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EXPERIMENTAL AND NUMERICAL STUDY OF
SHEAR LOCALIZATION AS AN INITIATION
MECHANISM IN ENERGETIC SOLIDS

Abstract
by

Richard Joseph Caspar

This thesis considers the behavior of energetic and inert solids subjected to sim-
ple shear loading. Data from a torsional split-Hopkinson bar, built for this study, was
reduced to determine shear stress and shear strain characteristics of these materials.
These results were then used to calibrate a constitutive law for stress, including the
effects of strain and strain rate hardening and thermal softening. A one dimensional
finite difference study of shear localization was performed, modeling the effects of
thermal conductivity, viscoplastic heating and Arrhenius kinetics. Results revealed
shear localization and reaction initiation in the explosives simulated. Experimental
failure of the inert solids, however, occurred at shear strains significantly lower than
those predicted by theory. This has been attributed to the presence of failure mecha-
nisms other than shear localization, which were not included in the theoretical model.
It is concluded that the tested energetic materials are not expected to shear localize

or initiate under the conditions considered.
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CHAPTER 1

INTRODUCTION

This thesis will address, experimentally and theoretically, the behavior of various
metals, solid explosive simulants, and solid explosives subject to simple shear loading.
In addition, this thesis will consider reaction initiation in the energetic materials as a
result of a mechanism known as shear localization or shear banding. In this chapter,
a description and review of the pertinent work is given. Two softening mechanisms
which lead to shear banding will be discussed: viscoplastic thermal softening and void
nucleation and growth. Pertinent work performed in the study of shear localization

in explosives is also discussed.

1.1 Overview

The motivation for this thesis lies in the development of insensitive munitions,
which are resistant to accidental detonation. Insensitive munitions are desired for
many reasons. First, insensitivity lessens safety risks in the storage and handling of
these devices. In addition, it is desired to prevent sympathetic detonation, in which
the detonation of one device causes others to detonate. Another motivation for this
thesis comes in the field of deep earth penetrators. These devices are designed to

travel through tens of feet of rock, concrete and earth; hence, a significant amount



of deformation is inherent within the penetrator. It is thus desired to design these
munitions to be insensitive to this deformation.

In order to develop insensitive munitions, it is necessary to more fully understand
the behavior of explosives. As full scale tests on explosives are often costly and
time consuming, it is desirable to develop computer models and simple bench-top
experiments which predict the deformation and initiation of these materials. There
are numerous finite-element packages, such as EPIC and ABAQUS, which have been
designed to predict material deformation. To date, limited data exists to develop
constitutive models for explosives to use as input into these packages. One of the
foci of this study is thus to determine the material properties of various explosive
simulants and explosives. These properties are determined through the use of an
experimental apparatus known as the torsional split Hopkinson bar (TSHB), which
was built by this author. This apparatus is capable of deforming materials in simple
shear at shear strain rates of 102 to 10* s—!. Results obtained using this apparatus
reveal the shear stress-shear strain properties for the tested material. In addition,
photographs of the deformation are taken with an ultra-high speed camera, capable
of framing at a rate of 2 million frames per second, to observe the failure mechanism.

The TSHB has previously been used to determine material characteristics for
metals, in which failure often occurs due to a mechanism known as shear localization.
Shear localization is also known to be one of the initiation mechanisms in solid ex-
plosives [Field et al., 1982], also, it is one of the least understood mechanisms. Much
of the studies on initiation, however, have been performed under shock and impact

conditions, in which the stresses within the explosives are much greater than the



yield stress, thus making the effect of the strength of the materials insignificant [Frey
(1981), Boyle et al. (1989), Chou et al. (1991)]. As a result, little is known about the
sensitivity of explosives under lower stress deformations, where the strength of the
material becomes significant. In deep earth penetrators, it is surmised that explo-
sives undergo significant deformation at high strain rates and relatively low stresses
(on the order of the yield stress of the material) and low pressures, in which the
material strength is thought to affect the deformation of explosives. One of the deto-
nation mechanism expected to dominate under such conditions is shear localization.
An additional goal of the experimental tests is thus an attempt at observing shear
localization in explosives deforming in simple shear.

Figure 1.1 describes the mechanism of shear localization. In Figure 1.1a, a portion
of an undeformed material is sketched with thin lines inscribed on its surface. When
this material is sheared, the scribe lines begin to slant at a uniform angle, as seen

in Figure 1.1b. This form of deformation is known as homogeneous deformation.

" A—

\
\
\
\
\

@) (b) (c)

it

- &

Figure 1.1: Schematic of the shear localization process. (a) Undeformed
grid lines, (b) Homogeneous deformation, (c¢) Shear localization

Increased straining into the plastic range results in hardening of the material. In

addition, if there is a geometric discontinuity, void, scratch or some other material



weakness, straining near that discontinuity will occur at a higher strain rate, which
also hardens the material. This increased local deformation, however, also causes
plastic heating of the material. If the straining occurs at high strain rates (typically
greater than 102 s~1), there is not enough time for the generated heat to be conducted
away. The local increase in heat results in thermal softening of the material. If this
process dominates over the hardening due to strain and strain rate effects, the material
strength decreases. As a result of this local softening of the material, deformation
is localized into a thin planar region, as depicted by the scribe line deformation of
Figure 1.1c. This final process is known as shear localization or shear banding.

In addition to the experimental tests that were performed in this thesis, a numer-
ical model was developed to predict the deformation of a material in simple shear.
The governing equations of conservation of momentum and energy are used in this
model. In the discussion of shear localization in the following section, two softening
mechanisms will been discussed which are known to lead to shear banding: thermal
softening and microvoid nucleation and growth. In this thesis, a constitutive law for
the shear stress is utilized, in which the effects of strain and strain rate hardening, and
thermal softening are included; microvoid nucleation is neglected. Since it has been
shown that the choice of a particular constitutive law does not significantly effect the
results [Wright (1987), and Batra and Kim (1991)], a simplified power law will be
implemented. Also included in the model is the effect of thermal conductivity due to
its importance in achieving accurate temperature predictions [Batra and Kim, 1991].
Finally, exothermic reaction is modeled by an Arrhenius kinetic law. Despite results

attesting to the fact that localization is a multidimensional process [Marchand and
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Duffy (1988) and Giovanola (1988 a,b)], a one dimensional model will be developed,
since this model is sufficient in yielding important information about the shear band
temperature profile in solid explosives. The pertinence of these effects is discussed in
the following sections.

The novelty of this thesis first lies in the testing of explosive simulants with
the torsional split-Hopkinson bar and the determination of their shear stress and
shear strain characteristics. Also, the implementation of Arrhenius kinetics in the
study of simple shear deformation of explosives is new. In addition, most researchers
studying simple shear deformation have used a finite-element formulation for solving
the governing equations. In this thesis, the equations are solved by a finite-difference

method.

1.2 General Reviews

This section presents a brief review of works on the high strain rate behavior of
materials as well as the initiation mechanisms in solid explosives. A compilation of
works on shock wave and high strain rate phenomena in materials is presented by
Meyers et al. (1992). Meyers (1994) also discusses these dynamic events in materi-
als. These books discuss various failure mechanisms occurring at high strain rate in
materials, including shear localization. In addition, works studying high strain rate
effects in explosives are discussed.

Bowden and Yoffe (1985) performed an extensive review of experimental works on
explosive mechanics in order to categorize the various mechanisms of initiation in solid

explosives. They conclude that initiation could occur by the adiabatic compression



of small entrapped bubbles of gas; the formation of hot spots on confining surfaces,
extraneous grit particles and intercrystalline friction of the explosive particles; and the
viscous heating of rapidly flowing explosive as it escapes impacting surfaces. Many
authors, however, have discounted gas compression as the controlling mechanism for
hot spot formation [Frey, 1985 and Kang et al., 1992].

Field et al. (1982) performed impact tests on thin layers of several explosives,
reporting photographic evidence for the formation of initiation due to many of the
previously stated mechanisms, as well as some additional mechanisms. In these tests,
the explosives were subject to stresses significantly larger than the yield stresses of
the materials. They concluded that the following mechanisms contributed to ignition
of explosives: adiabatic shear banding, adiabatic heating of gas spaces, viscous flow,
frictional rubbing, hot spots at crack tips and triboluminescence. The authors found
that viscous heating could play an important role in liquids, but could only lead to
significant heating in solids when considered in conjunction with the other mechanisms
listed. They also determined that the propagation of cracks alone would not lead to
ignition. Instead, they proposed that fracture of an explosive crystal would produce a
gaseous void which could in turn lead to adiabatic heating and hot spot generation. In
conclusion, the authors note that no one mechanism is the dominant means of ignition,
and that small changes in the experimental conditions can lead to the formation of
hot spots due to different mechanisms. For detailed reference on detonation theory

with discussion of experiments, see Ficket and Davis (1979).



1.3 Adiabatic Shear Banding in Metals

Shear banding, as an initiation mechanism in explosives, is only simply under-
stood. It is known that metals subject to high strain rate loading in association with
high speed machining, cutting and forming, as well as in impact and penetration,
often experience highly localized plastic deformation, known as shear bands. The
thickness of these shear bands is typically on the order of micrometers, and they have
been known to develop in times on the order of microseconds [Marchand and Duffy
(1988), Giovanola (1988 a,b)]. Due to the significant amount of localized viscoplastic
work on such a short time scale, highly localized temperatures of about 1000°C are
observed. Although formation of these shear bands is typically followed by fracture,
failure in any accepted sense of the word occurs with formation of the shear band
since the material has lost its load carrying capacity [Marchand and Duffy, 1988].
Hence, a significant amount of research has been performed on shear banding as a

failure mechanism in structural materials.

1.3.1 Experimental Observations

It is generally understood that adiabatic shear localization begins because ther-
mal softening dominates over strain and strain rate hardening in the deformation
process. When a material is plastically strained, dislocations begin to slip within the
material, accumulating at grain boundaries. As these dislocations coalesce, there be-
comes less room for dislocations to slip. With further straining, the material becomes

increasingly more resistant to dislocation motion, thus resulting in strain hardening of



the material [Lubliner, 1990]. In addition, if the rate at which this straining increases,
viscous stress will further resist deformation, which contributes to a process known
as strain rate hardening. An important result of dislocation slip is the generation
of heat. Rogers (1979) has concluded that approximately 90% of this plastic work
is converted into heat, while the remaining is stored in the generation and arrange-
ment of dislocations. This increase in heat tends to free the motion of dislocations,
resulting in thermal softening of the material. The generation of heat thus results
in further plastic strain, which causes a further increase in temperature. At high
enough strain rates, there is not enough time for the heat generated to be conducted
away; the deformation is thus considered adiabatic. If a material is experiencing high
strain rate adiabatic deformation, and there is a material or geometric weakness, such
as a void or scratch, straining will increase locally, causing a blow-up phenomenon
in temperature, shear strain, shear stress and velocity. This blow-up is commonly
termed an instability; formally, it represents a rapid acceleration in a fundamentally
unsteady process. If the properties of a given material are such that the mechanism
of thermal softening dominates over strain and strain rate hardening, deformation
will localize into a planar region of shear, known as a shear band.

The first person to observe localized temperature increases in a deforming metal
was Tresca in 1878, as reported by Johnson (1987). Tresca observed red hot lines in
the shape of the letter X, directly under a forging hammer and immediately following
the forging of a platinum bar. An occurrence of this phenomenon is schematically
represented in Figure 1.2 for a lead bar. Tresca concluded that these were the lines

of greatest sliding and, hence, of greatest development of heat. He also realized that



platinum was an excellent material in which to observe these lines due to its relatively
low thermal conductivity and low specific heat and due to the large amounts of energy
required to deform it. Through a comparison of the heat generated by the experiment
and the work done by the fall of the hammer, Tresca concluded that 70% of the plastic

work was converted to heat, but that this number was not yet verified.
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Figure 1.2: Schematic of a lead bar stamped by a hammer [Johnson,
1987].

Zener and Hollomon (1944) were among the first to describe the process of shear
localization in detail. They state that a necessary condition for shear localization is
when a maximum in the homogeneous, adiabatic stress strain curve exists, beyond
which deformation cannot be homogeneous and strength decreases with increasing
strain. When the strain at this maximum is surpassed, an instability will then arise,
in which a region deforms at a greater rate than the surrounding material, causing
it to weaken and further strain, while the surrounding material is no longer strained.
Zener and Hollomon demonstrate this instability in shear with a punch test, in which
the material was deformed at a strain rate of 2000 s~!. The result of this test is

seen in Figure 1.3. The white band of metal separating the plate and the plug is a



transformed martensitic band, which is characteristic of steel being quenched from
a high temperature phase. The width of this band was about 32 ym. The authors
concluded that a shear strain of 5 would raise the temperature 1000°C and that the

material in this transformed band suffered a shear strain of 100.

Figure 1.3: Martensitic transformed band produced by a punch on a

%” plate of 363 Brinell hardness [Zener and Hollomon, 1944].

In order to further study the deformation and temperature distribution across a
shear band, Marchand and Duffy (1988) performed tests in simple shear on a thin
tubular specimen of HY-100, a low alloy structural steel, by means of a torsional split-
Hopkinson Bar (this apparatus will be discussed in detail in this thesis). Previous
applications of this device only resulted in average values of shear stress and shear
strain, determined by the rotations of the ends of the specimens. Marchand and
Duffy were of the first researchers to perform detailed measurements of the shear
band formation. They used high speed photographs to study the deformation of fine
lines etched on the specimen’s surface in order to determine the local shear strain.
From an analysis of their photographs, they concluded that shear banding occurs

in three distinct stages. In the first stage, the material is undergoing homogeneous
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deformation, in which the grid lines are inclined at a constant angle, see Figure 1.4a.
In the second stage, the material undergoes inhomogeneous deformation, in which
the etched lines are curved, as seen in Figure 1.4b. As deformation continues in this
stage, there is a continuous increase in the localized strain, while the width of the
inhomogeneity decreases. It is important to note that, in this stage, the deformation
remains uniform in the circumferential direction. The decrease in the stress, however,
is never large over this region. The third stage begins at the value of nominal strain
where the stress first starts to drop severely. As can be seen in Figure 1.4c, the
deformation becomes severely localized in a thin plane. It is at this time that the one
dimensional assumption of localization breaks down. Marchand and Duffy observed
that the axial position of the maximum local strain is not the same for all points
in the circumferential direction, differing by 100 pm, indicating that the shear band
originates in several locations or that it originates in one location and propagates
around the circumference of the specimen.

The maximum shear strain reached in the shear band, with an applied shear
strain rate of 1600 s!, is 1900%, with a shear band width found to be 20 pm.
These large strains demonstrate the weakening effect of shear banding. For dynamic
loadings, deformation is often localized to a small region, which is forced to absorb
the majority of the deformation. As a result, the strength of the whole specimen
is not utilized, causing failure at much lower nominal strains than in quasi-static
experiments.

Marchand and Duffy also performed temperature measurements across the shear

band with infra-red radiation detectors. Results for an applied strain rate of 1400 s~!
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Figure 1.4: Photographs of the grid deposited on the surface of a de-
forming specimen of HY-100 steel in a torsional Hopkinson bar test, rep-
resenting the three stages of deformation [Marchand and Duffy, 1988].

revealed a temperature spike at the location of maximum shear, with a maximum
recorded temperature of 590°C. This value represents an average temperature over a
region which is greater than the width of the shear band; from a calculation taking into
account the width of the shear band, temperatures as high as 1000°C are surmised.
In a similar study, Giovanola (1988,a) performed tests on VAR 4340 steel. He
used high speed photography to observe the deformation and infrared detection to
determine temperature measurements. Using a similar method as Marchand and
Duffy (1988), the author determined a local shear strain distribution, as can be seen
in Figure 1.5. In accord with Marchand and Duffy, Giovanola determined a maximum
shear strain at failure of 2000%. In addition, Giovanola found that shear banding
occurred in two stages. In this paper, he reports the shear band widths to be 60 um

and 20 pum, with the second stage commencing within 5 us from the start of the first
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stage. The author also states that the strength of the material is virtually unaffected
by the first stage, and that the localization in temperature occurs in the second stage,
reaching values as high as 1100°C. It is also pertinent to note that Giovanola observed

inhomogeneous deformation prior to shear banding, as was observed by Marchand and

Duffy (1988).
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Figure 1.5: Strain profiles at different times obtained from photographic
measurements of a deforming grid [Giovanola, 1988 a].

In a companion paper, Giovanola (1988,b) performs fractographic and metallo-
graphic observations of the failure surface to determine that the first stage corresponds
to thermoplastic instability and the second stage corresponds to microvoid nucleation
and growth. He also observed transformed material in the second band, interpret-
ing that the martensitic material is produced by frictional heating resulting from
the contact between the two failure surfaces after cracking had begun in the band.
The importance of studying the phase change in the transformed band is thus deem-

phasized since the phase change occurs after the initiation of failure. In addition,
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Giovanola notes that failure occurred on a number of parallel planes connected by
well defined steps. This observation supports the claim that shear bands nucleate at

a number of locations in the softened region and propagate around the specimen.

1.3.2 Theoretical Predictions

As a result of the significant amount of experimental data related to dynamic sim-
ple shear, determined from the torsional Hopkinson bar, and due to the mathematical
ease in its modeling, much of the analytical work in the study of shear localization
has been performed in connection with thermoviscoplastic simple shear deformation.
In order to theoretically model the problem, governing equations are developed to
model the relevant physical conservation principles. These principles do not form a
complete set and are hence supplemented by constitutive equations, through which
specific materials are modeled. A review of past works in the field of adiabatic shear
localization is presented by Rogers (1979).

In the development of a constitutive model for stress, there are two schools of
thought as to the method by which the strength is softened. The first theory is that
the stress is reduced as a result of heat being generated from viscoplastic deformation.
This process results in thermal softening, which dominates over strain and strain rate
hardening. Alternatively, many researchers have studied the softening of the stress
as a result of microvoid nucleation and growth. This theory is typically formulated
to state that at some critical strain, voids begin to nucleate in the material, thus
reducing the cross sectional area, and hence the strength of the material. Microvoid

nucleation and growth is generally presented in conjunction with thermal softening,
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microvoid nucleation being the trigger for thermal softening. Meyer (1992) gives a
review of some of the constitutive relations which have been used for high strain rate
applications. In the present thesis, a numerical model will be developed which takes
into account softening due to viscoplastic work alone; microvoid formation will be

neglected. Both mechanisms will, however, be discussed.

Thermoplastic Softening

In existing studies of thermal softening induced shear localization, there is a
significant amount of discrepancy in the choice of the constitutive equation. In order
to address this issue, Wright (1987) compared the results of four commonly used
viscoplastic constitutive relations. In this study, Wright considered one dimensional
simple shearing in a thermoviscoplastic material with elasticity, thermal softening,
strain and strain rate hardening and heat conduction. The constitutive laws used
were 1) an Arrhenius stress law, 2) the Bodner-Partom-Merzer law, 3) a simple power
law, and 4) the Litonski law, which were all calibrated over the same data. He
found that the results were both qualitatively and quantitatively similar, with the

~1. a value far in

results within 5% of each other for shear strain rates up to 10* s
excess of the calibration conditions. For even larger values of shear strain rate and
high temperatures, the Bodner-Partom-Merzer law begins to diverge from the other
solutions. Figures 1.6a and 1.6b demonstrate the similarity of the laws by comparing
the stress with the strain rate and temperature at the center of the shear band.

Wright states that since there is a significant difference between the strain rate and

temperature at the center of the shear band from those of the calibration conditions,
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Figure 1.6: Comparison of various flow laws. (a) Driving stress versus
central plastic strain rate when the central temperature is 400 K, (b)
Driving stress versus central temperature when the central plastic strain
rate is 5 x 10*s~! [Wright, 1987].

the actual structure of a real shear band would be expected to be somewhat different
from that predicted by any given constitutive law. He thus thought it surprising that
the trends predicted by the constitutive laws were as similar as found.

Another source of discrepancy in previous researchers is in the role of thermal
conductivity. To clarify this issue, Batra and Kim (1991) compared the results of three
different constitutive relations, while varying the thermal conductivity. In this study,
the researchers considered a thermoviscoplastic block undergoing one dimensional
simple shearing deformations, with strain and strain rate hardening and thermal
softening. The thickness of the block was taken to vary smoothly with a 5% decrease
in thickness at the center. The constitutive laws considered were the Litonski law,
the Bodner-Partom law, and the Johnson-Cook law. From Figure 1.7, it is seen that

the results of the three constitutive laws are extremely similar, both qualitatively and
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Figure 1.7: Comparison of the shear stress and shear strain distribu-
tion for various flow laws and thermal conductivities. (a) Litonski, (b)
Bodner-Partom, (c) Johnson-Cook [Batra and Kim, 1991].

quantitatively, verifying the results achieved by Wright (1987). As a result of these
studies, this researcher has determined that the use of a simple power law will be
adequate in the study of high speed deformation.

By examining Figure 1.7, it can also be seen that large increases in the value
of the thermal conductivity delay the initiation of stress collapse and slow down the
development of the shear band. However, for realistic values of thermal conductivity
there is little effect on the value of nominal strain at which stress collapses, and

hence localization occurs. In contrast, by considering Figure 1.8, it can be seen that
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Figure 1.8: Comparison of the homologous temperature and shear
strain distribution for various flow laws and thermal conductivities. The
homologous temperature is the ratio of the material temperature to the
melting temperature. (a) Litonski, (b) Bodner-Partom, (c¢) Johnson-
Cook [Batra and Kim, 1991].

the rate of evolution of the temperature at the center of the specimen decreases
with increasing thermal conductivity, resulting in significant changes in temperature
for realistic values of thermal conductivity. It is therefore concluded that thermal
conductivity can be neglected when one is only considered with the timing of stress
collapse, but it proves to be crucial when considering shear band temperatures. Since
this current thesis is studying thermal reaction initiation in explosives, conductivity

will play an important role.
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Motivated by this study, Batra et al. (1995) performed a thermoviscoplastic anal-
ysis neglecting thermal conductivity in order to rank twelve materials according to
the critical strain necessary to reach localization in tubular specimens loaded in sim-
ple shear. A finite-element method with the Johnson-Cook constitutive law was used
in these calculations. The thickness of the tube was taken to vary smoothly with
a 10% decrease at the center. Batra et al. assumed that the shear band initiates
when there is a catastrophic drop in torque, and ranked the materials according to
the corresponding nominal shear strain. The results of this study are seen in Fig-
ure 1.9, where shear bands were found to initiate in the following order: tungsten,
S-7 tool steel, depleted uranium, 2024-T351 aluminum, 7039 aluminum, 4340 steel,
armco iron, carpenter electric iron, 1006 steel, cartridge brass, nickel 200 and OFHC
copper, when tested with a shear strain rate of 5000 s~!. It is relevant to note that
the critical strain was dependent on the size of the initial defect as well as the finite
element mesh used. The relative ranking of the materials, however, was independent
of these parameters.

In order to study the early time behavior of shear localization, Wright and Walter
(1987) performed a perturbation analysis on their full nonlinear system by means of a
first order linearization about the homogeneous solution. The authors use a simplified
constitutive law in which strain rate hardening and thermal softening are included, but
elasticity and work hardening are excluded. They find that although the perturbation
analysis does correctly predict the early time growth of small perturbations even past

the point where peak stress is reached, it fails to predict anything about the later
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Figure 1.9: Relationship between applied torque and nominal shear
strain for 13 materials [Batra et al., 1995].

rapid growth in temperature and strain rate and the subsequent collapse in stress.
This shows the limitation of linearized equations: once stability is lost, their results
are unreliable at predicting the solution to the full nonlinear system. This analysis
does, however, give a condition for absolute stability under which initial perturbations
will decay. The authors conclude that localization is a multi-stage process. The
first stage, which is described by their perturbation analysis, represents slow growth
of initial inhomogeneities. This stage only represents a precursor to localization.
Following this stage is a rapid transition into full shear banding, in which most of the
localization occurs. The multi-stage process described by Wright and Walter (1987)
is essentially the same as the three stage process described by Marchand and Duffy
(1988), the only difference being that Wright and Walter failed to point out the initial
stage of homogeneous deformation. This is due to the fact that they linearized about
the homogeneous solution, assuming that the initial homogeneous stage existed at

the start.
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Batra and Kim (1992) observed similar results when they solved the full nonlinear
system of equations for a thermoviscoplastic block with the Johnson-Cook constitu-
tive law, including strain and strain rate hardening, thermal softening and thermal
conductivity. They used a continuous variation in the thickness to instigate localiza-
tion. The authors found the same three stage localization process as Marchand and
Duffy (1988) with transition to stage two occurring at the time the stress reached its
maximum value, and stage three occurring much later, when the stress has dropped
to about 90-95% of its maximum value. Figure 1.10 is a plot of the velocity distribu-
tion in space, varying as a function of strain. By studying the slope of the velocity
vs. position lines, one observes the three stage localization for S-7 tool steel when
deformed at a strain rate of 1500 s~! with the thickness of the center of the block
being 5% less than that at the edge. Batra and Kim also observed the effects of
varying the thickness of the block. They found that the defect size has a stronger
influence on ductile materials than on less ductile materials, but in all cases, it has a
significant effect on the critical strain to reach localization.

In a similar study, Clifton et al. (1984) used a simple power law including strain
and strain rate hardening and thermal softening but neglected thermal conductivity to
perform a study on the critical conditions for shear band formation. They concluded
that the primary factor affecting initiation of the shear band is the strain hardening,
whereas the strain rate hardening is the primary factor affecting the rate of growth
of the shear band. Supplementing these observations, Wright and Batra (1985) used
the Litonski flow law to explore the critical strain at collapse. Their results can be

summarized through Figure 1.11, where case B represents a decrease in the strain
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Figure 1.10: Evolution of the velocity field of a viscoplastic block of S-7
tool steel when deformed at a strain rate of 1500 s~! [Batra and Kim,
1992].

rate susceptibility as compared to case A. In accord with Clifton et al. (1984), it can
be seen that strain rate plays little role on the critical strain at localization, since the
variation in the strain rate, when considering a small temperature perturbation, pro-
duces no change in the strain at localization. In contrast, the size of the temperature
perturbation is seen to play a significant role, with the larger perturbation causing
localization to occur at a smaller critical strain, as was observed by Batra and Kim

(1992).
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Figure 1.11: Stress, average strain distribution. Homogeneous and per-
turbed responses for Cases A and B [Wright and Batra, 1985].

It would thus seem that the determination of a critical strain is not the appropri-
ate method to quantify shear band susceptibility, since the critical strain is affected
by other parameters. Much research has been performed in attempts at determining
a shear band susceptibility criterion. A few of these works will be briefly summarized
here. In searching for a susceptibility parameter, Wright (1990) studies perfectly
plastic materials and suggests that it may be more accurate to refer to a critical tem-
perature than to a critical strain. He concludes that for materials with small strain
rate dependencies, the early behavior of the softening function determines when local-
ization will occur. In addition, Wright develops a shear band susceptibility parameter
as a scaled ratio of the thermal softening function to the strain rate sensitivity pa-
rameter, thus not including strain hardening effects in his susceptibility. In a later
article, Wright (1994) attempts to determine a defect invariant basis for susceptibility
to shear banding. He postulates that collapse strain is only dependent on a linear

combination of initial perturbations, and that there is a functional relationship be-
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tween this scaled defect and the scaled collapse strain. Based upon this work, he
includes a first estimate of a susceptibility parameter.

In another study of shear band susceptibility, Grady (1994) provides a shear
band toughness criterion. As motivation for this work, Grady discusses the work by
Marchand and Duffy (1988), where they found that shear bands propagate circum-
ferentially with well defined fronts and finite velocities along the plane of shear. In
a series of articles, Grady (1991, 1992, 1994) neglects strain hardening and viscous
effects, using a simplified constitutive model with linear thermal softening to study
the two dimensional shear band tip process zone. Anand, Kim and Shawki (1987)
present a three dimensional generalization of a linear perturbation stability analysis
for the onset of shear localization. The authors consider a thermoviscoplastic material
exhibiting strain and strain rate hardening, thermal softening and pressure hardening.
Anand et al. state that this method does not attempt to determine a critical strain
at localization; it predicts the critical conditions for the onset of shear banding. In
addition, they conclude that shear banding can initiate in two directions, in contrary
with previous research which predicts shear banding only in the direction of shear.
They conclude that for pressure insensitive materials, shear bands are expected to
develop in directions parallel and perpendicular to the direction of shear. In pressure
sensitive materials, shear bands are expected at angles of +45° from the direction of
shear. Finally, Shawki (1994, a and b) and Cherukuri and Shawki (1995, a and b)

discuss an energy based criterion for the onset of shear localization.
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Microvoid Nucleation and Growth

In the study of the formation of shear bands, it has been found that in a number
of cases, thermoplastic theory has over-estimated the magnitude of the shear strain at
the instance of localization. To explain this, a number of researchers have focused their
attention on a microstructural geometric instability concerned with the nucleation and
growth of microvoids.

In an explanation of the peak load on load displacement graphs, Dodd (1993)
discusses three mechanisms by which an instability, which causes this peak stress,
may occur: 1) a process instability due to the material geometry, 2) a microstruc-
tural instability due to the nucleation and growth of voids, and 3) thermoplastic
shear instability due to thermal softening. Dodd summarizes the works of previous
researchers to describe the sequence by which void nucleation leads to the ductile
fracture of metals. In the first stage, voids nucleate at second-phase particles, or
inclusions, often at a critical local strain. Secondly, with increasing plastic strain,
the volume fraction of the voids increases. In the third stage, after a critical applied
strain or mean free path between voids, plastic deformation is localized along shear
bands between voids. Finally, fracture occurs along the shear bands, forming “void
sheets.” These void sheets are demonstrated schematically in Figure 1.12.

Dodd also discusses the interplay between shear band formation due to thermo-
plastic instability and due to void nucleation and growth, in terms of critical strains.
He states that if the void nucleation strain is sufficiently large, shear band formation

and eventual fracture occurs due to thermoplastic instability. If, however, the void nu-
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Figure 1.12: Schematic diagram of the formation of void sheets [Dodd,
1993).

cleation strain is lower than the thermal softening strain, voids will form and thermal
softening will occur in the ligaments between the voids. If the two instability strains
are equal, failure occurs by an interplay of the two methods. It is thus seen that
thermoplastic instability always plays a role in shear banding, but void nucleation is
often the triggering event for its onset. Dodd also states that for dynamic loading,
the void nucleation strain is generally increased above the thermoplastic instability
strain. Dodd concludes that the peak in the load displacement diagram typically
results from an instability due to process instability, or microvoid nucleation; but, for
materials with low density and specific heat, thermoplastic instability could be the
cause of the peak.

Dodd and Atkins (1983) and Osakada et al. (1977) discuss the significance of
hydrostatic stress on the void nucleation strain. They conclude that increasing the
hydrostatic compression tends to raise the void nucleation strain, this is demonstrated

in Figure 1.13. In fact, a large enough hydrostatic compression will suppress void
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nucleation completely. However, once thermoplastic instability occurs, voids may
begin to nucleate within the shear band. Dodd and Atkins also state that hydrostatic
tension tends to decrease the void nucleation instability strain. In the limit of large
hydrostatic tension, voids will nucleate immediately at the onset of plastic straining,.
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Figure 1.13: The effect of superimposed hydrostatic compression on
instability in sheer for a carbon steel [Osakada, 1977].

A numerical analysis for the formation of adiabatic shear bands due to the com-
bined effects of void nucleation and thermoplastic deformation is later performed by
Kobayashi and Dodd (1989). In considering the deformation of a thin tubular spec-
imen deformed in simple shear, they develop a three stage model in which initial
softening is controlled by thermal softening. At a critical strain, voids begin to nucle-
ate at a uniform rate throughout the specimen. At some instability strain, additional
voids begin to nucleate at a certain point in the gauge section. Numerically, void

nucleation is implemented through a decrease in the cross sectional area of the spec-
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imen. The authors state that during deformation in the uniform nucleation zone,
shear banding is equally possible at any point. Non-central shear banding is thus
possible, providing there is a trigger for localization, such as a void, crack or geo-
metric imperfection. It is thus concluded that the nucleation and/or pre-existence of
geometrical imperfections is critical in locating shear bands, while thermal softening
is an important factor in their growth.

More recently, Batra and Jin (1994) performed a study on the initiation and
growth of shear bands in a geometrically and thermally softening viscoplastic block
deformed in plane strain tension. They performed a two dimensional study in which
an initial defect is modeled by weakening the material in a region surrounding the
centroid of the cross-section. Void growth was modeled through the growth of their
volume fraction due to plastic dilatation and plastic strain controlled nucleation,
occurring at a critical plastic strain. They found that an increase in the strain rate
delayed the initiation of localization due to the effect of inertia forces. In addition,
it was concluded that, for the material parameters involved, softening due to the

increase in porosity is more than that induced by the rise in temperature.

1.4 Detonation Mechanisms in Explosives

As was stated previously, shear localization is understood to be one of the mech-
anism which can lead to ignition in solid explosives subject to high strain rates and
relatively low pressures. Traditional studies of shear localization in explosives have
been performed in conjunction with high pressures, representing the conditions un-

dergone in shock and impact loading. Frey (1981) developed a model to describe
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heating in high explosives due to shear banding. He used a linear viscoplastic consti-
tutive law, neglecting the effects of strain rate hardening. The strength was decreased
over a 30°C range after the melting point, the melting point increased linearly with
pressure, and the viscosity was dependent on both temperature and pressure. In ad-
dition, Frey used Arrhenius kinetics to model the thermal explosion. This material
was then deformed in shear, stimulating localization by setting the strength to zero
over a small region within the deformation. Without reaction, Frey’s model achieved
a maximum temperature which turned out to be independent of strength of the ma-
terial and thickness of the initial weakness. These parameters did, however, affect
the rate of growth of the shear band. The author found that the factors which did
affect the temperature were the pressure, strain rate, and viscosity. To demonstrate
the pressure dependence, Figure 1.14 reveals the shear velocity required to achieve
thermal explosion in 1 us as a function of pressure. Since an equivalent amount of
energy must be required to set off thermal explosion, it is determined that at high
pressures, lower shear velocities result in higher temperatures. It is thus seen how
temperature is strongly affected by the pressure, due to the strong dependence of vis-
cosity and melting temperature on pressure. This result would lead to the assumption
that under low pressures, it would be very difficult to reach the temperatures in a
shear band required to instigate thermal explosion.

Frey also demonstrates the importance of thermal conductivity when modeling
explosives. Figure 1.15 shows a plot of temperature as a function of time. Here,
it is seen that when shearing is stopped just prior to thermal explosion, the heat is

conducted away and no reaction occurs. This observation is in accord with the study
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Figure 1.14: Shear velocity required to achieve thermal explosion in
1 ps as a function of pressure [Frey, 1981].

by Batra and Kim (1991), reaffirming the conclusion that, in order to accurately
model detonation in shear bands, thermal conduction must be included.

In experiments performed on explosives subject to lower pressures and shear
deformation, such as in drop weight tests, Boyle, Frey and Blake (1989) confirm
the numerical observations of Frey (1981). They find that pressure and velocity do
indeed have a strong effect on the initiation of solid explosives. Due to a comparison
of explosive materials, they also verify that higher viscosities increase the sensitivity
to explosion. In a more recent study, Chou et al. (1991) studies two theories for the
impact initiation of explosives: shock initiation, a pressure dependent theory, and
shear initiation, a temperature dependent theory. Chou et al. state that there are
three means by which heat can be generated in explosives: shock compression energy,
plastic work and viscous work. They state, in accord with previous researchers,

that plastic work, in the absence of high pressures, would not generate enough heat
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Figure 1.15: A demonstration of the effect of thermal conductivity.
Temperature as a function of time when shearing is arrested prior to
explosion [Frey, 1981].

to produce thermal explosion, since failure occurs before a significant amount of
straining occurs. Chou et al. further state that once a material has reached its melting
temperature, the effect of plastic work becomes negligible; heating then results from
viscous work, which is capable of increasing the temperature well above the melting
point. It is known, though, that brittle materials become more ductile under pressure;
in fact, Chou et al. state that pressure can raise the stress and strain to as much as ten
times as high as a material’s uniaxial value. This effect thus increases the importance
of considering heating by plastic work, when considering a material under hydrostatic
pressure.

In order to compare the effect of shock and shear initiation in impacted explosives,
Chou et al. developed a numerical model similar to that of Frey (1981) and simulated
the impact of bare and covered explosives subject to impact. In the first case, an
uncovered explosive is impacted with a projectile. Chou et al. found that with a

constant yield stress and at an impact velocity of 600 m/s, the temperature at the
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edge of the impact zone reaches its maximum value of 522 K after about 3 us, see
Figure 1.16a. In addition, they report pressures reaching a maximum of 3.4 GPa
over a large region at 1 us following impact. When the explosive is covered with a

(@) (b)

2 2 Y o
o+ PROJECTILE .
PLUG
4 2 508
3 634
760
g 4
E - PBX-9404
N N 2 1 § 3 3 3 3 3
4 8§  R(mm) 3 4 5 6 7 R(mm)

Figure 1.16: Temperature contours (K) in a PBX 9404 charge. (a) Bare

charge at 3 us after impact by a steel projectile at 600 m/s, (b) Covered

charge at 10 ps after impact by a steel projectile at 1500 m/s[Chou et

al., 1991].
steel plate and impacted, there is a considerable decrease in the shock intensity in the
explosive, with a maximum of 1.4 GPa reached in a very small region 1 us following
impact, hence reducing the possibility of shock initiation. Temperature results reveal
higher temperatures at the edge of the plug than in the uncovered explosive, thus
increasing the possibility of shear initiation. As the plug penetrates the explosive,
temperatures increase due to viscoplastic heating and continue to increase with time.
Results of the temperature profiles seen in Figure 1.16b show a maximum temperature

of 760 K after 10 us. Chou et al. thus conclude that for bare explosives impacted

by a projectile, shock initiation is dominant and the shear effect is negligible. For
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covered explosives impacted by a projectile, viscoplastic heating is of importance and
shear initiation at the edge of the plug is probable.

In this thesis, Chapter 2 will discuss the design and analysis of the TSHB, built
by this researcher. Chapter 3 will present the analytical modeling of the deformation
to which the TSHB specimen is subject. In Chapter 4, results from the experiments as
well as the analytical model will be presented and compared with each other. Finally,

Chapter 5 will give the conclusions.
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CHAPTER 2

EXPERIMENTAL METHOD

This chapter discusses an experimental apparatus, known as the torsional split
Hopkinson bar (TSHB), which was used to test metals, solid explosive simulants
and solid explosives in simple shear. An analysis of the data determined from this
apparatus produces average shear stress and shear strain characteristics of the tested
material, for a range of shear strain rates (102 — 10* s—!). High speed photographs
are taken of the deformation and failure of the specimens, in order to determine
their failure mechanism. The data will be used to determine constitutive parameters
for input into the numerical model which is presented in the next section. This
data can also be used to calibrate the various constitutive laws used in finite element
packages such as EPIC and ABAQUS, which can be used in the modeling of explosive
mechanics.

The torsional Hopkinson bar is a modification of an apparatus originally discussed
by Kolsky (1949, 1953). In his device, thin cylindrical wafer-like specimens were
placed between two long elastic bars, aligned along a common axis. The specimen
was loaded by propagating a compressive pulse, generated by impacting the bar with
a cylindrical projectile of the same material and equal diameter, down one of the bars
toward the specimen. This technique has also been discussed by Lindholm (1964) and

Follansbee (1985). A similar device was used by Harding et al. (1960) and Nicholas
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and Bless (1985) for material testing in tension. The Hopkinson bar was first adapted
for tests in torsion by Baker and Yew (1966) and is also discussed by Duffy et al.
(1971), Lewis and Campbell (1972), Hartley et al. (1985), and Weerasooriya (1990).

There are several reasons why the TSHB is appropriate for the current experi-
ments performed on solid explosives. First of all, in torsional loading, the maximum
stress in the specimen occurs on the exterior surface of the material. The largest de-
formation will thus occur on the exterior surface, making the probability of hot spot
formation greatest, where it can easily be observed. Also, the TSHB can be designed
to produce a torsional pulse of almost any desired length, and hence, large amounts
of deformation in the specimen are possible. The apparatus can easily be designed to
produce more deformation than the specimen can withstand. In addition, shear is the
main form of deformation present in high rate deformation events such as penetration;
hence, it is desired to determine stress-strain characteristics in shear, as opposed to
compression or tension. Compression and tension test results can be converted into
shear data by using a criterion such as the von Mises equivalence relation, but this
is not valid for strains above 20% [Hartley and Duffy, 1985]. Further disadvantages
of compressive testing result from the Poisson’s ratio effect, which causes radial ex-
pansion of materials loaded in compression, resulting in a radial stress component
superposed on the axial component. Additional radial stresses in compressive tests
occur due to frictional effects between the specimen and bar. In torsional tests, there
is no Poisson’s ratio effect, and hence no radial contraction or expansion.

There are, however, some drawbacks to the TSHB. First, tests may only be run

on a limited range of strain rates (10> —10* s~!). The lower limit is due to an increase
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in the noise to signal ratio, while the upper limit is due to the elastic limit of the
TSHB. A further drawback is if fracture occurs in the explosive specimen too soon,
localization, and hence initiation, is less likely. In addition, the data analysis for this
apparatus assumes homogeneous deformation. Hartley et al. (1985) have shown that
it takes a few reflections of the loading pulse from the ends of the specimen before a
state of homogeneous deformation is reached, thus rendering the early time results of

the TSHB inaccurate.

2.1 Description of Apparatus

The TSHB, seen in Figure 2.1, consists of two elastic cylindrical bars: an incident

and transmission bar; a torsional pulley; a clamp; and a specimen. A schematic of

Figure 2.1: Photograph of the TSHB used in this research.
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this apparatus is included in Figure 2.2. The two bars are aligned along a common
axis, with a thin walled cylindrical specimen of known geometry joining them. The
end of each bar in contact with the specimen is milled to produce a hexagonal socket,
into which the specimen or an adaptor is inserted. The adaptor is used for cases
in which it is desirable to glue the specimen in place, rather than grip it with the
hexagonal socket. The torsional pulley is attached to the end of the incident bar far
from the specimen, and the clamp is placed at a variable distance from the pulley,
typically several feet. The clamp is used to prevent rotation of the incident bar while
the torsional pulley is rotated, thus storing a torsional pulse in the bar between the
pulley and clamp. The sudden release of the clamp propagates an incident shear strain
pulse down the incident bar. The incident pulse reaches the specimen, transmitting
some shear strain through the specimen into the transmission bar and reflecting some

back into the incident bar.

] . Incident Bar
Torsional Pulley P Transmission Bar

/ y / Spccimen

s~ H = <]

Yo
N

Clamp Strain Gages

Figure 2.2: Schematic of the TSHB (not to scale).

The two elastic bars are constructed of 1 in diameter aluminum 7075-T6, 111 in
in length. At the ends joining the specimen, a hexagonal socket, of width 0.5625 in
and depth 0.25 in, is milled into the bars. Into these sockets, one inserts either
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a hexagonal specimen or an adaptor machined from 7075-T6 aluminum, to which
cylindrical specimens are glued. The hexagonal specimen (see Figure 2.3) or adaptor
(see Figure 2.4 is fixed to the bar with 12 set screws, two on each face of the hexagon.
Figure 2.5 shows a photograph of the bars with a hexagonal specimen inserted into the
socket. The dimensions of the specimens that were used in this study and adaptor

are given in Figures 2.3, and 2.4, respectively. In Figure 2.3, the central part of

(a) D 0.400 0.100 (b) 0.250  0.250
b MU
N [
D 0370 [_ _J L _J

0.250 0.250

Figure 2.3: Scaled diagram of the specimens used in the TSHB tests:

(a) hexagonal specimen, (b) cylindrical specimen (all dimensions in

inches).
the specimen is commonly referred to as the gage length, while the ends are termed
flanges. The hexagonal specimen is used to test metals and the cylindrical specimen,
due to its ease in machining, is used to test the explosive simulants and explosives.

The ratio of the wall thickness of the gage length to the mean diameter of the gage

length for the hexagonal and cylindrical specimens are 0.04 and 0.17, respectively. The

1.000

e

0.250

0.5625

Figure 2.4: Scaled diagram of the adaptor (all dimensions in inches).
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elastic bars are supported along their length by delrin bearings, which are mounted on
adjustable bearing supports. These bearing supports are then fixed to a steel I-beam

which supports the whole TSHB apparatus.

Figure 2.5: Photograph of a hexagonal specimen inserted into the socket
of the incident bar.

A photograph of the torque generating mechanism is seen in Figure 2.6, and a
schematic of this mechanism is included in Figure 2.7. The torsional pulley is clamped
to the incident bar by means of a frictional fit. A hydraulic hand pump is used to
pressurize the rams, which lengthen, transferring force into the cable, which in turn
rotates the torsional pulley. When the clamp is engaged, this action stores torsional
elastic energy in the incident bar.

Integral in the operation of the TSHB is the clamp which stores the torsional
pulse. Figure 2.8 shows a photograph of the clamp used in this research. The key to
constant strain rate tests is rapid release of the clamp, which propagates an incident

torsional pulse towards the specimen. In order to more fully understand the operation
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Figure 2.6: Photograph of the torque generating mechanism.

and design of the TSHB, the author spent the summer of 1995 at Eglin AFB in the
Advanced Warheads Evaluation Facility (AWEF') making modifications to the design
of their TSHB. With the knowledge gained through these efforts, this author modified
previous clamp designs resulting in the design shown in Figure 2.9. The clamp is
engaged by pumping a second hydraulic hand pump, which pressurizes a hydraulic
C-clamp, which in turn clamps the base of the two clamp faces, as is seen in Figure 2.8.
This action transmits pressure through the clamp faces onto the Hopkinson bar. In
order to release the clamp, the hydraulic pressure is increased until the break element,
as seen in Figure 2.9, fractures, causing the release of the clamp faces. Ideally, the
incident pulse would be a square pulse of torsion, with instantaneous rise and fall time

and constant magnitude, thus producing deformation in the specimen at a constant
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Figure 2.7: Scaled schematic of the torque generating mechanism (all
dimensions in inches).

strain rate. For optimum functioning of the clamp, it is desired to store large amounts
of elastic energy in the clamp in order to achieve quick fracture of the break element
and consequently, sudden release of the clamp. This sudden release will produce a
pulse with a short rise time and relatively constant magnitude.

In designing a break element, it is desired to use a material with minimum duc-
tility, but not so brittle that it will fail before the clamp is tight enough to store the
desired torque. Hartley et al. (1985) state that functional pin materials include alu-

minum 6061-T6 and 2024-T6. In order to determine the effect of the break element
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Figure 2.8: Photograph of the clamp for the TSHB.

notch geometry on the release of the clamp, the author performed quasi-static uniax-
ial tension tests with V-notched and square-notched elements. The break element is
secured to the clamp faces with a pin, hence, the clamp faces are free to rotate rela-
tive to the break element. The break element thus experiences almost pure tension,
validating the uniaxial notch geometry tests. The results of these tests on a 0.75 in
diameter aluminum 2024-T3 elements, with an inner notch diameter of 0.425 in, are
presented in Figure 2.10. From this figure, it is seen that the V-notched specimens
exhibited a more elastic deformation, evident from the linear load-displacement re-
lationship seen in the graph, whereas the square notched specimens went through a
significant amount of plastic deformation before failure. In plastic deformation, me-
chanical energy is being transformed irreversibly to thermal energy; elastic energy is

thus more desirable as it is fully recoverable. In addition, Figure 2.10 shows that the
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Figure 2.9: Schematic of the clamp for the TSHB (all dimensions in
inches).

square notched specimens displace a longer distance during deformation. This will
result in more rotation of the clamp faces before release, thus providing a mechanism
for the incident bar to slip in the clamp. Upon analysis of the failure surface of the
break elements, it was noticed that the V-notch had a planar failure surface, while
the square notch had a more irregular failure surface. The V-notched break element
tests were also very repeatable.

As a result of these tests, a V-notch was deemed more effective in achieving the
desired clamp release qualities and was implemented into the break element design.

The final break element was machined from 0.75 in diameter aluminum 6061-T6 rod,
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Figure 2.10: Break element notch geometry tension test.

with the diameter at the center of the notch reduced to approximately 0.360 in. The
clamp faces are machined from 4340 steel hardened to about 45 on the Rockwell-C
scale. In clamping, application of vertical forces that would cause bending and axial
pulses, which could result in erroneous data, are avoided by allowing the clamp to
move relative to the incident bar. This is accomplished by horizontal slots in the
clamp face guides, as seen in Figure 2.9. In addition, the clamp faces are joined to
the guides by pins, allowing the clamp faces to rotate relative to the guide, and hence
further eliminating axial and bending pulses by establishing flush contact between
the clamp faces and the incident bar.

A typical record of the shear strain pulses recorded with the strain gages at
locations A and B (see Figure 2.2) can be found in Figure 2.11. The rise time from
10% to 90% of the maximum strain is determined from this data and subsequent

tests to be range from 30 — 50 us. In this figure, it can be seen that the reflected
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pulse, which will be shown to be proportional to the shear strain rate in the specimen,
is essentially constant in magnitude while strain is being transmitted. In addition,
since the transmitted pulse is shorter than the reflected pulse, the incident pulse is

sufficiently long enough to strain the specimen to failure.
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Figure 2.11: Typical shear strain pulses in a TSHB for 1018 CRS
(Test 4).

2.2 Theory of One Dimensional Elastic Wave Propagation

This section describes the elastic torsion of a circular member. Popov (1990)
states two assumptions which are necessary in understanding the relationship between
torque and stress in a circular or tubular member. First, a planar section of material,
which is perpendicular to the axis of a circular bar, remains planar after application of
a torque. Second, shear strains are linearly increasing from the central axis, reaching a
maximum at the exterior surface. Consequently, a radius of the bar that were scribed

on the cross-section would remain straight after the member were torqued. In elastic
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torsion of a rod, a constitutive theory stating that shear stress is proportional to shear
strain is often assumed. This theory will be discussed later. Thus, in combination
with Popov’s second assumption, it is determined that the shear stress varies linearly
with the radius of the rod.

Referring to Figure 2.12, the torque in the axial direction, 7%, in a circular rod

or tube is defined as the equivalent moment generated by the shear stress, T, over

dA

Figure 2.12: Shear stress in a rod elastically loaded in torsion.

the cross-sectional area, A, of a member. A moment is a force acting over a distance;

hence, the torque in a rod is the area integral of the shear stress times the radius, r:

T, =/7’7‘dA= LrordA,
A ATg

= D[ 1244, (2.1)
To JA

where ry is the outer radius of the bar, and 7y is the corresponding shear stress. The

polar moment of inertia, J, is defined as:
J = / 244, 2.2

and it is constant over a particular cross-section. The polar moment of inertia for a
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circular rod and for a thin walled tube are, respectively [Popov, 1990):
Jiube = 2773ty (2.3)

where 7., is the average radius of the tube, and ¢, < 1 is the wall thickness of the
tube. By substituting Equation (2.2) into Equation (2.1), one derives the torsion
formula:

Ter
To = J

(2.4)

Now, Figure 2.13 depicts a shaded region in an undeformed element of the bar.
As a result of Popov’s assumptions, radius O D remains straight and within the same

perpendicular plane. After application of the torque, OD rotates through an angle

Figure 2.13: An element of a cylindrical bar deformed in torsion.

d¢ to the position OD'. From geometry, there are two expressions for the arc length

|DD'|, also known as the differential circumferential displacement, dug:

dug = yodz = 1od¢ (2.5)

where y which is the angle spanning duyg, is defined as the shear strain and ¢ is the
angle of rotation of the bar. Integrating Equation (2.5) gives the following expression
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for the circumferential displacement, ug:

ug = 1o¢ . (2.6)

As the element dz — 0, Equation (2.5), also gives expressions for the shear strain:

8¢ 6U9
Yo=Toqz- =

=—. 2.7
0z 0z (2.7)
One now assumes the constitutive relationship relating shear stress to shear strain,

known as Hooke’s law:

70 =G - (2.8)

Combining Equations (2.4), (2.7), and (2.8) yields:

T, = JG6—¢ . (2.9)
0z

The governing equation used in torsional analysis is the conservation of angular
momentum, which states:
9%¢

EM =153, (2.10)

where M are the moments, and I is the mass moment of inertia:

I = / (a:2 + yz) dm , (2.11)

where z and y are the Cartesian coordinates defining the plane perpendicular to
the axis of rotation and m is the mass. If this expression is transformed into polar
coordinates by using £ = rcos¢ and y = rsin¢, and knowing that dm = pdAdz,

where p is the density, one finds:

{=p dz/Arsz = pJdz . (2.12)
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Equation (2.10), with Equation (2.12), is now invoked on the element in Figure 2.13
to yield:

2

0

As dz — 0, this equation reduces to the following:

al; d%¢

oL, _ ;9°¢ 2.14
5 = "o (2.14)

In order to understand the analysis of shear pulses in a TSHB, it is first necessary
to address the dynamics of one dimensional wave propagation in bars, including
reflection of the waves at fixed ends and free ends. By substituting Equation (2.9)

into Equation (2.14) one obtains:

¢ 106%
—_— T — — 2.1
022 c2 ot?’ (2.15)
where c is defined as follows:
G
c=4/—. 2.16
5 (2.16)

Equation (2.15) is recognized as a linear wave equation with a solution, which can be

verified by substitution, known as D’Alembert’s solution:

d=f(z+ct)+g(z—ct), (2.17)

where f and g are any arbitrary functions. D’Alembert’s solution describes the prop-
agation of a right and left traveling wave, represented by g and f, respectively. It can
be easily shown that c is the wave speed of the propagating disturbance. If a torsional
pulse were stored in a bar between two clamps, which were simultaneously released,

Equation (2.17) predicts that two pulses would propagate in opposite directions (see

49



Figure 2.14). Symmetry tells us that these pulses would be equal in length to the

stored pulse and half of its magnitude.

H;H | Clamps | Ml H—Iﬁ:{
el
L

Figure 2.14: Wave Propagation in a Bar

In order to understand the reflection of torsional waves in a circular bar, it is
first necessary to determine the relationship between the circumferential velocity, vy,
and the shear stress, 7. One next inserts Equation (2.17) into Equation (2.6) and

differentiates with respect to time to find wvy:

ve =roc(f' —9¢) , (2.18)
where the primes denote differentiation with respect to (z + ct) for f and (z — ct)
for g. By applying Equation (2.8) to Equation (2.7) and substituting in from Equa-
tion (2.17), one determines:

0 =1G (f' +9), (2.19)

Now, for a right traveling wave, f = 0, and for a left traveling wave, g = 0. Equa-

tions (2.18) and (2.19) thus reduce to:

+rocf’ left traveling

Vg = (2.20)
—rocg’ right traveling
roG f’ left traveling

— , (2.21)
roGg’ right traveling
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Combining Equations (2.20) and (2.21) yields:

To = Epcvg (2.22)

where the positive sign is for left traveling waves and the negative for right traveling
waves.

Now consider transmission through a material interface. At the interface, one
must enforce the kinematic condition of velocity continuity and the dynamic condition
of a torque balance. Referring to Figure 2.15, it is seen that bar 1 contains both the

incident and reflected pulses, while bar 2 contains the transmitted pulse. These pulses

transmitted

___Incident

<—— Reflected

Figure 2.15: Schematic of the reflections of waves in one dimensional
bars.

will be referred to with the subscripts “I,” “R,” and “T,” respectively, and material
properties will be referred to with subscripts 1 and 2, denoting the bar which they

describe. Hence, the torque balance yields:

J J.
(1 +7R) = =72, (2.23)
T T2
and velocity continuity yields
Vgr + Vgr = Vor- (2.24)
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By applying Equation (2.22), Equation (2.24) becomes:

TR —T1 —Tr

: (2.25)
P1c1 P2C2

Solving Equations (2.23) and (2.25) yields the reflected and transmitted stresses as

functions of the incident stress:

2Jyrapace
o . 2.26
T Jar1pace + Jireprcy ! (2.26)
Jar1pacoy — J17‘2/0101T

T
Jar1paca + Jirapicy

TR (227)

There are two limiting cases of these equations which have significance in this thesis.
The first case is the reflection at a free end. At a free end, p; — 0, and hence:
T = 0 (2.28)
TR = —TJ. (2.29)
The second case is the reflection at a fixed end. At a fixed end, J, — 0o, thus:
7 = 0 (2.30)
TH = 7T (2.31)
For the TSHB, the release of the clamp causes right and left traveling torsional
pulses. The pulley acts as a rigid wall and immediately reflects the left traveling pulse

without changing its sign, joining it with the right traveling pulse. The result is a

right traveling pulse of length equal to twice the stored pulse and half the magnitude.

2.3 Analysis

The values of the shear stress, shear strain and shear strain rate experienced

in the specimen, when homogeneous deformation in the specimen is assumed, are
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determined from an analysis of the strain in the incident and transmission bars. The
subscript, s, is used to denote the properties of the specimen. The shear strain rate
in the specimen, 4,, is proportional to the reflected strain in the incident bar, as will
be shown. Integration of the shear strain rate then provides the shear strain in the
specimen, 7,.

Assuming that the shear strain is constant throughout the specimen, one can
use Equation (2.7) to integrate along the length of the specimen to determine the

nominal, or average, shear strain:

_ D (¢2 - ¢1)
T = oL, (2.32)

where, referring to Figure 2.16, ¢; is the angle of rotation of the specimen/incident bar
interface and ¢, is the angle of rotation of the specimen/transmission bar interface;

D, is the mean diameter of the specimen; and L, is its length.

0,T o . T

1 27 2
r
A
Incident Bar D Ds D | Transmission Bar
1 /I( v
<+
L
: s
Specimen

Figure 2.16: Schematic of the specimen-bar interface.

One next seeks expressions for ¢; and ¢, in terms of measurable quantities.
Equation (2.7) can be applied to the transmission bar:

_

=S (2.33)

YT
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where 7 is the shear strain on the surface of the transmission bar, and D is the

diameter of the bar. By performing integrations with respect to time and space on

D’Alembert’s solution, Equation (2.17), for a right traveling wave, it is seen that:

99 ,
ot
o _
3 = 9

I
l
)
Q

From these equations, one determines:

ot~ 9z’

for a right traveling wave. Substituting into Equation (2.33), one finds:

D 8¢,

= "ot

Equation (2.37) is then integrated to determine ¢s:

br=-7 [w (D) d,

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

where £ is a dummy variable of integration. In a similar manner, ¢, is determined

from the shear strain on the surface of the incident bar at the specimen interface;

composed of the right traveling incident strain pulse, 77 (), and the left traveling

reflected strain pulse, vz (t). Hence,

=% [ [ ®-m@)] &

(2.39)

Equations (2.38) and (2.39) are then substituted into Equation (2.32) to yield:

W)= =55 [ 0 ()~ [r () - (3)]) &
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Now, for a homogeneous state of strain in the specimen, the torque at the spec-
imen/incident bar interface, T3, is approximately equal to the torque at the speci-
men/transmission bar interface, T5. Since torque is proportional to shear strain during
deformation of the bar, the strains at either side of the specimen, are approximately
equal:

Yr = Y1+ VR (2.41)
This relation is then substituted into Equation (2.40) to obtain the expression for the

shear strain in the specimen:

2¢D, rt ~
s (t) = ~5 ) B (2) d. (2.42)

It can also be shown that the transmitted pulse provides a measure of the shear
stress in the specimen, 7,. Equation (2.4) is applied to the specimen and, after
substituting in from Equation (2.3) for a thin walled tube, one obtains the following

expression for the shear stress in the specimen:

27,
Ty = ——=—,
* wD4,

(2.43)
where T; is the average torque in the specimen and ¢, is the wall thickness of the
specimen. The average torque in the specimen can be determined from the average

of the torque at the two bar/specimen interfaces:

 B4G

T,
2

(2.44)

One next applies Equation (2.4) to the incident and transmission bars and substitutes
in from Equation (2.8) and (2.3), to determine these torques:

GnD?

Iy = 16 (v +r) » (2.45)
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GrD?

T, =
2 16

From Equations (2.41), and (2.43) — (2.46), one obtains the final expression for the

shear stress in the specimen:

D3
e (2.47)

8D, T

2.4 Data Acquisition and Reduction

The shear strain pulses in the incident and transmission bars are recorded by
means of electric resistance strain gage Wheatstone bridges, which are extremely
sensitive to small changes in strain. The strain gages are attached at the midpoints
of each bar, location A and B in Figure 2.2. With the gages mounted at the midpoint
of the bar, it is possible to record a pulse without its reflection overlapping in time,
as long as the pulse is shorter than the length of the bar. Since the clamp is mounted
between the torsional pulley and gage station A, the incident pulse, being twice as
long as the stored torque, will always be less than the length of the bar. In addition,
since gages A and B are each the same distance from the specimen, it is ensured
that the reflected and transmitted pulse will commence at approximately the same
instant in time. There is also a strain gage bridge mounted 12 in from the torsional
pulley, gage station C in Figure 2.2. The purpose for this gage is to record the stored
torque, which is used to obtain the expected strain rate incident upon the specimen.
Stations A and B consist of four strain gages; one set of 2 torque gages is mounted
diametrically opposite another set on the surface of the bar. Each gage is mounted

at a 45° angle to the axis of the bar. Strain gages mounted this way will record only
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shear strain, cancelling any axial and bending strain which may be present. Gage
station C consists of one set of strain gages, also mounted at a 45° angle to the axis
of the bar.

A Wheatstone bridge is diagramed in Figure 2.17, where V is the excitation
voltage, Fj is the output voltage, and R;, R,, R3, and R4 are resistors or strain gages.
McConnell and Filey (1993) determine the following equation which calculates the

shear strain from the bridge output voltage:

2AE, (1+k)°

_ 9.4
" =FVG.N, k ' (248)

where F' is the gage factor, G, is the amplifier gain, N, is the number of active gages

in the Wheatstone bridge, and k = % = %1 is the ratio of resistance.

3

Figure 2.17: Schematic of a Wheatstone bridge circuit.

Each bridge is wired to a Measurements Group model 2311 signal conditioning
amplifier, which sets the excitation voltage and gain. The amplifier output from gage
station A is split, with one lead, as well as the amplifier output from gage station B,
sent to a Tektronix model TDS 420 digitizing oscilloscope, which is downloaded to a

personal computer. This data is reduced by Equations (2.48), (2.42), and (2.47), to
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determine nominal shear stress and shear strain characteristics of the specimen. The
other lead of the amplifier output from gage station A is sent to a Hewlett Packard
model 214A pulse generator. The incident pulse triggers the pulse generator, which
sends a second pulse, delayed by some specified time, to trigger a Cordin model 607
light source, which illuminates the deformation of the specimen. Photographs of this
process, which are used to determine the failure mechanism of the specimen, are

recorded with a Cordin model 330A ultra-high speed camera.

2.5 Verification of the TSHB

In order to verify the operation of the TSHB, tests were performed with 1018 cold
rolled steel (CRS), a material which has been tested with the TSHB by a number of
researchers [Clifton et al. (1984), Hartley et al. (1987), and Duffy and Chi (1992)].
Duffy and Chi used a smooth variation in the wall thickness of the specimen’s gage
length as a function of its length, with the valu.e at the center 14.9% less than that at
the edges. The specimens used in this thesis had the same variation in wall thickness,
except that the thickness at the center was 10% less than at the edge. Figure 2.18
shows a comparison of the results obtained by Duffy and Chi with those determined
in this thesis.

The differences in these plots can be attributed to a number of reasons. It is
first noticed that there is a significant difference in the slope of the shear stress-shear
strain curve prior to yielding of the material. Hartley et al. (1985) performed a
theoretical quasi-static analysis on the torsional deformation of a thin-walled tube.

They concluded that upon application of torque, it would take several reflections
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Figure 2.18: Comparison of current TSHB results for 1018 CRS with
those from Duffy and Chi (1992).

of the incident pulse from the ends of the specimen gage length before a state of
homogeneous deformation is reached. If deformation is initially inhomogeneous, some
of the material may be deforming plastically while the rest is deforming elastically.
Furthermore, the slope of the shear stress-shear strain curve is significantly lower
for plastic deformation, as can be seen by the decrease in slope at higher strains in
Figure 4.7. Hence, the initial slope, being an average of elastic and plastic straining,
could be significantly lower than that expected for elastic deformation. If the incident
and transmitted bars are slightly warped or not perfectly aligned, this inhomogeneous
deformation could be increased, causing a further decrease in the initial slope. From
observation of the bars, it was noticed that they are slightly warped. In addition, in
dynamic deformation, Popov’s (1990) second assumption that shear strains in torsion
are linearly increasing from the central axis of the bar (see Section 2.2), may not be

valid. Strains could have higher order variations along the radius, which would result
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in a dispersive pulse, whereas a first order variation is nondispersive. Dispersion
effects would cause further decreases in the initial shear stress-shear strain slope.
Furthermore, the effect of the rise time of the incident pulse is undetermined and
could also result in a decrease in the initial slope. Finally, the attachment of the
specimen to the bars may not be secure enough. This would cause slipping in the
gripping mechanism, which would result in a decrease in the initial slope.

The differences in the maximum shear stress and shear strain at failure may
also be attributed to a number of reasons. First, the exact heat treatment of the
steel used by Duffy and Chi is unknown. Changes in the heat treatment can cause
microstructural differences in the materials and hence significantly alter the material
characteristics, as will be shown in Section 4.2.1. Also, the thickness variation in
the tests reported in Figure 2.18 are slightly different. Duffy and Chi have shown
that this parameter has an effect on the maximum shear stress and shear strain at
failure. Finally, preliminary tests performed with different strain gages mounted on
the transmission bar have resulted in transmitted strains 7-8% less in magnitude. It
is thus thought that the current strain gages may have been poorly mounted.

Other sources of error come from data acquisition. The oscilloscope used in this
research has an error of 0.8% of its full scale resolution. The voltmeter has a resolution
of +£0.1 mV, and the error of the amplifier is as yet undetermined. Since all sources
of error are not fully quantified, the exact error of the TSHB is indeterminate at this

time, however, it is expected that results are accurate within 10%.
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CHAPTER 3

MODEL EQUATIONS

This chapter introduces the model equations employed in this research. In the
first section, the physical problem is described. The assumptions and governing equa-
tions are then presented. These equations are scaled and presented in nondimensional

form. Finally, the numerical method used to solve the equations is discussed.

3.1 Governing Equations

The current theoretical study of localization is being used to compare with tests
performed on the deformation of specimens in the TSHB. Tests have been performed
on metals, solid explosive simulants and solid explosives. In the TSHB, a thin walled
circular cylinder is dynamically loaded in torsion; the model is thus designed to
simulate these conditions. A schematic of the specimen described by the model is
included in Figure 3.1. In this specimen, which has length L, 2 is the axial distance
variable, 6 is the circumferential distance variable, and r is the radial distance variable.
This specimen is loaded by linearly increasing the circumferential velocity, vg, over
time, t, at z = L, to some constant value, v;, while holding the velocity fixed at

z = 0. The following assumptions are made in developing the model:
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Figure 3.1: Specimen used for numerical simulation.

e The specimen is initially unreacted, unstressed, and at ambient temperature.

e As we are dealing with a pure torsional problem, there is no component of

velocity or displacement in the radial or axial direction: v, = v, = u, = u, = 0.

e Due to axisymmetry and the thin walled geometry, there is no variation in the

circumferential or radial direction: % = a% =0.

e In order to induce localization, we allow the specimen wall thickness to vary
with axial position z. We make the ad hoc assumption that this perturbation
is sufficiently small so as not to introduce gradients in the radial or circumfer-
ential directions. It is noted that alternative methods of perturbation which do
not require such ad hoc assumptions, such as perturbation in initial velocity,

temperature, displacement or strain, could also induce localization.

e In pure torsion, the stress tensor reduces to one component, ¢,4, the stress on
the axial face in the circumferential direction, which will be referred to as the

shear stress, 7.
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e The shear strain is restricted to positive values.

Plastic deformation is completely converted to heat.

Heat is only transferred in the axial direction.

The material undergoes a one-step chemical reaction, with A denoting the un-

reacted material, and B denoting the reacted material.

The density, p, and the thermal conductivity, k, are equal in the unreacted
and reacted material and, along with the specific heats, c4 and cp, they are

constant.

Under these assumptions, the governing equations are stated below:

w2l = 2 () (3.1)
w% - W%?—%(qu), (3.2)
% = 7, (3-3)
% = W, (3.4)
%% = Z{i~Nen (—}f—T), (3.5)

where e is the internal energy, ¢, is the heat flux in the axial direction, ug is the
displacement in the circumferential direction, <y is the shear strain, A is the reaction
progress variable, and T is the temperature. The parameters w, Z, F, and R are,
respectively, the thickness of the specimen wall thickness, the kinetic rate constant,
the reaction activation energy, and the universal gas constant. Equation (3.1) models

the conservation of linear momentum. Equation (3.2) models the conservation of
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energy. Equation (3.3) is the definition of strain. Equation (3.4) defines velocity as
the time derivative of displacement. Finally, Equation (3.5) is an Arrhenius kinetics
law.

The constitutive equations used in this model are:

r = aT"Hy % . %% " (3.6)
v = k0, (3.7
e = maes+mpeg, (3.8)
ea = ecaT+¢€j, (3.9)
es = cgT +ey, (3.10)
ma = 1-X, (3.11)
mp = A, (3.12)

where « is the stress constant; subscripts A and B refer to the unreacted and reacted
material, respectively; e4 and ep are the internal energies; m4 and mp are the mass
fractions; c4 and cp are the specific heats; and e and e} are the energies of formation.
Equation (3.6) is a constitutive law for stress, proposed by Clifton, et al. (1984) where
v, n, and u are the exponents which characterize the thermal softening, the strain and
strain rate hardening, respectively. Equation (3.7) is Fourier’s law of heat conduction.
Equation (3.8) is a mixture law. Equations (3.9) and (3.10) are the constitutive laws
for energy. Lastly, Equations (3.11) and (3.12) define the mass fractions.

The following boundary conditions are used in this model:
(vl—vo)é-%vo t<ty

vp (¢,0)=0, we(t,L,) =
N tZtl
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('l)l——’l)o)%-l'vot t<t
Ug (t, 0) =] y Uy (t, Ls) = (313)
('1)1—’00)%+’Uot1 +’U1(t—t1) t>th

oT orT
fller L - > .
0z (40) =0, 0z (¢, Ls) ¥ t20

That is, vy is fixed at one side of the specimen and ramped over a time ¢; from some
arbitrarily small velocity, vy, to a constant value v;. The boundary conditions on
displacement are determined by integrating over time the boundary conditions on
velocity. Finally, the boundary conditions on temperature are such that the ends of

the specimen are insulated. The initial conditions are:

v,,(o,z)=v0Li, u(0,2) =0, T(0,2)=Ty, A(0,2)=0, (3.14)

where the velocity is initially sloped to vy, and the specimen is initially stress free,
unreacted and at a uniform temperature, 7.

In order to induce localization at the center of the specimen, the thickness of the
tube is perturbed so that it is thinner in the center than at the edges. The exact form

of this perturbation is as follows:

h 2
w = wy — -52 [1 — cos ( Izz)] i (3.15)

In this equation, h, is the maximum decrease in the specimen wall. Figure 3.2 shows
a plot of the thickness as a function of position with h,/w, equaling 0.1.

Next, the governing equations are reduced through insertion of the constitutive
laws. First, by differentiating Equation (3.3) with respect to time and Equation (3.4)

with respect to space, and equating the results, one determines the following expres-
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Figure 3.2: Initial perturbation in thickness.
sion relating shear strain rate with velocity gradient:

.
ot 0z’

(3.16)

Now, Equations (3.3), (3.6), and (3.16), are inserted into the linear momentum equa-

tion, Equation (3.1). The energy equation, Equation (3.2), is reduced by substitution

of Equations (3.5)—(3.10) and (3.16). Finally, Equations (3.4), (3.5) and (3.15) are

restated:
W0 Ol (e |2u) B
ot T B2 0z ) |0z| 8z|’
o _ L [ () [ou" k0
ot  plea(l =) +cp) 0z 0z

+ ZplQ@+ (ca—cp)T)(1— N exp (—R_ET")] ’
Ouy

. = Vs,

ot
1))

Fril Z(1— X)exp (_EET)’

h
w = wo——p[l—cos(zﬂz)] ,

(3.18)
(3.19)
(3.20)

(3.21)



where @ = e% — €% is the heat of reaction. One notes that these equations are of the

following form:

05 (.07
005 (59). o2

where 4 is a vector of unknowns and F' is a vector which is functionally dependent

on 4 and %’j.

3.2 Shear Localization Susceptibility

In order to numerically determine when localization begins, a localization cri-
terion is developed. Zener and Hollomon (1944) stated that adiabatic shear bands
typically initiate at a point after a maximum stress is reached in the shear stress-shear
strain relationship for the material at that point. This can be stated symbolically as

follows:
or

< .
7. 0, (3.23)

where Z is the vector representation of that point.
One now recalls that shear stress is a function of temperature, shear strain and
shear strain rate, y = %}:

r=7(Ty79) - (3.24)
Application of the chain rule to Equation (3.24) yields:

or
dT + —
+ By

d7'ﬁ

7 Ty

Now, since T', 7, and % are functions of z and ¢, we can also state:

r=r1{21) - (3.26)
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Application of the chain rule to Equation (3.26) then yields:

or
dt + :9;

d'r:-al

. 2T
5 dz (3.27)

2 t

By equating Equations (3.27) and (3.25), and holding z constant, one obtains:

i
B

or
ot

or

oT

oT

or|  or
1Y ot

oy

&y
T ot

i
ry O

(3.28)

z z z z

For adiabatic deformation and neglecting reaction, the conservation of energy

principle, Equation (3.18), after inserting Equations (3.6) and (3.16) reduces to:

oT oy
—| ==L} . ¥
pca 3t |, Tatz (3.29)
One next inserts Equation (3.29) into Equation (3.28) to obtain:
or oy T 0T or or| 0¥
o =k [ 1 e = (3.30)
ot|, 0t|, (pcA orT ol oy T,"y) 0y Ty ot |,
Rearranging this expression, one finds:
or/ot| T Ot or or| 07/dt,
P ... il 28 , (3.31)
ov/0t|, pca OT vy Mrs  0ip, oy /ot
which is equivalent to:
or T Or or ar| 0v/ot|
i) TSI 5. ) i z, (3.32)
0|, pea OT| . OV|p, O, ov/ot|,
Insertion of Equation (3.32) into Equation (3.23) and rearranging yields:
Viry  OVlr, 07/0t, ~ pca OT|

This expression may be used to determine shear localization susceptibility provided

the strain and strain rate are monotonically increasing functions in time.
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3.3 Nondimensionalization

In order to simplify the treatment of the governing equations, reduce the number
of parameters, and identify relevant scales, the governing equations are nondimen-

sionalized. The following nondimensional variables arise with these scales:

b vt Ug
Z* = == t* = —, u* e —
La La Ls’
(3.34)
v T w
'U‘= — —0’ T* = — w* =—,
()1 To Wo

where the *’s denote nondimensional variables. The following nondimensional param-

eters are used:

. aTpub™? . CB v?
— = — E —
@ pL’; ’ ¢ Ca ’ ¢ CATO ’
Ca A Q 2 ZL,
P e, ‘L.‘3 . — 5 Z = 3 335
- k o9 Q CATO (A1 ( )
n E « h Vo - uil
E = — h = i 2 = — t — 3
RTO ’ 2w0 ’ (5 Ls

where ¢& is the nondimensional stress constant, ¢ is the ratio of specific heats of the
reacted and unreacted material, E¢ is the Eckert number, Pe is the Peclet number, Q
is the nondimensional heat of reaction, Z is the nondimensional kinetic rate constant,
E is the nondimensional activation energy, h is the maximum nondimensional decrease
in the specimen wall thickness, ¢ is the nondimensional initial velocity, and ¢ is the
nondimensional rise time. The parameters from Equations (3.34) and (3.35) are
then inserted into Equations (3.17)—(3.21) to yield the following nondimensionalized

system of equations:
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ov* _df_ 0
ot* w* gz*

ov*
dz*

(i)

p—1
ov*
) 6z*} , (3.36)

ar* 1 \Ee (T*)" ou\" (|ov [\** L1 9 ( o
ot*  (1=-X)+ér e 0z* 0z* w*Pe dz* 0z*
£ o ot E
4 Z[Q-i—(l—c)T ] (1—A)exp (_TT“)] i (3.37)
ou*
= ¢ 3.38
o~ U S
oA 5 E
i = Z(1—MA)exp (_F) . (3.39)
w* = 1—h[l—cos(2r2%)], (3.40)

The boundary conditions in nondimensional form are listed below:

(1-—e % +e ez

v (*,0)=0 g (151 =
1 e
(1-¢€) L +et? P

u* (£,0) = 0 ut (1) = T )  (341)
(1—e)ftei+ (¢ —1) ¢ >i

or* oT*

£*,0) =0 1) = >0
Bz*( ,0) Bz*( 1) . -

The scaled initial conditions are:

# (0,2} =0, v* (0,2%) = €2* {0, 255=1, A(0,2*)=0. (3.42)

3.4 Solution Procedure

In order to solve the final system of equations numerically, a spatial discretization
is performed using second order central differences. The result is a system of ordinary

differential equations in time:
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dv} a I:w;+1 + wyf (T:{-l T*)” (u;+1 - Uf)n ( Uiy — Vi )” Y —
dt* wiAz* 2 2 Az* Az Az*
S 4o bk XYyt — T G L FT T
(B 55 () 5] e
® - T [&Ec @ (5522 (550"
L (B M Ty )
Z[Q (1——c)T*](1—)\)exp( ﬁ)l :
’f;;f " (3.45)
‘(Z\j Z (1= X)exp ( f ) , (3.46)
w} 1 — [l —cos(2n2})] . (3.47)

As the character of this system is parabolic (see the Appendix), the computer code

LSODE [Hindmarsh, 1983], the Livermore Solver for Ordinary Differential Equations,

was used to step forward in time to solve this system. LSODE solves initial value

problems for stiff or nonstiff systems of first order ordinary differential equations

using the Gear (1971) method. A stiff system is one whose ratio of largest to smallest

eigenvalues in the locally linearized solution matrix is large. That is, the system has

rapidly growing or decaying processes that occur over a time scale much shorter than

the overall time scale of interest. This computer code is thus desirable for the model

presented herein since the process of shear localization occurs over a much shorter

time than the overall time of interest. The Gear method uses backward differencing

to solve systems of the form:

6y~
5 =9,
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which is the form of Equations (3.43)-(3.47). For further details on the operation of

LSODE, see Hindmarsh (1983).

3.5 Code Verification

In order to validate that the numerical method is implemented correctly and to
determine its accuracy, several simplifications of the model equations are presented
which have exact solutions. To find an exact solution, the effect of thermal softening
is removed from the constitutive law for stress, so that the linear momentum and
displacement equations will become decoupled from the energy equation. This is
achieved by setting v = 0 in the constitutive law for stress. In addition, reaction is
neglected by setting Z=0. Equation (3.39) is consequently solved to yield A = 0. It
is also taken that ¢ = 1. Finally, the perturbation in thickness is removed by setting

~

h = 1. The system of equations, Equations (3.36)—(3.40) thus reduces to:

du* 9 | [ou\" [|ov\*! ov

ot aaz* [(az*) (az* ) —6—z—*j| 4 ()
oT* _fau\" [|ov \*TY 1 82T

o~ obe (62*) (ﬁ) Pe 92+’ (B30
ou* N

Through the specification of the boundary conditions, initial conditions and param-
eter values, three exact solutions to these equations are presented. The values of the

parameters used in the proceeding calculations are found in Table 3.1.
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« P CA k To 0N Ls

(MPa-s*) | (kg/m°) | (J/kg-K) | (W/m-K) | (K) | (m/s) | (mm)

700 7750 477 40 298 | 6.35 2.5

Table 3.1: Physical constants used in the test cases in Section 3.5.

3.5.1 Test Case 1: Stokes’ First Problem

When one sets n = 0, and p = 1, a further simplified form of the linear momentum
equation, which has an exact solution, known as Stokes’ first problem. Equation (3.49)

consequently reduces to:

ov*

0%v*
=@— .
ot* 02*2

A

(3.52)

Stokes’ first problem has an exact solution for the velocity profile over a semi-infinite
region when an initially motionless material is given a constant velocity boundary
condition at one end. In the current formulation, it is necessary to provide an initial

condition and boundary conditions on either side of the specimen, hence:

v (2',0) =0, v*(0,¢") =0, v*(L,t)y=1. (3.53)

Since Stokes’ problem provides a solution over a semi-infinite domain, the current
numerical method is always in error, however, it will yield an accurate solution up
to the time when velocity diffusion causes the velocity to reach a significant value
at z* = 0. The solution to Equation (3.52), with the conditions v* (2*,0) = 0 and

v* (1,t*) = 1, is [Currie, 1993):

1—2*
*=1—erf . 3.54
vi=l-er (NJ) (3:54)
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The L, norm is a method of measuring the error in a numerical method. The norm

is calculated from the following equation:

* * Ztl\; (U:Li - v;i)z
|lvz — vellz, = VEL N ; (3.55)

where v} is the exact solution, v}, is the numerically determined solution, the super-
scripts 7 refer to specific spatial values, and N is the number of spatial increments.
In order to determine the rate of convergence of a numerical method, the L, norm
can be plotted against the spatial increment, 1/N, on a log-log plot, with the slope
equaling the order of accuracy of the numerical method.

Stokes’ problem is then solved numerically with the code described in the previous
section; a comparison of the exact and numerically determined solutions can be found
for * = 1.5 x 10~19, 2.5 x 10—, and 7.5 x 10~ in Figure 3.3, for Az* = 0.02.

At t* = 2.5 x 1071, the L, norm is computed for various Az*’s and the rate of

1'°F A Ex'act' 't'=2(.59-‘10 ‘ T :
L = Exact t*=2.5e-09 4
i Exact  1'=7.56-09 /|
g  Numerical t*=2.5e-10 i
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Figure 3.3: Comparison of the exact and numerically determined solu-
tions for test case 1, Az* = 0.02.
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Figure 3.4: Rate of convergence for test case 1, t* = 2.5 x 107°.

convergence is determined from Figure 3.4. The slope of this plot is determined
by a least squares fit to be 2.51. As was discussed in Section 3.4, a second order
accurate spatial discretization procedure was used to solve the governing equations.
It would thus be expected that the order of accuracy of the method would be slightly
less than two, as a result of machine round off error. The reason for the slope in
Figure 3.4 being slightly larger than two could be attributed to the accuracy of the
time iteration in LSODE, and the fact that the exact solution is determined over a
semi-infinite domain, while the numerically determined solution is solved over a finite

domain.

3.5.2 Test Case 2: Linear Momentum Coupled with Displacement

A more general exact solution can be found to the system by coupling the linear

momentum equation with the displacement relation. This is achieved by inserting
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Equation (3.51) into Equation (3.49):
02’11,* o o ou* n a2u* v
ot2 0zt |\ 9z 0z*0t* ) |’

One assumes a solution to Equation (3.56) of the form:

where s is a constant. Substitution into Equation (3.56) yields:

2t f = 6‘62* [(e £)" (s e £')']
— ettt gn [,7 f/(n—l) FUFE 4 f'(u—l) f"]

= ettt gr fl(n+n—1) f"(n+p) .

Now, if one chooses 7 + u = 1 and rearranges the equation, one gets:

s2H

f"—-;f=0.

&

The solution to this equation is:

f (2) = Ci cosh (kn2) + Cy sinh (k,2),

(3.56)

(3.57)

(3.58)
(3.59)

(3.60)

(3.61)

(3.62)

where C; and C, are constants, and s is expressed in terms of the wave number, k,,

as follows:

s = (ck2) ™"

(3.63)

The solution to Equation (3.56), under the above specified conditions, is therefore:

-
u* = exp [(dk,zl) s t*] [C cosh (kn2") + Cysinh (kp2*)] .
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One now sets C; = 0 in order to satisfy the condition u*(0,¢*) = 0. The initial
condition and condition at u* (1,t*) are chosen to match the exact solution. The

solution, boundary, and initial conditions, are summarized below:
u* (2*,t*) = Cyexp [(&kﬁ) = t*] sinh (k,2*) ,
u* (0,4 =0, u* (1,4°) = C; exp [(ozkf,)f57 t*] sinh(k) ,  (3.65)
u* (2%,0) = Cy sinh (k,2*) .

The computer code is then used to solve the displacement field for this problem
at t* = 0, 1.25 x 1072, and 2.5 x 1072, with Az* = 0.05. Figure 3.5 shows the
displacement versus position as time progresses with the following parameter values:
k, = 1000 and C, = 1 x 1073. The rate of convergence at t* = 2.5 x 1073 is plotted

in Figure 3.6. The slope is determined to be 2.30.

70 T —

————— Exact t'=d
————— Exact t*'=1.25e-2
Exact t*=2.50e-2
o Numerical t'=0
a Numerical t*=1.25e-2
L Numerical t*=2.50e-2

60

50

Displacement (u*)

| I SN S S I AT S U TN ) B

\
AL i

|

=3 JLINLANL AN (L I R B L B L AL L A S O

Position (z*}

Figure 3.5: Comparison of the exact and numerically determined solu-
tions for test case 2, Az* = 0.05.
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3.5.3 Test Case 3: Energy Equation

It is also desired to determine an exact solution to a simplified form of the energy
equation. If the initial and boundary conditions on v* are such that they are always
equal to zero:

¢ (0,7 = o™ " 0) =p™ L%, 1) =0, (3.66)

then g’;: will equal zero initially, resulting in a zero stress. With a zero boundary

condition on v*, the stress will remain zero and the velocity profile will never change.

The energy equation is therefore decoupled, resulting in the following:

or* 1 #T*

5 = Peor? (3.67)
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It can be easily verified by substitution that the following is a solution to this equation.

22
T* =1—wsin (nrz*) exp ( Z: t*) , (3.68)

where w is a constant and n is any integer. The boundary conditions are T* (t*,0) =

T* (¢t*,1) = 1, and the initial condition is:

T* =1—wsin (nwz*) . (3.69)

Figure 3.7 shows the exact and numerically determined solutions for ¢* = 0, 2.5, and 12.5

withn =5, w = % and Az* = 0.02. The rate of convergence is determined at t* = 2.5,

and is seen in Figure 3.8. The slope is determined to be 2.48.
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Figure 3.7: Comparison of the exact and numerically determined solu-
tions for test case 3, Az* = 0.02.
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CHAPTER 4

RESULTS

This chapter will present results determined from the TSHB as well as those from
the theoretical model. Experimental results for tests on S-7 tool steel (TS) will first
be presented, with comparisons drawn between the numerical and experimental re-
sults, as well as with results determined from other researchers. Results will then be
presented for tests on the following explosive simulants: a PBX cure cast simulant, a
PBX pressed simulant, and a melt cast simulant known as Filler-E. These simulants
are used to approximate the material properties of PBXN 109, PBX 9501, and tri-
tonal, respectively. The results of these tests will be used to determine approximate
parameters for the constitutive law for stress used in this thesis. Finally, numerical
simulations will be run on 1018 CRS, and S-7 tool steel to compare with previously

determined results, and simulations will be run on the aforementioned explosives.

4.1 Experimental Results on Explosive Simulants

In this section, results determined from the TSHB on tests of the explosive sim-
ulants are presented. The strain and strain rate hardening parameters from the
constitutive law for stress are then determined from the data. It is important to note
that, to our knowledge, no researchers have tested any of these materials in torsion.

The results presented in this section are thus previously unrecorded.
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4.1.1 Tests on the PBX Cure Cast Simulant

The results of tests performed at various shear strain rates on the PBX cure
cast simulant are included in Figure 4.1. The reported results are characteristic of
a few tests performed at each strain rate. In this figure, test 40 was performed at

a shear strain rate of 415 s~! and lasted for 700 us, the full length of the loading
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o

Figure 4.1: Results from TSHB tests on the PBX cure cast simulant.

pulse. The cause for the initial overshoot in shear stress at a shear strain of 0.05 is
unknown, but it could be a material characteristic, or due to the loading geometry.
Zener and Hollomon (1944) have stated that a maximum in the stress-strain graph
is indicative of the formation of an instability in the deformation. The specimen in
this test never failed, and since the shear stress-shear strain curve never reached a
maximum, it is assumed that no instability was reached. This test thus provides an
accurate measurement of the strain hardening in this material. Prior to performing

this test, a line was drawn axially across the specimen. Post test examination of
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this line revealed no permanent deformation in the specimen. It is thus concluded
that this material behaves in a nonlinearly elastic manner over the shear strain rates
tested.

Test 41, which was performed at a shear strain rate of 1850 s~!, also lasted for
700 ps. The initial peak in the shear stress at a shear strain of 0.28 is a result of the
overshoot, as seen in Test 40. Upon post-test examination of the specimen, a small
tear was noticed in the circumferential direction within the gage length. This is the
consequence of an instability, which could thus account for the decrease in the slope
of the shear stress-shear strain curve after a shear strain of 0.75. This test would thus
provide an inaccurate measurement of the material’s strain hardening characteristic.
In addition, it was noticed that even with the onset of instability, the deformation
was recovered, indicating purely elastic deformation.

Test 42, which was tested at a shear strain rate of 3500 s~!, lasted for about
400 pus. The peak in the shear stress at a shear strain of 0.5 is believed to be a
result of the stress overshoot. The specimen in this test failed, with an instability
thought to occur around a shear stress of 0.8. This instability prevented the material
from further hardening, hence making the overshoot appear to be the occurrence of
the instability, instead of where it is actually thought to occur. Examination of the
failure surface revealed voids visible to the naked eye. In addition it was observed
that failure did not occur along a single plane, but along an irregular surface, as if the
material were torn apart. It is thus doubtful that this material demonstrates shear

localization under the given loading conditions.
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The data determined herein was then used to calibrate the constitutive law,
Equation (3.6). It is important to note, however, that it is necessary to perform more
tests on this material in order to more accurately calibrate the constitutive law. This
constitutive law introduces the strain hardening parameter, 7, and the strain rate
hardening parameter, p. Since it is believed that test 40 results in the most accurate
characterization of the strain hardening, n was chosen by trial and error, such that
the slope determined from the constitutive model approximately matched the slope
of the shear stress-shear strain curve determined from this test. Due to the onset
of instability, the results from tests 41 and 42 are unreliable once a maximum shear
stress is attained. The results up to the maximum shear stress are accurate, however,
and were used to determine the strain rate hardening parameter, u, by trial and error.

These values are tabulated in a later section.

4.1.2 Tests on the PBX Pressed Simulant

Figure 4.2 shows the results from tests performed by the TSHB on the PBX
pressed simulant, where the reported results are characteristic of a few tests performed
at each strain rate. Referring to this figure, test 29, which was performed at a shear
strain rate of 300 s!, lasted for about 350 us. This material in this test also exhibited
a stress overshoot, occurring at a shear strain of 0.15. Observation of the post test
specimen revealed a planar failure with a rough failure surface including small voids.
This is as would be expected in microvoid nucleation induced shear localization. The
instability which caused failure is assumed to account for the peak in the shear stress-

shear strain curve at a shear strain of 0.065. Test 38, which was performed at a shear
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Figure 4.2: Results from TSHB tests on the PBX pressed simulant.

strain rate of 2800 s~! lasted only 75 us, due to the high strain rate deformation. No
overshoot was observed in this test. Examination of the post-test specimen revealed
fragmentation of the gage length as well as the flanges. Due to this catastrophic
failure, these results may not be truly indicative of the material. By a fractographic
study of the fragments, it was determined that cracks initiated in the gage length and
propagated outward into the flanges at an angle to the axis of the cylinder, which is
indicative of brittle failure.

In order to more accurately determine the order of events in the failure of this
specimen, high speed photographs were taken of the deformation experienced by
one of these simulants. In the test during which photographs were taken, the shear
strain rate was 2850 s~!. A plot of the transmitted shear strain for this test, which is
proportional to the shear stress in the specimen, is included in Figure 4.3. High speed

photographs of the specimen deformation in this test are included in Figure 4.4. In
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Figure 4.3: A plot of the transmitted shear strain for Test 49 on the
PBX pressed simulant, 4 = 2850 s~1.

these photographs, the vertical black line to the right of the gage length is a result
of the camera removing a strip of light from each frame for other purposes. In
Figure 4.4, the photograph labeled ¢t = 0 us was taken when the incident pulse first
reached the specimen. The photograph labeled ¢t = 167 us was taken some time after
the transmitted strain, as depicted in Figure 4.3, reached a maximum. In the center
of the gage length of the specimen in this picture, a small crack is visible. From
the complete photographic record, not included in this thesis, this crack formed at
approximately ¢ = 113 us, which is just after the transmitted shear strain reaches
a maximum, as seen in Figure 4.3, which indicates that the drop in the transmitted
strain is the result of this failure mechanism. From the photograph labeled t = 227 us,
it is seen that the crack has increased in size, and that other faint cracks have formed
below it. Finally, the photograph labeled ¢ = 520 us, which was taken of a separate

test performed at a comparable shear strain rate, reveals the ultimate fragmentation
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Figure 4.4: High speed photographs of the failure of a PBX pressed
simulant, Test 49.

of the specimen. It is thus confirmed that cracks initiate in the gage length and
propagate outward through the flanges. In comparison with the failure of the lower
strain rate test, Test 29, it is concluded that the type of failure for this material is
dependent on the loading rate.

In order to develop a constitutive model for this material, the parameters from
Equation (3.6) are again approximated to match the constitutive law to this data.
The value of  was determined from test 29, since the material in this test exhibited

a greater amount of strain hardening prior to the onset of instability. The strain rate
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hardening parameter, u, was determined such that the constitutive model matched

the peak stress obtained in test 38.

4.1.3 Tests on Filler-E

Figure 4.5 shows the results from tests on Filler-E, where the reported results are

characteristics of a few tests performed at each strain rate. In this figure, Test 30,
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Figure 4.5: Results from TSHB tests on Filler-E.

which was performed at a shear strain rate of 370 s!, lasted 375 us. Fragmentation
of the Filler-E specimen occurred in much the same way as did in the high strain
rate test on the PBX pressed simulant. Cracks appear to have begun in the gage
length and propagated through the specimen at 45° to the axis of the specimen. On
tests when there was minimal fragmentation, it was possible to observe the failure
surface, which was irregular, not at all indicative of shear localization. On test 33,

which was performed at a shear strain rate of 1500 s~!, deformation lasted 120 us.
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From Figure 4.5, it is seen that this material has a high sensitivity to strain rate.
Tests at this strain rate caused significant fragmentation, with failure similar to that
for the low strain rate test. Although Filler-E demonstrates strain and strain rate
hardening, the constitutive law could not be fit to a significant portion of the shear
stress-shear strain curves seen in Figure 4.5. This is due to the fact that Filler-E does

not demonstrate strain hardening that can be represented in the form of a power law.

4.2 Comparison of Experimental Results with Numerical Predictions

This section presents the results from experimental tests on 1018 CRS and S-7
tool steel, with comparisons to results from numerical simulations of these tests. The
constitutive and material parameters used in these numerical simulations, as well as
in those in a later section, are included in Table 4.1. The parameters for 1018 CRS

were taken from Hartley et al. (1987), who determined the constitutive parameters

Constitutive Parameters Material Parameters
Material o v i 7 p cA k
(MPag) (%) | (&%) | (7%)

1018 CRS®W 3,458 |-0.38|0.015 | 0.019 | 7800 | 500 54
S-7 TS@ 6,700 | -0.31{0.030 | 0.012 | 7750 | 477 40
PBX 9501 33,000 |-1.28 [ 0.320 | 0.080 | 1840 | 1130 | 0.454
PBXN-109 800 |-1.38 | 0.400 | 0.320 | 1670 | 1260 | 0.104

Tritonal - -9.68 - - 1690 | 960 0.460

Table 4.1: Constitutive and material parameters used in the numerical
calculations. (1) Johnson and Cook (1983). (2) Hartley et al. (1987).
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from a least squares fit of the experimental results of Costin et al. (1979). The
constitutive parameters for S-7 tool steel were determined from an approximate fit of
the constitutive law for stress used in this thesis to the Johnson-Cook law (1983), over
the following calibration conditions: shear strain ranging from 0 — 100%, shear strain
rate ranging from 1 x 1073 — 5 x 102 s, and temperature ranging from 298 — 537 K.
The material parameters for S-7 tool steel were taken from Johnson and Cook. The
material parameters for PBX 9501 were taken from Dobratz and Crawford (1985),
and the material parameters for PBXN-109 and tritonal were taken from Hall and
Holden (1988). The thermal conductivity for PBXN-109 was not found, so the value
for PBXW-114, a material of similar composition, was used. In order to determine
the thermal softening function for some of the materials they tested, Johnson and
Cook assumed a linear decrease in the stress as a function of temperature, with
the stress reaching zero at the melting point. Since PBX 9501 and PBXN-109 react
before melting, their thermal softening parameters are estimated such that the stress is
decreased by 50% at the reaction initiation temperature. From Dobratz and Crawford,
PBX 9501 reacts at 240°C, and from Hall and Holden, PBXN-109 reacts at 220°C.
The thermal softening parameter for tritonal was estimated such that the stress is
decreased by 90% at the melting temperature of 80°C. The remaining constitutive
parameters were determined from the experimental results on the explosive simulants,

as described in the previous section.
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4.2.1 Tests on S-7 Tool Steel

In order to determine the effects which heat treating can have on material prop-
erties, tests using the TSHB were performed on S-7 tool steel at a shear strain rate
of 1500 s~!, with the material tested in the condition in which it was received and

also at a hardness of Rockwell C-51. Figure 4.6 shows the results of these tests. From
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Figure 4.6: Comparison of heat treated and untreated material charac-
teristics for S-7 tool steel, ¥ = 1500 s1.

this figure, it is seen how drastic an effect this heat treatment had on the material
properties. The untreated material fails at a shear strain 2.9 times as large as the
treated material, and the treated material reaches a maximum shear strain 2.1 times
as large as the untreated material. It is thus determined that the heat treatment of
a material can have a significant effect on the material characteristics.

Next, in order to compare the experimental and numerical results, a simulation
was performed on S-7 tool steel at a shear strain rate of 1500 s~!. The parameters
for this simulation were determined from an approximate fit to the shear stress-shear

91



strain curve determined from the Johnson-Cook law for S-7 tool steel. The Johnson-
Cook law parameters for S-7 tool steel were determined from a fit to the experimental
data determined by Johnson et al. (1983), who reported the material to have a hard-
ness of Rockwell C-50. The physical constants for the numerical simulation, included
in Table 4.2 under simulation #1, were chosen to match the experimental conditions.
Figure 4.7 shows the experimentally determined shear stress-shear strain curves for

S-7 tool steel as well as the results from the numerical simulation. Although it is not
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Figure 4.7: Comparison of experimentally and numerically determined
material characteristics for S-7 tool steel, ¥ = 1500 s~1.

evident from this figure, the numerical results provide detailed information about the
low shear strain behavior, with the shear stress dropping to zero at a shear strain of
zero. From observation of this figure, it is first noticed that there is a difference in
the initial slope of the shear stress-shear strain curves. This was also observed in the
earlier testing of 1018 CRS, which was reported in Section 2.5. The reasons for this

difference have already been discussed.
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The maximum shear stress reached by the simulation is, however, a good approx-
imation of the experimentally determined stress, with the value from the simulation
8% less than the experimental result. The shear strain at failure, is not as good
a match with the value from the simulation 40% less. However, if the amount of
straining in the purely plastic range is compared, results are fairly accurate. This is
accomplished by comparing the difference in shear strain from the value when the
stress increases to 90% of its maximum value to the value when the stress falls to
90% of its maximum value. It is determined that the experimental results predict
only 10% less straining than the numerical results. It is important to note that the
experiments performed by Johnson et al. were only performed up to shear strain rates
of 102 571, thus the constitutive law was calibrated at a much lower shear strain rate.
In addition, although the hardness of the material in their tests was reported, the
exact heat treatment is unknown. Since the effect of heat treating on the material
properties has been shown to be drastic, it is surprising that the numerical simulation,

which was calibrated to different data, provided results that are this accurate.

4.2.2 Test on 1018 CRS

—1 with compar-

Tests were also run on 1018 CRS, at a shear strain rate of 1500 s
isons drawn to a numerical simulation of the test and to results by other researchers.
The physical constants for the numerical simulation are included in Table 4.2 under
simulation #2. Experimental and numerical results from these tests can be seen in

Figure 4.8. The numerical simulation predicted a maximum shear stress 23% less

than that achieved in Test 22, and the ultimate shear strain about 9% greater than

93



Simulation U1 L, t wy hyp o
Number | (m/s) | (mm) | (us) | (mm) (m/s)
1 3.75 | 2.50 |33.33| 0.38 |0.10 | 3.75 x 102
2 3.75| 2.50 |33.33| 0.38 |0.10 | 3.75 x 1072
3 12.50 | 2.50 |20.00| 0.38 |0.10 | 1.25 x 107!
4 477 | 3.18 | 6.67| 0.81 |0.05 | 4.77 x 1072
5 7.00 | 2.50 |32.14| 2.50 |0.10 | 7.00 x 1072
6 6.25 | 2.50 |32.00| 2.50 | 0.10 | 6.25 x 1072

Table 4.2: Physical constants used in the numerical simulations re-
ported within this thesis.

the experiment. In comparison of the numerical results with the experimental results
of Duffy and Chi (1992), it is noticed that the numerical results in the current study
are much more accurate in predicting Duffy and Chi’s experimental results, with a
maximum shear stress only 8% less than Duffy and Chi’s. It is important to note
that the parameters used in the numerical simulation were determined by Hartley et
al. (1987), who may have used a material with a different heat treatment. Since the
actual heat treatment of Duffy and Chi’s 1018 CRS is unknown, and since the heat
treatment has been shown to significantly affect material properties, it is believed

that the differences in the results can be attributed to different heat treatments.

4.3 Numerical Simulations on Nonreactive Materials

This section presents the results from numerical simulations on S-7 tool steel,

and PBXN-109 and PBX 9501 with the effects of reaction excluded. The results for
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Figure 4.8: Comparison of experimental and numerical characteristics
for 1018 CRS at a shear strain rate of 1500 s~1.

the simulations on S-7 tool steel are presented in comparison with numerical results

of other researchers.

4.3.1 Comparison of Results for S-7 Tool Steel

Batra et al. (1995) used the Johnson-Cook constitutive law, with parameters
reported by Rajendran (1992), to model the torque required to deform a thin walled
tube of S-7 tool steel, among other materials. As mentioned previously, Equation (3.6)
was calibrated so as to match the Johnson-Cook law. In order to match the physical
conditions used in their test, the constants reported in Table 4.2 under simulation
#3 were used. This test corresponds to deforming a tube with an inner diameter of
9.5 mm at a shear strain rate of 5000 s~!. From Figure 4.9, which gives the results of
this simulation along with the results from Batra et al., it is seen that the results are

very similar. The magnitude of the torque predicted in the current study is within
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4% of that predicted by Batra et al, and the failure strain is predicted to within
0.5%. The similarities between these results are impressive, considering the fact that
different constitutive models for stress were used. These results further justify those
reported by Wright (1987) and Batra and Kim (1991), as discussed in Section 1.3.2,

who concluded that the choice of constitutive models is not significant.
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Figure 4.9: Comparison of the results determined by numerically test-
ing S-7 tool steel at a shear strain rate of 5000 s~—! with those by Batra
et al. (1995).

4.3.2 Further Comparison of Results for S-7 Tool Steel

Batra and Kim (1992) performed a similar study to Batra et al. (1995), in which
they modeled the velocity, temperature and shear stress across the length of the
specimen. In this thesis, simulations were again performed on S-7 tool steel, with
the physical parameters chosen to match the test conditions of Batra and Kim (see
simulation #4 in Table 4.2). Figure 4.10 shows the evolution of the velocity profile

for S-7 tool steel with an imposed shear strain rate of 1500 s~!. This figure can then
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Figure 4.10: Evolution of the velocity field for S-7 tool steel being
deformed at a shear strain rate of 1500 s72.

be compared with the results determined by Batra and Kim, reported in Figure 1.10,
where a shear strain of 0.16 is reached following localization. The results in this thesis
achieved a shear strain of 0.145 following localization, a difference of approximately
10%. Batra and Kim also report that the ratio of the average strain when a shear
band initiates to the average strain at which the shear stress attains its peak value is
1.7 for S-7 tool steel. If it is assumed that a shear band forms when the stress drops
to 95% of the maximum stress (as stated by Batra and Kim), the value of the ratio
as determined in this thesis is 2.0, a difference of about 17% from Batra and Kim’s
value. It is important to note that this value is consistent with S-7 tool steel, since
other materials tested by Batra and Kim achieve ratios up to 3.03. Batra and Kim
also found that the temperature at the center of the shear band just after it formed
was approximately twice as large as the ambient temperature. This thesis confirms

that result, as is seen in Figure 4.11, which is very similar to Figure 4b in Batra and
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Kim (1992). The differences in these results could be attributed to the difference in
the constitutive law for stress, or perhaps to the difference in grid size. Batra and
Kim used a variable grid size with the greatest number of elements at the center. As
can be seen in Figure 4.11, the current grid size is not fully effective in resolving the
behavior in the shear band. Since the temperatures, shear strains and shear strain
rates achieved in the shear bands are far in excess of the calibration conditions, it isn’t
expected that any constitutive law will be extremely accurate at predicting behavior

following localization. Hence, the similarities between these studies are impressive.
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Figure 4.11: Evolution of the temperature field for S-7 tool steel being
deformed at a shear strain rate of 1500 s—!.

4.3.3 PBX 9501 Without Reaction

Next, numerical simulations were performed for the deformation of PBX 9501,
with the effects of reaction excluded. This was studied in order to compare with the

experimental results on the PBX pressed simulant and to determine the material’s
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susceptibility to localization. Reaction was excluded by setting Z equal to zero in
the computer code. The physical constants, included in Table 4.2 under simulation
#5, were chosen to match the experimental conditions. For this case, the test was
performed at a shear strain rate of 2800 s™!. In order to determine the onset of
localization, the localization criterion, Equation (3.33), is evaluated at the center
of the specimen. The right hand side, ®, and left hand side, ¥, of this criterion
are plotted as functions of time in Figure 4.12. In this criterion, ¥ is a combined
measure of the strain and strain rate hardening effects, while the ® is a measure of

the thermal softening. It is seen that both ® and ¥ are always positive, indicating
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Figure 4.12: Localization criterion for PBX 9501 without reaction,
where ® represents thermal softening and ¥ represents strain and strain
rate hardening.

that the material is experiencing strain and strain rate hardening as well as thermal
softening, as expected. When ¥ is less than or equal to ®, this criterion predicts
that localization will begin. For this test, the onset of localization is reached after
1.67 ms.
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The effects of localization are readily seen by studying the evolution of the ve-
locity and temperature profile, as seen in Figures 4.13 and 4.14. Figure 4.13 shows
the three stage localization process, which was initially observed experimentally by
Marchand and Duffy (1988). After the velocity at z = L reaches its final value, the
profile essentially forms a linear distribution in space, which is called homogeneous

deformation. Marchand and Duffy have termed this Stage I of the localization pro-
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Figure 4.13: Evolution of the velocity field for PBX 9501 without reac-
tion.

cess. Since the specimen is thinnest at its center, it is also weakest at that point.
The material is thus locally less resistant to deformation, hence developing an inho-
mogeneous velocity profile with the greatest slope at the center. This is referred to
as Stage II. The Stage II localization is very subtle in this test and is not readily
observed. Now, the shear strain rate is equal to the slope of the velocity profile, so,
as it increases, it causes the stress to increase. The combined effect of the increased

shear stress and shear strain rate cause the temperature to increase, as is seen in Fig-
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Figure 4.14: Evolution of the temperature field for PBX 9501 without
reaction.

ure 4.14. The rise in temperature causes the stress to drop, which results in further
straining and further heating. This interaction continues until, after 1.67 ms, the
thermal softening dominates over the strain and strain rate hardening. Consequently,
deformation rapidly localizes to a narrow region, referred to as Stage III localization.

It is this final stage of localization that is termed shear localization, or shear
banding. At this time, the rate of change in the temperature increases dramatically
at the center of the shear band, resulting in a pronounced spike in temperature. The
temperature at the center of the shear band at the onset of localization is 458 K.
After 3.2 ms, the temperature at this point has increased to 1590 K. It is interesting
to note that the temperature of the material at the onset of localization has already
almost reached its initiation temperature of 513 K, and that following localization
the temperature far surpasses this value. Hence, it is expected that shear localization

in PBX 9501 would produce initiation of reaction.
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These numerical results are now compared to the experimental results determined
from the PBX pressed simulant. Figure 4.15 compares the experimental and numer-

ical shear stress and shear strain characteristics. From this figure, it is seen that the

30 T T T T T T T T T T T T

N
w

N
o

—
(=]

Experimental, Test 36
————— Numerical

[TrrryrrrrJrysrrrroer[rrrrs

Nominal Shear Stress (MPa)
o o
1.J 1 1 I 1 1 1 1 I | S - I ) W S | l 1 1 1 [ 1 I T

(=]

o
NFFTTTT
o

0.05 0.10 0.15

2
o
o]

Nominal Shear Strain

Figure 4.15: A comparison of the experimental and numerical results

for the PBX pressed simulant.
computer code predicts the shear stress and shear strain characteristics fairly accu-
rately until just before failure. The code, however, does not predict localization to
begin until a nominal shear strain of 4.63 is reached, as compared with the experi-
mental failure at 0.20 shear strain. The full numerically determined shear stress-shear
strain curve is included in Figure 4.16. It is thus concluded that the PBX pressed
simulant does not fail due to shear localization, but instead due to some other mech-
anism. This does agree with experimental observations, which suggested that failure
could have occurred due to microvoid nucleation and growth, crack propagation or
fragmentation. Since these failure mechanisms were not built into the numerical

model, the code can not accurately predict this form of failure.
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Figure 4.16: Experimental and numerical shear stress-shear strain
curves up to failure for the PBX pressed simulant.

4.3.4 PBXN-109 Without Reaction

Numerical simulations were then performed on PBXN-109, with the effects of
reaction excluded. The physical constants, included in Table 4.2 under simulation
#6, were chosen to match the experimental conditions of test 42, with a shear strain
rate of 2500 s~1. Since it is believed that the PBX cure cast simulant demonstrates
nonlinear elastic deformation, it is questionable whether it can be accurately mod-
eled by the numerical method, which assumes viscoplastic heating. Despite this fact,
simulations were performed on this material, with the assumption of visco-plastic
heating, in order to learn more about the shear localization and thermal initiation
processes. The localization criterion for this test is included in Figure 4.17, which
predicts the onset of localization after 272 ms. It is noticed, however, that by the
time ® becomes greater than ¥, the parameters have essentially ceased changing.

The shear strain and shear strain rate hardening effects have thus reached a balance
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Figure 4.17: Localization criterion for PBXN-109 without reaction.

with the thermal softening effect. Figure 4.18 shows the evolution of the velocity
profile for this test. From this figure, it is seen that Stage II is reached, but that
transition into localization does not occur. In comparison with PBX 9501, it is seen
that PBXN-109 develops a greater inhomogeneity in Stage II, but that PBX 9501 is
more susceptible to eventual localization. Further iteration in time reveals that the
velocity profile begins to return to a homogeneous state, rather than localizing. Fig-
ure 4.19 shows the evolution of the temperature profile, which shows temperature to
increase in an inhomogeneous manner. It is interesting to notice that the temperature
exceeds the reaction temperature of 493 K after about 10 ms. It is thus concluded
that shear localization is not necessary for initiation to occur in this material; an
inhomogeneous growth in temperature can eventually lead to significant increases in
its value. However, the time over which this process occurs is significantly longer than

the experimentally recorded time to failure of 350 us. It is hence determined that the
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PBXN-109 simulant, as did the PBX 9501 simulant, failed experimentally by mech-
anisms which are not included in this model. Furthermore, it is not expected that
deformation in this material can be sustained long enough to increase temperatures

into the reactive range.

4.4 Numerical Simulations on Reactive Materials

Results are next presented for numerical simulations on reactive materials. The
reactive parameters for PBX 9501, PBXN-109 and tritonal are included in Table 4.3.
Dobratz and Crawford (1985) list maximum calculated and experimentally deter-
mined values of @) for various explosives. They also tabulate values of Z and E for
various explosives, but not for any of those tested herein. For PBX 9501, Dobratz
and Crawford only list the maximum calculated value of (). For PBX 9404, a similar
explosive, the experimental value is 88.5% of the maximum, hence, the @) value for
PBX 9501 is chosen to be 88.5% of its maximum calculated value. Since PBX 9501 is
95% by weight HMX, the values of Z and E for HMX were used. Neither PBXN-109
nor tritonal are included in Dobratz and Crawford’s handbook. Since PBXN-109 is
64% RDX, the experimentally determined value of @ and the values of A and F for
RDX were used to simulate this explosive. Likewise, as tritonal is 80% TNT, the

values of @), Z, and E for TNT were used to simulate tritonal.

4.4.1 PBX 9501 With Reaction

Results are now presented for simulations of PBXN-109 with the effects of reac-

tion included. The same parameters were used in this simulation as in the nonreactive
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Material Z Q E R
(s71) (kJ/kg) | (kJ/mol) | (J/mol - K)
PBX 9501 | 5.00 x 10*° 5891 220.6 8.314
PBXN-109 | 2.02 x 108 6320 197.1 8.314
Tritonal 2.51 x 101 4560 143.9 8.314

Table 4.3: Reactive constants used in the numerical code.

case. The effects of including reaction proved to have little effect on the results prior
to initiation. The localization criterion predicted localization after 1.682 ms, a dif-
ference of only 0.3% from the nonreactive case. The temperature at the center of the
specimen at this time was within 0.1% of the corresponding nonreactive temperature.
As was anticipated by the nonreactive case, reaction in the reactive test did occur
shortly following the onset of localization. The evolution of the velocity and temper-
ature profiles for this material appeared very similar to those of the nonreactive case.
Computation was stopped in this simulation shortly following the start of reaction,
since the reaction proceeded so quickly that the time step rapidly approached zero.
As can be seen from Figure 4.20, which plots the temperature distribution up to
initiation, reaction occurred prior to severe development of the temperature spike. By
comparing this figure with the evolution of the reaction progress variable, Figure 4.21,
it is seen how sensitive initiation is to temperature. Appreciable reaction did not begin
until the reaction temperature was reached, at which time reaction quickly initiates
in the localized hot spot. Bowden and Yoffe (1985) have discussed initiation in the

context of localized hot spots, shear localization being only one of the mechanisms by
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which hot spots are generated. Also, it is observed how quickly reaction proceeds,

10 times its value in the last 25 us, to achieve

ion increasing over

with the react

tely 1.0% completion at the center of the specimen. It is important, how-

approxima

ever, to state that the nominal shear strain reached at initiation is approximately

6.4, whereas the simulant failed after a shear strain of 0.2 experimentally. As stated

ly, experimental observations suggested failure by other mechanisms, which

previous

are not included in this numerical code.

ion

2 PBXN-109 With React

4.4

The final material studied in this thesis is PBXN-109 with reaction effects in-

cluded. Again, the same parameters were used in this simulation as in the nonreactive

case. The velocity and temperature profiles, which are included in Figures 4.22 and

tiation of reaction, at which time the com-
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4.23, respectively, are plotted up to the
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Figure 4.22: Evolution of the velocity field for PBXN-109 with reaction.
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Figure 4.23: Evolution of the temperature profile for PBXN-109 with
reaction.

puter code stopped computation since the time step approached zero. The velocity
profile shows that no significant inhomogeneity has yet to develop, yet the tempera-
ture profile has developed an inhomogeneity. In fact, this inhomogeneity has grown
enough to reach the reaction temperature. The plot of the reaction progress variable
profile (Figure 4.24) reveals, as expected from the nonreactive case, that reaction has
occurred prior to the onset of localization. In comparison with the results from PBX
9501, however, it is seen that reaction occurs over a much larger spatial region. This
is due to the fact that the temperature is not severely localized when it reaches the
initiation temperature. Computations were stopped after reaction reached approx-
imately 1.3% completion, due to the explosive growth in reaction and consequent
decrease in time step to zero. It is thus concluded that shear localization is not nec-
essary to produce initiation. A mere inhomogeneity, if allowed to grow long enough,

can result in the initiation of reaction. For this to occur, however, all other forms of
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Figure 4.24: Evolution of the reaction progress variable profile for
PBXN-109 with reaction.

failure would have to be suppressed. The nominal shear strain reached at initiation
in this simulation, was 26.7, far in excess of the experimentally determined nominal
shear strain of 1.5, which was reached at failure. As was the case in the simulation
on PBX 9501, it is determined that the current analytical method is insufficient for

modeling failure in PBXN-109.

4.5 Nondimensional Analysis

The results of the previous sections have demonstrated that under the current ge-
ometry, the explosives studied in this thesis do not appear to be susceptible to shear
localization or thermal initiation. In this section, a study of the nondimensional
parameters is performed in order to determine their influence on shear localization
and initiation. Table 4.4 lists the values of the nondimensional parameters found

in the simulations performed in the previous sections. For simulations #5 and #6,
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the reactive constant are reported for the corresponding simulations in which reac-

tion was included. Appropriate ranges in these parameters can be determined from

this table. These parameters can then be varied, with comparisons made based on

the nondimensional shear localization onset time, ¢},,, predicted by the localization

criterion, Equation (3.33). For these comparisons, simulations are based on the pa-

rameters for PBX 9501, due to its susceptibility to localization. The value of ¢}, in

the unperturbed simulation on PBX 9501, as determined in Section 4.4.1, was 4.710.

Simulation | Material é aEc Pe Q Z E
Number
1 S-7TS |11476.69 | 1.135 866.43 | - 0 a
2 1018 CRS | 4157.30 | 0.392 677.08 | - 0 ’
3 S-7 TS 1047.93 | 1.152 | 2888.09 | - 0 .
4 S-7 TS 7093.20 | 1.135| 1401.86| - 0 i
5 PBX 9501 | 470.19 | 0.068 | 80145.37 | 17.28 | 1.79 x 10'¢ | 88.80
6 PBXN-109 57.75 | 0.00601 | 316135.82 | 16.83 | 8.08 x 10'* | 58.08

Table 4.4: Nondimensional parameter values for the simulations in Sec-
tions 4.2-4.4.

From a comparison of the nondimensional stress constant values, &, listed in

Table 4.4, it is determined that values of & for the steels simulated are as much as

24 times as large as the value for the simulation on PBX 9501. A simulation was

thus performed by increasing the value of & for PBX 9501 by 10 times, while holding

the parameter &FC constant. It was found that this simulation had little effect on

t},c» With an increase of 0.1% to a value of 4.713, as compared to the unperturbed
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value. To further study the effect of & on localization, its value was then decreased
by a factor of 10 from its unperturbed value, with &Fc again held constant. This
simulation also yielded little change in the localization onset time, with a decrease of
0.1% to t},, = 4.707.

Next, simulations were performed by varying the value of the parameter &Ec. In
comparing the values for this parameter reported in Table 4.4, it is determined that
values for the steels simulated vary as much as 17 times greater than the value for
PBX 9501. By increasing the value of &Ec by a factor of 10, it is found that this
parameter has a significant effect on the onset time, with the value decreasing by a
factor of 5.5 to t},, = 0.857. A simulation performed with &Ec decreased by a factor
of 10 also had a significant effect on the onset time, with its value increased by a
factor of 4.67 to tj,, = 26.703.

Simulations were also performed by varying the Peclet number, Pe. It is deter-
mined from Table 4.4 that the values of Pe for the steels simulated previously are
significantly less than that for the PBX 9501 simulation, with values as much as 118
times smaller. By decreasing the value of Pe for PBX 9501 by a 100 times, as com-
pared to the unperturbed value, ¢}, was delayed by a mere 1.7%, to a value of 4.791.
An infinite value in this parameter would remove all the effects of conduction and
hence render deformation adiabatic. By increasing Pe by a factor of 10*, ¢}, increased
by only 0.06% to a value of 4.707. As the value of Pe is even greater for PBXN-109,
it is surmised that deformation in solid explosives is essentially adiabatic. However,

an explosive with a significantly larger value of Pe could negate this conclusion.
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In order to determine the effect of the ratio of specific heats, ¢, it was first desired
to determine an appropriate range of values. In their study, Chou et al. (1991) used a
¢ value of 2.07 for PBX-9404. It was thus decided to vary the current value of 1.0 by
a factor of two. These variations proved to have little effect on the nondimensional
onset time, with an increase in ¢ by a factor of two resulting in a decrease in the onset
time by 0.1%, and a decrease in é by a factor of two resulting in an increase in the
onset time by 0.1%. In addition, changes in the temperature and reaction progress
variable after t* = 6.25 were studied, with less than 0.01% change in temperature and
0.3% change in A. It is not surprising that é had such a little effect on the results, since
computations are stopped prior to significant reaction. Without significant reaction,
only a small portion of the material will have been converted to product and hence
there will be little overall change in the specific heat. If computations were carried
past the point of initiation, changes in ¢ could produce significant differences in the
results.

Next, the material parameters, n, 4, and v are varied in order to determine
their effect on shear localization and initiation. To determine the effect of the strain
hardening parameter, 7, the values in Table 4.1 were referenced in order to determine
a realistic range to vary 7. To reduce the strain hardening to that of steels, the
value of 7 for PBX-9501 was decreased by a factor of ten to 0.032. This variation
resulted in a decrease in ¢}, to a value of 1.311, 3.6 times less than the unperturbed
value. To compare with PBXN-109, the value of n was then increased by a factor
of two to 0.64. This simulation decreased ¢},, enough for initiation to occur prior to

localization. Initiation thus occurred at t* = 7.27. When the effects of reaction were

114



neglected, t},, was determined to be 7.656, 1.6 times greater than the unperturbed
value. In comparison, a decrease in 7 by a factor of two to 0.16 resulted in an onset
time of 4.056, 1.16 times less than the unperturbed value. It is thus determined that
the strain hardening parameter has a significant effect on the time necessary to reach
shear localization.

The strain rate hardening parameter, u, was then varied, with appropriate values
determined from Table 4.1. For comparison with steels, u was first decreased by a
factor of four to 0.02, resulting in ¢j,, = 2.954, 1.6 times less than the unperturbed
simulation. To compare with PBXN-109, u was then increased by a factor of four
to 0.32. As occurred when 7 was increased, this simulation resulted in initiation
occurring prior to the onset of localization, with initiation occurring at ¢* = 11.16.
When reaction effects were excluded, results were very similar to those obtained in the
simulation of PBNX-109 without reaction, Section 4.3.4. It was found that, although
the localization criterion predicted t;,, = 143.109, shear localization failed to occur,
as the effects of strain and strain rate hardening had essentially balanced thermal
softening. A summary of the effect of the previous six parameters on the localization
onset time is included in Figure 4.25.

Next, the thermal softening parameter, v, was varied in order to determine its
effect on localization and initiation. Through a comparison of the values listed in
Table 4.1, it was decided to decrease v by a factor of four to -0.345, in order to reduce
its value to that of steels. By decreasing the rate of thermal softening, initiation

occurred prior to reaching localization, with reaction initiating at ¢* = 9.075. When
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Figure 4.25: Summary of the effects of certain nondimensional param-
eters on the localization onset time.
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the effects of reaction were excluded, it was found that the onset in shear localiza-
tion was never reached—thermal softening never overpowered strain and strain rate
hardening.

It is also desired to determine the effect of the nondimensional reactive param-
eters on localization and initiation. From an analysis of the reactive parameters for
various explosives tabulated in Dobratz and Crawford (1985), it was determined that
realistic values of the nondimensional heat of reaction, Q, range from a maximum
near the value for PBX 9501 and a minimum about two times less. Simulations on
PBX 9501 with Q decreased by a factor of two result in ¢}, = 4.701, only 0.2% less
than the unperturbed case. For further study, @ was increased by a factor of two,
resulting in tj,, = 4.713, an increase of a mere 0.06% from the unperturbed value.
In addition, it was determined that, at t* = 6.25, these variations in Q produced
less than 0.2% variation in the temperature at the center of the shear band, and
less than 4% variation in the corresponding value of the reaction progress variable.
Changes in the initiation time were also negligible. It is thus concluded that realistic
values of @ have little effect on the localization onset time and the proceeding col-
lapse of deformation, or on initiation. It is expected, however, that larger values of
@ would increase the growth in temperature during reaction, but since the machine
precision is insufficient to model sufficient reaction growth, this supposition has not
been validated.

In studying the effects of the nondimensional activation energy, E, it was deter-
mined that this parameter has a significant effect on the results. From Dobratz and

Crawford (1985), it was determined that realistic values of £ range from a maximum
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near the value for PBX 9501 and a minimum about two times less. When a simula-
tion was performed with £ decreased by a factor of two, it was found that initiation
occurred prior to localization, at t* = 0.72. From a calculation at t* = 0.70, it was
determined that the temperature had only increased by 7.3% as compared to the
unperturbed value. The reaction progress variable, however, had increased from the
unperturbed value of 1.84 x 10722 to a value of 4.3 x 10~3. It is thus seen that £ has
a drastic effect in the initiation of reaction, but little effect on other characteristics
of the solution.

Next, the nondimensional kinetic rate constant, Z, is studied. From Dobratz and
Crawford (1985) it is determined that realistic values of Z range from a maximum
near the value for PBX 9501 and a minimum about ten orders of magnitude less.
Simulations were thus performed in which Z is decreased by five and ten orders of
magnitude from the unperturbed value. For each test, ¢}, is increased to 4.712, an
increase of only 0.2%. However, these simulations produced a significant difference in
the time to reach reaction. For the case where Z is five orders of magnitude less, the
nondimensional time to reaction is increased from 6.53 to 7.47, and for the case where
Z is 10 orders of magnitude less, the nondimensional time to reaction is increased to
8.91. For each case, the temperature at the center of the shear band after t* = 6.5 is
decreased by only 3.7% from the unperturbed value. The corresponding value of the
reaction progress variable, however, changes significantly. The values of the reaction
progress variable for the unperturbed, five and ten order of magnitude decreases in
Z are, respectively: 4.0 x 1073, 2.0 x 1078, and 2.0 x 10~1%. It is thus determined

that changes in Z do not significantly affect the material behavior prior to initiation,
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but have a significant effect in the time necessary to reach initiation. A summary of
the effect of the previous four parameters on the localization onset time and reaction

initiation time, t},,,,, is included in Figure 4.26.
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Figure 4.26: Summary of the effects of certain nondimensional param-
eters on the localization onset time and the reaction initiation time.
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CHAPTER 5

CONCLUSIONS

The results included herein first present constitutive behavior in the form of shear
stress-shear strain curves for a PBX cure cast simulant, a PBX pressed simulant, and
a melt cast simulant known as Filler-E. These simulants are used to approximate
the material properties of PBXN 109, PBX 9501, and tritonal, respectively. Results
from these tests revealed significant dependencies of the shear stress on shear strain
and shear strain rate, as compared with the corresponding dependencies of steels.
Observation of the failure surface of the various explosive simulants revealed evidence
of tearing, microvoid nucleation and growth, crack propagation and fragmentation.
The data from these tests can be used to calibrate various constitutive laws which
are used to input experimental data into analytical codes. The data from the PBX
cure cast and pressed simulants has been used to calibrate the following constitutive

law, proposed by Clifton, et al. (1984):

=1 (5.1)

which models shear stress by including the effects of strain and strain rate hardening
as well as thermal softening. The corresponding constitutive parameters for these

materials are found in Table 4.1.
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Experimental tests performed on S-7 tool steel in the condition in which it was
received, as well as after heat treating it to Rockwell C-51, show that heat treating can
have a drastic effect on the material properties of a specimen. By a comparison of ex-
perimental tests and numerical simulations on 1018 CRS and S-7 tool steel with results
from previous researchers, it is concluded that the numerical code accurately models
the deformation undergone by metal specimens in the torsional split-Hopkinson bar.

From numerical simulations on PBX 9501 without the effects of reaction, the three
stage localization process observed experimentally by Marchand and Duffy (1988)
was predicted, with the onset of localization predicted after a nominal shear strain of
4.63. In addition, the subsequent rise in temperature quickly exceeding the reaction
temperature of the material. When the effects of reaction were included, initiation of
reaction began after a nominal shear strain of 6.4. From simulations on PBXN-109
without the effects of reaction, it was determined that this material is not susceptible
to localization. With the inclusion of reaction effects, however, it was determined that
reaction could occur without localization. Due to a mere growth in the inhomogeneous
temperature field, reaction initiating after a nominal shear strain of 26.7.

Since localization is assumed to be followed by failure or initiation, numerical
results agreed with experimental results in predicting that PBX 9501 would fail at a
lower strain than PBXN-109. Experimentally, the corresponding simulants failed after
nominal shear strains of 0.2 and 1.5, respectively. In comparison of the experimental
and numerical values, however, it is seen that the experimental tests failed at signif-
icantly lower shear strains. This is not surprising, since experimental observations

indicated that failure could have occurred as a result of the combined mechanisms of

121



microvoid nucleation and growth, crack propagation and fragmentation. These mech-
anisms are not included in the current analytical study and hence it is not possible
for their results to be predicted.

It is, however, concluded that if these other mechanisms were suppressed, lo-
calization and/or initiation would occur in the tested materials. Chou et al. (1991)
stated that brittle materials become more ductile under the application of hydro-
static stresses. In addition, Frey (1981) concluded that explosives under compressive
stresses generate more heat when being deformed, hence decreasing the time necessary
for initiation to occur. Furthermore, Chou et al. concluded that localization becomes
significant in covered explosives. Finally, Dodd and Atkins (1983) and Osakada et
al. (1977) concluded that increased hydrostatic stresses tended to decrease microvoid
nucleation. The explosives in deep earth penetrators are contained and subject to an
unknown amount of hydrostatic stress. Deformation under these circumstances could
thus result in the suppression of failure mechanisms and hence increase the suscepti-
bility to localization and initiation. As a result, it is desired to perform future tests
under the application of hydrostatic stresses, in order to determine the subsequent
effect on localization and initiation.

An analysis of the nondimensional parameters in the model was also performed
in order to determine their influence on localization and initiation. It is concluded
that the Peclet number, Pe, the ratio of specific heats of the reacted and unreacted
material, ¢ and the nondimensional heat of reaction, Q, have little effect on the
results. Since the Pe parameter is primarily influenced by the thermal conductivity,

it is concluded that deformation in the tested energetic solids is essentially adiabatic.

122



This is an assumption commonly made by researchers in the tests of metals [Batra et
al., 1995], and since the thermal conductivity of the explosives tested is significantly
lower than that of steels, this result is not surprising. In addition, the effect of ¢ was
not expected to be dominant in the tested regime since its influence would become
significant following the initiation of reaction. This parameter, 0, like ¢, is thought
to reach significance following the initiation of reaction.

As with the previously mentioned constant, changes in the nondimensional kinetic
rate constant, Z, proved to have little effect on the onset of localization. These
changes did, however, significantly alter the time at which appreciable reaction began,
with decreases in Z causing a reduction in the rate of increase of the reaction progress
variable, A. This effect is also as expected since Z determines the speed by which a
reaction will progress.

It was then determined that the combination of the nondimensional stress con-
stant and the Eckert number, &@FEc, proved to significantly alter the results, with
increases in &Fc resulting in a decrease in the time necessary to reach localization.
This parameter is primarily affected by the strength of the material. Hence, stronger
materials are more susceptible to localization. Changes in the strain and strain rate
hardening parameters, 7, and p, respectively, also proved to be significant. Increases
in these parameters delayed localization, as expected. Interestingly, the effect of
realistic variations in the strain rate hardening exponent was found to be more sig-
nificant than the effect of the strain hardening exponent. This is in contrast with the
results reached by Clifton et al. (1984) and Wright and Batra (1985), who concluded

that the strain rate susceptibility plays little role on the critical strain at localiza-
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tion. However, this discrepancy could be explained by Chou et al., who stated that
PBX bonded explosives are particularly sensitive to strain rate effects. The thermal
softening parameter, v, also proved to be significant, with significant decreases in
its value resulting in the elimination of shear localization. Finally, increases in the
nondimensional activation energy, E, proved to significantly increase the susceptibil-
ity to initiation. This is also expected since E essentially determines the reaction
temperature.

It is thus concluded that the most important parameters in the study of shear
localization for a given material are the constitutive parameters and the activation
energy. In order to increase the mass, and hence momentum, of reactive devices,
studies are being performed at Eglin Air Force Base on an explosive unofficially
termed TUNG-5. This explosive uses tungsten as a binder for the explosive crystals.
Due to its high strength, it is concluded in this thesis that such a material would
be particularly susceptible to shear localization and hence reaction. This material
would have the material characteristics of a metal and the reactive characteristics of
an explosive. Since it is known that metals are particularly susceptible to localization,
and since this thesis has shown that localization is quickly proceeded by initiation,
significant precautions should be taken in the development of munitions containing
this material.

For future work, several ideas are presented which may obtain more accurate
results from the TSHB. First, the incident and transmission bars will be ground
straight. This will reduce any bending and axial pulses, as well as decrease inhomo-

geneous deformation in the specimen. It is also desired to develop a better method
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for aligning the bars. Currently, delrin bearings are used to support the bars. With
harder bearings, the bars can be restrained from bending motion; in addition, it will
be easier to determine proper alignment of the bars by observing the amount of re-
sistance when the bars are rotated by hand. Finally, since preliminary results with
new strain gages revealed up to 8% difference in transmitted strain, it is desired to
apply new strain gages to the bars. Finally, it is desired to calibrate the amplifiers in

order to determine a measure of their accuracy.
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APPENDIX A

This appendix determines the character of the model equations. First, using

Equations (3.1)-(3.12), the model equations are stated as follows:

6’00 0

Pwﬁ = 52 (wr) , (A.1)
pwlea(1- ) +es)] B = wr%’-’f - % (we) +pQ+ (ca—es) T1 2 , (A2)
a -, (A.3)
g—;‘ = Z(1-\exp (—%) ; (A4)
= QT (g—Z)“ , (A.5)
g = —k% : (A.6)
It is now necessary to state these equations into the following form:
A%Z’+Ba—z=é, (A7)

where A, B, and C are matrices, and 7 is the vector of unknowns. In order to state the
equations in this form, one must first perform a local linearization on the expression
(%})“. This is accomplished by means of a Taylor series expansion to the first order:

i WP T
(5;) =¥ 2 A+ (- %)

oy

2 (1-p) 75 +pis™
where 4, is the known solution at a given point. Equation (A.8) is then inserted into

Equation (A.5) and the model equations are written as follows:
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6119 0

w2 = (), (4.9)
pwleat=N+eal 0 = wr22 D (ug) 4 p1Q + (ca — ) T1 5, (A10)
g_’ty - %”zi, (A.11)

g—i _ Z(l—)\)exp(—%) , (A.12)

r = aryla-pEreseng) L a

e = —k%. (A.14)

This system is then written in the form of Equation (A.7) as follows:

r pw 0 0 0 00 11 Vg
0 pwlea(l—X)+cpl] 0 —p[@+(ca—cp)T}] 0 0 T
0 0 1 0 00 ~
0 0 0 1 0 0 A
0 0 ap T 4" 4°k=1) 0 0 0 wr
0 0 0 0 0 0 wq,

0 0 00 -1 0 Vg 0
-wr 0 0 0 0 1 T 0
1 0 00 0 0 " 0
+ = (A.15)
0 0 00 0 O A Z(1- X exp(—£)
0 0 00 0 O wT T—a T’ 41— u)(§°)*
0 -k 0 0 0 O i wq, q:
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Whitham (1974) shows that the characteristics of such systems are found from
the eigenvalues, (, of the characteristic determinant, ’A +¢ Bl = 0. For this system,

the determinant is stated below:

pw 0 0 0 -¢ 0

—Cwr  pwlca (1 —A) +cpl 0 —p@+(ca—cB)T] 0 ¢

—( 0 1 0 0 O

0 0 0 1 0 O

0 0 ap TY 7 vor-1) 0 0 O

0 —Ck 0 0 0 0
=—kapT’ 4" ¥¢N¢t=0. (A.16)

If all eigenvalues are real, the system is hyperbolic; if any eigenvalue is zero, the
system is parabolic; and if any eigenvalue is imaginary, the system is elliptic. From
Equation (A.16), it is easily seen that all the eigenvalues are zero, which is indicative

of a parabolic system.
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