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SHOCK INITIATION STU

DIES
ELECTROMAGNETIC PARTICLE VELOCITY AND

OF LOW DENSITY HMX USING
PVDF STRESS GAUGES

Stephen A. Shefficld, Richard L. Gustavsen, and Robert R. Alcon
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Robert A. Graham and Mark U. Anderson
Sandia Nationai Laboratories
Albuquerque, NM 87 185

measure the shock response of

the explosive.
gauges were located

used by Hayes,
various densilies) with
peccesarry to know som
ipitially solid material an

This information was used 0
porous HMX shocked to 0.8 GPa.
profiles had long rise times

Magpoetic particle velocily and PVDF stress rate gauges have been used to
low density HMX (1.24 g/cm3). In experiments
done at LANL, magnetic particle velocity gauges were located on both sides of
In pearly identical experiments done at SNL, PVDF stress rate
at the same positions so both particle
histories were obtained for a particular cx
Hugoniot data were obtained and an EOS was
Sheffield and Mitchell (for describing the
Hermana's P-a model.
e thermodynamic constantls or the Hugoniot of the
d the porous material sound speed to obtain accurale
unreacted Hugoniots for the porous explosive. Loading and reaction paths were
established in the stress-particle velocity plane for some experimeotal conditions.
determine a global reaction rate of ~0.13 p.s" for

(up to 1 ps) due to the compaction processes.

velocity and stress
perimental  condition. Unreacted
developed by combining methods
Hugoniot of HNS at
Using this technique, it is only

At low input stresses the transmitted wave

INTRODUCTION

Porous octotetramethylene tetranitramine (HMX) at
a density of 1.24 g/cm3 has been shown O
reproducibly undergo 2 deﬂagration-lo-dcxonalion
trapsition (DDT) from small inputs when suitably
confined.] This gives rise to safety concems which is
the principal reason for studying it under low shock
input conditions.

Studies of low-density explosives (less than 80%
of theoretical maximum density - TMD) have beea
conducted on several explosive materials over the past
30 years. Scay and Seely? studied shock initiated low
density PETN and showed that, at a density of 1.0
g/cm? (65% TMD), this material could be initiated with
shock inputs as low as 0.25 GPa. Evans et al..3 made
measurements on ammonium perchlorate at a density of
1.0 g/cm3 (51% TMD) and found that shock inputs as
Jow as 1.7 GPa would initiate it. Dremin et al.,4 used
magnelic gauges O study the initiation of bulk density
TNT and tetryl charges. They found inputs of 1.1 GPa
produced runs o detonation between 16 and 54 mm,

depending on the TNT particle size. Lindstrom3 did a
rather large study on tetryl at deaosities of 1.3, 1.4, 1.5,
1.6, and 1.7 g/cm3. At a density of 1.30 g/em3 (15%
TMD) an input of 0.47 GPa gave a run distance ©
detonation of 10 mm.

Two studies with direct application to this work
have been done on low density HMX. Dick performed
several explosively driven cutback tests in which be
measured the average transit lime through HMX
compacts of different thicknesses (at a density of 1.24
g/cm3) for inputs of 0.8 and 2.1 GPa$ By plotting
transit time vs. compact thickness, he was able obtain
some Hugoniot and initiation information.  He
determined the distance to detonation was 3.0 mm for
an input of 2.1 GPa and 5.2 mm for an input of 0.8
GPa. Elban and Chiarito subjected two different HMX
powders to slow compactiou conditions up 10 02
GPa.7 They found that the breakage of HMX crystals
starts at stresses below 1 MPa and that widespread
crystal fracture takes place between 62 and 75% of
TMD. At a stress of 0.2 GPa, 96% of TMD was
obtained. The data from these studies are not sufficient
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to construct a reliable equation of state (EOS) so we
embarked upcn 2 study to make lime-resolved
measurements as an extension of Dick's work with
manganin gauges.?

Nearly all the previous experimenters have used
explosive driver/atienuator systems (o obtain the
desired input shocks so the exact ioput shock
amplitudes and shapes were oot well known. In
addition, mapy of them used diagnostics (such as
measurement of shock breakout with a streak camera)
which did oot give detailed shock parameter histories.
The samples were in the form of wedge or pellet shaped
compacts, carefully pressed and shaped before
assembly to the attenuator plate of the driver system.
Ooly Dremin et al., made in-situ measurements of
particle velocity histories in bulk density TNT. this
allowed them (0 measure details of the reaclive-wave
growth process.

In our experiments magnetic particle velocity
measurements were made at Los Alamos National Lab.
(LANL) and polyvinylidene difluoride (PVDI?) stress
rate measurements® !0 were done at Sandia National
Labs. (SNL) in experiments that were nearly identical.
Time resolved measurements of these two properties
allows tracking of any process occumring (e.g.
compaction or reaction) in the siress vs. particie
velocity plane. In this paper we develop an EOS for
low density HMX, discuss the experimental methods,
the data obtained, and their interpretation.

EQUATION OF STATE

Equation of state information is difficult to obtain
on porous explosives for several reasons. At low input
stresses, compaction  behavior dominates and
transmitted waves become disperse. At higher inputs,
because the materials are very seositive o the shock
initiation of detonation, reaction occurs and shock
velocity information is not reliable, i.e., transit lime
measurements cannot be used. Even at pressures of
only a few kbars, the explosive may start to react and
accelerate the wave. In wedge tests, wave acceleration
is often apparent well before the onset of detonation.
Because of the dynamic compaction processes and early
onset of reaction, measurements of pressure or particle
velocily in transmitted waves provide uareliable EOS
information as well. The best information has been
oblained in flying plate experiments using flyers made
of well characterized materials whose velocities were
accurately measured and when pressure or particle
velocity was measured at the flyer/explosive interface.
Data from these types of experiments is uncommon, as

most researchers have been more interested in the
initiation properties, and have used wedge experiments.

Equations of state have been developed for porous
explosive materials in the past.. Lindstrom3 developed
an EOS for tetryl. Erkman and Edwards!! constructed
an EOS form in which different parameter values could
be used (o describe the behavior of RDX, tetryl, PETN,
and ammonijum oitrate.  Sheffield, Mitchell, and
Hayes!2 used an EOS based on the Helmholtz potential
and a Murnaghan isotherm o0 model HNS
(hexanitrostilbene) shock behavior., We use the
Helmholtz form as the basis for the EOS development
in this paper.

Because of the difficulties in making reliable EOS
measuremenis on porous explosives it is often useful to
construct & Hugoniot using thermodynamic constants
obtained from static and hydrostatic measurements, the
bulk sound speed of the porous explosive, and then to
properly account for the porosily. If hydrostalic data is
unavailable, the thermodynamic conslants can be
obtained by fitting to Hugoniol measurements of
explosives at pear 100% TMD or on single crystals.
These are generally much less sensitive to shock
initiation.

Porous Explosive EOS

The formalism for the equation of state which is
used in this paper was developed by Hayes, and was
first used to describe the porous explosive, HNS by
Sheffield, Mitchell and Hayes.)2 It was later
ammended by Seitchell and Taylor!3 to be used in
Hermann's P-a& model.!4 Thus, the ideas are not new,
but neither have they seen widespread application.

The method is based on constructing a complete
thermodynamic potential function for the fully dense
explosive, namely the Helmholtz Free Energy. The
specific form which Hayes chose for the Helmboltz
Free Energy is!2

F(T,V)= c,{(z‘- To)(nl";(vo - V))

K.V
+Tln('7;g']]+ o 2 ()
T J N(N-1)

()" ol

where Cy, is the specific heat at constant volume, ¥y is
Gruneisen's parameter, V,, is the specific volume of the
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fully dease explosive at zero pressure, Ky is the bulk
modulus at constant temperature, and N is a constant.
This copstruction assumes C,, and y /V are constants,
while the bulk modulus is

v N
K, = x,.(-—v"-) . @

These constants are readily obtained from static
thermodynamic  measurcments  and  hydrostatic
pressure-volume measurements.

In order to describe the compaction of the porous
explosive in the framework of Hermann's P-a model, 4
Eq. (1) must be recast in the form P(E,V) or E(P,V).
Setchell and Taylor!3 have shown that

P Y .
Vys—— - =C, T, (V, -V
EP,V) vV vIo(Yo J
Ky f[_\ig_)”‘ﬂ
v V) 7Y
Ke Vo I v )"
+N(N'”[ Vo 3)

v 1
-(N_l)[x--—-—J -1
v, ]

Eq. (3) describes the behaviour of the fully dense
explosive. While Eq. (1) is a complete thermodynamic
EOS, Eq. (3) is not.

—

Hermann's theory,!4 as modified by Carroll and
Holt!3 states that in a porous material, Eq. (3) describes
the solid portion. The distension of the porous
material is

a—"-VlV,. (4)

where V is the specific volume of the porous explosive
al a given pressure and energy, and V, is the specific
volume of the solid explosive at the same pressure and
energy. If in the porous material the average pressure is
P and the average specific volume V, then the pressure
in the solid portion is Pa and the specific volume of
the solid portion is V/a . Equation (3) can thus be
used to describe the energy at average pressure P and
volume V in the porous explosive if modified to
describe only the solid portion:

E= E(Pa,V]a). (5)

Eqs. (3), (4), and (5) are cow augmented by defining a
as a function of the shock pressure P. A simple form
for a(P), such as the following one suggested by
Herman, 4 is sufficieat.

a=l+(ay -IX1-P/P,)2 (PSP ()
a=1 (P2P,

In Eq. (6), @y is the original distension,
g = Vo/Vy, and Vo is the initial specific volume
of the porous explosive. P, is the pressure at which the
material crushes to solid density. Herman has also
shown how P, can be determined from measurements
of the sound speed in the porous material.!4 Differeat
values of P, must be used for different initial
porosities.

Given P and a(P), Eq. (5) is then itteratively
solved for V such that the energy is the same as that
given by the Hugoniot jump condition
E = P[2(Vy - V). Given the quality of much of the
experimental EOS data, further sophistication in an
EOS is uowarranted. Constants used in the COS
analysis will be discussed later whea the HMX
Hugoaniot data are presented.

EXPERIMENTAL DETAILS

Experiments at both labs utilized gas gun driven
projectiles to obtain sustained-shock input conditions.
Projectile velocities were nearly the same at both labs
for a given experimeatal setup so that in separate,
similar experiments, both stress and particle-velocity
histories were measured.

HMX powder was confined in sample cells which
had a polychlorotrifluoroethylene (Kel-F) front face (on
which the projectile impacted) and a poly 4-methyl-1-
pentene (TPX) cylindrical plug back. (TPX is a low
impedance material and therefore a reasonable
impedance match o the pressed HMX.) Gauges were
epoxied on the HMX side of both pieces. The front
face was screwed to & Kel-F confining cylinder with an
outside diameter of 68.6 mm and an inside diameter of
40.6 mm. The pressed HMX (between the Kel-F and
TPX) was = 4 mm thick and had a density of 1.24
g/cm3. Figure 1 is a cross-section ot the cylindrical
experimental setup showing the various parts,

The HMX powder used :n all the experiments was
coarse HMX (rom Holston (Lot HOL 920-31) with a
bulk density of = 1.16 g/cm3 (sec Ref. 6). The material
was screcned to climinate agglomerates and a few of
the largest particles.
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Porous HMX (3.9 mm thick)

FIGURE 1. CROSS SECTION OF EXPERIMENTAL
SETUP.

Kel-F

Kel-F
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In the LANL experiments the magpetic particle-
velocity gauges were 25 i thick FEP Teflon witha 5 ft
thick alumioum "stirrup” gauge 0B it. Active region of
the gauge was 10 mm by 0.5 mm. In the SNL
experiments PVDF stress-ralc gauges were composed
of 25  thick PVDF with plated electrodes on cach side
and a 12 p thick FEP Teflon film oo the HMX side.
The active area of this gauge is 3 mm by 3 mm. The
side pext to the HMX was coated with alumioum to
eliminate any pyroelectric effects in the PVDF.
Although gauge conditions were not exactly identical,
they were as close as possible to being the same.

RESULTS

Experiments were performed at projectile velocities
ranging from 0.15 to 0.7 km/s with corresponding
stress inputs to the HMX samples between 0.1 and 0.8
GPa. At the lower ioput slresses, the compaclion
process dominated and the (ransmitted waves as
measured by the back gauges had long rise times; the
lowest input experiments were over 1ps. At the higher
projectile velocities, evidence of reaction was apparent
at both the front and back gauges. Figure 2 shows the
particle velocity history plots obtained in the lowest
input experiment (Shot 931). The projectile velocity
was 0.158 km/s and the stress about 0.1 GPa. The
transmitted gauge record has a risetime of over 3 Hs
with the front looking almost like an elastic precursor.
This wave shape undoubtedly has to do with the
dynamics of crushing and compaction of the HMX.
The HMX was not compacted to 100% TMD in this
experiment.

0.15

0.05
J N

Particle Velocity (mm/ us)

ol |
0 2 4 6 8 10 12
Time (us)

FIGURE 2. PARTICLE VELOCITY WAVEFORMS
FOR SHOT 931.

The Hugoniot data obtained from this and other
experiments are presented in Table 1. Some of the
experiment are paired (one shot at LANL and ooc at
SNL) at the conditions where we were trying to make
identical cxperiments. This turned out to be harder
than expected because of a number of difficulties with
the biggest one being making the two different guns
produce the same projectile velocity on demand. Atthe
lower projectile velocities, this was more difficult than
expected. In any case we succeeded in getting some of
the shot pairs very close in projectile velocity. The
pairs are these: 912 and 2477, 913 and 2478, 928 and
2486, 929 and 2487, and 931 and 2489. For these pairs
the Hugoniot point was obtained by taking the particle
velocity from the LANL experiment and the stress from
the SNL experiment.

Figure 3 shows particle velocity and stress wave-
forms obtained in two experiments (Shot 912 and Shot
2477) in which the projectile velocity was = 0.29 km/s.
In the front PVDF gauge measurement, there is a con-
siderable overshoot in stress because of the Kel-F front
plate (this overshool was observed in all the front
PVDF gauge measurements). The stress measurement
in the HMX begins after this overshoot - about 40 ns
into the record. Rounding at the top of both the front
gauge waveforms results from the viscoelastic wave
shaping that occurs in the shock as it moves through
the Kel-F cell front. The back gauge waveforms show
a very disperse wave with a risetime of = 700 ns. This
is due to the compaction process in the HMX that
develops as the wave progresses through the sample.
We do not know if the profile is steady but assume that
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Shot No. Lab Projectile Vel. | Measured up Measured P | Calculated Us | Calculated p
km/s km/s GPa kns g/em3
931 LANL 0.158 0.132
2489 SNL 0.189 0.087 0.532 1.651
912 LANL 0.288 0.3
2477 SNL 0.285 0.20 0.701 1.844
942 LANL 0.406 029
2488 SNL 0.412 035 0973 1.767
929 LANL 0.509 037
2487 SNL 0.496 0.48 1.046 1919
928 LANL 0.599 0.43
2486 SNL 0.591 0.65 1.219 1.916
913 LANL 0.696 0.5
2478 SNL 0.669 0.90 1.45 1.890
0.25 0.5
7,,:: 0.2- foa
e Particle Velocity 1 -
Eos{ § T Stress ; -0.3 &
2 | : | %
5 i SSUSUTPIURO I 3
— 0.1 1 e A cTeeT s : ™ 0 2
[+] ’ ., S
> ; 7]
2 :
o - "
& 0.05 0.1
(]
o, s
0 ----------------- 1]: ------- — = o =L.-ki-..- 1 [ ] * ] 0
-1 2 3 4 6 7 8 9
Time (ps)

FIGURE 3. PARTICLE VELOCITY

WAVEFORMS (SNL SHOT 2477, PROJ. VEL.

0.285 KM/S).

WAVEFORMS (LANL SHOT 912, PROJ. VEL. 0.

288 KM/S) AND STRESS

1 3
— [ 2.5
;; 0.75-
2@
Q.
% [ A e
-g 0.5" -.,"’ E :" 1 5 g
2 ' Particle Velocity b s &
[ NG A e e
3 0.25 - ; f': Stress ]
T ] : - 0.5
« : )
o ; ]
0 T T T . T Y T 0
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FIGURE 4. PARTICLE VELOCI
WAVEFORMS (SNL SHOT 2478, PRO

TY WAVEFORMS (LANL SHOT 913, PROJ. VEL. 0.696 KM/S) AND STRESS
J. VEL. 0.669 KM/S) .
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it is not. There was apparcotly no reaction at this
cxperimental condition,

Figure 4 pgives the particle velocity and stress
waveforms obtained in two experiments (Shot 913 and
Shot 2478) in which the projectile velocity was ~ 0.68
km/s. In these experiments there is evidence of
reaction in  both the front and back pgauge
measurements. Reaction in the front gauge is
manifested by a decrcase in particle velocity (the
reacting HMX is slowing down the cell front) and a
corresponding increase in stress. The wave grows as it
traverses the HMX sample because of reaction in the
shock front so rather than the 0.5 km/s expected when a
ponreactive wave interacts with the TPX back, a parti-
cle velocity of L.25 km/s is measured. (The back
PVDF gauge mecasurement was lost.) The riselime in
the back particle velocity gauge was also considerably
faster than in the lower input experiments (without
reaction). However, it is still about 50 ns, longer than
expecled for a sharp shock. There is apparently
competition between the reaction (trying to sharpen up
the wave) and the compaction (irying lo smear it out).

In this experiment the LANL projectile velocity
was 4% higher than the SNL experiment. This is
manifested in the data because the arrival time of the
wave at the back PVDF gauge was longer than for the
back particle velocity gauge. This gives an indication
of the accuracy of the Hugoniot data from these
experiments; it is on the order of 5% data in the worst
case and somewhat better in the best case.

DISCUSSION

The Hugoniot data from the experiments in Table
1 were used to determine the adequacy of the EOS
development described above.  Table 2 lists the
thermodynamic constanis for the explosives HMX,
HNS, and PETN. The latler two explosives have been
included for comparison purposes. More information
about the EOS and its application to HMX, HNS,
PETN and other explosives can be found in Ref. 16.
Brief comments about where the HMX constants were
obtained, and how well they fit the data follow.

TABLE 1. THERMODYNAMIC CONSTANS

Explo-| po K, N v/v Cy
sive
. g/cm’ Mbar g/cm’ cm’/ps’/K
HMX | 1.90 | 0.129 [103]| 2.09 | 1.05(10°5)
HNS | 1.74 | 0146 | 35| 282 | 0.8910°3)
PETN| 1.77 [oa10 ] 7.1 | 204 | 1.0000%)

Ky, andN for HMX were oblained from fits to
the hydrostatic pressure - volume data of Olinger, Roof
and Cady.!? y and C, are as reported in Ref. 17, as
well. When these coastants are used in the EOS given
above, the curves shown in Figures S and 6 are
produced. These constants, reproduce the 1.891 gfcm3

3
{ ® 1.24
P | 1.24 (J. Dick)
A SENETPES 1.24
r“? 24 (o] PBX 9404
a. ! 1.84 glee
S (1.84 glcc)
> —— 19
I
=3
B
a. [
i -
s .. X
0 N | A | R ]

04 05 08 07 08
Volume (cm3/g)

FIGURE 5. HUGONIOTS FOR HMX IN THE P-Vv
PLANE.
6
0 1.891glcc
~ 5+ © PBX 9404 (1.84 g/cc)
9 1.24 glce
0 ‘
> 2+
®-
= 14 ,_,.’
(7] .
.—‘".
OJLJ_AILJAALJAAIILJAI
0 0.25 0.5 0.75 1

Particle Velocity (mm/us)

FIGURE 6. HUGONIOTS FOR HMX IN THE U

~,
PLANE. 'P
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and the PBX 9404 Hugoniot quite well up to pressures
of about 10 GPa. Above 10 GPa, ncither the PBX
9404, the 1.891 HMX, nor the single crystal HMX
Hugoniots!? are reproduced very well, possibly be-
causc of a phase transition in the HMX at a pressure
ncar 10 GPa.20 These constants, with P, sct cqual to
0.25 GPa, nicely reproduce our Hugoniot measure-
ments on 1.24 g/cc HMX as is shown in the figures.
As is typical there is more scatter in the P-V than the
Us - up plane.

The risetimes of the transmitted waves are
interesting in terms of indicaling the competition
between the dynamic compaction process (spreading
out the wave) and the reaction process (steepening up
the wave). Figure 7 shows the risctimes of the
transmitted waves as a function of the input stress. At
about 0.5 GPa the risetimes get to be below 100 ns, the
minimum risctime for these experiments.

1.2 o
1
:
—
0 0.8 ®
3
Q
E 0.6
=
e ®
9 0.4
[od
0.2 ®
o ®
04;;.'.11.'...A'A#.4
0 0.25 0.5 0.75 1

Input Stress (GPa)

FIGURE 7. PLOT OF RISETIME FOR TRANSMIT-
TED GAUGE WAVEFORMS VS. INPUT STRESS.

Using the particle velocity and stress data from the
experiments, these two properties can be plotted
against each other at the appropriate times in the stress
vs. particle velocity plane. This plot can be superim-
posed on a Hugoniot cross plot to give some under-
standing of the processes occurring in the experiment.
This has been done for the data shown in Fig. 3 , where
there was no reaction, and is reported in Ref. 21. The
case with reaction is discussed next.

The data shown in Fig. 4 are definitely in the
regime where reaction is taking place. Using the front

3_
2.5
T 2
5] I-F
o Kel-F/ \\Kel-
15 €
7]
(/)]
Q
s HVIX
n TP
0.5
0

N
0 0.2 0.4 0.6 0.8 1
Particle Velocity (mm/us)

FIGURE 8. STRESS VS. PARTICLE VELOCITY
PLOT OBTAINED USING THE DATA OF FIG. 4.

gauge data and plotting the stress vs. particle velocity
results in the wiggly curve shown in Fig. 8. (The
appropriate Hugoniots for Kel-F, low density HMX,
and TPX are shown for reference purposes.) It starts
somewhat low in stress, due to the viscoelastic effects
in the Kel-F, but then moves along the backward facing
Kel-F Hugoniot clear off the figure. In other words,
the state at the front gauge as the reaction occurs moves
up along the Kel-F Hugoniot because this is what it is
in contact with. In this experiment the maximum stress
at the front gauge was about 2.8 GPa at the end of the
record.  Ritchic22 has calculated the BKW reaction
product equation of state for 1.24 g/cm3 HMX. Figure
8 has been expanded in Fig. 9 so that the BKW product
isentrope and the porous HMX Hugoniot are shown.
Using the product curve as the approximate end state
for the reaction if it went to completion, it appears that
the HMX has reacted to about the 40% point. This has
taken place in about 3 ps, leading to an estimated
global reaction rate of = 0.13 ps-1 . Of course there are
many assumptions in this rough analysis but it gives an
indication of the order of the reaction rate that is
occurring in the shocked porous HMX.

The back magnetic gauge had a maximum particle
velocity of 0.95 km/s, which corresponds to a stress of
2.8 GPa on the unreacted HMX Hugoniot and a shock
velocity of 2.4 km/s. An asterisk has been put on this
point on the unrcacted Hugoniot of Fig. 8. The
average shock velocity through the sample was 1.96
km/s, considerably above the 1.36 km/s expected if
there were no reaction. Considerable reaction is occur-
ring in the shock front (as is normally the case for
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this level. If the porous HMX were detonatiog, the
detopation velocity would be 6.7 km/s so it is obvious
that there is still a rather long buildup process to occur
before detonation is achieved.

15 4

L 1.24 g/cc HMX

—_
@ 107 BKW Product  *
e [ Isentrope .-~

o 5-43"’

1.24 g/cc HMX

o_ e Lty " T "
] 0.5 1 1.5 2
Particle Velocity (mm/ps)
FIGURE 9. EXPANDED VIEW OF FIG. 8

SHOWING THE BKW PRODUCT ISENTROPE.

This set of experiments demonstrates the usefulness
of making both stress and particle velocity
measurements in near identical experiments. It is clear
that to really understand the compaction and reaction
processes in detail, computer modeling with accurate
material, compaction, micromechanical, and reaction
models will be required.
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this level. If the porous HMX were delonaling, the
detonation velocity would be 6.7 km/s so it is obvious
that there is still a rather long buildup process to occur
before detonation is achieved.

s .

15 +

3
b
3

t 1.24 g/cc HMX

T

a. 109 BKW Product
e | Isentrope .-~
N 5#"’

1.24 g/cc HMX

A

] 0.5 1 1.5 2
Particle Velocity (mm/us)

FIGURE 9. EXPANDED VIEW OF FIG. 8
SHOWING THE BKW PRODUCT ISENTROPE.

This set of experiments demonstrates the uscfulness
of making both stress and particle velocity
measurements in near identical experiments. It is clear
that to really understand the compaction and reaction
processes in detail, computer modeling with accurate
material, compaction, micromechanical, and reaction
models will be required.
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