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ABSTRACT

Over the past year members of DX-1 have participated in several
conferences where presentations were made and papers prepared for
proceedings. There have also been several papers published in or
submitted to refereed journals for publication. Rather than attach all
these papers to the DX-1 Quarterly Report, we decided to put them in
a Los Alamos report that could be distributed to those who get the
quarterly, as well as others that have an interest in the work being
done in DX-1 both inside and outside the Laboratory.

This compilation does not represent all the work reported during the
year because some people have chosen not to include their work here.
In particular, there were a number of papers relating to deflagration-
to-detonation modeling that are not included. However, this group of
papers does present a good picture of much of the unclassified
equation of state and energetic materials work being done in DX-1.
Several of the papers include co-authors from other groups or
divisions at the Laboratory, providing an indication of the
collaborations in which people in DX-1 are involved. The papers
discuss the various subjects in less detail than if they were part of a
quarterly report, but they are more complete in terms of describing
the work done. In some cases, work in the areas is continuing, so the
papers represent progress reports. In the case of papers in the
refereed journals, they represent work that has been completed.

The papers are not ordered except that those given at meetings are
first and the three journal articles are last. Because of space
limitations established for the proceedings, the papers given at the
American Physical Society Topical Conference on Shock Compression
of Condensed Matter are all four pages in length. The format of each
paper is the same as has been used in the paper submitted for
publication.

In the case of the APS Meeting, papers with DX-1 people as authors
or co-authors represent over 4% of all the papers given at the
conference (15 out of about 350). Since this was an international
meeting, this amount of participation illustrates the impact of our
work on the shock and energetic materials community throughout the
world.
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ISENTROPE ENERGY, HUGONIOT TEMPERATURE,
AND THE MIE-GRUNEISEN EQUATION OF STATE

Charles A. Forest

Group DX-1, MS P952, Los Alamos National Laboratory, Los Alamos, NM 87545

Analytic expressions for both the isentrope energy and temperature along the Hugoniot curve may be
expressed in terms of a single integral function for a Mie-Gruneisen equation of state with constant heat

capacity c,,.

INTRODUCTION

The Mie-Gruneisen equation of state with a
Hugoniot reference line is commonly used in
calculations. The temperature on the Hugoniot
and isentrope curves are at times desired.
Calculation of the temperature along the Hugoniot
was given by Walsh and Christian’, the expression
for which contains an integral function. This
integral, for constant heat capacity c,, and general
Gruneisen parameter I'(v)=v(dp/de),, will be

shown to be that integral which is necessary for
the calculation of isentropic energy.

The calculation of temperature or the calculation
of an arbitrary isentrope is often useful in fluid
dynamic modeling. These properties are used in
mixture equations of state that assume pressure
equilibrium along with temperature equilibrium or
isentropic behavior following a first shock. There
is a convenience in having the single integral
function 7(u) that facilitates both purposes.

BASIC FORMULATION

The Mie-Gruneisen equation of state using a
 first-shock Hugoniot reference line is written

p(v,e) = (Th)e - €,(V))+p,(v) )

where v = specific volume, e = specific internal
energy, p,(v) = Hugoniot pressure, e,(v) =
1(p,(v) + p,) (vy—Vv) + ¢, the Hugoniot
relation.

The function p,(v) is calculated from two

Rankine-Hugoniot relations (conservation of mass
and momemtum) and the empirical U (u) relation

(the shock velocity into undisturbed material).
These equations are, as functions of the shock

particle velocity u, v, (u)=vy(U (u)—u}/Uy(u),
py(u)=pouU (u)+p, and Us(u)=c+su+qu2.

Letting uy(v) be the inverse v,(u), then by
composition p, (v) =p, (u,(v)).

The empirical U (u) relation is represented
piecewise by a linear or quadratic over n segments,
Uy<uy<.. . <y ;. A corresponding set of
oppositely ordered volume segments are defined,
Vi>V> DV with v = v, (u)). U (w) =c

+ su+ qu2 on a segment, then u,(v) is obtained
by solution of the quadratic equation

(unC(v_))uZ —u+u,(v) =0 where




u,(v) = c(vy— v}/ (v, = s(v, = v)).
If g =0, then u,(v)=u,(v).

If g # 0, the two roots for u,(v) are

U, = 2u1(v)/(1+"1—-4q uI(v)Z/c) and

u, =c/(qu,).

The root u, has the correct limit for ¢ = 0 and
has good numerical precision; and for g # 0, the
u, root has similar precision. Both are calculated
using the fact that- if the equation
ax’+ bx + ¢ =0 has roots x; and x,, then
¢ = ax;x,. The proper root must be selected to
lie in the segment determined by v.

The derivatives of p,(v)=p,(u,(v)) with
respect to specific volume v, or of any other
function parametrically given as a function of u,
requires the derivative du,/dv, which can be

calculated implicitly from the mass equation
Uy, (V) v = vo[U (w, (V) — u,(0))
Differentiation gives
dw, _ Uw(v)
av — au; )
75—( Vo - V) has Vo

Using this result, with u = u, (v),

au, ]duh

= Po[Us MR

An expression for the Gruneisen gamma I' in

terms of ¢,, T, B, and ¢’ can be obiained from
two thermodynamic equations related to I,

¢ = ¢,(1+PBTT)and ¢p = BCZ/F, where

¢p =(9e/0T), + p(dv/dT)p, ¢, = (de/dT),
B = (v/3T), /v, and ¢’ =(p/dp),.

Equating the two ¢, expressions and solving the
resulting quadratic equation for I" gives

2(Bc/e,)

U= T19m7s 4(Bci/c, BT

ISENTROPE ENERGY AND MIE-
GRUNEISEN EOS

From the thermodynamic equation, Tds = de +
pdv (with ds = 0) and the equation of state,

de:
= - e

where ¢;(v) is the isentrope energy.
differential equation for ¢; is then

de.
% + (T/v)e; = (T/v)ey(v) — py(v) @)

with initial value e¢;(v;) = ¢;. Let now g(v) =
(T/v), and let G(v) = exp{fg(v)dv} be the
integrating factor.

For two special cases of (I'/v), these functions
are as follows:

1. If T =T, then g(v) = (TA) and G(v) = V"

G(v) = exp {poIyv}

Now multiply equation (2) by G and integrate,

&(vVIG(v)-e,G(v;) = [ Gl g(v)e, (v)— p,(v)idy

v,

Note that ‘fl—G = G(v)g(v) and integrate by parts




nge,,dv = [Ge]) dee" dv.

v,
Also note
de dp
2+ =1 HVo—V) + $(Pu-Po)
Finally then

e; V)GV) - e;G(v1) = G(v) e (v) - G(v;)e, (vi)

—-I E(;—)[%(vo—v)+ph —po]dv

v

The remaining integral is not expressible in
terms of elementary functions, and is not easily
and accurately fit as a function of volume v
because p,(v) has a singular point at
V = vo(s — 1)/s when U, =c + su. Recall that

the particle velocity has no such trouble and can be
used for the integration change of variable. Thus
let

I(v) —J'-—[ p"(vo v) +p, —po}dv

Yo
(note lower limit of integration). Changing
integration variable, let

v=v,(u) and dv = ‘2}” du.
This particular choice of variable change is
advantageous because p,(v) = p,(u,(v)) and

oy @_ ﬂ Us /&
= —po(U+u —
Also note

» — Do = PolU,, and

au
dv, _ Vol “Tn U, I
v, 7 .

du
Then
I(u)=_T G(vg(u)) [(va,, dv,,( ve = v) +
0
(py, — po) ]du and finally,
I(u)=_T G(v,(u)) u? dUsdu 3
0

Us(u) du
and

e;(vIG(v) = e;G(vy) + ep(vIG(v) ~ ep(vi)G(vy) —
(1w, (v) — I(uy (v, )]

Remark: e;(v)is the energy of the isentrope
through the point (v;, e;,), which may be any
point in the domain of p(v,e). A common
usage is the case where e; =¢,(v,) thatis the
isentrope for a material element that has
experienced a first shock.

The function Ku) is represented on each
(uj, uj,y) interval by the form I(u) =

a, + u"(a,+ au + ay’ + agy’ +au’) In
the neighborhood of ¥ = 0, we let m = 3, and

elsewhere let m = 1. For calculation of the
derivative of X(u), the exact expression

A Gy, (u)) u® dUs Lo /U,(u) is used.

du

The use of component equations of state in a
equilibrium mixture equation of state requires not
only an accurate function value but an accurate
derivative so that the iterative equilibrium solution
method will converge quickly. To that end, the
function I(u) is fitted by fitting the derivative of




I(z) and I(u) simultaneously. One need not use
polynomials, any suitable analytically integrable
basis function set would do.

TEMPERATURE AND HUGONIOT
TEMPERATURE

The temperature as a function of (v,e) is

T(v, ¢) = & —Ce,,(v))

+ T, (v)

where ¢,(v) = Hugoniot energy and T,(v) =
Hugoniot temperature, and ¢, = constant heat
capacity.

The temperature on the Hugoniot T, (v) is
calculated via Walsh and Christian's method.!

They write on page 1554,

T,
d +(-§EJT Idp"(vo—v)+2(p,, = Do)

aT

Changing variable to (v,e), p(v,T) = p(v, e(v.T))
and thus

(g!%_ - %)v (%)f (F'Me,.

The differential equation is then

al, . T dp,
G 5= g {Feoe + rapo)

with initial value T,(v,) = T,. Using the same
integrating factor and notation as in the
integration of the isentrope energy equation,

T,(v) G(v) = T)G(vy) =

v
d
G {dp‘; (vo—v) + p,— Po}d

Vo

For ¢, = constant, the integral is just I(v)/c,, and
thus

T, (v) Gv) = T,G(v,) + ?lv—l(uh(v)).
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HUGONIOT AND SPALL DATA FROM THE LASER-DRIVEN
MINIFLYER

R. H. Warnes, D. L. Paisley, and D. L. Tonks
Los Alamos National Laboratory, Los Alamos, NM 87545

The laser-driven miniflyer has been developed as a small-sized complement to the propellant- or gas-
driven gun with which to make material property measurements. Flyer velocities typically range
from 0.5 to 1.5 km/s, depending on the energy of the launching laser and the flyer dimensions. The
10-50 um-thick flyers, 1-3 mm in diameter, and comparably small targets require very little material
and are easy to recover for post-experiment analysis. To measure and improve the precision of our
measurements, we are conducting an extensive series of experiments impacting well-characterized Cu,
Al, and Au on several transparent, calibrated, windows (PMMA, LiF, and sapphire). Measurement
of the impact and interface velocities with a high-time-resolution velocity interferometer (VISAR)
gives us a point on the Hugoniot of the flyer material. These are then compared to published
Hugoniot data taken with conventional techniques. In the spall experiments, a flyer strikes a some-
what thicker target of the same material and creates a spall in the target. Measuring the free-surface
velocity of the target gives information on the compressive elastic-plastic response of the target to the
impact, the tensile spall strength, and the strain rate at which the spall occurred. Volumetric strain

rates at spall in these experiments are frequently in the 106-108 s-1 range, considerably higher than
the 103-104 57! range obtainable from gas gun experiments.

INTRODUCTION

The Laser-driven Miniflyer has been developed
over the last several years to measure the dynamic
properties of materials under shock-wave conditions.
A pulsed Nd:YAG laser is focused through a trans-
parent substrate onto a thin multilayer that has been
deposited on the substrate, Fig. 1. A thin foil (the
flyer) is placed on the multilayer. The laser pulse is
absorbed in the multilayer and creates a plasma,
which in turn accelerates the flyer to its terminal ve-
locity within three or four pulse widths of the laser.
The nearly perfectly flat flyer then impacts a target
and the response of the flyer and target after the im-
pact are measured with a high-time-resolution laser
velocity interferometer (VISAR) {1-2). Many of the
material properties that are routinely determined
with propellant- or gas-driven guns or explosives
can be obtained with the Miniflyer.

Because the flyers and targets are very small (10-
50 pm thick and 1 to 3 mm in diameter), recovery
of the samples for post-shot analysis is straightfor-
ward. The amount of material needed for an exper-
iment is also quite small—a definite advantage if the
material being studied is toxic and/or expensive.

The Laser-driven Miniflyer

Nd:YAG laser pulse VISAR

0.5145 pm
oy &
0.01- 10 joules 3w

Substrate withy Transparent

launch foil window

(flyer)

FIGURE 1. A schematic of the Laser-driven Miniflyer. The
launching laser enters from the left, and the diagnostic laser
enters from the right.




Some details of the Miniflyer launch and the
direct optical recording of the VISAR data have
been presented previously (3—4). The purpose of
this paper is to describe the data analysis and to
compare the results with data obtained by con-
ventional techniques. The experiments discussed
here are just the first few of many scheduled to
determine if the assembly and alignment procedures
and the precision of the measurements are adequate
to determine accurate Hugoniots and spall-related
properties. In addition we hope to determine the
effect of scaling, if any, on the properties being
measured.

HUGONIOT EXPERIMENTS

In these experiments the material to be studied,
the "unknown", is the flyer—a 25-pum-thick foil of
OFHC Cu in the as-received state of hardness. The
target is one of several transparent window materials
of known Hugoniot and calibrated for use with the
VISAR in shock-wave experiments (5-6). PMMA,
LiF, and sapphire are used. The VISAR is focused
through the window and onto the flyer, Fig. 1.
Before impact the velocity history of the flyer is
recorded; after impact the flyer/target interface veloc-
ity is recorded, Fig. 2. From these two measure-
ments, a point on the Hugoniot of the "unknown"
flyer can be calculated.

Figure 3 shows graphically how a point on the
flyer Hugoniot is determined from the impact and
interface velocities. The measured impact velocity

25 um Cu Impacting LiF
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FIGURE 2. Velocity data from the VISAR. The data required
are the impact and the flyer/window interface velocities.

Impact of Miniflyer with LiF Window
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FIGURE 3. Graphical representation of the data analysis.
From the flyer and interface velocities, a point on the flyer
Hugoniot may be determined.

is shown as a rectangle on the particle velocity axis
at 0.7 km/s. The measured interface velocity is cor-
rected for the window effects (5-6) and then shown
in Fig. 3 as the vertical line at a particle velocity of
0.5 km/s. The pressure at the flyer/target interface,
B, is determined by the intersection of this vertical
line and the window (in this case, LiF) Hugoniot. If
the impact velocity minus the actual interface
velocity is A, the coordinates of a point on the flyer
Hugoniot are (A,B).

The measured Hugoniot of the flyer material is

Comparison of OFHC Copper Data

:u_fw.!. T T T
F - Reference 7 .AA' ]
2 8 X Miniflyer/LiF Window N 1
[
O Miniflyer/PMMA Window
O Reference 8
0| a 7
0 X
£ - 'y
L
215
w
@
4
a
1 0f 5
%
[ 3
o
5 o
oF
K4
o .1 e,
0 0.1 0.2 0.3 0.4 0.5 0.€

Particle Velocity (km/s)

FIGURE 4. Comparison of Miniflyer data on OFHC copper
with published data. LiF and PMMA windows were used in
these experiments.




TABLE 1. Miniflyer Experiments, Calculations, and Comparisons

Experiment Window  Impact Interface CTH Measured OFHC Cu Difference
No. Material Velocity  Velocity Interface Hugoniot Hugoniot in
(km/s) (km/s) Velocity up, P up, P Pressure
(km/s) (km/s, GPa) (km/s, GPa) %
1 LiF 0.679 0.480 0.483 0.200, 7.341 0.200, 7.556 2.9
2 LiF 0.793 0.570 0.563 0.223, 8.907 0.223, 8.507 4.5
3 LiF 0.382 0.269 0.273 0.113, 3.918 0.113, 4.146 5.8
4 LiF 0.697 0.490 0.496 0.208, 7.511 0.208, 7.894 5.1
5 LiF 1.547 1.099 1.087 0.448, 19.25 0.448, 18.431 4.3
6 PMMA 0.930 0.821 0.827 0.109, 3.733 0.109, 3.993 6.9
7 PMMA 0.921 0.819 0.818 0.102, 3.724 0.102, 3.735 0.3

compared to published OFHC Hugoniot data in Fig.
4 (7-8). The parameters that can be varied to get a
range of pressures and particle velocities on the
Hugoniot of the flyer material are the impact velocity
of the flyer (adjusted by changing the flyer thickness
and the energy in the Nd:YAG laser pulse) and the
impedance of the window used for the target.

The CTH code (9) has been used to model the
flyer/target interaction. Table 1. gives some details
of the small but representative set of experiments
plotted in Fig. 4 and shows the agreement between
the measured and calculated interface velocities.

SPALL ANALYSIS

The miniflyer wave profile data can be analyzed
by wave code computer simulation. Information
about the plasticity in the shock rise and release, as
well as spall strength, can be extracted. To demon-
strate this process, we present a simulation result of
an early miniflyer experiment on aluminum.

Figure 5 shows the particle velocity data taken by
a VISAR on the free surface of a sample foil of
Reynolds aluminum nominally 50 pm thick. The
flyer plate was launched from a substrate coated with
a layer of vapor-deposited Al nominally 25 pm
thick. The metallurgical properties of both foils are
not well known.

Figure 5 also shows the result of a simulation us-
ing the characteristics wave code CHARADE (10).
The materials modeling included the Johnson-
Barker model for the plastic strain rate in the plastic
rise (11), a backstress model for the reverse plastic
flow in the release (12), and a pressure threshold
spall model. The EOS used was a Mie-Grueneisen
type with a pressure-dependent bulk modulus and
constant Poisson's ratio (13). The equation of state
material parameters used were roughly appropriate

11

Spall Signal from an Aluminum Target
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Figure 5. Comparison of free surface velocity data from a
spalled aluminum target with a CHARADE wave code simula-
tion.

for 6061-T6 Al. Using parameters for 2024 Al and
1100 Al produced little change in the calculated fiee
surface velocity profile.

The volumetric tensile spall strength was found
to be 1.8 GPa. This value, because it was obtained
from a full hydro calculation in CHARADE, takes
into account the wave evolution between the spall
plane and the free surface. A calculated value of 2.8
GPa was found for a gas gun experiment on 6061-T6
Al (13).

In the calculation, the flyer plate impact velocity
was taken to be the observed free surface peak
particle velocity, since the impact velocity was not
measured independently. This velocity produced a
fairly good overall comparison with the free surface
velocity data, as seen in Fig. 5. The fit of
calculation to data was done only on a qualitative
basis since the materials are not well characterized.
The various materials models were adjusted to




demonstrate that the general features in the data are
reproducible with CHARADE, as seen in the figure.

It is of interest to compare the materials parame-
ters arrived at in the fitting with their counterparts
from a simulation of gas gun data on 6061T6 Al at a
shock strength of about 4.3 GPa and involving
much larger plate dimensions (13). In the miniflyer
fit, the plastic strain rate multiplier had to be in-
creased ten fold and the dislocation multiplication
right after the precursor had to be decreased by about
7 fold from the gas gun fits. In the backstress
model, the miniflyer fit required about a seven fold
smaller dislocation viscosity and a twenty fold in-
crease in pinned dislocation density: The miniflyer
fitting seems consistent with the sample foil being
in a strongly work-hardened state from its rolling
preparation, and, therefore, having a large initial dis-
location density.

The calculated volumetric strain rate for the

miniflyer spall was about 7.6 x 107s"}, many orders
of magnitude above that of gas gun experiments.
The high spallation strain rate obtainable in the
miniflyer experiment is another example of the
advantages this technique has to offer.
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EFFECTS OF INTERFACIAL BONDING ON SPALLATION IN
METAL-MATRIX COMPOSITES

R.S. Hixson, J.N. Johnson, G.T. Gray III, and J.D. Price
Los Alamos National Laboratory, Los Alamos, NM, 87545, USA

Two metal-matrix composite systems are studied to determine the influence of inclusions on the spallation
strength in plate-impact experiments. The first is an aluminum/ceramic system with several volume
fractions of ceramic inclusion, and the second is a copper/niobium composite consisting of 15 vol. %
niobium particles embedded in the copper matrix. Plate-impact experiments produce peak compressive
stresses of ~5 GPa in the aluminum/ceramic system and ~10 GPa in the copper/niobium system. The
characteristic code CHARADE is used to calculate detailed compression-release profiles in the composite
systems, thus accurately quantifying the wave-evolution occurring between the spall plane and the particle
velocity (VISAR) measurement at the rear free surface. The aluminum/ceramic system exhibits a strong
dependence of the spall strength on inclusion concentration and morphology. In the case of the
copper/niobium system, the spall strength remains essentially unchanged by the presence of 15 vol. %
niobium particles embedded in the copper matrix.

INTRODUCTION matrix/ceramic composites (2) were 6061-T6

aluminum with angular alumina (AlyO3) inclusions

Composite materials are currently being proposed
for use in a wide variety of applications. Some of
these applications involve subjecting such materials
to impact and dynamic tension. In this paper we
present data obtained using shock compression
techniques to spall several metal-matrix composites.
These include three volume fractions of Al/ceramic
materials and one metal-matrix/metal composite,
Cu/Nb. Measurements are complemented by
calculations performed with the characteristic code
CHARADE (1), which gives the dynamic tensile
(spall) strength at a point within the impacted
sample.

EXPERIMENT

Experiments were performed on several materials.
The metal-matrix/ceramic composites were of two
kinds. The first material was 6061-T6 aluminum
with embedded spherical particles of mullite
(3Al1703, 28i07). This material has a density of
2.840 gm/cm3 and a volume fraction of mullite of
approximately 20%. The other metal-
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at two volume fractions (8 and 17%). The material
chosen for the metal-matrix/metal composite was
Cu/Nb. This material consists of a Cu matrix with
inclusions of Nb at a volume fraction of 15%; a
metallograph of this material is shown in Figure 1.

FIGURE 1. Metallography of Cu/Nb composite.




TABLE 1. Summary of Spallation Experiments.

Experiment Projectile Targ.(mm)/ Vol. % Spall Str. Inclusion
Velocity (m/s) Imp.(mm) Inclusion (GPa) diam/morphology
[impactor] [composition]

Al959 550 [Qtz] 3.886/2.699 0 2.8 N/A

(6061-T6)

Com3 506 [Qtz] 3.744/2.840 20 1.9 25-50 um/spherical
[mullite/alumina]

Durl 508 [Qtz] 3.978/2.803 8 20 8-10 um/angular
{alumina)

Als3_3 502 [Qtz] 3.820/2.918 17 1.1 20-25 um/angular
[alumina]

Cus2_10 499 [Sapphire] 4.016/2.817 0 3.5 N/A

(OFE Cu)

CuNb3 505 [Sapphire] 4.005/2.993 15 35 20-25 um/oblong
[niobium]}

P — —— —— ——

Measured ultrasonic velocities for the Cu/Nb
material were C) = 4.814 mm/us and Cg = 2.199
mm/ps. Density of the Cu/Nb material was
measured by an immersion technique to be 8.88
gm/cm3 and the density for pure Cu was taken to be
8.93 gm/cm3. Spall measurements were also
performed on 6061-T6 aluminum and OFE copper to
determine the spall strength of the matrix material
alone; for these nominal impact conditions, the spall
strength of the aluminum alloy is 2.8 GPa and that
of copper is 3.5 GPa.

Shock-compression experiments were performed
at two gas-gun facilities, one with a 50-mm bore
and one with a 72-mm bore. Impactors used for the
Al-based composites were Z-cut quartz glued to
PMMA backing pieces and inlet into the nose of the
projectile. Z-cut quartz was chosen because it
responds elastically in the pressure range of these
experiments. For the Cu-based composites Z-cut
sapphire impactors were used. Various thicknesses
of impactors were chosen depending upon
experimental requirements. Experimental
configurations were calculated using the
MACRAME computer code (3). Edge-effect
calculations were also carried out for each
experiment to ensure one-dimensional flow for the
entire time of interest. A summary of spallation
(only) experiments is given in Table I.

Impact response was measured using time-
resolved velocity interferometry, with a push/pull
VISAR (4). This diagnostic system is capable of
nanosecond level resolution, and yields particle
velocity histories with less than 1% uncertainty.
Particle-velocity data were taken at a free surface for
spall experiments, and at a target/window interface
for wave-profile experiments (not presented here).

LiF (100) windows were used for the Al-based
composites and sapphire (Z-cut) for the Cu-based
materials because of the close shock impedence
match. For window experiments a thin (13 pm)
aluminum shim was placed between the window and
the target. We were able to perform free-surface
(spall) experiments with no foil by slightly
defocusing the VISAR laser spot.

CALCULATION

Analysis is carried out with the rate-dependent
characteristic code CHARADE (1). The rate
dependence in these calculations is contained in the
micromechanical model of plastic flow and not in
the fracture process. A simple tensile fracture model
is used for spallation. The benefit of using a

sophisticated rate-dependent elastic-viscoplastic
model for compression and release comes from the
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FIGURE 2. Spall signals for Al/ceramic
composites; (a) Com3, (b) Durl, and (c) Als3_3.

ability to calculate accurately the evolution of
complex waves that travel from the spall plane
(where the fracture occurs) to the free surface (where
the measurement is made).

CHARADE contains advanced models of rate-
dependent elastic-plastic flow as well as
micromechanical models of quasielastic release from
the shocked state (5). This sophistication gives
some assurance that the evolution of the spall signal
will be faithfully simulated in the numerical
calculation. Elastic moduli and equations of state of
the composite materials are obtained from mixture
theories described in reference (2).

RESULTS

In Figure 2 we show the spall resuits for the
Al/ceramic composites (2). The spall strength of the
composites may readily be seen to vary with volume
fraction of ceramic reinforcement, and with shape.
The presence of the alumina particles also changes
the nature of the spall ‘pullback’ signal indicating
sluggish behavior as compared to the 6061-T6 Al
result: Figure 3. It is clear by comparing the results,
with and without ceramic reinforcement, that the
spall strength in the composites are all lower than
that in 6061-T6 aluminum (Table 1), Spall results
for the Cu/Nb composite and OFE Cu are shown in
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FIGURE 3. Spall signal for 6061-T6 Al

Figures 4 and 5. To within experimental
uncertainties there is no difference in the spall
behavior of these two materials, a somewhat
surprising result.

One unusual feature observed in the spallation
properties of the Cu/Nb composite is the small
secondary spall resistance observed immediately
following the minimum in the particle-velocity/time
record of Figure 4. There is considerable structure in
this region; it has the same qualitative features as
found in the spallation of tantalum (6).

DISCUSSION

Wave-profile and spall experiments have been
performed on two very different metal-matrix
composites. The systems studied here were a metal-
matrix/metal (Cu/Nb), and several metal-
matrix/ceramic materials (AL/Al,O3 and Al/mullite).
Results indicate that the Cu/Nb material is
essentially indistinguishable from pure OFE Cu in
wave-profile and spall-signal measurements. The
spall strength of this material is 3.5 GPa.

Results for the AI/A1;03 composites show that
there is a considerable difference in spall behavior of
these composites in comparison to 6061-T6 Al.
The spall strength for 6061-T6 aluminum is 2.8
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FIGURE 4. Spall signal for Cu/Nb composite.

GPa, while that for the aluminum/ceramic
composites varies from 1.1 to 2.0 GPa depending on
volume fraction of ceramic reinforcement and
particle morphology. This complements the low-
strain-rate results of Song, ef al (7). The presence of
ceramic inclusions strongly influences the dynamic
material strength in tension. Our experiments show
that not only does volume fraction of the ceramic
reinforcement affect spall strength, but also particle
shape plays a major role.

In the case of aluminum/alumina it might be
suspected that the interfacial bond itself is weak;
simply because of the difference between the
electronic structure of metals and ceramics.
However, it is believed that this bond is fairly
strong and that the weakness comes from ductile
failure in the metal (aluminum) adjacent to the
interface between these two materials. The presence
of significant elastic moduli differences contributes
to substantial hydrostatic tension and causes voids to
grow in the vicinity of the interface.

Additional work that would be of interest is the
impact and spallation of materials which contain
continuous reinforcement in the form of fine wires,
for example. Experiments on this type of
composite are described elsewhere in this conference
3.
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RATE-DEPENDENT SPALLATION PROPERTIES OF TANTALUM

J.N. Johnson, R.S. Hixson, D.L. Tonks, and A.K. Zurek

Los Alamos National Laboratory, Los Alamos, NM, 87545, USA

Spallation experiments are conducted on high-purity tantalum using VISAR instrumentation for impact
stresses of 9.5 GPa and 6.0 GPa. The high-amplitude experiment exhibits very rapid initial spall
separation, while the low-amplitude shot is only slightly above the threshold for void growth and thus
exhibits distinct rate-dépendent spallation behavior. These experiments are analyzed in terms of simple
tensile fracture criteria, a standard rate-dependent void-growth model, and a rate-dependent void-growth
model in which the expected plastic volume strain makes no contribution to the relaxation of the mean
stress. Recovery tests and VISAR measurements suggest an additional resistance to spallation that
follows the rapid coalescence of voids; this effect is termed the secondary spall resistance and is due to the
convoluted nature of the spall plane and the resulting interlocking fracture pattern that is developed and
for which the stress remains unrelieved until the spall planes have separated several hundred microns.

INTRODUCTION

Spallation in metals remains an important
research subject in the field of shock compression
science in spite of the wealth of existing spallation
models and corresponding data. Spallation, like
dynamic plasticity, is controlled by defects rather
than the perfect lattice and hence substantial spall
strength variation with impact amplitude and strain
rate is sometimes seen where none is expected. In
the case of tantalum (bcc) the plastic flow properties
are controlled by the Peierls stress (inherent to the
perfect lattice) and are not exceedingly sensitive to
imperfections. The spall strength, however, is
controlled by large-scale impurities that either
provide initial porosity or act as nucleation sites for
voids. Simple tensile fracture models are often
unable to adequately represent material spall
behavior because of the strong dependence on rate-
dependent properties associated with void initiation,
growth, and coalescence.

In this work we present a study of the spallation
properties of tantalum (i) just above the spallation
threshold and (ii) at an impact stress one and one-
half times the spallation threshold. The
experimental measurements are compared with
those of Isbell, et al (1). The new results show the
dependence of spall strength on impact amplitude
and some of the complexities of the spallation
process near threshold conditions when analyzed in

detail in terms of void-growth models. A new
phenomenon termed "secondary spall resistance” is
observed and described theoretically.

EXPERIMENT

Shock-wave experiments are performed with a
50-mm-diameter gas gun. Projectile velocity and tilt
are measured immediately before impact by means
of a stepped circular array of shorting pins
surrounding the target disk. For these experiments,
tilts are typically 1.0-1.5 mrad, and impact velocities
range from approximately 200 to 300 m/s: these
velocities produce longitudinal stresses in the range
of 6.0 to 9.5 GPa for symmetric impact.

A shock-release profile is measured using a
push/pull VISAR (2) with a sapphire window.
Spallation experiments are conducted with stress-
free back surfaces, also with VISAR
instrumentation.

The chemical composition of this material is as
follows (in ppm): C(6), O(56), N(24), H(<1),
Fe(19), Ni(25), Cr(9), W(41), Nb(26), Ta(balance).

CALCULATION

Following the establishment of the shock/release
behavior (3,4) in the absence of spallation, a set of

© 1996 American Institute of Physics
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calculations was performed on the theoretical spall «
response of tantalum at impact stresses of 6- and
9.5-GPa using a simple tensile-fracture criterion.
These results are shown in Figure 1.
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FIGURE 1. Simple tensile fracture criterion for
spall.

The "spall strength" for the 6-GPa shot is 5.2
GPa and that for the 9.5-GPa shot is 7.3 GPa. Itis
also seen that the simple tensile-fracture criterion
does not represent the obvious rate dependence
observed in the lower amplitude experiment. In
addition there is the peculiar deceleration that occurs
shortly after the minimum particle velocity for the
9.5-GPa shot in Figure. 1 (arrow). This result is
peculiar in the sense that once separation occurs at
the spall plane, there should be nothing to cause
further negative acceleration; in the 6-GPa
experiment this resistance to rapid separation is to
be expected because void growth controls the
separation process - complete separation has not yet
occurred.

Spall calculations were also performed with a
void-growth model (5). The essential features of
this model are contained in the following
expressions for the time rate of change of porosity in
the tensile region:

1/3
4

0,0-0) "
Nt | Yo\ 1T Y 1
¢ [(1—(/)0)} ¥ @

n

Ap=F+a,(1-p)log @ @

where @ is the porosity (initial value designated by
subscript 0), 7 is plasticity coefficient (units of
viscosity), p is the mean stress, and a; defines the

flow stress for void growth.
The material constitutive relation which includes
the effect of void growth is given by

6 — (K+4G/3)pl/p) = F 3
where F is the relaxation function given by
F=2G-my+EK-pfp/(1-¢) @

where G is the shear modulus, K is the bulk
modulus, ¥ is the Griineisen coefficient, 7 is the

generalized shear stress, and V is the plastic shear

strain. The elastic moduli are degraded by a factor
(1-g@) in comparison to the solid elastic moduli.

The quantities f and g are used to control various
contributions to the model; in the normal void-
growth model f and g are both unity.

Calculations of spallation are performed for
tantalum with Eqgs. (3) and (4) with f= 1 and g=1.
It is found that even qualitative agreement between
theory and experiment is highly elusive, the start of
the pullback signal is very abrupt [see, for example,
the calculation for plate-impact-induced spall in
copper, ref. 5]. These calculations and comparisons
suggest that ideal, ductile void growth does not take
place in this particular type of tantalum. Work done
by Isbell, et al (1) definitely showed ductile void
growth in the classical sense. The material used in
their study was 99.5% pure. The tantalum studied
here is considerably purer than 99.5%.

It is suspected that void growth does occur in
these samples, but not homogeneously over the
dimension of a computational cell (in these cases,
the one-dimensional computational cells are 12 pm).

Calculations of the spall signals with the void-
growth model omitting the void-growth term (f=0)
in Eq. (4), but maintining the full degraded moduli
(g=1), are shown in Figure 2. The initial porosity is
taken to be 0.0005, a; = 0.22 GPa, and 71 = 20
Poise as determined by numerous calculations of the
spall profiles. Complete spall separation is
controlled by a parameter @y, the maximum

allowable porosity prior to rapid void coalescence.
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The rate-dependent nature of the spall process for
the 6-GPa experiment is obvious. The fracture
porosity in this case is ¢ r =0.43. For the 9.5-GPa

experiment @¢ = 0.30, and there is no essential

difference between the calculated spall response for
the simple tensile fracture criterion and for the void-
growth model. The fact that the fracture porosities
are different is unusual, and is something that
requires further investigation.

If the link-up, or void coalescence, step in
spallation were simply a rate-dependent plastic flow
process, then it would be expected that higher rates
of tensile loading would allow greater porosities to
be achieved prior to fracture; the opposite is
observed here.

The agreement shown in Figure 2 is suggestive
of a material for which the void growth is limited to
a small region within a computational cell (brittle
fracture) and whose moduli are reduced by the
presence of this damage, but whose volumetric
plastic strain is not strongly affected.

SECONDARY SPALL RESISTANCE

One of the most interesting and peculiar
observations associated with the 9.5 GPa spall signal
is the sudden deceleration that occurs in the pull-

19

back signal (arrow, Figure 1). It appears that the
material has undergone complete spallation, i.e.,
material separation, and then finds that there
remains a substantial restoring force tending to
decelerate the spalled piece. This remained a puzzle
until recovery experiments were performed to
examine the nature of the actual spall plane. The
spall region is shown in Figure 3 for a 9.5 GPa
impact stress

FIGURE 3. Spalled region for peak impact stress
of 9.5 GPa.

It is seen from Figure 3 that the spall plane is not
a distinct fracture surface, but rather is extended
over several tens of microns in the direction of wave
propagation (vertical). This observation suggests
that the initial loss of strength takes place by the
coalescence of voids to form a system of small
cracks (long dimension perpendicular to impact
direction) extended over a finite region of several
tens of microns normal to the spall plane. The initial
loss of material strength obtains from the formation
and elastic opening of these cracks and the
corresponding drop (to near zero) of the longitudinal
tensile stress. Following this initial loss of tensile
strength, the extended spall plane pulls apart and
undergoes additional linking of these cracks to
eventually form the separated spall plane, but not
before developing considerable secondary resistance
to separation: this is what we refer to as secondary
spall resistance (SSR)

The SSR is modeled in terms of an additional
tensile stress that develops following simple tensile
fracture. As the separation distance x between the
left and right sides of the spall surface increases, the
SSR is given by:




Ogr=0  for x<a and x>b (5a)
Ogsg = fos[(x=b)/ (b—a)] fora<x<b (5b)

where o is the absolute magnitude of the spall

strength and f is a nondimensional number less than
unity. Generally @ will be on the order of a few
microns (the onset of SSR) and b will be on the
order of a hundred microns (the end of SSR).
Equations (3) represent the stress necessary to pull
apart the convoluted spall plane shown in Figure 3.

Calculations of the spallation behavior with this
model of SSR is shown in Figure 4 for @ = 5
microns, b = 200 microns, and f = 0.20.

DISCUSSION

The fracture properties of metals are extremely
complex. The combination of plastic flow
properties and impurity content that control the
fracture process provides very subtle differences that
result in brittle behavior in some cases and fully
ductile behavior in others. Temperature is another
parameter that we have not yet even begun to
investigate, but one that obviously has a strong
influence on these properties.

Tantalum studied previously (1) (99.5% pure)
exhibited classical ductile spallation properties in
the range of impact stresses from approximately 7
GPa to 9 GPa. The material studied here quite
obviously fails to behave in the ideal manner and
consequently the ductile void-growth model must be
modified in order to represent the time-resolved
spallation data. It is found empirically that a fit to
the data can be obtained by omitting the void-
growth term from the relaxation function F, Eq. (4).
This is clearly not very satisfying and other methods
were sought in order to obtain a similar fit. A
second method was found in which the factors f and
g (multiplying the void-growth term in the
relaxation function and in the damage term
controlling the moduli) were equal and less than
unity: f = g ~ 0.05. Additional calculations must be
performed to determine the complete range of
parameter space for which reasonable fits to the data
can be obtained.

A new effect was observed in the 9.5 GPa
experiment described here. This is termed
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FIGURE 4. Calculation of spall signal with
secondary spall resistance included.

Secondary Spall Resistance (SSR) and has to do
with the resistance provided by the extended spall
plane as it tries to pull apart in the fashion of a
jigsaw puzzle. This effect is very pronounced, and
is represented in terms of a secondary force that
applies once the (left and right) spall surfaces have
moved apart a few microns and continue until
separation reaches a few hundred microns.
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ORIENTATION-DEPENDENT SHOCK RESPONSE OF
EXPLOSIVE CRYSTALS * :

J. J. DICK
Group DX-1, MS P952, Los Alamos National Laboratory, Los Alamos, New Mexico 87545 USA

Some orientations of PETN crystals have anomalously high shock initiation sensitivity around 4
to 5 GPa. Results of a series of laser interferometry experiments at 4.2 GPa show that this is
associated with an elastic-plastic, two-wave structure with large elastic precursors. Implications for
the initiation mechanism in single crystals is discussed. Initial work on beta phase, monoclinic HMX

is also described.

INTRODUCTION

Anomalous luminescent emission and initia-
tion of detonation have been observed for two
orientations of single crystals of pentaerythritol
tetranitrate (PETN) in shock experiments near
4 GPa.(1) The crystals were more sensitive at
4.2 GPa than at 85 Gpa. From the data avail-
able it was not clear what was responsible for this
anomaly. In addition to the sensitivity anomaly
observed in wedge experiments, there was an un-
usual intermediate velocity transition between the
initial shock velocity and the final detonation ve-
locity in a wedge experiment on a [110] crystal.
After consideration of these results it seemed that
measuring time-resolved histories at several thick-
nesses through the initiation regime would be very
helpful in clarifying the nature of the anomaly.
Therefore a series of measurements of particle
velocity vs time at several thicknesses through
the initiation regime was undertaken using veloc-
ity interferometry. The results indicate that the
anomaly is associated with separated elastic and
plastic waves with large elastic precursors. In ad-
dition to the [110] experiments, experiments were
performed at 4.2 GPa on [100] and [001] orienta-
tions as well. The records show orientation depen-
dence in accord with previous luminescent emis-
sion experiments and a model of orientation de-
pendence of shock sensitivity based on steric hin-
drance to shear.(2,1) Interferometry experiments
were performed on {110] crystals at stresses rang-

*Work performed under the auspices of the U. S. Depart-
ment of Energy
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ing from 4.0 to 7.2 GPa in order to look at the
variation in material response from the anomalous
regime to the higher stress regime. The records
show a continuous variation from one type of his-
tory to another. At higher stresses with a single
shock, the initiating flow peaks further behind the
shock wave. This results in slower shock growth
at 6 and 7.2 GPa than at 4 to 5 GPa.

EXPERIMENTAL TECHNIQUE

PETN crystals were subjected to shocks using
a light-gas gun. Particle velocity vs time histo-
ries were recorded at the PETN/PMMA window
interface using a velocity interferometer. Projec-
tiles made of 2024 aluminum were impacted on
Kel-F (polytrifluorochloroethylene) discs 50 mm
in diameter and 5 mm thick. The PETN crystals
were mounted on the Kel-F discs with a silicone
elastomer. The crystals had typical lateral dimen-
sions of 15 mm.

The measurement system used was a dual,
push-pull, VISAR system.(3) The dual VISAR
with different fringe constants removes ambigu-
ity in determining the particle-velocity jump at
the shock when extra fringes must be added. The
light was transported from the argon-ion laser to
the target and thence to the interferometer table
with fiber optics.

EXPERIMENTAL RESULTS
In previous work(1) anomalous detonation was
observed in a [110] PETN crystal in a wedge ex-
periment at about 4.26 GPa. The run distance to
detonation in wedge experiments was shorter at
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FIGURE 1. Particle vs time histories at the

PETN/PMMA interface for a 4.15 GPa input shock at
1.825, 3.47, 4.44, and 5.55 mm PETN thicknesses of [110]
orientation

4.26 GPa than at 8.5 GPa. The run distance nor-
mally would increase and the sensitivity decrease
with decreasing input shock stress. Furthermore,
the run distance was the same at 4.2 Gpa and
at 9.2 Gpa, a double-valued behavior. More ex-
perimental information was needed to clarify the
behavior. In order to observe the behavior behind
the leading shock wave, a series of four VISAR
experiments was performed at 4.15+0.01 GPa on
(110] crystals of different thicknesses in order to
obtain particle vs time histories through the ini-
tiation regime. The first two with crystal thick-
nesses of 1.825, and 3.47 mm were in the region of
constant initial shock velocity in the wedge exper-
iment. The third at 4.44 mm thickness was at the
onset of the intemediate velocity transition. The
fourth experiment with a crystal thickness of 5.55
mm was in the region of the intermediate velocity
transition. The particle velocity vs time histories
obtained at the interface are shown in Fig. 1. It
was unexpected to see a two-wave structure. In
Ref.(1) the leading wave was thought to be the
bulk or plastic wave to the final shock state.

The two-wave structure recorded at 1.825 mm
is a large elastic shock followed by a more-
dispersed plastic wave. The elastic wave am-
plitude is 2.74 GPa in PETN. This precursor
strength is much larger than those seen for in-
put shock strengths of 1.14 GPa. There the
elastic precursor shock strength for [110] crys-

22

200 T T T
B 175+ 1
3‘ 150 + 1
E
£ 4 k|
3
3 1.00 + 1
aQ L
2] 0.75 + h
i)
£ 050 1
£ ozl PETN |
[100],l001
0.00 f f I t
0.6 0.8 1.0 12 14 1.6
Time (LL8)
FIGURE 2. Particle vs time histories at the

PETN/PMMA interface for a computed 4.15 GPa input
shock strength for [001] and [100] orientations. The [001]
crystal thickness was 3.79 mm and the [100] crystal thick-
ness was 2.90 mm.

tals was 1.0 GPa. Dependence of elastic precur-
sor strength on input shock strength in [110] and
[001] PETN crystals was noted in earlier work for
shock strengths up to 2.7 GPa.(4) Elastic precur-
sor strengths were as strong as 2.0 GPa after 5
mm of wave propagation in that work.

The profile behind the plastic wave is not flat
and steady as would be expected in an inert ma-~
terial. Instead, there is evidence of exothermic
initiation chemistry causing increasing particle ve-
locity immediately behind the plastic wave. The
initiating flow accelerates the second wave so that
it completely overtakes the elastic shock by about
4.6 mm causing the intermediate velocity transi-
tion. The detonation transition was at 6.6+0.2
mm in the wedge experiment.

In Fig. 2 particle velocity vs time histories
for [001] and [100] orientations for the same in-
put stress are displayed. For the [001] orientation
an elastic-plastic, two-wave structure is displayed
similar to that observed in [110} orientation. The
elastic precursor strength is 3.15 GPa, larger than
observed in [110] orientation. However, the initi-
ating wave is weaker than in [110] at that thick-
ness. In contrast, the {100] crystal displays a sin-
gle wave to the final state followed by a nearly
constant particle velocity indicative of essentially
inert behavior. These behaviors correlate with the
relative steric hindrance to shear.




DISCUSSION OF THE RESULTS
Elastic-Plastic Wave Structure

In the [110] and [001] orientations there is an
elastic-plastic wave structure in the region of the
low-shock-stress sensitivity anomaly observed for
[110] crystals. Initiation begins in or immedi-
ately behind the plastic wave. This is consistent
with our model of steric hindrance to shear.(1,2)
In the model the endothermic first step in ex-
plosive decomposition is chemical bond breaking
in the sterically hindered shear flow in the plas-
tic wave or shock. This leads to the exothermic
decomposition steps on the way to initiation of
detonation, especially at low stresses. Our pre-
vious geometric analysis of steric hindrance for
rigid molecules found {110] and [001] orientations
to be hindered and [100] and [101] orientations to
be relatively unhindered. These results were cor-
roborated by molecular mechanics analysis of de-
formable molecules for the cases considered, [100],
[101], and [110]. For the [100] orientation there is
a single wave with a flat following flow indicative
of no initiation response. This is consistent with
the minimal steric hindrance for this case. The
small elastic precursor(2) has been overdriven by
the plastic wave at this level of shock strength; i.e.,
the wave speed on the plastic Hugoniot is faster
than the wave speed on the elastic Hugoniot for
the input particle velocity of 0.616 mm/us.

The two-wave structure explains another fea-
ture noted in earlier work.(1) From photodiode
records of the luminescent emission it was inferred
that there was an absorbing or dark zone behind
the leading shock. This is consistent with the
emission coming from the region of the plastic
wave, not the leading elastic wave. The interpre-
tation is that the peak in the photodiode signal
and the subsequent fall in signal level is due to
quenching of the emission in the crystal by the rar-
efaction from the free surface after arrival of the
plastic wave. In Fig. 3 particle velocity records
are shown of the elastic-plastic wave structure for
[110] and [001] orientations. There are arrows on
each record marking the time at which the photo-
diode peak would be based on data presented in
our 1991 article.

In order to determine the position of the photo-
diode peak for the sample thicknesses correspond-
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FIGURE 3. Particle vs time history at the
PETN/PMMA interface for [110] and [001] crystals
shocked to about 4.16 GPa. An elastic-plastic,two-wave
structure is displayed by both records. The plastic wave
is followed by increasing particle velocity due to exother-
mic initiation processes. In each case the arrow indicates
the inferred position of the peak in emission as determined
from a photdiode record in earlier work. The beginning
of the fall in emission intensity coincides roughly with the
beginning of the plastic wave. This indicates that the lu-

minescent emission begins at the base of the plastic wave.

ing to the VISAR experiments, the following anal-
ysis was performed. The photodiode records were
obtained for crystal thicknesses different from
those used in the VISAR experiments. For [110]
orientation the photodiode record was for a crystal
2.79 mm thick vs 1.825 mm for the VISAR record.
For [001] orientation the photodiode record was
for a crystal 3.94 mm thick vs 3.79 mm for the
VISAR record. The input shock stresses were were
equal within 0.22 GPa for [110] orientation and
within 0.11 for the [001]} orientation. An analysis
was performed in the position-time plane to deter-
mine the arrival time for the event associated with
the photodiode peak at the sample thicknesses of
the particle velocity records assuming a constant
velocity for the disturbance. Account was taken
of the particle velocity of the PETN/PMMA in-
terface in the VISAR experiment and PETN free
surface velocity in the emission experiment, but
wave interactions were ignored. The disturbance
arrival time ¢ is given by:

tg — 2o
ey @

Ug




where t; is the elastic wave transit time in the
VISAR experiment, u; is the velocity of the
PETN/PMMA interface in the VISAR experi-
ment, and Uy, is the apparent velocity of the pho-
todiode peak from the photodiode experiment.

The striking result as seen in Fig. 3 is that
quenching of the emission begins as soon as the
initial portion of the plastic wave arrives at the
free surface, at least within the 10-20 ns accuracy
of the analysis. This implies that the emission
originates from the entire plastic wave not just
behind it. It suggests that onset of emission coin-
cides with the onset of sterically hindered shear.
From time-resolved spectral measurements this
emission was interpreted as due to excited elec-
tronic states of NO5.(1) This raises the possibility
that the emission is due to direct nonequilibrium
excitation by the sterically hindered shear. As
suggested in an earlier article(2) the endothermic
first step in initiation may involve nonequilibrium
excitation of molecules on a femtosecond time
scale caused by a mechanical process, sterically
hindered shear occuring in the plastic flow associ-
ated with the uniaxial strain in a plane shock. In
the molecular mechanics calculations in that ar-
ticle the dihedral angle changed by up to 60°, a
much larger change than that caused by thermal
motion. Also, the calculations indicated that sig-
nificant bond angle strain occurred in PETN for
the most hindered cases. Ref. (5) suggests ways in
which bond angle distortion can drastically change
the electronic state of a molecule.

It is worth mentioning that the calculated ho-
mogeneous temperature rise at 4.2 GPa is about
100 °C. The peak in the spectral data corresponds
to 5000 to 6000 K by Wien’s law, an unrea-
sonable heterogeneous temperature, much higher
than detonation temperature. Furthermore the
spectral curves do not fit those of a gray body
with constant emissivity. Rather, the spectra have
the character of a chemiluminescent edge on the
blue side. This result substantiates the previ-
ous conclusion that the observed emission is due
to luminescence from excited electronic states.(1)
While we consider the nature and timing of the
emission to be evidence for a mechanoluminescent
mechanism, the possibility that the sterically hin-
dered shear causes vibronic uppumping followed
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by bond breaking, and that the electronic excited
states are due to subsequent chemical reactions on
a nanosecond time scale cannot be ruled out.

HMX STUDIES

Work has begun on studying the unit cell of
this monoclinic crystal. The space group is P2, /c.
Possible slip systems are being studied for relative
steric hindrance for different possible shock orien-
tations. Because of the reduced symmetry of the
unit cell, there are many more cases to consider
than for PETN. The known slip systems of an-
thracene and other molecular crystals of the same
space group have been studied for possible guid-
ance. The importance of twinning in deformation
of HMX is another complication.(6,7) Crystals of
110 and 011 orientations in P2 /n have been cut
into slabs in preparation for VISAR experiments.
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SHOCK INITIATION OF PBX-9502
AT ELEVATED TEMPERATURES

R. N. Mulford and R. R. Alcon

Los Alamos National Laboratory, Los Alamos, New Mexico 87544

The shock sensitivity of PBX-9502 is known to change with temperature, Both volume
expansion and increased internal energy may contribute to this phenomenon. PBX-9502 was heated and
iui:ﬁﬁaﬁonmddetonaﬁonbehaviorwasemnﬁned.usingWVandsbockna:kcrpugin;onalightps
gun. Sensitivity and reactive wave profiles were measured. Complementary experiments were done 0o
PBX-9502 made 1o undergo °ratchet growth®, or noa- reversible anisotropic thermal expansion, under
carefully controlled thermal cycling. This process causes noticeable size changes and significant changes
in sensitivity. Sensitivity and reactive wave profiles are discussed in terms of density and microscopic

material morphology.

INTRODUCTION

TATB-bascd explosive PBX-9502 exhibits
interesting thermal behaviors that may be expected
to influence the sensitivity of the material at elevated
temperatures. Both morphological and chemical
changes may be important in understanding the
response of PBX-9502 at temperatures above
ambient.

Morphological changes include alteration in
size and distribution of botspots and a decrease in
initial density with increasing temperature. On
heating, TATB-based explosives undergo "ratchet
growth,” or non-reversible thermal expansion, as a
result of grossly anisotropic thermal expansion of
TATB crystallites in the material. The phenomenon
is complicated, with the material exhibiting several
different growth regimes at different temperatures,!
due 1o interactions of crystallites and binder
behavior.  As the crystallites and binder are
expanded and redistributed, intercrystalline porosities
are believed to decrease, while intracrystalline
porosities are believed? to increase, both of which
may be expected to influence initiation properties.

Dependence of reaction rate on temperature
almost certainly increases the reaction of the TATB
at elevated temperatures, although exiensive
experiments by Buntain3 have shown the increase in
reactivity with increasing temperature to be small.
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EXPERIMENTAL

) Experiments are done on a single stage
light gas }m using in-material magnetic (MIV)
gauging®>5 in a target specially modified o allow
controlied heating and temperature monitoring.

The target is heated front and back using
silicone rubber flexible beaters? rated to 45W and

2209C. The entire target was insulated with
household fiberglass insulation. Temperature was
monitored at 4 locations including the gauge plane,
using both wirc and fine foil® copper constantan
mennocoupks. Thermocouple mortality was high
during heating, possibly duc o expansion of the
PBX material onto which the TC was fastened.
One minute before firing, the front heater and
insulation was jettisoned using a spring assembly,
to provide an unimpeded planar surface for projéctile
impact. Heating rates and temperature uniformity
within the target were thoroughly studied, as was
cooling after ejection of the front heater. Heating
was performed at between 0.5 and 19C/minute, to
prevent thermal stresses, distortion, or cracking in
the PBX material.

The gas gun generates reliably well-
suppomdsha sbo-u;,_‘k,e waves with a well-characterized
wave shape. square pressure simplifies
consideration of the timc'depmdentp:c’sh:vior%ll‘rlhe
growth of the reactive wave. The gas gun can reach




projectile velocities of up to 1.4 mm/usec,
corresponding to pressures of up w0 about 10.5 GPa
in full-density PBX materials when single crystal
sapphire impactors are used. This maximum
pressure is insufficient to detonate cold PBX-9502
within the observable time, but if the material is hot
or has undergone non-reversible thermal expansion
lo a lower density, thea the run to detonation will be
short enough o provide good data. Particle velocity
up was measured directly using ten nested magnetic
gauges, and shock velocity Ug was obtained from
lime of arrival at the different gauges and from a
shock tracker gauge.

Figure L. The hot MIV target

DISCUSSION

Heated material exhibits quite different
reactive behavior from other detonable (HMX-based)
PBX materials studied at these pressures.
Waveforms observed in PBX-9502 at 80°C are
shown in Figure 2. The mechanism for
increased reactivity at high 1emperatures consists of
two factors, temperature dependence of the reaction,
and material morphology. These data confirm that
significant changes in material morphologies occur
between ambient and 100°C, as has been proposed
to explain anomalous thermal expansion and
contraction datal.

Between 259C and the pressing temperature
of the material, which varies between 80°C and

genenally recognized? 1o result in a decrease in
porosity of the PBX material. Above the pressing
lemperature, further expansion of TATB crystallites
pushes them apart.  This “graphitic” growth along
with increased flow of the binder increase the void
fraction as the net volume increases rapidly,
Porosity discussed here refers only (o intercrystalline
voids. It is anticipated thas intracrysialline voids
increase uniformly with temperature, but data is
inconclusive.
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Figure 3. The x-t diagram drawn from experimental
data shows the overtake of the shock (D) by the
superdetonation. (&)

100°C, TATB crystallites undergo thermal
expansion to reoccupy the voids created when they
cooled and contracted afier pressing. This process
produces some net volume expansion, but is
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Material near the pressing temperature can
thus be expected 10 have quite low intercrystalline
porosity, resembling a very dense solid or a liquid.
The development of detonation in the absence of hot
spots relies on homogeneous initiation,? in which
the reactive wave or "superdetonation” arises in the
bot shocked material afier the shock front has passed,
and then accelerates 10 join the shock front as a full
delonation wave. The process is chemical, rather
than mechanical. This "superdetonation” is clearly
visible, marked "A" in the v, records shown in
Figure 2. The location of the reactive wave
maximum is measured in cach record, and the
position of this wave is shown in the x-t diagram
shown in Fig. 3. Further examples of this behavior
in liquids may be found in the literature, 10

At higher temperatures, the‘

(intercrystalline) void fraction increases, restoring the
material to a typical porous PBX, and the initiation
to a2 homogeneous mechanism. The data shown in
Figure 4 was taken at 1000C, and shows uy, profiles
typical of heterogeneous initiation, comparable with
that of room temperature HMX-based PBX
materials,
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Figure 4. Detonation behavior of PBX-9502 at
100°C.
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These records are consistent with the
expectation that the material morphology is altered
in different ways as the material passes through
different temperature regimes, and that detonation
behavior depends strongly on the material
morphology, specifically on intercrystalline voids.

A second explanation should be considered
for these data. The detonation behavior of TATB-
based materials bhas been suggested 0 be
homogeneous, because the void size is small relative
10 the reaction zone of the TATB. In this case, the
80°0C data may be viewed as an extension of the
room temperature behavior, The records obtained at
1009C may be anomalous, resulting from
microcracking during beating.  This kind of
microcracking has beea secall in a few of many
identical PBX-9502 samples subjected to the same
very controlled heating. Microcracking has a8 marked
effect on the growth of the reactive wave. A larger
number of experiments will assist in distinguishing
between these i

The appareat irrelevance of intracrystalline
porosity o the initiation mechanism lends some
support 10 the assertion that small voids do not
assist in the bot spot initiation of the PBX-9502.
However, the true behavior of intracrystalline voids
with temperature is not well characterized.

The chemical contribution 0 the increase in
reactivity at these elevated temperatures may be
evaluated by comparison of the run distance for
PBX-9502 at reduced density with the run distance
vs. run time points for these beated samples. Plots
are shown in Figure 5.
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Figure S. The run distance for the beated PBX-9502
sample (§) is comparable © the nm distance for PBX-
9502 at initial density of 1.825 (Q ), but differs from
the nm f{or cold PBX-9502. (Q)




The points for reduced density material
were obtained from shots done on cold PBX-9502
that had been subjected L0 raichet growth by repeated
heating in an oven 10 2110C, cooling very slowly to
room temperature i between cycles. The resulting
samples were then machined into MIV wedges and
fired cold on the gas gun. Wackerle and Dallman?
show that the sensitivity of material expanded in this
way does not differ from malerial pressed to the same
reduced density, ruling out chemical decomposition
during the heating cycles. ‘

The density of the 80°C sample can be
estimated! 2 10 be 1.848, compared with 1.825 for
the expanded material, allowing for the possibility
that its reaction may be slightly accelerated by
temperature in order for its run distance to fall with
that of lower density material, Points for both bot
and expanded PBX-9502 fall on the Hugoniot givea
by Dallman and Wackerle2 for PBX-9502 at 75°C.

CONCLUSION

The rate of chemical reaction of TATB is
increased with temperature, since the 80°C sample
exhibits a shortened run distance despite the decreased
porosity of the sample and the homogeacous
initiation mechanism, which is independent of hot

In the temperature regime above the
pressing temperature, porosity increases and hot spot
density and activity dominate the reaction, masking
bulk thermal cffects on chemical rate. The initiation
mechanism in this case is heterogeneous.

The observation of increased chemical
reactivity supports Wackerle and Dallman's?
proposal that those hot spots that are too small to
cause significant reaction behind a given shock will,
above a certain temperature, become effective and
contribule to the initiation of the explosive.

The limits on the temperatures and
porosities at which PBX-9502 will exhibit
homogeneous initiation behavior will contribute
interesting data to the understanding of hotspot
reaction, yielding data oa the interaction of chemical
reaction rate and hotspot effectiveness.
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WEDGE TEST DATA FOR THREE NEW EXPLOSIVES:
LAX112, 2,4-DNI, AND TNAZ *

L.G. Hill, W.L. Seitz, J.F. Kramer, D.M. Murk, and R.S. Medina
Los Alamos National Laboratory, Los Alamos, New Mezico 87545 USA

High pressure Pop-plots and inert Hugoniot curves have been measured for three new ex-
plosives: LAX112 (3,6-diamino-1,2,4,5-tetrazine-1,4-dioxide), 2,4-DNI (2,4-dinitroimidazole), and
TNAZ (1,3,3-trinitroazetidine). LAX112 and 2,4-DNI are of interest because of their insensitiv-
ity, while TNAZ is useful for its performance and castability. The shock sensitivity of LAX112 and
2,4-DNI fall between that of pressed TNT and PBX9502, LAX112 being the less sensitive. The shock
sensitivity of TNAZ falls between that of pressed PETN and PBX9501. The inert Hugoniots for all
three materials are comparable to those of other explosives.

INTRODUCTION

LAX112 (3,6-diamino-1,2,4,5-tetrazine-1,4-di-
oxide), Fig. 1a, was developed at Los Alamos in
an effort to find an insensitive high explosive with
better performance than TATB. LAX112 is dis-
tinguished by its high nitrogen content and the
absence of nitro groups. It has a high detona-
tion velocity (= 8.3 mm/usec), but cylinder tests
show that its metal pushing performance, while
marginally better than TATB, is significantly be-
low that of HMX, RDX, and PETN based explo-
sives (1).

2,4-DNI (2,4-dinitroimidazole), Fig. 1b, is an-
other candidate for an insensitive high explosive,
Its detonation velocity (= 7.8 mm/usecc) is slightly
less than that of LAX112, while its metal push-
ing performance appears to be slightly better (2).
Drop-weight impact tests have shown significant
batch-to-batch variations in sensitivity (as much
as a factor of three), and 4-nitroimidazole impuri-
ties are the suspected cause (1).

TNAZ (1,3,3-trinitroazetidine), Fig. 1c, first
appeared in the open literature in 1990 (3), but
was initially of little practical interest due to ex-
cessive synthesis cost. Efforts at Los Alamos and
the Aerojet corporation to find alternate synthesis
routes (4) have been successful, and TNAZ is, at
the time of this paper, starting to be produced in
quantity by Aerojet. TNAZ is very promising in

*This work jointly supported by the US DoD and DOE.
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that it has a performance similar to HMX but is
melt castable. Thus it is a potential replacement
for octols, cyclotols, and even HMX-based PBXs
in many applications.

N N—H
b) 2,4-DNI

O,N
N—"" CH2
¢) TNAZ
H2C——'— IC'—_ NO2

NO,

FIGURE 1. Molecular structures of LAX112, 2,4-DNI,
and TNAZ.




EXPERIMENT
Sample Preparation

The LAX112 and 2,4-DNI materials were both
plastic-bonded formulations. The samples were
ram-pressed to cylindrical shape, sawn on a diag-
onal to form two wedges per cylinder, and finish-
machined along the sawn faces.

The LAX112 samples were formulation X-
0535, composed of 95 wt.% LAX112 and 5 wt.%
OXY 461 (1). The molding powder was pressed
at 42,000 psi and 110 C to achieve about 97.8% of
the 1.829 g/cc formulation theoretical maximum
density {TMD). X-0535 was found to have excel-
lent mechanical properties— it was dimensionally
stable, and pressed and machined well. 7

The 2,4-DNI samples were formulation X-0552,
composed of 95 wt.% 2,4-DNI and 5 wt.% Estane.
The molding powder was pressed at 42,000 psi and
90 C to achieve about 98.4% of the 1.720 g/cc for-
mulation TMD (2). X-0552 pressed and machined
rather poorly, and the quality of the data is corre-
spondingly lower than for the other two materials.

TNAZ has a critical temperature far above its
melting point so that it can be melt cast or hot-
pressed. The TNAZ wedges were neat-pressed at
42,000 psi and 97 C directly to the final wedge
shape. The densities achicved were between 99.1%
and 99.4% of the 1.840 g/cc TMD, which alle-
viates concern about density variations near the
corner opposite the pressing die (2). The sample
quality using this technicue was excellent.

Description of the Wedge Test

There have been many variations on the wedge
test over the years; we used the so-called “mini-
wedge” test of Seitz (5), as shown in Fig. 2. The
sample is small (about 7 g) and so restricts the run
distance to about 1 cm. But for new explosives ex-
isting only in small quantities, material minimiza-
tion is critical. The driver system was a 7.8-inch
diameter plane wave lens, a 2-inch thick pad of
booster explosive, and up to three 0.5-inch thick
attenuator plates to tailor the pressure delivered
to the sample.

The diameter of the circular wedge face was 1
inch and the wedge angle was 30 degrees. This an-
gle must be less than the “critical” value at which
release waves travel into the material, so that the
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propagation of the shock/detonation wave will be
unaffected by that boundary. The critical angle
is rarely known precisely, but 30 degrees is con-
sidered sufficiently conservative for all materials.
The elliptical face of the wedge is glued to the last
attenuator plate, the circular face thus serving as
the observation surface. This configuration gives
a slightly longer run distance (before the release
wave from the opposite free boundary affects the
measurement) than the reverse orientation.

PIN ARRAY

PIN ARRAY

EXPLOSIVE

/_ YEOCE

=

c

FIGURE 2. Schematic drawing of the wedge test (draw-
ing by Herbert Harry).

The assembly in Fig. 2 is suspended upside
down with the observation surface of the wedge
parallel to the ground. Viewed from the side the
wedge then appears as in Fig, 3a {with the atten-
uator plate now at 30 degrees to the ground), and
viewed from below as in Fig. 3b. The image of the
internal slit aperture is centered upon the wedge
and, since the line of focus lies on the observa-
tion surface, there is no magnification variation or
depth of field problem. The wedge is illuminated
with an argon bomb, so that specularly reflected
light from the observation surface is directed into
the camera as in Fig. 3a. As the shock/detonation
wave breaks out of the observation surface its re-
flectivity decreases and the light is attenuated as
in Fig. 3b. Thus the wavefont appears as a curve
of discontinuous exposure on the film.




a) View of wedge looking
normal to observation
surface

Streak Camera —»

Mirror

Optical Block f=H-+—
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b) View of wedge looking
at observation surface
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FIGURE 3. Optical configuration.

The other needed information is the free sur-
face velocity of the final attenuator plate. Two
methods were used for redundancy. In the first,
two plexiglas blocks with 0.5 mm deep machined
notches on one side were glued, notch side down,
to the last attenuator plate, one on cither side of
the wedge and in the field of view of the camera slit
(Fig. 3b). A thin layer of white paint was applied
to the notch side of the blocks prior to gluing, so
that the surface was initially reflecting to the flash
light. Upon shock wave break out the attenuator
reflectivity decreases. Later, the gap reflectivity
decreases when impacted by the free surface. The
difference between these two times is time-of-flight
across the known gap width, from which the free
surface velocity follows immediately. The second
method involved two clusters of four piezoelectric
pins spaced in increments of 0.5 mm from the plate
(Fig. 2). As the free surface strikes the pins a
voltage spike is produced. An z-t diagram is con-
structed from the known spacings and measured
arrival times, and the velocity is found from the
slope of a fit to the points as  — 0. With good
data the two methods typically agree to within a
few percent.
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ANALYSIS
Data was read directly from the film record
by optical comparitor. By consideration of the
geometry one finds that the run to detonation z*
and the time to detonation t* are related to the
respective film coordinates X* and Y* by

. sing\ . ., Y
T = Tyoe COSO + (mag>X , t = Wrispd (1)

where ;.. is the thickness of the wedge “toe”
(it is never possible to achieve a knife edge), 6
is the wedge angle, mag is the magnification,
and WrtSpd is the camera writing speed. The
shock/detonation velocity U, q is related to the
angle of the film trace ¢ by

Usja = (__WrtSpd) sin @ cot ¢, (2)
mag

The input shock to the explosive is ideally a
step rise to constant pressure, the value of which
is inferred by impedance matching. The necessary
ingredients are 1) the Hugoniot of the final attenu-
ator plate, 2) the measured free-surface velocity of
the final attenuator plate, 3) the measured initial
shock velocity in the explosive, and 4) the initial
density of the explosive. From this one can de-
duce the initial particle velocity in the explosive
(hence the inert Hugoniot) and the initial pressure
in the explosive (hence the Pop-plot). We assume
that the isentrope for release wave reflected from
the free swrface of the final attenuator plate is the
reflection of the incident shock Hugoniot (in p-u
space) about its particle velocity. This is a good
approximation for metal attenuators and, by com-
parison to more sophisticated methods, appears to
be well within experimental error.

RESULTS

For a heterogeneous explosive one sees a con-
stant initial shock velocity followed by a smooth
acceleration to the detonation velocity. For a
hornogeneous explosive one sees a much sharper
transition, followed by an overshoot in shock ve-
locity, followed by a relaxation to the detona-
tion velocity. LAX112 behaved like a classical
heterogeneous explosive, whereas TNAZ behaved
more like a homogeneous explosive. The 2,4-DNI




records were, due to the aforementioned formula-
tion properties, somewhat erratic. But otherwise,
heterogeneous behavior would be expected.

Run to detonation vs. input pressure for the
three explosives is shown in Fig. 4 along with four
common reference explosives. The sensitivity of
LAX112 and 2,4-DNI both fall between that of
pressed TNT and PBX9502, LAX112 being the
less sensitive. The sensitivity of TNAZ falls be-
tween that of pressed PETN and PBX9501.
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FIGURE 4. Run distance to detonation vs. input pres-
sure (Pop-plot) points and linear fits for LAX112, 2,4-DNI,
TNAZ, and selected other explosives.

The up,-Us inert Hugoniots for the three ex-
plosives and PBX9502 are shown in Fig. 5. The
curves are similar to those of other explosives. For
TNAZ the lowest velocity point agrees well with
the gas gun of data of Sheffield et al. (6), indi-
cated by square symbols. The two higher-velocity
points deviate from the trend (perhaps suggest-
ing some reaction or a phase transition) and are
omitted from the fit. For the highest input pres-
sure TNAZ case the run distance was too short to
measure an accurate initial shock speed, yet the
transition point could still be deciphered from the
film. The Pop-plot point was therefore generated
from the Hugoniot based on the other points.

The numerical values of the data points are
given in Table 1. The times to detonation transi-
tion are also indicated.
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FIGURE 5. Inert Hugoniot points and linear fits for
LAX112, 2,4-DNI, TNAZ, and PBX9502.

Table 1. Numerical values of the data points.

Po Py up, U, z* t*
HE g/cm®* GPa km/s km/s mm ps

LAX112 1.793 7.5 095 441 8.00 1.67
1.794 9.9 114 4.86 5.06 0.99
1.794 13.7 141 543 212 0.36
1.793 222 184 674 0.74 0.12
24-DNI 1692 58 0.87 393 864 209
1692 9.6 116 490 3.63 0.74
1.692 11.7 131 527 1.50 0.30
TNAZ 1.825 29 046 347 8.23 234
1.826 4.2 0.535 4.17 3.88 1.09
1.826 5.5 069 436 2.80 0.66
1.828 7.8 0.85 — 1.21 041
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OBSERVATIONS OF SHOCK - INDUCED REACTION IN LIQUID
BROMOFORM UP TO 11 GPa'

S. A. Sheffield, R. L. Gustavsen, and R. R. Alcon
Los Alamos National Laboratory, Los Alamos, NM 87545

Shock measurements on bromoform (CHBrs) over the past 33 years at Los Alamos have led to
speculation that this material undergoes a shock-induced reaction. Ramsay observed that it became
opaque after a 1 to 2 ps induction time when shocked to pressures above 6 GPa (1). McQueen and
Isaak observed that it is a strong light emitter above 25 GPa (2). Hugoniot data start to deviate from
the anticipated liquid Hugoniot at pressures above 10 GPa. We have used electromagnetic particle
velocity gauging to measure wave profiles in shocked liquid bromoform. At pressures below 9 GPa,
there is no mechanical evidence of reaction. At a pressure slightly above 10 GPa, the observed wave
profiles are similar to those observed in initiating liquid explosives such as nitromethane. Their
characteristics are completely different. from the two-wave structures observed in shocked liquids
where the products are more dense than the reactants. As with explosives, a reaction producing
products which are less dense than the reactants is indicated. BKW calculations also indicate that a

detonation type reaction may be possible.

INTRODUCTION

Shock experiments on bromoform (CHBr;) were
done by Ramsay (1) at Los Alamos in the early
1960's. The objective of this work was to
understand why some liquid explosives become
opaque during shock-initiation. = Nonexplosive
liquids were also studied and bromoform was found
to go opaque with an induction time of 1 to 2 ps
when shocked above 6 GPa: (1). - Ramsay made
Hugoniot measurements from 3 to 24 GPa, but from
these no definitive reason for the material becoming
opaque could be determined. He noted, however,
that when compared with water, the Hugoniot had
an odd shape in the shock-velocity vs. particle-
velocity plane.

Experiments by McQueen and Isaak in the early
1980’s showed that when bromoform is shocked to
pressures above 25 GPa, the shock front emits
radiation whose intensity varies with the shock
pressure (2). In fact, light emission from shocked
bromoform is used at Los Alamos as both a shock
time-of-arrival detector and as an indicator of wave
profile changes occurring in materials which are in
contact with the bromoform. McQueen and Isaak’s

T Work performed under the auspices of the U.S. Dept. of Energy.
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study did not lead to new information regarding a
shock-induced reaction.

For some time we have been using the
“universal” liquid Hugoniot developed by
Woolfolk, Cowperthwaite, and  Shaw (3) to
estimate the Hugoniot for many liquids. Deviation
from this Hugoniot often indicates the condition at
which a shock-induced reaction might occur (4).
When the Hugoniot data from Ramsay (1) and
McQueen and Isaak (2) were plotted with the
“universal” liquid Hugoniot for bromoform,
deviations indicated that a reaction might be
occurring at pressures as low as 10 GPa. Based on
this, we have done further experiments to try to
determine the shock pressure threshold and nature of
the reaction.

EXPERIMENTAL DETAILS

Because bromoform has a relatively high density,
2.89 g/cm’, pressures over 10 GPa could be
obtained in single-shock experiments using our
single-stage gas gun. Eight electromagnetic particle
velocity gauging experiments of two different types
have been completed in the pressure range of 3 to




10 Gpa. Parameters for these gas gun experiments
are summarized in Table 1.

In the first type of experiments, called “Stirrup”
experiments, magnetic “stirrup shaped” gauges at
the front and back of the bromoform were used to
measure the input and transmitted shock wave
profiles. Stirrup experiments used a liquid cell
3 mm thick, 28.6 mm in inside diameter and
68.6 mm in outside diameter made from Kel-F
plastic. A 3-mm-thick Kel-F front, and a 12-mm-
thick Kel-F back plate completed the cell. The
front, center ring, and back of the cell were epoxied
and screwed together with nylon screws. Copper
stirrup gauge elements, 5-pm thick on a 50-pm-
thick Kapton substrate, were epoxied to the front and
back cell pieces. The active gauge length was
9 mm, and the Kapton backing was in contact with
the liquid. Five stirrup experiments were done.

The second type of experiment, called “MMG”,
for Multiple Magnetic Gauge experiment, consisted
of a thin gauge package (with up to 10 particle
velocity gauges in it) suspended at an angle in the
liquid bromoform. This enabled the wave profile to
be monitored at various depths in the liquid.

The MMG experiment is shown in an exploded
view of Fig. 1. It consists of a two-piece PMMA
body with an MMG package epoxied between the
two pieces. The gauge package is on a plane at a 30
degree angle with the top of the cell. A Kel-F front
completes a cell which is 40.6 mm inside diam. by
9 mm thick. The inside of the cell was lined with
either Teflon or epoxy to keep the bromoform from
dissolving or reacting with the PMMA. On some
experiments a stirrup gauge was epoxied to the cell
top as shown in Fig. 1. MMG cells were also
epoxied and screwed together with nylon screws.
Three of these experiments were completed.

Cells were filled just before the impact

( Kel -F

\ Cell Top /

7/
"Stirrup" Gauge

[l
Attached to Cell Top
L

PMMA Side

MMG
A
' Fill
©
PMMA Base

Hole
& Screw

FIGURE 1. Exploded view of the MMG experiment showing
the magnetic gauge and construction details.

experiment using Aldrich Chemical Co. bromoform
(Aldrich #24,103-2). This bromoform is 99+ %
pure, the major impurity being a small amount of
ethanol stabilizer added by Aldrich.

Projectiles were made of Lexan and faced with
impactors of either Vistal (pressed polycrystalline
sapphire) or single crystal z-cut sapphire.

TABLE 1. Gas Gun Shot and Unreacted Hugoniot Data for Liquid Bromoform.

Type Impact Particle Shock Shock Relative

Shot of Impactor Velocity Velocity Velocity Pressure Volume
No. Experiment Material (mm/us) (mm/s) (mm/us) ( GPa) (VIVy)
741 Stirrup Vistal 0.603 0.534 2.05 3.17 0.740
742 Stirrup Vistal 0.798 0.680 2.45% 4.83 0.723
743 Stirrup Vistal 1.000 0.840 2.58 6.26 0.674
744 Stirrup Sapphire (1.25)* 1.07 2.95 9.10 0.638
745 Stirrup Sapphire 1.410 1.14% 3.07¢ 10.1% 0.629%
1033 MMG Sapphire 0.964 0.83 2.542 6.09 0.674
1034 MMG Sapphire 1.267 1.06 3.035 9.30 0.651
1035 MMG Sapphire 1.391 1.16 3.147 10.6 0.631

+ Back gauge data not good.

* Projectile velocity estimated. § Evidence of reaction so data suspect.




RESULTS AND DISCUSSION

With these techniques, it was possible to
measure the shock velocity in the bromoform quite
accurately. In the stirrup experiments, the cell was
rigid and the distance between gauges accurately
known. Shock velocity was the distance between
gauges divided by the wave transit time. In the
MMG experiments, there were several gauges at
fixed depths. The slope of a line fitted to the gauge
depth vs. the wave arrival time gave a good shock
velocity measurement. These quantities were
determined for each of the experiments, even those
suspected of having reaction, and are presented in
Table 1. They are also plotted in Fig. 2 along with
the data of Refs. 1 and 2 and the universal liquid
Hugoniot for bromoform. With both the shock and
particle velocity known, the mechanical state of the
bromoform could be completely determined.
Relevant quantities are also presented in Table 1.

Figure 2 clearly shows that Ramsay’s lower
pressure data are different from ours. Since his data
were obtained from explosively driven experiments,
at relatively low pressures, the inputs may not be
accurately known. Our gun data should be more
accurate because the pressure input is constant and
easily controlled with the projectile velocity. That
our data fall on or near the expected liquid Hugoniot
is another indication of their accuracy.

Starting at pressures between 10-15 GPa the data
of Refs. 1 and 2 lie below the expected liquid
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FIGURE 2. Hugoniot data for liquid bromoform. The line is
the universal liquid Hugoniot using an initial condition sound
speed of 0.931 mm/us (5). Triangles are data from Ref. 1, and
squares are data from Ref. 2. Data from our “stirrup”
experiments are shown as circles and “MMG” data are shown
as Crosses.
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bromoform Hugoniot. This is evidence that a
reaction is occurring. Since the data are below the
line, the products of the reaction are expected to be
more dense than the reactants. This is similar to
what has been observed in carbon disulfide
(CS;) (6), acrylonitrile (7), and other organic
liquids. It is unknown whether or not this reaction
causes the shocked bromoform to emit as indicated
by McQueen and Isaak (2).

Ramsay states that bromoform becomes opaque at
pressures above 6 GPa with an induction time of 1
to 2 pus (1). Neither the Hugoniot measurements nor
the particle velocity waveforms measured in our
study show any mechanical evidence of a reaction in
the 6 to 9 GPa range. Particle velocity waveforms
from a 9.3 GPa input MMG experiment are shown
in Fig. 3a. There is no evidence in the waveforms
of a chemical reaction. However, the bromoform has
been held at pressure for scarcely one microsecond
before the pressure is reduced by a rarefaction from
the back of the impactor. It is possible that the
reaction is too slow to be seen in this experiment. If
areaction does occur within one microsecond it does
not result in a large enough volume change to be
measurable with our particle velocity gauges. We
do observe subtle waveform differences in this
pressure regime but they are so small it would be
unwise to interpret them as an indication of a
reaction.

In contrast to the 9.3 GPa experiment of Fig. 3a
very interesting waveforms were obtained at
10.6 GPa as can be seen in Fig.3b. The four
waveforms obtained from the MMG gauges in
Fig.3b are much like those obtained in
homogeneous NM shock initiation experiments (8).
In those experiments a reaction starts behind the
shock front producing a spread out wave that then
begins to move toward the shock front. As the
reactive wave moves it steepens into a shock which
grows in amplitude and eventually overtakes the
initial shock. After overtake it has the character of a
detonation wave. Analysis of the four waveforms
shown in Fig. 3b indicates that bromoform is
initiating in the same manner as the NM. In
addition to this experiment, Shot 745 at 10.1 GPa
had comparable behavior. Because there were only
two gauges, one at the front and the other at the back
of the bromoform, we did not understand what the
waveforms meant until we saw the records obtained
in Shot 1035.

Because bromoform has not been mentioned as an
explosive material, these results were quite
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FIGURE 3. Magnetic particle velocity gauge waveforms
from MMG experiments 1034 (a) and 1035 (b). Shot 1034 was
at 9.3 GPa and showed no unusual behavior. Shot 1035 was at
10.6 GPa and has totally different waveforms. The two sets of
waveforms are not time correlated because the gauges were at
different depths.

surprising. A further evidence of bromoform’s
explosive behavior was that the aluminum shroud
surrounding the target was expanded and cracked.
This shroud protects the gun’s target chamber from
shrapnel originating from reacting explosive targets.
It is never damaged during experiments on inert
materials.

After this experiment was completed, we obtained
BKW calculations on bromoform (9). These indicate
that the expected reaction products are the gases
HBr, Br,, and CBry, and carbon as a solid. Further,
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a detonation could occur with a C-J pressure of
3.2 GPa. This C-J pressure does not agree with our
measurements, but it does indicate that a regime in
which the products are less dense than the reactants
exists and explosive initiation like waveforms are
expected. It is unknown at this time whether or not
bromoform would detonate in a cylinder of finite
diameter. Ours are 1-D measurements and do not
really indicate what may happen in 2-D geometry.

Above 15 GPa, the Hugoniot data in Refs. 1 and
2 fall below the expected liquid Hugoniot,
indicating the products are more dense than the
reactant. Thus, either the reaction mechanism
changes at this pressure or else some of the product
gases are compressed to the point they become
condensed. This remains to be determined, perhaps
in MMG experiments at higher pressures on our
two-stage gas gun.

In summary, some very interesting reactions
occur in shocked bromoform. It apparently becomes
opaque beginning at about 6 GPa but either in a
slow reaction or with a small volume change. At
10 GPa a detonation like reaction (products less
dense than the reactant) is observed. This changes
in nature somewhere above an input of 15 GPa to be
areaction in which the products are more dense than
the reactants. Clearly, there is room for more
research to determine the exact nature of these
reactions.

- REFERENCES

1. Ramsay, J. B, unpublished Los Alamos data from 1962.
For Hugoniot data see p. 552, LASL Shock Hugoniot Data,
Ed., Marsh, S. P, (University of California Press, Berkeley,
CA, 1980).

2.. McQueen, R. G, and Isaak, D. G., Skock Comp. of Cond.
Matter-1989, Eds. Schmidt, S. C., Johnson, J. N., and
Davison, L. W., p. 125.

3. Woolfolk, R. W. Cowperthwaite, M., and Shaw, R,
Thermochimica Acta S, 409 (1973).

4. Sheftield, S. A., Bull. Am. Phy. §.33(3), 710 (1988).

5. Moses, A. J, The Practicing Scientist’s Handbook: A
Guide For Physical and Terrestrial Scientists and
Engineers, (Van Nostrand Reinhold Co., New York, 1978),
p. 526.

6.  Sheffield, S. A., J Chem. Phys. 81, 3048 (1984).

7. Yakushev, V. V., Nabatov, S. S., and Yakusheva, O. B,
Comb. Expl. and Shock Waves 10(4), 509 (1975).

8. Sheffield, S. A, Engelke, R. P., and Alcon, R. R, in Ninth
Symposium (Intl.) on Detonation, 1989, pp. 39-49.

9., Baer, M. R, and Hobbs, M. L. Sandia National
Laboratories, private communication.




LOW PRESSURE SHOCK INITIATION OF POROUS HMX FOR TWO
GRAIN SIZE DISTRIBUTIONS AND TWO DENSITIES'

R. L. Gustavsen, S. A. Sheffield, and R. R. Alcon
Los Alamos National Laboratory, Los Alamos, NM 87545

Shock initiation measurements have been made on granular HMX (octotetramethylene
tetranitramine) for two particle size distributions and two densities. Samples were pressed to either
65% or 73% of crystal density from fine (= 10 pm grain size) and coarse (broad distribution of grain
sizes peaking at = 150 um) powders. Planar shocks of 0.2 - 1 GPa were generated by impacting gas
gun driven projectiles on plastic targets containing the HMX. Wave profiles were measured at the
input and output of the = 3.9 mm thick HMX layer using electromagnetic particle velocity gauges.
The initiation behavior for the two particle size distributions was very different. The coarse HMX
began initiating at input pressures as low as 0.5 GPa. Transmitted wave profiles showed relatively
slow reaction with most of the buildup occurring at the shock front. In contrast, the fine particle
HMX did not begin to initiate at pressures below 0.9 GPa. When the fine powder did react,
however, it did so much faster than the coarse HMX. These observations are consistent with
commonly held ideas about burn rates being correlated to surface area, and initiation thresholds being
correlated with the size and temperature of the hot spots created by shock passage. For each grain
size, the higher density pressings were less sensitive than the lower density pressings.

INTRODUCTION

The present work is a continuation of our efforts
to develop an understanding of the low pressure
shock compaction and initiation of highly porous
HMX (1-3). References contained in our previous
work (1,2) and others (4-7) indicate that the
initiation sensitivity for porous explosives is a
complex function of density (porosity), particle size,
pulse duration, and input pressure. In an effort to
determine how these parameters affect the initiation
of HMX, we prepared samples with densities of 65%
and 73% of TMD, grain sizes varying by more than
an order of magnitude (from = 10 um to = 150 um)
and used input pressures varying from 0.2 - 1 GPa.
Sustained pulses were used and the response of the
explosive was recorded using particle velocity
gauges.

EXPERIMENTAL DETAILS
Description of HMX Powders

Two different lots of HMX powder with two
different particle size distributions were used in this
series of experiments. One powder was composed of
“coarse” particles which had the appearance both to
the naked eye and under a microscope of granulated
sugar. This HMX was made by Holston
(Lot HOL-920-32) and had a bulk or pour density of
~1.16 g/em’ (8). The material was screened to
eliminate agglomerates and a few of the largest
particles. Sieve analysis of the powder done by
Dick (8) is given in Table 1 and shows a broad
particle size distribution with a peak near 150 pwm.
All the crystals have sharp corners and edges.

TABLE 1. Particle Size Distribution for “Coarse” HMX, Holston Lot 920-832.

Sieve Opening im 500 350 250 177 125 88 62 44 Subsieve
Weight % Retained on Sieve 1.3 4.0 15.6 18.2 27.8 11.8 12.1 4.9 4.3

¥ Work performed under the auspices of the U.S. Dept. of Energy.
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The second powder, whose size distribution is
shown in Table 2, was composed of “fine” particles
and had the appearance of powdered sugar. This
HMX was also manufactured by Holston

(Lot HOL-83F-300-023) and also had a bulk or pour -

density of = 1.16 g/cm’. The particle size at the
peak of the distribution is about 10 pm. Particle
sizes were determined by Microtrac analysis. The
mean particle size of the coarse and fine HMX is
different by a factor of more than 10. Photographs
show that this powder also contains an occasional
large particle with a diameter of = 50 um. The
rounded appearance of the particles indicates that this
material was probably prepared by milling.

Gas Gun Experimental Setup

The experimental setup for the initiation
experiments is shown in Figure 1. Experiments
used gas gun driven projectiles to obtain sustained-
shock input conditions. HMX powder was confined
in sample cells which had a polychiorotrifluoro-
ethylene (Kel-F) front face and a poly 4-methyl-1-
pentene (TPX) or polymethylmethacrylate (PMMA)
cylindrical plug back. The front face was attached
with screws to a 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 = 3.9 mm thick. The back plug was
pressed into the Kel-F confining cylinder and held in
place with an interference fit. Projectiles faced with
Kel-F impacted on the Kel-F target face.

Magnetic particle velocity gauges were located on
the front and back surfaces of the HMX. These were
constructed of a 5 wm thick aluminum “stirrup”
shaped gauge ona 12 um thick FEP Teflon sheet.
The active region of the gauge was 10 mm long.
Particle-velocity histories were measured at both the
front and back of the HMX sample. The gauge at the
interface of the Kel-F front disk and HMX gives the
input or loading profile. The gauge at the interface of
the back plug and HMX gives the transmitted wave
profile.  The transmitted wave profile is not
equivalent to what would be observed if the gauge
was suspended in the HMX powder because of the
impedance mismatch between the HMX and the
plastic back plug. However, it is representative of
the transmitted wave profile and gives a reasonable

Kel-F impactor Kel-F Body & Front

HMX Compact
(40 mm Dia. by 4 mm Thk.)

Magnetic
Velocity Gauges

FIGURE 1. Cross section view of the projectile and target.

estimate of the rise time. Wave profiles were
recorded on fast digitizing oscilloscopes.

RESULTS

A total of sixteen experiments were performed;
four each for each of the two particle size
distributions and for each of the two nominal
densities. _ The nominal densities used were
1.24 g/cm” or 65% TMD (35 % porous) and
1.40 g/em’ or 73% TMD (27 % porous).

Figure 2 shows wave profiles for four
experiments. The projectile velocities on these
experiments were very close to the same at
= 0.6 mm/\s, resulting in an input to the HMX of
= (.72 GPa. Complete results for the entire series of
experiments will be presented elsewhere. With this
input, the coarse HMX (Fig. 2a and 2c) begins to
react as soon as the wave passes the front gauge and
enters the powder. The front particle velocity
decreases because the reacting HMX is decelerating
the cell front where the gauge is located. Stress
measurements show the stress at this interface
increasing (1,2). The transmitted wave is growing
and steepening up considerably. By the time the
wave reaches the back of the HMX, the particle
velocity has doubled. There appears to be a little

TABLE 2. Particle Size Distribution for “Fine” HMX, Holston Lot 83F-200-023

Particle Diameter um >45 25.1 17.7 125 8.9 6.3 4.4 3.1 2.2 1.3 0.8 06
Weight % of Particles 6 8.3 103 11 158 125 113 9.5 5.8 5.0 3.0 15
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FIGURE 2. Input and transmitted particle velocities in porous HMX compacts. All the samples were about 3.9 mm thick. (a) 1.24 g/em®
(65% TMD), “coarse” particle powder. This experiment had a TPX back disk. (b) 1.24 g/cm® (65% TMD), “fine” particle powder. This
and items ¢ and d shown in this panel had a PMMA back disk. (c) 1.40 g/cm® (74% TMD), “coarse” particle powder. (d) 1.40 g/em® (74%

TMD), “fine” particle powder.

more reaction in the 1.24 g/cm’ (Fig. 2a) than the
1.40 g/cm’ (Fig. 2¢) coarse material.

In this regime of 0.5-1 GPa, the reactivity of the
fine particle HMX differs greatly from that of the
coarse particle HMX. In these =~ 0.72 GPa input
experiments in particular, there is no reaction
evident in the front gauge profile at either density for
the fine HMX. (See Figs. 2b and 2d.) The
transmitted wave profile in the 1.40 g/cm’ fine
powder (Fig. 2d) also shows no reaction.

The transmitted wave profile in the 1.24 g/cm’
fine particle powder (Fig. 2b), however, shows a
great deal of reaction. Afier the wave reflects off the
back PMMA disk, the initial = 0.72 GPa pressure in
the HMX is approximately doubled. There is no
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reaction for several tens of nanoseconds. Then
reaction begins and proceeds very rapidly. We have
estimated this reaction to be more than 10 times
more rapid than that shown by the input gauge in
the coarse HMX.

DISCUSSION

From the four experiments shown in Figure 2 and
others like it but at different inputs, we have drawn
the following conclusions. Reaction (reactivity)
depends slightly on density for both the fine and
coarse particle HMX. In general the higher density
HMX seems to be less sensitive. This is what
might be expected from looking at the energy
deposited during compaction. Less energy is




deposited in the higher density material for a given
input pressure. )

Reactivity depends  a great deal on the initial
particle size. For the coarse particle material,
reaction occurs immediately when inputs are above
0.7 GPa. We have observed reaction begin at the
front gauge with inputs as low as 0.5 GPa (after an
induction time of several hundred ns). The fine
particle HMX, by contrast, does not show any
reaction at inputs less than = 0.72 GPa at either the
front gauges or in the higher pressure transmitted
and reflected waves. With = 0.72 GPa inputs and
above, there is evidence of reaction, but only after
the wave has reflected off the back PMMA disk and
the pressure is approximately doubled. This
reaction, which occurred only in the lower density
powder, had a short induction time and was
extremely rapid.

In addition to these features, the wave profile
characteristics of initiating coarse and fine particle
explosives are different. Jerry Dick’s Manganin
gauge measurements on coarse HMX (65 % TMD)
for inputs of 0.81 GPa and thicknesses of 2, 3, and
4 mm, clearly show the wave growing in the front as
the wave traverses the HMX compact (9). This is
seen also in our more than doubled particle velocity
at the back gauge (Figs. 2a and 2c¢). By contrast,
run distance to detonation measurements in very fine
particle HNS powders (nominal particle size
1-2 um) showed strong velocity overshoots at the
onset of detonation (4). These results suggested that
a reactive wave developed well behind the shock
front and caught up during the transition to
detonation. This is similar to the mechanism by
which a homogeneous explosive builds up to
detonation (10). Thus, coarse particle explosives
have a growing reactive wave at the shock front
while fine particle explosives likely have a growing
reactive wave behind and eventually overtaking the
shock front.

These observations are generally explained in the
following way. Most hot spot reaction theories
indicate that the size of a hot spot is very nearly the
size of a particle or of a void. Large particles thus
lead to large hot spots. The initial temperature of
the hot spot is scaled by the shock pressure. Large
hot spots would cool slowly enough that they could
begin reacting, even if the hot spot temperature was
fairly low. The following reaction is relatively slow
because the large particles don’t have much surface
area. By contrast, the small particles lead to small
hot spots. These small hot spots cool more rapidly.

40

Thus it takes higher pressures and higher hot spot
temperatures to get the fine grained explosive to
ignite before the hot spot cools. Once ignited,
however, the reaction is relatively fast because the
small particles have a large amount of surface area.
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HUGONIOT AND INITIATION MEASUREMENTS ON
TNAZ EXPLOSIVE!

S. A. Sheffield, R. L. Gustavsen, and R. R. Alcon
Los Alamos National Laboratory, Los Alamos, NM 87545

Particle velocity measurements have been made on samples of TNAZ (1,3,3-trinitroazetidine)
explosive pressed to 98 - 99% of theoretical maximum density. Measurements were made with
magnetic particle velocity gauges and a VISAR interferometer. Stirrup shaped magnetic particle
velocity gauges were mounted on the front and back of the TNAZ pressing. The back gauge was
located at the interface of the TNAZ and a PMMA window and was also used as the diffuse reflector
for the VISAR measurement. This allowed the simultaneous measurement of particle velocity by
both a magnetic gauge and a VISAR. Well defined inputs to the TNAZ, ranging from 0.6 to
2.4 GPa, were produced by gas gun projectile impact. Unreacted Hugoniot data were obtained from
the front gauge measurement and shock transit times through the TNAZ. A linear shock velocity vs.
particle velocity fit of Us = 2.38 + 2.33u, mm/|s was obtained for the unreacted Hugoniot and should
be accurate to at least 3.0 GPa. An elastic-plastic transmitted wave, similar to that which has been
seen in other explosive materials, was observed in the 0.6 GPa input experiment. Considerable
amounts of reaction were observed in experiments with inputs of 1.6 and 2.4 GPa.

PBX 9404.
Because there was considerable variation in the

INTRODUCTION
TNAZ (1,3,3-trinitroazetidine, see Fig. 1) is a

relatively new explosive that has an output similar
to that of HMX (octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine) based plastic bonded explosives,
such as PBX9404, but has a relatively low melting
_point near 100 °C. Experiments have been done on
TNAZ at both Los Alamos and LLNL to
characterize the initiation behavior and the unreacted
Hugoniot. Wedge experiments were completed by
Hill et al. (1) of Los Alamos and Manganin pressure
gauge measurements were made at LLNL (2). These
studies indicate that TNAZ is slightly more
sensitive to sustained shock initiation than

O,N
N —CH,
H,C —C
2 U NO,
NO,

FIGURE 1. Chemical structure of TNAZ, C;H4N,0,.

! Work performed under the auspices of the U.S. Dept. of Energy.
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unreacted Hugoniot data measured in Refs. (1) and
(2), we made measurements to characterize the shock
and initiation properties of this material up to 2.4
GPa. Particle velocity waveforms were recorded as
a function of time at both the input and output faces
of the TNAZ. This allowed us to obtain initiation
profiles on the higher pressure shots at the same
time we were measuring Hugoniot points.

. EXPERIMENTAL DETAILS

TNAZ samples used in these experiments had
densities of 1.81 - 1.82 g/cm’, or 98 - 99% of the
1.84 g/cm3 theoretical maximum density (TMD).
Density measurements were made on each sample.

Impact experiments were performed using a gas
gun to provide well controlled inputs to the TNAZ.
A cross-section view of the experimental setup is
shown in Fig. 2. A Lexan projectile, faced with a
single-crystal z-cut sapphire impactor, strikes a
target comprised of the TNAZ sample (25.4 mm
diam. by 7.8 mm thick), a Kel-F confinement ring,
and a PMMA back window. Stirrup shaped







