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Numerical analysis of explosively generated shocks in a Ti-Al

powder mixture

Langdon S. BENNETT™*, Katsumi TANAKA* and Masahide KATAYAMA**

Three constitutive models have been applied to computationally model explosively
generated shock waves in a 304 stainless steel recovery capsule containing a Ti-Al powder
mixture. The models used are the classical Mie-Gruneisen model, the VI model (Void-Inert) .
proposed herein and the VIR model (Void-Inert-Reactive) previously proposed by Bennett
and Horie. The formation of weak Mach reflections in the powder mixture due to the dif-.
ference between the explosive detonation velocity and the shock wave vc_:locity in the powder
mixture is observed. Large differences are observed in the computed texhpe;éture profiles bet-
ween the Mie-Gruneisen and VI (or VIR) models. The residual temperature profiles may be
significant to the reacted regions observed in the actual experiments. - - ‘

_1. Introduction
Shock-induced reactions in intermetallic and
metallic-ceramic powder mixtures offer one method
to synthesize novel compounds at high pressures'’.
These reactions may benefit from the partial or full
collapse of the pores between the powder particles by
- the shock wave. The distribution of the pore collapse
energy may favor the more ductile constituents and
be centered around the pore collapse points to pro-
duce short lived but extreme hot-spots within the
compressed mixture?’. These hot-spots will rapidly
equilibrate with the surrounding “cold” material due
to thermal conduction and mass transport, but they
could serve as reaction initiation points. Previous in-
vestigations have indicated that significant if not com-
plete “shock-induced reactions” can take place at a
100 ns rate during and just behind the shock front in
the powder mixture’~® as opposed to “shock
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assisted reactions” which may benefit from the shock
wave exivironment, but occur after the shock pressure
is released® . B

For the explosive loading experiment modeled here,
a 1:1 atomic ratio mixture of spherical Ti and Al
powder was initially compressed to an initial porosity
of 209 in a double walled 304 stainless steel ( 304
SS) recovery capsule with screw on caps’’, as seen in
Figure 1. The capsule was surrounded with
nitromethane or commercial emulsion explosive in a
plastic tube and topped with an explosive lens that
produced a planar detonation around the capsule®.
The detonation speed in the explosive is greater than
the shock speed in the capsule and powder mixture,
so a weak Mach reflection develops along the center
axis of the powder mixture. Within this Mach reflec-
tion the shock pressure and temperature as well as
the residual temperature will be significantly higher
than that outside of it. A zone of higher particle veloci-
ty than the surrounding powder called a slip stream is
formed behind the Mach reflection which could be a
source of additional mass mixing.

The recovered specimens form these experiments
were cut open axially and polished for material
analysis. A region of fully reacted material was
observed in the center of the specimens roughly cor-
responding to the slip stream region. The surroun-
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Fig. 1 The experimental arrangement for explosive
loading and recovery

ding material was fully compressed but not reacted Ti
and Al particles. It is unclear from these recovered
specimens whether the reaction took place during the
shock wave or afterwards due to the high residual
temperatures. In this study, the expériméhts were
computationally modeled using three constitutive
models impleniented on two different numerical
hydrocodes to correlate the Mach reflection pressure
and temperature profiles to the reacted regions
observed.
2. Computation

Multiple constitutive models of powder material
response to shock compression exist. The simpler
models treat the powder mixture as an inert con-
tinuum which responds as a bulk material, while more
complex models separate the individual constituents
of the powder mixture, account for chemical reactions
between the constituents, and include the formation

— 10—

of hot-spots and subsequent heat transfer to the sur-
rounding “cold” constituents.

This paper will compare the results of three of
these models as they are employed to'model the Ti-Al
powdei mixture experiments.

2.t 2 - DL Model '

The first model used to model this experiment is
the two dimensional Lagrangian hydrocode 2—DL¥ .,
This model employs the classical constitutive model-
ing approach of only altering the equation of state
(EOS) used to describe the inert powder mixture and
leaves the hydrodynamic conservation of mass,
momentum, and energy equations in their original
forms. The Mie-Grieisen relation, P—Pr= (T'/v)
(E—ER), is applied to account for the additional
energy deposited into the inert solid as the pores col-
lapse where P is the shock pressure, v is the specific
volume, E is the specific internal energy, T is the
Griieisen parameter defined I'=v(aP/3E),, and the
subscript R refers to a reference state. The reference
state is taken as the ideal shock Hugoniot of a solid
material whose shock properties are calculated from
those of the individual constituents by mass fraction
mixing. _

In this case, an EOS based on the linear shock
velocity-particle, velocity (U:s—u;) relation, U;=C,
+ S u;, is employed to describe the reference Pr—va
Hugoniot,

C:(l -vR/vm)

Ves [1—-S(1—vr/vs) )? R

Pr=P,=

where C, is the initial bulk sound speed, S is the
Us—u, slope, and v==1/pes is the initial specific
volume of the solid mixture. Thus, the shock pressure
is a function of specific volume and internal energy,
P(v,E). The temperature is calculated as only a func-
tion of the internal energy, T= Te+ (E—Ep)/C.,
where C, is the constant volume specific heat.

The pore collapse is modeled by an exponential
P—a equation which essentially fits a curve between
the initial zero pressure specific volume of the mix-
ture, Ve, and the above described EOS used to
describe the powder mixture,

a=1+ (a,—nap[—}{?] (2)

In eq.(2), the distention ratio is defined as a=v/v,



Table 1 Properties used in these calculations

Al Tiw) Tiw: Alw 304 SS
SPRTED) 2707 4530 | 3645 | 7900
Se e |,0.3604. | 0.6396 1.0
Co(m/s) . 5386 5020 - 5003 - | 4570
S 1.34 ©0.98 1.24 1.49
B1o(GPa) 76.7 - 107.7 91.3 165.0
Bro’ 4.36 2:92 3.96 4.96
r 2.0 1.09 1.42 2.2
C.(kJ /kgK) 0.884 0.705 0.770 0.440
WL
P=4 ( - R‘:,:m) exp[ _RPl P"/] thromethane
R 7 e
Reference density, pret ( g /ed) 1.128
Parameter A (Mbar) 2.0925
‘Parameter B’ (Mbar) 0.05689
Parameter R, 4.4
Parameter R; 1.2
Parameter o 0.3
Detonation velocity, D (cn/ps) 0.628
Energy/unit volume, e, (Mbar) 0. 051

where v; is the specific volume on the compressed
powder EOS, a, is its initial zero pressure value, and
Pr’ is a pressure constant contfolling the pore col-
lapse. '

For this ‘case,' the nitrdmethane, capsule, and
powder were all modeled in Lagrangian coordinates
and the double walled capsule was modeled as one
thick wall. The matérial properties used for the KHT
model® describing the nitromethane detonation,
U,—u, equations'® of the 304 SS and the Ti-Al mix-
ture are given in Table 1. In this model the Griieisen
parameter was assumed to remain constant, I'=T,,
throughout the computation. Pressure and
temperature contour plots in the Ti-Al mixture by
this model with Pr"=1.864 GPa, i.e. a crush-up
pressure of 6.0 GPa, are displayed in Figure 2. The
weak Mach reflection is evident in the pressure con-
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tours. The residual temperatures do not seem related
to the reaction regions observed in the recovered
specimen”’.

A parametric study of the pore collapse pressure
was performed to investigate its effects on the Mach
reflection. The Mach stem width was shown to in-
crease with decreases in the pore collapse pressure,
2.2 VI and VIR Models |

The second and third medels both employ a con-
stitutive method that simultaneously solves the
hydrodynamic conservation of energy equation in
Lagrangian’ coordinates,

and an EOS where 7 is the artificial viscosity. For
both of the calculations given here, the Birch-Mur-
naghan EOS is used to describe the response of the
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Pressure and temperature contour plots at 16.0usec as calculated by the 2

— DL hydrocode for a low pore collapse pressure

solid material (x) as a pressure, specific volume, and
temperature function,

Px(”z,Tx)-'gLT‘[(‘Yx)p 70' } [5‘ ]C (Ts To) (4)
ot %01 X0

where 1., is the isothermal bulk modulus, and S7,, is
its first pressure derivative. In this EQOS, the
Gruneisen ratio is assumed to remain constant,
[/v=(T'/v),, throughout the computation. These
equations are linked through the second law of ther-
modynamics for either an inert system,

' dE:=Tds,—Pdu, (5)

as in the VI model, or for a reactive system,
dE=Tds;~Pdurt £ 8.4 (6)
,:

as in the VIR models) . In eq.(6), 4y is the mass frac-
tion of constituent j in solid x and gy is its Gibb’s
free energy;
2.2.1 VI Model

In the case of an inert system, a new mpdel has
been developed using the same idealized solid mix-
ture assumption as in the 2 — DL model. The powder
may be described in terms of an idealized solid whose
properties are determined from those of the in-
dividual constituents through mass fraction based
mixing. From Ref.4, the mean specific volume is
described vy= }.‘. Agly, the mean spec1f' ic heat is Cy=
).‘. lng, the :rxean Grileisen parameter is I'y= Z’.l.l
z,,r.,, the mean isothermal bulk modulus is ”

_ W=
Bre= n Vs

i=1 BTa

and its mean first pressure derivative is

B Tar —ﬁi Zv”v(l"'é Toy)

Us ]"l

In this new model, the powder is conceptually divid-
ed into a void space, V, and the idealized inert solid
mixture (x), I, hence the name VI model. Since the
void contains no mass, it cannot contain any internal
energy, so all of the compressive work done on the
void and solid will be contained in the solid. The
specific volume and entropy of the solid material will
be defined w(P;,T;) and s;(v;,T)), respectively. The
derivatives of the specific volume and entropy may be
inserted in eq.(5) and the result equated with eq.( 3)
to yield,

-E-T‘-(Pﬂ)dv, [—-L T]dP,+

2C, C. ——‘de (7)

l
where the definitions of the isothermal bulk modulus
BT = —y(aP/av) 1, the constant volume specific heat,
Cv="T(3s/aT),, and the Griieisen parameter were ap-
plied. The isentropic bulk modulus is defined

C,r'z'r

ﬁ:—ﬁr"‘

The distention ratio must jointly satisfy a specific
volume and a pressure ratio definition'"’, a=v/v; and
a=P,/P. The derivative of the specific volume condi-
tion is basically a restatement of the conservation of
mass, dv=uv; da+a dv,. This derivative may be ex-
pressed in terms of pressure and temperature by inser-
ting the derivative of % (P;, T:) into it to yield,

dotvda v gp  Gals oy (8)

a Br: B
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In the VI powder mixture model and the VIR model,

the distention ratio is described as a function of

pressure'”’,

R R il
a=1+{ao— I)W Pi<P<P; (9)
1 PP

where P%is the elastic strength of the porous material
and P?% is again the crush-up pressure. Now a system
of two equations, egs.(7) and (8), and two
unknowns, dP; and d7. exists which may be
numerically solved utilizing a fourth order Runge-
Kutta scheme in conjunction with the conservation of
mass and momentum equations which provide the
overall dv at each time step and eq.{9) . During the
pore collapse process, a convergence criteria is ap-
plied to check the dual distention-ratio definitions for
convergence? . If the distention-ratio definitions do
not agree with in a 3 —59 limit, the two values are
averaged and the numerical step is repeated until con-
vergence is achieved. This calculation is performed in
conjunction with the hydrocode AUTODYN'? to
take advantage of the ability of this hydrocode to com-
bine Eulerian and Lagrangian coordinate systems and
utilize interactive rezoning of the mesh. The
detonating nitromethane was modeled with a JWL
equation '’ in Eulerian coordinates, the 304 SS witha
U,—u, equation'” in Lagrangian coordinates, and
the powder with.the VI model in Lagrangian coor-
dinates. The double walled structure of the capsule
was included and the properties given in Table 1 were
used in this calculation. :

Figure 3(a) — (d) shows the calculated temperature

and pressure contours in the Ti-Al mixture at sequen-

tial times for a crush-up pressure of 6 GPa. The
Mach reflection grows in strength and width as it pro-
pagates through the powder. The high residual
temperature, observable in Figure 3(d}, is concen-
trated along the Mach stem. The region where the
residual temperature is greater than the melting
temperature of the aluminum, 933K at ambient
pr&émre, corresponds to the reacted region observed
in the recovered specimen”’.

Comparing the 2—DL and VI powder mixture
model calculations, Figure 2 and 3(d), the difference
in the initial capsule structure places the Ti-Al at dif-
ferent coordinates, and some difference in mach stem
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Fig. 3 Pressure and temperature contours in the powder
mixture as calculated with the VI powder mixture
model on AUTODYN at (a) 12.4pusec, (b)16.4
psec, (c) 18.2psec, and(d) 20 psec
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F|g 4 Pressure and temperature contours at 20usec in the powder mixture as
calculated by the VIR model on AUTODYN

formation and propagation was evident due to the
delay imposed by the collapsing double wall of the cap-
sule. The pressure contours are similar as the mach
reflection reaches the end of the powder sample;
however, the temperature contours differ significant-
ly. This difference is due to the assumptions concern-
ing the Griieisen parameter or Grileisen ratio, I'/v, re-
maining constant and the use of two different
schemes to calculate the temperature, i.e. calculating
the temperatures from the internal energy or directly
from the first and second law of thermodynamics.”
2.2.2 VIR Model

The final model that will be used to model the
- shock wave propagation is the VIR model® in com-
bination with the hydrocode AUTODYN'?. This
reactive powder mixture model is capable of in-
cluding chemical reactions in each subsystem and
allows separation of the individual constituents into
two subsystems with heterogeneous distribution of
the pore couépse energy to simulate hot-spots and
subsequent heat transfer to the “cold” subsystem.
However, for this case, the pore collapse energy was
assumed to be evenly absorbed and no reactions have
been included so that the results will be comparable
to the 2—DL and VI models. For this use, the
notable difference between the VIR model and the
previous two is that the individual constituents are
each treated with independent EOS. Thus, each con-
stituent. raponds to the pressure and temperature
then the ﬁlatenal properties of the mixture are
calculated at each pressure-temperature step in the
numerical solution.

The VIR model was applied in the same configura-
tion on AUTODYN'® and the pore collapse was
described by the same polynomial equation, eq.(9),

as in the VI powder model. The properties listed in
Table 1 for the 304 SS and JWL model™® were again
used for the calculation and the individual constituent
properties were used for the Ti-Al powder mixture.
For the result shown in Figure 4, the pore collapse
pressure was also set to 6 GPa. The pressure and
temperature contours in the Ti-Al mixture and the
propagation distance are similar to those shown in
Figufe 3(d). This shows that, in this Ti-Al experi-
ment, the individual treatment of the constituent EOS
is similar to treating them as a simple ideal mixture
with one EOS. If shock-induced reactions had been in-
cluded in the VIR model, this companson would not
have been valid.
3. Conclusions

All three models, 2— DL, the VI powder model,
and the VIR model, yield very similar results for the
pressure contours in the Ti-Al powder mixture;
however, there are some differences in the -
temperature contours as calculated by the 2—DL
mode!l due to different assumptions in the calculation.
This shows that the traditional method of modifying
only the EOS and then calculating the temperature
from the internal energy vs. the proposed linking of
the conservation of energy and the second law of ther-
modynamics to directly calculate the temperature pro-
duce similar results for an inert powder mixture in the
pressure regime. However, the temperature calcula-
tions differ significantly between the two schemes. It
is difficult to definitively determine which scheme is
better for calculating the temperature profiles but,
the profiles obtained from the latter method seem to
more closely fit the observed experimental resuits.
This study also shows that the individual vs. ideal mix-
ture treatment of the constituent EOS gives similar
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results for an inert powder mixture.

For the VI and VIR models, the calculated residual
temperatures in the Ti-Al sample are equal to or
greater than the melting temperature of the
aluminum in the area of the Mach stem which cor-
responds to the observed reaction region in the
recovered specimen. This indicates that the observed
reaction could be a “shock assisted reaction” but does
not rule out the possibility that is was a “shock-induc-
ed reaction.”
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