pressed at elevated temperatures so
that the binder can flow and evenly coat the crystals, evidence of residual prill microstructure in
pressed pieces has been observed [15, 20, 48]; however, we do not attempt to distinguish here
between an agglomerate and a prill, primarily because the purpose of this work is to better
identify the mechanisms of ratchet growth and associated microstructural changes (and secondly
because of the inherent uncertainty in identifying in situ what was a prill before pressing).

For this study, using SEM images only, no evidence of residual prill structure was markedly
observed. Note that the previous studies that had seen prill structure used either polarized light
optical microscopy or x-ray tomography, which generate visual contrast in a much different way
than SEM. PBX binder is furthermore notoriously difficult to spot with SEM, which is perhaps
one reason determination of TATB particle sizes in situ has been elusive. However, the highest
resolution images notably do show at least some evidence of distinct particles and their sizes.
Representative images from several samples at the smallest FOV are shown in Figure 7, while an
image from the 400 pm FOV is shown in Figure 8.



Figure 7. Highest resolution images taken of R-0 (a), R-10 (b), V-10 (c) and V-1 (d). Grain
boundaries are often faint. Only the boundaries of the finest grains appear completely.



Figure 8. Typical microstructural image taken at the larger FOV. Apparent grain sizes, or more
likely agglomerate sizes, are on the order of 20-50 microns.

Detailed stereological measurements of grain sizes are not possible, or at least not meaningful,
due to the incomplete observation of grain boundaries in the figures. However, qualitatively, the
images appear to show two length scales of interest with respect to microfracture at particle
interfaces. The very fine grains, <10 um diameter, can be visualized by their complete perimeter,
including microfractured and intact portions. Larger grains (or agglomerates of grains) can only
be interpreted by cracks that seem to propagate along their boundaries. Previous studies on this
class of materials have shown strong evidence for intergranular fracture over transgranular due to
relatively poor adhesion between the crystals and the binder [49-51]. This suggests that the
cracking defines preexisting grain and/or agglomerate boundaries, i.e., the particles identified in
the ratchet grown specimens are representative of the particles prior to thermal cycling.



3.4 Cracking

Since crack propagation appeared to highlight grain or agglomerate boundaries, a larger FOV
was used to broadly quantify the number density of cracks as a function of material lot and
ratchet growth. Figure 9 shows images from each sample at 400 um FOV. For both lots of PBX
9502, cracking clearly increases as ratchet growth increases. This increase in cracking, shown at
higher resolution and magnification in Figure 10, is especially interesting because the overall
segmented porosity did not increase significantly. This strongly indicates that crack propagation
is an important mechanism for ratchet growth, as suggested by some previous research [3, 5, 6,
27]. We note that porosity associated with relatively very small crack openings is difficult to
segment from the images because of the pixel resolution size in comparison to the crack width;
however, for long and abundant cracks, this void space may add up to a significant amount of
additional porosity that is presently not being accounted for. Some other PBX 9502 studies
simply note that “voids” of a variety of sizes are generated and do not differentiate between
isolated voids and cracks [26, 52]. It is certainly possible that each of these studies are showing
the same ratchet growth mechanism but the particularities of the techniques have caused them to
be interpreted in slightly different ways.

Increasing Ratchet Growth

Recycled

Virgin

Figure 9. 400 um FOV images of R-0 (a), R-1 (b), R-10 (c), V-0 (d), V-1 (e), and V-10 (f).
Labels for the samples are also shown. The number density of cracks clearly increases with
ratchet growth.
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Figure 10. 100 um FOV images of R-0 (a), R-1 (b), R-10 (¢), V-0 (d), V-1 (e), and V-10 (f).
Increased cracking as a function of ratchet growth can clearly be seen.

All of the images in Figure 9 were taken from identical sample coordinates for sampling
consistency, and the same is true for Figure 10. While the increase in cracking from pristine to
once-cycled virgin material (Fig 10d vs. Fig 10e) is not clear at this particular sample location,
the 50 um FOV images compiled together clearly demonstrate increased cracking. For brevity,
the 20+ images for each sample are not shown here, but Table 2 summarizes the crack findings.
There are several ways to characterize extent of cracking manually, such as crack length, crack
density, crack opening, etc. Here, three crack parameters were calculated for each sample using 5
images at 50 um FOV from identical locations in each sample (X=0 and Y=100, 300, 500, 1000,
1200). Each parameter can either be determined directly from the segmentation or calculated
simply using measured values. The total number of cracks is given by the particle tracking
routine in ImageJ. The Feret diameter is the maximum distance between any 2 points on the
perimeter of a particle, or in this case a void or crack, which is effectively a crack length
measurement. Finally, the total area of all cracks is measured and compared to the image size,
giving the % cracked area.

Table 2. Crack characteristics as determined from image segmentation and analysis

Sample # Cracks Feret Diameter % Cracked Area
(nm)
R-0 108 £ 13 0.92+0.25 0.56+0.27
R-1 123 + 27 1.04+0.17 1.27+0.34
R-10 65+20 1.98 £0.63 1.51+0.65
V-0 70 + 22 1.93+0.75 1.39+0.97
V-1 103 £ 29 1.44+0.18 1.70 £ 0.90
V-10 92+7 1.69 +0.39 2.45+0.82




Table 2 seems to demonstrate a few interesting trends. First, as inferred from the larger scale
FOV images, the cracking exhibits primarily as dispersed individual microcracks (of small Feret
diameter). The average crack size is perhaps a little misleading because the segmentation routine
often broke up what seemed (be eye) to be large cracks into multiple smaller cracks. Still, the
longest individual non-branching crack observed in the images was around 20 pm, and in most
images, most of the cracks were smaller than 10 um. Second, in the recycled samples, the Feret
diameter increases with the number of cycles, while for the virgin material this trend is not
observed, and indeed the standard deviation of the measurements overlap for the virgin material
(but not the recycled). Third, in both sets of materials the total number of cracks increases as the
material goes from pristine to once-cycled, then falls for the samples cycled ten times. This
appears to be evidence of crack coalescence, in light of the final result that, importantly, the
cracked area percentage exhibits clear trends of increasing as the ratchet growth increases. This
effect is more dramatic for the virgin material than for the recycled material. This is consistent
with the strain measurements from Figure 3, where the virgin material grew more than the
recycled material. Recall from Figure 5 that the total void content significantly increased from
pristine to once-cycled but then stagnated (within error). The fact that the cracking continues to
increase while total void content does not is likely due to the limits of the segmentation analysis,
with cracks propagating between voids (and/or voids serving as crack nucleation sites) and
effectively absorbing voids as they grow. These results show that intergranular void growth and
coalescence into cracks is an important mechanism for ratchet growth and suggest that they
should be accounted for in future mesoscale models.

3.5 Implications for Accurate Mesoscale Modeling

The results of this study show that intergranular microcracking is an important mechanism of
ratchet growth, i.e., voids associated with microcrack openings account for a substantial portion
of observed increases in bulk porosity during thermal cycling. This suggests that mesoscale
models of ratchet growth in PBX 9502 need to resolve grain-interfaces and intergranular
cracking. Moreover, the high-fidelity measurements of particle, void, and crack characteristics
presented in this work provide an important calibration and validation dataset for mesoscale
models, in particular for direct numerical simulation (DNS) of microstructure [49, 53] and
micromechanical (analytical) homogenization models [24, 25, 54, 55]. We are currently working
to incorporate the current results into both of these types of models.

Conclusions

A comprehensive study of PBX 9502 specimens was conducted using virgin and recycled lots of
material, characterizing the microstructure as a function of thermal cycling-induced ratchet
growth. Ion polishing was successfully used to prepare surfaces for SEM study of sufficient
quality for quantitative measurements. The combination of extensive microstructural
characterization and thermal cycling data reveal some important facts about thermomechanical
behavior of PBX 9502. The virgin lot of PBX 9502 exhibited a higher amount of ratchet growth
than did the recycled lot. This growth, measured with TMA, was found by SEM analysis to be
primarily enabled by microcrack nucleation and growth, which was observed to be significantly
greater in the virgin material. Particle sizes measured by SEM were in reasonable agreement



with literature results using pre-pressed powders, but also showed a larger length scale of particle
agglomeration that is also consistent with other recent studies. These findings have significant
implications for mesoscale modeling approaches, both in terms of informing the underlying
micromechanical mechanisms of ratchet growth and in providing a quantitative dataset for model
calibration and validation. Further, segmented images from this study could be used for
constructing and evaluating direct numerical simulations of real PBX materials.
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