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To better understand the structure-activity relationship and enhance the overall performance of polymer-bonded
explosives (PBXs), the neutron and X-ray scattering techniques, which utilize neutron or X-ray radiation as probes,
are unique and useful methods for quantifying the inherent hierarchical microstructures and components of PBXs.
This review focuses on a series of scattering techniques and their typical applications in PBXs and includes a brief
introduction of large neutron and X-ray scientific facilities in China. It describes the basic principles, instru-
mentation, sample environment, and empirical approaches of small-angle scattering (SAS), neutron reflection
(NR), and neutron diffraction (ND). Additionally, it reviews common applications of these scattering techniques in
the fields of PBXs. Combining the scattering techniques with complementary methods yields several valuable
parameters that account for the microstructural features of PBXs. The combination can be used to establish multi-
scale structure-activity relationships of PBXs and optimize the preparation process, numerical simulations, and
performance prediction of PBXs. More efforts should be made to (1) gather the comprehensive multi-scale
microstructural parameters for certain PBXs and add them to corresponding characteristic databases; (2)
further investigate the dependence of the microstructural features on the preparation conditions of PBXs; (3)
establish multi-factor correlations between the multi-scale microstructural features and the multiple performances
obtained from experiments; (4) incorporate the microstructural parameters into various theoretical computational
models.

Neutron diffraction
Microstructures
Void structure
Interfacial structure

1. Introduction

Polymer-bonded explosives (PBXs), primarily consisting of highly
explosive powder bound with a small quantity of polymer binders and
additives, are significant energetic materials with outstanding perfor-
mances due to their well-balanced mechanical properties, processing and
manipulations, and detonation behavior. Usually, PBXs are subjected to
severe temperature, pressure, and mechanical conditions during their
manufacture.” For example, PBX 9501, PBX 9502,% LX 17°, other
HMX-based PBXs,® and TATB-based PBXs’ experience temperatures of
greater than 100 °C and pressure of approximately 100-200 MPa. The
complex fabrication procedures and heterogeneous components cause
PBX materials to possess various microstructures, including voids or
pores, cracks, material interfaces, and micro-strains, which have a size
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range of more than six orders of magnitude from several angstroms to
hundreds of microns. Moreover, such microstructures gradually evolve
when being insulted by thermal, stress, vibration, or chemical conditions
during machining, storing, transportation, and serving. Extensive
experimental studies have revealed that the multi-scale microstructures
of PBXs can affect their macroscopic properties, such as shock sensi-
tivity,®° flame propagation,'’ detonation,'! mechanical deformation,'
mechanical strength,* and thermal stability.>'®> These effects are still
ambiguous partly due to the difficulty in qualifying the sophisticated
microstructures of PBXs.'* Therefore, qualifying the microstructural
features of PBXs is essential for establishing the quantitative relationship
between their structures and properties.'*'°

Over the past three decades, various microscopy and tomography
techniques have been used to reveal the external and partial internal
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microstructural characteristics of PBXs. For example, optical microscopy
is one of the earliest techniques used to observe the external morphology
of PBX 9501.'%°2° This technique can semi-quantitatively yield the size,
shape, and distribution of the damage to explosive crystals, cracks, or
binders, spanning sizes from several microns to hundreds of microns. The
combination of a polarized light optical microscope (PLOM) and the
refractive index matching method®?! can further reveal information
about the internal defects or voids embedded in explosive crystals. A
scanning electron microscope (SEM) is another useful tool for charac-
terizing the external morphology and certain inner characteristics of
PBXs, with resolutions ranging from tens of nanometers to hundreds of
microns,??2* but using it requires a broken or polished specimen. Atomic
force microscopy (AFM)'%% and transmission electron microscope%’28
(TEM) are occasionally used to provide surface morphology and inter-
facial structures of PBXs with higher resolutions. To reconstruct a
three-dimensional ~ (3D)  structure, X-ray computed micro-
tomography?® ! (XRCT) and nano-CT*?>*? have recently been used to
obtain spatial distribution information on the voids, cracks, explosive
crystals, and binders within PBXs. These techniques can directly image
with an adjustable resolution. However, the non-bulk statistical charac-
teristics and the destructive sample preparations make them less
convenient and satisfactory in obtaining deep information on specimens.

Furthermore, fluid-invasion methods, namely gaseous adsorption®*>°
(BET) and mercury intrusion porosimetry%’?’s (MIP), are occasionally
applied to measure the porosity, particle size, and specific surface area of
PBXs. Both methods can only catch open pores. The BET is a good choice
for nanopores, while the MIP may destroy the pore structure due to the
high pressure and brittle-plasticity characteristics of PBXs. In addition,
X-ray photoelectron spectroscopy?’g’40 (XPS) and Infrared Spectroscopy41
(IR) are sometimes utilized to infer the interfacial structure by comparing
the changes in certain atomic bonding. However, these methods provide
only qualitative information and are limited to specific systems.

The neutron and X-ray scattering techniques, such as small-angle X-
ray scattering (SAXS),'® ultra-small angle X-ray scattering (USAXS),*?
small-angle neutron scattering (SANS),** ultra-small angle neutron
scattering (USANS),’ NR,'? and ND,** are powerful tools for character-
izing the microstructures of PBXs. For SAS, neutrons or X-ray beams are
incident on the bulk PBX specimens and are scattered near the initial
direction,*® providing information on the size distribution of voids,
specific interfacial area, and fractal structures.’® For NR, neutrons are
reflected by the surfaces and interfaces of modeled PBX thin films,'?
providing information on the thickness, roughness, and consisting of
interfacial microcosmic structures. For ND, scattered neutrons satisfying
the Bragg condition can provide information on crystal structure and
microstrains.”**® Scattering techniques enjoy the following advan-
tages.* First, they provide high-quality statistical and quantitative
structural information, which facilitates the direct comparison among
different samples. Second, due to the penetrating ability of X-rays and
especially neutrons, diverse apparatuses can be utilized to control envi-
ronmental conditions, such as cryostat, heating oven, compressing
equipment, stretcher, and cell for controlling atmospheric conditions.
This advantage facilitates the performance of in-situ experiments and the
investigation of corresponding microstructural evolution progresses.
Third, an appropriate combination of SAXS, USAXS, SANS, and USANS
allows for determining the features of voids, binders, and interfaces on a
scale of sub-nanometer to roughly 20 mm (0.5 nm-20 pm), which are
crucial to material characterization.'>>%°! Fourth, the contrast variation
by replacing some components yields partial scattering information,'®°!
which is useful for distinguishing different types of interfaces or voids of
explosive crystals and binders. Owing to these advantages, scattering
techniques have been widely used to characterize various PBX materials.
The demand for investigating PBXs and their components using scat-
tering techniques has increased recently due to the rapid development of
large neutron and X-ray scientific facilities in China.

Herein, this review summarized some typical applications to promote
research on PBXs using scattering techniques. This review consists of the
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followings parts: (1) a brief introduction of available large neutron and X-
ray scientific facilities in China; (2) an overview of the principles of SAS,
NR, and ND for characterizing PBXs, including the description of the
experimental process, apparatuses used to control the in-situ environ-
ment conditions, and some typical sample conditions and fitting models
for PBXs; (3) an overview of the typical applications of SAS, NR, and ND
for characterizing PBXs, (4) and a discussion of the complementary
methods and prospect of some promising subjects for the development
and application of scattering techniques.

2. Overview of large X-ray and neutron scientific facilities in
China

Over the past decades, dozens of light sources and neutron sources
have been constructed in the world, and their detailed information can be
found on websites such as lightsources.org and neutronsources.org,.”>°>
China has devoted numerous human and financial resources to the
construction of science facilities and has made remarkable achievements.
Synchrotron radiation facilities, such as the Beijing Synchrotron Radia-
tion Facility (BSRF),54’55 the National Synchrotron Radiation Lab (NSRL,
Hefei),SG’57 and the Shanghai Synchrotron Radiation Facility (SSRF),58’62
have played an important role in scientific investigations. As a typical
third-generation SR facility, the SSRF can provide hard X-ray beams and
makes it easy to perform scattering experiments with a spatial resolution
of ~100 nm or a time resolution of sub-ms level.®!

China has constructed three neutron scattering facilities for scattering
research, namely, the China Spallation Neutron Source (CSNS),63’67 the
China Advanced Research Reactor (CARR),G?”68 and the China Mianyang
Research Reactor (CMRR).®* 7! The CSNS is a multidisciplinary user fa-
cility that can accelerate proton beam pulses to 1.6 GeV kinetic energy
with a 25 Hz repetition rate to produce spallation neutrons under a beam
power of 140 kW. The CSNS was officially open to users from 2018 and
contains SANS,®* NR,%” GPND,®® Multi-Physics Instrument (MPD),”? and
the latest VSANS instruments.”® The CMRR is a 20 MW nuclear reactor
with a liquid hydrogen cold neutron source, which owns eight neutron
instruments currently in operation (i.e., HRND,74 RSND,75 HPND,76 TNR,
CTAS,”' SANS,”” TPNR,”® and CNR’®) and eight instruments under
construction, including spin-echo SANS,®® USANS”? and so on.

China has more than 10 available instruments based on large X-ray
and neutron facilities for characterizing PBXs currently. Regarding SAS
instruments based on larger X-ray facilities, there are three operating
SAXS instruments (e.g., the BSRF 1W2A beamline,”® SSRF BL16B1
beamline,s9 and SSRF BL19U2 beamline®”) and one USAXS instrument at
SSRF BL10U1.%% There are two operating SANS instruments, namely
Suanni at CMRR®! and SANS at CSNS.%* Moreover, tools in commission at
CMRR include the Bixi USANS with a maximal detectable size of 20 pm
and the spin-echo small-angle neutron scattering with a maximal
detectable size of 10 pm, and a very small angle neutron scattering at
CSNS is under construction.””®® Two NR instruments are currently on-
line, namely the Diting at CMRR’® and a multipurpose neutron reflec-
tometer at GSNS.®” Four instruments are available for ND, namely the
Xuanwu at CMRR,”* the Fenghuang at CMRR,’® the general purpose
powder diffractometer at CSNS, and the multi-physics instrument at
CSNS.% Detailed information on these instruments can be found in
available literature, and their capabilities to characterize the typical
microstructures of PBXs are illustrated in Fig. 1. As large neutron and
X-ray scientific facilities have rapidly developed in China and especially
the CMRR equipped with SANS, USANS,NR, and ND instruments runs
200 days a year, more opportunities are offered to the energetic material
community.

3. Overview of several neutron and X-ray scattering techniques
3.1. SAS

SAS is a highly elastic scattering phenomenon wherein light, X-ray, or
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Fig. 1. Typical microstructures of PBXs and the corresponding size ranges characterized using SAS, NR, and ND.

neutron radiation diverges from their incident beam by a small scattering
angle,82 20, as it penetrates through a sample. Generally, the scattering
angle of SAS is less than 10°, and diverged scattering arises from the
inhomogeneous microstructures (called scatterers) on a length scale of
several nanometers to tens of microns, which translates into neutron
scattering length density (SLD) or electron density, p(r). In PBXs, the
inhomogeneous microstructures include voids, porosity, cracks, in-
terfaces, explosive crystals, and binders.

To simplify the analysis procedure of SAS, the scattering angle, 20,
and the radiation wavelength, 1, are usually encoded to one scattering
wavevector, Q, which is defined as Q = 4xsin6/1. The SAS experiment
process then measures the Q dependence of the radiation scattering in-
tensity, I(Q), as a function of Q. According to the SAS theory,82 when the
radiation is only scattered once by the sample, I(Q) is proportional to the
squared Fourier transform of neutron SLD or electron density, p(r).
Therefore, important parameters that indicate statistical features of the
scatterers within the sample can be quantified by fitting the I(Q) curves
with various models. For PBXs, these statistical parameters can be
attributed to voids (the size distribution, morphology, fractal structures,
and the content of internal or external voids from 1 nm to 20 pm),g"‘z’50
interfaces (specific interfacial area and fractal dimension),”>' binders
(the size distribution and morphologies of fillings),”® and explosive
crystals (particle size, morphology, and specific surface area).®> For more
in-depth information about the instrumental configurations, general
experimental processes, and data processing procedures of SAS, the book
by Hamley is recommended.®” This review focuses on the special re-
quirements for sample conditions, available sample environment, and
some of the commonly used fitting models for PBXs.

In standard SAS experiments, including SAXS, USXNS, SANS, and
USANS, a variety of specimens with different forms can be used,
including explosive crystallite powders, PBX modeling powders, and
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compactions of explosive crystallites or PBX composites. Using a contrast
variation method, all of the aforementioned specimens can be immerged
in solutions with a special container (e.g., quartz cell for neutrons and
plastic capillary for X-ray). Generally, the beam sizes for X-ray SAS in-
struments are less than 1 mm x 1 mm®?, and that for neutrons are on the
order of magnitude of 1 cm x 1 cm. Therefore, the area of the tested
samples should be larger than the beam sizes. Moreover, the thickness of
the tested sample should be around 1 mm, as a thick sample can lead to
multiple scattering and a thin sample can lead to weak signals.®*
Benefiting from the advantage of high flux (X-ray beams) or deep
penetration (neutron beams), many environmental instruments are
equipped with various SAS instruments for in-situ experiments.>*>5-¢7
Temperature control apparatuses and mechanical loading devices are
frequently used to investigate the microstructural evolution of PBX ma-
terials, and selected devices are listed in Table 1. Moreover, Tian et al.
(2019)°® reviewed several apparatuses equipped for the Suanni SANS
instrument at CMRR, including a miniature oven for temperature control

Table 1
Selected temperature apparatus for in-situ SAS experiments of PBXs.
Apparatus In-situ experiment SAS instruments Reference
Temperature cycling  —55 °C and 70 °C, USAXS at 32-ID Trevor et al.
apparatus TATB-based PBXs APS (2009)°
Modified THMS600 25 °C and 200 °C, USAXS at 15-ID- Trevor et al.
HMX-based PBXs D (2015)*°
THMS600 stage 25 °C and 200 °C, SAXS at BL16B1 Yan et al.
HMX-based PBXs SSRF (2016)*
Small tubular heater 25 °C and 185 °C, SANS at Suanni Yan et al.
HMX-based PBXs CMRR (2017)%°
TCS 300 stage 25 °C and 185 °C, SAXSpace Shi et al.
HMX (2020)%”
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and two types of mechanical apparatuses (a miniature mechanical testing
machine and a compressing loading device) for mechanical loading.
Recently, a new hot stage with seven individual channels has been
developed at CMRR. This instrument can accomplish thermal cycling
from RT to 250 °C for seven PBX samples, respectively, using an indi-
vidual temperature controller, which is extremely convenient for
auto-batch testing (Fig. 2).

To interpret the SAS results of PBXs, the first step is to analyze the
primary sources of SAS*>°" by comparing the SLD (Table 2) between the
components of tested systems.>®%%+4350:8% The difference in the SLD
(Ap, contrast) is usually small for the explosive crystallites and binders
among most composite PBX materials. In this case, the void scattering
predominates and a two-phase assumption (void and matrix phases,
including explosive crystallites and binders) is usually adopted. The
remarkable difference in neutron SLD between the normal and perdeu-
terated binder for PBX9501, cyclohexane, and methanol enables the
contrast variation method to be used in SANS experiments, where pri-
mary scattering sources should be particularly considered and a
two-phase or three-phase assumption can be applied.*®

As mentioned above, parameters indicating the statistical features of
the microstructures of PBX materials are extracted by fitting the I(Q)
curves with different models. Because the obtained I(Q) curves from
specific SAS instruments contain no phase information and have limited
Q ranges, there may be more than one physical model fitting a given I(Q)
curve well. Several useful approaches have been frequently used to
interpret the I(Q) curves of PBXs based on the two-phase or three-phase
assumption.

The first approach is the power law and the Porod analysis.!” In the
case of a high Q range, the scattering curves can usually be described
using the power law, I(Q) = Cp+C4*Q, where o, C4, and Cp are con-
stants. o of 0-3 reflects a mass fractal dimension, and o of 3-4 reflects a
rough interface with a surface fractal dimension of 6-a. a of 4 indicates
Porod scattering. In this case, C; = 27S(Ap),? where S is the specific
surface area and Ap is the contrast. The Porod analysis can be used to
determine whether the interfaces between the scatterers and the sur-
rounding media are smooth and not fractal and provide the exact values
of various specific interface areas.

The second approach is the calculation of the scattering invariant
().% Normally, a sufficiently large Q range is required to accurately
calculate the scattering invariant. However, it is impossible to get enough
low Q for PBXs in real SAS experiments, and thus the pseudo-invariants
from the measured Q range are commonly used. For a pure two-phase
system, the pseudo-invariant (®) can be described using the following
equation:
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Table 2
List of SLD for some standard components in tested PBX systems (the values
maybe slightly different in different literature).

Component X-ray SLD (x Neutron SLD (x Reference
10'% cm2) 10'% em™?)
TATB ~16.4 ~4.87 Trevor et al.
(2009)°
Kel-F 800 ~15 ~3.98 Joseph et al.
(2020)”°
HMX ~16.7 ~4.50 Joseph et al.
(2010)*°
F2314 ~16.5 ~3.95 Yan et al.
(2016)*
Binder for PBX9501 ~14.8 ~1.99 Joseph et al.
(2010)*°
Deuterated binder for ~14.8 ~3.22 Joseph et al.
PBX9501 (2010)*°
RDX ~15.9 ~4.34 Chad et al.
(2010)°
Cyclohexane ~7.5 ~-0.28 Joseph et al.
(2000)*”
Deuterated ~7.5 ~6.68 Joseph et al.
cyclohexane (2000)%”
Methanol ~7.56 ~-3.73 Song et al.
(2019)*°
Deuterated methanol ~7.56 ~5.80 Song et al.
(2019)*°
Void 0 0 -
02 )
o= [ Q1(0)d0 =27 (8p)’p(1 - 9) M
o1

where I' (Q) is the scattering intensity with background subtracted, cm™?,
Q is the scattering wavevector, 10\_1, Ap is the SLD contrast, cm_z, and ¢ is
the volume fraction of scatters, dimensionless. The void volume fraction
in PBXs can be estimated.

The third approach is to fit the SAS curves using the size distribution
models associated with highly polydisperse, uncorrelated dilute parti-
cles.?74243:50 Given that voids are the minority phase for most of the
composite PBX materials or explosive crystallites, the dilute particles
with uncorrelated positions and random orientations are frequently
assumed, and I' (Q) can be written as:

1(0) = (ap)? / " NP(D)V3(D)F (0. D)dD @

where D is the particle diameter, A; F2(Q, D) is the form factor; V(D) is the
particle volume, A3; N is the total number of particles per unit volume,
dimensionless, and P(D) is the probability of particles with size D,
dimensionless. To get the size distribution of voids, their geometric form

Fig. 2. Hot stage with seven individual channels for in-situ SAS experiments of PBX materials.
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can be assumed to be a spherical*? (commonly used) or a non-spherical
morphology™° (e.g., cylindrical) and can then be extracted by assuming
special distribution functions (e.g., Lognormal probability distribution
function)®” or using the maximum entropy algorithm.86

Recently, some fractal models with the assumption of correlated
ramified void structures have been used for PBX materials.>%%°! Joseph
et al. (2013)°! extracted the surface-defined mean size and volume
fractal dimensions of voids using a sophisticated model. Song et al.
(2019)%° described the voids with a two-level volume fractal structure
using the Beaucage model. Joseph et al. (2020)”° extracted the radius of
gyration of the void correlation distance, the void radius of gyration, and
the volume and surface dimensions of the voids using a modified
Ornstein-Zernike (MOZ) model. However, the model that can best
describe real structures of voids and interfaces within PBXs is still
debatable and further investigation is required.

3.2. NR

NR is a powerful tool for studying the surfaces and interfaces of thin
films in biology and materials science.'%°%® Specular neutron reflec-
tivity provides information on SLD profiles perpendicular to the sample
surface, and thus the characteristics of layers, such as thickness, surface
roughness, interfacial roughness, composition, and defects can be
measured with a high spatial resolution on a nanometric scale. The
essence of a specular NR experiment is to obtain the neutron reflectivity
as a function of the scattering vector, Q,, which is perpendicular to the
sample surface. In addition to specular neutron reflectivity, the
off-specular neutron reflectivity probes the lateral correlations of inter-
facial roughness and artificial large-scale lateral structures.

During a NR experiment, a neutron beam illuminates a PBX sample at
a very low angle (26), and the reflectivity (R)—the ratio of the intensity
of the incident beam to the reflected beam—is measured using a neutron
detector. Moreover, the time-of-flight method is used to determine the
wavelength of the neutrons, (1), and the reflectivity is measured as a
function of the magnitude of the momentum transfer vector Q, =
4nsin(6)/4 based on several incident angles. By modeling the reflectivity
curve, the real-space SLD, which is a function of both the density and the
chemical composition of the materials, can be obtained normally to the
interface of the thin film. To this end, the established model of the
reflectivity curve is composed of discrete layers of homogeneous mate-
rials characterized by parameters including the thickness, SLD, and
interfacial roughness of the sample, and the associated scattering signals
are calculated. The genetic and least-square fitting algorithms are
commonly used to minimize the differences between the model and the
actual data. For a heterogeneous film, the SLD can be estimated to be a
function of the depth in a sample assuming that lateral variation in the
sample is minimal.

Neutrons are sensitive to light elements,*® which are the main com-
ponents of PBXs, explosive crystals, and binders. Compared with other
detection methods, NR can accurately characterize the surface and
interface microstructures of thin films. On the contrary, X-ray reflection
is not sensitive to light elements and can only reflect the microstructure
of some binders, and it is difficult to obtain the accurate thickness of
some explosive crystals, such as HMX thin films. Other commonly used
interface characterization tools, such as ellipsometry and atomic force
microscope, are usually fast and convenient and are more suitable for
simple film structures,”® though it is difficult to obtain precise micro-
structural parameters of complex film structures.

To mimic the progress in the PBX preparation process, samples are
commonly prepared by sequential dip-coating of HMX and binders from
solutions onto silicon substrates to create a layered interface structure.
The HMX-binder interface is formed by coating the completely dry
polycrystalline HMX surface using the bulk formulation solvent for
polymer binders.

There is a time-of-flight mode neutron reflectometer Diting’® at
CMRR, and it has been in service for nearly 10 years. Various sample
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environmental devices are available, such as environment simulation
devices of temperature and humidity, dip coating machines, spin coating
machines, high-precision microscopes, and aging simulation equipment.

Neutrons have a large penetration depth and are non-destructive,
making it easy to perform in-situ experiments and learn the interfaces
of explosives and binders. The crystal-binder interface directly affects the
PBX stability, interfacial bond strength, aging cracking, and phase tran-
sition temperature. Many studies have been conducted on the crystal-
binder interface using the NR technique.!%?>%

3.3. ND

ND is a standard technique for accurately determining the crystal
structure on an atomic scale. The key principle of ND is the Bragg

equation%:

nl=2d sin 3)
where 1 is the wavelength, fo\; n is the coefficient of wavelength; d is the
interfacial distance, .7\, and 24 is the diffraction angle, degree. Reflection
occurs when the Bragg equation is met. A diffractometer is designed to
quantify A and 6 simultaneously and ubiquitously to determine the lattice
spacing, d. Lattice structures can then be deduced theoretically using
some crystallographic procedures.

However, data analysis is complicated in practice due to apparatus
statuses, experimental operations, and sample structure uncertainties
such as variations in lattice parameters and atomic coordinates, thermal
vibrations, and other possible structural changes induced by pre-
processing or environmental conditions. For powder diffraction, the
overlapping of reflection caused by similar or equal d values can also lead
to considerable information loss. Thereby, a rational process of diffrac-
tion data should consider the above items as far as possible. The Rietveld
method can deal with the overlapping of reflection, as the structural
parameters can be obtained from powder patterns with intensities at
individual Bragg reflection instead of integrated intensities.””-°® The key
is the shape of the diffraction peak, for which the pseudo-Voigt function
is commonly used in neutron powder diffraction.”® Well-established
software, such as Fullprof and GSAS, is available to deal with compli-
cated situations.' %1%

It is noteworthy that the hydrogen in energetic materials contributes
considerable incoherent scattering, which results in high background
noise and consequently reduces the signal-noise ratio. If this is unac-
ceptable, a conventional way to solve the problem is to predestinate
samples.'°>1%3 Samples for ND should be well crystallized. Owing to the
size effect, the domain size (which is different from the particle size,
unless the sample is a single crystal) should be controlled at an order of
magnitude of 107'=10 pm. Typical ND studies concerning energetic
materials involve thermodynamic transition, which requires in-situ
environmental conditions, such as thermal or high-pressure treatments.
Two diffractometers at CMRR, namely Fenghuang and Xuanwu, are
equipped with numerous in-situ environmental apparatuses with a
maximum pressure load of 2000 kN and a temperature range of 4-1873 K
476,104 After rational sample preprocessing, experimental operation,
and data analysis, sufficient information can be obtained from ND to
study the structural evolution such as constitutions, phase transitions,
and microstrains on an atomic scale.

4. Recent applications in the characterization of PBXs
4.1. Multi-scale microstructures derived from SAS

SAS has been widely used to characterize the microstructures of PBXs
and their evolution under stimulated environmental conditions on a
length scale of 1 nm—20 pm. This section reviews the typical applications
of six rough categories of PBX composites and their main components
and explosive crystallites according to certain common features of
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samples or microstructures. The applications of binders can be found in
other literature.%®

4.1.1. Porosity and surface characteristics of explosive crystallite powders

PBXs usually have high content of explosive crystallites as the major
power source. For example, PBX 9501 has octogen (HMX) content of
95%,'” the PBXN series have hexogen (RDX) content of greater than
60%,'% and LX 17 and PBX 9502 have 1,3,5-Triamino-2,4,6-trinitroben-
zene (TATB) content of 92.5%"2 and 95%,*? respectively. Though some
initial structures of the explosive crystallite powders could be altered
during the complicated manufacturing processes of PBXs, their compre-
hensive characterization is still significant for establishing some intrinsic
relationships. The most concerned structural factors for explosive crys-
tallite powders include particle size distribution, polymorph,
morphology, surface area, and microstructure, which could be associated
with the overall performance of explosive crystallite powders. With the
advantages of convenient statistic making, a simple testing process, and
available contrast variation, SAS is widely utilized to measure a series of
microstructural parameters of explosive crystallite powders, including
specific surface area, fractal behavior, pore-size distribution, and particle
size. This study roughly classified these applications into two situations
according to whether the contrast variation method is used or not.

Benefiting from the quite different coherent neutron scattering cross-
sections of hydrogen and deuterium, it is relatively easy to find an
appropriate deuterated/nondeuterated solution to match the neutron
SLD of explosive crystallites through SANS experiments. Moreover, the
explosive crystallites should be insoluble and sufficiently infiltrated in
fluids. Therefore, the contrast variation SANS (CV-SANS) has long been
used.

In 2000, Joseph et al. (2000)*” first conducted CV-SANS experiments
on HMX crystallite powders to gauge the different effects of mechanical
deformation on coarse and fine HMX particles. They observed that all
HMX particles had smooth external surfaces (on the length scale of SANS
measurement, R: 1.0-60 nm). As shown by the Porod analysis, coarse
HMX particles had a specific surface area of 0.28 m? g, which increased
to 0.65 m? g~ ! after compression, while fine HMX particles had a specific
surface area of 3.61 m? g~!, which decreased to 2.64 m? g ! after
compression. These changing trends were similar to the results of Hg
porosimetry. They proposed that the mechanical deformation of the
coarse HMX particles was dominated by the breaking and cracking of
crystallites, while that of the fine HMX particles included the collapse of
cracks and the compression of crystallites.>” Moreover, the models used
to fit the Gaussian distributions of polydisperse spherical voids provided
the internal pore size distribution. The coarse HMX particles showed one
single broad distribution (centered on R = 25.0 nm), and the compres-
sion divided them into two distinct populations (centered on R = 3.3 nm
and 28.7 nm). By contrast, the fine HMX particles consisted of two
distinct void populations (centered on R = 2.9 nm and 15.5 nm), and the
compression greatly reduced the peak area of the large voids and reduced
small dimensions (centered on R = 1.6 nm). They considered that the
compression squeezed out large voids and induced ramified cracking.
Joseph et al. (2000)%3 performed similar CV-SANS experiments on four
types of loose TATB powders, yielding similar results that the mean size
of the internal voids decreased with the grinding. Therefore, CV-SANS is
an effective tool to characterize the internal porosity and external surface
structure of explosive powders.

Considering the limited measurement range of Q of SANS, Chad et al.
(2010)® first combined SANS with USANS to investigate the discrepant
features of internal voids in five types of RDX crystallites with similar
densities and particle size distributions produced by four manufacturers.
Contrast-matched SAS measurement revealed that the dominant feature
of all samples was surface fractal behavior with a fractal dimension of
2.4-2.9 on a length scale of 50 nm—20 pm. The surface fractal behavior
arose from the crystal growth, and the most significant differences among
the samples were the pseudo-invariants calculated in a Q range of (3 x
107° - 1072) AL, They were well consistent with the shock sensitivity
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obtained from large-scale gap tests. The above study was also the first try
to establish a direct link between microstructural scattering parameters
and the tested results of shock sensitivity.

Later, Song et al. (2019)%° measured the fractal behavior and porosity
of micro/nano-sized TATB crystallites using a similar CV-SANS method.
They observed that micro-sized TATB crystallites had smooth external
surfaces while nano-sized TATB crystallites exhibited a surface fractal
structure (surface fractal dimension: 2.36 < Ds < 2.55). For internal
pores, micro- and nano-sized TATB crystallites exhibited a surface fractal
structure (surface fractal dimension: 2.15 < Ds < 2.25) and a two-level
volume fractal structure, respectively. This study was the first try to
describe the pore structures of energetic materials using the Beaucage
model.

It is generally difficult to implement contrast variation SAXS (CV-
SAXS) for explosive crystallites. In 2013, Mark et al.'% used a 60%
ZnBry/H»0 solution to match the x-ray scattering contrast of TATB and
identify the internal closed porosity. They conducted a series of USAXS
experiments to evaluate the microstructural differences between new and
legacy dry aminated TATB powders. They observed that all the dry TATB
powders showed the same morphology on a length scale of nanometers to
microns and that the approximate intra-crystalline voids contributed to
the overall LX-17 porosity distribution. Moreover, they found that the
incomplete filling of the intercrystalline areas and various hydropho-
bicity might affect the extraction reliability of the internal porosity of
TATB powders.

Recently, another series of perfluoropolyethers (PFPEs) with different
molecular weights have been used for CV-SAXS. In 2020, Wang et al.
(2020)'%7 first demonstrated the feasibility of CV-SAXS experiments
using GPL-107 PFPE on HMX and 2,4,6,8,10,12-hexanitrohexaazaiso-
wurtzitane (CL-20) crystallites. They determined the volume fraction
and specific surface of the internal voids in three types of CL-20 crys-
tallites with different mean sizes, which decreased with an increase in the
crystal size. This result was consistent with the density measured using a
particle density distribution analyzer (PDDA). Later, using the same
method, Yu et al. (2021)'°® demonstrated that numerous voids or cracks
arose inside the 2,6-diamino-3,5-dinitropyrazine-1-oxide (LLM-105)
crystals during the preheating.

Xing et al. (2022)'°? also conducted CV-SAXS experiments on three
sizes of micro/nano LLM-105 crystallites using GPL-105 PFPE. They
observed that all the surfaces exhibited a surface fractal structure and
that the surface fractal dimension increased with the particle size but the
void volume decreased with the particle size in the measurement range of
Q. Besides, using the maximum entropy fitting method, they found that
the increased amplitude of the void volume was greater when the particle
size decreased from 3 pm to 500 nm than that when the particle size
decreased from 500 nm to 200 nm.

There are lots of other applications of the SAS experiments on
explosive crystallite powders without using the contrast variation
method. In such cases, the scattering information from the external sur-
face, inter-space between particles, and internal voids could not be
distinguished, and several interpretations have been reported to obtain
different types of features.

The first interpretation assumes that the scattering signals mainly
originate from explosive particles. In 2000, Joseph et al. (2000)%® ob-
tained the average particle sizes of several types of loose powders
through USAXS measurement, with the obtained average particle sizes
agreeing well with the results obtained using a laser diffraction analyzer
(LDA).

The second interpretation assumes that the scattering signals pri-
marily originate from pores, including open and closed pores. In 2003,
Chen et al. (2003)''° found that the mean pore sizes of three kinds of
TATB powders increased with an increase in the particle size through
SAXS. Similarly, Xia et al. (2005)'!! obtained the mean size, specific
surface area, surface fractal dimension, interface thickness, and radius of
gyration of the pores in seven types of TATB loose powders, which would
be affected by the preparation conditions. In 2020, Shi et al. (2020)%”
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performed in-situ SAXS experiments on two types of HMX crystallites
under temperatures of 30-200 °C. They first observed that the defects
with a radius of gyration of about 0.6-0.9 nm appeared in both samples
when being heated above 150 °C and that larger crystallites had higher
defect volume ratios. Combining the results of WAXS and scanning
electron microscopy, they proposed that smaller HMX crystallites (5 pm)
had higher thermal stability.

The third interpretation assumes that the scattering signals primarily
originate from internal voids. In 2010, Yan et al. (2010)''? performed
SAXS experiments on four types of RDX crystallites. They found that all
the radii of gyration of pores approximated 42 nm, all the mean void radii
from Gaussian distributions that were assumed to have a spherical
morphology were nearly 63 nm, and the interface area of internal pores
decreased with an increase in the particle size. In 2011, Tian et al.
(2011)"'° obtained the internal void distribution of three types of CL-20
from SAXS. They proposed that the CL-20 prepared using the evaporation
method exhibited the highest crystal quality compared with raw mate-
rials and CL-20 obtained using the sedimentation method. In 2013, Tian
et al. (2013)''* studied the microstructural variations of CL-20 crystal-
lites induced by thermal treatment through SAXS experiments. They
found that the interface area and the void volume increased by 5.4- and
5.2-fold, respectively after the phase transition at 170 °C and that a large
number of voids would be produced both in bulk and on surface due to
thermal decomposition after heating at 200 °C for 5 h.

4.1.2. Microstructures of compactions of explosive crystallites

Because of the simple composition, compactions of explosive crys-
tallites are another type of samples concerned. Their microstructures
could be measured using the SAS techniques to help fully understand the
sophisticated microstructures or some mechanical properties of PBXs.

In 2000, Joseph et al. (2000)84 first conducted USAXS experiments on
four pressed dry aminated TATB (DA-TATB) pellets with different
thicknesses and a similar density of 1.60 g cm 3. They observed that the
USAXS curves of the samples with thicknesses of 0.05 cm and 0.1 cm
exhibited the same shape, with the first knee indicating a pore radius of
2.8 pm, while those of the samples with thicknesses of 0.2 cm and 0.3 cm
showed severe multiple scattering, with the first knee indicating a pseudo
pore radius of 2.4 pm. Later, Trevor et al. (2006)** conducted USAXS
experiments on consolidated ultra-fine TATB. They found that the sam-
ples showed a smooth material-void interface and the void size distri-
bution contained two overlapping peaks, with the second peak located
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near 35 nm and the void volume having a total measured fraction of
3.6%.

In 2008, Mark et al. (2008)''® conducted USAXS experiments on
TATB disks to evaluate the different interfacial characteristics of TATB
powders. Despite the occurrence of multiple scattering, the qualitative
analysis still revealed that the power-law exponent of the ATK TATB was
—3.42, indicating a diffuse or rough fractal surface and that the
power-law  exponents of wet-aminated TATB (—3.89-3.94),
dry-aminated TATB (—3.85-3.90), and even the Holsten (—3.97) were
immediately close to —4, indicating a smooth interface between TATB
and air.

In 2013, Joseph et al. (2013)°! conducted USANS and SANS experi-
ments on pressed TATB pellets to study the fractal networks of inter-
granular voids. They processed the USANS curves using a sophisticated
model including both fractal and isolated voids. They discovered that the
intergranular voids of loose powders were randomly arranged with a
surface-defined mean size of 0.66 pm but those of pressed samples
showed a fractal network with rough interfaces. Both the surface-defined
mean size and the volume fractal dimension of the voids in the pressed
samples first increased and then decreased with an increase in the
pressed density (up to 1.720 g cm ™), as shown in Fig. 3a. Based on these
transitions, Joseph et al. proposed that TATB particles exhibited brittle
behavior at low pressed density and ductile behavior at high pressed
density. Joseph et al. (2013)''° conducted a similar study of pressed
diaminoazoxyfurazan (DAAF) pellets. They found that the mean void
sizes ranged from 0.059 pm to 0.195 pm and decreased monotonically
with an increase in the applied density for all three types of DAAF pellets
but that the volume fractal dimensions ranged from 2.13 to 2.78 and
increased with an increase in the applied density. Furthermore, both the
volume fractal dimension and the mean void size appeared to converge to
a common value among the three different DAAF systems, which were
obviously different from the TATB system, as shown in Fig. 3b.

4.1.3. Interfacial surface structures of PBXs

There are three types of interfaces in pressed PBX composites, namely
explosive crystal-binder, explosive crystal-void, and binder-void in-
terfaces. These interfaces concern extensively as they may influence the
integrated mechanical performance and the detonation performance of
PBX composites by affecting the transmission properties of micro-stresses
and the hot spot formation under shock conditions. Since the Porod
analysis and the power law can provide information on the interfaces,
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Fig. 3. Dependence of the void volume fractal dimension on the pressed density. (a) TATB system (increasing up to a density of 1.720 g cm > and decreasing
thereafter),”’ and (b) three types of DAAF powders with different mean particle sizes prepared through different synthesis routes (volume fractal dimensions
increasing monotonically with the pressed densities and appearing to converge to a common value).''®
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this section focuses on the applications of SAS techniques in providing
specific surface area and surface fractal dimension of the above in-
terfaces, aiming to help material scientists deeply understand the press-
ing mechanisms or enhanced mechanical properties of PBXs.

The CV-SANS can distinguish scattering signals from different in-
terfaces and thus has long been used to quantify the three types of
interface areas in PBX materials. To conduct CV-SANS experiments, two
methods have been developed to vary the neutron SLD of tested samples.
At least three levels of different contrasts could be accomplished to
facilitate solving the three-parameter equations of different interfaces.

One method is to use a mixture of perdeuterated/nondeuterated so-
lutions to infiltrate the PBX samples. In 2006, Joseph et al. (2006)'"7
conducted CV-SANS experiments on PBX 9501 samples swollen by
toluene. Although the interfaces might be slightly perturbed by the
swelling process, the SANS data analysis can still yield the
pressure-dependent three types of surface areas, namely HMX-binder
(Sug), HMX-void (Sgy), and binder-void (Sgy).

Another method is to use a mixture of perdeuterated/nondeuterated
binders. In 2011, Joseph et al. (2011)°! conducted CV-SANS experiments
on PBX 9501 and obtained the dependence of interface areas on
hot-pressing pressure of 69-200 MPa, as shown in Fig. 4a. According to
this figure, the area of the HMX-binder interface increased with an in-
crease in the pressure, while the area of the HMX-void interface
decreased slightly. Joseph et al. (2011)°! proposed that the net increase
in the total interface area should be attributed to the brittle fractures of
HMX crystals. In 2019, Bai et al. (2019)'® conducted CV-SANS experi-
ments on HMX-based PBXs and obtained the dependence of interface
areas on cold-pressing pressure of 64-382 MPa, as shown in Fig. 4b.
Based on the SANS results, they first proposed the concept of interfacial
binding rate between HMX and binders, which was the ratio of Syp to the
sum of Syp and Syy. It was observed that the interfacial binding rate
between HMX and binders increased greatly in the pressure range,
revealing that a large quantity of binders were extruded and in contact
with the surface of HMX crystals. Bai et al. (2019)'® also found that the
sum of Syp and Syy changed little during the cold pressing and demon-
strated that a small quantity of HMX crystals occurred in the trans-
granular fractures under the as-implemented condition. This finding was
quite different from the hot-pressing process of PBX 9501.

Besides the above contrast variation methods, Trevino (2008)'8
developed a novel method of SANS combined with SAXS in 2008. This
method is used to achieve sufficient contrast variation for a partial so-
lution of the three-parameter equation to evaluate mechanically induced
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damage. SAS experiments were performed on four PBX composites,
namely PBX 9404, PBX 9501, PBX 9502, and PAX 2A, before and after
deformation under different cylindrical axial strains. The Porod analysis
showed that the filler particles in all four materials had no preferred
alignment and the binder efficiently coated the filler particles. Moreover,
only the filler-binder specific surface area of the most severely deformed
samples increased relatively largely due to the fractures of filler particles
and coverage with the binder.

Normal SAS experiments were widely used to determine the interfa-
cial structures of PBXs under the two-phase assumption. Peterson et al.
(2005)'7 conducted MSAXS experiments on PBX 9501 samples in 2005.
After thermal treatment using three different temperature regimes, they
obtained the temperature dependence of the total surface area, reflecting
the thermally induced cracks and pores. Moreover, the interface fractal
dimensions could also be extracted. In 2020, He et al. (2020) conducted
SANS experiments on TATB-based PBX composites to measure the fractal
dimensions of interfaces. The SANS results implied that the PBX com-
posites based on TATB particles with a core-shell-shell structure had
much rough interfaces, which would help enhance the interfacial
interactions.

4.1.4. Porosity and microstructures of HMX-based PBXs

Porosity is considered one of the most important microstructural
parameters of PBX materials. According to the hot-spot models, the voids
of 100 nm to 1 pm in PBXs influence the initiation and detonation
properties of PBXs. With the advantage of appropriate detectable scales,
SAS techniques, especially USAXS and USANS, are widely utilized to
measure the porosity of PBXs due to different motivations for evaluating
the thermally or mechanically induced damage, exploring the void evo-
lution mechanism, optimizing the formulations, and providing basic void
data for the theoretical mode. Similar to those applications for measuring
interface characteristics, most SAS experiments were conducted directly
using the PBX samples without contrast variation. Moreover, two-phase
models composed of voids and bulk matrix were used to interpret the
SAS data, assuming that the voids were the primary scattering source.

The HMX-based PBX materials show relatively complex microstruc-
tural evolution induced by thermal treatment due to multiple physical
changes including thermal expansion, crystalline phase change, binder
melting and filling, and Ostwald ripening. SAS techniques have been
extensively used to quantify the process and reveal the mechanism over
the past twenty years.

In 2002, Joseph et al. (2002)'® conducted USAXS experiments on

4500F

(b) Cold-pressed HMX-PBX " Sue
4000} ——3,,
'g’) +SBV
g 3500- Slolal
= 3000}

o
5 2500}
®
>
]
= 1500}
@
5 1000f
C
= 500}

100 150 200 250 300 350 400
Forming pressure / MPa

50

Fig. 4. Changes in various types of interface areas extracted from the SANS results of the PBXs under the forming pressure (S is the sum of the three types of
interface areas, Syp is the area of the HMX-binder interface, and Spy is the area of the binder-void interface). (a) Hot-pressed PBX 9501,%! (b) cold-pressed

HMX-based PBX.'®

147



L.-f. Bai et al.

pristine PBX 9501 and obtained a trimodal distribution of pores using a
model of Gaussian distributions and spherical pores. In 2005, Peterson
et al. (2005)"” conducted similar experiments on PBX 9501 samples to
quantify the thermal damage through thermal treatment. The sample
treated at the lowest temperature of 159 °C showed a single pore dis-
tribution (centered on R = 260 nm). The second population of small
pores (centered on R = 10.7 nm) appeared at a temperature of above 176
°C, with the size increased to 21.0 nm at 190 °C. Peterson et al. (2005)"7
proposed that the thermal damage to PBX 9501 was dominated by
crystalline phase change, thermal expansion, and Ostwald ripening at
low-temperature regimes (155-174 °C) and by chemical decomposition
at high-temperature regimes (175-210 °C). In 2014, Yan et al. (2014)'1°
conducted SAXS experiments on two types of HMX-based PBXs with
different HMX mean particle sizes after being thermally treated at three
different temperatures in the air. They found that great changes in the
two types of samples occurred at 180 °C and 200 °C, which resulted from
phase transformation and exothermic decomposition, respectively.

In 2015, Trevor et al. (2015)%° conducted in-situ USAXS experiments
on LX 10 and PBX 9501 under temperatures of 25-200 °C. They found
that the mesoscale structures of LX 10 and PBX 9501 were relatively
stable until 175 °C and both samples showed broad size distributions.
However, dramatic changes occurred promptly with the phase transition
of -6 rather than with other thermal effects, forming a bimodal distri-
bution. They also found that the mesoscale structure of LX-10 did not
change so severely as that of PBX 9501 during cooling but failed to give a
satisfactory explanation (partially because they ignored the difference in
the HMX phase structure after cooling to room temperature).

In 2016, Yan et al. (2016)* conducted in-situ SANS and SAXS ex-
periments on HMX-based PBXs. The Porod analysis indicated that the
interface area decreased dramatically by 60% during the heating from
100 °C to 200 °C. This result suggested that the filling of initial voids with
melted F2314 was predominant due to the relatively low density of
HMX-based PBXs used in the study (compared with LX 10 and PBX
9501). Surprisingly, the void volume distribution of the thermally treated
HMX-based PBXs showed that voids with sizes of 15-35 nm increased
greatly during the storage at RT in the first 3 h. Sooner, Yan et al.
(2017)%® conducted further in-situ SANS experiments on thermally
treated HMX-based PBXs in dry and humid atmospheres, respectively.
They obtained the dependence of the void volume fraction on the storage
time and demonstrated that the relative humidity of 60% extensively
accelerated the increase of the void volume fraction, which was caused
by the phase retransformation from 5-HMX to -HMX.

In addition, there are two reports stating that the contrast variation
method was used to probe the porosity of HMX-based PBXs. In 2000,
Joseph et al. (2000)% first tried to conduct contrast-matched SANS ex-
periments on a PBX 9501 sample using a deuterated solution. They found
two distinct signals on the SANS curve, which might arise from the in-
ternal voids and the polymer binder, respectively. In 2009, Joseph et al.
(2009)° conducted CV-USANS experiments on PBX 9501 using a mixed
deuterated binder (Estane and plasticizer) to measure the porosity on a
length scale of 0.1-20 pm under applied pressure of 69-200 MPa. The
volume fractions of HMX, binders, and voids in the PBX 9501 were
determined through the Porod invariant analysis and structural
modeling. They were consistent with the pressed density estimates and
showed no significant difference under different pressures. The spherical
modeling provided the dependence of the void and binder size distri-
butions on the hot-pressing intensity, suggesting that the binders would
spread out and fill some of the small voids at high applied pressures.

4.1.5. Porosity and microstructures of TATB-based PBXs

Owing to the remarkable anisotropic thermal properties and sheet-
like molecule structure of TATB, TATB-based PBX materials exhibit
intriguing microstructures and irreversible volumetric thermal expansion
called ratchet growth. SAS techniques have been frequently used to
investigate the significant alteration in void size distribution and the
mechanisms associated with ratchet growth.
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To investigate the effects of thermal cycling on void size distribution,
Trevor et al. (2006)42 conducted USAXS experiments on LX 17-1 and
PBX 9502 samples in 2006, both of which were processed and subjected
to thermal cycling. The USAXS data were fitted using a model of spheres
and the maximum entropy algorithm. Both the pristine LX 17-1 and PBX
9502 exhibited a bimodal distribution with a narrow peak around 7-10
nm and a broad peak over 20 nm—1 pm. After 12 thermal cycles under
temperatures of 74-54 °C, both the number and size of the large voids
significantly increased. Trevor et al. (2006)*? proposed that small voids
should be attributed to the intrinsic porosity of TATB crystallites but
large voids should result from intercrystalline areas as a result of
consolidation. In 2009, Trevor et al. (2009)'%° further combined USAXS,
USANS, and X-ray computed tomography (on a focused ion beam in-
strument, XRCT, FIB) for LX 17 samples before and after temperature
cycling, as shown in Fig. 5. The void sizes from a few nanometers to about
15 pm were obtained by interpreting the results using the three tech-
niques based on certain similar assumptions and were plotted on the
same axes. The combination of the three techniques provided important
data and a comprehensive characterization method for completely un-
derstanding the structure of PBXs from nanometers to centimeters, which
could be useful for designing next-generation TATB-based PBXs.

To deduce the ratchet growth mechanism, Trevor et al. (2009)°
conducted in-situ USAXS experiments on different formulations of LX 17,
UFTATB, and three other PBXs under thermal cycling at a temperature of
-55-70 °C in 2009. The TATB-based PBX samples were determined to
have void sizes of about 2 nm to 2 pm. After 2.5 cycles, two samples
containing Cytop M (0.9%-1.3%) and Cytop A (0.6%-1.1%) showed a
small increase in volume while the sample containing Hyflon (1.6%—
4.6%) showed a large increase in volume compared with LX 17 (1.4%—
3.5%). Moreover, Trevor et al. (2009)° found that the void structure of LX
17 mainly changed during the heating portion of the cycling and above
the glass transition temperature of the binders. In conjunction with
mesoscale modeling, they proposed that high glass transition tempera-
ture, high adhesion of TATB binder, and wetting were all crucial to
minimizing the ratchet growth of TATB-based PBXs.

To investigate the effects of ratchet growth, Thompson et al. (2010)*
conducted USANS experiments on PBX 9502 before and after thermal
cycling at a temperature of -55-80 °C in 2010. As revealed by the void
volume under a size range of 0.1-10 pm extracted from the USANS re-
sults, samples with ratchet growth contained more numerous and smaller
voids than the newly pressed sample with the same density. This result
suggested that the pore structures of thermally damaged materials may
be more contiguous and connected, which will account for the lower
tensile and compressive moduli.

To accurately measure the void morphology, Joseph et al. (2020)%°
conducted SANS and USANS experiments on two PBX 9502 samples
uniaxially pressed in directions parallel and perpendicular to the
compaction plane in 2020, respectively. As confirmed by analyses of both
azimuths and the modified Ornstein-Zernike (MOZ) models, the voids
were oblate ellipsoids with an average aspect ratio of 1.20, and voids
with large dimensions lay within the compaction plane. Joseph et al.
(2020)°° further proposed that the voids were interconnected in the form
of randomly oriented aggregates comprised of primary, non-spherical
voids, forming a spatially correlated ramified structure. Christopher
et al. (2021)9 conducted in-situ SANS and USANS experiments on PBX
9502 under thermal cycling at a temperature of 25-220 °C to quantify the
changes in the microstructure under elevated temperatures. They used a
two-phase system of correlated ramified porosity with a MOZ model to
interpret the USANS curves. The radius of gyration of the void correlation
distance, the void radius of gyration, the volume and surface dimensions
of the voids, and the void volume fraction derived from the Porod
invariant in the PBX9502 were quantified as a function of temperature.
Furthermore, they found the temperature dependence of the void radius
of gyration was closely correlated with that of shock sensitivity,
providing a microstructural origin for the increased shock sensitivity at
elevated temperatures.
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To evaluate the thermal stability of microstructures, Lin et al. (2021)°
conducted in-situ SANS experiments on a series of PBX composites under
the temperatures of 25-120 °C in 2021. They put forward a new method
to process the in-situ SANS results, in which the temperature dependence
of the SANS count rates and pseudo-invariant was roughly used to
evaluate the thermal stability of microstructures. The in-situ SANS results
clearly showed that the PDA coating could promote the microstructural
thermal stability of PBXs, especially for TATB-based PBX materials.

Perry et al. (2018)11 determined the void size distribution in the
range of 1 nm-10 pm in PBX 9502 using USANS. They applied a bimodal
lognormal model to parameterize the USANS results. Moreover, they
incorporated the as-obtained void size distribution data into the building
of the Scaled Uniform Reactive Front (SURF) burn model for the first
time.

4.1.6. Porosity and microstructures of other PBX materials

In recent years, some other nanocrystalline PBX materials have been
developed and investigated using SAS techniques to reveal their porosity
or microstructures. Sanjay et al. (2010)'?! conducted the SAXS mea-
surement of nanocrystalline trinitrotoluene (TNT)/silica xerogels and
revealed that TNT entered the pores of the silica matrix, thus reducing
the average pore size. Later, Sanjay et al. (2013)'%? performed similar
experiments on nanostructured RDX/SiO, xerogel systems, demon-
strating that RDX coexisted well with the pore network of silica matrix
and the loading of RDX would reduce the size of primary particles.

Moreover, Victor et al. (2013)123 performed USAXS measurement of

nanostructured RDX/wax systems to reveal their porosity structure. The
USAXS analysis showed that all RDX/wax materials exhibited bimodal,
lognormal void size distributions, and the 200 nm, 500 nm, and
FEM-grade RDX-based specimens had a mean void size of 280 nm, 550
nm, and 1300 nm, respectively. Furthermore, porosity was mainly
attributed to voids with a size of greater than about 50 nm, and the voids
were primarily enclosed by wax.

4.2. Interface characteristics derived from NR

Palmer et al. (1993)'%* and Rae et al. (2002)° found that cracks tend
to occur at interfaces, as shown in Fig. 6. Crack formation is especially
troubling for all the plastic-bonded explosives. As shown by the results of
a series of studies,>'?*'?° cracks rarely cut through crystals but are
generally confined to stiff binder samples, while the occurrence and
growth of interfacial cracks are the dominant failure mode in general.
Therefore, research on the evolution of the interfacial microstructure in
the service and storage environments is significant for the validity
determination and process improvement of PBXs.

Yeager et al. (2014) found that adding plasticizers to binders can
influence the explosive crystal-binder interfaces in PBXs.”* Most plasti-
cizers are short-chain or monomer polymers and are more prone to
diffuse throughout PBXs. When the temperature and humidity in the
external environment change, plasticizers are easy to suffer interfacial
aggregation in PBXs, hindering the formation of effective interfaces.
After long-term storage, plasticizers are prone to migrate to the surface.

Fig. 6. Micrographs of PBX 9501 with cracks highlighted.'**
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As shown in Fig. 7, plasticizers hindered the interfacial diffusion in
comparative experiments, thinning the interfaces. The nanoindentation
experiment showed that the interfacial strength was reduced and cracks
were easy to form. The microstructure parameters of two-phase in-
terfaces can be obtained from NR, thus providing accurate parameter
data for the subsequent nanoindentation experiments and conclusions.
Yeager et al. (2018)°° carried out comparative experiments of a PBX
9404 sample, a heated PBX 9404 sample, and a sample treated with
accelerated aging for two years using NR. As shown in Fig. 8, the three
samples showed quite different interface microstructures. After heating
or aging, the film structure changed greatly due to the evaporation of the
plasticizers or the surface-interface migration. The NR could achieve
thickness precision of 0.5 nm, thus yielding accurate interfacial structure.
Precise microstructural parameters of interfaces can reveal important
information inside different PBXs. The experiments allowed for estab-
lishing accurate relationships between the environmental temperature
and humidity conditions, aging time, and the microstructure parameters
of interfaces. These results provide important experimental parameters
for process improvement and the design of new PBXs. Meanwhile, they
also provide basic parameters for the selection and doping of binders.
In sum, the stability and performance of ultra-thin films in a service

NP/Estane-HMX(PBX9501)
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environment should be ascertained before utilization. NR is an effective
and accurate tool to investigate the interfaces of explosive crystals and
binders and corresponding parameters, which are very useful for
enhancing the PBX performance.

4.3. ND-derived microstructures of explosive crystallites

The performance of solid energetic materials depends on several
factors including the sensitivity to detonation by stimulus, detonation
velocity, chemical reactivity, thermal stability, crystal density, and
crystal morphology, which in turn are governed by the solid-state
structure of the energetic materials.!?>!?” Furthermore, energetic ma-
terials, which are molecular crystals in nature, have a low energy barrier
for phase transition due to relatively weak intermolecular interactions,
resulting in a common phenomenon of polymorphism. Different poly-
morphs lead to different physical properties, such as morphology,
sensitivity, and energy density, which greatly affect the performance of
energetic materials. Therefore, it is significant to obtain detailed struc-
tural information on energetic materials and clarify the variation in the
structure during the thermal and mechanical processes, especially during
the solid-state phase transitions. ND has been mainly used to characterize
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Fig. 8. Neutron reflectometry data and fitted results (a) along the SLD profile (b) for PBX 9404 binder film deposited on a silicon wafer. The effects of aging and
heating showed similar trends, except that heating caused much more significant changes. In both cases, the film shrank and increased in SLD. This occurred due to the

evaporation of the plasticizer from the film.”®
the crystal structures and microstrains of explosives.

4.3.1. Crystal structures of explosive crystallites

As neutrons are relatively sensitive to hydrogen atoms, ND is a
preferred technique for determining the positions of hydrogen atoms in
energetic materials. The positions of hydrogen atoms in f-HMX were
determined using single-crystal ND in 1970.'?® The positional and
anisotropic thermal parameters of all atoms in f-HMX were measured
using 551 reflections, which finally yielded an accurate result repre-
sented by a very low R-value of 0.059. With the precise ND data, the
panoramic picture of f-HMX was entirely presented for the first time. All
bond distances, bond angles, and anisotropic atomic displacement in
p-HMX were determined, and the intra- and inter-molecular hydrogen
bonds were also confirmed.

The high-pressure y-form and high-pressure and high-temperature
e-form of RDX have been confirmed by combining X-ray with
ND.!26:129.130 The transition from a-to y-RDX phase is barely influenced
by temperature, but temperature and pressure are important factors in
the transition rate. The transition from a-to y-RDX phase at ambient
temperature occurs under pressure of 3.9 GPa.'® It is interesting that
molecular transformation occurs in this phase transition. The molecules
in a-RDX exhibit one transformation, while those in y-RDX exhibit two
different transformations distinguished by the orientation of nitro
groups. The high-pressure, high-temperature phase of RDX was taken as
B-RDX in early studies due to the similarities of - and e-RDX in vibration
spectra'>1132 until Millar spotted differences using neutron powder
diffraction in 2009.'*® With the clue shared by Millar, Dreger found
significant differences using Raman spectra, in which the frequency was
either very low or very high — below 150 em™! (mainly lattice vibration
and NO, rotation) and near 3000 ecm ™! (C-H stretching).l?’4

A new high-pressure phase of FOX-7 was indicated using neutron
powder diffraction in 2015.'%® Before this, the structures of three
ambient pressure phases a, 8, and y were provided.'*>>!*® Among them,
a-FOX-7 (monoclinic, space group P2;/n) is the most stable under
ambient conditions. It transitions to #-FOX-7 (orthorhombic, space group
P2;2;2;) when being heated above 389 K and then to y-FOX-7 (mono-
clinic, space group P2;/n) when being heated above 446 K. The y-FOX-7
presents a layered structure, causing a strong reflection corresponding to
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the interplanar distance between layers. The high-pressure phase of
FOX-7 also includes a strong reflection, leading to an assumption that the
high-pressure phase may be y-FOX-7. Pravica speculated that the
high-pressure form of FOX-7 could be y- FOX-7.'” However, neutron
powder diffraction showed a significant difference between the new
high-pressure phase and y-FOX-7 (Fig. 9). Although the structure of this
high-pressure phase is not available due to the absence of data on
single-crystal diffraction or ultra-fine powder diffraction, the verification
of a new phase is still great progress in the study of FOX-7 polymorphs.

CL-20 is one of the densest (2.04 g/cm®) and the most energetic
(detonation velocity: 9500 km/s) explosives at present. However, pure
CL-20 has high sensitivity, making it unsafe in practical applications. ND
is a relatively gentle way to study the crystallographic structural evolu-
tion of CL-20 since radiation damage to CL-20 has been observed when
using synchrotron X-ray powder diffraction.'®® Similar phenomena
frequently occur in small molecular materials upon synchrotron X-ray
irradiation.'®° Radiation damage not only induces security problems but
also brings uncertainty to experimental results. Lattice expansion was

1 ———HP phase 4.24 GPa |
Comp. 4.50 GPa |

Normalised intensity

| ID—Y

T T T T

1 2 3 4
d-spacing / A

Fig. 9. Difference between experimental and theoretical neutron powder pat-
terns of FOX-7.'%3
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observed at retained pressure even after a short period in the study of
e-CL-20 (the densest and most stable form of CL-20 under the ambient
condition) using synchrotron X-rays. This will influence the study of EOS
as the volume is not solely dependent on pressure anymore. Besides, the
high-pressure ND results of &-CL-20 exhibit smooth compression
behavior and agree well with theoretical prediction.'

Yeager et al. (2016)*® studied in detail temperature-dependent vari-
ations in TATB loose powder and compressed pellets. The thermal cycling
experiments using ND yielded results consistent with the XRD results of
Sun et al.'*’ The pellets were die-pressed neat TATB polycrystalline
without polymer binders. Significant shrinking of the ¢ axis was observed
in the pellets compared with loose powders in ambient conditions, while
slight expansion occurred in the a and b axes. Meanwhile, the pellets had
a preferred crystal orientation aligning the (001) plane normal along the
compression axis. These results are naturally related to the layered
structure of TATB. Interestingly, a shift in the shape of the unit cell
occurred in the pellets, which is different from the case of the loose
powder. Besides the significant compression in the ¢ axis and the subtle
expansion in the a and b axes upon heating, the compression almost
solely accounted for the change in the a angle of the unit cell, with only a
slightly noticeable shift in S.

HMX has four known solid phases, namely a, f, v, and §. f-HMX is the
most stable form in ambient conditions and can convert to 5-HMX when
heated above 170 °C.'*! The s-to f-HMX transition is accelerated in a
humid atmosphere compared to a dry atmosphere and brings consider-
able defects due to changes in volume.®® The y-HMX might be the in-
termediate phase during 5-to f-HMX retransformation as y-HMX is a
hydrated phase. However, no evidence of y-HMX has been found during
5-to f-HMX retransformation through ND and XRD.* This result is
reasonable because y-HMX is metastable in ambient conditions and re-
tains for a long time unless contacting a solvent such as acetone.
Therefore, y-HMX cannot easily convert to f-HMX in the case of just
exposure to air.*>!*® The theoretical study also shows that the energy
barrier is larger from y-to f-HMX than from §-to f-HMX. This result in-
dicates that direct retransformation from 5-to f-HMX is easier than the
retransformation through the intermediate phase of y-HMX.'**

4.3.2. Microstrains of energetic materials

ND can also be used to study the microstrains in energetic materials.
Strains are the quantitative description of deformations or distortions.
When an object suffers tensile stress, its lattices expand in a related
orientation, resulting in a positive strain. However, strains in practical
polycrystalline samples are complicated as millions of single-crystal or
multi-crystal particles exist in highly random orientations regardless of
textures. The average strains in these particles can be measured using a
diffraction method, but an average itself is not sufficient sometimes.
Microstrains are described as the root-mean-square of strains, i.e., the
fluctuation in strains. Therefore, microstrains correspond to the in-
homogeneity of interplanar stress or molecular dislocation that can cause
fluctuation in the interplanar distance. Therefore, microstrains can be
derived by broadening reflections and are related to material defects.'*
Microstrains in special microstructures such as slip systems are note-
worthy because deformation or distortion can be easily found in such
locations. An in-situ ND study of HMX revealed a sudden decrease in
microstrains in the (100) plane when powder samples were compressed
to 380 MPa. This finding marks microcracks in HMX-based poly-
crystalline particles.47 The (001) [100] is the dominant slip system in
HMX lattices according to mechanical test results.'*® Thus, the micro-
strains of the (100) plane are related to the molecular dislocation in the
slip orientation, which will lead to elevated lattice energy. Normally, an
increase in external stimulus such as pressure will induce an increase in
microstrains. This result is consistent with the ND observation of another
plane of HMX.*” The sudden decrease in microstrains in the (100) plane
will release the energy brought by molecular dislocation in the (100)
plane. A reasonable presumption is that microcracks propagate to the
final stage (failure) at 380 MPa, under which stress starts to
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decrease.'*”1*® As microstrains decrease in the slip orientation of the
(001)[100] slip system, microcracks are presumed to be dominated by
mode II cracks according to Griffith's theory.

A similar result was observed in a study of TATB using ND.'*° The low
symmetry and rich textures of TATB make it difficult to conduct an
anisotropic analysis. As TATB molecules exhibit a layered structure
corresponding to the XY plane, the microstrain distribution on planes
with Miller index I = 0 was studied using ND. A sudden decrease in the
microstrains on the (100) plane (corresponding to the (001)[100] slip
system) was observed at pressure of 570 MPa. It was uncertain whether
the (001)[100] slip system predominated due to the absence of me-
chanical test results. Another interesting observation is that the micro-
strains were dominant on the (010) plane compared with other (h k 0)
planes. This result indicates the interplanar shift of TATB molecules most
probably occurred in the [010] direction. This may explain the unclear
implication mentioned by Yeager, i.e., the change in a angle brought by
compression was far more noticeable than that in $*6. ND also revealed a
diffraction peak division when TATB was compressed to 4 GPa.'*° This
result implies the high-pressure phase transition of TATB, as a similar
viewpoint was reported from single-crystal XRD.!°° However, powder
XRD studies showed that TATB retained its ambient lattice structure up
to 66 GPa.'1'52 The rich textures of TATB under high pressure due to its
layered structure is the main factor for disagreement. Whether a
first-order phase transition of TATB exists at pressure of nearly 4 GPa still
needs to be verified using high-quality diffraction data.

Significant progress has been made in the study of the polymorphs
and EOS of energetic materials using diffraction methods. Nevertheless,
there are still many questions to be solved. For example, the high-
pressure phase structure of numerous energetic materials is not yet
determined. Furthermore, mechanical failure is also an important prob-
lem in the application of solid energetic materials. All these require
further scientific studies and new diffraction and correlative techniques.

5. Discussion and outlook

As summarized in the above sections, scattering techniques have been
widely used to quantify the complex, diverse, and multi-scale micro-
structures of various PBXs. Since these techniques have their own ad-
vantages and limitations, their combination for characterizing PBX
materials is discussed and some promising subjects for their further ap-
plications are proposed.

5.1. Combination of different techniques for characterizing PBX materials

Two limitations exist in the application of SAS techniques to PBX
materials. The first limitation is that all the acquired data or conclusions
from SAS experiments should fall into the measurement ranges of length
scale or Q. This limitation directly influences the physical meaning of the
measured void size distribution, void volume fraction, and the limit of
detectable correlated lengths or void radii. As revealed by Trevor et al.
(2006),** the void volume of a compact UFTATB sample obtained from
the USAXS experiment changed insignificantly but its bulk volume
increased by 0.6% after 2.5 cycles at a temperature of -55-70 °C, indi-
cating some increased voids were beyond the sensitivity of USAXS. The
second limitation is that the interpretation of SAS data for PBX materials
is ambiguous due to the absent phase information in Fourier scattering
space and the inherently sophisticated microstructures. Therefore, the
acquired void morphologies and numeric values about the size and
quantity of voids should be correlated. According to Joseph et al.
(2010),50 the void size distributions and binder-filled regions were ob-
tained through the modeling of the USANS data, which were assumed to
be spherical and cylindrical in shape, but it was impossible to determine
the shape using USANS alone. Another example is that different models
of void structures for PBX 9502 have been proposed,42’90 including the
void size distribution extracted from the maximum entropy algorithm
under the spherical form assumption, the ramified void structures
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described using the modified Ornstein-Zernike (MOZ) model, and the
aggregates comprised of non-spherical, primary voids with an aspect
ratio of 1.20.

Given the above limitations, the combination of different methods is
highly crucial to the accurate or effective application of the SAS tech-
niques to PBX materials. The first combined method is the facile com-
bination of SANS, USANS, SAXS, and USAXS used to get a broad Q range
and adequate scattering contrast variation.'>°° This combination has
been applied to mechanically induced PBX composites and the ratchet
growth of LX 17, PBX 9501, and PBX 9502. The second combined method
is the combination of SAS techniques with imaging methods, including
optical microscopy,® scanning electron microscopy,?> ! and x-ray
computed tomography based on a focused ion beam (FIB) instrument or
synchrotron.'® This combined method can be used to extend the range of
observed structural sizes to centimeters and validate the as-obtained
inferences in real space. This method has been applied to determining
the fractal scattering features of the voids in RDXs,® proposing the
non-spherical voids in PBX 9502, providing the structural features of
voids in LX 17 from 10 nm to 1 cm'®, and determining the microstruc-
tural features of nano-structured RDXs in SiO, xerogels.'?? The third is
the combination of SAS techniques with Brunauer-Emmett-Teller (BET)
measurements>’*®° and magnetic resonance.>® The specific surface areas
of explosive crystallites obtained using BET and SAS techniques have
been frequently integrated to ascertain the SAS results or infer more
details. Magnetic resonance has been widely used to characterize the
porosity of shales,'® serving as a great reference for PBX systems.

For NR applications, all the samples should be specially prepared
ultra-thin films with a very smooth surface, and the data on the micro-
structure of the obtained interface should be averaged in the direction
parallel to the surface plane. Therefore, the combination of NR with X-ray
reflectivity, SEM, ellipsometry, atomic force microscopy, and nano-
indentation is very important for accurately interpreting the reflection
results, explaining the mechanisms of interfacial delamination, and
building interfacial diffuse models, just as shown in relevant literature.
For ND applications, the combination of diffraction methods (e.g., ND
and XRD) with vibration methods (e.g., Raman and infrared spectrum) is
highly effective in the study of phase transition. Diffraction methods
concern the crystal structure and can reveal the structural changes during
first order phase transitions. By contrast, vibration methods are sensitive
to second order phase transitions, in which changes in vibrational modes
usually occur. Neutrons interact primarily with atomic nuclei, while X-
ray interacts primarily with the electron cloud surrounding atoms.
Therefore, the combination of ND and XRD has been proposed to identify
the differences between nuclear and electronic density distribution,
which will benefit the study of polarity.

5.2. Some promising subjects

This review mainly summarized the applications of scattering tech-
niques, including SAS, NR, and ND, in the microstructural characteriza-
tion of PBX composite materials and explosive crystallites. These
applications have yielded many quantitative parameters about the multi-
scale microstructures, lots of insights into the microstructural evolution
under thermal cycling and mechanical loads, some conclusions about the
dependence of microstructures on preparation conditions, and weak
correlations between microstructural features and properties. Nonethe-
less, efforts should be paid to the following promising subjects or
important trends.

The first promising subject is to further gather the systemic and
comprehensive microstructural parameters derived using scattering
techniques for certain industrial PBX composite materials and explosive
crystallites obtained from mass production and to add them to corre-
sponding characteristic databases. The reported parameters in publica-
tions are a little disordered and dispersive especially when the sample
conditions are discrepant, hindering the achievement of solid correla-
tions between structures and properties. For example, some special
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batches of explosive crystallites (e.g., HMX, TATB, LLM-105, RDX, and
nano-TATB) and vital PBXs with special formulations can be thoroughly
characterized using methods such as SAS, CV-SAS, and XR-CT based on
the same batches of specimens. These results can be used as the basic
morphology data accompanied by preparation conditions. This subject is
a meaningful challenge because of the safety problem resulting from the
intrinsic hazards of energetic materials, different sample requirements,
and an inaccessible testing chance of the above characterization
techniques.

The second promising subject is to further investigate the dependence
of the microstructural features of PBX composite materials and explosive
crystallites on the preparation conditions or post-treatment processes.
Some examples include the microstructural comparison between new
and legacy TATBs and among RDX and DAAF powders from different
manufacturers during the thermal cycling of TATB-based PBXs, during
the heating process of PBX9404, during the high-pressure compression of
HMX and TATB, and during the accelerated aging process of nano-TATB.
These are ideal instances of other newly concerned sample systems.

The third promising subject is to further establish multi-factor cor-
relations between the multi-scale microstructural features derived using
scattering techniques and multiple performances obtained from experi-
ments, which may include mechanical response, ratchet growth, various
sensibilities, and detonation performance. Some scholars have completed
preliminary studies of this subject. For instance, Thompson et al. (2010)*
explained the differences in the mechanical response of PBX 9502 using
the void structures, Chad et al. (2010)® correlated the scattering
pseudo-invariant of voids with the shock sensitivity of RDX crystallites,
Yeager et al. (201 2)'? explained the contrasting delamination behaviors
of HMX/estane films using the interfacial diffusion structure, Joseph
et al. (2013)°" correlated the fractal structure of voids with the transi-
tions between brittleness and ductileness of TATB crystallites, He et al.
(2020) explained the mechanical response of the multilevel core-shell
structured TATB-based PBX using the interface fractal dimensions,
Christopher et al. (2021)° correlated the void radius of gyration with the
run-to-detonation distance of heated PBX 9502. Some of these obtained
relationships are a little weak or not rigid and also lack correlations with
other performances (e.g., flyer initiating). Therefore, further in-
vestigations are required.

The fourth promising subject is to further incorporate the micro-
structural parameters derived from scattering techniques into various
theoretical computational models in order to elucidate multi-scale
mechanisms, predict performances, and assess the lifetime of PBX com-
posite materials and explosive crystallites. The only two successful ex-
amples in this aspect are as follows: Trevor et al. (2009)° explained the
change in the void size distribution behind ratchet growth using the
coarse-grained mesoscale model. Perry et al. (2018)'! incorporated the
void size distribution obtained using USANS into the building of the
Scaled Uniform Reactive Front (SURF) burn model.

The fifth promising subject is to further incorporate the as-obtained
correlations or understandings into the design principle of PBX formu-
lations and the optimization of the preparation and post-treatment pro-
cesses to reduce the development period and cost of PBXs, just as Trevor
et al. (2009)'%° proposed achieving next generation of PBX materials.

Besides, some other subjects about promoting the scattering theory
and techniques for PBX materials also deserve attention. Some other
types of scattering techniques can be applied,'®* such as the spin-echo
SANS, which can be used to obtain the real-space correlation function,
and the spin-echo inelastic scattering, which can be used to obtain certain
dynamic information. More types of in-situ environment equipment or
techniques should be developed, such as in-situ devices that are coupled
with temperature and aerostatic pressure for composite PBXs, coupled
with temperature and mechanical loading for composite PBXs, coupled
with temperature and uniaxial compaction for modeling powders, and
coupled with temperature and humidity for nano-structured explosive
crystallites. More types of data fitting methods or algorithms for the
scattering results of PBX materials should be developed, such as the
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methods for modeling slit-smeared USAS data combined with
pinhole-smeared SANS data, the methods for fitting SAS results based on
the computer-aided construction of three-dimensional structures, and the
methods for combining the results obtained using scattering techniques
and other complementary tools. In addition, it is necessary to develop
some techniques for the easy and efficient implementation of the scat-
tering experiments of PBXs materials, including the methods for sample
preparation, component deuteration, and automated testing and
analysis.

6. Conclusions

Based on large scientific facilities for characterizing multi-scale mi-
crostructures of PBX materials, this review mainly introduced the prin-
ciples and typical applications of SAS, NR, and ND and available
instruments in China. It also presented a simple discussion about the
combination of scattering techniques with other methods, as well as
some promising subjects for the further applications of these techniques.
The following conclusions can be drawn from this review.

(1) The scattering techniques based on large scientific facilities can
provide many quantified parameters of the microstructural fea-
tures of PBX materials. SAS and USAS instruments can help obtain
the size distribution and content of (internal or external) voids in
the range of 1 nm-20 pm, the specific interfacial area, and the
fractal structures of voids or interfaces of PBX composites and
explosive crystallites. Neutron reflection can yield the thickness
and the interfacial diffusion structures of bi-films of explosive
crystallites and binders. ND can provide the crystal structures and
microstrains of PBX composites and explosive crystallites.

The above scattering techniques can be easily combined with
various environment instruments and thus are convenient for in-
situ temperature cycling, mechanical loading, solution, and
other atmosphere filling experiments. Therefore, the in-situ ther-
mal cycling experiments are mostly performed for PBX materials.
Efforts have been made to correlate as-obtained microstructural
parameters obtained using scattering with various performances
or properties, including mechanical responses, ratchet growth
behavior, various sensibilities, and detonation performance, and
incorporate them into theoretical computational models. Some
interesting insights or mechanisms have been proposed and
deserve further efforts.

With the rapid increase in the available scattering techniques for
PBX materials based on large scientific facilities, more opportu-
nities are provided to the energetic material community.
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