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PREFACE

The full potential for research, science, mathematics, and engineering cannot be

reached without an understanding that they are not separate concepts. While an

engineer may be expected to be familiar with a single field, a scientist must be familiar

with any and all fields related to their work.

An experiment might not be understood without mathematics or analysis. This

idea applies to both the apparatus and the data measured during an experiment.

Isolation to either purely experimental or purely analytical (or numerical) approaches

will not result in a viable and sustainable solution. Isolated approaches often lead to

the development of specialized applications that are inflexible and rely on assumptions

that restrict the use to very specific cases.

A scientist must be willing to not only approach an unexplored problem, but also

to expand their knowledge to account for the unknown, whether previously published

in a different field, or wholly undiscovered. Denial of the need to understand other

topics and other fields will ultimately lead to lost opportunities and stagnation of

research.
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SYMBOLS

CB Bar wave speed (also longitudinal wave speed)

CS Shear wave speed

ε Normal strain

ε̇ Normal strain rate

E Young’s modulus

G Shear modulus

µ Shear modulus

σ Normal stress

τ Shear stress

γ Engineering shear strain

γ̇ Engineering shear strain Rate

RO Outer radius

RSO Specimen outer radius

RI Inner radius

RSI Specimen inner radius
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Two new Kolsky bar techniques were developed to address a lack of capability in

existing torsion Kolsky bar experiments. The side-impact torsion Kolsky bar provides

for controllable duration, amplitude, and shape of the incident torsion wave, allowing

for more ideal conditions during dynamic torsion experiments. The technique provides

an ideal platform to study dynamic friction as well as dynamic shear of a material.

The technique makes use of soft pulse shapers to convert longitudinal loading into

torsional loading. The technique also brought forth a secondary technique to allow

combined dynamic compression and dynamic torsion for soft materials. The combined

loading was applied to study both shear properties and the friction behavior of a

particle composite, which was imaged using x-ray phase contrast imaging. The same

composite was studied with different surface conditions on the side-impact torsion

Kolsky bar to discover the differences in behavior brought about by the choice of

manufacturing method. The composite showed different friction behavior to metallic

materials, and exhibited much more shear deformation during the experiment. The

composite was also prone to surface evolution, leading to complex friction behavior.
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1. INTRODUCTION

The Kolsky bar apparatus is an extremely flexible technique that has been used

to characterize material properties and material behavior under dynamic conditions

for nearly every type of material. Whether for stress-strain response at a given strain

rate, attenuation of impulses, or propagation of failure, the Kolsky bar apparatus has

been modified time and again to suit the needs of the study. Based upon the one

dimensional wave equation, stress waves within the elastic range of the bar material

may be used to not only load a specimen, but to also determine the response of the

specimen. The one dimensional nature of the experiment allows for useful quantities

such as stress, strain, strain rate, displacement, and force experienced by the specimen

to be determined solely from the stress state in the Kolsky bar apparatus.

This type of apparatus is a necessity not only for studying material properties,

but also for studying interfacial properties which are inherently dynamic. An inter-

face is formed between two bodies that are in contact. How these bodies behave

depends on the properties of the material of both bodies, which may be similar or

dissimilar. Furthermore, advanced materials such as composites contain components

that are different materials. These components are in contact and bound together,

thus forming interfaces. In these materials, it is not only the material properties of

the constituents, but also the interfacial properties that determine the bulk response

of the composite.

1.1 The Kolsky Bar Technique

The Kolsky bar, also known as the Split-Hopkinson bar, is an apparatus designed

to study the behavior of materials under dynamic conditions [1,2]. The premise of the

experiment is that a wave is generated under controlled conditions and propagates
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through an incident bar. After a period of time, the wave encounters the specimen at

the end of the bar. Under this condition, a portion of the wave transmitted through

the specimen and the remainder is reflected back into the incident bar. The portion of

the wave that is transmitted into the specimen then propagates through the specimen

and meets a transmission bar at the other end. Here, the same phenomenon occurs,

and a portion of the wave is transmitted into the transmission bar.

Relative to the wave speed of the material, the specimen is short, requiring only

several micro-seconds for a wave to traverse the length of the specimen. This means

the waves within the specimen interact with the incident wave to produce a specific

reflected waveform. Similarly in the transmission bar, the transmitted waveform is

specific to the specimen. These three quantities, the incident wave, the reflected

wave, and the transmitted wave are measured as a function of time and processed to

produce the stress-strain response of the specimen.

1.1.1 The (One Dimensional) Wave Equation

The Kolsky bar experiment is firmly tied to the one dimensional wave equation

(Equation 1.1). As opposed to higher dimensional theories with more degrees of

freedom, the one dimensional wave equation has only one degree of freedom, one

strain component, and one stress component. The application of this equation to

the Kolsky bar experiment has several implications and restrictions on the exact

method being employed. The most important restriction is that the waves within the

apparatus are non-dispersive, or that the waveforms do not change shape or amplitude

during propagation through a continuous section of material. In real materials, non-

dispersive waves are non-trivial to generate, with the Kolsky bar being one of the

simplest methods.

By requiring non-dispersive waves, the geometry of the apparatus itself becomes

limited. Large diameter Kolsky bars tend to suffer from dispersion due to Poisson

expansion and contraction at the outer surface of the bars. Furthermore, the length
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of the striker is recommended to be no shorter than three times the bar diameter (as

a rule of thumb).

The one dimensional wave equation relies on an assumption that drastically sim-

plifies the constitutive equations. This assumption also results in the requirement that

the measured waves be non-dispersive. For a linearly elastic material, the constitutive

equation is simply a product of a matrix of stiffnesses and a vector of strains. Being

one dimensional, the constitutive relation for this form of the wave equation has only

one stiffness value, one strain value, and is dependent only upon the displacement (u)

and the longitudinal wave speed (CB).

∂2u

∂t2
= C2

B

∂2u

∂x2
(1.1)

The simplification of the constitutive relation has profound consequences for the

behavior of a wave propagating through a one dimensional wave guide. Here, both

wave speed relations in the frequency domain (phase speed and group speed) have

identical values and are independent of frequency. In other words the waves described

by the one dimensional wave equation are non-dispersive. Furthermore, with a simple

solution, the waves within a real bar are easily described and processed using simple

relations between stress and particle velocity, all thanks to the one dimensional wave

equation.

The basic relation between stress and velocity is derived from simple manipulation

of the wave equation and conversion into discrete quantities. Using the relationship

between wave speed (CB), stiffness (E), and density (ρ), the strain gradient (ε,x)

may be converted into a stress gradient (σ,x) (Equation 1.2). Considering the partial

derivatives as discrete quantities provides a basic stress-velocity relationship that

describes how a wave is generated within a one dimensional wave guide (Equation

1.3). Although this provides an approximation of the amplitude of a compression

(or tension) wave as a function of the particle velocity, the shape and duration of the

wave cannot be determined without contact laws and detailed geometric descriptions.
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ρ
∂u̇

∂t
= ρC2

B

∂2u

∂x2
= ρ

E

ρ

∂2u

∂x2
= E

∂ε

∂x
=
∂σ

∂x
(1.2)

ρ
∆u̇

∆t
=

∆σ

∆x
→ ∆σ ≈ ρ

∆x

∆t
∆u̇ ≈ ρCB∆u̇ (1.3)

The interaction of a wave with an interface can be described using force equilibrium

principles and the impedance of the materials involved. For an incident stress wave

(σI), the reflected (σR) and transmitted (σT ) stress waves (Equations 1.5 and 1.6) are

determined using the impedance ratio (r) between the materials (Equation 1.4), which

is the ratio of density (ρ), wave guide area (A), and wave speed (C). These equations

clearly show that for a free end, the impedance ratio is near zero, and the wave will

be fully reflected, with the stress amplitude changing sign. Following Equation 1.3,

the change in direction accompanied by a change in sign of the stress wave means the

particle velocity remains in the same direction. However, for an infinite impedance

ratio, representing a fixed boundary, the particle velocity will reflect, producing a

stress with the same sign. In this case, the particle velocity changes sign, meaning

the bar is now traveling in the opposite direction. This is the principal behind the

single loading device discussed in Section 1.1.4.

r =
ρTATCT
ρIAICI

(1.4)

σR = σI ·
r − 1

r + 1
(1.5)

σT = σI ·
AI
AT
· 2r

r + 1
(1.6)

The Kolsky bar experiment itself does not require the previous equations, but

the following data reduction process relies on observations from the equations. For

a specimen between the incident and transmission bars, Equations 1.5 and 1.6 still

hold. Thus, from the measured incident, reflected, and transmitted waves, the particle
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velocities of the ends of the incident bar (u̇1) and transmission bar (u̇2) may be found

using Equation 1.3. The strain rate of the specimen (ε̇S) is then determined by the

relative particle velocities of the bars and the length of the specimen (LS, Equation

1.7).

ε̇S =
u̇2 − u̇1
LS

=
u̇T − u̇I + u̇R

LS
= CB ·

εT − εI + εR
LS

(1.7)

The stress within the specimen (σS) is related to the transmitted wave through

the ratio of areas between specimen (AS) and transmission bar (AT , Equation 1.8).

Lastly, the strain in the specimen (εS) is determined through time integration of the

strain rate (Equation 1.9).

σS = σT ·
AT
AS

(1.8)

εS =

∫ t

0

ε̇S(τ) dτ (1.9)

1.1.2 Compression

The most common type of Kolsky bar is the compression Kolsky bar which funda-

mentally consists of three components: a striker, an incident bar, and a transmission

bar (Figure 1.1). There are many methods for launching the striker into the incident

bar, with the gas gun being a common approach. Compression Kolsky bar experi-

ments have an incident wave that is in compression, a reflected wave that is in tension,

and a transmission wave that also in compression. The total particle velocity of the

incident bar where the sample is located is higher than the particle velocity of the

transmission bar where the sample is located. The result is that the sample is under

a net state of compression. Real materials experience Poisson expansion, which may

place certain regions in tension. However, assumptions that reduce the complexity of
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Incident Bar Transmission Bar

StrikerBarrel Trap BarSpecimen

Figure 1.1. Simplified schematic of a gas-gun operated compression Kolsky bar.

processing experimental data prevent these states from being actively measured and

studied.

The geometry of a compression specimen is simplistic, but has a restriction. Stan-

dards for material testing often require an aspect ratio greater than one, which pro-

vides a large region for measuring Poisson expansion and reduces the effect of stress

concentrations from the ends. For Kolsky bar experiments, the length of the speci-

men directly influences the strain rate. Furthermore, the length of the specimen also

directly influences the particle velocity of the incident and transmission bars. Log-

ically, if the specimen were long enough, the time delay resulting from propagation

of the wave across the specimen would cause the transmitted waveform to be out

of sync with the incident and reflected waveforms. This concept is referred to as

“dynamic equilibrium”, where the particle velocity of the incident and transmission

bars must be nearly equal. In the case of a long specimen, the particle velocities on

each side of the specimen would not be indicative of the velocity gradient with the

specimen. Rather, there would likely be a wavefront somewhere within the specimen.

The result is a false determination of the strain rate. Similarly for an incorrect in-

cident waveform, certain components of the wave may be absorbed or attentuated

by the specimen. Such is the case for brittle materials, where the specimen will fail

without reaching a constant strain rate when loaded with anything but a triangular

waveform [2].
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Soft materials require special treatment, as Poisson’s ratio is typically a large value

near the isotropic maximum of one half (an exception to this is foam-like materials

which may have a Poisson’s ratio of zero). Soft materials also tend to have a low wave

speed, meaning even the shortest of specimens may not reach dynamic equilibrium.

Since the stress state in a real material with low stiffness is inherently not uniaxial

and cannot be measured, the excess stress must be relieved. An annular shaped

specimen is the typical solution to this problem with soft materials, which relieves

radial stresses in the center of the specimen and hoop stresses near the outer edge of

the specimen, both of which are generated by Poisson expansion [2, 3].

Compression experiments are by far the simplest to perform. The specimens are

often cylindrical and short in length, and easy shape to manufacture. The appara-

tus requires minor alignment, and does not require special fixtures to maintain the

specimen’s position.

1.1.3 Tension

The tension Kolsky bar is nearly the exact opposite of the compression variant.

The tension apparatus also has a striker, incident bar, and transmission bar (Figure

1.2). However, the striker may vary significantly from the compression variant. The

common approach to generating a tensile wave within a bar is by impacting a flange

with a tube. Another means is by firing a cylindrical striker inside of a hollow incident

bar, but this method poses other challenges that are not entirely relevant to the

function of a tension Kolsky bar.

Tension Kolsky bar experiments are often regarded as the most difficult of the

Kolsky bar experiments, as attaching a specimen to the bars is not trivial. Stiff

materials tend to break adhesive bonds due to strain incompatibility, strong materials

have no adhesive equivalent in terms of bonding strength, and grips disrupt the

waveforms. Needless to say, proper design of the apparatus will yield successful

experiments. There are thousands of types of adhesives, only one of which is required
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Flange Barrel Transmission Bar

StrikerTrap Bar SpecimenIncident Bar

Figure 1.2. Simplified schematic of a gas-gun operated tension Kolsky bar.
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for a successful experiment, this requires experimentation. Grips can be designed

to have similar impedance to the bars, which means virtually all materials may be

tested in the tensile mode. The exception, of course, is for very soft materials which

will neither bond to adhesive nor stay within a grip when under strain. In this

regard, torsion Kolsky bar experiments suffer from the same ailments when attaching

a specimen to the bars.

1.1.4 Modified Kolsky Bars

The usefulness of the Kolsky bar apparatus has led to many developments to

improve the effectiveness and usefulness of the experiment. An easy modification to

make is to extend the length of the bars to prevent overlap of the waveforms. Unless

cyclical loading is desired, techniques have been developed to stop loading of the

specimen and to also prevent overlap of the waveforms.

While the length of the incident bar is fixed in relation to the maximum duration

of loading as set by the maximum desired striker length, the transmission bar may

be relatively short when coupled with a trap bar. This is possible because when the

wave reaches the end of the transmission bar, the entirety of the wave is transmitted

into the trap bar. Once at the other end of the trap bar, the wave is reflected into a

stress of opposite sign, but the particle velocity remains in the same direction. Thus,

the trap bar will separate from the transmission bar after the wave passes through.

For tensile experiments, the trap bar is located at the striking end of the incident

bar [2].

With a trap bar, the transmitted wave may be removed from the specimen, but the

wave within the incident bar is still propagating. This wave may be either trapped

with another trap bar, which is often impractical, or the particle velocity may be

rectified into a particular direction. This technique is referred to as “dynamic recov-

ery” and is achieved with a “single loading device”. The single loading device has

many purposes, the primary of which is to allow the specimen to be loaded only once.



29

However, the technique allows for tailoring the unloading of the specimen as well as

controlling the duration of loading [4].

For a specimen with relatively low impedance as compared to the apparatus, the

transmission bar may be removed entirely. This is a result of the fact that such a small

portion of the incident wave is transmitted through the specimen that the particle

velocity is immeasurable. Following with an assumption that the transmission side

of the sample is fixed (i.e. the particle velocity is zero), the transmitted wave may be

measured with a load cell. This modification significantly reduces the length of the

Kolsky bar apparatus for facilities with limited space such as the Advanced Photon

Source at Argonne National Laboratory [5].

1.1.5 Pulse Shaping

Despite state of the art practices, straight-on impact of two materials, even with

perfectly parallel surfaces will generate non-dispersive waves. The dispersion is a

result of wave propagation in real materials, where the speed at which any given

frequency component of a waveform propagates is different. Thus, for bars made of

stiff materials, the primary waveform contains frequency components at the lower end

of the spectrum, but also contains high frequency components related to the stiffness

of the material(s) [2].

Furthermore, achieving a constant strain rate as well as a state of dynamic equi-

librium is non-trivial. However, these conditions may be met with the use of a pulse

shaper. Unfortunately, not only is every material different, but most materials change

behavior when the strain rate is changed [2,6]. For low impedance materials, a simple

rectangular waveform is sufficient to produce a constant strain rate. The condition

for dynamic equilibrium is inherently met with the use of a modified Kolsky bar, but

must be double checked to prevent faulty conclusions.

For stiffer materials, the pulse shaper must provide the correct amount of elastic

and plastic deformation to match the materials transmitted waveform. Some materi-
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als require rectangular waveforms, some triangular, and others bi-linear. For elastic

materials, the shape is determined by the response of the material, whereas brittle

materials always require some form of triangular or bi-linear incident waveform.

Since controlling the loading conditions is desirable for developing new material

models and validating numerical models, pulse shaping is all but required for Kolsky

bar experiments. Furthermore, pulse shaping for tension and compression experi-

ments is commonplace, but is nearly non-existent for the classical torsion Kolsky

bars [7].

1.1.6 Imaging Techniques

New technology and the desire to understand how materials behave under dynamic

conditions has led to the development and use of high speed imaging techniques. One

rule of thumb is that as the sample gets smaller (or the magnification gets larger),

the frame rate must increase proportionally. For moderately sized Kolsky bars (those

with a diameter on the order of 20 mm or more), the required frame rate even for

brittle materials does not exceed a few million frames per second. However, for smaller

Kolsky bars, where the specimen is small, the frame rate must exceed the ratio of the

event’s speed to the specimen length. In other words, small samples may require frame

rates in excess of two million frames per second. Examples are crack propagation and

wave front tracking. On the other hand, bulk properties tend to occur on a longer

time scale, only requiring up to a million frames per second. Phenomena that require

this time scale include bulk motion, interfacial behavior, and rigid body motion (after

a fracture event).

Conventional imaging makes use of a visible light source, whether from the front

or back. For opaque materials, only surface detail may be examined. Thus, if a crack

or other feature were to form internally, there is no way to observe the phenomenon.

The Advanced Photon Source at Argonne National Laboratory provides a solution

to viewing the inside of a specimen during dynamic loading. By generating x-rays,



31

which penetrate through the specimen, and converting those x-rays to visible light, the

events that were otherwise hidden from view are now observable. The application of

this imaging technique allows visualization of crack formation, wave propagation, and

average interface motion. X-ray imaging can be tailored to form images or to study

diffraction patterns in crystalline materials experiencing dynamic loading [5, 8–18].

1.2 Torsion Kolsky Bar Techniques

Torsion Kolsky bars differ greatly from the compression and tension variants.

Although torsional loading involves rotation, the wave motion is still considered uni-

axial. That is, the strain quantities exist along a single axis that is shared with the

rotational quantities. Conventional torsion Kolsky bars also do not have a striker,

and typically only have incident and transmission bars.

1.2.1 The Wave Equation in Shear

Unlike the wave equation for linear quantities (linear as in the quantities exist is

Euclidean space), the wave equation in shear deals with rotational quantities (as in

polar space, Equation 1.10). Similar to the one dimensional wave equation for linear

quantities, torsional waves are non-dispersive. However, unlike real compression and

tension waves, real torsion waves are also regarded as non-dispersive, where high and

low frequency components of the bar rotation (θ) travel at the shear wave speed

(CS) [19].

∂2θ

∂t2
= C2

S

∂2θ

∂x2
(1.10)

The process of converting experimental measurements into meaningful quantities

is identical to that for compression and tension experiments, except with a torque

relation rather than a force relation. However, torsion experiments are more sensitive
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to specimen geometry, as the shear stress and strain vary from zero at the center to

the maximum at the outer radius of the specimen.

More details on data reduction of torsion Kolsky bar experiments are provided in

Section 2.1.1.

1.2.2 Shear

One use for a torsion Kolsky bar is to study the shear properties of a material.

These experiments require a single specimen to be fixed to the apparatus on both

sides. The experiment is then performed and the data processed in the same fashion

as compression and tension Kolsky bar experiments, where the transmitted wave

represents the response of the specimen, and the incident and reflected waves represent

the shear strain rate of the specimen.

1.2.3 Friction

The rotational nature of torsion Kolsky bars makes the apparatus favorable to

studying friction as well. The duration of sliding is controlled by the total angle of

rotation of the bar, which is in turn controlled by the duration and amplitude of the

torsional wave. Compression may be applied to the specimen by either quasi-static

or dynamic means to produce a desired stress state.

1.2.4 Compression-Shear

Friction inherently involves combined stress states (normal and shear) that may

influence material behavior. Furthermore, real materials experience combined stress

states in real applications. Thus, studying the effects of combined compression and

torsion is of great interest, particularly for soft and/or volatile materials. Although

a compression Kolsky bar may be modified to impart a static torsional stress, tor-

sion Kolsky bars are better suited to providing either static or dynamic compressive
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loading in combination with the dynamic shear loading. Adding this extra variable

inherently complicates the experimental technique, but nonetheless provides more

insight into the behavior of a material.

1.2.5 Pulse Shaping

Pulse shaping of conventional torsion Kolsky bars is virtually non-existent, and

only used in a few cases for generating nominally rectangular waveforms [7, 20]. The

rotational nature of the apparatus leaves little room for interfaces that would provide

enough deformation of a pulse shaper to be useful. However, there is at least one

technique that allows for pulse shaping torsional waveforms. This technique involves

interrupting the wave guide with a tube [7]. Just like for the compression and tension

Kolsky bars, the tube should provide a suitable amount of elastic and plastic defor-

mation to appropriately shape the torsional wave. However, this technique does not

work well with all forms of the torsion Kolsky bar, meaning many torsion experiments

go without pulse shaping.

1.2.6 Types of Torsion Kolsky Bars

The Kolsky bar experiment, in any form, is highly flexible and may be modified to

solve many problems. Specifically for the torsion variant, there are many possible ways

to generate dynamic torsional loading. Some techniques depend upon quasi-static

deformation or rigid body motion, while others utilize other dynamic phenomena

such as longitudinal wave propagation or combustion of volatile materials to generate

the torsional wave.

Stored-Torque

The stored-torque torsion Kolsky bar is perhaps the most fundamental of all of

the torsion Kolsky bar variants, as only an incident and transmission bar are required
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Figure 1.3. Simplified schematic of a stored-torque Kolsky bar. This apparatus relies
on the quick release of a pre-torqued section of bar to generate a torsional wave.

[19–26]. This type of torsion Kolsky bar relies on a clamp to prevent the incident

bar from rotating while a portion of the bar is being pre-loaded (Figure 1.3). Once

the clamp is released, the torqued section releases the strain in the form of a torsion

wave. The length of the pre-torqued section of bar directly determines the duration

of torsional loading. Also, the amplitude of loading is determined by the amount of

torque stored within the bar.

This method does not allow for fine control over the shape of the torsional wave.

Different clamping methods may produce different rise times, but the wave form will

be rectangular in nature unless the bar is physically shaped to produce a tailored

waveform.

Eccentric Force

In mechanical systems, torque is often generated using one or more eccentric

forces. The same is possible for dynamic experiments such as the torsion Kolsky bar,

but loading must have a relatively fast onset in order to produce a sufficient rise time

to elevate the strain rate within the specimen. An early approach to using eccentric

forces made use of energetic materials and two tabs extending from the torsion bar

(Figure 1.4a) [7]. Although the approach was capable of generating rectangular tor-

sional waves with very fast rise times, timing the impact of reaction gases against the
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(a) Simplified schematic of axisymmetric
tabs that allow the detonation of explo-
sives to generate a torsional wave.

Impact
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(b) Simplified schematic of an eccentric
tab that allows an external force (or
stress wave) to generate a torsional wave.

Figure 1.4. Two styles of creating a torsion wave using eccentric forces.

two tabs proved to be difficult. The technique also made use of a special component

to change the shape of the torsion wave before reaching the specimen.

A more mechanical approach to using an eccentric force to generate the torsional

wave is to simply impact a striker against a tab affixed to the torsion bar (Figure

1.4b) [27,28]. While acceleration of a striker in contact with the tab will not produce

a sufficiently fast rise time, impact of an in-flight striker will. This is the premise

of the side-impact torsion Kolsky bar, which originates from a desktop prototype

experiment meant for studying the shear behavior of soft materials [27].

Mixed Stress States

Studying single mode loading is sufficient for many engineering material models.

Furthermore, many material models do not include the effects of strain rate. However,
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Figure 1.5. Simplified schematic of a modified compression Kolsky bar in which the
transmission bar is spun at a desired angular velocity to induce dynamic torsion
within a specimen during impact.

specialized applications often require knowledge of a material’s behavior with a mixed

stress state. For quasi-static experiments, mixed stress states are relatively simple.

However, for dynamic experiments, where the time scales are short and the velocities

may be large, studying the behavior of a material is non-trivial. The primary problem

is related to how waves propagate, which is longitudinal waves and shear waves do

not propagate at the same speed in common engineering materials. This means that

for a given wave guide and a compression and shear wave generated at the same time,

the compression wave will arrive at the destination first.

To circumvent the difference in shear wave speed, the compression Kolsky bar

may be modified to deliver torsional loading in a different manner. While the exper-

iment will run like a typical compression Kolsky bar experiment, the torsional wave

operates in the opposite direction. This technique makes use of a transmission bar

that is rotating at a pre-determined angular velocity (Figure 1.5) [29]. When the

compression wave reaches the specimen, the specimen is pushed against the end of

the rotating transmission bar, thus imparting angular momentum to the specimen.

The transmission bar is in essence the torsion incident bar, and the incident bar is

the torsion transmission bar.

An experimental technique involving a marriage of a compression Kolsky bar and

a stored-torque Kolsky bar was developed to overcome this problem. The technique is

particularly well suited for the study of friction under dually dynamic stress states [30].
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Figure 1.6. Simplified schematic of a modified Kolsky bar where one end is impacted
with a striker to generate a longitudinal wave and the other end is pre-torque to
generate a torsional wave. Timing between the impact and release events is critical.

This apparatus consisted of a torsion incident bar and a compression incident bar,

where the two incident bars later serve as the transmission bars for the opposing stress

waves (Figure 1.6). This technique also introduced flexural waves into the system,

for which a simple solution was devised: the flexural waves could be damped using a

thin acrylic sleeve. The primary shortcoming of this technique is related to how the

torsion wave was initiated. The compression wave was monitored by an oscilloscope,

once the amplitude reached a predefined value, the oscilloscope trigger the release

of the torsion wave by discharging a capacitor through foil that retained the stored

torque. The foil however may not always release at the same time, where micro-

second accuracy is needed, but so long as the system is consistent, the arrival times

of the two types of waves would be withing ten micro-seconds.

The shortcomings of the two previous techniques provide an avenue for improve-

ment to the concept of combined compression-torsion loading. Instead of using a

rotating transmission bar to impart torque to the specimen, the compression loading

itself may be used [16]. This technique relies on mechanical conversion of a portion

of the incident compression wave, meaning the compression loading experienced by

the specimen may be lower than expected (Figure 1.7). However, this technique is

also not without shortcomings, as the amount of torque generated depends upon the

specimen. For example, friction experiments will not see much torque, as the speci-
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Figure 1.7. Simplified schematic of a modified compression Kolsky bar where simulta-
neous dynamic compression and dynamic torsion are applied to the specimen through
a torque adapter.

men will experience more rotation because the interface is not fixed. The opposite is

true for shear experiments, where the specimen will resist rotation.

1.3 Other Forms of Dynamic Shear Loading

Dynamic experiments involving shear are not limited to torsion Kolsky bar ex-

periments. In fact, shear properties may also be studied using either a compression

or tension Kolsky bar. These experiments include punch-out and pull-out experi-

ments [31,32], force fit experiments [33–35], and inclined plane experiments [36–40].

1.3.1 Punch-Out

Punch out experiments place a region of a specimen into pure shear. The goal of

this type of experiment is to determine the shear strength, as opposed to the shear

properties of a material [31,32]. This type of experiment makes use of a compression

Kolsky bar, which is capable of delivering very high stresses with little need for

fixtures (Figure 1.8). The waveforms measured from the incident bar and transmission

bar then provide an detailed picture of the shear failure processes under dynamic

conditions.
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Incident Bar Transmission Tube

StrikerBarrel Specimen

Figure 1.8. Simplified schematic of a modified compression Kolsky bar where a portion
of the specimen is punched into the transmission tube to measure the dynamic shear
strength of a material [31,32].
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Incident Bar Transmission Tube

StrikerBarrel Force Fit Specimen

Figure 1.9. Simplified schematic of a modified compression Kolsky bar where the
specimen is force fit into a fixture that applies a pre-determined amount a compres-
sion. The specimen is then pushed by the incident bar to induce a state of sliding for
which interfacial properties may be measured [33,34].

1.3.2 Force Fit Friction

A common technique that uses a minimum of space an makes use of the ever

flexible tension and compression Kolsky bar apparatus is a force-fit friction experi-

ment [33–35]. Essentially, the specimen is either pushed or pulled through an opening

that has been sized to apply a predetermined compressive force to the specimen (Fig-

ures 1.9 and 1.10). The shear stresses in this type of experiment are measured as

compressive or tensile stresses in the transmission bar. The amount of compression

on the friction interface is not directly measurable within the tension or compression

apparatus and depends upon addition sensors. One approach is to use a dynamometer

ring, which measures hoop stresses induced by variations in compressive stress ap-

plied to the friction interface [33]. Piezo-electric films such as PVDF (polyvinylidene

difluoride) may also be used to measure the stresses applied to each of the individual

components [35]. Of course, analytical methods may also be used to determine the

stresses based upon a predetermined force fit [34].

The advantage of the compression and tension techniques over torsion techniques

relates to material behavior. Torsion techniques will work well with isotropic and

transversely isotropic materials. However, the radial nature of the specimen in tor-

sion experiments places the same requirement on the material properties. That is,

if a material that is more anisotropic than a transversely isotropic material is to be
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Flange Barrel Transmission Bar

StrikerTrap Bar Force Fit SpecimenIncident Bar

Figure 1.10. Simplified schematic of a modified tension Kolsky bar where the specimen
is force fit into a fixture that applies a pre-determined amount a compression. The
specimen is then pulled by the incident bar to induce a state of sliding for which
interfacial properties may be measured [35].
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studied, the torsion experiment will mask direction dependent behavior. Whereas the

tension and compression types of experiments will allow friction and shear to be stud-

ied in a single specific material direction. However, interaction between the fixtures

and the waves may partially mask the specimen’s true response for these compression

and tension experiments, requiring extra care when analyzing experimental data.

1.3.3 Inclined Compression

The usefulness of inclined planes has extended into the Kolsky bar experiment

as well. These experiments may be symmetric or non-symmetric, both with their

advantages and disadvantages. The non-symmetric experiments involve a specimen

with two inclined planes. The inclined planes are facing each other such that applied

compression will result in transverse shearing of the specimen. The specimen may be

a single piece of material (Figures 1.11a, 1.11b, and 1.11c) or a fixture that contains

the material inside (Figures 1.11d and 1.11e) [36, 37, 40]. This type of experiment

produces transverse forces as a result of the inclined planes, a fact that may or may

not be compatible with conventional Kolsky bar concepts, as the specimen experiences

a significant amount of rotation.

Keeping the specimen aligned is more important for friction experiments than for

shear experiments. Reversing the inclined planes to form a wedge is one solution

(Figure 1.12) [38,39]. This type of Kolsky bar experiment thus has two transmission

bars, each with a separate specimen. This technique is compatible with both friction

and shear experiments.

Regardless of the type of technique, shear waves do not propagate as nicely as

longitudinal waves, as the shear waves tend to induce flexural waves which are highly

dispersive. As a result, these experiments depend upon transducers to measure the

transverse loading experienced by the specimen, as the shear waves do not propagate

very far even in an ideal waveguide.
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(a) Compression-shear specimen [36,
37].

(b) Round cross-
section [36].

(c) Flat cross-section
[37].

(d) Confined specimen [40]. (e) Confined cross-
section [40].

Figure 1.11. Specimen geometries that induce compression and shear via inclined
places [36, 37,40].

Incident Bar

Transmission Bars

StrikerBarrel

Incident Bar

Specimen & Transducers

Figure 1.12. Simplified schematic of a modified compression Kolsky bar where the
incident bar end is cut with two inclined planes. Each direction has an accompanying
transmission bar to measure combined compression and shear loading [38,39].



44

1.4 Requirements for More Detailed Material Testing

There are some basic considerations and concepts related to the Kolsky bar exper-

iment and the uses for data obtained from the experiment. These include the type of

data being measured and analyzed, the true (as opposed to assumed) state of stress

of the specimen, the micro-structure of the specimen material, and how the specimen

is loaded.

1.4.1 Is It Strain Rate or Velocity Gradient?

The one dimensional data reduction method for Kolsky bar experiments relies on

a discrete derivative across the length of the specimen to determine the strain rate.

From a continuum mechanics or an elasticity point of view, these quantities are iden-

tical for the linear modes of deformation (linear as in Euclidean space). Furthermore,

real materials are often characterized in terms of engineering stress and strain; and

here, the strain rate is also the engineering strain rate.

Many material models make use of the strain rate as a parameter, but the distinc-

tion between engineering strain rate and true strain rate is not made apparent. For

lower strain rates, the two are nearly indistinguishable, but for higher strain rates,

the two may differ drastically [41]. This fact means a material model that is intended

to cover a large range of strain rates must make the distinction between the engineer-

ing strain rate and true strain in order to be accurate, as the experiment may need

modification to account for one or the other.

1.4.2 State of Stress

Real materials are rarely exposed to simple states of stress. Whether friction or

compression-shear of a uniform specimen with parallel surfaces or interaction between

multiple stressed bodies, the real stress state in a specimen may not have an analytical

solution [11,13–16]. Composite materials also experience complicated states of stress,
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even if the macro-scale stress state is simple [17, 18]. These situations require some

form of analysis (typically numerical) to make heads or tails of experimental data.

The evolution of high speed imaging has also played a major role in discovering and

observing these stress states and their corresponding deformation fields [5, 8].

1.4.3 Micro-Structure

The micro-structure of material may have a profound effect on the material re-

sponse and may also place a lower limit on the size of a specimen. This can be a

point of contention for Kolsky bar experiments, which often require a small specimen

with an aspect ratio less than one (i.e. the specimen length is less than the diameter

of the bar). In these cases, the behavior may become more anisotropic, where an

axis-aligned strain in the specimen produces an off-axis stress state. In the case of

brittle materials, the internal stress state may be strongly influenced by the ends of

the specimen [11,13–15]. Conventions for material testing typically require specimens

for these materials to have an aspect ratio of at least two, creating a source of conflict

for the Kolsky bar experiments [42].

Another case for the study of micro-structure is in high performance fibers. These

fibers are drawn to such an extent that the ultimate tensile strength exceeds that of

even the strongest metals and ceramics. However, their small size and non-metallic

nature makes studying the micro-structure difficult. Furthermore, these fibers are

often utilized in composite materials, making them a part of the micro-structure

of another material, where interfacial properties become important [17, 18]. These

fibers, though part of the micro-structure of a macro-material, also have their own

micro-structure. The scale of high performance fibers, often with a diameter less than

ten microns, places the scale of relevant micro-structure on the order of nano-meters,

leading to different behavior: polymeric fibers tend to show fibrillation, whereas glass

fibers experience brittle fracture [43]. Furthermore, understanding how the micro-
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structure degrades is also important, particularly for ballistic applications, where the

material may change due to mechanical and environmental effects [44].

1.4.4 Pulse Shaping

Pulse shaping of the incident wave, whether compression, tension, or torsion, has

been shown to be necessary in order to ensure that the specimen is in a uniform

state of loading [2, 6, 28]. Without pulse shaping, the particle velocity on either

end of the specimen may not match, and wave propagation within the specimen

will result in a non-uniform stress state across the length of the specimen. Thus, the

measured material response will only be a portion of the real response of the material,

a potentially large problem for size dependent materials.

1.4.5 Overall Strain

The overall strain of a specimen may be determined with respect to two different

variables. The first is strain rate, where an integral with respect to time will produce

the strain. However, strain rate is not typically a quantity that can be measured.

For dynamic experiments, particularly Kolsky bar experiments, the particle velocity

(which may be used to determine strain rate), is more suitable. Since the Kolsky

bar experiment deals explicitly in particle velocity, the axial deformation may be

determined as a function of time based on quantities measured from the incident

and transmission bars. Thus, there are three important variables to consider when

striving to reach a target strain during a Kolsky bar experiment: loading duration,

loading amplitude, and the length of the specimen.

The length of the specimen and the amplitude of loading are relatively simple

to change. However, the duration may not be so trivial. A longer loading duration

requires a proportionally longer striker. Similarly, in order to avoid overlap of the

incident and reflected wave measurements, the incident bar must be sufficiently long to

prevent this overlap. Lastly, the trap bar must also be at least the same length as the
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striker, otherwise a portion of the wave may become trapped within the transmission

bar, potentially causing problems if the specimen must be recovered for observation

after the experiment. Ultimately, larger strains for a given strain rate require a longer

Kolsky bar.

Supposing the apparatus cannot be extended because of limitations on space,

the specimen geometry must change with a corresponding change in impact velocity.

However, some materials exhibit size dependence, where the response of the material

becomes more dependent on individual micro-structural components as the specimen

becomes smaller. These effects are especially important for brittle materials such as

concrete and drawn materials such as high performance fibers [2, 42,45].

1.4.6 Resolution of Measurements

Some materials and phenomena occur at such small stress levels that the wave

within the transmission bar is not readily measurable. In these cases the transmission

bar may be altered without disrupting the function as a wave guide. For compression

and tension experiments, a solid bar may be replaced with a tube; and for torsion

experiments, the diameter of the bar need only be reduced [46]. For a sufficiently small

specimen, the transmitted particle velocity may be assumed to be zero. Thus, the

transmission bar would not move at all, and may be replaced with a transducer. Both

of these techniques serve to naturally amplify the data obtained from the experiment

and reduce the signal to noise ratio.

1.4.7 Modes of Loading

Most materials and their properties become known to the scientific community

through quasi-static experiments. These experiments are largely single mode experi-

ments, with the material experiencing a single state of stress (either axial or shear).

The extent of analytical material models stops with the quasi-static experiments.

However, all materials are intrinsically strain rate dependent, the most sensitive of
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which typically require iterative or numerical methods to predict the material’s state

for a given form of loading. These types of models depend on data obtain from

dynamic experiments such as the Kolsky bar experiment.

Kolsky bar experiments are however limited to single modes of loading without

major modification. The types are compression, tension, and torsion. Although,

the Kolsky bar experiment is extremely flexible, allowing for virtually any type of

experiment that involves elastic wave propagation. These experiments include mixed

mode loading (axial and shear loading) if the apparatus is constructed from isotropic

materials, as the axial and shear terms are independent.

The dynamic nature of the Kolsky bar experiment also presents some challenges

with regard to mixed mode loading. The main challenge is timing, with the wave

speeds in common metals are on the order of several thousand meters per second.

Thus, not only do events occur within micro-seconds of generating a wave, but events

involving different modes will occur at different times for any set of waves generated

at the same instance in time. This temporal separation of events is a result of the

fact that not all waves propagate at the same speed. Even within a single-mode

waveform, the various components will propagate at different speeds. However, the

largest difference in wave speed, and the most important for mixed-mode Kolsky bar

experiments, is the difference between axial and shear wave speeds. For these types

of experiments, the wave generating events either must occur at the same instance

in time, but separated by an appropriate distance; or must be generated at different

instances in time. This type of experiment is non-trivial, but not impossible.

1.4.8 Interaction with Other Materials

The interaction between different materials is also an important matter to in-

vestigate. A common interpretation of the interaction between materials relates to

friction, but this also applies to composite materials, strain compatibility, and to

applications that attempt to tailor failure modes to produce a specific response.
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Regardless, the interaction between different materials inherently involves mixed

stress states. Although the experiment may not be required to supply mixed mode

loading, the response of the specimen may in fact be mixed mode. Such is the

case with friction experiments, but also with soft materials, composites that involve

anisotropic materials, and even interaction of the specimen with the experimental

apparatus [10,16,17,28].

1.5 Introduction to Friction

Friction is a simple concept to understand and many examples exist in every day

life. The term is also widely used to explain losses in a system that would otherwise

be unexplained. While it is true that friction may be directly responsible for some

losses in a system, the term is often used to generalize other concepts in order to

explain something unknown that was not given any attention. In general, friction is

dependent on nearly every variable ranging from stress state, total strain, strain rate,

relative velocity (which is not directly proportional to strain rate), surface quality,

temperature, lubrication, total wear, and obviously, material.

1.5.1 Surface Description

An interface between two bodies inherently involves two surfaces. The means

through which the material of each body interacts is dependent upon the quality of

the surfaces. Surface quality, or surface roughness, describes the presence, size, and

frequency of asperities [47]. In layman’s terms, asperities form peaks and valleys

on a surface, it is these peaks and valleys that interact, interlock, and result in

friction. This mechanical explanation for friction is not the only explanation, atomic

scale interactions such as Coulomb and Van der Waals forces also play an important

role in the friction behavior of a material. The mechanical explanation however, is

more applicable when dissimilar materials are involved. Whether the materials are

compliant or stiff, or elastic or brittle will highly influence the amount of friction
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at the interface. Lastly, the degree to which the surface evolves over the course of

friction loading also contributes to the total response.

1.5.2 Compliant Materials

Compliant materials, also referred to as soft materials, tend to be more “sticky”

than stiff materials. The stickiness is explained by a higher amount of friction that is

a result of how the material deforms. Mechanically, compliant materials are capable

of filling spaces between and forming around asperities [48–51]. The local stresses

around the asperities may be sufficient to retain the deformed shape at the inter-

face, producing the appearance of adhesion to a surface. This however, is a static

explanation, where there is no sliding velocity.

In a dynamic case, where the soft material is sliding across a surface, the material

will deform and relax depending on the local surface conditions. This propensity

to deform will reduce the local sliding velocity until the deformation exceeds what

can be maintained by the friction with the interface. At this point the soft material

will release from the surface and relax, only to start the process again. This stick-

slip behavior may also occur at the global level, where the entire specimen exhibits

periodic variations in sliding velocity and interfacial stress levels [47,52,53].

1.5.3 Stiff Materials

Stiff materials, in contrast to compliant materials, are not capable of actively filling

between or forming around asperities. Rather, the asperities across the two surfaces

may engage mechanically and provide temporary resistance until the asperities are

permanently deformed. In addition, some of the asperities may break free of the

surface and become debris within the interface which also influences the how the

friction behavior evolves [47].
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1.5.4 Elastic-Plastic Materials

Elastic-plastic materials behave somewhat similarly to elastic materials in that

the material will return intact to a strain relieved state that will resemble the origi-

nal. However, an interface that experiences plastic deformation will be permanently

deformed. Some materials will appear to have a smoother surface texture, as the

asperities have been deformed and crushed into the neighboring voids. Other mate-

rials will experience galling, which is the creation of large asperities which prevent

even surface contact and cause stress concentrations which result in further surface

evolution. Prolonged deformation may also result in the separation of these large

asperities which results in further deformation of the surfaces at the interface [47].

1.5.5 Brittle Materials

Brittle materials behave somewhat differently than elastic and elastic-plastic ma-

terials. The primary difference is that when material failure occurs, portions of the

materials separate from the main body. At an interface experiencing friction loading,

these portions become debris within the interface which may contribute to further

surface evolution or act to preserve the surfaces in their current state [47].

1.6 Introduction to Particle Composites

Particle composites are materials that are made up of one or more type of particle

and a binding material. Some examples of particle composites are concrete, which is

a mixture of one or more types of aggregate bound together with cement; asphalt,

which also may contain multiple types of aggregate bound together with bitumen; and

polymer bonded energetic materials, which are some form of volatile crystal bound

together with polymer.

Each of these materials may be classified as either high-volume fraction or low-

volume fraction composites, for which the distinction is typically made based on
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their engineering use and composition. The reason for this is that classical theories

do not handle the odd geometries encountered in real materials [54, 55]. Rather,

classical theories are typically limited to spherical (or elliptical) and linearly elastic

aggregates [56–58]. However, the theories themselves may be applied using iterative

methods which do permit non-spherical geometry and non-linear materials [55,59,60].

The application of these theories is typically not so clear, as many numerical meth-

ods are capable of providing an appropriate solution using the governing equations

of elasticity if the geometric solution is also appropriate. For example, methods that

make use of simplified geometry will produce an accurate solution if certain geometric

parameters are in order; other methods that make use of realistic geometries do not

require additional parameters. Ultimately, each numerical method may be classified

into one of these two categories, the first of which is essentially a curve fit, while

the has the potential to provide realistic predictions for not-yet-existing materials.

However, fully detailed numerical models with correct material properties and crystal

orientations are not trivial to create or solve [61–63]. Rather, popular methods such

as the finite element method have benefited from the inclusion of classical theories

such as Eshelby’s inclusion theory, the Mori-Tanaka method, and the Generalized

Self-Consistent Model [61].

1.6.1 Difficulties of Particle Composites

The primary difficulty with particle composites is related to the shear number of

interfaces between the individual particles and binder material. To further complicate

matters, the particles are usually small enough to be composed of only a single grain:

i.e. the particle is a single crystal that is not isotropic. Although the bulk response

of the composite may be isotropic due to the random orientation of the aggregate,

the local interactions between the aggregate and binder are not isotropic. Thus, the

stress state at any given point in the composite may vary drastically from that of the

macroscopic specimen.
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Particle composites are also difficult to manufacture in a consistent manner. Al-

though the distribution of particle sizes may be similar between batches, the physical

distribution of particles may not be. Furthermore, the particles may be too small

to break the surface tension of the binder material, resulting in pockets of aggregate

that are not held together with binder. These materials require aggressive mixing

with large shear stresses that may also break down the size distribution of particles

in order for all of the particles to be bound by the binder.

Another difficulty related to the manufacture of particle composites is caused by

the particular manufacturing method. A specimen that is produced using subtractive

processes will have surfaces with the same properties as the bulk material. However,

a specimen that is cast will have surface properties that are more similar to the bulk

properties of the binder material. This is caused by capillary action between the

aggregate and the walls of the mold, resulting in excess binder material on the outer

surfaces of the composite specimen [28].

1.6.2 Relationship to Energetic Materials

The most common form of energetic material is a particle composite. These

composites are composed of a crystalline aggregate (that is extremely volatile) and

an inert binder. The binder often supplements the chemical reaction to produce a

desired effect, but is primarily used to contain and protect the aggregate. These

materials are called polymer bonded explosives, their inert counter parts are often

called polymer bonded simulants. The term simulant refers to the fact that the inert

form of the composite does not have the potential for a violent chemical reaction, yet

the material behavior is similar to that of the volatile composite.

Energetic materials are typically rated in terms of volatility on a go, no-go basis.

These tests are open-ended as the results depend only upon whether there were signs

of chemical reaction [64]. Although, there is the possibility to take measurements
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involving thermal, stress, and strain state of a sample of material, this is typically

not performed.

There are a variety of tests that simulate real world scenarios that have led to

accidental reactions and personal injury in the past. These include a drop-weight

test, to simulate an object being dropped on an energetic material; a puncture test,

to simulate the perforation of an energetic material or a warhead; a friction test, to

gage sensitivity to shear loading; and many others [64].

An important test is the friction test, which exposes an energetic material to

not only rubbing, but also shear. Friction has been proven to be a leading cause of

hot-spot formation within energetic materials [65–69]. A hot spot is a region with

elevated temperature, whether caused by mechanical loading, thermal loading, or

minor chemical reaction. For energetic materials, there is a threshold (that is yet

unknown), where the material will experience a cascading reaction as a result of a

hot spot. The relevance to friction is that the go-no-go friction test does not address

the state of the material.

An important factor for particle composites is how they are produced, specifically

for composites that are cast using a liquid binder that later cures into a solid. Since

these materials typically have a high volume fraction of aggregate, a cast component

will be composed mostly of the aggregate. Near the walls of the mold, the aggregate

produces strong capillary effects, drawing the liquid binder toward the surfaces of

the part. This effect results in surfaces that are composed mostly of the binder. In

contrast, a part that is mechanically processed (i.e. machined, formed, or pressed),

will have surfaces with more aggregate and a composition identical to the bulk com-

position.

The differences between these two manufacturing methods may have a drastic

effect. One may hypothesize that the extra binder on the surfaces of a cast part will

protect the underlying volatile components. Yet, knowing that friction and shear are

the leading causes for hot spot formation, one may expect that the cast part will

experience more hot spot formation than the mechanically processed part. Thus,
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understanding friction alone is not sufficient, and a more detailed analysis of surface

conditions is necessary.
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2. MATERIALS & METHODS

In order to address the many shortcomings of state of the art torsion Kolsky bars,

advances from the compression and tension variants were applied to the torsional

concept. A desirable Kolsky bar apparatus has the following traits: adjustable loading

duration, controllable waveform, and adjustable wave amplitude. The conventional

torsion variants only provide for adjustable duration and amplitude. The development

of a new technique was necessary in order to control the waveform in a more detailed

manner.

During the development of the torsion pulse-shaping capabilities, the study of

torsional interfaces also became a necessity. This study produced a concept that

had the potential to allow for simultaneous compression-torsion loading, providing a

means to study materials in dually dynamic states of compression and torsion.

2.1 Side-Impact Torsion Kolsky Bar

The side-impact torsion Kolsky bar is a marriage between modern compression

Kolsky bar technology and the torsion Kolsky bar. The design of the apparatus

allows not only for control of the duration and amplitude of the incident torsional

wave, but also of the shape of the wave. Furthermore, the duration of the torsion

wave is determined by the single loading device located on the loading bar. Unlike

stored-torque torsion Kolsky bars which require a long length of pre-torqued bar as

the source of the wave, a much longer torsion wave may be generated by the loading

bar as the impedance ratio between the tab and the loading bar does not reduce the

motion of the loading bar by a significant amount.

The side-impact torsion Kolsky bar has five waveguides: the striker, the loading

bar, the impact mechanism, the incident bar, and the transmission bar (Figure 2.1).
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a) Impact Mechanism

b) Sample Section

c) Actuator

Transmission Bar Incident Bar
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Loading BarAlignment
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Specimen
Adapter

Figure 2.1. An overview of the side impact torsion Kolsky bar. a) The incident bar is
impacted by the loading bar through a tab. b) The sample section is adapted for ma-
terials that exhibit small coefficients of friction. c) The system is compressed axially
using an actuator through an alignment stage to prevent unintentional bending.

Details of the function and properties of the components are discussed in detail in

Section 3.1.

The striker is launched using a low pressure gas gun with a recoil dampener. The

dampener prevents the striker from impacting the loading bar multiple times. The

loading bar is a bar of nearly equal length to the striker. On one end, the loading

bar is flanged, and on the other, the bar has a cylindrical face which provides a line

contact with a tab. The tab is a permanent feature of a component referred to as the

impact mechanism, which is produced from a single piece of material to reduce the

total number of interfaces within the system. The impact mechanism is supported

on both sides of the tab by sleeve bearings which limit the lateral motion and thus

reduce the propensity for the generation and propagation of flexural waves. The

impact mechanism is mated to the torsion incident bar through a key-slot joint. The

key-slot design is simplistic and can be easily produced with tight tolerances, which

improves overall waveform quality.
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The incident bar and transmission bar are simple round cross-section bars. For

experiments with relatively high transmitted wave amplitudes, the transmission bar

may be the same diameter as the incident bar. However, for low amplitude trans-

mitted waves, the transmission bar must have reduced inertia to that of the incident

bar. For example: the primary variable related to inertia in compression and tension

Kolsky bar experiments is the cross-section area. Reducing the area increases the

amplitude of the stress and also of the overall measurement. The most stable method

to accomplish this is to use a hollow bar (or tube), as decreasing the diameter may

lead to buckling of the bar. For torsion, the primary variable related to inertia is

the polar moment of inertia. using a hollow bar in this case would not significantly

decrease the moment of inertia. Rather, the diameter must decreased.

Just as in compression experiments, decreasing the diameter has implications

related to buckling, particularly during friction experiments that require an axial load.

Furthermore, the specimen must be mated in such a manner that the stress may flow

from the larger incident bar, through the specimen, and into the transmission bar.

One way to accomplish this is with an adapter mated to the transmission bar with

another key-slot interface.

For experiments that require axial compression (friction experiments or compression-

shear experiments), the apparatus may be outfitted with an actuator. Since the tor-

sion generating mechanism is not axially aligned with the incident and transmission

bars, axial compression may be applied without worry of influencing how the torsion

wave is generated. For these types of experiments, the bar must be outfitted with

a thrust bearing to support the impact mechanism and prevent axial motion of the

entire torsion apparatus. Furthermore, to prevent from inducing flexural stresses, the

force of the actuator should be applied through alignment apparatus which contains

another thrust bearing that allows the transmission bar to rotate.
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2.1.1 Data Reduction

Data obtained from torsion Kolsky bar experiments may be in processed several

ways with the two most important factors being shear and friction. Shear experiments

required determination of stress and strain within the specimen, whereas friction ex-

periments require determination of the sliding velocity and interfacial stresses. The

general process between these two experiments is identical except for how the speci-

men is treated. Furthermore, the nature of torsion experiments also places restrictions

on specimen geometry, a factor which should be considered when developing material

models.

General Approach

The process of reducing experimentally obtained measurements depends upon

the geometry of the apparatus and of the specimen. This process assumes that the

incident and transmission bars are homogeneous, have a circular cross section, and

share the same density (ρ) and shear modulus (G). However, the transmission bar

may be required to have a different radius than the incident bar. Thus, the radius of

the transmission bar is RT and the radius of the incident bar is RI .

The incident shear stress (τI), reflected shear stress (τR), and transmitted shear

stress (τT ), are obtained from the respective measured shear strains (Figure 2.2).

The individual quantities are extracted from time-based measurements using the one

dimensional wave equation. With known bar lengths, the ratio with the wave speed

provides time offsets for each of the waves.

With these quantities in place, the angular velocity induced by each of the mea-

sured waveforms is simply related through the shear wave speed (CS) and the mea-

sured strain (or stress) of each of the waves. These angular velocities are then used

to determine quantities within the specimen such as shear strain rate and sliding

velocity (Equations 2.1, 2.2, and 2.3).
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Figure 2.2. Example of incident, reflected, and transmitted waveforms from a side-
impact torsion Kolsky bar experiment. The signals are extracted from an oscilloscope
trace at times specified by the one dimensional wave equation.
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L

Figure 2.3. The specimen is annular in shape in order to obtain well defined shear
quantities on the cross section. Reproduced with permission from [28]. Copyright
(2015) Experimental Mechanics.

θ̇I =
γI
RI

CS =
τI
RI

CS
G

(2.1)

θ̇R =
γR
RR

CS =
τR
RR

CS
G

(2.2)

θ̇T =
γT
RT

CS =
τT
RT

CS
G

(2.3)

However, before converting to these measured quantities to quantities that rep-

resent the specimen, the geometry of the specimen must be known. Typically, right

circular cylinders are not acceptable for torsion experiments. Rather, an annulus

is required in order for the quantities to have a well defined relationship with the

measurements (Figure 2.3). An annulus is essentially a disc, except with the center

portion removed such that the average quantities across the specimen surfaces do not

deviate drastically from the minimum and maximum. The average quantities are de-

fined at the average radius (RA). Rather than using the outer radius of the specimen

(RSO), all of the equations for a disc should simply make use of the average radius.

The relationships between the average radius and average values are more complex

than a simple substitution of variables. For an analytical representation of a system,

the stress, strain, and velocity are field variables. For a real system, the real values are
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also field variables, but limitations associated with taking measurements means the

values are scalar (but still a function of time). In other words, the integrals become

independent of the measured quantity and produce a simple relation for the average

radius (RA, Equation 2.4), where the outer radius (RO) and the inner radius (RI)

define the annulus in Figure 2.3. However, it is a coincidence that this equation may

be used directly with the other equations that depend on the radial ordinate. For a

generalized field, these integrals will not necessarily produce this solution.

RA =
2

3

R2
O +RORI +R2

I

RO +RI

(2.4)

For a given quantity that is linearly dependent upon the radial ordinate (r, Equa-

tion 2.5), the error between quantities at the null (zero), minimum (RI), maximum

(RO), average (RA), or arbitrary (R) ordinate can be determined (Equation 2.6).

This relationship is also linear, meaning that the inner and outer radii of the annulus

must be within the same percent of error that is tolerable for the measured quantities.

However, this is not practical, as some studies require a bulk of material, or make use

of a pre-defined contact area.

F (r) = r ·G(γ, τ, θ̇) (2.5)

E(r, R) = (R− r) ·G(γ, τ, θ̇) (2.6)

Shear Experiments

Similar to compression and tension experiments, shear (torsion) experiments make

use of the relative incident and transmission bar velocities. For the torsion bar,

these velocities are angular in nature, and are converted to shear strain rate. The

transmitted waveform is then used to determine the shear stress within the specimen.

These quantities describe the stress-strain response of the specimen in shear.
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The general equation for the shear strain rate of a specimen (γS) with length

LS experiencing torsion illustrates the necessity of an annular specimen point quite

well, where the radial ordinate (rS) within the specimen is present. Here, the shear

strain rate varies from zero at the center to a maximum at the outer radius (RS,

Equation 2.7); the same of which is true for all quantities that may be calculated for

the specimen.

γ̇S =
rS
LS

(θ̇I − θ̇R − θ̇T ) (2.7)

γ̇S =
1

LS

∫ RSO

RSI

rS(θ̇I − θ̇R − θ̇T )drS∫ RSO

RSI

rSdrS

=
2

3

R2
SO +RSORSI +R2

SI

RSO +RSI

1

LS
(θ̇I − θ̇R − θ̇T )

(2.8)

The average strain of the specimen (γS) is then determined through a time integral

of the shear strain rate (Equation 2.9). Supposing that Equation 2.8 was used to

determine the shear strain rate, both the shear strain and the shear strain rate are

then defined on the mean radius (Equation 2.4). The minimum and maximum values

of the these quantities can be determined using Equation 2.7, but this is not required.

γS =

∫ t

0

γ̇S(τ) dτ (2.9)

The average shear stress in the specimen can be determined solely from the trans-

mitted waveform. The process follows the same approach as the compression and

tension Kolsky bar data reduction, except with shear quantities. First, the measured

quantity must be converted into torque (TT , Equation 2.10), which then must be in-

tegrated over the cross section and converted to stress to determine the average shear

stress (τS) on the specimen (Equation 2.11).
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TT =
πR4τT

2r
(2.10)

τS =

∫ RSO

RSI

2TT r
2
s

π(R4
SO −R4

SI)
drS∫ RSO

RSI

rSdrS

=
2

3

R2
O +RORI +R2

I

RO +RI

R4
O

(R4
SO −R4

SI)
τT (2.11)

Friction Experiments

Unlike shear experiments, friction experiments make use of the relative angular

velocity between the incident and transmission torsion bars to determine the sliding

velocity at the interface between the two halves of the specimen (also called a tribo-

pair). Friction experiments conducted on a torsion Kolsky bar are required to be

annular in shape. This is a direct result of the relationship between sliding velocity

and angular velocity. Since the friction coefficient is known to be dependent upon

sliding velocity, it is important that this quantity be well defined. Thus a cylindrical

specimen, with sliding velocity varying from zero at the center, is not fit for this type

of experiment.

Similar to the shear experiment, the transmitted waveform represents the amount

of shear supported by the interface. However, this quantity does not have an accom-

panying shear strain rate or shear strain. Rather, the opposing quantity is the sliding

velocity, which is related to the relative angular velocity between the incident and

transmission bar. The equations for a disc (Equation 2.12) and annulus (Equation

2.13) are provided for comparison. The sliding velocity is similar to the shear strain

rate in that the quantity is defined by the relative angular velocity.

vS = rS · (θ̇I − θ̇R − θ̇T ) (2.12)
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vS =

∫ RSO

RSI

rS(θ̇I − θ̇R − θ̇T )drS∫ RSO

RSI

rSdrS

=
2

3

R2
SO +RSORSI +R2

SI

RSO +RSI

(θ̇I − θ̇R − θ̇T )

(2.13)

The friction experiment would not be complete without a friction law. Friction

laws may be a function of many variables, such as compressive stress, shear stress,

sliding velocity, material properties, surface quality, material strength, and environ-

ment. While a complex friction law may be used to aid data reduction and determine

the stress state in a material, a more simplistic approach is of benefit to unstudied

materials. The most basic friction law is the Coulomb friction law (Equation 2.14),

which relates the friction coefficient (µ) to the current state of compression (σ or FN)

and shear (τ or FS), whether represented as forces (FN and FS) or stresses (σ and τ).

µ =
τ

σ
=
FS
FN

(2.14)

Although the stress state supported by the interface is known, the state of the

components of the specimen (i.e. the tribo-pair), are not. Supposing the material

properties are known, the strain in the specimen may be determined in an open-ended

fashion. This is a result of the definition of sliding velocity, which describes all relative

angular motion between the incident and transmission bars. For stiff materials, a

significant amount of torque is required to produce noticeable shear deformation.

However, for soft materials, a small amount of torque may produce a large amount

of shear deformation. Suppose that the materials at the interface never truly slide,

then the experiment is essentially a shear stress-strain experiment. Unfortunately, the

data reduction process assumes there is sliding, and the sliding velocity will reflect

this assumption, and produce a non-zero quantity. This issue is discussed more in

Chapter 4.
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2.1.2 Specimen Geometry

In torsion, the stresses (or strains) vary from zero at the center to the maximum

value at the surface of the specimen. Thus whether the experiment is intended to

study shear or friction, the transmitted wave will be influenced by the average state

across the entire cross section of the specimen. For a specimen that is disk shaped, the

measured quantities may have large variations from the measured values depending

on the location within the specimen.

To rectify this issue, the cross sectional area of the specimen may be reduced in

a manner that provides a minimal variation from the mean. In other words, the

specimen must be annular (or ring shaped, Figure 2.3)). By removing the center

section of the specimen, the areas with less deformation (or stress) will not influence

the measurements. Thus, the measured values will more closely reflect the true state

of the specimen.

Using an annular specimen is more important for non-linear materials and friction

experiments, where the behavior of the material may vary drastically with variables

such as strain rate, velocity, and total strain.

Specific information on specimen geometry is discussed in Section 2.3.

2.2 Combined Compression-Torsion Kolsky Bar

The combined compression-torsion Kolsky bar is in essence a compression Kolsky

bar with a modified bar end to generate torsional stress within the specimen. While

the experimental technique described here is meant for soft materials with low am-

plitude responses, the approach may be applied on a larger scale for materials that

respond with a higher amplitude with some modifications. However, this technique

was developed for use at the Advanced Photon Source at Argonne National Labo-

ratory, where space is at a premium and conventional Kolsky bars simply do not fit

within the alloted space.
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The current approach is based on a modified compression Kolsky bar with an

assumption that the materials in question are sufficiently small and with low stiffness

that any transmitted response will be immeasurable. For this assumption, the trans-

mission bar is replaced with a set of static transducers. For materials that do not

satisfy this assumption, a transmission bar should be used. In either case, the experi-

ment follows the same process. Initially, an incident compression wave approaches the

sample, upon interaction with a torque adapter, a portion of the compression wave

is converted to torsion (Figure 2.4). The specimen’s response is then transmitted to

the sensing apparatus (whether transmission bar or force transducers). This response

will be a stress state involving both compression and shear components. Regardless

of whether a set of force transducers are used or a transmission bar is employed,

the two waves (compression and shear) travel at different speeds, meaning even the

length of the force transducers will introduce a slight delay. Depending on the dis-

tance to the sensing components this delay may be on the order of one micro-second

or one hundred micro-seconds. For previous techniques, this difference in wave speed

posed a serious problem when attempting to load a specimen simultaneously with

compression and shear waves.

Unlike previous techniques, the incident wave is only a compression wave, meaning

there is no shear wave that must arrive at the same time. However, the response of the

specimen not only influences the reflected wave, but also generates a torsional wave

within the incident bar. For materials with a low amplitude response, this quantity

will be nearly immeasurable, but for stronger responses, this torsional wave describes

specimen rotation near the incident bar. This technique also has a limitation, where

the torque adapter must be in an opened position in order for any torque to be

generated (Figure 2.5). In the closed position, the torque adapter will transmit all

compression, and will not induce any torque in the specimen.
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Bar Adapter

Specimen Adapter

Inclined Planes

Figure 2.4. Assembly of torque adapter with specimen and incident bar. Adapted
with permission from [16]. Copyright (2017) Experimental Mechanics.

(a) Closed. (b) Opened.

Figure 2.5. The torque adapter in the (a) closed position and (b) opened position. The
adapter does not produce torque in the closed position. Reproduced with permission
from [16]. Copyright (2017) Experimental Mechanics.
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2.2.1 X-Ray Phase Contrast Imaging

The Advanced Photon Source at Argonne National Laboratory places many re-

strictions on an experimental apparatus due to the use of high energy x-rays. Each

sector of the the facility has their own beam line equipment and a small hutch in

which the x-rays are confined. The x-ray beam is typically on the order of one square

millimeter, meaning an entire specimen cannot be observed during a single experi-

ment. These restrictions mean the Kolsky bar apparatus must be remotely operated,

remotely positioned, and small in scale.

X-Ray Facility

The Advanced Photon Source consists of a linear acceleration, electron storage

ring, and thirty five beam lines, each with several experimental facilities. An individ-

ual experiment will make use of a hutch which is typically only a few hundred square

feet. For hutch B in sector thirty-two, the actual space for an experiment is smaller,

and must either fit on a small optical table, or within a three foot wide by ten foot

long area. As with all of the beam lines, the x-ray source and beam line equipment

are provided. The primary mode of operation used was the standard top-up operation

mode which consists of twenty four singlets.

The general setup for phase contrast imaging makes use of a scintillator, which

converts x-rays into visible light (Figure 2.6). The visible light is then reflected into a

high speed camera. Integration of any dynamic experiment with the system requires

accurate timing and remote operation in order view the events under investigation.

Remote Apparatus

Space limitations within the hutch require the Kolsky bar apparatus to be self

contained and miniature in scale. The apparatus contains all power and control

systems, and only needs to be supplemented by the appropriate data acquisition
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equipment (Figures 2.7 and 2.8). The limited size of the x-ray beam means the

specimen must be small, and an assumption was made that the impedance ratio

between the specimen and bar materials is sufficiently small that the load may be

measured with a transducer.

The size of the x-ray beam is on the order of one millimeter. The apparatus is

composed of three mobile components: the table, which only needs to be positioned

to within a few centimeters; the stands, which are manually positionable; and the top

plate, which may be remotely positioned to within ten microns in directions transverse

to the x-ray beam. The apparatus is capable of performing experiments for either

phase contrast imaging, diffraction, or both. Positioning of the apparatus and the

stands allow steep angles up to sixty degrees to the x-ray beam.

The general procedure for preparing an experiment is to load the specimen, pre-

pare the Kolsky bar for firing, and seal the hutch. Once the hutch is sealed, the

operations are fully remote. The x-ray shutter may be opened and the intensity tai-

lored to suit the material of the specimen through a series of tests, during which

the position of the specimen may be adjusted. Ensuring that the x-rays, high speed

camera, and dynamic loading are time synced is a fairly complicated process.

The remote apparatus is modular in that the top plate may be replaced with

another. This allows the entire system to be host to multiple other experiments. The

primary use is for compression and tension Kolsky bar experiments, but another top

plate, with a compression-torsion Kolsky bar was substituted to perform friction and

shear experiments on particle composites (Figure 2.9).

X-Ray Integration

The Kolsky bar apparatus is integrated with the beam line in two fashions: by

position, and in time. Positioning is a relatively simple process that may be ac-

complished manually in large steps, or remotely in precise steps. Controlling timing

between each of the systems is not so simple. The beam line and the Kolsky bar
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Figure 2.7. Left side of the remotely operated Kolsky bar system.
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Figure 2.9. Comparison of modular top plates with different Kolsky bar experiments.
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Figure 2.10. Sequence of events for a fast system, where the transit time of the striker
is shorter than the opening time of the slow shutter.

apparatus contain two key components that define how the system operates and the

quality of imaging: the gas gun, and the slow shutter.

The slow shutter at the sector thirty-two beam line is capable of opening or clos-

ing within sixty milli-seconds, this value is relatively fixed, and is expected to be

consistent in order for the beam line to function. The gas gun for a small Kolsky bar

is capable of firing the striker within one hundred milli-seconds, but the exact time

depends on the firing pressure and cleanliness of the barrel. An average time must

be calibrated for each nominal firing pressure, as small changes in pressure will result

in small changes in striker velocity, and hence small changes in the timing (Figures

2.10 and 2.11).

To compensate for inconsistencies in gas gun operation, the slow shutter is moved

to the open position a few milli-seconds before impact of the striker with the incident

bar, and remains open for a few milli-seconds after impact. Once the data acquisition

system is triggered by passage of the incident wave, the camera and fast shutters are

activated with a time delay corresponding to the time of arrival at the specimen. This

setup requires multiple delay generators to produce a successful imaging experiment,

but once the parameters are known, the start time of the high speed camera may be

fine tuned to view any point within an event.
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Figure 2.11. Sequence of events for a slow system, where the transit time of the striker
is longer than the opening time of the slow shutter.
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Figure 2.12. Projection of the circular bar cross-section onto the inclined plane at
angle θ. The coordinate system is polar (r,z,φ), with the z axis aligned with the
bar axis. Reproduced with permission from [16]. Copyright (2017) Experimental
Mechanics.

2.2.2 Data Reduction

Processing data from a combined compression-torsion experiment is fairly straight

forward. Although, the motion of the entire system is coupled, including the torque

adapter, the data reduction process is mostly decoupled. This process is also based

upon the assumption that the specimen has such low mechanical impedance, that the

force and torque must be measured using transducers, as the particle velocity on the

transmitted side is nearly zero.

For the data reduction process to be valid, two conditions must be satisfied: the

torque adapter must not be closed (Figure 2.5b), and the two parts of the torque

adapter must remain in contact. Supposing the two parts remain in contact, the

point of contact follows an elliptical profile (Figure 2.12). The contact condition can

be all but guaranteed if a specimen is present and provides resistance to the loading.

However, an initial gap between the two parts or between the specimen and the

transducers will produce erroneous results.

The elliptical profile (Equation 2.15 and Figure 2.12) can be described by the

angle of opening (φ) and the angle of inclination (θ), where the bar radius (RB) is
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relevant only for the absolute path. The data reduction process requires the tangent

vector (Equation 2.16) in normalized form (Equation 2.17).

~p = RB


1

cos(φ) cos(θ)

φ

 (2.15)

~pt = RB


0

− sin(φ) cos(θ)

1

 (2.16)

~pt =
1√

1 + sin2(φ) cos2(θ)


0

− sin(φ) cos(θ)

1

 (2.17)

The opening angle is related to the contact point by the half angle. That is,

since both parts of the adapter are inclined, the contact point lies at the average

ordinate of the two, which is precisely half of the opening angle. Thus, through

a trigonometric identity (Equation 2.18), the tangent direction can be modified to

provide the transmitted components of compression and shear as a function of the

opening angle (Equation 2.19).

sin(
π

2
− φ0

2
) = cos(

φ0

2
) (2.18)

~pt =
1

|~t |


0

− cos
(
φ0
2

)
cos(θ)

1

 (2.19)

Two important quantities are measured by transducers: the axial force (FS) on the

specimen, and the torque (TS) on the specimen. These quantities describe the axial

stress (σS) and the shear stress (τS) of the specimen (Equations 2.20 and 2.21). As-

suming the specimen is an annulus, the shear stress may defined at the average radius
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(Equation 2.22). For friction experiments, the friction coefficient may be calculated

using the Coulomb friction law (Equation 2.23).

σS =
FS
AS

(2.20)

τS =
TS · rS
JS

(2.21)

τS =
2

3

(R2
SO +RSORSI +R2

SI)

(RSO +RSI)

TS
JS

(2.22)

µ =
τS
σS

(2.23)

The remaining quantities: angular velocity of the adapter (φ̇A), the axial strain

rate (ε̇), the shear strain rate (γ̇), and the sliding velocity (vST ) depend upon the

transmitted axial velocity (vAA, Equation 2.24) and the transmitted transverse ve-

locity (vAT , Equation 2.25) as determined with the bar end velocity (vBE) and the

tangent direction (Equation 2.19). The angular velocity of the adapter (Equation

2.26), not only provides a means to track the opening angle of the adapter, but also

allows for the other quantities to be determined using the correct tangent direction.

These quantities are influenced by the specific opening angle, but the variation of the

components is accounted for in the data reduction process through determination of

the current opening angle (Figure 2.13).

vAA =
vBE · cos

(
φ0
2

)
cos(θ)√

1 + cos2
(
φ0
2

)
cos2(θ)

(2.24)

vAT =
vBE√

1 + cos2
(
φ0
2

)
cos2(θ)

(2.25)

φ̇A =
vAT
RB

(2.26)
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Figure 2.13. The components of the tangent vector change with opening angle for
an inclination of 45 degrees. The variation of the components is small, even for
moderate changes in angle. Reproduced with permission from [16]. Copyright (2017)
Experimental Mechanics.

For shear stress-strain experiments, the axial strain rate is determined by the

transmitted axial velocity (Equation 2.27), and the shear strain rate is determined by

the transmitted transverse velocity (Equation 2.28). These provide two sets of stress-

strain curves, one for axial and one for shear. Likewise for friction experiments, the

axial strain rate is determined by the transmitted axial velocity (Equation 2.27), and

the sliding velocity is determined by the transmitted transverse velocity (Equation

2.29). These provide and axial stress-strain curve and a friction coefficient-sliding

velocity curve.

ε̇ =
vAA
LS

(2.27)

γ̇ =
vAT
LS

(2.28)

vST =
2

3

(R2
SO +RSORSI +R2

SI)

(RSO +RSI)
vAT (2.29)
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2.2.3 Specimen Geometry

There are two limitations that affect the specimen’s geometry for the combined

compression-torsion Kolsky bar. The first is related to torsion and friction, where the

specimen should be annular in shape. The second is that the impedance presented

by the specimen must agree with the assumption that allows for the use of force

transducers instead of a transmission bar. Both of these limitations result in the

same geometry: the specimen must be annular in shape (Figure 2.3).

The restriction on geometry is also a benefit, particularly for experiments involving

x-ray phase contrast imaging. Since an annular specimen has less material for the

x-rays to penetrate, the images are less obfuscated and internal details are more clear.

Specific information on specimen geometry can be found in Section 2.3.

2.3 Specimen Preparation

Friction experiments on the side-impact torsion Kolsky bar were performed on

three types of interfaces: metal on metal, metal on cast composite, and metal on

machined composite. For the combined compression-torsion experiments, the com-

posite was studied in shear and with friction against a metallic surface. The general

sample preparation process involves creating a uniform surface on each specimen that

is consistent across all of the experiments. For composites, the exact conditions of the

surface is not directly under control, but the flatness and smoothness can be improved

through mechanical means.

2.3.1 Metallic Materials

Two types of metal were used in the friction studies. The first pair was aluminum

6061 against aluminum 7075-T6, for which the friction between similar materials was

studied to establish validity of the side-impact torsion Kolsky bar technique. The

second is 1008 steel, used with the the particle composite. Regardless of material,
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Table 2.1. Annular shim dimensions and tolerances.

Aluminum Steel
Outer Diameter 25.400 mm (1.000 in) 25.400 mm (1.000 in)
O.D. Tolerance ± 0.051 mm (± 0.002 in) ± 0.051 mm (± 0.002 in)
Inner Diameter 15.875 mm (0.625 in) 15.875 mm (0.625 in)
I.D. Tolerance + 0.279 mm (+ 0.011 in) + 0.279 mm (+ 0.011 in)
Thickness 3.175 mm (0.125 in) 3.175 mm (0.125 in)
Thickness Tolerance ± 0.178 mm (± 0.007 in) ± 0.076 mm (± 0.003 in)

each metallic specimen went through the same general preparation process to produce

a desired surface finish.

The raw materials were acquired as thick annular shims, referred to as washers in

the industry. These washers are precision ground as a plate before being punched into

their annular shape. The washers are manufactured in standard sizes that are also

used in the manufacture of the round bar used in the construction of the Kolsky bar

apparatus (Table 2.1). These types of washers are meant to be used in applications

where thickness and diameter are critical, and thus have tight tolerances.

The process of punching the washers does not leave a uniform surface, where lubri-

cant and debris will leave indentations on the surface. Furthermore, bulk packaging

leaves the surfaces exposed and the individual washers damage each other. While this

may be an important factor for an application specific study, these conditions were

deemed unsuitable, and more uniform and consistent surfaces where desired.

To create the necessary surface conditions, the washers were polished on one side.

The washer punching process leaves one side flat, and the other with the typical

rounded edges produced in a shear operation. Polishing the flat side of the washer

not only decreases the amount of time required to produce the necessary surface

conditions, but also ensures the specimen retains parallelism between the two surfaces.

Each specimen, whether aluminum or steel, was polished to a near mirror finish using

3.8 micron grit (1200 grit). This process involved multiple steps, starting from the as-

received surface, progressing step by step, grit by grit, until the surface was uniform

and free of defects and indentations.
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Combined Compression-Torsion Experiments

Friction experiments performed on the combined compression-torsion Kolsky bar

made use of a platen that was affixed to the transducer assembly. Each platen was

made from stainless steel and polished only to 10.6 micron grit (600 grit). The goal

behind this reduction in polishing was to provide a uniform surface that induced

enough material motion in the specimen to provide more interfacial motion during

x-ray phase contrast imaging experiments.

Specimen Installation

These metallic materials, being non-porous, are relatively simple to install on the

experimental apparatus. First, the surfaces to be adhered must be treated: by creat-

ing a rough surface using 10.6 micron grit (600 grit) abrasive, and by cleaning debris

and oil from the surface. An appropriate adhesive should have a debonding strength

greater than the shear strength of the entire specimen. That is, for friction experi-

ments, cyanoacrylate adhesive is sufficient. However, the cyanoacrylate adhesive must

be fully cured before the experiment is performed, as this type of adhesive typically

does not self set on metallic surfaces. Using an accelerator mitigates this problem, but

the adhesive requires a minimum time to produce a suitable bond (typically twenty

minutes, but depends on the adhesive in use).

Alignment of the polished surface of the specimen is guaranteed through a small

amount of axial pressure during the curing process. With one side of the specimen

slightly rounded from the manufacturing process, the specimen will pivot to allow the

flat, polished surface to be in full contact with the opposite surface. The adhesive

then fills any gaps and cures into a solid, producing a strong bond and a specimen

with proper surface alignment.
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2.3.2 Soft Composite Material

The particle composite is a mixture of polydimethylsiloxane (PDMS, silicone rub-

ber) and sugar crystal. This material is meant to be a safe alternative material to

study in place of the real material which is extremely volatile and explosive. This

type of material is referred to as a “simulant”, as the material simulates the mechan-

ical properties of the energetic material, except without the potential for a dangerous

chemical reaction.

Modern simulant materials are often either proprietary or classified for reasons

of national security. Access to these materials and their formulae is as restrictive

as their energetic counterparts. There are some materials in literature that are are

available to study without these restrictions, but their purpose as a simulated material

is moot, as their energetic counterparts are not readily available for confirmation of

the simulated properties. However, the application and utility of an experiment does

not depend upon the validity of a material, especially if the experiment is designed to

determine the properties of the material. So long as the each specimen is consistent,

the utility of the experiment may be proven.

The simulant material used in the studies is a simulant of the energetic material

PBXn-301 [70]. PBXn-301 is a polymer bonded explosive consisting primarily of pen-

taerythritol tetranitrate (PETN), which typically accounts for more than eighty per-

cent of the total composite. Modern manufacturing processes are capable of producing

these dangerous materials in virtually any shape, but laboratory scale experiments

require more consideration. For safety reasons, the simulant form of PBXn-301 was

preferred, where the PETN is substituted for another inert substance such as sugar.

The appropriate size distribution of sugar particles was mixed with Sylgard and cast

into two types of geometry (Figure 2.14) [70].

It is well known that the manufacturing process has an influence on the quality

of a surface, regardless of material. For composite materials that must be cast, the

composition at the surface may vary drastically from the composition of the bulk
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Figure 2.14. Size distribution of sugar particulate within the simulated PBXn-301
material.
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500 µm

(a) Machined specimen.

500 µm

Sylgard

Crystal

(b) Cast specimen.

Figure 2.15. Surfaces of machined and cast specimen. The cast specimen has large
regions of Sylgard, unlike the machined specimen that is mostly crystal.

material. The primary cause of this difference is capillary action, where the matrix

material in liquid form prefers to pool toward the boundary between the walls of the

mold and the particulate inside the composite mixture. The result is a casting that

has surfaces that are composed mostly of the binder material (Figure 2.15b). In con-

trast, parts that are mechanically processed from this casting will then have surfaces

with composition equivalent to the bulk composition (Figure 2.15a). This change in

composition at the surface poses a potentially large problem for energetic materials,

for which the composite is meant to improve stability of the volatile particles. The

particular material state that may result in an accidental catastrophic chemical reac-

tion is a topic of intense scrutiny. The important topic here is the different friction

characteristics of the two surface conditions.

Mechanically Processed Specimen

The first type of specimen is one that has been mechanically processed. The

composite mixture was first cast into a tube, which after curing, was then sectioned

to form the individual annular specimens. The sectioning process is by no means

perfect, and the parallelism between opposing sides of any given specimen will be far
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from acceptable. However, the composite material is fairly compliant, and the particle

aggregate provides sufficient stiffness for the annulus to be shaved and ground to a

specified thickness and parallelism. A specimen produced using this process had

surfaces with composition identical to the bulk composition, which is mostly the

crystal particulate (Figure 2.15a).

Two sizes of the mold were produced: one for the side-impact torsion Kolsky bar,

and one for the simultaneous compression-torsion Kolsky bar (Table 2.2). Both molds

where produced from industry standard parts. The design of the mold is simplistic,

and allows for extrusion of the cast part to be sectioned (Figure 2.16). Extruding

the part incrementally allows for more uniform cuts and produces sections with more

uniform thicknesses. The mold consists of three drill bushings and a dowel rod,

components that are manufactured to tight tolerances. These components were sized

and ground to form a tight seal and surface quality that minimizes adhesion of the

Sylgard binder to the mold.

Table 2.2. Ideal mold and specimen dimensions.

Side-Impact Compression-Torsion
Outer Diameter 25.400 mm (1.000 in) 12.700 mm (0.500 in)
Inner Diameter 15.875 mm (0.625 in) 9.525 mm (0.375 in)
Tube Length 50.800 mm (2.000 in) 50.800 mm (2.000 in)
Specimen Thickness 3.175 mm (0.125 in) 1.588 mm (0.063 in)

Cast Specimen

An important part of the study was to characterize the friction response of a

cast material. Thus, the composite material was cast directly into an annular shape,

producing surfaces that were composed mostly of Sylgard (Figures 2.15b and 2.17).

A specimen produced using this process required no further steps, as handling the

surfaces would disrupt the thin Sylgard layer. The nature of this design requires that

the specimen have a relatively large size. This mold was only used for the side-impact
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Press Fit
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Dowel Rod

Removable Bushing

Figure 2.16. A four piece mold comprised of three drill bushings and a dowel rod.
Internal surfaces were ground to prevent the casting material from adhering to the
inside. The mold produces a tube which can later be cut into thin annular specimens.
Reproduced with permission from [16]. Copyright (2017) Experimental Mechanics.
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Mold Cavities

Relief Gates

Figure 2.17. Two units of the washer mold. The physical mold consists of three
pieces (two solid covers and the middle mold cavities), the middle piece simplifies the
separation of each specimen from the mold.

torsion Kolsky bar, and not for the smaller combined compression-torsion Kolksy bar

experiments.

X-Ray Phase Contrast Imaging

A specimen meant for an experiment using x-ray phase contrast imaging may need

to be modified depending on the phenomena under study. In torsion, a specimen will

appear to be motionless, as the two sides of the specimen will be moving in different

directions. With the high density of interfaces, the specimen will appear to be a

material with a dynamic morphology. To avoid this issue, an annular specimen may

be cut to form a c-shaped specimen. This shape will allow the x-rays to pass through

only one side of the specimen, allowing rotation and torsional deformation to be

clearly observed. With the small size of the x-ray window (roughly 1 mm square), a

small wedge spanning 20 degrees was removed from each annular specimen, producing

a “window” that allowed the x-rays to penetrate only one side of the specimen.

Specimen Installation

The simulant material is relatively soft, and the sugar crystals provide an avenue

for the material to absorb liquids. Thus, adhering this material with an adhesive
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with low viscosity is not desirable. Cyanoacrylate adhesive is sufficiently strong for

friction experiments, but may be absorbed by the materials. For a cast specimen, with

surfaces of mostly binder, the adhesive will not be adsorbed. However, a mechanically

processed specimen may absorb a cyanoacrylate adhesive to a depth of one millimeter

or more. This may pose a problem for shear stress-strain experiments, but not for

friction experiments where the shear strain is not measured or required.

The surface to which the simulant is being adhered must be treated to create a

strong bond. First, a rough surface is required, with a minimum abrasive size of 10.6

micron grit (600 grit). Last, the surface must be cleaned of debris and oil in order for

a strong bond to be created. The nature of the simulant material does not allow for

the use of a cyanoacrylate accelerator, as the low viscosity fluid would be absorbed by

the simulant material. Fortunately, the accelerator is not required, as cyanoacrylate

adhesives tend to set relatively quickly in the presence of materials similar to sugar.
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3. DEVELOPMENT

The development of two new and novel Kolsky bar techniques requires not only

knowledge of the state of the art of Kolsky bar technology, but also of potential ex-

periments that may be targeted for the apparatus. Many advancements developed for

the compression Kolsky bar are also applicable to the other variants. Furthermore,

although the individual pulse shaping techniques for each of the variants do not di-

rectly carry over, knowledge of the effects of pulse shaping materials on the generated

waveforms helps to identify better means to control the shape of an incident wave.

3.1 Side-Impact Torsion Kolsky Bar

The side impact torsion Kolsky bar was originally developed as a table-top Kolsky

bar for studying soft materials (Figure 2.1(a)) [27]. This design can be traced back

to an older design that utilized small explosive charges to generate torsional waves

with very short rise times [7]. The fundamental design concept is that the incident

bar is forcibly rotated using one or more eccentric forces acting on a tab jutting out

from the incident bar. However, these simplistic designs do not have the capacity to

tailor the duration of the incident wave.

3.1.1 General Concept

Suppose the striker impacting the tab were to be made longer, then surely the

incident torsion wave would also be longer. However, a longer period of motion, while

linear for the striker, is angular for the incident bar. This means the interface between

striker and the tab on the incident bar is constantly changing (Figures 3.1a and 3.1b).

With this in mind, the end of the striker cannot be a right circular cylinder, but must
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have a cylindrical profile. This allows for a full line contact between the striker and

tab regardless of the relative angle between the two (Figures 3.1c and 3.1d). Placing

a pulse shaper in between the striker and the tab allows for full pulse shaping of the

torsional wave.

Now, with a full set of strikers, and duration of torsional incident wave is possible.

However, only one striker is necessary, and there is no guarantee the striker will

maintain a favorable alignment to provide for a line contact with the tab. By adding

another section, termed the loading bar, the striker may retain the right circular

cylinder shape. Here the loading bar remains nearly fixed relative to the tab, and

the line contact is all but guaranteed (Figure 2.1). Furthermore, the new interface

between the striker and the loading bar provides another opportunity for pulse shaping

the torsional wave.

In this configuration, the duration is still dependent on the length of the striker.

For simplicity, it is sufficient to change the striker length depending on the desired

duration of the torsion wave. Although, the eccentric nature of the tab does not

provide enough impedance to stop the loading bar. Since the amplitude of the torsion

wave is directly proportional to the length of the tab, small to moderate forces are

sufficient to generate large torsional stresses. This poses a problem where the primary

portion of the torsion wave will have the appropriate amplitude and duration, but

will continue with decaying amplitude until the loading bar is no longer capable of

applying a force. At this point the torsion wave will begin to unload and decay in an

exponential style as a result of the inertia of the tab.

Borrowing concepts from dynamic sample recovery, a single loading device may

be added to the loading bar (Figure 3.2) [4]. Here, the striker may be as long as is

desired, as the loading bar may be “turned off’ by the single loading device. Mechani-

cally, the wave within the loading bar is reversed by the single loading device, causing

the loading bar to separate from the tab and cease generating a torsional wave. The

effectiveness of the single loading device is determined by two factors, the impedance

ratio with the loading bar, and the degree to which the single loading device is fixed.
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(a) Face contact.
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(b) Point contact.
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Figure 3.1. Loading bar contact with the tab. A rounded end provides consistent
contact regardless of the angle of the tab.
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Loading Bar Flange

Stand Tube Bearing

Figure 3.2. Loading bar with single loading device. Contact of the flange with the
tube will reverse the particle velocity of a wave within the loading bar.

Having a larger cross sectional area than the loading bar is sufficient, but the effec-

tiveness of the single loading device may be increased by increasing the density and

stiffness as well. If the single loading device is able to move, only a portion of the

wave within the loading bar will be reversed. However, fixing the device may prove

to be difficult if larger forces are involved, as the total force within the single loading

device will be twice that expected from the wave (see Equations 1.5 and 1.6 with a

large impedance ratio).

With this apparatus, a torsional wave may be generated with any desired shape,

duration, and amplitude: an improvement over past torsion Kolsky bar designs. How-

ever, deeper analysis of this system is necessary, as physical mechanisms must be

manufactured and assembled using real parts and real materials.

The first hurdle to overcome is how to attach a tab to a bar in a manner that

does not adversely affect the waveform (Figure 2.1(a)). There are many possible

solutions, but the intended function of the apparatus must be considered first. For

shear experiments, the shear strain rate is determined by the length of the specimen.

Thus a shorter specimen will experience a higher strain rate. For friction experiments,
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the variable of interest is the sliding velocity. Thus, a larger diameter specimen will

experience a higher sliding velocity. In order to target a specific range of sliding

velocities and shear strain rates, the diameter of the bars must be appropriate such

that both are easily achievable. In addition, the length of the incident bar must also

be chosen such that there is no overlap between the incident and reflected waves

during an experiment with the nominal duration. Keeping in mind that the shear

wave speed is lower than the bar wave speed, torsion bars inherently require shorter

incident and transmission bars than the compression and tension variants.

Supposing the targeted sliding velocities are between one and ten meters per

second, and the minimum duration of the incident torsion wave is one millisecond,

a moderate choice of bar size is 25.4 mm in diameter and 3.66 meters in length

(equivalent to a 1 inch diameter, 12 foot long bar). A bar of this size cannot easily be

machined with a tab from a solid piece of material. Instead the tab must be affixed

to the bar in another manner using an interface that is conducive to transmitting

torsional waves. Furthermore, many questions should be answered before constructing

a physical mechanism, many of which may be answered by analyzing the dynamics

of the system without physically constructing the system.

3.1.2 Torsional Interface Studies

Transmitting torsional waves is non-trivial. One may consult a local hardware

store to observe possible torque transmitting geometries. Two ideal shapes consid-

ered for transmitting torsional waves where the hexagon (Figure 3.3a), and the key-

slot (Figure 3.3b). Another shape was defined which led to the development of the

simultaneous compression-torsion Kolsky bar. This shape is based upon the screw,

with two opposing inclined planes on the end of a cylindrical bar. This particular

interface has four surfaces, two of which are the inclined planes, and the other two are

parallel with the bar axis. It is these planes parallel with the bar axis that are ideal

for transmitting torque (Figure 3.3c). The hardware equivalent of this shape is the
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(a) Hexagon.
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(b) Key-slot.

Force

Parallel
Surfaces

(c) Parallel planes.

Force

Inclined
Planes

(d) Parallel planes (reversed).

Figure 3.3. Four interfaces that transmit torque. The effectiveness depends on ma-
chining tolerance and the impedance presented by the interface. Adapted with per-
mission from [28]. Copyright (2015) Experimental Mechanics.

tamper-proof screw, which permits the application of torque in only one direction.

In reverse, the tamper-proof screw transforms the applied torque into a force which

then ejects the screw driver from the head of the screw. This principle was identified

for possible application of combined compression-torsion (Figure 3.3d).

When waves are involved, fewer faces means less wave interaction and fewer re-

flections. Thus, when a less than ideal interface is involved, an incoming wave may

be partially reflected, resulting in a wave that may later return and influence future

motion. Furthermore, the transmitted portion of the wave will have a different am-

plitude than expected. Thus, an interface near a specimen may mean the specimen
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Figure 3.4. Wave directions and particle velocity directions for compression, tension,
and torsion.

does not experience the stress state that was expected from a measurement taken at

a point away from the specimen.

Unfortunately, the particle motion in torsion is significantly different from that of

tension and compression. In tension or compression, the particle velocity is aligned

with the axis of the bar (Figure 3.4a), meaning an ideal interface is one with surfaces

perpendicular to the bar axis. In torsion, the particle velocity is around the bar axis

(Figure 3.4b), meaning the ideal interface has surfaces that are in plane with the

bar axis (Figure 3.3c). This type of geometry is non-trivial to produce with tight

tolerances using either additive or subtractive manufacturing processes.

Ultimately, the best possible interface for torsional wave propagation is that which

may be produced with the tightest possible tolerances. With tighter tolerances, there

is less displacement before parts come into contact, meaning any incoming wave will

be able to immediately transmit through the interface. The key-slot interface was

found to be the most ideal, as the simplified geometry does not require complex

machining practices, resulting in the potential for tighter tolerances.
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3.1.3 Governing Equations

Before analysis of a system may begin, there must be design details in place,

particularly when wave propagation is involved, as interfaces disrupt the waveform

and direction. Analysis of the mechanics of the torsion bar did not begin until after a

simple prototype was constructed, but was instrumental in resolving problems related

to the loading bar, pulse shaping, and single loading device. Furthermore, deeper

analysis on various waveform components was not possible until waveforms in the

real system were generated, as the phenomena found in the real waveforms were not

known to exist.

The governing equations of the side-impact torsion Kolsky bar were originally

derived with the intention of studying the duration of the wave and the effects of tab

inertia and angle on the shape of the torsional wave. However, experimenting with

parameters as well as the real apparatus uncovered many other variables that influence

the torsion wave. These include striker length, loading bar length, torsion interface

geometry, and non-inertia related tab geometry. Each of these have a direct impact

on either how the torsion wave is generated or how the torsion wave propagates.

The governing equations are based on simple dynamic theory and represent a sys-

tem that undergoes rigid body motion (Figure 3.5). Wave propagation is considered

outside of the loading bar-tab interface, but still within the loading bar and torsion

bar. Solutions to the governing equations are determined numerically, where wave

propagation may be accounted for with relative ease. The most fundamental assump-

tions are that the entire system is linearly elastic and the contact between the loading

bar and tab is a line contact (as opposed to a face contact or point contact). The

governing equations themselves assume the loading bar is in contact with tab, but this

fact may be supplemented with a contact law that allows the tab to be represented

as a separate entity from the loading bar. The contact law is a necessary addition

when analyzing wave propagation within the tab, as the contact condition in the real

system exhibits this behavior.
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Figure 3.5. Free body diagram of the loading bar contacting the tab and incident
bar. The contact is assumed to be a line contact. Adapted with permission from [28].
Copyright (2015) Experimental Mechanics.
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The governing equations boil down to conservation of angular momentum of the

tab and a relation for the displacement of the loading bar (Equations 3.1 and 3.2).

The force in the loading bar (FT ) is determined by a numerical wave propagation

algorithm and transmitted to the tab across the interface. The resultant torque (T )

on the tab is also supplemented with a wave propagation algorithm within the short

segment in which the tab exists (consult Equation 2.1 and Figure 3.10). Thus, the

total torque on the tab is a sum of the force-moment from the loading bar and the

shear stress in the incident bar. The displacement (d) of the loading bar and the

angle of the tab (θ) are then used to determine the line of contact (P ) between the

loading bar and tab to determine if the two bodies are in contact (Equation 3.2). The

offset of the loading bar to the torsion incident bar (LB) contributes directly to the

amplitude of the torsion wave, but is augmented by the loading bar radius (R) and

the line of contact (P ). The primary equation is influenced by the mass moment of

inertia of the tab (I0ww), meaning the torsion wave will have a decay at the end of the

waveform (Equation 3.1). The reaction forces on the torsion incident bar (Rx and Ry)

describe the transverse forces applied to the torsion incident bar and are indicators

of how much flexure there could possibly be without sufficient support of the system.

θ̈ =
FT (LB −Rsinθ)

I0ww
− 2Gθ̇J

CsI0ww
(3.1)

d = d0 +

∫ t

0

venddt (3.2)

3.1.4 Numerical Solutions & Frequency Domain

Wave propagation may also be studied using the finite element method. This

approach however does not yield a fully formed solution, as the solution is entirely

dependent upon the input to the numerical system. This is a result of how the finite

element matrix is formulated for wave propagation, which is based upon the particular

wave guide model that is desired.
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The basis for the one dimensional finite element method of this type, also referred

to as the spectral finite element method, is based on the solution for waves in a one

dimensional wave guide which may be described using a Fourier series (Equation 3.3).

The spectral coefficients are then a function of space (Equation 3.4), and are all that

are important, as all of the quantities are defined on the same discrete frequencies

(ωn) determined by the Fourier transform.

u(x, t) =
∑
n

ûn(x)eiωnt (3.3)

ûn(x) = cne
−ikx (3.4)

The simplicity of this method in studying wave propagation can be illustrated

using a rod as a simple wave guide. The finite element method makes use of the rod

model equated to the applied forces (Equation 3.5). For wave propagation, the rod

model is equated to the acceleration of the material (forces may be applied for an

inhomogeneous solution, Equation 3.6). Applying the spectral representation of the

solution shows how a majority of the form is eliminated from the governing equation

(Equations 3.7, 3.8, 3.9, and 3.10).

EA
∂2u

∂x2
=
∑

F (3.5)

EA
∂2u

∂x2
= ρA

∂2u

∂t2
(3.6)

∂2u

∂t2
= −

∑
n

ω2
ncne

−ikxeiωnt = −
∑
n

ω2
nûn(x)eiωnt (3.7)

∂2u

∂x2
= −

∑
n

k2cne
−ikxeiωnt = −

∑
n

k2ûn(x)eiωnt (3.8)
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EA
∂2u

∂x2
= −EA

∑
n

k2ûn(x)eiωnt =

ρA
∂2u

∂t2
= −ρA

∑
n

ω2
nûn(x)eiωnt

(3.9)

∑
n

(ρAω2
n − EAk2)ûn(x)eiωnt = 0→ (ρAω2

n − EAk2)ûn(x) = 0 (3.10)

The finite element problem is now an Eigen-value problem, with the Eigen-value

being the spectrum relation that describes how the waves propagate in space (Equa-

tion 3.10). For a one-dimensional rod, the spectrum relation is simple (Equation

3.11), providing a constant wave speed (phase speed, Equation 3.12) that is coinci-

dentally identical to the group speed (Equation 3.13). Furthermore, the speeds are

equivalent for all frequencies, meaning the wave is non-dispersive, and will retain its

shape indefinitely in an infinite wave guide.

k =

√
ρA

EA
ωn (3.11)

C =
ω

k
=

√
E

ρ
(3.12)

Cg =
∂ω

∂k
=

√
E

ρ
(3.13)

The same process holds in angular form for torsion using a one dimensional wave

guide (Equation 3.14 for the finite element method and Equation 3.15 for the spectral

method). The Fourier representation of the solution (Equations 3.16 and 3.17) lead

to a similar Eigen-value problem (Equation 3.18). The phase speed (Equation 3.19)

and group speed (Equation 3.20) for this one-dimensional torsion wave guide are also
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identical and independent of the frequency, meaning these torsional waves are also

non-dispersive.

GJ
∂2θ

∂x2
=
∑

M (3.14)

GJ
∂2θ

∂x2
= ρJ

∂2θ

∂t2
(3.15)

θ(x, t) =
∑
n

θ̂n(x)eiωnt (3.16)

θ̂n(x) = cne
−ikx (3.17)

∑
n

(ρJω2
n −GJk2)θ̂n(x)eiωnt = 0→ (ρJω2

n −GJk2)θ̂n(x) = 0 (3.18)

C =
ω

k
=

√
G

ρ
(3.19)

Cg =
∂ω

∂k
=

√
G

ρ
(3.20)

However, the solution to the Eigen-value problem is not fully formed, as illus-

trated by the fact that the Eigen-values may be determined without knowledge of the

individual frequency components of a signal (i.e. the Fourier series). Although, for

the one-dimensional cases, the elastic deformation is known to be equivalent to the

applied load (Equations 3.21 and 3.22). Thus, the relationship between displacement

(or angle) and the applied load may be determined, and a full solution formed with

the Eigen-values (Equations 3.23 and 3.24). It is worth noting that the complexity

of this operation increases with the order of the wave guide model, and may result in

an indeterminate system as more variables are introduced.
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EA
∂2û

∂x2
= −P̂ = EA · (−ikcn)→ cn =

P̂

ikEA
(3.21)

GJ
∂2θ̂

∂x2
= −T̂L = GJ · (−ikcn)→ cn =

T̂L

ikGJ
(3.22)

û =
P̂

ikEA
e−ikx (3.23)

θ̂ =
T̂L

ikGJ
e−ikx (3.24)

If the applied torque on an incident torsion bar is known, the resultant wave and

field quantities may be determined as a function of time using the spectral finite

element method. There are three possible sources for the loading information: the

physical experiment, which provides a torque; the governing equations, which also

provide a torque; and the loading bar, which may be idealized as a rectangular axial

wave and provides a force. Furthermore, the flexibility of the finite element method

allows for additional degrees of freedom to be added to the model. Thus, longitudinal,

shear, torsion, and flexural behaviors may be captured with a singled model.

The system as a finite element model was studied in two forms: one with a tab

(Figure 3.6), and one without a tab (Figure 3.7). The model without the tab had

the moment of inertia superimposed upon the elements where the tab would have

been. The purpose of using these two models was to understand the effects of wave

propagation within the tab, which experiences both shear waves and flexural waves.

Furthermore, the model with the tab made use of an eccentric force, whereas the

model without the tab made use of a torque. Thus, there are four solutions to the

side-impact torsion Kolsky bar problem, each of which provides different insight into

how the apparatus functions. Material properties and geometric dimensions were

maintained from experiment to numerical analysis (Table 3.1).
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Loading Measurement

Figure 3.6. Representative mesh of the finite element model with a tab. The system
is loaded with an eccentric force.

Loading Measurement

Figure 3.7. Representative mesh of the finite element model without a tab. The
system is loaded with a torque rather than a force.
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Table 3.1. Values common to experiment and analysis. The impedance ratios are
only varied in the numerical methods.

Description Value Units
Density 2700 kg/m3

Young’s Modulus 70 GPa
Shear Modulus 27 GPa
Bar Wave Speed 5092 m/s
Shear Wave Speed 3162 m/s
Striking Velocity 6.3 m/s
Low Impedance Ratio 0.32
Unity Impedance Ratio 1.0
High Impedance Ratio 5.0
Bar Diameter 25.4 mm
Loading Bar Length 596.9 mm
Incident Bar Length 7315.2 mm
Striker Length 698.5 mm
Loading Bar Offset 31.75 mm
Impact Mechanism Length 114.3 mm
Tab Distance to Bar 73.025 mm
Tab Distance to End 47.625 mm
Tab Width 31.75 mm
Tab Length 31.75 mm
Tab Thickness 12.7 mm
Single Loading Gap 3.28 mm
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3.1.5 Loading Bar & Striker

The loading bar and striker are not two independent entities that are involved in

the production of a torsional wave. In fact, the length of the loading bar is closely

coupled to the length of the striker. With a loading bar that is too short compared to

the striker, the torsion wave will have a series of steps; too long, and the torsion wave

will have a series of valleys. An initial hypothesis may be that the contact between

the loading bar and the impact mechanism is intermittent, but this hypothesis is only

partially correct.

Ideally, the loading bar would be in a state of rigid body motion. As the impact

mechanism does not highly influence the state of the loading bar, the waveform within

the loading bar remains mostly constant throughout time. In the real system, the

waveform within the loading bar is not perfectly rectangular and has a finite, non-zero

rise time and release time. Thus, for a loading bar that is shorter than the striker,

there will be a period where the wave is overlapped with the end of itself, producing a

step in the torsional waveform (Figure 3.8c). For a loading bar that is longer than the

striker, there will be a period between the reflections of the wave where the stress is

zero, and thus the force applied to the impact mechanism is zero, producing a valley

in the torsion waveform (Figure 3.8a). The length of the loading bar must then be

perfectly matched (Figure 3.8b) to the length of the striker, otherwise the torsional

waveform will suffer.

Determining the appropriate length of the loading bar is quite a simple matter.

First, the loading bar must contain a non-dispersive wave, otherwise the waveform will

evolve over time and produce unpredictable (although consistent) steps and valleys

in the torsion wave. This is accomplished with the use of a large diameter pulse

shaper, roughly half the diameter of the bar. For a pulse shaper of annealed copper,

the thickness should be less than one milli-meter. This pulse shaper will produce a

rectangular waveform with a moderate rise time. The rise time may then be related to

linear distance through the longitudinal wave speed of the loading bar. Removing this
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(a) Striker too short. (b) Acceptable striker. (c) Striker too long.

Figure 3.8. Effect of striker and loading bar length on the particle velocity of the
loading bar.
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distance from the length of the loading bar allows the rising portion of the waveform

to overlap with the releasing portion, helping to produce a near state of rigid body

motion.

3.1.6 Calibration of Torsion Interface

The incident bar and the impact tab are connected across an interface in the real

apparatus. For complex geometries, determining the impedance ratio created by the

interface is not a trivial matter. For cases such as the hexagonal interface and key-

slot interface, the impedance ratio may be determined empirically. Accomplishing

this task is easiest when using a striker that is shorter than the loading bar, which

results in a noticeable period of nearly zero stress followed by a secondary peak. The

section discussing the effect of ratio between loading bar and striker length (Section

3.1.5) mentioned that the valley is partially influenced by the impedance ratio of the

torsion interface. It is true that the secondary peak is caused by a mismatch of length

between the striker and loading bar. However, the amplitude of the secondary peak

is augmented by the amount of energy transmitted into the tab and torsion bar. The

impedance ratio may only be determined without the use of the single loading device,

otherwise the device may adversely influence the secondary peak.

Iteratively solving the governing equations with parameters equivalent to the real

apparatus allows for the impedance ratio to be found when compared to experimen-

tally obtained data (Figure 3.9). This value is useful when comparing analytical and

numerical solutions to experimental results. However, when attempting to reduce the

number of variables, it is more suitable to set the impedance ratio to unity, which

removes many wave reflection terms from the solution. However, the physical appa-

ratus may benefit from a torsion interface impedance ratio of non-unity, which will

inherently inhibit the transmission of flexural waves produced by eccentric loading of

the tab.
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Figure 3.9. Numerical calibration of the torsion interface impedance ratio.

As a side note, the experimental signal as measured from the loading bar (Figure

3.9) shows two large peaks at 50 and 200 micro-seconds. These are a result of threads

which allow the attachment of a flange. Using a pulse shaper that allows more

deformation will smooth out these peaks. However, the loading bar does not need

such a high quality signal, as these portion of the wave will ultimately be masked

with a tuned striker length.

3.1.7 Reverberation

An impedance ratio other than unity at the torsional interface results in reverber-

ation of the initial torsion wave within the short segment containing the tab (Figure

3.10). Subsequent reflections of this wave alter the contact between the tab and

loading bar, adversely affecting the shape of the resultant torsion wave (Figure 3.11).

Even in an ideal situation, where the interface between the incident bar and the im-
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Figure 3.10. Wave reflection within the impact mechanism. The waves interact with
the tab to alter the contact with the loading bar.

pact mechanism has an impedance ratio of unity, the design of the tab results in a

minimum of one wave reflection, which may produce this same result.

Experimentally, there are two solutions to this problem: use a pulse shaper, or

change the design of the tab. Neither of the solutions are restrictive, but the latter

may generate more shear (transverse to the bar axis) as opposed to torsion (around

the bar axis) and flexure within the real apparatus if the tab is not centered in the

impact mechanism. Furthermore, using a more ideal torsion interface mitigates this

problem by reducing the number and amplitude of wave reflections within the tab.

The solution to the governing equations revealed that the primary cause for the

periodic peaks and valleys was contact between the tab and loading bar. This ob-

servation is possible when using a contact law between the tab and loading bar. A

simple binary law is sufficient, where the line of contact (P ) is determined through

both Equation 3.1 and Equation 3.2. For this law, the force is either transmitted or

not, and the deformation of the components is not accounted for. If the point is not

identical from both calculations, the load is effectively removed from the tab.
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Figure 3.11. Oscillations on the incident torsion wave as a result of the contact
between the tab and loading bar. Adapted with permission from [28]. Copyright
(2015) Experimental Mechanics.
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Figure 3.12. Effect of reverberation within the impact mechanism on contact with the
loading bar. The contact law is binary and does not account for elastic deformation.
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Without accounting for wave propagation, the coupling of Equations 3.1 and 3.2

would not produce this result (Figure 3.12). However, the interaction of the waves

augments the torque within the impact mechanism, thus altering the angular acceler-

ation, angular velocity, and angle, producing an inconsistency with the displacement

of the loading bar. Close observation of Figure 3.12 shows that the experimental and

numerical peaks and valleys do not precisely line up. This discrepancy is a result of

the torsion interface which is of finite, non-zero length; something that is not easily

captured in a set of equations.

Reverberation of torsional waves within the mechanism has been identified as the

source of the oscillations on the torsion incident wave. An easy solution to implement

to remove the oscillations is to use a pulse shaper at this interface, which is already

required when attempting to form a specific waveform. However, stiff pulse shapers

do not filter out this noise, and the root cause is much more fundamental. Also, a

simple calculation will show that the period of the oscillations is nearly proportional to

the length of the impact mechanism. However, the quantity is not within acceptable

tolerance for any conclusion to be made. Rather, the two finite element models were

employed to illustrate the effect of geometry on the reverberations within the tab.

To uncover the root cause of the oscillations, analysis of the waveform must occur

in the frequency domain. Using fundamental models for the modes of wave prop-

agation (shear, torsion, longitudinal), the relationship between the geometry of the

impact mechanism and the resultant torsional waveform may be found in a quantita-

tive manner. The important values determined from the impact mechanism are the

total length of the mechanism, the length forward of the tab, the length behind the

tab, the width of the tab, the thickness of the tab, and the length of the tab. These

geometric quantities are related to specific frequency components in the waveform

through one or more wave speed relations. The most relevant here is the shear wave

speed.

A simple analysis shows that the oscillations occur at the same times as a pair of

waves reflecting across the entire length of the impact mechanism. This is a result of
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Figure 3.13. Idealized loading profile captured from the end of the loading bar using
the analytical approach. The single loading device comes into effect just after 0.5
milli-seconds.

deformation traveling down through the tab, and then propagating in both directions

in the impact mechanism. These waves also interact with the tab during transit, thus

altering the contact with the loading bar.

The finite element models require an input load in order to predict the torsion

incident wave. An idealized force profile was determined using the simple wave prop-

agation algorithm from the analytical approach to determine the force at the end of

the loading bar, including the influence of the single loading device (Figure 3.13).

This force was then scaled appropriately to provide an idealized torque for the model

without a tab.

The predicted torsion incident waveforms from the two finite element models illus-

trate one key factor in the source of the reverberations: the tab. For the model with-

out the tab, the oscillations are present for only the interface with a high impedance
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Figure 3.14. Predicted torsion incident wave for the model without a tab. The
oscillations are present for only the highest impedance ratio.

ratio (Figure 3.14). Where as the model with a tab shows oscillations for all impedance

ratios (Figure 3.15). This observation shows that the prior conclusion of wave reflec-

tion within the impact mechanism alone is not sufficient to produce the oscillations,

and that the tab is in fact the culprit.

Analysis of the resultant torsional waveform in the frequency domain illustrates

the dependence of the waveform on the various geometric quantities (Figures 3.16

and 3.17). The overall effect of any given component may not be directly observable,

whereas others may have a drastic effect, resulting in spectral peaks or valleys. Thus,

when comparing the geometric quantities to the frequency response, peaks and val-

leys that correspond to the geometric quantity or to a multiple of the quantity are

indications that the geometry is influencing the waveform in a strong manner.

These key frequencies (f) are identified through an inverse relation between the

geometric distance (D) and the wave speed (CS), any coefficients specific to the
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Figure 3.15. Predicted torsion incident wave for the model with a tab. The oscillations
are present for each impedance ratio.
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Table 3.2. Key frequencies associated with transit distance for various possible wave
paths.

Description Size [mm] Frequency [kHz]
Tab Width 63.5 49.8
Tab Length 88.9 35.6
Toward End 95.3 33.2
Toward Bar 114.3 27.7
Total Length 228.6 13.8

Fourier transform must also be applied, though these depend on the form of transform

used (Equation 3.25). Some example frequencies based on distances that a wave may

encounter within the impact mechanism are provided (Table 3.2). Since the simplified

finite element model does not have a tab, many spectral peaks are not present where

expected (Figure 3.16). Whereas the tabbed finite element exhibits peaks that the

simplified model does not (Figure 3.17).

f ∝ CS
D

(3.25)

To further probe if a frequency component is influenced by the geometry (i.e. the

system) and not by the input, a signal may be augmented with one or more band gaps.

To generate this signal, the Fourier transform of the time domain signal is required.

With the signal in the frequency domain, key components may be removed. In this

example, a band of nearly twenty kilo-Hertz centered on a frequency of thirteen kilo-

Hertz was removed (Figure 3.18). The frequency of thirteen kilo-Hertz corresponds to

the amount of time a torsion wave requires to transit twice the length of the impact

mechanism (Table 3.2). With this frequency component and neighboring components

removed, the response should have no components within this range unless the system

creates them (Figure 3.18). In this case, the tabbed finite element model does in fact

have a wave that reverberates within the impact mechanism, and a small spectral

peak appears in the response.
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Figure 3.16. Frequency response of the simplified finite element model. Many spectral
peaks are not present at the key frequencies associated with the tab.
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Figure 3.17. Frequency response of the tabbed finite element model. Many more
spectral peaks are present due to the presence of the tab.
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Figure 3.18. Frequency response of the tabbed finite element model to the idealized
load and a load with a band gap. A spectral peak is formed at a key frequency
associated with the length of the impact mechanism.



121

0 20 40 60 80 100

10
-8

10
-6

10
-4

10
-2

10
0

Figure 3.19. Frequency response of the tabbed finite element model to the idealized
load and a load with a band gap, illustrating how the impact mechanism augments
the waveform.
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The response of the finite element model with a tab also shows spectral peaks and

valleys beyond the band gap that are also present in the response to the idealized load

(Figure 3.19). While many of these peaks and valleys correspond to the geometry,

analysis of their sources was not necessary. With the source of the oscillations iden-

tified, work to eliminate the oscillations could proceed. The solution to removing the

oscillations is of course to use a pulse shaper that is sufficiently compliant to absorb

the related frequency components. Permanent deformation of the pulse shaper is also

useful, as certain components may be reintroduced to the waveform when the pulse

shaper is relaxed. Ultimately, the selection of pulse shaper geometry and material

depends on the waveform required, and the process of selection involves trial and

error.

3.1.8 Inertia

Unlike conventional torsion Kolsky bar experiments, the side-impact torsion Kol-

sky bar exhibits a tail off, or decay of the incident torsion wave. This tail off is a result

of large rotational inertia presented by the tab. The inertia of the tab also influences

the oscillations in the torsion incident wave, as the primary frequency is determine

by flexure of the tab, which is in turn influenced by the thickness of the tab. Both of

these observations are illustrated quite well with the governing equations when using

a simple binary contact law (Figure 3.20).

An ideal experiment would have a fast decay, meaning the tab should be thin. Yet,

a thinner tab increases the frequency of the oscillations and will also be subject to large

forces and possible permanent deformation, meaning the tab should be somewhat

thick. The best solution is somewhere in the middle, and the remaining issues should

be smoothed out with a pulse shaper. Furthermore, the unloading portion of a Kolsky

bar experiment is rarely important, as the specimen is being relaxed at this point

during an experiment.
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Figure 3.20. The effect of tab inertia on the incident torsion wave. A thicker tab
induces a longer decay and a longer period between oscillation as a result of higher
flexural stiffness.
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3.1.9 Flexural Deformation

A large concern with the torsion Kolsky bar experiment is flexing of the bar. If

the bar is bent during an experiment, the specimen may be exposed to inadvertent

compression or tension, or an interface may experience uneven pressure. In the side-

impact torsion Kolsky bar experiment, there are two sources for flexural deformation.

The first, and most obvious source is the fact that the torsion bar is loaded with

an eccentric force. A lesser known source, which is present in the compression and

tension variants is geometric.

The eccentric force that generates the incident torsion wave is not fully utilized by

the impact mechanism. The moment arm (i.e. the tab) does not absorb the force, this

is why the loading bar requires the single loading device. However, in order for there

to be only rotation of the impact mechanism, there must be a resistive force on the

impact mechanism to prevent transverse motion. If this resistive force is not sufficient

to resist the eccentric force, a flexural wave will be generated within the incident bar.

To ensure this is not possible, the impact mechanism should be supported by tight

fitting bearings that are of the same material as the impact mechanism. This ensures

that the mechanical impedance is the same, and that the force will be transmitted to

the foundation of the apparatus.

The second source of flexure is geometric in origin, and pertains to the linearity of

the incident and transmission bars. Suppose the bar is slightly bent in one orienta-

tion. After rotation about the central axis, the bar would prefer another orientation.

However, being supported by fixed bearings, the bar is now being forced into the orig-

inal shape, introducing flexure into the bar. From an experimental standpoint, the

use of a half Wheatstone bridge configured for axial strains will cancel out the effects

of bending on the measurement. However, flexure still exists within the apparatus,

dispersion of the waves is inevitable, and the response specimen will be influenced by

these changing boundary conditions.
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This geometric misalignment of the bars is possible during installation of the bars

and is also induced by motion of the foundation. Unlike other Kolsky bar experiments,

the side-impact torsion Kolsky bar requires a foundation that is both flexurally stiff

and torsionally stiff. This rules out the typical h-beam and optical tables, as the

transverse forces required to resist the eccentric force are too great, and these common

foundations will deform during an experiment, resulting in erroneous measurements.

Unfortunately, this plagued much of the early development of the side-impact torsion

Kolsky bar, prompting deeper analysis of the system and its components.

The requirement that the foundation be both flexurally stiff and torsionally stiff

determines the possible shapes: mainly that the cross section must be a closed shape.

To contrast the types of foundations: an h-beam is capable of resisting deformation

due to gravity when the topology of the floor is less than ideal, h-beams do no resist

torsion or lateral forces effectively (Figure 3.21a). An optical table is typically a

sandwich structure consisting of precision ground plates mounted to a stiff core. The

optical table also resists deformation due to gravity on uneven floors. However, the

optical table does not resist large lateral forces, as the sandwich structure will fail

and become separate. A closed section, such as a box beam or a tube, is capable

of resisting flexural deformation in all directions (Figure 3.21b). This shape is also

capable of resisting torsion, making the shape ideal for the foundation of the side-

impact torsion Kolsky bar.

In other words, proper mounting surfaces for the apparatus eliminate the need to

worry about sources of flexural deformation other than general misalignment of the

apparatus. Using a half Wheatstone bridge configured for bending, the flexural strain

within the bar will be nearly immeasurable, with an amplitude close to the amplitude

of the ambient noise (Figures 3.22a and 3.22b). This is not to say that the flexing

could not be further improved, but that the flexure is quite small compared to what

is electrically measurable.
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(a) Open cross-section. (b) Closed cross-section.

Figure 3.21. The closed cross-section offers multi-directional bending stiffness as well
as torsional stiffness.
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(b) Transmitted.

Figure 3.22. Flexural stresses measured during an experiment. The amplitude is
nearly the same as the ambient electrical noise.
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Figure 3.23. The impact mechanism with inclined planes. Rotation in one direction
produces only a torque, the other a torque and a force.

3.2 Combined Compression-Torsion Kolsky Bar

Development of the side-impact torsion Kolsky bar produced an ideal torsion in-

terface for transmitting torque (Figure 3.23a). Reversing the direction of the inclined

planes produces an interface that is capable of producing force from an applied torque

(Figure 3.23b). However, the difference in wave speeds between longitudinal and shear

waves means that any set of waves produced far from the specimen will diverge and ar-

rive at the specimen at different times. Therefore, the side-impact torsion Kolsky bar

with this torsion interface would not be suitable for combined dynamic compression

and torsion without modification.

3.2.1 Different Wave Speeds

To circumvent the issue regarding different wave speeds, the interface may be

placed close to the specimen. In this configuration, a single incident wave, whether

compression or torsion, will be converted to simultaneously load the specimen with

compression and torsion. While this configuration is entirely possible to implement

on the side-impact torsion Kolsky bar, there was a strong desire to observe materials

under dually dynamic compression and torsion. This is possible with the help of x-ray
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phase contrast imaging, for which a remote apparatus already exists. With limited

space, the apparatus was designed around a compression Kolsky bar, which is far

more compact than the L-shaped side-impact torsion Kolsky bar.

In this setup, an incident compression wave encounters a torque adapter, which

in turn transmits both compression and torsion (Figure 2.4). Since the specimen is

mounted directly to the torque adapter, there is very little time for the two waves to

diverge. For aluminum, a compression wave will reach a distance of 25.4 mm three

micro-seconds faster than a torsion wave. With the torque adapter less than 25.4 mm

long, the delay between the onset of loading is less than three micro-seconds.

3.2.2 Verifying Functionality

The torque adapter, being a set of contacting inclined planes, does not maintain

a uniform contact for all opening angles. For an opening angle of zero, the planes

are fully in contact, and the adapter will fully transmit a compression wave without

generating any torque. When the opening angle is non-zero, the two halves of the

adapter are in contact at only two points that lie on the edge of an ellipse created by

the intersection of the cylindrical component with the inclined plane (Figure 2.12).

Since the two halves of the adapter are symmetric, the ordinate on the ellipse is

actually half of the opening angle, requiring the half angle relation in Equation 2.19.

One major issue however, is that the contact is dependent on the specimen.

A fundamental assumption of the data reduction process is that the two halves of

the torque adapter are always in contact. Reflection of a compressive wave within the

specimen adapter (Figure 2.4) will easily result in a higher particle velocity and cause

separation of the torque adapter, thus invalidating the experiment. Furthermore,

insufficient resistance to the generated torque may produce the same effect, causing

the opening angle to rapidly close.

For shear experiments, these conditions will only be present if the impedance pre-

sented by the specimen is sufficiently small that the response of the specimen cannot
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Figure 3.24. The torque adapter with a support bearing. The bearing has a slot that
allows the opening angle to be set and monitored.

counteract the motion of the torque adapter. Fortunately, only the most compliant

of materials will suffer from this condition. For friction experiments, the specimen

adapter is essentially free floating. Thus, without sufficient pre-compression, the in-

terface will present no torsional resistance to the torque adapter, and the experiment

will fail. These failures are easy to identify, as no load is measured from the trans-

ducers due to the torque adapter closing prematurely.

To resolve the problem with the torque adapter closing prematurely, a small

amount of resistance must be applied to the torque adapter prior to the experi-

ment. One approach is to contain the torque adapter within a sleeve bearing (Figure

3.24). Sleeve bearings are manufactured to have low friction on their bearing surfaces,

meaning the torque adapter is somewhat free to move longitudinally and rotationally.

For the friction experiment, the sleeve bearing maintains alignment of the torque

adapter throughout the experiment. Furthermore, the small amount of friction with

the sleeve bearing helps to maintain the initial opening angle.
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3.2.3 Resolving Uncertainty

However, there is still an uncertainty regarding the rate at which the adapter

closes, particularly for friction experiments. Since the scale of the apparatus and

specimen are small, there is no measurable torque within the incident bar, even

during shear experiments. Without this quantity, one must assume that the torque

adapter is not being presented with any torque to resist closing prematurely. Due to

the time scale at which this experiment occurs, the only recourse is to observe the

event using high speed imagery (Figures 3.25 and 3.26). Observing the motion shows

that the torque adapter follows the elliptical path until the adapter is nearly closed.

When the opening angle is small, the adapter transistions from a point contact to a

full surface contact, an event which is evident in the imagery beginning at 191.1 µs

(Figure 3.26g). For the striker with length of 204.8 mm, the duration of the incident

compression wave is just shy of 120 micro-seconds, meaning the adapter functions as

intended throughout the duration of the experiment.
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(a) t = 0.0 µs (b) t = 9.1 µs (c) t = 18.2 µs

(d) t = 27.3 µs (e) t = 36.4 µs (f) t = 45.5 µs

(g) t = 54.6 µs (h) t = 63.7 µs (i) t = 72.8 µs

(j) t = 81.9 µs (k) t = 91.0 µs (l) t = 100.1 µs

(m) t = 109.2 µs (n) t = 118.3 µs (o) t = 127.4 µs

Figure 3.25. High speed images show the torque adapter follows the elliptical path
for the duration of the incident wave. Adapted with permission from [16]. Copyright
(2017) Experimental Mechanics.
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(a) t = 136.5 µs (b) t = 145.6 µs (c) t = 154.7 µs

(d) t = 163.8 µs (e) t = 172.9 µs (f) t = 182.0 µs

(g) t = 191.1 µs (h) t = 200.2 µs (i) t = 209.3 µs

(j) t = 218.4 µs (k) t = 227.5 µs (l) t = 236.6 µs

Figure 3.26. High speed images show the torque adapter jumps to the closed position
at 191.1 µs, when the opening angle is nearly zero. Adapted with permission from [16].
Copyright (2017) Experimental Mechanics.
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4. STUDIES

New experimental techniques require validation and proof that the results are

accurate and consistent with previous techniques. This however, is not to say that

the studies should prove the function of the apparatus as hypothesized, but instead

that the results of an experiment represent the behavior of the materials. An example

of this contrast is the torque adapter for the combined compression-torsion Kolsky

bar. While it is important that the function of the torque adapter is verified, that

issue is a rather small point, as the experiment would be useless if it were unable to

be used to characterize materials (see Section 3.2.3 for details regarding the torque

adapter).

4.1 Side-Impact Torsion Kolsky Bar

New techniques also need to be explored to reach their full potential. For Kol-

sky bar experiments, this may mean exploring pulse shaping techniques in addition

to studying materials. It is well known that a Kolsky bar experiment must exhibit

dynamic equilibrium to be considered valid. The method of achieving dynamic equi-

librium is not unique. This concept applies to the side-impact torsion Kolsky bar,

where there are no known pulse shaping techniques. Although friction experiments

do not readily display the characteristic of dynamic equilibrium, the use of a pulse

shaper is required to produce a desirable incident waveform.

4.1.1 Pulse Shaping

Developing an understanding of pulse shaping for the side-impact torsion Kolsky

bar is crucial, as the technique has no past use. Other torsion Kolsky bar techniques
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at best make use of attenuators to smooth out an incident waveform. However, the

raw waveform generated by the side-impact technique requires pulse shaping due to

interactions with the tab and loading bar. While this raw signal could certainly be

used, it would be very difficult to discern material behavior from mechanical noise on

the measured waveforms.

The use of a pulse shaper serves two purposes: to smooth out mechanical noise,

and to tailor the shape of the wave. The same principles for pulse shaping that apply

to the compression Kolsky bar also apply to the side-impact torsion Kolsky bar. The

difference however, is in the relative stiffness of the pulse shaper. For the compression

Kolsky bar, the pulse shaper is typically annealed copper. For some materials, it is

suitable to use a pulse shaper that is slightly larger than and of the same material as

the specimen.

For the side-impact torsion Kolsky bar, the pulse shaper must be very soft com-

pared to the apparatus (Section 3.1.7). These materials include the softest of metals

(tin, lead, etc), and more preferably, rubber. Rubber is widely available in as many,

and possible more, configurations as metallic alloys. For natural rubbers, the com-

position and stiffness may not be under control. However, synthetic rubbers may be

fine tuned depending on the type of polymer and the amount of plasticizer in use.

Synthetic rubbers can be tuned to be perfectly linearly elastic or have a stress-strain

curve that is either concave up or concave down.

The strength of the pulse shaper also plays an important role by controlling how

much stress may be transmitted through before being augmented. In conjunction

with the size of the pulse shaper, the strength allows for bilinear waveforms that

range from nearly rectangular to nearly triangular shapes.

Through experimentation, the ideal material for generating a rectangular wave

with moderate rise time should be nearly linearly elastic, with low material strength.

Unfortunately, most metals do not satisfy this condition. Being linearly elastic, most

metals produce a fast rise time, but do not remove the oscillations introduced by the
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tab, as the material does not compress enough to mitigate the factor that results in

the oscillations.

If rise time is not an important factor, as the duration of the torsional wave is

often more important, a more compliant material may be suitable. Along with the

compliance comes lower strength, resulting in a pulse shaper that is more effective

at removing the oscillations. An ideal material for a pulse shaper to generate a

rectangular waveform is vulcanized rubber. This type of rubber is sufficiently stiff to

produce a modest rise time, but also sufficiently compliant that the reverberations

that lead to the oscillations are mitigated by the pulse shaper. Thus, using rubber

that is softer than vulcanized rubber will allow bilinear waveforms and even softer

will allow triangular waveforms. However, the lower bound of the stiffness of the

pulse shaper is not known. Although, foam rubbers are in fact too soft, producing

an incident torsion waveform that appears just as the stress-strain curve for foam

rubber, with a period of cell collapse followed by a rapid increase in stress (Figure

4.1).

4.1.2 Metallic Friction

The friction behavior of metals is dependent upon many variables, including sur-

face quality. One may hypothesize that there should be a period of no sliding (i.e.

static friction), then a period of sliding (i.e. dynamic friction). However, this outcome

is highly dependent upon the surface quality at the interface. For a polished surface

(3.8 micron grit or 1200 grit), there will be little, if any evidence of a static friction

peak (Figure 4.2). For a rougher surface (10.6 micron grit or 600 grit), there will be a

static friction peak (Figure 4.3). The study of this peak requires more consideration,

as the appearance of the peak is dependent upon many other experimental factors.

One hypothesis for the lack of a static friction peak in Figure 4.2 is that the rise

time of the incident torsion wave is too long. This is an limitation of the side-impact
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Figure 4.1. Example pulse shapers and the corresponding incident torsion wave.
Adapted with permission from [28]. Copyright (2015) Experimental Mechanics.
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Figure 4.2. Friction behavior for aluminum 6061 against aluminum 7075-T6 with
12.9 MPa of axial compression. Note the lack of a static friction peak. Adapted with
permission from [28]. Copyright (2015) Experimental Mechanics.
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(b) Sliding velocity.

Figure 4.3. Example of failing adhesive influencing the measurement of the friction
coefficient and sliding velocity. The appearance of a static friction peak is no accom-
panied by a corresponding lack of sliding velocity.
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torsion Kolsky bar. However, the presence of the static friction peak is not prevalent

in literature pertaining to the study of friction using a torsion Kolsky bar [23,24].

There is another consideration when studying metallic materials on a torsion Kol-

sky bar. Since there is no simple way of affixing the specimen onto the apparatus,

the joint must be well understood, particularly when using adhesives. Failure of the

adhesive may result in erroneous conclusions of the friction behavior by producing

an artifact that appears to be a static friction peak (Figure 4.3). This peak typically

occurs at the beginning of the transmitted wave, producing the illusion that a certain

stress level must be overcome before sliding occurs. However, it is imperative that

the adhesive be observed after the experiment, as the adhesive may have failed, thus

altering the measurement.

4.1.3 Particle Composite Friction

The particle composite under study was a stable, non-reactive mechanical mock

for volatile material. The composite was composed mostly of inert sugar crystal and

a small amount of polymer binder (by mass). When mixed, the composite is a slurry,

and must be cast or formed into shape. The casting process introduces different

surface conditions than if the material where machined. The friction behavior of

the material was studied at two sliding velocities (1.0 m/s and 3.0 m/s) and three

different compression levels (0.75 MPa, 1.0 MPa, and 1.25 MPa). The behavior is

clearly influenced by the manufacturing process, an important factor to consider for

the volatile version of this material (Table 4.1).

Regardless of the manufacturing method, a general trend has been observed within

the calculated friction coefficient (Figure 4.4). There are six regimes for this fairly

compliant material: loading, shear deformation, beginning of sliding, steady sliding,

interface evolution, and unloading. Some of these regimes may be condensed or

expanded depending on the surface conditions, but the shear deformation before

sliding is always present. The shear deformation is evident in that sliding velocity is
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Figure 4.4. Different regimes within a typical friction coefficient response. Not all
regimes are present or discernible depending on specific material behavior.

non-zero where this “peak” appears, indicating that there is relative motion between

the incident and transmission bars. This could also mean there is sliding, but the

general friction behavior is that a critical stress must be overcome before sliding

begins. Ultimately, whether sliding begins very early depends upon the material,

and could be verified using high speed imagery. As a side note, the specimen count

from each batch was limited. While each condition could have been performed using a

single batch, each specimen was taken from a different batch. While this increases the

irregularity between individual experiments, the overall results are more indicative of

the material rather than of a single batch of material.

An interesting observation, particularly for the machined material, is that the

friction coefficient is nearly the same for all compression levels. For a larger amount

of compression, the amount of shear supported by the interface increases according to

Coulomb’s law of friction (Equation 2.14), a quantity that is directly proportional to
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Table 4.1. Overall average friction coefficient of the plateau region for the simulant
material.

Low Velocity High Velocity
Machined 0.274 at 1.3 m/s 0.249 at 3.0 m/s
Cast 0.385 at 1.0 m/s 0.338 at 2.7 m/s
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the amount of transmitted torque. This means that for a given incident torsion wave,

the reflected torsion wave is decreased, resulting in a lower sliding velocity. One may

expect to observe a different friction coefficient with the different conditions. This

prospect opens several avenues for potential future studies related to modeling of

friction behavior.

The friction behavior of the mechanically processed material is relatively simple

(Figures 4.5, 4.6, 4.7 for the lower sliding velocity and Figure 4.8, 4.9, and 4.10 for

the higher sliding velocity). With a sliding velocity of 1 m/s, the friction reaches a

plateau for a majority of the experiment. At 3 m/s the friction shows signs of surface

evolution as the friction coefficient displays a net decrease over the duration of the

experiment. This decrease can be explained by the interface being lubricated by the

broken sugar crystals.

In contrast to the mechanically processed material, the cast material has more

rubber at the interface (Figures 4.11, 4.12, and 4.13 for the lower sliding velocity and

Figures 4.14, 4.15, and 4.16 for the higher sliding velocity). At a sliding velocity of

1 m/s, the cast material behaves similarly to the mechanically processed material,

showing a plateau in the friction coefficient, except with an overall higher friction

coefficient. However, at the higher sliding velocity of 3 m/s, the behavior changes

drastically. The beginning of the experiment shows a large peak, approaching a

friction coefficient up to 0.5. This peak is followed by a rapid drop and then a

gradual decrease in friction coefficient. The quick onset of sliding as marked by

the rapid decrease in friction coefficient is due to the nature of the surface of the

material. Being rubber-like, the surface “sticks” to the metallic surface until a critical

stress is reached, at which point, the material releases. It is hypothesized that had

this material been entirely rubber, that this slip event would be followed by a stick

event [50]. However, having only a thin layer of rubber bound to aggregate just below

the surface, the specimen experiences significant surface evolution due to separation

of crystals from this thin layer.
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(b) Sliding velocity.

Figure 4.5. Machined PBXn-301 simulant against 1008 steel at the lower sliding
velocity of 1 m/s and axial compression of 0.71 MPa. Data shows the average and
the first positive and negative standard deviation.
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(b) Sliding velocity.

Figure 4.6. Machined PBXn-301 simulant against 1008 steel at the lower sliding
velocity of 1 m/s and axial compression of 1.04 MPa. Data shows the average and
the first positive and negative standard deviation.
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(b) Sliding velocity.

Figure 4.7. Machined PBXn-301 simulant against 1008 steel at the lower sliding
velocity of 1 m/s and axial compression of 1.32 MPa. Data shows the average and
the first positive and negative standard deviation.



145

0 100 200 300 400 500 600 700 800 900

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

(a) Friction coefficient.

0 100 200 300 400 500 600 700 800 900

0

0.5

1

1.5

2

2.5

3

3.5

(b) Sliding velocity.

Figure 4.8. Machined PBXn-301 simulant against 1008 steel at the lower sliding
velocity of 3 m/s and axial compression of 0.69 MPa. Data shows the average and
the first positive and negative standard deviation.
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Figure 4.9. Machined PBXn-301 simulant against 1008 steel at the lower sliding
velocity of 3 m/s and axial compression of 1.10 MPa. Data shows the average and
the first positive and negative standard deviation.
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Figure 4.10. Machined PBXn-301 simulant against 1008 steel at the lower sliding
velocity of 3 m/s and axial compression of 1.30 MPa. Data shows the average and
the first positive and negative standard deviation.
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(a) Friction coefficient.
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(b) Sliding velocity.

Figure 4.11. Cast PBXn-301 simulant against 1008 steel at the lower sliding velocity
of 1 m/s and axial compression of 0.70 MPa. Data shows the average and the first
positive and negative standard deviation.
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(a) Friction coefficient.
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Figure 4.12. Cast PBXn-301 simulant against 1008 steel at the lower sliding velocity
of 1 m/s and axial compression of 1.11 MPa. Data shows the average and the first
positive and negative standard deviation.
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(a) Friction coefficient.
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Figure 4.13. Cast PBXn-301 simulant against 1008 steel at the lower sliding velocity
of 1 m/s and axial compression of 1.36 MPa. Data shows the average and the first
positive and negative standard deviation.
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(a) Friction coefficient.
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Figure 4.14. Cast PBXn-301 simulant against 1008 steel at the lower sliding velocity
of 3 m/s and axial compression of 0.68 MPa. Data shows the average and the first
positive and negative standard deviation.
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(a) Friction coefficient.

0 100 200 300 400 500 600 700 800 900

0

0.5

1

1.5

2

2.5

3

(b) Sliding velocity.

Figure 4.15. Cast PBXn-301 simulant against 1008 steel at the lower sliding velocity
of 3 m/s and axial compression of 1.10 MPa. Data shows the average and the first
positive and negative standard deviation.
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Figure 4.16. Cast PBXn-301 simulant against 1008 steel at the lower sliding velocity
of 3 m/s and axial compression of 1.34 MPa. Data shows the average and the first
positive and negative standard deviation.
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4.2 Combined Compression-Torsion Kolsky Bar

The compression Kolsky bar experiment is mature and is capable of providing

repeatable incident waveforms. The apparatus itself can be made compact to fit

in the smallest of places. Assuming the mechanical impedance of the specimen is

small compared to the incident bar, the transmission bar may be removed entirely,

effectively halving the length of the apparatus. The condition that the specimen has

a relatively low mechanical impedance must be verified.

Verifying that a specimen satisfies the assumptions of an experiment is relatively

simple, even when comparing the mechanical impedance of a material with unknown

properties. The assumption can be verified by comparing the measured incident and

reflected waveforms (Figure 4.17). The fact that these two waveforms are so similar

also means that any torque generated within the incident bar would be immeasurable

without a specialized transducer.

4.2.1 Friction Experiments

Compression-torsion experiments involving friction were conducted with a striking

velocity of 4.5 meters per second and a copper pulse shaper 6 mm in diameter and

1.1 mm thick (Figure 4.18). To prevent damage to the transducers, the overall travel

of the incident bar was limited to 0.5 mm through the use of a single loading device.

In this configuration, the single loading device reverses the wave in the incident bar

after the first passage of the wave, preventing a second wave from moving the bar

into the transducers.

Friction experiments are conducted in an unstable configuration for the compression-

torsion Kolsky bar. This is due to the fact that the specimen is attached to the ap-

paratus on only one side, leaving half of the torque adapter free floating. With little

resistance from the specimen, the torque adapter is free to close with little influence.

These experiments benefited greatly from a sleeve bearing that not only contains the
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Figure 4.17. Example incident and reflected waveforms. The similarity implies that
the experiment does not violate the assumption regarding mechanical impedance of
the specimen. Adapted with permission from [16]. Copyright (2017) Experimental
Mechanics.
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components of the torque adapter, but also provides enough friction that the adapter

functions as intended.

The dynamic nature of the compression and torsion stresses requires consideration

when analyzing data. Since both stress states begin and end with zero stress, the

inverse relationship that the compressive stress has with friction results in singularities

both at the beginning and end of the experiment (Figure 4.18a). It could be argued

that there is a small static compressive stress present, otherwise the torque adapter

would fall apart. However, the principle behind the friction measurements is to extract

data during constant sliding velocity.

The dynamics of the torque adapter results in peculiar behavior of the axial quan-

tities. Based on the angle of inclination of the planes, one may expect that the amount

of transmitted compressive stress would increase as the angle increases due to the fact

that the planes are becoming more parallel (Figure 4.18c). The higher angle of incli-

nation requires the torque adapter to spin faster, a higher angular velocity results in

a higher sliding velocity (Figure 4.18b). Considering conservation of momentum, this

requires that the forward velocity of the torque adapter be decreased relatively. The

result is that for a higher angle of inclination, the axial strain rate is decreased (Figure

4.18d), and the sliding velocity is increased (Figure 4.18b). One implication is that

the total strain applied to the specimen is proportionally less than for a smaller angle

of inclination. The validity of each experiment relies on the torque adapter following

the elliptical pathway. Analyzing the opening angle is possible (Figure 4.18e, but not

sufficient to guarantee that a friction experiment using this apparatus is valid (See

Section 3.2.3).
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Figure 4.18. Friction experiments using three angles of inclination. Adapted with
permission from [16]. Copyright (2017) Experimental Mechanics.
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4.2.2 Shear Stress-Strain Experiments

Compression-torsion experiments involving shear stress and shear strain were con-

ducted with similar conditions as the friction experiments: a striking velocity of 4.5

meters per second and a copper pulse shaper y.1 mm in diameter and 0.5 mm thick

(Figure 4.19). Since the specimen is adhered to both the transducers and the torque

adapter, there is little cause for the torque adapter to become misaligned or to fall

apart during an experiment. However, the sleeve bearing helps to ensure that the

specimen is installed correctly by providing a means to align and retain the specimen

while the adhesive is curing.

The strain rates of the shear stress-strain experiment follow a similar trend as

the friction experiment. When the angle of inclination is increased, the shear strain

rate increases and the axial strain rate decreases. However, since the specimen is

adhered to the transducers, the torque adapter is not free to rotate, and the gain in

angular velocity and shear strain rate is not as high as with the friction experiments,

as the specimen now has a higher capability to influence the system (Figure 4.19b).

With little change in shear strain rate, the total shear strain of the specimen is nearly

identical for each angle of inclination (Figure 4.19a). In contrast, the total axial strain

is significantly reduced for higher angles of inclination (Figure 4.19c). Verifying that

the torque adapter has not closed (Figure 4.19e) is not as important for shear stress-

strain experiments, as the specimen prevents the torque adapter from closing.
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Figure 4.19. Shear stress-strain experiments using three angles of inclination.
Adapted with permission from [16]. Copyright (2017) Experimental Mechanics.
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4.2.3 X-Ray Phase Contrast Imaging

The experiments at Argonne National Laboratory provide more insight into ma-

terial behavior than the Kolsky bar experiments or experiments with high speed

imaging alone. Since the x-rays are able to penetrate through the specimen and

phase contrast imaging was employed, each and every interface between crystal and

binder is highlighted. In addition, each image sequence consists of 256 images at a

frame rate of one million frames per second, but only a select few frames from select

experiments are shown here to highlight general details. The sliding velocity for each

of the conditions was maintained at three meters per second. Observations made

from these high speed images are based on the motion of the bulk material. Instances

of large particulate and interface deformation are identified where possible. Lastly,

only friction experiments were performed at Argonne National Laboratory, as the

shear stress-strain experiments would not produce much material motion during an

experiment.

For composites with high volume fractions of aggregate, such as polymer bonded

explosives and their simulated materials, the number of interfaces may become over-

whelming (Figure 4.20). Although the few images shown are not entirely enlightening,

the full image sequence shows the deformation of the sample in both axial and tor-

sional modes. In particular, the gaps between crystals, which are actually Sylgard

(not voids), allow slightly higher penetration of x-rays than the crystals themselves.

These regions can be enhanced and contrasted to show the motion of the material

under loading. While some regions follow an observably straight line, other regions

show local deformation different from the global mode. Some examples are: rotation

and ejection of large crystals, collapse of voids as indicated by a loss of contrast at

an interface, and localized slipping at the interface.

The material in this study includes some relatively large crystals that allow one to

track their motion (Figures 4.21 and 4.22). However, as loading continued, the thin

layers of binder were compressed and displaced around these larger crystals, eventually
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Figure 4.20. Friction experiment with a homogeneous field of view, the torque adapter
angle of inclination was 45 degrees.
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leading to loss of contrast, meaning the crystals essentially disappeared from view.

Although not directly observable due to the large number of interfaces in these images,

each of the crystals (whether large or small) are breaking up [12]. The presence of the

Sylgard is quite irrelevant, as the specimen is a system of discrete particles that will

ultimately fail during compression [11, 13, 14]. For these experiments, regions where

the image appears to become less grainy are regions where the crystal aggregate has

most likely become pulverized.

Other than the deformation of the material under loading, another region of inter-

est is the interface experiencing sliding. Here, local deformation and sliding is clearly

visible (Figures 4.21 and 4.22). While the few images in the figure appear to only

show general motion, the full image sequence shows that the regions with localized

sliding do so at different rates as compared to the rest of the interface. In the case

of simulant sliding on simulant (Figure 4.23), both sides of the interface are deform-

ing, and local sliding is also observable. It is clear that both sides of the interface

are deforming in the same mode, except that the side fixed to the torque adapter is

rotating faster as the opposing side is fixed to the transducer assembly.

4.2.4 Notes on Angle of Inclination and Friction

From an angular stand point, the torque adapter with a 45 degree incline is ex-

pected to provide equal parts of compression and rotation. This is clearly shown in

the high speed images, where forward motion is observable as the material begins to

rotate (Figure 4.20). However, this fact should not be confused with how the mo-

tion is determined by the torque adapter. In principle, the material response may be

non-linear, meaning the motion of individual particles will not produce a 45 degree

trace on the images. Furthermore, the high speed images also capture a portion of

the unloading of the specimen. Although not entirely relevant in these sequences,

the unloading period may reveal other phenomena, particularly if the sliding velocity

remains high as the compression returns to zero.
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Figure 4.21. The motion of two large crystals is evident (1 & 2), local deformation
at the interface may be tracked (3) during a friction experiment. The torque adapter
angle of inclination was 60 degrees.
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Figure 4.22. The motion and rotation of a large crystal can be followed (1) during
a friction experiment. Features at the interface may be tracked (2), the angle of
inclination was 75 degrees.
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Figure 4.23. The composite sliding against itself. The angle of inclination was 60
degrees.
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The torque adapters with a 60 degree incline are closer to a planar surface than

the 45 degree inclines. As such, the angular velocity is expected to increase along with

the axial force. However, the forward motion of the torque adapter should be less

than the adapter with a 45 degree incline. Once the specimen has been compressed,

most of the motion appears to be rotary in nature. For these particular experiments,

this motion would imply the loading did not occur in the expected manner, and that

the torque adapter was not in the correct position when the experiment occurred

(i.e. the part of the adapter holding the sample moved slightly). Considering the

environment, this situation is unavoidable, as the apparatus is in a sealed room and

cannot be checked at the last second to verify that the torque adapter is in the correct

position.

The torque adapters with a 75 degree incline are expected to have the fastest

angular velocity of the thee adapters. However, due to the limited travel distance,

the torque adapter quickly closes, producing an almost pure compressive stress state.

This means that most of the motion captured in the high speed images does not

involve a combined compression-torsion stress state, and insights drawn from these

particular images should be compared carefully to the other cases. Interestingly, the

particles in the samples tested with this torque adapter appear to trace a 45 degree

line in the images. This motion is the most evident in Figure 4.22, where two large

particles are within the view port.
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5. DIRECTIONS FOR FUTURE RESEARCH

5.1 Side-Impact Torsion Kolsky Bar

The full potential of the side-impact torsion Kolsky bar has not been reached. The

torsion Kolsky bar experiment in general is not widely utilized to study materials for

either stress-strain or friction behavior. With a large selection of sufficiently soft

materials (i.e. various types of rubber) for use as a pulse shaper, the side-impact

torsion Kolsky bar is capable of generating rectangular, triangular, bi-linear, and

many other shapes of incident torsion waves. The apparatus is also capable of creating

fairly long incident torsion waves without the required space for storage of torsional

deformation. However, the studies to date have been limited to friction of essentially

two materials.

Shear and friction are responsible for many phenomena in engineering, with wear

being a major contributor to the failure of mechanical systems. Wear is present in

metallic, granular, and even polymer systems where surfaces are constantly exposed

to mechanical loading and abrasion. In general, wearing takes time, but the same

processes occur at higher rates during impact events that may lead to complete failure

of a mechanical system. Applications range from local fracture of glass materials,

debonding of granular materials, galling of metallic materials, and induced thermal

responses in polymers.

Friction behavior need not be limited to the response at an entirely constant rate.

While the development of a material model is greatly simplified by the availability of

data at different rates (i.e. strain rate, sliding velocity, etc.), the models may not cap-

ture the true response under non-ideal dynamic conditions. One possible experiment

to explore this behavior would be to use some form of non-rectangular incident wave,

such as a triangular wave, which would expose an interface to a constantly changing
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Figure 5.1. Hypothetical material response to a triangular incident wave. Would the
response converge with the data at constant sliding velocities, or would the response
take its own path?

sliding velocity. The question to answer would then be whether the aggregated data

at constant sliding velocities corresponds to the response across a spectrum of sliding

velocities (Figure 5.1). This is a direct analog to the stress-strain response at different

strain rates: given a strain rate dependent material, if the strain rate jumps during

loading, what does the response look like?

5.2 Compression-Torsion Torque Adapter

The combined compression-torsion Kolsky bar is not an ideal experiment. The

torque adapter must begin in the opened position, which introduces problems relating

to contact between the components. For a weak specimen response, the likelihood

that the two halves of the torque adapter will separate is fairly high, as the motion

begins from a fairly high state of potential energy once the incident wave arrives.
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This issue could be resolved by using the torque adapter with a torsion Kolsky

bar instead. Here, the torque adapter could begin from a closed position, and the

incident torsion wave will induce torsion and compression in the specimen. Since

the adapter is initially closed, the adapter always experiences resistance to keep the

adapter in contact. This is in contrast to the compression Kolsky bar variant, where

the adapter tends to reduce the resistance, resulting in loss of contact. Figure 2.5 in

Section 2.2 illustrates the opened and closed states of the torque adapter.

Combined with the side-impact torsion Kolsky bar, the torque adapter could bring

a new age to the study of dynamic behavior of materials. While it is desirable to

remove as many variables as possible to simplify analysis, many applications involve

complex stress states. For each application, it is reasonable to assume that there is a

material being designed and studied specifically to fill that role. These new materials,

as well as the current materials, need a suite of experiments tailored to more complex

conditions in order to facilitate the development of material models and optimize for

specific applications.

The concept of dually dynamic stress states is particularly important for granu-

lar materials, whose behavior drastically changes depending on the amount of stress

within the system. A specific application of this experiment would be for geo-materials

such as concrete and rock. Earthquake science has led to the development of many

friction models to explain how the Earth’s crust behaviors during an earthquake,

which may induce compressive and shear stress in the giga-Pascal range. While the

stresses are out of reach, the lower sliding velocities are entirely attainable. This

concept also applies to concrete and other stiff and brittle particle composites, par-

ticularly those that may be involved in ballistic scenarios. Having the capability to

induce large compressive and shear stresses simultaneously, in a dynamic manner,

would be a huge benefit to developing material models of these materials.

The torque adapter may also benefit from further study. One flaw in the design is

the use of inclined planes. As the opening angle of the adapter changes, the amount

of converted stress changes due to the path tracing an ellipse (See Section 2.2.2). A
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solution is to use an axisymmetric shape such as a screw or a double helix [16]. The

benefit of these two types of geometry are that the tangent vector at the point of

contact remains constant as a function of the opening angle. The difference between

the screw and double helix is the number of contact points, which is one for the

screw, and two for the double helix. Machining tolerances play an important role,

and a single contact point is much easier to produce with consistency than two contact

points. However, the effect of using a single contact point is yet unknown. It may be

hypothesized that the double helix will perform better than the screw and inclined

planes, but the mating parts of the torque adapter may not have a sufficient fit such

that the helices are always in contact.
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6. SUMMARY

The side-impact torsion Kolsky bar was developed to address several concerns with

current torsion Kolsky bar methods. The ability to control the duration, amplitude,

and shape of an incident wave is considered to be essential for Kolsky bar experiments.

While the amplitude and duration are controlled by the components of the apparatus,

the shape is controlled by a pulse shaper, a technique in itself that requires patience

and experimentation. Being able to provide these three characteristics in torsion

allows the torsion Kolsky bar to utilized in the development of material models in

shear.

Early development of the side-impact torsion Kolsky bar was plagued by unknown

interactions, leading to work on analytical and numerical solutions. The engineering

analysis revealed several geometric constraints that should be applied to the appara-

tus. Artifacts in the torsion incident wave were identified and analyzed to optimize

the apparatus. The artifacts set bounds on the material of pulse shapers, simplifying

the selection of pulse shapers for various purposes.

The side-impact torsion Kolsky bar was applied to friction studies, where a simple

rectangular waveform is often sufficient. However, small friction responses may be

immeasurable, even with rather large levels of compression or incident shear. These

cases require a modification to the apparatus: a transmission bar with a reduced

torsional stiffness, resulting in a natural amplification of the waveforms.

Friction experiments between metal surfaces are expected to show a static friction

peak before the onset of sliding. However, the rise time of the incident wave and

the surface condition of the interfacial components may not result in a static friction

peak. Similarly, the mechanical behavior and failure of adhesives involved in the

experiment may result in the appearance of a false static friction peak. Soft particle

composites show a static friction peak after a period of shear deformation. The onset
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of sliding is relatively slow and is quickly followed by surface evolution, resulting in

an evolving friction coefficient.

The development of the side-impact torsion Kolsky bar led to a new concept

for combined compression-torsion. Using a torque adapter, an incident compression

wave may be converted into compression and torsion just prior to interaction with a

specimen. The dually dynamic state may be applied to shear and friction, just as a

typical torsion Kolsky bar experiment. Function of the torque adapter was verified

using high speed imagery, and x-ray phase contrasting imaging detailed the interior

of a particle composite during this dually dynamic loading.

X-ray phase contrast imaging revealed the internal motion of the aggregate of the

particle composite, ranging from rotation, compression, and fracture of particles. The

shear number of particles in the composite masks the behavior of smaller particles,

but the largest are clearly visible. The interface in a friction experiment may also be

observed, with local slipping deformation visible as a function of time.
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