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Abstract

Data on the macroscopic quasistatic mechanical viimhaf pressed HMX- and TATB-based
plastic-bonded explosives (PBXs) are listed in thiaper. This review shows that (1) few
characterizations are available for TATB-based PBXss gap is filled in this paper. An extensive
database is detailed for the CEA M2 explosive caitfpm. The HMX and TATB database then
enables selection of the deformation mechanismsetaonsidered: viscoelasticity, damage-induced
anisotropy and its effectivity (i.e.: whether ortibe damage is influenced by the loading diregtion
plasticity with kinematic and isotropic hardeningsessure and temperature dependencies and
asymmetric failure threshold. The review also shdved (2) HMX- and TATB-based materials share
close elastic and ultimate properties when the amitipns (binders, solid volume fractions) and the
mechanical behavior of the two crystals differ. Tdamstitutive laws proposed in the literature are
reiterated. In our opinion, a universal law coull groposed in the near future, each material being
considered by its own set of parameters. The dbgedf this paper is to draw up the guidelines for
model improvement.
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1. Introduction

When designing a pyrotechnic structure, simulationsst be performed to assess mechanical
strength. This step consists, in particular, inedeping and implementing a constitutive law for the
energetic material. In addition, the thermomecharstresses that such a material undergoes dusing i
life cycle can alter its microstructure and potalhti modify its mechanical and/or reactive behavior
To guarantee the safety and reliability of pyrotechstructures, understanding and modelling the
thermomechanical behavior of these materials isntisd.

Among the existing energetic materials, pressedosik@s are granular materials with a small
amount of polymeric binder. This paper focuses e thermomechanical characterization of some
pressed explosives, from experimental study to fliadehighlighting the state of the art in thigff.
Our objective is to determine if a unified modelulkkbbe proposed in the near future for plastic-
bonded explosives (PBXs). This study is limitedhe quasistatic domain with strain rates of 10
10°s* and strains in the order of one percent, whictiifias the small strains assumption. The
temperature ranges between -30°C and +80°C ancbtifeiement pressure between 0.1 and 10 MPa.
The post-peak behavior is outside the field of gtigly, with safety margins requiring the stresth pa
to remain below the maximum stress.

The plastic-bonded explosives of interest are nudd€MX (octahydro-1,3,5,7-tetranitro-1,3,5,5,7-
tetrazocine) or TATB crystals (1,3,5-triamino-24ri@itrobenzene). The CEA (Commissariat a
'Energie Atomique et aux Energies Alternativesrerch Alternative Energies and Atomic Energy
Commission) has developed several explosive cortiposi such as M1 and M2, composed
respectively of more than 95 wt% HMX or TATB, mixadth polymeric binders and densified by hot
isostatic compression. The residual porosity is ®n 5%. Other TATB- and HMX-based PBXs



frequently mentioned in the literature are PBX-9%93 wt% TATB, 5 wt% Kel-F 800 binder), LX-
17-1 (92.5 wt% TATB, 5 wt% Kel-F 800 binder), PB%@®L (95 wt% HMX, 2.5 wt% Estane binder
and BDNPA/F), LX-14 (95.5 wt% HMX, 4.5 wt% Estanider) and EDC-37 (91 wt% HMX, 1 wt%
NC binder and DNEB/TNEB). These explosives are &y isostatic compression at relatively high
temperatures and pressures (Picart, 1993; ThomgsdnNright, 2004). They are isotropic in their
initial state with a low residual porosity. Theeliiture reports that, until the 1980s, PBX-9502dou
be densified by uniaxial compression (Blumenthalet1999; Skidmore et al., 1998), leading to an
initial anisotropic macroscopic behavior causedthyy perpendicular alignment with the pressing
direction of the TATB crystals (Schwarz et al., 2Dl

The mechanical properties of PBXs have been stugliek the 1980s and quasistatic constitutive
laws have been developed. The characterizatioheofrtaterial being the first step, phenomena must
be isolated and identified from data. A review loé tvarious tests carried out on these materials is
proposed in section 2 of this paper. Published mxgatal data on PBXs are essentially limited to
uniaxial compression or tension tests, at variemsperatures, in which only longitudinal strains are
measured (Blumenthal et al., 1999; Browning et84; Buechler, 2012a, 2012b; Buechler et al.,
2013; Ellis et al., 2005; Funk et al., 1996; Gauglisand Cunningham, 2007; Gray et al., 1998;
Skidmore et al., 1998; Thompson, 2002; Thompsoal.et2010; Zubelewicz et al., 2013). Some
compression tests on an HMX-based PBX under varamminement pressures can be mentioned
(Wiegand et al., 2011) as well as a torsion tesP8X-9501 (Gagliardi and Cunningham, 2009).
Dynamic Mechanical Analysis (DMA) has been perfodnoe PBX-9501 and PBX-9502 (Thompson
et al.,, 2012). The database on M1 is much more Emgsee section 2 and Benelfellah, 2013;
Benelfellah et al., 2017; Caliez et al., 2014; lteale, 2010; Picart et al., 2014; Picart and Biigol
2010; Picart and Pompon, 2016).

The constitutive laws of PBXs can be divided intacnoscopic and micromechanical models. To
the authors’ knowledge, the first macroscopic medgpeared in the 1980s in France and in the
United States. A first model of non-linear viscatia behavior, pressure- and temperature-dependent,
was established by Belmas et al. (1982). This madémited to monotonic loadings. Peeters and
Hackett (1981) have reproduced the time-dependehdke behavior of pressed explosives. They
developed two unidimensional models: a law for carapion and creep for monotonic loadings, and a
linear viscoelastic model able to simulate unlogdind reloading (see also Browning et al., 1984). A
famous macroscopic model is the SCRAM (StatistC&®IAcks Mechanics) model (Dienes, 1978,
1996; Dienes et al., 200CRAM is based on the strain rates additivity amot&ins an elastoplastic
part with kinematic hardening describing the bebawf the matrix, plus anisotropic damage
describing the microcrack network (nucleation, gloand coalescence). ISOSCRAM (Addessio and
Johnson, 1990) is a simplified version of SCRAMhngotropic damage and without microcracks
coalescence. The reader will also find the Visco8MRmodel (Bennett et al., 1998; Hackett and
Bennett, 2000) based on IsoOSCRAM with a viscoalgsdit. Recently, Liu et al. (201Bavemodified
the ViscoSCRAM model adding a Bodner-Partom visasiptity and changing the microcracking
kinetics. Most of the other models focus on theasity of these polymer-bonded materials, andfall o
them include damage. Le et al. (2010) hdeseloped a Maxwell viscoelastic model coupled with
isotropic damage and pressure-dependent plastavizetwith isotropic hardening and non-associated
flow. Buechler (2012b, 2013) has added combinedtrapa@/kinematic hardening to the
viscoplasticity. Zubelevicz et al. (2013jave introduced different damage rates in tensiod a
compression coupled with viscoplasticity. Lastlynaroplane model with anisotropic damage added
to non-associated plasticity with isotropic hardgnivas proposed by Benelfellah et al. (Benelfellah,
2013; Benelfellah et al., 2014, 2017; Picart et2014).

The micromechanical models help us understandntiieence of the different components on the
macroscopic behavior since they capture the mesimsnat the grain scale (Ambos et al., 2015; Arora
et al., 2015; Clements and Mas, 2004; Gasnier.e2@l8; Tan et al., 2005, 2007; Wu and Huang,
2009). However, at the engineering level, theseeaisodannot yet be used to simulate the explosive
behavior in a pyrotechnic structure due to a hugjeutation cost. This paper focuses exclusively on
macroscopic models of the quasistatic behavioredéged explosives.

Firstly, the state of the art of experimental chtgazation of the quasistatic behavior of PBXs is
presented in section 2 of this paper. This revieaviges an opportunity to consider all the data
already available for the widely characterized Minposition. In section 3, an extensive experimental



campaign performed on the M2 TATB-based PBX is gmé=d, and the data is exploited in section 4.
A list of the deformation mechanisms to be congidén a constitutive law can be provided based on
these three previous sections. Already publishecr@saopic thermomechanical models are detailed
and compared in section 5. The discussion allowglosions to be drawn on the relevance of these
models for HMX- and TATB-based PBXs. Guidelines pira@posed for future model improvements.

2. State of the art in experimental characterizatio of PBXs

2.1. HMX-based PBXs

Since 2000, the CEA and the Gabriel LaMé Laborabaye undertaken an extensive experimental
campaign to characterize the various behaviordufea of the material M1. This database includes
monotonic and cyclic compressions at 20°C and uatleospheric pressure, for four strain rates from
10°s® to 10°s’; monotonic and cyclic compressions at 20°C urfleand 10 MPa, at 10s™;
monotonic and cyclic tension tests at 0°C, 20°C3&nd 50°C under atmospheric pressure, asto
(Benelfellah, 2013; Caliez et al., 2014; Grattonakf 2009; Le, 2007; Le et al., 2010; Picart and
Brigolle, 2010; Rja Fi Allah, 2006); cyclic compeisns at 0°C, 35°C and 50°C under atmospheric
pressure, at 10s’ (Le, 2007); heterogeneous tests such as the Brazést, biaxial tension (plate
bending), channel-die test, losipescu test anathoint bending, at 20°C under atmospheric pressure
at a strain rate of about 18 (Benelfellah, 2013; Le, 2007; Picart and Pompdi.6); alternate
tension-compression and compression-tension at 20i@er atmospheric pressure, at®%d
(Benelfellah, 2013; Picart and Brigolle, 2010); wasll as a dynamic mechanical analysis (DMA)
campaign (Picart and Brigolle, 2010). For eachxialar triaxial test of these papers, the longitadi
and transversal strains are given. Furthermorey egcle of cyclic tests consists of four steps: a
loading, a stress relaxation of at least 30 minwasunloading to zero stress and a strain recovery
at least 30 minutes. The authors studied the inflaeof temperature, pressure and loading rate. In
particular, the elastic modulus increases withquesup to 10 MPa and then remains constant (highly
confined tests are presented in Vial, 2013). Thghlights the influence of the initial porosity,
completely closed under a 10 MPa pressure. Thus, efastic modulus calculated under this
confinement appears as the intrinsic Young's moslaluthe material. The viscoelasticity of M1 has
been characterized and the failure criterion hanbebtained by multiaxial tests and conventional
tension and compression tests. Cyclic compressets trevealed the inelastic strains and a load-
induced anisotropy, resulting in a unilateral effgoserved during the alternated tests.

For other HMX-based PBXs, such as the well-knowrKfB01, the literature shows monotonic
uniaxial compression tests at room temperature G0%€ for strain rates from f&* to 10%s?
(Buechler, 2012a; Ellis et al., 2005; Funk et 4096; Gray et al., 1998)s well as tests with load-
unload-recovery cycles at -15°C, 23°C and 50°C waties in the range of $G&* and 1¢* s* during
loading and 18 s* during unloading (Buechler, 2012b; Buechler et2013). Monotonic tension tests
are also mentioned at -18°C and*&3 (Thompson, 2002) and at room temperature at 2s1@Ellis
et al., 2005) as well as load-unload-recovery cytdits at 23°C and about™$' (Buechler et al.,
2013). For all these tests, only longitudinal stsaare represented as a function of stress. A DMA
campaign has been conducted on PBX-9501 (Thomgsaln 8012a)Torsion tests, with and without
axial stress, have been performed at 25°C and @@85' (Gagliargi and Cunningham, 2009).
three-point bending test at a displacement rate0.6212 mm.3, for a specimen measuring
75x15x10mm (Hackett and Bennett, 2000) and ano#ted.2 mm.$ for a specimen measuring
114x102x12mm (Ellis et al., 2005) are also mentibrieurthermore, several publications are related
to Brazilian tests and the failure mode of the maldintergranular or transgranular) (Chen at al.,
2007; Liu and Thompson, 2010; Rae et al., 2002li&¥kikon et al., 2007).

From the DMA measurements (Thompson et al., 2012B)%-9501 is very viscous from -30°C.
The influence of the loading rate and the asymmbgtween tension and compression were also
highlighted. Tests at several temperatures wengedaout by the various authors, but none of them
presents a comparison of the behavior under vateuperatures.

The influence of confinement pressure up to 140 MP&DC-37 has been studied by Wiegand et
al. (2011) (monotonic compressions under confindjndie stress-strain curves show that the more



the containment increases, the higher is the pgakssand the more the post-peak phase disappears.
At high confinement (above 7 MPa), a long almogtZumtal plateau appears. The authors calculate
an elastic modulus at the beginning of the stréséascurve (no details are given). The evolutién o
this module according to the confinement follow® tkegimes: it doubles between 0 and 7 MPa but
varies very little beyond that. Tests with loadaad-reload were also carried out under various
confinements. The authors say that at low confimgrtg to 7 MPa) a decrease of the elastic modulus
is observed when reloading. At high confinemeng, todulus does not evolve. In addition, from a
test conducted at a pressure above 30 MPa, therawthow that the yield strength (estimated for a
2% strain) has almost doubled. However, doubts lmarexpressed about calculating a plasticity
threshold at 2% strain on a quasi-brittle mateAakording to the authors, over the pressure rarige

0 to 7 MPa, a damage mechanism would be predomimdnke beyond that a plastic flow would
govern the behavior.

Lastly, acoustic emissions measurements have beade nby Ellis et al. (2005) during
compression, tension and three-point bending @st&EDC-37. In this method, the appearance of a
crack generates an elastic wave which can be nezhsurd analyzed. For EDC-37, the measured
cracking remains very low or even zero as londhasstress/strain response is linear. The non-liyear
that appears in compression is very progressive aiadking is observed. In tension/flexure, the
response is practically linear (brittle fracturs),cracking only occurs during fracture.

Post-failure microscopies on a PBX-9501 sampleestibgl to a Brazilian test (Chen at al., 2007;
Rae et al., 2002; Williamson et al., 2007) show tha predominant cracking mode is intergranular,
by decohesion of grain interfaces. However, Wilkkmm et al. (2007) note that for tests performed
below the glass transition temperature of the bialeout -40°C), the failure is transgranular.

The asymmetric nature of the behavior betweendaerend compression has been observed, but no
alternating loading has been achieved. Measurenwntisinsversal strains are never given, which
means that no conclusions can be made about e@sgiuced anisotropy of these materials.

Recently, Buechler and coworkers (Buechler, 201Bbiechler et al., 2013) applied the
experimental procedure used on M1 to characterBX-#501, but only longitudinal strains are
recorded. From load-unload-reload cycles, irrelégsistrains are detected. Assuming isotropic
hardening due to lack of data, the longitudinakiitastrains are plotted as a function of the cycle
maximum stress, and then these values are sulatri@ote the overall curves. The loading curves thus
reconstructed can be considered elastic. Since @heynot superimposed due to softening at each
cycle, the authors assume the effect of the daniyges, this work on damage is more a matter of
modelling than characterization.

2.2. TATB-based PBXs

Some data obtained on our TATB-based material M hadready been published. The stress-
strain curve of a cyclic uniaxial compression tgstrformed at 10s® at room temperature, is
presented in two papers (Ambos et al., 2015; Gashial., 2018). Let us note that the ratchet gnowt
phenomenon (cycles of temperature without mechhbioealing yields irreversible strain) has never
been observed for this material. For other TATBdoh®#BXs, the experimental database mainly
includes monotonic uniaxial compression tests peréd between 10s* and 10 s* for temperatures
from -52°C to 74°C (Blumenthal et al., 1999; Skidmeet al., 1998; Thompson et al.,, 2010;
Zubelewicz et al., 2013), with creep phase (Gadjliand Cunningham, 2007) or with load-unload
cycles (Browning et al., 1984). There are also datthe tension behavior, in monotonic loading from
10°s* to 10%s® for temperatures from -52°C to 74°C (Thompson,200hompson et al., 2010;
Zubelewicz et al., 2013) and two papers provideitenfailure data for different temperatures and
strain rates (ldar et al., 2000; Thompson et &11,22). In these papers, only longitudinal straires a
given, as a function of stress or time. There &e ia the literature some monotonic (Cunningham et
al., 2013) and cyclic (Thompson et al., 2012b) it@rexpansion tests, as well as a DMA campaign
(Thompson et al., 2012a). The compression of soped plate in its center has been performed (Liu
and Thompson, 2014) with measurement of the sfraid by digital image correlation. Finally, it
should be mentioned that an internal report froeltbs Alamos laboratory written by Shunk in 2013
reviews the tests performed on the PBX-9502. Uanfately, the majority of the references have not
been published in the open literature.



The DMA test performed by Thompson et @012) shows that the viscosity of the PBX-9502
increases significantly from +25°C. For this makriemperature tends to make it more ductile while
the strain rate IHand 10 s* has very little influence on its behavior at -52(Zbelewicz et al.,
2013). Asymmetry of the behavior between tensi@ah@mpression is also observed.

The experimental data on HMX- and TATB-based PBissaimmarized in Table 1.

Table 1. Mechanical tests performed on HMX- and TATB-bd23BXs in the literature. The last
column CEA-M2 is a list of the data provided irsthaper

PBX-9501 PBX-9502 CEA-M1 CEA-M2
LX-14 LX-17
EDC-37
(HMX-based) (TATB-based) (HMX-based) (TATB-based)
Long. / transv. strains \'/no \'/no N /A /A
Temperature -15°C to 60°Q -52°C to 74°C 0°Cto 50°¢ -30°Cto 80°C
. Strain rate 18s't0 10°s* | 10°s*to 10°s* | 10°s*to 10%°s? | 10°s'to 10 s?
Uniaxial .
compression Creep / relaxation \ \ Y
Load — unload cycles \ \ \ \
References [15’16\;’%;]3’31’32’ [12’147"3?’58’64’ [7,20,37,42,43,55
Long. / transv. strains \'/no \'/no N /A /A
Uniaxial Temperature -18°C and 20°¢ -52°C to 74°C 20°C -3WRD°C
. Strain rate 18s'to 10*s* | 10°s*to 10° s? 10° st 10°s*to 10* st
tension .
Creep / relaxation \ \/
Load — unload cycles \ \ \/
References [18,31,62] [62,64,72] [7'20'32’5?'2'43’51
Shear strains N N
Temperature 25°C 20°C
. Strain rate 0.08 deg/s 0.01 deg/s
Torsion .
Creep / relaxation
Load — unload cycles \
References [34]
Long. / transv. strains \'/no A VI
Pressure 0.6 to 140 MP4 5 and 10 MPp
Triaxial Temperature 20"(3l EOZC 5201"C
compression Strainrate 5x10s 10°s 10°s
Creep / relaxation \ \/
Load — unload cycles \ \/
References [68] [7,20,37,42,43,95]
Long. / transv. strains N /A /A
Temperature 20°C 20°C
Alternative | Strain rate 10°s? 10°s?
loadings | Creep / relaxation \
Load — unload cycles Y
References [7,51]
-30°C to +70°C| -25°C to +116°C| -100°C to +100°C R o
DMA 65) (65] 51) 0°C to +90°C
Other tests o Compression of Braziliar! test, Brazilian test,
Multiaxial tests Brazilian test perforated plate channel-d_le, plate ch_annel-dle,
[25,44,53,69] [45] bending equibiax. comp.
[7,42,52] bending test




3. Characterization of the TATB-based material M2

A substantial experimental database is necessanyai@cterize the complex behavior of the PBXs
and to justify the modelling choices. While the HMNbdsed material M1 was extensively
characterized (see section 2), data will now beigeal for a TATB-based explosive composition. The
tests performed on M2 are described in the cuseantion, the analysis of the various curves being
reported in the next section.

3.1. Material

M2 is composed of about 95% by weight of TATB gsabonded by a thermoplastic binder. The
M2 fabrication has two successive steps. In tts, fihe explosive crystals are coated with a thyet
of polymeric binder. The mean diameter of TATB ggais about 50 um and millimetric meta-grains
are obtained by granulation. Next, the granulesvaium-packed in a tight elastomer bag, before
being submitted to several cycles of isostatic a@sgion at a temperature of about 150°C and a
200 MPa pressure cycle (Picart, 1993). The tempezas chosen to soften the binder. After cooling,
coherent material is obtained which enables maahisamples to be taken. The compaction process
eliminates most of the initial porosity, the resitlporosity being of only a few percent. Figure 1
shows a micrograph of the material M2. The colaiateons are due to the strong anisotropy of the
TATB grains. However, the orientation of the graared the binder being randomly distributed, the
material is initially isotropic on a macroscopiake All the tests described in this paper havenbee
performed on the same batch.

Grain interface

Porosity

Figure 1. Micrograph of material M2. The color variationseadue to the strong anisotropy of the
TATB crystals. Porosity is mainly located inside tirains (small black dots) and at the grain/grain
interfaces.

3.2. Experimental procedure

A list of the tests carried out on M2 in the quiis range is given in Table 1 (right column).
Unless otherwise stated, the operating procedutieediests is as follows. The test machine usedawas
Zwick Z100, a compression/traction machine withC8 kN load cell. Two other machines were on
occasion used: a MetraviDMA instrument, and an Instron compression/torsiorachine
ElectroPul§" E10000 whose capacities are +100 Nm and +7 kN.gBuenetry of the specimens was
in the centimeter range. Consequently, the apgbece rarely exceeded +10 kN. Since the strains
never reached 2%, the variation in cross-sectiaomgduhe test was negligible and the infinitesimal
strain theory was available. Thus, the stress whsilated from the force and the initial effectarea
of the specimen. For compression and tension tegtsstrain gauge rosettes were glued opposite each
other in the center of the specimen (Vishay M-B@0@ adhesive). Each rosette had two measuring
grids arranged at an angle of 0°/90° (Kyowa KFGE2R-D16-11). For torsion tests, three rosettes



were glued at 120° around the central diametehefdpecimen. Each rosette had three measuring
grids arranged at an angle of -45°/0°/+45° (Kyowad§-2-120-D17-11). The grids of each gauge
were two millimeters long, so the strain was meedwn a large surface compared to the grain size
and small enough compared to the specimen sizesifams correspond to the average of the two
opposite gauges. The tests were strain-controtiem bne gauge at the reference rate of 49 at
room pressure and temperature (unless otherwisaglst&ach test was repeated three times to ensure
a minimum repeatability of the results. Among tieeé curves, the test representing the mean
response was selected and plotted on the graphissded in this paper. The results scatter is sloown
the curves by the dispersion at the maximum stréks. mean of the maximum stress and the
corresponding strains are represented by a poihthentests dispersion is represented by a line.

On the graphs, the stress is represented in abseltie, except for alternate loading tests for
which the usual convention is used (negative stikgsompression). The nomenclature used is as
follows: 011 is the tension/compressive stress calculated fharforce cell and the initial dimensions
of the specimeng;; is the shear stress calculated on the externalgad the specimen from the
measured torque because that is where the gaugesghed but also where the stress was the
greatestiei;, €, ande;, are respectively the strains in the longitudinadative in compression),
transversal (positive in compression) and sheactons; they correspond to the average of thegyaug
measurements.

3.3. Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) tests were cdroet in the temperature range from 0°C to
90°C to characterize the material. The samples &e8&8mm rods glued on the machine plates. A
sinusoidal strain of 0.016% amplitude was impos$edsubject the specimen to tension/compressive
cycles with a null average stress at a frequenc® tdf 60 Hz. Measurements had shown that over
these frequency and temperature ranges the mdtehavior is reversible and linear.

The difference in the stress and strain signalsliardp leads to (1) the amplitude*| of the
complex elastic modulus and (2) a phase shift (fassor tad). The real and imaginary elastic
moduli, E' and E", are evaluated as follow&=|E*|cosy and E’'=|E*|sind. Considering the high
stiffness of this material, measurements were ctece by removing the machine stiffness. The
uncertainty on the measurementidfis 4% while that oE" rises to 40% due to the low viscosity of
such material.

These moduli are plotted as a function of the litigar of the inverse of the frequen€yor each
temperature. A reference temperature is definede(H®C) and, from the time-temperature
equivalence principle, the other temperature cuarvesshifted by a coefficiet, in order to form the
master curves. The shift function is a polynomiaidtion determined automatically by minimization
of the gap between two consecutive isotherms (he temperature in Celsius):

1

log,, (a—) = 8.03K10% T2 + 4.93102 T + 4.63K107 (1)
t0

Thus, in Figure 2, the lowest reduced times coomedpto the lowest temperature (0°C) and the

longest times to the highest temperature (90°C).



9000 . ' : 600 :
- o Data o Data
8500 I +4% error [ +40% error
500
8000
7500 400
~~ N
& 7000} &
= = 3001
~ 6500F =
L L
6000 200¢
5500
100}
5000
4500 : : ' 0 : : :
0 5 10 0 5 10
log, ,(1/(fa,)) (sec) log, ,(1/(fa,,)) (sec)

Figure 2. Real (E’) and imaginary (E™) elastic moduli of 2Wwith respect to the reduced time
where f is the frequency of the sinusoidal loadMa@ster curves (black dots) show a relative strain
rate- and temperature-independence while the teatper does not exceed 50-60°C.

3.4. Uniaxial monotonic loadings

Monotonic uniaxial compression, tension and torsesis were performed at ambient temperature
and pressure. The stress-strain curves are givdrigure 3. The compression samples (cylinders
20 mm high and 10 mm in diameter) were placed betwevo lubricated compression plates. The
tension samples (150 mm high and dog-bone-shap&th) a 10 mm-sided square base, were held by
two clamping jaws. For the torsion tests, the sasiplere hollow dog-bones, 60 mm high, 18 mm in
outer diameter and 9 mm in inner diameter. Thests tgere controlled at 0.01° swhich corresponds
to a shear strain rate of around>HJ. No axial force was applied. The maximum strespetision
was around 1 MPa. The spread observed at the feh& compressive test is due to the flat response
(plateau) of the material.

3.5. Alternating tension and compression loadings

An experimental campaign of alternative tensionfomssive testsvas performed on M2. Two
tests were conducted: (1) a compression up to 38 #P0.950 ., Whereomay is the maximum
compressive stress) followed by a tension loadinéptiure, and (2) a traction up to 7 MPa (~ 0.95
Omax Whereo . is the maximum tension stress) followed by a casgive loading to failure. Dog-
bone-shaped samples with a cylindrical base 10 mamaimeter and 20 mm in height were used.

The experimental data show that the failure stieshe same for alternative tests as it is for
monotonic tests. The curve of the compressiontentgst is given in Figure 4. There is a defect on
the curve linked to the machine software when tloecef sign changes. Concerning the
tension/compression test (not presented here)etiwon unloading curve was similar to the loading
curve. The global curve of the test overlaps withtension and compression monotonic curves.
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Figure 3. Stressstrain curves of compression Figure 4. Alternating compressive/tension test

(black solid lines), tensioni{lack dashed lines) (solid lines) compared to  monotonic

and torsion (greersolid lines) testsshowing a  compression and tension curves (dashed lines).

nonlinear response and an asymmetric behavior The compression loading changes the tension
response.

3.6. Pressure-, temperature- and strain rate-deperahce

Compression and tension tests at several tempesatnd strain rates are presented in Figure 5 and
Figure 6. The procedure was identical to the sing@mpression and simple tension tests at room
temperature as already described. To guaranteteitygerature setting, specimens were conditioned
for at least two hours before the test. In Figuréhé tension tests at 20°C at®1nd 10' s* are not
represented despite having been performed, betagisate effect is negligible at this temperature.

To study the influence of the confinement, monatotriaxial compressive tests at various
confinements (2.5 MPa, 5 MPa and 10 MPa) were adrout. Cylindrical specimens 50 mm in
diameter and 100 mm in height were used, on whichdtrain gauge rosettes were glued at 0°/90°.
The sample was placed in a confinement chambetlliedtinside a sealed elastomer bag. Then, the
chamber was filled with water until the desired fomement pressure was reached. Afterwards, a
uniaxial stress was applied at the reference statim of 1 s* until failure. The influence of the
pressure is shown in Figure 7.
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Figure 5. Temperature- and strain rate- Figure 6. Temperature- and strain rate-
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the stress and increase of the strain rateStress and increase of the strain rate influence as
influence as the temperature increases abovéhe temperature increases above 50°C.

50°C.

3.7. Cyclic loadings

Cyclic compression and tension loadings were peréol on M2 (for cyclic tension data, see
supplementary materials). The loading cycles han fihases: 1) load at a controlled strain rate, 2)
stress relaxation at fixed longitudinal strainuBjoad at a controlled strain rate, 4) strain recp\at
rest. These tests are inspired by those performeithed material M1 (Gratton et al., 2009; Le et al.,
2010). The experimental set-up was the same athéomonotonic tests. The relaxation and strain
recovery lasted 8 hours, 1 hour and 10 minuteseptiely for the uniaxial compression, the tension
and the triaxial compression (Figure 7). Evolutiohstress and strain recorded during the relamatio
and recovery parts of these experiments are plotiitld respect to the time (see supplementary
materials).
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Figure 7. Stress-strain curves for uniaxial tension (leff)jaxial compression (right, solid line;
negative stress) and triaxial compression at 10 NdRsssure (right, dashed line; negative stress).
This figure shows the pressure-dependence of teeviae.

3.8. Double compression tests

An experimental campaign, inspired by Cambou aridra(Cambou and Lanier, 1988; Lanier et
al., 1991) was carried out to highlight a posslbbling-induced anisotropy, the latter being obsérv
during a second loading in a different directiomb€s with 20 mm sides were used. Here, only one
bidirectional rosette was glued to the sample serfdhe opposite side was covered with a pattern to
perform a digital image correlation. The displacatmate was controlled by the mobile crosshead at
10° mm.s' corresponding to the reference strain rate updiven stress. During the stress relaxation,
the crosshead deforms even if its position (impaseis ends) is fixed. This leads to an additional
small compression of the sample. To avoid frictirithe interfaces, lubricated Teflon was used. The
displacement homogeneity was checked by digitatjgr@orrelation.

First, the sample was compressed up to 30 MPa {r@s the maximum stress). After a one-hour
relaxation, unloading and a night of recovery, saeple was submitted to a second compression,
either in the same direction (test called “0°-Ofnpoession”), or in an orthogonal direction by tugni
the cube (test called “0°-90° compression”). Durithgs second loading, the sample was again
compressed up to 30 MPa. Two representative testf three of each kind) are illustrated in Fagur
8 and Figure 9. The dispersion at the peak-stresaah cycle is also plotted. In these graphis,the
stress in the loading direction,; (respectivelye,,) is the strain which is longitudinal (respectively
transversal) during the first load.
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Figure 8. Two compressions consecutively Figure 9. Two compressions successively

applied in the same direction (0°-0° applied in two orthogonal directions (0°-90°

compression)Strain set to zero at the beginning compression)Strain set to zero at the beginning

of the second load of the second loadComparison with Fig. 8
shows the influence of the direction of the
second loading.

3.9. Fatigue test

The samples used were 20 mm high and 10 mm dianogterders. The loading rate was
controlled by the crosshead at 0.025 mm:himhich is approximately the reference strain raitgo
linear variable differential transformers (LVDT) meused to record the longitudinal strains of the
specimen. The test was carried out with cycles éetwl and 30 MPa and until failure. The stress-
strain curve — not reported here — shows the sarseriesis loop progressing on the strain axis for
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each cycle. The evolution of the strain amplitule; between two consecutive cycles at the
maximum stress (in red) and at the minimum striessl(e) is given in Figure 10.

A repeated torsional cyclic test was also performesing the same procedure as the monotonic
test. The torsion cycles were applied between +&MRd -8 MPa. This test shows an immediate
accommodation of the material, the second and tetbrtysteresis cycles being the same.
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Figure 10. Evolution of the strain amplitud¢z;,, recorded between two consecutiyg (crosses)
andonmax (circles) of a compression fatigue test

3.10. Multiaxial failure tests

Three multiaxial tests were performed on M2: a Bieztest, a channel-die test and an equibiaxial
compression test.

For Brazilian tests, cylinders were compressed éetwtwo horizontal surfaces. The specimens
were 15 mm diameter and 30 mm high cylinders. Lat&mm thick was placed on the interfaces to
avoid a localized failure in the contact zone. Atgra was deposited on the circular surface of the
cylinder to enable digital image correlation. Thesttwas controlled by the displacement of the
crosshead of the machine at a rate of 0.2 mmimilthe specimen failed by traction along the
transversal direction (centered and vertical maceaak). The tension stresgand compressive stress
o, (at the center of the face) are estimated frommbasured forcé and the specimen dimensions as
follows: ¢, =2F/zgh and g, = - 35, (Picart and Pompon, 2016). The reader should beeatirat the
latter equations come from an elastic interpretatibthe Brazilian test measurements, which coeld b
discussed in light of the global behavior of M2.

A channel-die test is the compression of a cubewfoich one of the transversal directions is
blocked. A picture of the set-up is given in Picand Pompon (2016). The specimen used for these
tests were a 20 mm-sided cubes whose faces waiedtddl using 0.7 mm thick Teflon on the walls.
The displacement field was measured by digital enagprrelation and a loading rate of
1.4x10° mm.s' (equivalent to a strain rate of about 3%E3) was applied using the crosshead. The
longitudinal stress, is determined from the axial force applied to saenple. Since the transversal
stresss; is not measured, an estimation is proposed héng (&) the relatiorw;=vo, and (2) a secant
“Poisson’s ratio” (here, the ratio of the transatrain to the longitudinal) at failure 6£0.5 as seen
in Figure 3.

Equibiaxial compression tests were carried out @mn-sided cubes (Figure 11). For the
Brazilian and channel-die tests, the displacemiefd fvas measured by digital image correlation and
the loading rate was controlled by the crosshead.@t10® mm.s', which is equivalent to about
1.5x10° s in strain. 0.7 mm-thick Teflon, previously lubried, was placed at the interfaces to limit

friction. The main stresses are determined fromegplied forceF: o,=0,=F/\/2S, with Sthe surface
of a face of the cube.
The maximum principal stresses and strains recaldédg these tests are given in Table 2.
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Figure 11. Photograph of the equibiaxial compression tesiplaced between the plates of the
testing machine

Table 2 Maximum principal stresses and strains recordedhfthe three tests. Data obtained using a
model (elastic behavior or a secant “Poisson’s o&}iare given in italics.

o1 (MPa) o2 (MPa) &1 (%) &2 (%)
Brazilian test 7.35+0.13 -22.07 £0.23] 0.34 £0.07 -0.33 £ 0.1
Channel-die test -6.81+£3.49 | -34.45+0.57 0.50 +0.17 -1.50 £ 0.38
Equibiaxial compression -32.57 £ 0.15 -32.57+ 0.20-0.68 £ 0.06 -0.62 £ 0.24

4. Main features of M2 behavior

The DMA measurements highlight a linear viscoetasthavior verified using a displacement
sweep study. Between 0°C and 60°C (reduced timeridlan 6), the real modul&s shows a slight
decrease with an average value of about 8000 MBarenimaginary modulus E” reveals that the
material is slightly viscous. From about 60%,drops down to reach about 5000 MPa at 90°C, while
E” reflects a significant material viscosity. Howevéris does not prove that viscoelasticity will
remain linear at higher stress levels. Unforturyateur Metravib apparatus does not allow us to
investigate this question.

The comparison of the compression, tension andotorsurves (Figure 3) reveals a non-linear
behavior and dependence on the loading directitie fEnsion and torsion curves show a brittle
fracture at around 7.1 0.7 MPa in tension and #0% MPa in torsion. The compression shows
increasing softening as the stress increases,faittite at 30.6 +0.5 MPa. The compression failisre
relatively more ductile but occurs at still lowastrs (1.50 +0.2%). The asymmetry of the material
behavior is highlighted. M2 is thus defined as agifrittle material.

Let us note that, in torsion, the same maximunssted failure is expected as for the tension test
(failure in tension mode). An overestimation of fladlure stress in torsion may result from a size
effect: the effective area of a torsion sample rimlter than during a tension experiment, which
decreases the probability of finding a defect (@eexample Bazant and Planas, 1997). This effect
has already been recorded on M1 and M2 when congdeta from tension test and three-point bend
experiments (Picart and Pompon, 2016).

Figure 7 highlights a confinement-dependence of thaterial strength. Concerning the
temperature-dependence, the material strengthnmpiession (Figure 5) increases as the temperature
decreases but there is little variation betweenC2@hd -30°C. In tension (Figure 6), a relative
temperature-independence is noticed between -308Ga°C. At 80°C, in compression as in tension,
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a more ductile behavior is observed, probably eelato the glass transition of the explosive
composition. Clear strain rate dependence is obdeat/80°C. In the near future, some other tedts wi
be made for a better description of the responseeofaterial in the +50°C/+80°C thermal range.

The influence of loading conditions such as pressi@mperature, strain rate and stress sign on the
Young's modulus and the Poisson’s ratio is studhiedetail. Since the curves do not show a clear
transition to plasticity, an elastic longitudinalodulus is calculated by linear regression over a
window of 0.05% longitudinal strain, while the Pspg’s ratio is determined by the ratio of
longitudinal and transversal strains at 0.05% Ilomjnal strain. The variations of the Young's
modulus (respectively the Poisson’s ratio) are miveFigure 12 and Figure 13 (respectively Figure
14 and Figure 15).

The Young’s modulus appears to be independentedstign, strain rate, and temperature in the
ranges from 0 to 10 MPa and between 0°C and 20P€reTis a slight decrease of the modulus at
50°C. At 80°C, it is halved, and its value increageth rate. The Poisson’s ratio is independent of
temperature, strain rate and stress sign on tlgerom 0°C to 80°C.

Let us discuss the observations made between A¥C38AC. From 0 to -30°C, DMA had shown a
constanttE’ and a decrease of approximately 6-8%Ebffter returning to 20°C. This observation is
correlated on Figure 12 on the longitudinal moduliys A linear extrapolation of data obtained
between 0°C and 50°C vyiel@s between 8500-9000 MPa (Figures 2 and 12) at -3@i€n less than
8000 MPa was measured (Figure 12). This phenomisnobserved in both compression and tension
modes. The Poisson’s ratio also shows a curioukigeo at the coldest temperature. Furthermore, a
loss of linearity has been observed on M2 on itatidn coefficient under 0°C (decrease of the
coefficient). This phenomenon seems different ti@nknown ratchet-growth observed for PBX-9502
(Thompson et al., 2010) when the glass transitemperature of the material is crossed during
thermal cycles. It could be attributed to “thermadictivated damage” and possibly linked to the
traction applied to the binder at the binder/giaterfaces. This damage was also observed on M1, fo
which glass transition is far less than for M2 @iand Brigolle, 2010). Since an in-depth analysis
required to determine the reasons of such an inelashavior, this phenomenon is beyond the scope
of this paper.

The pressure-dependence of the elastic modulusgifgible since the values at 2.5, 5 and 10 MPa
are included in the dispersion of the point at CaMPhis behavior is different from what Wiegand et
al. (2011) and Picart et al. (201@)served on two pressed HMX-based explosives. Tégspre effect
on Poisson’s ratio is quite strange, showing aesesa of between 0 and 5 MPa in pressure before an
increase for a 10 MPa confinement. The authors aveiké to point out that the phenomena (low
modulus at 5 MPa) has been observed on other @mistesing different solid phase and binder (for an
HMX-based PBX, see Benelfellah, 2013; Benelfellahle 2014, 2017 and Chatti, 2018; Chatti et al.,
2017 on a mock material) and for experiments madevb different teams and set-ups. Further study
of this point will be provided in future work.

The influence of loading conditions on stresses stngins at the peak have also been studied.
Graphs can be found in the supplementary matefiils.maximum tension stress is constant between
-30°C and 50°C and decreases at 80°C. In compresisioegularly decreases between -30°C and
50°C and falls by half at 80°C. As for the Youngisdulus, the strain rate influence is only observed
at 80°C, for which the maximum stress increaseb wite. Pressure increases the maximum stress, as
is the case for granular materials. The maximurairsrare constant while a slight increase is
observed in compression in absolute values aethpdrature rises. Furthermore, a small evolution of
the maximum strains is recorded as the pressugs. rieemperature and pressure increase the peak-
strain but not for the same reasons: the highetehgperature, the greater is the plastic flow &f th
material whereas the higher the pressure, theggraa the material due to the internal friction.
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0°C.

An asymmetry between the tension and compresssmonses is often observed for quasi-brittle
granular materials (see Mazars et al., 1990 focieia; Thomson et al., 2010 for PBX-9502; Buechler
et al., 2012a for PBX-9501; and Picart et al., 26d4M1). When these materials are submitted to
alternating tension/compression loading, a stinescovery is observed at the beginning of
compression (Mazars et al., 1990; Picart et all420This phenomenon is called unilateral effect an
is classically related to damage. During the toagtcracks are created, the damage inducing afoss
stiffness. Then, during compression, these cratdsecand a stiffness recovery is obtained. This
interpretation also justifies that the materiainigre brittle in tension than in compression. For, kh2
alternating tension/compression and compressiaiftentests do not reveal any stiffness recovery
when the sign of stress changes. However, it isiplesthat the material viscosity smooths the csirve
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and hides the phenomenon. The unilateral effedfiafis in any case negligible compared to other
strain mechanisms. Furthermore, it has been notibed the failure point in tension and in
compression is not influenced by the previous logdi

The cyclic tests carried out on M2 and shown inufég7 provide a lot of information on the
mechanical behavior of the material. The relaxatind recovery steps enable the viscous effects to b
removed. The strains at the end of the recovery Isighlight the irreversible strains suffered bg th
material. Moreover, the comparison between theicyaid monotonic curves shows that the cyclic
test envelope corresponds to a monotonic testhes@ddition of the cycles does not influence the
overall behavior of M2. Assuming the stress stataains elastic during unloading, an elastic tangent
modulus can be calculated at the beginning of é@ath and unload. They are determined by linear
regression over a strain window of 0.05%. In dasing constant moduli are observed during tension,
uniaxial compression and triaxial compression télskse and red lines in Figure 16 for a uniaxial
cyclic compression test). Consequently, damageeggigible on M2 up to 95% of the failure stress
(peak-stress of the last cycle). Moreover, let o Buppose there is elastic unloading. Consequently
for each cycle, the secant modulus between theoetige relaxation and the end of the recovery is
elastic (green lines in Figure 16). This assumptioade in previous papers (Gratton et al., 2009%tLe
al., 2010; Picart et al.,, 2014) on M1, is commonbed for estimating the damage evolution of
concrete (Benouniche, 1979; Gotuwka, 1999). Tangedtsecant moduli are compared in Figure 16.
The two methods give very different results: whereagent moduli (in blue and red) are constant,
secant moduli (in green) decrease. Since the i@r@abf the secant moduli cannot be imputed to
damage, the observation demonstrates that somigcpjamay develop during unloading. The same
observations were made for cyclic compression ud@dviPa of confinement and cyclic tension, on
both the longitudinal and the transversal strats.no induced anisotropic damage has been detected
However, theses cyclic tests highlight that thensv@rsal strains grow faster than the longitudinal
ones. Therefore, M2 develops a load-induced amigpir

The 0°-0° and 0°-90° compression tests have bedarped to test the load-induced anisotropy of
M2. To do this, the curves of the three kinds aidimg of this campaign are compared in Figure 47, a
conducted by Cambou and Lanier on Hostun sand (Ganamd Lanier, 1988). The strains are
reinitialized at the beginning of each loading. Timoading curves are also shown in this graphyThe
have been inverted so that they read in the dineadf their evolution and can be compared to the
loadings curves. Figure 17 shows the first compoass red, the 0° reloading in blue, the 90°
reloading in green and all the unloadings in g&ince the strains are measured by only one gauge in
each direction, the measured curves are more saxhtigan for the other experimental campaigns, the
discrepancy being highlighted using a colored area.

Figure 17 shows different blue and green curve® ©ustiffer than the initial compression (beyond
15 MPa), while the other is softer. The anisotrouced by the first load is obvious. The directifn
the sample which has undergone an expansion (theli@€ction, in green) is more ductile than
initially. Conversely, the direction previously cpressed (the 0° direction, in blue) is more rigid
beyond a stress level of 15 MPa. This induced #&mipp cannot be attributed to damage since we
have shown that this was negligible. This obseowmats confirmed by the fact that all the curves
beginnings are superimposed: the elastic moduliehaat been influenced by the first load.
Furthermore, according to Figure 17, the unloadimges (in grey) are the same and match with the
0° reloading. It should also be noted that theel3ading (in blue) and the initial loading (in rddve
overlapping areas up to 15 MPa. The same obsengati@ere made by Cambou and Lanier on a
Hostun sand. The behavior of our material can Iberpneted using a kinematic strain-hardening
plasticity model, as described by the schemes gurEi 18. During a 0°-0° compression, the initial
loading moves the plasticity surface up to 30 MA=en, the unloadings and the 0° reloading remain
within this surface yielding an elastic responseuriiy a 0°-90° compression, the initial loading
moves the plasticity surface so that the yieldngtle decreases in the 90° direction. Thus, relgadin
90° yields more plasticity than during the firsadb The plasticity surface is brought up to 30 NtPa
the new direction, so the last unloading is thestas.

To properly apply this interpretation to our cabe, zero-stress point must stay within the plastici
surface, implying an initial yield stress higheaniv /2 = 15 MPa. If this condition is not satisfied,
unloading at 90° would be different from the otheoading curves. However, the assumption of
elastic unloading has been previously refuted. Rbeéess, if unloadings from cyclic compression of
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cylindrical samples get some plastic flow, it may fossible that for cubes an artificial confinement
induced an artificial increase of the yield stregen if the interfaces were lubricated.

The analysis of the compression, tension and torsiwves (Figure 3) shows that the behavior is
non-linear starting from about 4 MPa. From the carapion tests performed at 2.5, 5 and 10 MPa, the
equivalent Von Mises yield stress is also aboutRPBMT hese observations let us assume that the initi
yield surface of M2 is a tube centered on the pmessaxis, with a deviatoric 4 MPa radius.
Furthermore, from the compression tests performddmperature at various strain rates, non-lingarit
appears at about 4 MPa for tests at -30°C to 5Ugpendently of the strain rate. At 80°C, the non-
linearity appears from 2 MPa, whatever the straie.rAn in-depth study of the yield stress must be
performed to complete these observations, butrtiti@li plasticity criterion of M2 is independent of
the pressure, the temperature up to the glasstieamand the strain rate.

For the fatigue test, the strain amplitutig; between two cycles represented on Figure 10 rapidl
decreases during the first twenty cycles befor@ilming constant. A few cycles before failure, a dapi
increase of\e;; is observed. These observations can be interpbstegsuming that two mechanisms
with opposite effects add up: a plastic accommodayielding a decrease of the strain amplitude and
late damage which will increase the strain ampétu@he plastic accommodation — also called
ratchetting effect — can be modelled by a combkiedmatic-isotropic hardening. Furthermore, let us
recall that the torsion fatigue test with zero metmess has shown an immediate accommodation of
the material. This phenomenon should be takenaotount for the hardening modelling.
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Figure 16. Secant and tangent longitudinal moduli Figure 17. Comparison of the loading and

for a cyclic compression testSecant moduli unloading curves of the 0°-0° and 0°-90° tests
decrease is interpreted as a damage effect whemhe response depends on the reloading

the tangent moduli do not show any evolution. direction highlighting an induced-anisotropic
during the first loading.
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Figure 18. Sketch illustrating the material response durihg 0°-0° (top) and 0°-90° (bottom)
compressions by a kinematic strain-hardening ptétgtmodel The displacement of the yield surface
due to the first load induces a different respamhagending on the reloading direction.

From the longitudinal straif; and transversal straig, measured during uniaxial compression and
tension tests, the volumetric straigsand deviatoric strains, can be plotted with respect to the mean
stressP and the equivalent Von Mises stré€xs

_ 1 _ 011
P= gtr(g) = T + 0y;
and 2)

{Sv:811+2822
ep=1|en-enl

N W

0p-0p =~ 011022

1€

The volumetric curves of the compression testsaabus strain rates, temperatures and pressures
(Figure 19 and Figure 23) show an almost linearpamting behavior up to a stress level of about
70% to 90% of the peak stress. Beyond that, thenahtlevelops a dilatant behavior, which reflects
rapid increase of the transversal strains comparetie longitudinal ones. This dilatancy is often
attributed to anisotropic damage (see what is dortee concrete community for example), but this
interpretation is not possible for M2 since the dgmindependence has been highlighted under these
stress levels (no variation of elastic moduli). Thinplest interpretation is to attribute this
phenomenon to a volumetric plastic flow, as thisfien the case for geomaterials, for example [36].

For tension tests, while the deviatoric behavioteimperature-independent between -30°C and
50°C (Figure 22), the volumetric behavior reve@mperature dependence (Figure 21). Given the
measurement dispersion, the tests performed at 208(50°C can be considered as identical, but the
tests at 0°C and -30°C show some differences. dliecthe temperature, the more the non-linearity
of the stress - volumetric strain curve increaseeing to higher failure strains. This phenomenon
correlates the observations in DMA, which suggém éxistence of thermal isotropic damage.
Moreover, according to the dispersion and the ciordering, there is no strain rate effect at -30rC
tension. The 20°C curves at 16" and 1¢' s are close to the curve recorded af 6, and thus not
shown.

The deviatoric behavior (Figure 20, Figure 22 amglfe 24) seems to be independent of strain
rate, temperature between -30°C and 50°C, pressuteatress sign up to an equivalent stress of about
10 to 15 MPa. For compression tests (Figure 20Fagdre 24), a pronounced non-linearity appears
beyond this, tending towards an asymptotic behaBgrimputing these volumetric and deviatoric
behaviors to the plastic flow, this would pointtmon-linear strain-hardening.

Figure 21 shows more flexible behavior at -30 aB6°€ than the mild temperature response. The
measurement made at +80°C could be related toatwease of the viscosity of the material with the
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temperature as in Figures 19, 20 and 22. At -3@h€, DMA measurements point to “damage”
thermally activated below 0°C. This “damage” hasegligible influence during compressive loading
when its influence is enhanced for tension loadidere in-depth study is needed to identify its

causes.
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Figure 21. Mean stress evolution with Figyre 22, Equivalent stress evolution with

volumetric strain for simple tension tests yeviatoric strain
performed between -30°C and 80fQr three

19

for simple

tension

tests

! ) e performed between -30°C and 80fGr three
strain rates Whatever the loading conditions, strain rates

the volume of the sample increases.



25 T . 40

x
2
35} = f 1
20+
301
R B
< 15} . 25}
< ©
o o
= 10 MPa = 20t 10 MPa |
— A dispersion ~ -A- dispersion
2 10| 14
- - 5 MPa 15—F - - 5 MPa
- dispersion 3 -8 dispersion
5 ||— 2.5 MPa 107 — 2.5 MPa ||
-@- dispersion -@- dispersion
5h i
- 0.1 MPa - 0.1 MPa
0 -V dispersion "'a‘.‘ 0 -V~ dispersion
-0.4 -0.2 0 0.2 0 1 2 3 4
o, [¢)
€y (%) €5 (%)

Figure 23. Mean stress evolution with Figure 24. Equivalent stress evolution with
volumetric strain for triaxial compression tests deviatoric strain for triaxial compression tests
performed between 0.1 and 10 MR&aa strain  performed between 0.1 and 10 MBaa strain
rate of 10°s*. Compaction is first observed rate of10°s™.

followed by a positive volume change.

For the tests with the third principal stress al, tihe M2 failure points can be represented in the
principal stress planes{s,), as Picart and Pompon (2016) have done for theerirah M1. This
indicates that the failure criterion developedNtit could potentially be adapted to M2 (see Table 2)

5. Guidelines for model improvement

The experimental data on HMX- and TATB-based PB&gehbeen summarized in Table 1 and in
sections 3 and 4 of M2. HMX- and TATB-based PBXs arade of a very high solid fraction of
organic crystals. If the behaviors of the TATB atillX crystals differ (anisotropy, elastic constants,
etc.), the stiffnesses of the latter remain ofgame order of magnitude. Adding a few percentage of
polymeric binder gives different viscous resporfeeshe explosive compositions. For pressed PBXs
studied here, the residual porosity is of the sander (a few percent) and the Young’s moduli, the
Poisson’s ratios and the maximum stresses (andiatss strains) are comparable. As an example, in
uniaxial compression or tension loadings, the pedsses and the strain differ by a factor of ¥.onl
Therefore, in the authors’ opinion, a “unified cotsive law” could be proposed for this class of
materials, taking into account an in-depth char&sgon of the behavior. If mechanisms
implemented in this future law could be the sanaghesxplosive composition would have its own set
of parameters, like the von Mises threshold foratsedind the different initial yield stresses dejegd
on the materials.

The aim of this section is to provide guidelinesrtodel improvement. A constitutive law for the
state of the art is first proposed, highlightingedased to calibrate or validate each model. Ttrere
follows a discussion, to determine what future wogkeds to be done.

The following nomenclature is adopted for splittitige stress and straine tensors into mean

(denoted ") and deviatoric (denoted).parts using the second order unit tensosV&tr (0) /3 and

) =
oP=c-0"1; &¥ =tr ((_9) and§D=§-§8V 1

5.1. SCRAM model
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The SCRAM model, sketched by Dienes in 1978 (Dieth888), is particularly well-detailed in a
2006 paper (Dienes et al., 2006). This model wasldped in order to understand anomalous
behavior of some energetic materials: low-speedaghpan lead to violent reactions in a seemingly
random and unpredictable way. The commonly accdptsaty is that a low-speed impact can involve
the formation and coalescence of hotspots, whighlead to a deflagration or a detonation. The
SCRAM model links damage to the formation of hotspnd the initiation (thermal explosion) of the
explosive. For the present study, we are interestatie quasistatic declination of this model. The
theory is based on the strain rates additivityhat mnacroscopic scale. The deformation mechanisms
are as follows: matrix elasticity; anisotropic dragucleation, growth and coalescence; friction of
shear-closed cracks; and plasticity. The model rittem, in small strains, from the addition of the
strain rates:
fot = el T Epl TEot o ©)

where & IS the total strain rateie the matrix elasticity£, the matrix plastic flowg. the

microcracks opening and shearing, andthe microcracks g?)vvth and coalescence. The elasti

contribution is defined by Hooke’s law. The plastiesponse of the material is described by a
deviatoric linear kinematic hardening and an asdediflow. The model takes the following general

form:
-1
o”-XP

b Tyt g = @)

[o-x):(-x)

where ¢ is the global stress tensor afidis the elastic stiffness matrix® is the deviatoric

_l+

Ia
I
e

|17

kinematic hardening tensor aads the plastic multiplier. The plasticity criterids written as follows
(oy Is the initial yield stress):

f= (QD-E’) ; (QD-KD) - oy’ (5)
The 4"order tensors, andF, respectively refer to crack opening/shearing andrack growth.

The solid angle associated with the hemispherésizatized intody. This corresponds to the sum of
the contributions of each crack network definedisynormal (vectom) orienting the solid angle
portiondy.

=4 > F(0) | Hion) C(0) + Heon) (19(n)) () | 4y ©)
hemi- = )
spher

=p 2 F(n) | Heow C(n) + He-op) (1 (n)) S(n) | 4y -
hemi- = =
sphere

where Hg,) is the Heaviside function of the normal stregs n ¢ n. H(en) is zero for opened

[lem

[l

microcracks and one for closed microcracks. Thm tér-n(g)), with (.) denoting the Macaulay
brackets, corresponds to the microcrack slidintegan: this term is equal to zero when the crack i
blocked (no shear) and is one when it is slidirgfThe coefficient is defined from the friction state
of the family of cracks oriented byand the friction coefficient: = % withs,= [ncon-o,2

Thus, whereas the pressure is not involved in tastipity criterion, damage evolution and effedtvi
(defined as how the damage of a given network doemes not affect the behavior depending on the
loading direction) as well as frictional slidingegoressure-dependent since they depend on thefsign
on. The tensor€°(n) andC%(n) of equation (4) describe the opening and sheatirggtions of the

microcrack. [ﬁPa‘l] is a constant coming from analytic solutions femny-shaped cracks. The
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function F(Q) = fow n(cn) c3dc describes the crack distribution, with(cm) representing the
distribution of the microcracks of lengthand normal vecton. The crack growth rateis controlled

by the rate of dissipated energ)(g,g,c) :

f m
'c(g,r_mc) =¢ ! g(g,Q,C) if g S, nc (1+rn) 9.
4

Cmax 1+m l
(1+ m) g, -

C(g,g,c) =Cmax| 1 - _ S if g o.n, c (1+m) 0.

= g(onc)
wherem is an exponent greater than one. In this model,iaximum crack growth ratg,.y is
assumed to have the magnitude of the Rayleigh wpeed and_ is the critical rate of dissipated

energy. The function g is written as follows:
4 1v c
g(enc) = - L% (H(an) ((1——) on? + 5y ) + H(-0p) (poy + 5, >) ©)

wherey andG are respectively the Poisson’s ratio and the simeatulus.

It can be seen that g — and 56-ds greater in tensiors{ positive) than in compressiom,(
negative). In addition, for a closed microcraekrfegative) whose frictional sliding is blocked (fac
(1-n) null): #<1 = s,<Hg, = g=0 = ¢=0; the microcrack cannot grow. Apart from this partar
case, as soon as the stress state of a microsrack zero, it expands.

The mechanical parameters of this model are detednior PBX-9501 from only one monotonic
uniaxial compression test performed atf &3 without transversal strain measurements. Thef fib@
parameters is not detailed. The validation of SCRé&Mthe quasistatic domain is missing. Dienes
compares the simulation, calibrated on a compressio 107 s*, to experimental compression
performed at 2x1®s?, the rate effect between these two tests beintigitelg (both experimentally
and numerically).

5.2. ViscoSCRAM model (VS)

The ViscoSCRAM model defined in (Bennett et al.1898) puts the deviatoric component of the
IsoOSCRAM model proposed by Addessio and Johnso®0(1fr quasi-brittle materials in series with
a generalized Maxwell model witd branches. The volumetric component of the modekeiscribed
by a linear elastic law. The total strain rateptsnto volumetric and deviatoric components. fiero
the additivity of the viscoelastic and the crackwgth strain rates (plasticity of the matrix is iged),
the ViscoSCRAM model is written as follows:

&' =K'

D
. b ©N %b c\2¢
6’ TS -3(3) 5 2

|6° = 3
. 1+ (3)

c” is the total deviatoric stress, corresponding eoshm of the stresg" of each branctK is the

D (10)

bulk elastic modulusG is the sum of the shear moduli of 11|<Iebranches_nJ is the characteristic time
of theb™ branch. The constaatis the average initial porosity size. Compare&&RAM, the crack
growth ratet is largely simplified by the assumption of isotiogamage:
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\ 1+= Jo/

N Jo? o 2
¢(c°.c) = Crmax 1-J(6D c)2 if J(c%c) = Jo 1+

where J, is a parameter (in Ran). The function J is written according to Hackett aBennett
(2000):

o) = [

With this formulation, the crack growth ratelepends only on the deviatoric stress and thexé$or
pressure-independent, unlike in the SCRAM moded\(jpus equations (8) and (9)).

The model calibration is performed for PBX-9501 iiBett et al., 1998). The shear moduli of the
five viscoelastic branches (to cover different istnates) are determined from the Young’'s modulus
from four compressions in the quasistatic rangetawadat high strain rates, and an assumed Poisson’s
ratio of 0.3. The determination of the paramefgra andm is not detailed.

In the quasistatic range, Hackett and Bennett (RB80e compared ViscoSCRAM to a three-point
bending test on PBX-9501, the model predictingdkperimental force-displacement curves. Later,
Rangaswamy et al. (2010) have simulated a Brazittah The quasi-linear part of the experimental
curves is reproduced but the simulated displacemieviaites from the measurements before reaching
the maximum stress. The horizontal strain fieldrfrihe finite element simulation is compared with
experimental digital image correlation. The straias the macrocrack boundary are largely
underestimated.

(11)

b (12)

na

5.3. ViscoSCRAM viscoplastic model (VS-VP)

Liu and coworkers (Liu et al., 2019) recently prepd a modified version of ViscoSCRAM by
adding a deviatoric viscoplasticity (Bodner, 19&7)series with the original model, resulting in the
following expressions:

(6 =K'

(13)

D /

. — c\2¢ i 2G \
2G b - T S - \3 (5)£+i /
.D )

o = 3
] 1+(3)

An isotropic hardening is computed from an uppeiitliweighted by a function of the ratio of
deviatoric stress and plastic work, and not frostrass yield criterion with hardening. A viscopiast
strain rate always exists in this model.

The crack growitlt is taken from Buechler and Luscher (Buechler anscher, 2014) to introduce
pressure dependence and tension—compression asynanéollows:

¢(s.c) =tres ;m/ (e0) \ it I(c.c) < Byu(e".0) \/%

2 \JOH(JV,C) 1+g

6(0.0) =ta | 1- 2T i {0.0) = by(0".0 jTE
- Iee) i "

OOII\)
IIQ
IIC|

(14)
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Compared to the original ViscoSCRAM model (equat{di)), the speed..x is replaced by
Cres Which is a logarithmic function of the strain rateounded by the Rayleigh wave speed. The
function J depends on the pressaYe and the constanl, is multiplied by a factor depending on
pressure, crack length and dynamic friction cogffity’, resulting inJy,.

J(g,c) =z | H(eY) J g(gD:gD + 3V 2) +H(-0Y) g o:e® (15)

W veo! <1- a WJV) (16)

Jou(e".9) = %o J 1y %

With this formulation, J is greater in tensiaff positive) than in compression’(negative) while
the function ¢, is lower in tension than in compression. Thus rét® J/J, and so the growth rateis
higher in tension than in compression. As in SCRAN ppened crack grows faster than a closed one.

There are 19 parameters fitted on the longitudsti@ins of monotonic tension and compression
tests performed at 50°C and1€' on a PBX-9502 sample (Thompson et al., 2010), sewbndly
another set of parameters calibrated on a cycliapression test performed on M2 using the curves
taken from Ambos et al. (2015) and Gasnier et28118). From these calibrations, all this resultthim
maximum strains in tension being underestimatetdf, Furthermore, the unloading and reloading
steps do not get any hysteresis.

In order to validate the model, Liu et al. (2018yé simulated a compression of a perforated plate
of PBX-9502 (Liu and Thompson, 2014), and they cargapthe experimental and simulated force-
displacement curves. The two plots coincide uph®orhaximum stress. The experimental horizontal
strain field from digital image correlation is alsompared to a finite element simulation. Although
the shape is accurately reproduced, the displadeta&rulated around the hole is less significaanth
the measurements. The authors did not provide apapson for vertical strains, for which
experimental data are however available (Liu andnrson, 2014).

5.4. Viscoelastic plastic model (VE-P)

The research carried out on M1 and M2 has ledveragconstitutive laws being developed from a
substantial experimental base (see section 2).nkaerial M1, a model describing a non-linear
viscoelasticity with pressure and temperature dépecies was established in the 1980s (Belmas et
al., 1982). Since this approach only enables sitimmaf monotonic tests, we refer the reader to the
original papeffor its description. A second model was propose@bstton et al. (2009), including an
elasto-viscoplastic law with isotropic damage amdspure-dependent viscoplastic behavior. This
model was later completed to describe the visctelgsvisible during load-unload loops. In 2010 L
and coworkers (Le et al., 2010) proposed a visstielplastic constitutive law for M1 including
isotropic damage. This model is based on a gemethMaxwell model in which one of the branches —
numbered 0 — is elastoplastic. The other branchesviscoelastic. All the elastic moduli are
identically damaged. The parabolic plasticity er@r is defined from the mean and deviatoric s&ess
of the elastoplastic branch with an isotropic sttaardening:

1 K2
N v (17)
f \/ 3 Op .0g- + _R(k) (o} k

The isotropic hardening variablesand RK) are related to the cumulative plastic stiginA non-

associated plastic flow is empirically determingn/olving a dilatancy coefficieng* which controls
the volumetric to deviatoric plastic strain ratio:

(18)
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The elastoplastic stressg, and the viscoelastic stresseg, add up to give the global stress,

leading to the following form of the model:
N

( O'bv d .
6= K(1-d) &y - bZl T " 14 a’-Ko ((1'd) éplv B d(gtotv'gplv))
No (19)
| &= 26D bt - ) = - 759" ZGO<(1-d) Epl” - d(ED-@D»
— =P = — =

As for the deviatoric pary” is the total mean stress, corresponding to the sutheobtressy,” of
each branchK, andG, are the moduli of the elastoplastic branch, wKilandG are the sum of the
moduli of each branch frorl to N. The damage variablé is related to the maximum positive
principal strain(e).,. such that:

dzsup((&)+)
d=(d;sup({g)s) +d
(Shsuntes) * &) 3 g g o)
where d;, d, and d; are material parameters without units. In the presi models, damage —
described by the variable— was related to the stress. Here, damage isatieetlargest positive

strain in the load history, denoted ﬁ)L(ps,)+).

A temperature extension of the model is presemeteis thesis manuscript (Le, 2007) and a
multiaxial failure criterion (the reader should edhat failure here means “maximum stress”) is
detailed in (Caliez et al., 2014; Picart and Pomp2Bil6). This criterion takes into account two
mechanisms: one on the maximum positive principairs and another on the maximum positive
principal effective stress, both defined in relatio the stress of the elastoplastic branch (ir@ex
The first of the two criteria reached indicatesdlotual failure.

First, a DMA campaign was conducted to determires ldngitudinal viscoelastic moduli for a
Maxwell model with ten dashpots. The 3D extensisn performed using a Poisson’s ratio,
experimentally measured. In the absence of expatahdata highlighting the hardening mechanism,
the authors assume an isotropic hardening. Thisngsson implies that the unloadings are purely
elastic and so the secant modulus calculated betthee end of the relaxation and the end of the
recovery of cyclic tests is supposed to be elastie.damage is calculated for each cycle as thatiela

longitudinal modulus degradation with respect te flist cycle valued =(Ey-E)/E,. Plotting the
damage evolution as a function of the maximum p@sgtrain (i.e.: transversal strain in compression
longitudinal strain in tension) enables estimatidrthe coefficientsd;, d, andds. From cyclic tests
again, the inelastic strains at the end of thevexdes are considered as plastic strains. Plotliege
plastic strains against the corresponding relatexts provides an estimate of the plastic parameter
f*, k and the function RJ. Lastly, the calibration of the failure criteridrom multiaxial loadings on
M1 is detailed by Picart and Pompon (Picart and fmm2016).

The validation of the model is presented in (Cadieal., 2014; Le, 2007). The model is confronted
with a Brazilian test and three-point bending penfed on M1. For the three-point bending test, the
experimental force-displacement curve is very weflroduced by the model. For the Brazilian test,
the force-displacement curve differs from the ekpental curve. For the same displacement, the
simulated force is slightly lower than the expemra force and the failure point is slightly
underestimated. In addition, the horizontal andtie@r strain fields measured by digital image
correlation are compared to the finite element &timn. These comparisons show quite a good
match. However, since the plasticity is put in gatavith the viscoelasticity, the envelope curads
the cyclic tests are not well reproduced.

For models calibrated on massive specimens, therastimation observed in the three-point
bending test could also be explained by the webivkm “size effect” observed on concretes and other
brittle materials (Bazant and Planas, 1997). Sthizz=phenomenon is not being investigated for M1,
we cannot conclude on its influence.

(20)

5.5. Viscoelastic viscoplastic model (VE-VP)
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Buechler has proposed a viscoelastic-viscoplastideh(Buechler, 2012b) to which he has later
added isotropic damage (Buechler, 2013) in ordereproduce the PBX-9501 behavior. The
viscoelasticity is described by a generalized Mdkwedel, involving a purely elastic branch aNd
viscous ones. The viscoplasticity is put in seviith the viscoelasticity. It is described by a Dkec
Prager model whose yield strength depends on thaulative plastic strain and its rate. The non-
associated plastic flow combines isotropic and kiagc hardenings. The model is defined in small
strains, and the additivity of the strain ratewigten as follows:

Erot = fve * Epl * &g (211)

whereé, is the viscoelastic strain ratgy the viscoplastic strain rate ahgithe strain rate due to

damage. ﬁle plasticity criterion takes tha‘ollogvfnrm:

f:j é(%D'éD) (%) - A X - ov(7 7o) (22)

where X=X"+X"1 is the kinematic hardening tenses the yield stress ang, the cumulative

plastic_stramA is an internal friction coefficient of the matdriefining the Drucker-Prager slope.
The non-associated plastic flow is related to tiiWing potential B being a constant):

2 i
g :J 5(2%°): (%°) - B (@"-X) - ov(Fi ) (23)
The model takes the following general form:
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The damage-induced strajpis written involumetricand deviatoric parts:
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(25)

The damagel depends exclusively on the cumulative plasticirsEg. ¢, and¢, are parameters
without units controlling the damage effectivitye(i whether or not the influence of the damage
depends on the loading direction) on the volumetrid deviatoric component§.andG are bulk and
shear moduli connecting the stress to the damadethanstrain. No more details are given by the
author.

The model is parameterized from PBX-9501 experialemésults in uniaxial compression
(Buechler et al., 2013) but the author points btat the calibration of the slogeis of poor quality
due to scattered post-processed experimental Elataeover, without experimental measurements of
transversal strains, the paramdsewhich controls the plastic volumetric flow canrim calibrated.
The inaccurate fit of the plastic part of the moueplies that the damage evolution (related to the
cumulative plastic strain) is poorly determinedc@mparison of a monotonic compression simulation
at 7.5x10 s* with two monotonic tests performed at®¥! and 10* s* is given in (Buechler 2012b,
2013). According to the author, the result is emaging because the simulated curve is bordered by
the experimental curves, but the model is not addid.

5.6. Elastic viscoplastic model (E-VP)
In the approach proposed by Zubelevicz and cowsrk@uabelewicz et al., 2013) the total strain

tensor has three components:
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. . . ch . b
biot = dar +Epl” + Epl (26)

The plasticity is split into two parts. The firég,fh, describes the macroscopic effect of the grain

chains dilatancy and shearing with a Drucker-Praggeoplastic criterion. The secon'q,lb, purely

deviatoric, describes the equivalent binder shgafiimere is no hardening. The plastiﬁow accounts
for temperature dependence. The elastic strainén&eml to the stress by a stiffness tensor aftebte
an anisotropic damage tensoaffiected by the loading direction. This tensas depresented in terms

of symmetric tensors depending on the stress Statajng’ for non-monotonic loading.

2 ((<56) 29 (10) + (29 B(29) )2 @

=d (060C 1+ay,0° +ap QD-QD) + (aot 1+a, 0 +ap QD-QD) (28)
The operator® defines the tensor product: @)y = ajbw, while g defines: Lgt_))ij =

é(aikb,-|+a"b,-k). The brittle damagéd, depends on the full history over time of the sty@iojection on the
t part of the tensad, and the ductile damage depends on the full history over time of an equual

I}

plastic strain being then pressure-dependent. Tdrangetersag,, oy, ap, (resp. indexed) are
functions of the Lode’s angle, and can be assiadldb the damage effectivity as a function of the
loading direction.

The 23 parameters of the model are calibrated &twess versus longitudinal strain curves of seven
monotonic compression tests and seven tension pestsrmed on PBX-9502 at five temperatures
between -52°C and 74°C and at®1® 10°s™. It should be noted that it is not specified hdwe t
Poisson’s ratio is determined without transversalirs measurements. The authors only validate their
model using one comparison of the simulated veesyerimental failure pattern of a compression
sample.

5.7. Microplane formulation applied to pressed exmsives (VDT-P)

Taking up the cyclic tests on M1, Benelfellah andiorkers (Benelfellah, 2013; Benelfellah et al.,
2014, 2017; Picart et al., 2014) were interestethéninduced anisotropy of the material highlighted
by these tests. The authors determined longitudindl transversal elastic moduli for each loading
cycle. By tracing these moduli evolutions as a fiomcof the maximum positive strain, they highlight
a faster degradation of the transversal modulua foa the longitudinal one, due to an induced
anisotropy of the material. The authors also olekrthat during tests alternating tension and
compression loadings, the material recovers itgalnétiffness shortly after being compressed. This
phenomenon, called unilateral effect, has beenrebdefor granular materials such as concrete
(Mazars et al., 1990). The microstructural intetgtien given is that the microcracks opened in
tension close when the loading direction is rewiérsmce closed and blocked under the effect of
compression, these cracks no longer have an effiettte macroscopic behavior of the material.

The model coupled a damage-induced anisotropy (Bdiad, 2013; Benelfellah et al., 2014,
2017; Picart et al., 2014) with the plasticity mbgeoposed by Le et al. (2010), denotifig the

damaged stiffness:

g=&:<m@> (29)

To describe the anisotropy of the damaged stiffrtessor, Benelfellah et al. have chosen a
microplane approach (Benelfellah et al., 2014, 20trthis model, each microplane is defined by its
normal n and the elastic strains tensor is splithree components (volumetric, deviatoric and
tangential) as follows (Carol and Bazant, 1997):

Gl = tve Y ¥ épe D ¥ ETerT (30)
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whereV, D and Tare the tensors of projections on the microplaxpressed as a function of the
second and the fourth order unit tensors and thmalovector_n to the microplane:
1 1
V=31 D=m@n-31  T=ni-nndn (31)
Let us note that the volumetric projectioni® not dependent on the microplane. The damaged

stiffness tensor is discretized as a sum on thadpdrare of the stiffness contributions depending on
the normal n to the microplane:
Cq = 3ky (L-ay dy) VRV +

" 60(6) 1o (1002 6(2) DB 1 (11(2) 2T .

hemi-
sphere

whered,, dy anddr are the damage variables, andapthe effectivity of the damage (without unit)
andky, Up andpr elastic constants defined from the bulk modiuand the shear modul@& The
damage variables for each direction are definedh wéispect to the elastic volumetric strains as
follows:

div,o.7 = max(df, max(d), 1 - exig-p (asF)™)) (33)

p=1+(asH(-eve) + & H(eve)) Ky (ever-e08% (34)
whereas (MPa?), a,, a (MPa') and&; (MPa') are material parameters. The damage function

never decreases thanks to the term(ax denoting the maximal value over time af diO is the
value of the "damage"” of the virgin material, cdlfgre-damage. The varialyecarries the pressure-
dependence (here a volume change dependence) wheteorresponds to the volumetric strain
resulting from a hydrostatic compression of 10.8aMPhe variabld= is the dual of damag#. The
volumetric damagey depends on the volumetric straip, and effectivitya,; the deviatoric damage
dp depends on the deviatoric strai518|(g) and effectivityop; the tangential damagh depends on
the tangential straigy e|(g). The damage is therefore controlled by strain@medsure. The effectivity

functions are defined from the Heaviside functian) ldo that the partial derivative of the free gyer
IS continuous even at zero, in respect to a goexdrtbdynamic framework:

ay=H(ey e (
{ a(n) =H (0.(n)) +a6H (-e0(n)) 35)

whereag is a material parameter without unit.
The total stress tensor from equation (29) can ¢ as previously into a volumetric and a

deviatoric part:
¢'=3 ky ((1'av d\)éy el - ay Oy &y el)¥

5°= 60(n) (1o (Lao(n) do(n)iv e(n) - ao(n) do(n) 20 a(n)) D(n) (36)

| hemi- ) .

L e (10r(0) Era(n) - r(n) ero)) 1(0) )

The elastic moduli of the material are estimatednftriaxial test under a pressure (10 MPa) which
induces a collapse of the initial porosity. TlgRemodulus is expressed from the bulk modulus under
this pressure. The same should be trugufoandpy, but because the deviatoric effectivity depends
only on the deviatoric straiap, the deviatoric shear modulys cannot be pressure dependent.
Finally, the moduliyup andpr are worth twice the shear moduli measured fronaxial compression
test. The volumetric pre-damage is estimated frbm domparison of uniaxial compressions tests
(denotedH0) and triaxial compression tests with a 10.8 MPafioement H10): dY=(K™°-K"%),

KH19 Due to lack of data, pre-damagsandd’ are neglected. The coefficiergganda, are fitted on
the triaxial test at 10.8 MPa; is fitted on the uniaxial compression test @aon the uniaxial tension
test; lastly a is calibrated from three cyclic tests.

The microplane model of Benelfellah does not yescdbe viscoelasticity, so the viscosity
(relaxation and recovery steps from cyclic testsheimoved from experimental data to be compared
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with the simulation. The evolution of the straissaell reproduced, so the induced anisotropy seems
to be well described. Further work is necessarthmmmodel for a complete validation.

Recently, Chatti and coworkers (Chatti et al., 20i8ve incorporated a viscoelastic component
into this model. They add a generalized Maxwell eiazh theV, D, T directions of each microplane.
This work is still ongoing.

5.8. Discussion

A lot of tests were conducted to characterize ligenhomechanical behavior of these materials. A
wide range of strain rate, temperature and confergmwas investigated. Many efforts focused on the
(1) viscoelastic response and the determinatiotinoé-to-temperature equivalencies. Experiments
showed (2) the asymmetric responses (compressimuyédension); (3) induced anisotropy due to
damage (and then unilateral effect) and/or pldagti(kinematic hardening for M2); (4) pressure-
dependent Young’'s modulus probably due to pre-dem@g) pressure-, strain rate- and temperature-
dependence of elastic modulus and peak stresspsld$e strain at peak stresses whatever the
temperature and the strain rate for a fixed confimet (Figures 5 and 6). Recently, digital image
correlation technics have enabled measuremenedigherogeneous macroscopic field of strain at the
surface of the sample. These data can be usedlittateamodels. Let us now compare data to
constitutive laws to yield some routes for futuexelopment.

The phenomena taken into account by the previowdeare listed in Table 3. It must be noted
that all the models, excluding VE-P and VDT-P, eadibrated for stress versus longitudinal strain
curves only, for the compression and tension tédeasuring only the longitudinal strain prevents
observation of the volumetric and the deviatorispgnses and a possible induced anisotropy.
Historically, the experimentally observed non-linéghavior was attributed mainly to sophisticated
damage rules neglecting plasticity. The “brittle ten&l” point of view has progressively been
completed by viscoelasticity to deal with temperatand strain rate dependencies. Recently, several
studies have integrated a plastic mechanism agimeds reveal irreversible strains.

Table 3. Summary of the content of the models and masedal which the parameters have been
fitted.

SCRAM|VS|VS-VP|VE-P|VE-VP| E-VP | VDT-P
= PBX-9501 (HMX-based) \ \
= PBX-9502 (TATB-based) \ V
g CEA-M1 (HMX-based) N N
CEA-M2 (TATB-based) \
Volumetric \ \ \ \ \
Hooke’s law - -
Elasticity Deviatoric \ \
Viscoelasticity Volumetric v v
Deviatoric \ \ \ \
2 Viscoplasticity Y \ \ \ \
% Volumetric \ \ \ \
S| ieversivly Deviatoric V VIV V[ VA
b I Isotropic hardening \ \ \ \/
= | plasticity Kinematic hardening \ \
Non-associated flow \ \
Pressure-dependence \ \
Damage Isotropic \ \ \ \
Anisotropic \ \/ \/
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Pressure-dependence \ \ \ \ \

Temperature-dependence \ \

Independent failure criterion \ Y

The guidelines for a future macroscopic “unifiechsiitutive law” for HMX- and TATB-based
pressed PBXs are now discussed. The concordartbe afionotonic tests and the envelope curves of
cyclic tests, regardless of the temperature, tteénstate or the type of binder (M1, M2, PBX-9501),
encourages the use in a reference model of sadcatial” laws, where an irreversible mechanism
(plasticity, damage, etc.) ensures the non-lingaritthe response. This is the assumption made in
SCRAM and its evolutions (VS, VS-VP). In the filgtl constitutive law (VE-P), the plasticity is in
parallel with the viscoelasticity, which prevenie tenvelope curve from being well reproduced. The
second model (VDT-P) combines elasticity with daenagd plasticity in series.

Most of the models take into account a linear etastic behavior which is experimentally
validated for M1, M2 and PBX-9501 and -9502, agjlas the strains remain low. This first viscous
mechanism enables strain rate and temperature diepers to be accounted for. The literature review
shows that time-temperature equivalence is geegafperimentally validated for PBXs. Williamson
et al. (2008) have successfully compared time-teatpee equivalence to ultimate stresses in
compression for EDC-37. Thompson et al. (2012)heosame for PBX-9501, comparing the ultimate
strain and the secant modulus at 25% of the peaksstoo. However, there is no real demonstration
where a viscoelastic model would be compared tg Idaration and high temperature creep or
relaxation. Furthermore, the “damage” observed dh and M2 at low temperature, even if it is
thermally activated, prevents the application ofetitemperature equivalence below 0°C. Moreover,
crossing the glass transition temperature couler dtte accuracy of usual equivalence. Thus, time-
temperature must be part of a future model, benttn will be paid to accurately defining its tiabf
use. As shown in Table 3, linear viscoelasticitgnsbedded in VS, VS-VP, VE-P and VE-VP.

Some models consider damage as inducing additstraah (SCRAM, VS, VS-VP, VE-VP) while
for others (VE-P, E-VP, and VDT-P), damage affettte (visco)elastic stiffness. However, by
comparing the final equations of these models (&ousm 10, 13, 19, 24), it is clear that these two
modelling choices are the same. The damage isypdesliatoric in VS and VS-VP while it is also
volumetric in VE-P and VE-VP. The bulk moduliss affected by the damage @}in VE-P and by

1+K /K¢, d(ep )in VE-VP. The shear modulus G is affected by tha@ge(1+c3/a3)'l in VS and VS-
VP; by (14) in VE-P; and byl+G/G¢,d(e5) in VE-VP. In VS and its derivative VS-VP, for a
constant damagec¢£0), the crack lengthc affects the shear modulus but also the viscous
characteristic times. To our knowledge, this effea$ not been experimentally demonstrated. In the
VE-P, VE-VP and VDT-P models, the damatjenly affects the instantaneous elastic modulic&in
M1 shows a pressure-dependence for the initial tielagroperties, the authors recommend
implementing damage also for the isotropic parthef constitutive law. This will enable pre-damage
evolution to be tracked, as it is in the VDT-P mlode

The extensive experimental study of M1 and M2 hetvewved that damage develops (late for M2)
and that its nature is strongly anisotropic for Miltherefore seems inevitable to incorporate imdic
anisotropy into future models to reproduce comgerss states and especially the effectivity of the
damage seen on M1. Only SCRAM, E-VP and VDT-P desdrinduced anisotropic damage.

The question of the damage evolution law is stilem Two regimes are distinguished (one in
extension, the other in compression) in SCRAM, Vi8and VDT-P by the Heaviside functions of the
normal stress, the mean stress and the elastienetlic strain, respectively. The variable driving
damage in the models with/without anisotropic daeniageither the cumulative plastic strain (VE-VP),
the equivalent stress (VS) or the largest posgivain (VE-P, VDT-P). The experimental study of M1
is favorable to damage controlled by positive stiemd pressure. As regards the behavior of M3, it i
not possible to draw conclusions without experiraemieasurement of damage close to the peak
stress. It should be pointed out that since thairswf pressed explosives remains low (quasi-brittl
materials), the difficult problem of the rotatiof @anisotropy axes does not have to be treated. The
effectivity of the damage, observed on M1, is edanh SCRAM, VS-VP and VDT-P. In VDT-P, the
effectivity functions are related to the strain gatisfy thermomechanical considerations, but no
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experimental evidence justifies this. SCRAM and WS-generate a unilateral effect by using
Heaviside functions of normal and mean stress otisiedy. Unfortunately, dealing with anisotropic
damage prevents the characterization of the caimib of each microcracks system (each system is
orientated along a plane), the recorded macrosd#itage being the consequence of all of them. As
long as the unified model is to be used below marinstress, and for moderate localization of strain,
research will have to follow micromechanical modehclusions.

Cyclic tests on M1, M2 and PBX-9501 revealed irrsi@e strains after unloading. For some
materials, the plasticity threshold appears to démm pressure (M1, EDC-37), temperature (M1, M2
only beyond the glass transition) and strain rité)( The initial yield stress of M1 is pressuredan
strain rate-dependent, which is not the case for M2

Comparison between constitutive equations 10, 83,24 highlights that the damage affects
plasticity in VS-VP and VE-P models while plastcitrives damage in VE-VP. There is no
experimental data to allow any conclusions to bden®ur opinion is that for moderate loadings (low
confinement and quasistatic strain rates), macpesdoss of stiffness and irreversible strains tae
consequence of microcracks nucleation, openingfdosgrowth, and relative displacement and
friction of the lips of cracks. However, Vial (2018lso demonstrated that plasticity occurs in the
HMX crystals of the M1 composition when they areafed under low confinement. Microstructural
post-mortem characterizations are missing, whicluldv@nable separation of the contribution of
microcracks and crystal plasticity to the irrevelsistrains. Several routes could be followed only
involving damage (see, for example, the work ofgadlini et al. (2008) for concretes), plasticity, o
both, as in all the models previously presentedhénlatter, the loss of stiffness is related tmdge
and the irreversible strain to a “plasticity” menisan. This is the case in VDT-P, friction of
microcracks being incorporated through a plasticdad an effective stress tensor.

A dilating plastic behavior has been demonstratedfl and is strongly suspected for M2. Yet
only the VE-P, VE-VP, E-VP and VDT-P models deserd volumetric plasticity. In addition, the
tests on M1 highlighted the need for a non-assedifiow law, implemented in all models except
SCRAM and VS.

We have also shown that a combined isotropic anerkatic hardening, not present in any model,
is necessary to model at least the behavior of M2.

For the modelling of M1 (VE-P and VDT-P), failuriee(: maximum stress) and damage are totally
dissociated. It has been experimentally demonstritat damage depends on the loading history
while failure depends only on the instantaneoussstrand strain. One of the two failure criteria
adopted for M1 is a function of the largest positstrain while the second takes account of the
positive effective stress to describe the failurdension states. These two failure modes have been
favorably compared to multiaxial data in Picart &wmpon (2016). No failure criteria are presented
in the other models.

The preceding remarks do not enable a model teleeted for this class of energetic materials,
particularly when they are subjected to complexi$o®ur guidelines for the development of a unified
model are therefore as follows:

e The use of an additive decomposition of the straito mechanisms rather than
incorporating, for example, the plasticity as a naanch in a parallel Maxwell model
(additivity of the viscous stresses).

* Because it is probably the hardest task, a meamafig loading-induced anisotropic
damage must first be taken into account. The twdelsoSCRAM and VDT-P can serve
as a basis for future development. Damage evolutard be linked to penny-shaped
microcrack nucleation, growth and friction usingnaan field homogenization approach.
Many rules have been reported above, the difficoéng their experimental verification
at the microscale. The second route, as in VDT4,td use a macroscopic
phenomenological description of the damage (anitsadffectivity). We have observed a
close relation between damage evolution and the 8itain tensor (positive strain for
example). An isotropic pre-damage and its evolutidth at least the pressure is also
required.

* A linear viscoelasticity part for pressed PBXs gsia Maxwell's-like approach for
example), including a time-temperature equivalewtéch domain of validity must be
accurately defined.
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» lrreversible strains description requires a (viptagtic mechanism. Using an effective
stress will help to separate the damage effect ftben plasticity effect. The plastic
threshold could be, for example, of the Druckerg@ras type (pressure-dependent) but a
non-associated flow rule must absolutely be progose

» Isotropic hardening is usually stated, but datawshtimat a kinematic hardening rule is
required to model the plastic anisotropy which dodévelop during complex loadings.
This mechanism is an evidence for M2, while anéptti analysis of M1 data is required.

» Multiaxial failure criteria could be separately posed and implemented in the model to
predict the ultimate loadings. These criteria nhestalibrated on multiaxial tests at least,
such as the one stated in section 3.10. For agmhnic structure, such failures relate to
the peak stresses rather than the failure stress.

Since improving models is closely related to experits, the investigation of the possible non-
linear viscoelasticity of such material is requir@iMA measurements are made at low pressure. The
question is to observe how the viscoelasticity e@®lwhen the confinement, and thus the strain,
increases.

Monotonic curves being the consequence of manyrahefiton mechanisms, these data give some
guidelines but are unusable for improving modelaréddver, only a few non-uniaxial experiments
were done. Loadings at constant deviatoric to nstgess ratios, torsion experiments, tension under
confinement, or perfect triaxial experiments (pipat stresses separately loaded) would help to a
better understanding of these quasi-brittle mdterfdso, different loading conditions must be nadxe
Tension under confinement, uniaxial compressiondifferent temperatures and strain rates or
conventional triaxial experiments at different pags and strain rates (see Vial 2013 for a first
investigation) or temperatures could help to urtde how the deformation mechanisms interact.

Finally, the study of M1 and M2 showed several gaipg effects: (1) thermal damage at low
temperature, different from the ratchet growth mimeenon (based on the glass transition temperature)
observed on PBX-9501 and PBX-9502; (2) a non-manoteffect of pressure on the volumetric
behavior and on the elastic moduli, notably betweemd 10 MPa; (3) a possible size effect, already
observed on concrete.

6. Conclusion

Ensuring the safety and reliability of pyrotechstouctures is obviously indispensable. Nowadays
this is done by numerical simulations, and the owgsi materials which make up the pyrotechnic
structure must be accurately modelled. An exhagisttate of the art of quasistatic mechanical tests
provided in the literature has been proposed fesggd HMX- and TATB-based PBXs. This analysis
has shown that few experimental campaigns have baeied out on these materials (except for an
HMX-based material, the explosive composition Msulting in many assumptions about their
behavior. An exhaustive characterization of CEA & been provided in this paper to fill the gap on
TATB-based PBXs. This material shows strain raemperature- and pressure-dependence, inelastic
strain and a load-induced anisotropy.

Since HMX- and TATB-based PBXs have similar macop$c properties, a universal constitutive
law is attainable for this class of materials. Alilgh the mechanisms (elasticity, viscosity, damage,
plasticity, etc.) implemented in this future lawutd be the same, each explosive composition would
have its own set of parameters. Thus, a criticdkre of already proposed constitutive laws has been
made. It has been shown that most of the modelpa@rdy based on experimental facts, explaining
the variety of assumptions made by their authoov€rsely, the constitutive laws proposed for M1
enables the simulation of complex loading conddiohhe additivity of deformation mechanisms is
justified for PBXs, as is the use of a linear vidastic component. A rigorous confirmation of their
time-to-temperature equivalence is still neededs @ in-depth study of the viscoelasticity lingar
at high stress levels. An anisotropic damage laadigsed by the authors, mainly controlled by the
positive strain and the pressure, with effectiviBut how effectivity is controlled remains an open
guestion. SCRAM or VDT-P could serve as a basisfiture developments. This paper shows that
kinematic hardening must be introduced in the d¢tuiste law, and the model proposed for M1 will
therefore reconsider this observation. Lastly,dbecribed experimental database has shown unusual
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phenomena at low temperature or intermediate pressand this requires future work to understand
the causes.

The development of such a model will need a ldht#rnal variables, such as - at least - the elasti
viscous stresses, dozens of damage variables dagedthe spatial discretization of the unit sgher
and five variables per kinematic hardening mechmaniSuch is the cost of yielding accurate finite
element predictions of the thermomechanical respook these explosive compositions when
subjected to complex loading paths.
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Highlights

* A literature review is proposed about (1) the cibuiste laws devoted to HMX- and TATB-
based PBXs and (2) the few data used to fit tharpaters.

« An exhaustive database (with an in-depth descriptib each experiments) obtained on a
TATB-based PBX is detailed.

* Mix with already published data on PBXs, the lattatabase gives the opportunity to draw the
characteristic behavior of pressed plastic-bondgibsives.

< It highlights the mechanisms needed in future adifconstitutive laws for this class of
materials.
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