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A comparative study on the restrictions of dynamic test methods
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Abstract. Dynamic behavior of materials is investigated using different devices. Each of the devices has some restrictions. For
instance, the stress-strain curve of the materials can be captured at high strain rates only with Hopkinson bar. However, by using a
new approach some of the other techniques could be used to obtain the constants of material models such as Johnson-Cook model
too. In this work, the restrictions of some devices such as drop hammer, Taylor test, Flying wedge, Shot impact test, dynamic
tensile extrusion and Hopkinson bars which are used to characterize the material properties at high strain rates are described.
The level of strain and strain rate and their restrictions are very important in examining the efficiency of each of the devices. For
instance, necking or bulging in tensile and compressive Hopkinson bars, fragmentation in dynamic tensile extrusion and petaling
in Taylor test are restricting issues in the level of strain rate attainable in the devices.

1. Introduction

A wide variety of dynamic materials testing machines
with different capabilities have been developed across
the world. Generally, dynamic testing of materials can
be categorized as intermediate (107'-10?s~!) or high
strain rate (10°~10*s~"). Strain rates higher than 10*s~!
usually correspond to the phenomena involved in shock
wave propagation. The Intermediate strain rate testing
techniques utilise air, hydraulic or mechanical testing
machines. The piston type machine designed by Maiden
and Green [1] is a typical example of the first category.
The second category comprises hydraulic testing machines
such as the advanced hydraulic torsion testing machine
developed by Lindholm [2], which was capable of creating
a continuous range of strain rates from quasi-static to
500s~!. In mechanical testing machines, the required
energy is usually stored in a large moving mass such as a
fly wheel. One of the earliest types of dynamic mechanical
testing machines was built by Nadia and Manjoine [3]. In
this machine, the flywheel rotates at a constant angular
velocity. At the time of impact, a hammer which is
supported by a spring is suddenly released and is engaged
with the base of the specimen. Another testing machine
which is capable of producing a uniform strain rate is
the cam plastometer [4]. In Much of the experimental
work on the high strain rate response of materials involves
the use of the most universally accepted high rate testing
apparatus, the split Hopkinson bar (SHB), also known as
the Kolsky bar, with different loading modes, including
tension [5], compression [6], and shear [7]. Strain rates
up to 10*s~! can be attained by the SHB. An alternative
dynamic tensile testing facility, known as the Flying
Wedge, which is capable of generating strain rates from
10?s~! up to in excess of 10*s~!, has been developed and
used at Leeds University for several decades [8].

2. The high strain rate features

Some of the objectives in dynamic tests which look to be
of more importance are described in following sections.

2.1. Strain and strain rate distribution

Strain rate is often obtained approximately from V/H
where V is the deformation velocity and H is the gauge
length of the specimen. But this relation is too rough and
in some cases not true at all. In Hopkinson bar strain rate
is calculated from:
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Where, ¢(¢)is the stress wave reflected into the input bar.
The strain rate is obviously constant before necking in
tension and bulging in compression. The distribution of
strain rate obtained in Taylor test is illustrated in Fig. 1. As
it is seen strain rate is not uniform within the specimens.
Therefore, talking of strain rate in a test is basically
nonsense. As a matter of fact, strain rate is a local quantity
that is nonuniformly distributed within the specimen and
varies from point to point in time and space.

2.2. Stress-strain curve and material models

Material models are widely used in finite element codes for
analysis of material deformations particularly at high strain
rates and elevated temperatures. Each material model has
some constants which are determined using stress-strain
curves obtained by experiment. The problems such as
necking and bulging limit the conventional test techniques
to measure the stress-strain curves only up to small
strains. This is while, in some deformation processes, the
strain can be greater than 1. Over the past recent years,
a combined experimental, numerical and optimization
approach has been used for determination of the constants.
The method is explained in Sect. 5. The flow stress is
defined in terms of strain, strain rate and temperature
through some material models a number of which are given
below:
Johnson-Cook [9]:
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Figure 1. Strain rate distribution in a Taylor test specimen.

Zerilli-Armstrong [10]:

o =C) 4+ Crexp(—C3T + C4TLn (¢))
+ Cs&"  for fcc

o=0C + Czﬁexp(—CgT
+ C4TLn(¢)) for bec.

2.3. Damage models

Determination of the constants of damage models are also
one of the main objectives in dynamic tests. Two of the
most important models are:

Analytical Gurson, Tvergaard and Needleman model
[11]:
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Empirical Johnson-Cook damage model [12]:

¢y = (D + DEXP (D3 (P/oy)))
(1 + D4Lné) (14 DsT*).

2.4. Fracture mechanism

Fracture mechanism of a material may change from a pure
ductile under quasi-static conditions to pure brittle under
dynamic loading. Typical fracture surfaces are shown in
Fig. 2. Therefore, fracture mechanism is one of the major
concerns in high strain rate deformations.

2.5. Fragmentation

Fragmentation occurs in high rate impacts or deformations.
Typical example is shown in Fig. 3. Fragmentation is
a restricting event in high rate testing techniques. For
instance, fragmentation in Taylor test limits the plasticity
in the specimens. However, some testing techniques such
dynamic tensile extrusion have been innovated to study the
fragmentation behavior of materials at high strain rates.

Figure 2. A pure brittle and (b) a pure ductile fracture
mechanism.
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Figure 3. Fragmentation in a ballistic test [13].

Figure 4. A general view of the “Flying wedge”.

3. Experimental methods

The experimental methods as explained in Sect. 1 are
various. However, some of the most important ones which
have wider application and the newest ones and their
features are explained in the following sections.

3.1. Flying wedge

A general view of this apparatus is shown in Fig. 4.
The slider mechanism, shown in Fig. 5, consists of two
sliders with chamfered faces, the angle of which match
up precisely with the wedge angle, together with two rails
which allow the sliders to move freely, and two shock
absorbers. Specimens are fitted between two specimen
holders that are located within the sliders. When the gas
gun is fired, the wedge plate connected to the piston rod
accelerates quickly and hits the sliders. As a consequence
of the impact, the sliders move rapidly away from each
other resulting in tensile loading of the specimen.

By changing the gas gun pressure and using notched
specimens strain rates up to 10®s~! can be achieved with
this testing rig. This device is very useful for the study of
fracture mechanism and also damage evolution [14 & 15]
at high strain rates. However, the device is not suitable for
obtaining stress-strain curve.
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Figure 5. The slider mechanism and the specimen.
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Figure 6. Typical specimens after Taylor test.

3.2. Taylor test

Taylor test was initially proposed by Taylor [16] in 1948
aiming at the study the ballistic behavior of metals. It
relates the dynamic properties of the materials to the quasi-
static one. His analysis is based on stress wave propagation
in the specimens due to the impact of the projectile
against a rigid target. The analysis takes account of the
mushroomed profile of the specimen after impact. Today,
Taylor test is still widely used for the study of dynamic
behavior of materials at high strain rates along with
numerical simulation. It is also used in inverse engineering
such as the method explained in Sect. 5 for determining the
parameters of material models.

Typical specimens deformed in Tayor test are
illustrated in Fig. 6. As the figure indicates, when the
impact velocity increases, the specimens deformation
changes from a quite mushroomed shape to a shape which
consists of two quite distinct regions; an undeformed
region and a petal zone. The petaling limits the strain
and strain rates achievable in Taylor test on one hand but
provides means to study the petaling phenomenon itself on
the other hand.

3.3. Inverse Taylor test

In this technique, the target (specimen) and the projectile
(striker) swap their positions as usually considered in
the conventional Taylor test (see Fig. 7) [17]. This type
of test configuration eliminates the difficulties which are
normally associated with in sifu heating up the specimen.
However, strain rates in inverse Taylor test is considerably
lower than that in Taylor test. The reason is that the
projectile (Target) in inverse Taylor test is much heavier
than that (specimen) in Taylor test and consequently, the
impact velocity in Taylor test would be much higher.

holder L=

fireproof washer

’

Figure 7. The schematic view of the inverse Taylor test [17].

Figure 8. A tensile Hopkinson bar apparatus.

3.4. Hopkinson bar

Hopkinson bar consists mainly of three bars, striker,
incident and transmission bars [5—7]. The general view
of a Hopkinson bar is shown in Fig. 8. The striker bar is
driven by a gas gun and hits the incident bar. A stress wave
is produced and travels down the incident bar toward the
specimen. In Hopkinson test method, the signals including
the incident wave, ¢;, reflected wave, g, and transmitted
wave, g7 are used to calculate the torque, strain, stress and
strain rate in the specimen as follows [5].

deg (1) 2C
=———2¢r(t
di L eg (1)

g () = —?/0 eg (1).dt

Ap

s)=E
oy (1) A,

er(1).

Where, E, Cy, Ay, As, L are the Young modulus, elastic
wave speed, cross sectional area of the bars, initial
cross sectional area and initial length of the specimen,
respectively.

3.5. Shot impact test

The problems such as necking and bulging limit the
conventional test techniques to measure the stress-strain
curves only up to small strains. This is while, in some
deformation processes, the strain can be greater than 1.
In shot impact method, high strength shots are impacted
on specimens at high impact velocities and at elevated
temperatures using a gas gun [18]. The section of the shot
inside a crater is illustrated in Fig. 9. Strain rates up to
about 10°s~! are achieved in this work. The geometry
of the crater created by the shot impact on the specimen
is used for determination of the constants of the material
model. This method will eliminate the need to extrapolate
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Figure 9. The section of the shot inside the crater [19].
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Figure 10. The process of DTE [18].

the experimental stress strain curve to large strains which
may not be true in reality.

The constants of the material model correspond to
the case when the experimental and numerical geometries
of the craters created by the shot impact on the
specimen coincide. The coincidence can be achieved
by an optimization process such as genetic algorithm.
The shot impact test is confined to plasticity without
damage. Therefore, it appears to remain dominated solely
by plasticity even at the upper velocities.

3.6. Dynamic tensile extrusion

In dynamic tensile extrusion (DTE) proposed by Gray
et al. [19] several years ago, a spherical projectile
(specimen) is shot through an open conical die in which the
exit diameter of the die is smaller than the sphere diameter,
the projectile undergoes severe dynamic tension at high
strain rates. A simulation of the process is shown in Fig.
10. The order of strain rate is 10* /s which is less than those
seen in shot-impact tests and even Taylor tests. Dynamic
Tensile Extrusion (DTE) is mostly used for studying
the fracture mechanism particularly for determining the
ductile to fracture transition in materials especially in
polymers, although it has been used by Bonora et al and
a few others for adjusting some material models. DTE
is quite an interesting method by which the effect of
material’s microstructures on macro-structural response
of materials such as fragmentation and damage can be
studied.

3.7. Drop hammer

In this device a dropping weight as the hammer hits the
specimen which is mounted on an anvil. This device is

| |

Df

Figure 11. The dimensions used for optimization of final profile.

mainly used to study the behavior of energy absorbers.
However, it can be used for compressive test and even
tensile test too. This test provides medium strain rates. It
lacks most of the capabilities of the dynamic test devices
and even universal testing rigs.

3.8. Universal devices

Universal machines are the commercial testing apparatuses
which are mainly used mechanical characterization of
materials under quasi-static and low rate loadings. The
universal machines such as Instron, Zwick, MTS, Avery,
etc are among the most frequently used machines in the
world. These machines lacks most of the capabilities
of high rate testing machine such as the capabilities to
study fragmentation, fracture mechanism transformation,
erosion and other features which occur only in high rate
deformations. However, these machines enjoy capabilities
such as providing stress-strain curve, cyclic test for
studying the damage evolution or isotropic/kinematic
hardening of material.

4. Inverse engineering and material
model

As explained above, dynamic stress-strain curves are
rigorously converted into material models which are
highly important elements in the simulation of material
deformation. In a new strategy called as “inverse
engineering”, the dynamic stress-strain curve is eliminated
from the test procedure and the constants of the material
model are determined in a way that the difference between
the experimental and the numerical load-displacement
curves or the shape of dynamically deformed specimens
is minimized [20,21]. This is performed by a combined
experimental, numerical and optimization technique. The
difference is taken as the objective function of an
optimization problem. which can be defined by a function
such as a polynomial as follows:

OBJ(x)Zao+ Y axi+ Y byxixj. (D)

i=1 ij=1

In which x; i=1 to n) is the model parameters
vector, the coefficients a; and b;; are identified from the
numerical simulations and # is the number of parameters
of the material model under investigation. The number of
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coefficients a; which required to be computed from the
simultaneous solution of a system of n algebraic equations
determines the number of the numerical simulations
needed for each tensile or compressive test. In Taylor
test, the optimization is performed by designating three
dimensions on the final profile of the specimen as shown
in Fig. 11.

In this figure, a; = L and a3 = D are the final length
and the final end diameter of the specimen, respectively.
The variable a, = X is the length of the specimen which
has not experienced any deformation during the impact.
The objective function is defined as follows:

OBJ:\/0BJ’2—&—OBJ”Z—i—OBJ”’2 2)

I
OBJ' = A lexperimental — @ 1numerical

= Lfexperimental - Lfnumerical (3)

11
OBJ'" = 2experimental — A2numerical

= Xfexperimental - anumerical (4)

111
OBJ = @3experimental — @3numerical

= Dfexperimental - Dfnumerical~ ®)

The terms AiExperimental— @i Numerical (i=1,2,3) represent
the differences between the numerical and experimental
profiles of the specimen for the three designated
dimensions shown in Fig. 11.

5. Summary and Conclusions

The results of this study are summarized in Table 1. Each
method clearly covers a range of strain rate. Therefore,
the methods may not be comparable with each other in
some respects. However, it is extremely important to know
the capabilities of each method and its restrictions. As
Table 1 indicates, some test methods are excellent for the
study of some quantities or phenomenon but are useless
for others. For instance, although a few techniques can be
used for investigating fragmentation but dynamic tensile
extrusion method is the best choice for this purpose. This
is while this method is inefficient in other respects. It can
be observed that the best equipments for capturing stress-
strain curve are Hopkinson bars. Nevertheless, all methods
can be employed for determining the constants of material
models by inverse engineering as explained in Sect. 4.
Flying wedge and tensile Hopkinson bar are the most
appropriate devices for the study of fracture mechanism
at high strain rates. These devices are also the best choices
for the study of damage evolution which is a subject of
damage mechanics. The specimens should be deformed
to a controlled level and voids initiation, growth and

coalescence is examined to obtain the damage evolution.
This can be done using Flying Wedge of Hopkinson bar.
Of course, damage evolution is also evaluated by cyclic
test and hysteresis curve which can solely be obtained
by universal testing machines. Phase transformation
such as martensite formation of deformation mechanism
such as twinning can be studied by nearly all test
methods.
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