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1. INTRODUCTION

Impact techniques have been used for over four decades to study the dynamic states of .
matter [1] in temperature and pressure regimes inaccessible by other methods. These -
techniques have been employed in a wide variety of scientific, military, and commercial
applications. Impact studies entail a wide range of topics, such as the constitutive equa-
tions of state for materials [2], the study of shock Hugoniots [3], strength of materials [4],
fracture and fragmentation [5,6], kinetics of phase transition [7], shock-induced melting
and vaporization [8,9], impact cratering [10], and penetration mechanics [11]. A principal
objective of determining thermophysical material properties under impact loading is to
promote an understanding of physical processes associated with the dynamic material be-
havior. This can lead to the development and validation of “physically-based” material
models that are needed for impact physics hydrodynamic codes [12] for many program-
matic applications. With the advancement of high-speed computing capabilities, compu-
tational codes are being used much more extensively to predict or optimize the impact
response of a system such as an armor configuration. This makes it even more crucial that
the material models be sufficiently representative such that the computational analysis
and prediction of impact-related events can be performed with confidence. This will,
however, require an intimate interaction between dynamic experimentation and compu-
tational analysis.

In this paper a brief description of dynamic techniques commonly available for deter-
mining material property studies will be presented. For many impact applications the ma-
terial generally experiences a complex loading path. In most cases, the initial loading
conditions can be represented by the shock commonly referred to as the Hugoniot state.
Subsequent loading or release structure, i.e., off-Hugoniot states would however be de-
pendent on the physical processes dominating the material behavior. The credibility of
the material model is tested by the accuracy of predictions of off-Hugoniot states. Exper-
imental techniques commonly used to determine off-Hugoniot states will be discussed in :
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2. LOADING AND DIAGNOSTIC TECHNIQUES

Over the last four decades, a variety of high-velocity guns have been developed for mate-
rial property studies [13]. Gas-driven (helium) guns have a maximum velocity of about
1.4 km/s and can produce impact pressures of about 300 kbar in high density materials. Pro-
pellant-driven guns can launch projectiles to velocities of about 2.5 km/s. Impact pressures
to about 1 Mbar can be produced in high-impedance materials such as tungsten [14]. Two-
stage light-gas (hydrogen) guns provide velocities to 8 km/s [15]. These launchers allow im-
pact pressures of several Mbar in the laboratory. Gun methods provide more control and pre- .
cision for producing and probing the material properties in the shocked state. Other recent
advances include a modified two-stage gun, which extends projectile velocities to 16 km/s
for millimeter thickness plates [16]. Impact pressures of 20 Mbar are now feasible in the lab-
oratory. This technique uses the two-stage light gas gun to launch a third-stage projectile with
shockless loading methods. Detailed discussions summarizing the capabilities of the differ-
ent guns developed for dynamic material property studies are given elsewhere [13, 15, 16].

A unique feature of smooth-bore launchers is that a variety of loading conditions can be
achieved and precisely controlled. The basic experiment consists of a simple impact, which
produces a single step loading that is maintained for a long time duration compared to shock
wave transit in the sample. This method is useful for generating very accurate EOS (shock
Hugoniot) data on materials [3]. Another variation is the impact of a multi-layered flyer-plate
assembly, which can introduce a variety of shock-structures into the material. A thin flyer-
plate backed by a low impedance material will introduce a short-duration pressure pulse con-
sisting of a shock followed by an adiabatic release wave. If the back surface of the specimen
is a free surface, this technique can be used to determine the dynamic tensile strength (spall
strength) of the material [5,6]. A series of layered impactors which has a variable shock im-
pedance throughout its thickness [17,18] will generate a quasi-isentropic pressure loading
pulse into the material. Since the energy dissipation in the material under quasi-isentropic
loading is much less than under shock loading to the same stress, this method will result in
lower temperature states of the material at comparable shock loading pressures. Since shock-
induced melting can be circumvented with this approach, solid state properties can be studied
to very high pressures.

The above methods discussed employ the impact of a standard projectile onto a specimen
to determine the specimen dynamic characteristics. There are techniques available which
when used can also determine the release adiabats of specimens such as the direct impact of
a specimen onto a time-resolved gauge [19], or on a thin witness plate [20].

Experimental determination of material properties requires the use of time-resolved diag-
nostics for measuring the structure of shock waves. Use of time-resolved gauges on the spec-
imen provides determination of the stress-strain unloading curve from the shocked state.
Several techniques have been developed which are discussed in more detail elsewhere
[21,22] so that only a brief survey is given here. A variety of pin and optical diagnostics have
been developed for measuring shock velocity, which is a basic kinematic property of EOS
measurements. Piezoelectric, piezoresistive, electromagnetic and interferometric methods
have been used for wave structure measurements. These methods have been used to deter-
mine high-pressure material strength, spallation strength, phase transition kinetics and un-
loading adiabats for materials.




3. APPLICATIONS

Several examples of the capabilities of shock compression methods to determine material
properties are provided in the review articles elsewhere [1-8]. A summary of recent examples
is presented here.

3.1 Equation of State

Gun launchers have been used to a high degree of precision to determine the equation of
state or shock Hugoniots for materials up to 5 Mbar on two-stage light-gas guns [22]. The
stress range can now be extended to pressures approaching 20 Mbar in high-impedance ma-
terials with impact capabilities up to 16 km/s [16]. The data is generally represented as a lin-
ear relationship between the shock-velocity and the corresponding particle-velocity behind
the shock. Any anomaly in the linear shock-velocity vs particle-velocity relationship is attrib-
uted to elastic-plastic effects, or to polymorphic phase-transformations accompanied by large
volume changes. Time-resolved techniques, combined with sound-speed measurements in
the shocked state are generally more accurate and less ambiguous in determining phase trans-
formations in materials which are accompanied by small volume changes such as those re-
ported in calcite [23] or in iron [24] at very high pressures prior to melt. While the
phenomenology associated with melt can be accessed at impact velocities achieved on two-
stage light-gas guns, only the partial-vaporization process can be investigated through the use
of low-melting surrogate materials such as zinc, cadmium or lead [8]. The newly developed
hypervelocity launch capabilities [16] can be used to investigate full vaporization processes
in low-melting and boiling point materials [9].

3.2 Dynamic Fracture

Shock wave techniques are also useful in determining the fracture strength of materials.
For a variety of engineering applications such as armor design, explosive welding, and recov-
ery fixtures for material synthesis, the final product must survive the high strain-rate loading
process. From the standpoint of scientific studies it allows a means of determining nucleation
and growth process [5,6] for defect generation and propagation. A basic understanding of
these scientific processes is a necessary requirement for developing fracture-resistant mate-
rials which approach their theoretical strengths. The mechanism for fracture in a material in-
cludes the nucleation of defects (voids or cracks), the growth, propagation, and eventually the
coalescence of these defects to form a rupture surface within the material. It is therefore
meaningful to discuss the entire fragmentation process in terms of the energy expended in
creating the fracture process [5]. The energy consumed in the fracture process can be further
related to material properties such as the dynamic yield strength or the fracture toughness by
estimating the work done by void growth or in creating a fracture surface [5]. These concepts
are crucial for developing material models for use in computational analysis using impact
physics codes to predict the fracture and fragmentation behavior of materials. Considerations
of the physical processes associated with fracture and fragmentation were essential in recog-
nizing fracture toughness or normalized spall strength as a measure of a materials ability to
resist fragmentation, and led to the ability to launch intact plates to hypervelocities [4,16].

3.3 Dynamic Strength

It is well known from quasi-static experiments that the yield strength or the ultimate ten-



sile strength of materials depends on stress, temperature, and the loading rate at which the
material is cycled. With the development of dynamic time-dependent loading techniques re-
ferred to as quasi-isentropic loading techniques [17, 18] one can now determine the temper-
ature, pressure, and loading rate effects on dynamic yield strength, and spall strength of
materials to high stresses [4, 26]. Under shock loading to stresses of interest, the strain rates
induced in the shock front are controlled primarily by the material viscosity, whereas under
plane quasi-isentropic loading conditions to the same stress, the loading rates can be varied.
Under shock loading conditions, the internal energy change of the material is that of the area
under the Rayleigh line in the pressure-volume plane, whereas under plane quasi-isentropic
compression the internal energy change of the material is given by the area under the isen-
tropic compression curve. For large compressions, the internal energy change of a material
under quasi-isentropic compression will be substantially less than that for shock loading to
the same stress, resulting in energy (temperature) states that are significantly lower than those
obtained on the shock Hugoniot. A comparison of shock loading and quasi-isentropic loading
experiments to the same stress will, therefore, allow a determination of pressure, temperature,
and rate-dependent properties of materials. ”

A determination of the dynamic yield strength of tungsten under shock and quasi isentrop-
ic loading [4, 26] up to 250 GPa, suggests an increase in yield strength with increasing final
stress. However, the dynamic yield strength of tungsten under the slower rates of quasi-isen-
tropic loading is a factor of 3 larger than values obtained for shock loading at stresses ap-
proaching 250 GPa. The temperature of tungsten shocked to 250 GPa is calculated to be
5000 K, whereas under quasi-isentropic compression to 250 GPa it is less than 1000 K.

Determination of the spall strength of tantalum precompressed to 19 GPa and 60 GPa un-
der shock and quasi-isentropic loading, respectively, does indeed indicate an increase in spall
strength under quasi-isentropic loading. A spall strength measurement of 8.1 GPa under qua-
si-isentropic compression is an increase of 27% when compared to a value of ~ 6.2 GPa after
shock compression to 19 GPa. This increase may be a result of slightly lower temperatures
and perhaps a lower concentration of defects induced as a consequence of quasi-isentropic
loading.

3.4 Shock Induced Melting

With increasing shock amplitude, sufficient internal energy is deposited in the shocked
material to induce melting. However, the volume change in the shocked material associated
with melting is extremely small. Therefore, melting cannot be easily observed either in the
shock velocity-particle velocity plane, or, on the shock Hugoniot. As the shocked material
approaches the melt boundary, both the shear stress and the shear modulus of the material -
becomes zero. This causes the sound speed behind the shocked front to transform generally
from elastic wave speeds to bulk wave speeds. This technique has been used to detect melting
under shock compression in aluminum [27, 28] tantalum [29], iron [25] and quartz [30, 31].
Shock induced melting studies contribute towards validation of the equation of state of ma-
terials, with particular emphasis on various melting laws (such as Lindemann’s melting law).

3.5 Shock-Induced Vaporization

Prediction of the interaction between expanded vapor debris and target materials for ap-
plications such as meteorite impact on space vehicles, ballistic penetration of armors, debris
shield design, efc., demands an accurate treatment of the melting and vaporization process




and the kinetics of liquid-vapor propagation. Experimental efforts to understand high-pres-
sure vaporization have been hindered by unavailability of experimental launchers that are ca-
pable of speeds needed to induce vaporized states. This problem has been alleviated to some
extent by studying materials which have relatively low melting and boiling points {8, 32].
Recently the hypervelocity launcher [16] has been used at impact speeds of 8 to 10 km/s to
investigate zinc to full vaporization [9]. Significant discrepancies between experiment and
calculation exist based on current equation of state assumptions. This study highlights the
danger of extrapolating low pressure data to very high pressures even though the low pressure
phenomenology is well represented by the material model. For materials of greater program-
matic interest such as aluminum, an alternative is to shock porous samples [31, 32}. Experi-
ments using porous samples, in combination with higher initial temperatures shocked to very
high-pressures at impact speeds approaching 16-km/s would substantially increase the con-
centration of vapor in engineering materials [9].

4. OTHER USES OF HIGH VELOCITY LAUNCHERS

In addition to material property studies, high-velocity launchers are fundamental to a
variety of other applications. These include guns that have been designed specifically to
study materials subjected to ballistic loading, such as projectile or meteorite impact. Dy-
namic phenomena of importance in these studies concerns the failure response of target
and projectile materials and the effects of debris in the form of solid, liquid or finely dis-
persed fragments or vapor produced during failure of these components. Analysis of this
debris and the interaction of the debris with other components is fundamentally important
in several applications, including the design of better armors for weapon systems and the
design of debris shields for spacecraft.
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