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Abstract: Quasi-sealed chamber tests were applied to W/Zr-based metallic glass composite, which is a novel form of
multifunctional energetic structural material, to investigate its shock-induced reaction characteristics at various impact velocities.
The influence of the cover plate thickness on the overpressure was also studied. Thermochemical theory of temperature controlled
shock-induced chemical reactions was used to analyze the reaction characteristics of the material, as well as to identify the reaction
parameters. The experimental and theoretical results show that the peak value of the quasi-static pressure is positively correlated
with impact velocity of the fragments. The critical velocity to initiate the reaction is around 766 m/s. At a particular velocity, there is
an optimal thickness of the cover plate to maximize the overpressure behind the plate. However, when the cover plate thickness is
less than 8 mm, the overpressure behind the plate is relatively small. The critical shock pressure P, to initiate the chemical reaction is
about 18.37 GPa. The theoretical critical shock temperature 7. is calculated to be 3736.6 K. The theoretical results show that the
reaction efficiency in the chamber increases as the shock pressure or temperature increases. The theoretical reaction efficiency
reaches 61.5% when the shock pressure is 40 GPa, indicating that the chemical reactions of the material do not run to completion in

the experiments.
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Multifunctional energetic structural materials (MESMs) are
a special class of materials with structural and energetic
characteristics that can improve the damage effectiveness of
warhead systems !". A shock-induced chemical reaction (SICR)
will occur when the material achieves certain states, such as
high pressure, high temperature or high speed impact. And an
unsupported reaction will decay to zero unless certain

t ¥ Due to their mechanical strength and

conditions are me
energetic characteristics, MESMs are widely used in military
M energetic frag-

ments™® and reactive kinetic energy penetrators”. These

applications such as shaped charge liners

materials may include thermite mixtures, intermetallic
compounds, metal-polymer mixtures, metastable intermole-
cular composites, as well as hydrides™”). Porous W/Zr-based

metallic glass composite, whose strength is much higher than
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that of other traditional MESMs, possesses desired energy
release characteristics and is a valuable new kind of MESMs.
However, relatively little research has been reported on the
shock-induced reaction characteristics of the material.

When MESMs fragments impact a target, the propagated
shock waves generate a temperature rise within the fragments,
which takes up the shock energy in the fragments. The heated
fragments will then react when the shock energy is larger than
the critical energy!'”. The energy released by chemical
reactions in the material greatly increases the damage that the
fragments can cause. Therefore, it is important to investigate
the shock-induced chemical-reaction (SICR) characteristics of
the material. The shock pressure responses of Ni/Al and Ni/Ti

[11-13]

powder mixtures , as well as SICRs and syntheses of

Ni/Al powder mixtures''*'"! have been systematically studied
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by Thadhani et al. However, their work lacks quantitative
results of the SICRs of the materials. Recently, a quasi-sealed
chamber developed by Ames!'® has been extensively applied
in studying SICRs, making it possible to evaluate the reaction
efficiency of the MESMs by measuring the shock over-
pressure in the chamber. For most energetic materials, the
reaction initiation mechanisms are controlled by the rise of
shock temperature. Clearly, the shock temperature is
controlled by the input stress, which is in turn directly
influenced by impact velocity, and the reaction efficiency
itself is strongly dependent on impact velocity, which governs
shock pressure, for most MESMs®. The SICR’s energy-
release characteristics as well as the venting effects of
accumulated roll-bonding of Ni/Al polymer-bonded explosive
materials were investigated by Ji et all' Cai et al''®, and

Wang et al"”! 120

. Xiong et al'"" presented the effects of two
additives, namely Teflon and copper, on the mechanical
properties and SICR characteristics of Al/Ni material. Wang et
al®" presented a novel modified quasi-sealed chamber and
discussed the SICR behavior of Zr-based bulk metallic glass.
It is worth noting that the thickness of the plate also has an
influence on the energy release of the MESM, as reported by
Xu et al®,

To further analyze the SICR characteristics of the materials
and to explain their reaction mechanism, significant theore-
tical work has been done by many researchers. Boslough™!
developed a description of SICR based on fundamental
thermochemical and shock wave principles. By comparing the
measured and calculated temperatures of porous thermite, the
existence of SICRs was verified. A thermochemical model of
temperature controlled shock-induced chemical reactions in
MESMs was established by Zhang et al”. The shock equation
of state, including chemical reactions, Arrhenius equation, and
the Avrami-Erofeev model were taken into consideration in
this model. From the proposed theory, the temperature rises
along with shock temperature and thermochemical reaction
can be accurately calculated. The shock temperatures and
reaction efficiencies of a Ni/Al system with two additives
were obtained from this theory, and the reaction constants
have been calculated™.

In order to investigate the energy release characteristics of
porous W/Zr-based metallic glass composite due to a
shock-induced chemical reaction, we have measured the
overpressures generated by impacting the fragments at various
velocities, as well as the overpressures behind the plate with
different thicknesses of cover plates using the quasi-sealed
chamber tests. Further, we theoretically discussed the effects
of initial conditions on the reaction efficiencies using the
Arrhenius equation and the Avrami-Erofeev model, and
compared the calculated values with experimental data. The
results indicate that shock pressures or temperatures have a
positive influence on the reaction efficiencies within a certain
range of impact velocities.

1 Experiment

1.1 Experimental materials

Zrs3 5Cuy6 sNisAljpAgs bulk metallic glass (BMG) was used
as the composite matrix. The BMG ingots were prepared by
melting and combining raw materials (purity 99.8%) in a
Ti-gettered high-purity argon atmosphere. Each ingot must be
flipped at least four times to ensure good homogeneity of
ingredients. The porous W with 3D net structure, with actual
porosity of 38.4%, was fabricated by powder sintering, and
the porosity was assured by the volume fraction of agglutinant.
The alloy ingot was inserted into the mold containing porous
tungsten by employing the vacuum infiltration technology.
After pressing for a few minutes, the mold was cooled with
saturated salt water so that amorphous phases could be readily
formed. The actual density of the material was 14.5 g/em’.
Cylindrical fragments with 8§ mm in diameter and 9 mm in
height were made by machining.

Fig.1 shows a micrograph of the morphology of the
material delineated by SEM. The porous tungsten has a 3D net
structure and a relatively high volume fraction. The grey phase
therefore represents porous tungsten. The dark metallic glass
phase is dispersed and squeezed uniformly in the porous
tungsten. No crystal phase is separated out in the metallic
glass phase and the interface bonding is favorable. The
formation and propagation of the shear bands of metallic glass
can be prevented by the porous tungsten, which leads to high
plasticity and fracture strength of the composite ****.

1.2 Experimental layout

The impact-initiation experimental layout configuration
used in this investigation is shown in Fig.2. Porous W/Zr-
based metallic glass composite fragments along with nylon
sabots were shot by a 14.5 mm ballistic gun that was 5 m
away from the cover plate in front of the quasi-sealed chamber.
The nylon sabots had grooves to ensure that they could break
and separate during flight. The range of velocities in the tests
was from 700 m/s to 1400 m/s, controlled by adjusting the
mass of the propellant. The velocity measurement system
consisted of two aluminum foils; a time recorder was used to
infer the velocities of the fragments. The enclosed volume of
the chamber was 35.2 L. The mild steel cover plates with four
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Fig.1 SEM image of porous W/Zr-based metallic glass composite
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Fig.2 Schematic illustration of the setup for quasi-sealed

chamber test

thicknesses, namely 0.5, 2, 4, and 8 mm, were fixed in the
front of the chamber and a 30 mm thick hardened steel anvil
was welded to the bottom of the chamber. The overpressures
generated by fragments penetrating the cover plates and
impacting the anvil were recorded by a transient pressure
sensor fixed inside the chamber. The threshold of the sensor
was set to be 3.9 mV, corresponding to an overpressure of
0.001 56 MPa in the chamber. The SICR behavior of the
fragments was observed by aiming a high-speed camera at the
mirror in the chamber. The framing rate was 10000 frames/s
(100 ps per frame).

2 Results and Discussion

2.1 Overpressures in the chamber

The data of a series of impact initiated experiments are
listed in Table 1, including impact velocity v, fragment mass ma,
thickness of cover plates /, and peak value of the quasi-static
pressure AP. The slash mark “/” means that it is not detected,
and the AP of this shot is less than the threshold of the sensor.
Usually, the impact velocity corresponding to the minimum
AP that can be detected is regarded as the critical velocity v,
of the SICR. From these experimental data, it can be inferred
that the critical velocity of the SICR of porous W/Zr based
metallic glass composite fragments is around 766 m/s.

Fig.3 illustrates time history of the quasi-static pressure in
the chamber with a 0.5 mm cover plate at different velocities.
Because the time scale for the fragments to impact the anvil
and reactions to occur is relatively short, tone sees dramatic
increase in pressure at the beginning of the curves, i.e., the

Table 1 Experimental data of SICR

Shots vims™! mlg h/mm AP/MPa
17# 753 6.75 0.5 /
18# 766 6.62 0.5 0.012
19# 875 6.60 0.5 0.019
20# 1015 6.59 0.5 0.028
22# 1248 6.72 0.5 0.053
23# 1386 6.37 0.5 0.063
30# 1238 6.33 2 0.051
31# 1257 6.37 4 0.055
32# 1242 6.38 8 0.047
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Fig.3 Pressure as a function of time for a 0.5 mm cover plate at

different impact velocities

ignition stage. The inflated air ejecting from the holes which
are generated by the penetration of fragments on the cover
plates results in the gradual drops of the curves during the
venting stage. The pressure-rising stage takes several milli-
seconds; the pressure-dropping to the ambient pressure takes
up to hundreds of milliseconds"”. Tt is evident that the peak
pressures AP have obvious correlations with impact velocities.
Both AP and its rate of increase grow larger as the impact
velocity increases. This tendency is the same as the behavior
of the ZrCuNiAl BMG fragments obtained by Wang et al*!l.
Fig.4 shows time history of the quasi-static pressure in the
chamber with different cover plates at velocities around 1250
m/s. For this impact velocity, the maximum peak overpressure
is generated when impacting the 4 mm steel cover plate. There
is presumably an optimum plate thickness to maximize the
behind-plate overpressure effect for the porous W/Zr based
metallic glass composite fragments, similar to the over-

1?2, None-

pressure effect for PTFE/AI/W reactive materia
theless, compared with other MESMs, the influence of plate
thickness on the overpressure for the material is relatively
small. The venting time of the inflated air in the chamber is
related to the thickness of the cover plate. It takes tens of
milliseconds for the overpressure to drop to zero with the 0.5
mm cover plate, but hundreds of milliseconds with a 2 mm
cover plate. Fig.5 shows the shapes of the holes created by
fragments penetrating 0.5 and 2 mm cover plate. The
deformation and size of the hole are larger for the 0.5 mm
cover plate, leading to a more rapid leaking of gas. For the 2
mm cover plate, the deformation and size of the hole are
relatively small, resulting in long venting time.
2.2 Shock-induced chemical reaction behavior

The high speed camera video frames of the SICR process
for the shot 17# fragment are shown in Fig.6. The time of the
first frame when the fragment impacts the cover plate is
defined as =0 ms. A small part of the fragment begins to
fracture and react when impacting and perforating the cover
plate, as illustrated in Fig.6a. As shown in Fig.6b and 6c, no
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Fig.4 Overpressure as a function of time for different cover target
thicknesses
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flame can be observed before the residual fragment impacts
the steel anvil, which indicates that the impact of the fragment
on the cover plate drives no sequential chemical reactions.
Once impacting the steel anvil, the reaction is initiated but the
range of the flame is relatively small, as shown in Fig.6d. This
shot does not trigger the transient pressure sensor, which
means that the produced overpressure is less than the
threshold and the reaction is unsustainable. The SICR
behavior of MESMs is complex processes combining impact
kinetics and thermochemical responses. The unsupported
reactions will decay to zero unless certain conditions are met,
such as high pressure, high temperature, or high speed-impact.
The velocity of shot 17# is obviously less than the critical
velocity.

Fig.7 shows the high-speed camera video frames of the
SICR process for the shot 22# fragment. The SICR process in
the quasi-sealed chamber test involves three main steps. (1) A
small part of the fragment begins to fracture and react when
impacting and perforating the cover plate, as illustrated in
Fig.7a. (2) After the fragment passes through the cover plate,
it continues to reach the steel anvil, deflagration occurs, and
the flame is visible, as illustrated in Fig.7b. (3) The strong
reaction induced by the fragment impacting on the anvil
produces a roughly hemispherical deflagration wave on the
interior. This wave then begins to propagate and reflect in the
chamber, resulting in an increase in the overpressure, as
shown in Fig.7c and 7d.

v=1248 m/s;
5 mmy; /7=0.5 mm;
=0.3 ms

Fig.7 High-speed images of SCIR process for the shot 22# fragment: (a) /=0 ms, (b) /=0.1 ms, (c) #=0.2 ms, and (d) =0.3 ms
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The sequence of events for the shot 32# fragment is similar
to that for the shot 22# fragment, as shown in Fig.8. The
fragment is fractured into a few parts, which penetrate the
thick cover plate. The debris of the fragment begins to react
and splash outside the chamber, as demonstrated in Fig.8a and
8b. The activated fragment continues, impacting the steel anvil
and triggering a more intense reaction. The hemispherical
deflagration wave propagates from the bottom to the front of
the chamber, as shown in Fig.8c and 8d. The degree of
fragmentation and the total chemical energy released inside
the chamber are influenced by the thickness of the cover plate.
However, because of the high strength of the material, the
influence of plate thickness on the overpressure for the
material is relatively small compared with that of other
MESMs! %,

3 Discussions

3.1 Reaction efficiencies

The initial shock pressures of the fragment and the plate are
equal at the moment of impact. According to the conservation
laws of momentum and energy, the shock pressure of fragment
and target is given by follows 2?7

P = pDu (1)
where py is the shock pressure, p, D and u are the density,
shock wave velocity, and particle velocity of the material or
steel target, respectively. The particle velocity of the target can

be found from basic shock wave theory™:

v:12f42 m/s;
h=8 mm;
=0 ms

=1242 m/s;
h=8 mm;
=0.3 ms

_(pzcz +pC +2plslv) +A”
u, =
’ 2(p.8, = p1s1)

2

where C, s are the Hugoniot parameters, and subscripts 1 and
2 refer to the MESM and the target, respectively; A can be
written as”":

A= (pzcz +pC+ 2/71S1V)2 +4p, (pzsz —Ps )(C1V+31V2) A3)

Because it takes only several milliseconds after the onset of
the primary reaction for the quasi-static pressure to reach its
peak value, the mass and energy flux from the chamber can be
neglected. The relationship between the peak value of the
overpressure in the chamber and the energy deposition can be

described as follows™':

_r=l
AP = V AQ 4)

where V' is the volume of the chamber, AQ is the energy
deposition, and y=1.4 is the ratio of the specific heats of the
gas in the chamber.

The energy deposited in the chamber consists of the kinetic
energy of the fragments and the chemical energy resulting
from the chemical reaction in the material. The kinetic energy
of the fragment is 1913.66 J as the velocity is 753 m/s, and the
sensors have not yet detected the overpressure in the chamber
at this time. Therefore, the kinetic energy of the fragments has
very little influence on the energy deposition in the chamber,
which indicates that the kinetic energy can be neglected in the
calculations.

ﬂ&@ m/s;

h=8 mm;
=0.4 ms
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=0.5 ms

Fig.8 High-speed images of SCIR process for the shot 32# fragment: (a) /=0 ms, (b) /=0.3 ms, (c) #=0.4 ms, and (d) #=0.5 ms

The reaction enthalpies of the SICR for the material are as

follows?!.

Zr+0, - ZrO,, AH=11849.1 J/g

Al+Ni — NiAl, AH=1381.33J/g

Al+O, —» Al O,, AH=31053 J/g

According to the work of Eakins et al''”!, NiAl is the most
common reaction product when Ni and Al react in the SICRs.
The rest of the aluminum reacts with oxygen, and the effects
of Cu, Ag, and W can be neglected. Therefore, the theoretical
energy is calculated to be 1469.4 J/g. Table 2 demonstrates the
theoretical shock pressures, energy depositions, and reaction

Table 2 Calculated results based on experimental data

Shots v/ ] n Pl AQ/ Theoretical Reaction
m'ss mm GPa kJ chemical energy/k] efficiency/%
18# 766 0.5 18.37 1.02 9.73 10.48
19# 875 0.5 21.38 1.67 9.70 17.22
20# 1015 0.5 2538 2.42 9.68 25.00
22# 1248 0.5 32.41 4.63 9.87 46.91
23# 1386 0.5 36.79 5.54 9.36 59.19
30# 1238 2 32.10 449 9.30 48.28
31# 1257 4 3270 4.84 9.36 51.71
32# 1242 8 3223 4.14 9.37 44.18
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efficiencies based on the experimental data. These numbers
reveal that the reaction efficiency increases as the impact
velocity and shock pressure increase. When the impact
velocity of the fragment is 1386 m/s, the shock pressure
and reaction efficiency reach 38.78 GPa and 59.19%,
respectively. The values of Ci, s,, C, s,, and p, are 3.417 km/s,
1.732, 4.57 km/s, 1.49, and 7.85 g/cm3 in the computation,
respectively.
3.2 Theoretical calculations for SICR

From the Grunesien equation of state (EOS) and
Rankine-Hugoniot energy equation, the p-V form of the EOS

for solids can be written as

14
77(V)pc(V)—EC(V)
p(V)=

14 1
)
r(v) 2
where ¥ is the specific volume, ¥ is the initial specific
volume of solid, y represents the Grunesien coefficient, and P,
and E, are the cold pressure and cold internal energy,

respectively. According to the Mayer potential energy, the O-¢

)

form of the internal energy and cold pressure can be described

as follows™"":
= 30 )1 _ S| _ 5713 _ 1 }
1 9)-05" ol al1-5)]-57) o

where Q and ¢ are two parameters for cold energy, o=
plpox=Vox/V is the compressibility at 0 K for the material, and
pox and V¢ are the density and specific volume at 0 K,
respectively. The Dugdale-MacDonald relationship for the

Grunesien coefficient can be written as follows?”:

1 g6 " exp[q(1—5"/3ﬂ—65
6 qexp[q(l—é"l/})J—Zé'

The material parameters Q and g can be found using the
theoretical method developed by Hu et al””:

y(V) (8)

1 ¢°+6g-18
SOK_12 ) ©))
-2
o -2-2) (10)
3P0k
}/2
COK:C{H(ZS—%—IJO:\,TO} (11)
s 1y
Sox =So| 1+ 278 s -1 |, T, (12)

where Cj g, Sok, and y, g are the Hugoniot parameters and
Grunesien coefficient at 0 K, C, is the zero-pressure bulk
sound speed at the initial temperature, ay=1.559x10" K is
the coefficient of cubic expansion, and 7,=298 K is the initial
temperature.

According to the relationship between the isentrope and
Hugoniot, assuming that the specific heat at constant volume
and y/V are both constant, the equation for shock temperature
is reduced to the relatively simple form'®:

T, = T()exp(—J‘:”KdV]+KM (13)

oy r G
where Ty is the shock temperature, Cy=0.2074 J -g']-K'] is the
specific heat at constant volume of the material, and p; is the

isentrope, which can be described as follows*”":

(1+(s—;/0))x
(l—sx)3

where #=1-V/V, is the compressibility, p, is the initial density
of the material, and 7,=1.553 is the initial Grunesien

p.(n)=pCoexp(ron) || exp(—7,x)dx (14)

coefficient. Combining Eq.(7) and Eq.(15), the relationship
between shock pressure and shock temperature can be
deduced.

Assuming that the process depends on

temperature only, the thermal kinetics formula for the solid-
1°1;

chemical

state reaction can be improved using the Arrhenius mode

d—y:Aexp[— £, ]f(y) (15)

dr RT
where y is the reaction efficiency, ¢ is the reaction time, 4 is
the apparent pre-exponential factor, E, is the apparent
activation energy, and R, and T are the universal gas constant
and the absolute temperature, respectively. An n-dimensional
Avrami-Erofeev equation is suitable to model the solid-state
reaction based on the works of Zhang et al ..

S()=n(1=y)[-In(1-)]""" (16)

where » is the coefficient related to boundary conditions and
reaction mechanisms. The Avrami-Erofeev equation can be
written as the first derivative of absolute temperature 7 with

respect to the efficiency of reaction y as follows ”':

d7 RT’| 1 nln(l-y)+n-1
dy E, |2y n(l—y)[—ln(l—y)}

In order to find the theoretical reaction efficiency of the

an

material, the corresponding pressure, temperature, and
reaction efficiency achieved in the experiment can serve as the
threshold of the SICR, namely the critical pressure P.=18.37
GPa, the critical temperature 7,=3736.6 K, and relevant
reaction efficiency y.=10.48%. The quantities E, and » are
fitted from the SICR experimental results for the porous W/Zr
based metallic glass composite. The values of £, and » are
517.06 kJ and 0.2611, respectively. Fig.9 and Fig.10 show the
reaction efficiency as a function of shock pressure and shock
temperature, respectively. These graphs show that the
theoretical results are close to the experimental data, indica-
ting that the theoretical method and reaction parameters can
effectively describe the principle SICR characteristics for the
material. The relation between the reaction efficiency and the
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Fig.9 Reaction efficiency as a function of shock pressure
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Fig.10 Reaction efficiency as a function of shock temperature

shock pressure or shock temperature is almost linear when the
shock pressure is less than 40 GPa. The thickness of the cover
plate has relatively little effect on the detected released energy
if its thickness is less than 8 mm. Even when the impact
pressure attains 40 GPa, the chemical reaction is not
completed, and the corresponding reaction efficiency reaches
61.5%. These numbers demonstrate that the porous W/Zr
based metallic glass composite is relatively insensitive.

4 Conclusions

1) The impact-initiated experiments and thermal kinetics
analysis are performed to investigate its shock-induced
chemical reaction (SICR) characteristics under different
impact velocities and different cover plate thicknesses.

2) A violent chemical reaction is initiated once the material
undergoes high-speed impact. The critical velocity of the
SICR for the material is around 766 m/s, and the
corresponding theoretical critical pressure P, and critical
temperature 7, are 18.37 GPa and 3736.6 K, respectively.

3) The relationship between the reaction efficiency and
shock pressure or shock temperature are discussed according
to the Arrhenius model and the Avrami-Erofeev equation. The
results show that the theoretical method is valid for describing
the SICR characteristics of the material. The value of the

apparent activation energy FE,=517.06 kJ and coefficient
n=0.2611 for the SICR of the material are calculated. There is
a positive correlation between the reaction efficiency and the
shock pressure or shock temperature when the shock pressure
is less than 40 GPa.

4) The thickness of the cover plate has relatively little effect.
The porous W/Zr based metallic glass composite is relatively
insensitive, and the reactions in the experiments do not run to
completion.
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B B WEZ SRR SE MR S B AR RIUE S B A B IR SR, I T W B A Zr SRR A S E AM
FHATEA R gt B F AR R B R I h i R R o AR IRLBE 2 & R 45 MM R il 5 R AL N K AN g 27 308, 58 T A RHI
W2 RN ZH, S HT T RORH AL SONARF I o 5 SRR, RPRkr ol i F W b R EAH DG, LB RN A 766 m/s, 7EAH ]
TR, A SR e AR S KA s DL REAR S, EAE 8 mm JSEAN I R Y, BAR S B b e R e M S M R G ARl e ok
P2 SN )l T B Pe=18.37 GPa, XS (BRI A Te=3736.6 K. MPRHR N LS Bt bl i Al i BE 0 38 I 388 Jn, - 76
40 GPa ph i [ IV AN, MBI RTE 4 N, IR SN BCHRIE T 61.5%.
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