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Abstract

As aresult of increasing demand to improve analysis of manufacturing techniques and
safety in structures, it is necessary to determine material properties at high strain rates.
Conventional screw-driven or servo-hydraulic methods of testing materials at high
strain rates are not adequate as oscillations and stress waves are set-up within the
testing apparatus. These oscillations and stress waves foul the transducer reading, thus
making the data obtained unusable. To overcome these limitations the split Hopkinson

pressure bar (SHPB) was developed.

A SHPB facility was developed at UCT to measure material properties at high strain
rates. The development, discussed in this thesis, included the design and
manufacturing of a SHPB, strain gauge amplifiers and a data acquisition system. In
addition to this a data processing package, including a dispersion correction routine

was also developed.

From the development and testing on the system the following conclusions can be
drawn.\The system as a whole functioned well and enabled testing of different
materials at various strain rates up to 10%s". The dispersion correction program used
was able to shift the pulses to the specimen interface and substantially reduced the
oscillations on the stress strain plot. In addition to this, the use of pulse shaping

further reduced the oscillations.

The data acquisition systemn was able to sample at 20MHz and capture 24000 sample
points per channel, thus making it more than adequate to capture the signal for the
strain gauge amplifiers. The Visual Basic user interface for the data acquisition was
user friendly and the operation was very similar to that of an oscilloscope, thus
considerably reducing the time required to train an operator. The amplifiers developed
were stable and had very low levels of noise on the output. They also gave sufficient

gain to the signal to generate a stress-strain plot.

The@\ﬁg@ tests iconducted were repeatable and the dynamic calibration factor

only deviated from the theoretical calibration factor by 5%, thus reconfirming the
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calibration of the system. The method for determining Young's modulus and Poisson's
ratio of the bar was very successful, as the Young's modulus could be determined to

within 1GPa and the Poisson's ratio to within 0.01.

The material models published in the literature did not correlate well with the actual
test data but there was good correlation between published results. There could be
two main reasons for this. Firstly, the material tests conducted showed that there is a
large difference in the stress level of an as worked specimen and one that was
annealed. Thus, the work hardening state and microstructure of the specimen could be
the source of the discrepancy. Secondly, the value used for the constitutive constants
in the model significantly altered the predicted stress level. As a result, the selection
of the correct values for the constitutive constants is vital, if one is to obtain good

correlation with the models.

As the SHPB system developed is fully functional and accurate, it is recommended
that additional testing be done to determine the cause of the discrepancy between the
test results and the material model. This should including noting the effects of work
hardening, microstructure and temperature on the stress of the material. From these
tests the constitutive models could be modified to be more representative of the
material or a new model developed which incorporates work hardening characteristics
as well as (earlier) strain rate parameters. During testing the incident pulse should be
pulse shaped, as there is a considerable reduction in the oscillations on the stress-

strain curve in so doing.
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1

Introduction

This thesis sets out the details and results of the development and testing of a split
Hopkinson pressure bar (SHPB) facility for the use of testing of materials to high strain
rates typically up to 103s™*. This forms part of an ongoing research project of the Centre
for Research in Computational and Applied Mechanics (CERECAM) at the Department
of Mechanical Engineering, University of Cape Town.

Experimental techniques have been developed to determine material properties at high
strain rates as a result of increasing demand to improve manufacturing techniques and
safety in structures. The following list highlights some of the applications where high

strain rate material properties are needed:

o increase the rate of manufacture of products such as high-speed wire drawing, cold

rolling, high-rate forging, shot-peening and shock welding

o defence applications including projectiles, armour and explosive or propellants, ma-

terial interactions
» automotive crashworthiness
e cavitation and particulate erosion in turbines and marine propulsion

e aerospace impacts; including foreign object damage such as bird ingestion in jet

engines, blade containment in engines, and meteorite impact on satellites

e the development of material models, such as the Cowper-Symonds[1] and Johnson-
- Cook[2], to characterise the behavior of materials at high strain rates for use in

finite-element simulations

The conventional method of measuring the material properties is carried out by loading

the specimen at a constant rate, in compression, tension or torsion, and recording the
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load and deflection. From this, the engineering stress-strain property could be obtained.
These testing machines are typically screw-driven or servo-hydraulic and owing to their
construction they typically have an upper limit of strain rate of 1s7!. To obtain higher
strain rates than this, specially designed high capacity servo-hydraulic machines are used
and can achieve strain rates of 200s™!. At these strain rates, the conventional testing
methods suffer from oscillations and stress waves being set up in the load cell by the rapid
loading of the specimen. These oscillations and stress waves foul the reading obtained
for the transducer and make them of questionable value and often unusable. Alternative

testing techniques have to be used to overcome these limitations at higher strain rates.

To overcome the limitations on the conventional methods, the stress wave réﬂections
within the load measuring device must be discriminated against. The most successful tech-
nique to achieve this has been the split Hopkinson pressure bar and is capable of achieving
strain rates up to 2 x 10%s™! in compression[3][4][5][6]. The SHPB achieves this by using
long impact bars which are strain gauged. The bars are sufficiently long that the incident
and reflected stress waves can be separated and discrimination achieved. The Hopkinson
bar technique has also been developed to test materials in tension {7}{8]{9]{10]{11] and
torsion {12][13] but at lower strain rates. The split Hopkinson pressure bar has also been
utilised to load samples to measure material fracture toughness [14][15]{16] and to test

specimens at elevated temperatures [17][18]{19].

The objectives of this project have been to develop and test a SHPB for testing material

at high strain rates in compression. The project considered the following developments:

[

. setting up of the pressure bars and gas gun

2. design and construction of strain gauge amplifiers

3. sourcing of a data acquisition system

4. programming of a data processing system to correct for dispersion
5. make the abovementioned systems user friendly

6. to calibrate the system
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7. perform compression tests on material specimens to generate stress-strain curves at
different strain rates. These results are then to be compared to those of material

models and values found in literature.

The report begins with a review of the relevant literature. It then goes on to describe
the SHPB system and the tests that were to be conducted to validate the system. Next,
the operation of the data processing program, that corrects for dispersion, is described.
The calibration of each subsystem is reviewed and then calibration of the system as a unit
is considered. The results of the material tests are then discussed along with the operation

of the system. Finally, conclusions are drawn and recommendations made for future work.



2

Background and Theory

2.1 Introduction

As mentioned earlier the split Hopkinson pressure bar is one of the most popular tech-
niques to measure material properties at high strain rate. This chapter goes through the
background and theory for the split Hopkinson pressure bar. Firstly the origin of the name
is briefly discussed, then the layout of the system is given. Next the compression test on
the SHPB is discussed with the relevant one dimensional wave propagation theory neces-
sary for the generating of the stress-strain curve. After that, the development of the data
capture systems and data processing methods are discussed. The material models used
for comparison with the test data are then described and finally concluding remarks are

given.

2.2 Historical Background of the Naming of the SHPB

In 1914 Bertran Hopkinson studied the shape and evolution of stress pulse propagation in
a long elastic metallic bar [20]. Davies[21] and Kolsky([22] continued the work of Hopkinson
and, by using two Hopkinson pressure bars in series with a specimen sandwiched between,
were able to measure the dynamic stress-strain response. Owing to the pioneering work
of Hopkinson, the experimental apparatus using stress wave propagation in long rods to

study material properties was named the split Hopkinson pressure bar (SHPB).

2.3 Principal of Operation

2.3.1 Layout of split Hopkinson pressure bar

A SHPB system, shown schematically in Figure 2-1, typically comprises of the following:

e a gas gun and associated control valving that can launch a striker, to produce a
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controlled pulse in the incident bar,

e a speed trap to measure the speed of the striker. The speed is then used in the

calibration of the system,
¢ two long symmetric bars, namely the incident bar and transmitter bar,

e bearing and alignment fixtures to allow the bars to move freely while retaining precise

axial alignment,

e strain gauges mounted longitudinally on both bars to measure the stress wave prop-

agation in the bars,

e associated amplifiers and data acquisition system to record the stress wave.

2.3.2 Compression testing with the split Hopkinson pressure bar

In the compression test a short cylindrical specimen is positioned between the incident and
transmitter bars. A striker of the same material and cross-sectional area as the incident
bar is launched at the free end of the incident bar. This sets up a longitudinal compressive
incident pulse, designated o;, which travels down the incident bar and is recorded by the
first strain gauge station. Once the pulse reaches the bar/specimen interface part of the
pulse is reflected in the form of a tensile pulse, designated o, and is recorded by the first
strain gauge station. The remainder of the pulse passes through the specimen where some
of the energy of the pulse is absorbed by the specimen and then passes into the transmitter
bar. The pulse travels down the transmitter bar ,designated oy, and is then recorded by

the second strain gauge station.

The shape of the incident pulse can be varied in length and amplitude by varying the
striker length and impact velocity. By altering the shape of the incident pulse the strain
and strain rate of the specimen can be varied. For a given striker length, the strain rate
can be increased by increasing the impact velocity of the striker. As the bars should not
go plastic the maximum allowable impact velocity vmax is [12]

2Ch0
Vinax = — 5 (2.1)
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were oy is the yield stress and E is the Young’s modulus of the pressure bar, Cj is
the fundamental longitudinal wave velocity. The strain that the specimen undergoes is
increased by increasing the length of striker. The length of the striker must always remain
less than half the length of the shorter pressure bar. This will avoid any overlap of the

incident and reflected pulse at the recording station.

From the three readings (¢;, or and o) it is posible to determine the time dependent
stress state of the bar and, using one dimensional wave propagation theory, a stress-strain
plot of the specimen can be obtained. A typical plot of the three recorded strain gauges
reading is shown in Figure 2-2 a. with the calculated stress-strain plot shown in Figure
2-2 b. The one dimensional wave propagation theory needed to determine the stress-strain

plot is discussed in the next section.

2.4 One Dimensional Wave Propagation Theory

Wave propagation behavior for elastic bars is well understood and mathematically pre-
dictable [23] [24] [25]. An schematic diagram of the SHPB showing the stresses in the bar
is shown in Figure2-3.

From elementary wave theory the wave equation can be shown to be[7] [12] [26]

Pu 1
= o 22)

where Cy = \/g is the fundamental longitudinal wave velocity, « is the displacement and

t the time. The general solution to the wave equation can be written as

u= f(z— Cot) + g(z — Cot) = u; + uy (2.3)

Considering the wave moving in the positive x direction, then the general solution becomes

u=f(z—Cot). (2.4)

Then by differentiating Equation 2.4 with respect to « the 1-D strain is given by
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€= g-;i =f (2.5)

and differentiating Equation 2.4 with respect to ¢ the velocity is given by

Y= — = --C'of’ (2.6)

where (/) denotes the differentiation with respect to the argument (z — Cpt).

Thus by substituting Equation 2.5 into Fquation 2.6 we get

du Ou
5~ %%
or
v=-Cope (2.7)

Substituting o = Fe and E = CZp in we can rewrite as

o o
U= —COE =" (2.8)

giving
o = —pCyv (2.9)
The negative sign indicates that the tensile pulse is moving in the positive z direction, but
it is conventional in wave theory to take compressive stresses positive'thus
o = pCyv (2.10)

The velocities of a particle in the bar due to the incident pulse, the reflected pulse and
the transmitted pulse are Av;, Av, and Aw; respectively and can be written as
4

and A‘Ut = E

i o
2Co’ PCo
Note the negative sign for the reflected pulse is because the pulse is travelling in the

Ay, = Ay, = —
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negative z direction.

From this, the velocity at the end of the incident bar, at bar/specimen interface, can be

determined.
v = Ay + A,
giving
1
vy = p_Ca (i —oy). (2.11)

By integration the velocity the displacement of the end of the bar can be determined.
¢
Uy = / 'Uldt (212)
0

1 4
p_C(;‘/o (U'i - O'r)dt

Similarly the displacement of the transmitter bar at the specimen/bar interface can be

determined.

1 £
Uy = e | Oy (AL 2.12
' pC'o/(; ' (2.13)

Now that the displacement of the two bars can be calculated, the true strain of the speci-

men can be found. The true strain is

l .
dl
Etrue 'l- (2.14)
Io
= Inl~Ini
{
- n(z)
and the instantaneous length of the specimen is
s () =lp—up (t) +uz(2), (2.15)

then the true strain in the specimen with respect to time is
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e(t)

lo

= In (lo —uy (¢) +up (t))

In (ﬁ) (2.16)

lo

ln(l—é—M).

lo

Differentiating the strain with respect to time gives the strain rate in the specimen
dt dt Iy

o= (z_.,za) (%)

P Sk
I ()

The true stress can be obtained by assuming incompressible plasticity, in which case

(2.17)

Ap.lg = Agls where Ap is the original cross-sectional area, and A, is the instantaneous
cross-sectional area.

Then the instantaneous area of the specimen is

lgAp
lo(t)

The stress at the incident bar/specimen interface is

A, () = (2.18)

(U'i - a'r) ABar

Tl = _—A,-(t)——-’ (2-19)

and the stress at the specimen/transmitter bar interface is

O = ot ABar
T AL ()

(2.20)

Note that once the ringing up of the specimen is complete and the specimen has attained

a stable stress state then o = 0.
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2.5 Development of Data Capturing and Processing

The central challenge in SHPB operation has always been to obtain reliable stress wave
measurements. This section discusses the development of the data capturing and processing

of the signals from the SHPB.

The first work by Davies (1947)[21] and by Kolsky (1949)[22] used cylindrical condenser
microphones, and capacitive sensors mounted on the bars to measure the stress wave prop-
agation. The signal was amplified and fed into a cathode ray oscilloscope. The amplifier
used, No. 234 Pulse Amplifier, was developed by the Telecommunications Research Es-
tablishment and had a maximum gain of 3000. The amplifier was constructed using valves
which limited the frequency response. Along with the signal from the amplifier, a sinu-
soidal wave was fed into the second channel. This signal was used to provide a reference
timing trace. When the pulse was applied to the bar, by either explosive loading or by
projectile, an inertia switch mounted on the bar would trigger a camera to photograph
the trace generated by the oscilloscope. The film was developed and photograph enlarged

so that the trace could be used to generate a stress-strain curve for the material tested.

The analysis of the results from the split Hopkinson pressure bar was based on the
assumption that one- dimensional wave theory was adequate. To improve the accuracy
of the analysis of the test results, the dispersion of the wave had to be considered. The
dispersion of the pulse meant that the higher frequency components of the pulse travel
slower in the bar than the low frequency components. This meant that the pulse “broke
up” at it moved down the bar. This is overcome by correcting the signal for dispersion

using the Pochhammer-Chree curves.

The solution to the equation of motion for the wave propagation in an infinitely long
cylindrical bar was solved by Pochhammer (1876) and independently by Chree (1889).
The solution relates the propagation velocity C, to the wavelength A and is exact only for
an infinitely long cylinder. An excellent summary of the Pochhammer-Chree solution has
been given by Love [27]. The full generation of the Pochhammer-Chree modes is discussed
in detail in Section 4.2, as part of the data processing program, as it is more appropriate

there.

10
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The first Pochhammer-Chree mode is shown in Figure 2-{ and from the graph it can
be seen that as the frequency of the individual components of the pulse increases, the
phase velocity deceases. To illustrate the breakup of the pulse due to the dispersion, a
trapezoidal shaped pulse was assumed to be initiated at the end of the pressure bar. The
pulse was then allowed to travel 500mm down a ¢20mm bar and to disperse according
to the first Pochhammer-Chree mode as can be seen in Figure 2-5. It can also be seen in
Figure 2-5 that the low frequency components of the pulse stay within the main body,
whereas the high frequency components form a “tail” at the rear of the pulse. What is
also evident, as a result of the separation of the frequencies, is the oscillations of the main
body of the pulse. These oscillations result in oscillations on the stress-strain curve which

distort the true stress-strain state of the specimen.

Davies [21] applied the numerical results calculated from the Pochhammer-Chree equa-
tion to determine the dispersion of a wave travelling in a bar. He assumed that the pulse
initiated at the end of the bar was trapezoidal and periodic. From this he expressed the
periodic wave by a Fourier series and let each component travel with its phase velocity.
Davies’ investigations showed that it was possible to reconstruct a dispersive stress wave
in a long cylindrical bar with prior knowledge of the diameter, Young’s modulus, Poisson’s
ratio and the density of the bar. He also showed that the wave propagation belonged pre-
dominantly to the first mode of vibration. This investigation method was time consuming
at the time as all the calculations were performed ma.nually. The number of Fourier terms
were also limited which reduced the resolution of -;the corrected wave. Despite the compu-
tational limitations, he was able to show that the wave propagation belonged to the first
mode of vibration. In 1958 Hsieh and Kolsky [28] used a simpler method to confirm Davies

work.

The development of the transistor and the improvement of computational equipment,
made it possible to use Fast Fourier Transform (FFT) analysis technique [29]. The FFT
algorithm is used to transform the time domain data to the frequency domain. The final
result is a complex expression of the magnitude and phase of each of the frequencies in
the time domain data. In 1978 Yew and Chen [30] captured the wave at two locations

in a cylindrical aluminum rod simultaneously with an oscilloscope (by photographing the

11
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image) and a transient recorder. From the two readings at separate locations with the use
of the FFT, they were able, experimentally to plot the phase velocity. Their results showed
good correlation to the theoretical phase velocity generated from the first Pochhammer-

Chree dispersion curve.

In 1983, Gorham[31] significantly reduced the oscillation on the generated stress-strain
curve. The signal from the pressure bar was digitized, at a sample rate of 20M Hz, and
processed using the FFT algorithm on a HP9825 computer. Once the data was transformed
he corrected the phase shift using tabulated data generated by Bancroft (1941). The
Inverse Fast Fourier Transform (IFFT) was then used to reconstruct the pulse to the time
domain. This method was significantly different from the former methods as it did not use
the assumption that the wave was trapezoidal and periodic. This meant that pulses that
are not trapezoidal in shape, such as those generated from explosive detonation, could be

corrected for.

Even though the method used by Gorham reduced the oscillation on the stress-strain
curve it had not been removed completely. Lipshitz and Leber (1994) investigated the
source of these oscillations by noting the effect of small errors in the value used for the
fundamental wave speed Cp = \/_%- where F = Young’s modulus and p = density of the
bar. This was achieved by measuring the stress pulse in a bar at two locations and then
shifting the reading of the first pulse to the second with the correction for dispersion. They
used the method proposed by Gorham to correct for the dispersion but they used several
values close to the correct fundamental wave speed to note the effect. They showed the an
error of only 1% in the fundamental wave speed could significantly increase the oscillation

on the stress-strain curve,

So far the dispersion correction used the Pochhammer-Chree solution for the propa-
gation of the wave, but this solution is only exact for bars of infinite length. Lee and
Crawford (1993)[32] developed a method to measure the phase velocity of the stress pulse.
The first version of the method used only one Hopkinson pressure bar and a sphere of
high explosives was detonated at one end. The recorded signal was then analyzed with

the rectangular-window Fourier transform technique to obtain the time-dependent Fourier

12
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coefficients from a measured signal. From this the phase velocities were obtained. These
phase velocities took into account the time of arrival of each frequency, thus gaining a bet-
ter representation of the actual phase velocity. The corrected phase velocities were then
used to correct for the dispersion of the pulse. The pulse measure was shifted to the loaded
end of the bar and corrected for dispersion. The new trace of the pulse was compared to
the method used by Gorham, and it was shown that the peak was far more defined. There
were also less oscillations ahead of the pulse indicating that the correct phase velocity had
been used. This new method was more computationally costly, as 3000 data points were
processed on an IBM 486 and the new method took 30 minutes to analyse, whereas the

(Gorham method took 3 minutes.

The use of a rectangular-window in the Fourier transform meant that the higher fre-
quencies were filtered out and any higher modes of vibration present were lost. Lee and
Crawford (1995)[33] then used the Gaussian-window Fourier transform technique to ex-
perimentally measure the Pochhammer-Chree dispersion curves. The same setup was used
as in their previous experiment, but the signal was sampled by a high speed, high reso-
lution data recorder (sample rate of 10MHZ, sample size of 10000 and 12 bit resolution).
The transformed data showed the presence of four modes of vibration. The Pochhammer-
Chree analytical solution and the transformed data were then used to generate the new
semi-empirical dispersion curve for the stress wave propagation in the bar. This new dis-
persion curve was then used to shift the pulse to the loaded end of the bar. This method
was compared to the method used by Gorham and it was noted that the rise time of the
explosion was higher with the new method. The peak was also more defined and there

were no oscillations preceding the pulse.

2.6 Material Behavior at High Strain Rate

It is well established that the material flow stress is sensitive to the strain rate and is
known as the material strain rate sensitivity [1]{2][34]{35]. The flow stress being the stress
level that leads to macroscopic, non recoverable strain. Not all materials have the same

strain rate sensitivity, for example mild steel has a high strain rate sensitivity, where as

13
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aluminium 6061-T6 is essentially strain rate insensitive[1}[36]. The increase in strain rate
tends to increase the yield point and flow stress of the material. This increase in yield point
is well illustrated in Figure 2-6, extracted from Jones {1}, where the dynamic lower yield
point divided by the static lower yield is plotted for mild steel at different strain rates.

The graph also shows the wide scatter in the data that different authors have published.

2.7 Material Models

Numerical models representing the behavior of materials have been extensively used in
finite-element simulations. For any of these models the desirable feature would be to be
able to characterize the material with & limited number of laboratory tests so that the
simulations could be used with more confidence. Two of these numerical models are dis-
cussed below, these being the Cowper-Symonds [1] and Johnson-Cook model {2]. These
two models were selected as they are well established in the literature and used extensively
in many of the finite-element computer programmes[37]. The constitutive constants used
in the model are however not always available for the specific material under consideration
especially as a function of its microstructure and degree of cold working or work hardening.
For this reason the Cowper-Symonds model will be used for comparison of the mild steel

test data and the Johnson-Cook model for the copper test data.

2.7.1 Cowper-Symonds Constitutive Equation

In 1957 Cowper and Symonds introduced their constitutive equation (Equation 2.21) [1]
to characterize the effect of strain rate on material properties. Their model was formulated
by gathering test data of the dynamic lower yield stress of various materials at different
strain rates. From the data a best fit curve was generated and constitutive constants for
Equation 2.21 were generated. From the material coefficients (D and ¢) the stress-strain
cuﬁe of a material at a known strain rate could be scaled to determine the material

properties at an unknown strain rate.

og g\ e
ez ] e ('5) (2.21)
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where

e op was the dynamic flow stress at a uniaxial plastic strain rate é.
e 0, was the associated static flow stress (£ = 0.004s?)

e D and g were constants for a particular material

The Coefficients for various materials are given in Table 2.1 and were extracted from

Jones publication [1].

Table 2.1 Coefficients of Fquation 2.21

Material D [s7Y1q
Mild steel 40.4 5
Aluminium alloy 6500 4
Aluminium 6061-T6 | 1288000 | 4
a-Titanium (Ti 50A) | 120 9
Stainless Steel 304 100 10

From Equation 2.21 it can be seen that ofy = 20y when £ = D, regardless of the value
of g. Thus, the dynamic flow stress of mild steel doubles at a strain rate of 40.5s7}, while
the aluminium alloy requires a strain rate of 65005~ to double its dynamic flow stress.

The data gathered to determine the constants for the model had a large scatter. Jones
[1] gathered some of this test data and compared it to the Cowper-Symonds constitutive
model with constants of D = 40.4s™! and ¢ = 5. A copy of the graph generated by Jones
is shown in Figure 2-6. From the comparison plot it can be seen that the model correlates
relatively well with the test data at low strain rates, but deviates substantially at the high
strain rates. Other values for D and ¢ for mild steel are listed by Abramowicz [38] with
constitutive constants of D = 802s~! and g = 3.585 which are substantially different for
those listed by Jones. This discrepancy in the constitutive constants are believed to be due
to the different type of mild steel tested, the difference in grain size, the heat treatment,
amount of work hardening during steel making as well as machining of the specimen, and

the variety of testing machines and data recording equipment used. In addition to these
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factors, the model does not take into account the effect of increase in temperature which

could also affect the accuracy of the model.

2.7.2  Johnson-Cook Constitutive Equation

The Johnson-Cook model was introduced in 1983 {2] and was primarily intended for com-
putational work. The model was formulated by gathering test data at different strain rates
and temperatures for a wide range of test procedures. The following set of procedures was

used:

1. Tensile tests were performed both at low strain rates on conventional tensile test-
ing equipment and at high strain rates on a split Hopkinson pressure bar system.
The stress was based on the current ares of the neck, and the strain was defined as
In(Ag/A) were Ay and A represent the initial and current areas of the neck respec-
tively. At large strains when necking began, the tensile test data was approximately

determined by the using the Bridgman correction factor [39)].

2. Torsion test data were obtained [40]{41] and the equivalent tensile flow stress was

obtained by using von Mises flow rule, the tensile stress is ¢ = /37.

From these tests the model was expressed as

o=[A+ Be"|[1+Clé*]{1 - T (2.22)
where

e ¢ is the equivalent plastic strain, £* = &/ép is the dimensionless plastic strain rate

for ég = 1.0s™ L.

e T™ was the homologous temperature (T* = T&Ef%)

o A is the yield stress
o B and n represent the effects of strain hardening

e { is the strain rate constant

16
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e m is the thermal softening fraction

From Eguation 2.22 it can be seen that the first set of brackets gives the stress as a
function of strain. The second set of brackets represents the effects of strain rate and the
third the effect of temperature.

The constitutive constants for Fquation 2.22 were determined for the following materials
and can be found in 2] and in Table 2.2 : OFHC copper, Cartridge brass, Nickel 200,
Armco iron, Carpenter electrical iron, 1006 steel, 2024-T351 aluminum, 7039 aluminum,
4340 steel, S-7 tool steel, Tungsten alloy (0.07Ni, 0.03Fe) and DU-0.75Ti. Other Material

constants can be determined but this requires rigorous material testing.

Tabel 2.2 Constitutive Constants for the Johnson-Cook model

Material Constitutive Constants for Equation 2.22
A[MPa] | B[MPa] | n C m

OFHC copper 90 292 0.31 ] 0.025 | 1.09
Cartridge brass 112 505 0.42 | 0.009 | 1.68
Nickel 200 163 648 0.33 ] 0.006 | 1.44
Armco iron 175 380 0.32 | 0.060 { 0.55
Carpenter electrical iron 290 339 0.40 | 0.055 | 0.55
1006 steel 350 275 0.36 | 0.022 | 1.00
2024-T351 aluminum 265 426 0.34 | 0.015 | 1.00
7039 aluminum 337 343 0.41 1 0.010 | 1.00
4340 steel 792 510 0.26 | 0.014 | 1.03
S-7 tool steel 1539 477 0.18 | 0.012 | 1.00
Tungsten alloy (0.07Ni, 0.03Fe) 1506 177 0.12 | 0.016 | 1.00
DU-0.75Ti 1079 1120 0.25 | 0.007 | 1.00

Note that all that is needed to determine the material property at a given strain, strain
rate and temperature are the correct values of the constitutive constants. This makes this

model ideal for use in finite-element simulations. One of the limitations of this model is that
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it does not take into account the initial state of the specimen. Therefore, for a specimen
that is machined and then annealed would be predicted, using the Johnson-Cook model,
to have the same stress-strain response as one that is not annealed and which could be
already extensively work hardened. An example of the stress-strain curve, generated using
the Johnson-Cook model, for copper at strain rates from 0.001s™! to 10 0005~ is given

in Figure 2-7. It can be seen from Figure 2-7 that copper is strain rate sensitive

2.8 Concluding Remarks

This chapter has provided some background of the effects of high strain rate on material
behavior, as well as on the SHPB system, both from an historical as well as a theoretical

stand point,

The two material models described above have vastly different methods for characteriz-
ing the material properties. The selection of the material model used depends on whether
the model has coefficients of the material under consideration, or whether laboratory tests
are required to be conducted to determine these coefficients. Another factor is that differ-

ent models give better correlation with actual test results than with others.

With the need for a better understanding of material behavior at high strain rates,
so that the finite-element simulations of components and structures can be improved, it
is necessary to develop a facility that can test materials at high strain rates, but with
substantially increased accuracy. This is now possible as a result of the increase in the
electronic capability and computational power available for data analyses. It is more con-
venient now to process the data in the frequency domain using the FFT. This is also more
effective than working with the time domain. The shape of the dynamic stress strain curve
is very sensitive to small errors in the value of Cy, which means that accurate values for
Young's modulus and the density of the bar have to be determined. The first mode of
vibration dominates the propagation of the wave, but the higher modes do contribute to

the shaping of the pulse.

The chapters which follow deal precisely with the setting up of an exceptionally accurate
SHPB facility to test materials at high strain rates which ultimately leads to comparison of
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experimental results with the behavior predicted by the models. in this way it is believed
a significant contribution can be made to the understanding of material behavior at high

strain rates, and a technique of improving models.
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FIGURE 2-1. Schematic diagram of the split Hopkinson pressure bar test apparatus.
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FIGURE 2-2. Copper test showing a.) the stress reading in the bar and b.) the Stress-strain and

strain rate plot.
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FIGURE 2-3. Schematic of the SHPB showing the stresses in the bar
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FIGURE 2-4. Phase Velocity of the first Pochhammer-Chree mode
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FIGURE 2-5. Plot showing the breakup of a trapezoidal pulse due to dispersion.
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FIGURE 2-6. Extracted figure from Jones [1] showing the effect of increasing strain rate on the
yield point of mild steel. Also note the relatively large scatter in the results. Details of the references

in this figure can be obtained from Jones original publication [1].
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FIGURE 2-7. Plot showing the strain rate sensitivity of copper using the the Johnson-Cook model
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Experimental Details

3.1 Introduction and Overview of the Operation of the SHPB

system

As mentioned earlier, standard tensile test machines are not suitable for measuring mate-
rial properties at high strain rates, as stress waves set up by the rapid loading of the spec-
imen propagate through the entire system thus fouling the transducer readings. To over-
come these limitations of conventional testing, the split Hopkinson pressure bar (SHPB)
has been developed for high strain rate applications.

Figure 8-1 and Figure 3-2 provide a schematic and photograph representation of the split
Hopkinson pressure bar (SHPB) system. The SHPB system operates as follows. The test
specimen is placed between the two bars. The gas gun launches a striker bar that impacts
upon the end of the incident bar. A stress wave is generated which travels down the bar and
is recorded sequentially by the first and second strain gauges mounted longitudinally on the
bar. The stress wave then passes through the specimen and the specimen is compressed.
Part of the stress wave is reflected in the form of a tensile pulse and is recorded by
the second strain gauge. Part of the wave energy is absorbed by the specimen and the
remainder is transmitted to the transmitter bar and recorded by the third strain gauge
similarly mounted. The three readings are used to determine the time dependent stress
state of the specimen. The time dependent strain state data is processed and a stress-strain
plot is obtained.

In this chapter the components comprising the experimental apparatus are discussed.
This includes mechanical components, the electronics used to measure the signal and the
data acquisition system. The procedure for performing a test is described and finally the
testing program used to validate the SHPB is discussed.
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3.2 Experimental Equipment

3.2.1 Original Setup of Equipment

The gas gun and stand were originally designed for use in ballistics testing. The gas gun
was designed to fire projectiles at speeds up to 150m/s rather than the relatively low speeds
that an SHPB requires. The main beam on which the original gas gun was mounted was
also too short for SHPB purposes, as it was simply used to support a target, and not long
enough to mount the two bars. The system also did not have any data logging facilities as
visual measurement and evaluation were used in previous experiments . An exception to
this was the relatively crude electronic system used to measure the speed of the projectile,

which was mounted on wooden blocks.

3.2.2 Layout of the Current SHPB

8.2.2.1 Modification to the frame

A separate frame was manufactured to support the gas gun so that the main beam could
be used to support the two bars ( Appendiz D). The gas gun frame was bolted to the
main beam so as to make a single unit with a coupling between the two. As there would
be some flexibility in the coupling between the gas gun frame and the main beam, the
gas gun frame was fitted with adjustable feet. This also aided in the alignment between
the frame and the main beam. Figures 3-2 and 3-3 show the layout of the current system.
From the photograph one can see the gas gun on the left, the original main support beam
and the coupling between them. Originally the frame was going to be mounted directly
to the main beam, but additional length was required to make the two bars as long as
possible. Two bright mild steel strips were run along the length of the beam to provide a

surface on which to mount the bar supports.

3.2.2.2 Modification to the gas gun and conirol velving

As the original system was mainly run at high pressures, the gauges on the regulator, that
measured the pressure in the primary cylinder, was not sensitive enough to display the
low end pressures (up to 10 bar). Full scale deflection for the pressure regulator was 300

bar. For this reason an additional gauge was installed into the line between the pressure

25



3. EXPERIMENTAL DETAILS

regulator and the primary cylinder, Figures 3-4 and 3-5. This pressure gauge had a full
scale deflection of 30 bar to accommodate testing at low pressure for the SHPB and
for the slightly higher pressures needed for direct impact Hopkinson bar (DIHB) tests,
an additional complication of the system. An isolator valve was installed to protect the
pressure gauge from over pressurising when the system was run at full pressure for ballistic
tests. A bleed off valve was also installed for the primary cylinder to allow for finer setting

of the pressure and to accommodate the post test draining of the primary cylinder.

8.2.2.8 Barrel alignment and support system

To accommodate alignment of the barrel with the incident bar a barrel alignment system
was manufactured and installed. This system also supported the barrel and can be seen in
Figure 3-6. The alignment of the barrel with the incident bar was achieved by placing the
striker in the barrel so that it protruded slightly and then adjusting the four bolts until
the striker and bar were aligned. Visusl inspection was used to determine the alignment

of the barrel with the bar.

8.2.2.4 Limitation of the striker diameter

The internal diameter of the barrel was only 12.7mm. Sourcing a larger barrel was not
possible given the time and budget constraints. It was decided to use the small barrel even
though this would limit the striker diameter. The striker diameter was therefore limited

to 10mm giving space around the striker for a sealing ring.

8.2.2.5 Operation of the gas gun and control valves

In order to charge the gas gun for testing, the trigger cylinder was pressurised to 110% of
the primary cylinder pressure. The required pressure was then introduced into the primary
cylinder. The striker was loaded into the barrel, with the aid of a plunger, to the required
depth. The combination of pressure and depth of the striker determined the final exit
velocity of the striker. Once the specimen was in place, the trigger circuit was activated
which opened the trigger valve and allowed the primary cylinder to discharge. When all
testing was finished the system was depressurised.

A step by step guide for the operation on the gas gun is given in Appendiz C.
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3.2.2.6 Bar support method

The bars are supported as shown in Figure 3-7. A Teflon bush was used to reduce the sliding
friction and provide maximum impedance mismatch between the bar and the support. In
doing so noise from the bar support was minimised. The alignment of the bar was achieved
by adjusting the eight setting bolts. Horizontal adjustment was achieved by adjusting the
four horizontal bolts to push up on the edge of the flange of the support beam. When
the horizontal adjustment was completed all four bolts were tightened down to lock the
support in place. Vertical alignment was achieved in a similar manner using the four

vertical bolts.

3.2.3 FElectronics used with the SHPB

3.2.3.1 Speed trap sensor

The speed of the striker was measured by two infrared transmitter/receiver sets mounted
on the barrel (Figure 3-6). When the striker gets to the end of the barrel it breaks the
infrared signal of the first and second traps sequentially. The signal from the infrared
receivers is electronically cleaned up to output a digital pulse (0V or +5V). The signal
was then fed into a FLUKE 7250 timer where the time between the positive edge of each
pulse was displayed on a digital readout. The gap between the two transmitter/receiver
sets was determined (see Section §.4) and by dividing the gap length by the recorded time

the speed was determined.

8.2.8.2 Preliminary strain gouge bridge amplifiers configurations

As the data acquisition card ( Section 3.2.4 ) required a maximum input signal of 35V, the
strain gauge bridge amplifier had to provide sufficient gain to utilize the full (12 bit) range
of the card. Two approaches could be used to adjust the gain. Firstly, using a digitally
programmable gain amplifier such as the Burr-Brown PGA 103 and secondly, to use an
instrumentation amplifier with fixed gain and adjust the strain gauge bridge voltage. The
latter approach was adopted because acquisition of the PGA would require a significant

delay for delivery.
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5.2.8.8 Loyout of final strain gauge bridge amplifiers

A gain of 1000 was needed to obtain a full scale defection of 5V at a stress in the bar of
100MPa, for a bridge voltage of £5V. To get this gain and to keep the circuit as simple as
possible, two Burr-Brown INA110 fast settling instrumentation amplifiers were used. The
first amplifier was set to a gain of 100 and the second one set to a gain of 10. The gain of
the first amplifier was chosen to ensure maximum common mode rejection and still have
sufficient gain at the higher frequencies. Figure 3-8 shown the layout of the strain gauge
bridge amplifier. Internal noise of the system was minimised by using as few components

as possible. The final circuit was built in vera-board and is shown in Figure 3-9.

The strain gauges were connected in a full bridge configuration, with the two gauges
mounted on the bar wired to compensate for both bending in the bar as well as tempera-
ture. The strain gauges ﬁsed were KYOWA type KFG-2-120-C1-11. The other two strain
gauges of the full bridge were glued onto a heat sink and mounted in the amplifier box. As
the amplifiers were mounted next to the bar there would be little temperature difference
between the two sets of strain gauges. If there were any temperature difference the level of
the input signal would change. This would not effect the reading and the signal was zeroed
in the data processing program (Section 4.4.2.3). The leads from strain gauges mounted
on the bars were fed into the amplifier by a 9 pin D-type plug. The 9 pin D-type plug
had gold plated pins to ensure a good connection. The cable from the strain gauges to the

amplifier was screened and grounded at the amplifier.

Two separate power supplies were used, one for powering the amplifiers and the second
for the strain gauge bridge. The leads for the power supplies were also screened and
grounded at the amplifier.

The output for the amplifier to the data acquisition system was through co-axial cable

and a BNC plug was mounted on the amplifier box.
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3.2.4 Data Acquisition System

8.2.4.1 Preliminary tests

Preliminary tests were carried out by feeding the signal for the amplifiers into a HEWLETT-
PACKARD 546004 digital oscilloscope with a 546584 measurement/storage module at-
tached. The data was transferred to a PC, by means of a RS-232 interface, where the data
was saved. The resolution of the data was limited by the 8 bit resolution of the digital
oscilloscope. This was not the only limitation of the oscilloscope, as the storage module
could only capture 1000 data points, which limited the width of window that could be
captured. This meant that the frequency required to enable the oscilloscope to capture
both incident and reflected pulses on a single window was too narrow. It was therefore
decided that a high speed data acquisition card would be purchased and a dedicated data

acquisition system installed for the SHPB apparatus.

3.2.4.2 General description of data acquisition card

The high speed data acquisition card purchased was the ADLINK PCI-9812 card. The
PCI-9812 has four independent channels that can sample at a maximum of 20MHz per
channel. Table 3.1 gives the general specifications for the card. For the complete details

of the card the reader is referred to the users manual [42]

Table 3.1 General Specifications for the Data Acquisition Card

Maximum sample rate per channel 20MHz

Number of simultaneous input channels | 4

Analog input resolution 12-bit
Bipolar signal input range +/-8V or +/- 1V
Programmable sampling rate 20MHz to 156.25kHz

8.2.4.8 Operation of the date acquisition program

Microsoft Visual Basic was chosen to program the card as it provided a simple and user

friendly way to create a user interface for the card. Visual Basic was also the language
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that was used for linking Matlab and Microsoft Excel. See Section 4.4.2.2 for more details
on the Ezcel-Matlab link

Figure 3-10 shows the user interface for the data acquisition card. It was laid out so as to
resemble that of an oscilloscope to minimise the time to train an operator. The parameters

featured include:

e Sample frequency
e Trigger level setting

e Trigger type. Post-Trigger, Pre-Trigger, Delay-Trigger, Middle-Trigger and Soft-
Trigger

e Trigger polarity
e Number of channels to be used

e Continuous scan or signal shot mode.
The additional features that were included in the system were as follows:

e The selection of the number of data points to be taken. (1000 to 24000 data points

per channel)
e The ability to view the complete captured data or to the view only a portion of it.

e The ability to switch off a channel in the view box, without losing the data of the

other channels, so as to view only the channel of interest.

e The ability to include details of the experiment such as the speed trap time, striker
dimensions, bridge voltage, specimen material and dimensions, and a block in which

to make comments and notes about the experiment.

Once the data was captured it could be saved. The standard Microsoft SAVE command
dialog box was called for the saving operation. This made the system user friendly as most
of the operators on the system would be familiar with Windows. The data was saved in

8 TXT file format as almost all programs can read a TXT file format and it is relatively
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compact as it does not include any style typing that an Excel file might have. When the
data was saved the time and date was automatically saved at the top of the file. Figure
3-11 shows the layout of some typical saved data. The Microsoft Visual Basic coding for

the data acquisition user interface can be found in Appendiz A.3

8.2.4.4 Steps that were used to access the ADLINK card

The following provides a summary of the steps that were used to access the card and take
a sample. If more detail is required, the reader is referred to the users manual [42] and the

function reference manual [43]

1. Register the card. This initialises the hardware and software for the PCl-bus, this

returns & numeric card ID.

2. Configure the card. This sets up the following: trigger mode, trigger source, trigger

polarity, clock source, trigger level and post count.
3. Once the card has been registered and configured, a sample can be taken.

4. When the sample has been taken the A to D conversion must be stopped and the
data stored in the buffer.

5. The binary data stored in the buffer is converted to a voltage and stored as an

output,

6. When all testing is over the card is released. This tells the PC that the card is not

in use.

3.2.5 Preliminary Testing of the System

3.2.5.1 Problems encountered with noise

When the system was first used there was significant noise on one of the lines. This noise
was observed as a triangular wave form, Figure 8-12. When this signal was processed to
calibrate the system it resulted in an error in the momentum balance of about 8%. By
working through the whole system, looking to the source of the noise, it was found that

the output cables from the amplifiers to the card were run too close to the video monitor
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power supply and monitor signal line. The line was rerouted and the noise did not appear

in the subsequent data signal.

The other form of noise came from cross coupling between the two cutput lines of the
amplifiers. If the output lines were run too close to each other, they would introduce a
small offset into each others line. Figure 3-13 shows how the first line from amplifier 1
introduces a small offset in the lead up to the second reading from amplifier 2. If this
reading was used for calibration the momentum calculation would have an error of 0.93%.
This error can be seen in Figure 3-13 as the momentum curve starts to rise from zero
before the main body on the pulse has started. This error was overcome by separating
the amplifier output cables. This reading was processed by only starting the momentum
calculation for the second pulse at the beginning of the main body of the second pulse. The
resultant error in momentumn between the two pulses was then only 0.08%. (See Section 5

for more information on the calibration the system)

3.2.5.2 Debonding of strain gauges

In the first calibration test that was carried out, the stress in the bar was taken to approx-
imately 300M Pa. At this stress level, the bar should not have experienced plastic strain
as the yield stress is 480M Pa. This resulted in the debonding of the strain gauges after
only one or two strikes. The debonding could be seen clearly in the signal as it did not
have the typical trapezoidal shape. The strain gauges were also easily removed from the
bar indicating that the bonding glue had failed. The strain limit was not exceeded as the
cement used (cyanoacrylates base) has a strain limit of 3% [44] and the maximum strain
in the bar was 0.15% at 300M Pa. By keeping the stress level in the bar to below 100M Pa
the debonding problem of the strain gauges was overcome. This indicates that there is
a maximum strain rate limit that the cement can withstand under these shock loading
conditions. Further work has to be done to find the cause of the debonding but this is

beyond the scope of the current project.
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3.3 Test Procedure

The following procedure was followed when performing a material test on the SHPB ap-

paratus.

3.3.1 Installation of the Bars

The bars were mounted in the bar supports and secured down. The two bars were then
setup with a spirit level to get them level and coplanar. The incident bar was first aligned
with the barrel so that the striker impacted squarely and in the middle of the bar. The
two bars were them rechecked to see that they were both aligned relative to each other.
All supports were then secured. A last check was performed to ensure that none of the

bars had moved.

3.3.2 Setup of the Electronics

The strain gauge leads from the bars were plugged into the amplifiers and tightened down,
and the power supply to the amplifiers was set to +7V and —7V. The maximum voltage
that the amplifiers can take was +18V and —18V but the data acquisition card had a
maximum overvoltage of £22V so to protect the card the voltage was set to +7V and
—TV. The strain gauge bridge voltage was set to a maximum of +7V and —-7V. At this
voltage setting the maximum stress in the bar would be 72M Pa and this gave a full range
of +5V and —5V to the data acquisition card. If the bridge voltage was set to +5V and
~5V then the maximum stress in the bar would be 120M Pa and would correspond to a full
range of +5V and —5V being fed into the data acquisition card. The bridge voltage was
set to the voltage that would give near maximum voltage into the card for the predicated

stress in the bar.

3.3.3 Setup of the Data Acquisition System

To run the data acquisition program the icon marked SHPB CAPTURE was double
clicked, which loaded the program and displayed the user interface as shown in Figure
3-10. The amplifiers first had to be zeroed so as to have the input signal in the middle of

the range on the card. This was done by setting the system to continuous scan mode with
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a software trigger. This sets the system to scan the channel every % second and display
the result. This allowed the operator to adjust the strain gauge bridge zeroing resistor in
such a way as to move the signal level to near the zero mark. It was not necessary to set
the level to exactly zero as the data processing program tests for this and sets the level to

zero. See Section 4.4.2.3 for further detail on the zeroing of the data.

When the amplifiers has been zeroed the system was set to capture data, so the con-
tinuous scan is swiched off and single shot mode selected. The following also had to be

set:

® The number of data points that must be sampled and the post trigger count had
to be set. 15000 points was the typical setting for the lengths of bars of this setup.
The post trigger count was set to 2000 as the default, or 1000 if the number of data

points was less than 5000.

o The trigger level has to be set. The trigger level was typically set to +0.4V to +0.6V

above the input signal level.

o The trigger mode must be set to Middle-Trigger. This trigger mode takes in data
continuously until the input signal goes higher than the trigger level. When this
happens the internal counter starts counting until it has reached the number of
samples required minus the number of post trigger count. The result is that the
required number of post trigger count are captured before the trigger event, with

the remainder of samples captured after the trigger event.
¢ The appropriate sample frequency has to be set.

Once the card is setup, data capture is facilitated.

3.3.4 Charging and Discharging of the Gas Gun

The gas gun was charged to the desired test pressure and the striker was loaded into the
barrel. For the tests that were carried out the test pressure was kept at 5 bar. The 300mm
striker was not pushed more that 150mm down the barrel. With this setup the stress in
the bar was kept to a maximum of 100MPa. When the test programme was completed the

gas gun was depressurised and all valving closed.
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3.3.5 Performing the Experiments
3.8.6.1 Specimen preparation

The specimen diameter and length were measured with a micrometer and these dimensions
entered in the data acquisition system. Before the specimen was placed between the bars
a light layer of thin grease is applied to the bar ends. This aided in reducing the friction
effects as well as in keeping the specimen in place. The specimen was placed between the

bars and aligned by eye, to be positioned in the middle of the bar.

3.8.5.2 Capturing and saving the data

The start button was pressed on the data acquisition system, the safety catch lifted and
the fire button pressed. The captured data would then be displayed as in Figure 3-10.
The data was saved by pressing the save button and entering the file name. The specimen
was retrieved and placed in a small plastic bag with a label containing the file name,
dimensions of the specimen and the date.

The test was considered completed once the data had been saved and the specimen
bagged and labelled. The data can then be processed. (See Section 4 for details on the

data processing.)

3.4 Testing program

3.41 Compression Testing of Material on the SHPB

Three materials were tested to validate that the SHPB system was operating correctly.
These materials were mild steel (EN1A), aluminium (6061-T6) and copper. The mild steel
and copper were tested in the as received state as well as in the annealed state. The term
‘as received’ implies that the specimen has be machined and no additional heat treatment
was performed. This is done to compare the difference in the material properties between

the as received state and in the annealed state.

e As there was no set test procedure for tests conducted on a SHPB, the following

parameters were used:
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e Dimensions of striker used were: length of 300mm and diameter of 10mm.
e Pressure of gas gun was 5 bar.

e Maximum stress in the bars was 100M Pa.

e All specimens were lubricated before test.

The mild steel test specimens were ¢4 x3 thick. Half of the specimens that were machined
were annealed at 900°C for 10 minutes and allowed to cool in an oven, the other half were
tested in the as received condition The aluminum specimens were ¢5 x 2.5 thick and were
tested in the as received state. The annealed copper specimens were ¢4 x 3 thick and were
annealed at 450°C for 10 minutes and allowed to cool in an oven. The as received copper
specimens were ¢6 x 3 thick. The annealed copper specimen were smaller in diameter as

more strain was wanted for the given striker length.

3.4.2 Quasi-static Tensile Tests

Standard tensile tests for mild steel (EN1A), aluminium (6061-T6) and copper were con-
ducted in accordance with BS-18 [45]. These test were performed to provide a baseline
with which to compare the dynamic with the static material properties. Similar to the
dynamic compression tests, the Mild Steel and Copper were tested in the as received state

and in the annealed state. The test parameters were as follows:

e The specimen manufactured according to BS-18 and D metric round tensile test

pieces was used [45], which were ¢7.1lmm and a gauge length of 25mm.
e The specimens were tested on a Zwick 1482 testing machine.
e Head speed of 1.5mm per minute which relates to a strain rate of 0.001s™!.
e The test were conducted at room temperﬁture (20°C)/
-

e Half of the Ecjpper specimens were annealed at 450°C for 60 minutes and allowed to

cool in an oven.

e Half of the mild steel specimens were annealed at 900°C for 60 minutes and allowed

to cool in an oven.
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3.5 Summary

This chapter has dealt with the experimental apparatus making up the SHPB system.
The mechanical, electronic and data acquisition subsystems have been described and the

operation of each of their components discussed.

The capturing of the data from the SHPB system can be summarised as follows. The
measurement of the stress wave was achieved by means of 2mm strain gauges that were
wired in a full bridge arrangement that compensates for bending and temperature. The
signal from the full bridge was fed into a Burr-Brown INA110 fast settling instrumentation
amplifier, which was mounted on custom built boards, where it was amplified by a gain of
1000. The signal was then fed into a ADLINK High Speed Data Acquisition Card where

it was sampled, at a maximum rate of 20M Hz and at 12 bit resolution, and stored.

The readings that were captured by the data acquisition system were used to determine
the time dependent stress state of the specimen. The chapter which follows deals with the

processing of the time dependent strain state data to obtain the stress vs. strain plots.
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FIGURE 3-1. Schematic representation of the split Hophinson pressure bar system.

FIGURE 3-2. Phatograph of the SHPB systemn
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FIGURE 3-3. Photograph of air gun on sland

FIGURE 3-4. Photograph of the contral valving for gas gun
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FIGURE 3-5, Photograph of trigger valving for gas gun

FIGURE 3-6. Photograph of the barrel support
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Data Processing

4.1 Introduction

As the signals were measured at some distance from the specimen, it was necessary to
“shift” the signal to the bar/specimen interface in order to interpret the information in
the stress wave. The “shifting” procedure is complicated by the fact that longitudinal stress
waves that propagate through a round bar are subject to dispersion: the higher frequency
components of a wave travel slower than the lower frequency components. This shifting
of the pulse was achieved by “undispersing” the reflected and transmitted pulses and
dispersing the incident pulse using the Pochhammer-Chree dispersion curves. The details
of generating and incorporating the Pochhammer-Chree dispersion curves, to correct for

dispersion, forms a major part of this chapter.

To improve the accuracy of the dispersion correction, the higher frequency components of
the stress wave need to be included. This requires the inclusion of the higher Pochhammer-

Chree dispersion modes in the dispersion correction program.

This chapter first establishes how the Pochhammer-Chree dispersion curves are gener-
ated and the basic Fourier analysis that was used to perform the dispersion correction. The
operation of the program that performs the dispersion correction and the post processing
is discussed in this chapter. That is, how the stress vs. strain plot was obtained from the

time dependent strain state data.

4.2 Solution of the Equation of Motion

The solution to the equation of motion for a wave propagating in an infinitely long cylin-
drical bar was solved by Pochhammer (1876) and independently by Chree (1889). The
solution relates the propagation velocity Cp to the wavelength A and is exact only for an

infinitely long cylinder and is approximately correct for bars of finite length. An excellent
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summary of the Pochhammer-Chree solution has been given by Love [27], which Bancroft

[46) has, for ease of computation, rewritten in the following form.

(z - 1) ¢ (ha) - (Br — 1) [z ~ ¢ (ka)] = 0 (4.1)
where
Cp\2 :
z=(1+v) (35) Cp = Phase velocity
8= %’%—," Co = Fundamental velocity = \/—%-

3

h=v/Bzx -1 v = 2% A = Wavelength
a

k=2 ~1 , d= Diameter of the bar
¢ (ha) = (ha) 242 ¢ (ka) = (ka) 242}

Jo is the Bessel function of the first kind of order zero,

[N =H >l

—

00 4\ 2m
Jo(fv):Z‘(‘gzi)(“—n—z)—z

m=0

Jy is the Bessel function of the first kind of order one,

o0
_ (_1)m x2m+1
h@=3, 2t i) (m + 1)1

=0

4.2.1 Generating the Pochhammer-Chree Modes
The method for determining the Pochhammer-Chree modes is as follows:
1. Choose a value for the Poisson’s ratio v and va, see Figure 4-1.

2. Find the value of z that will give the first zero for Equation 4.1. This is achieved by
choosing values for gﬁ until Fquation 4.1 is satisfied. The first zero crossing is the

first Pochhammer-Chree mode. Subsequent zero crossings provide the higher modes.

3. Note that the first choice of gﬁ is important, it is therefore recommended that the
first choice of ya be almost zero and gﬁ = 1, then the next choice of = can be

determined from the previous value of z.

Figure 4-2 provides a plot of Equation 4.1. The first zero is relatively simple to find

as most computer programs will be able to find this root. The second and higher modes
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are not as simple as the asymptotes tend to confuse the root finding algorithm and this
results in the wrong mode being found. This can be overcome by writing additional rules
into the algorithm or by resetting the start point when the wrong root was found. Both
methods were used in plotting the first four Pochhammer-Chree modes. However, as more

rules were entered into the root finding algorithm so the slower the process became.

The Pochhammer-Chree solutions of the first four modes of vibration are shown in
Figure (4-8) for a material with a Poisson’s ratio of 0.26. The graph has been normalised
by dividing the phase velocity Cp, by the fundamental velocity Cy. From Figure (4-3) it
is evident that the propagation velocity decreases with decreasing wavelength, that is, a

high frequency wave travels slower than a lower frequency wave.

4.2.2 Determining the Jump Points Between the Modes from the Phase Velocity.

From the phase velocity Cp = ¥ where K = %% and w = angular frequency, it can be

shown that the group Qelocity is Cg = gj’% [23]. In this form the group velocity is of little
use as A is dependent on the wave speed (C = Af) and on the size of the bar. A non
bar-specific equation for the group velocity is therefore required. Fquation 4.2 provides a

normalised expression for the group velocity which is not dependent on the bar size.

C, (1 X dy
'C—,O - (’*}; - ?-é*‘d-‘-}?) (42)

where

Y= %‘g Cy = Group velocity
X = %{f f = frequency [Hz]

A plot of the first four Pochhammer-Chree modes showing the phase velocity and their
corresponding group velocity is given in Figure 4-4. In this form the transition points can
' be determined by noting that the highest group velocity dominates the propagation speed
of the wave [33]. Figure 4-5 shows the jump points for the first four Pochhammer-Chree
modes. The phase velocity for the first mode and first four modes are shown in Figure 4-6.
This is the final form of the Pochhammer-Chree dispersion curves that have been used in |

the dispersion correction program in this thesis.
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4.3 Method of analysis using the Pochhammer-Chree solution and

the Fast Fourier Transform (FFT) to Correct for Dispersion

4.3.1 Fourier Theory

To explain how dispersion correction is achieved using the FFT it is necessary to discuss
some Fourier notation and concepts. Only the essential concepts will be given as the details
are lengthy and beyond the scope of this report. The reader is referred to Morrison [29]
for more details.

The expression

f@) & F(w) (4.3)

states that the Fourier transform of the function f(t) from the time domain into the
frequency domain is F (w) and the inverse Fourier transform of F (w) is f (t).

When moving a pulse from one point in time to another point in time the Time Shift
Theorem is used.

Time Shift Theorem

Let £ (t) & F (w)

Then f(t —7) & F (w)e 77 (4.4)

This states that when a function f (t) undergoes a time shift and becomes f (t — 7), it’s

Fourier transform is multiplied by a complex exponential e~7%" [29].

4.3.2 Dispersion Correction

To shift and correct for dispersion the recorded pulse is first transformed into the frequency
domain using the FFT. Then the individual frequency components are multiplied by e =77,

Where

o w = radial frequency in rad/sec of the particular frequency component under con-

sideration.
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e 7= Z/C, in seconds

e Z is the distance to move the pulse in meters. This is normally the distance from

the strain gauge to the specimen/bar interface.

o Cp = Phase velocity of the particular frequency component under consideration,

from the Pochhammer-Chree solution.

The inverse FFT is then performed and the corrected pulse is plotted.

4.4 Operation of the Dispersion Correction Program

In this section the operation of the dispersion correction program is discussed. The program

is first described in a flow diagram and each major step is broken down.

4.4.1 Flow Chart Describing Dispersion Correction Program

The flow diagrams below (Figures 4-7 and 4-8) describe the procedure that the dispersion
correction program follows. It also shows the Ezcel - Matlab transition points and the

transition points between the Time Domain and the Frequency Domain.

4.4.2 Details of Dispersion Correction Program

The operation of the dispersion correction program is broken down and explained in this

section. The Fourier analysis used for dispersion correction is discussed in Section 4.3.

4.4.2.1 Daia from Data Acguisition Card

The data from the acquisition card is stored in a text file. Section 3.2.4 describes the
operation of the data acquisition card, the procedure for saving data and the format of
the data. The data file that is to be processed is opened into Ezcel. The data has to be
split-up into different sections before the dispersion correction can be implemented. These
sections are the incident pulse (data set 1), reflected pulse (data set 2) and transmitted
pulse (data set 3). Figure -9 shows the signal from a compression test of a mild steel

sprecimen (the incident bar was struck with a 300mm striker). The separation of the data
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is done manually by looking at a plot of the data and selecting the time for the break
point. The break point is chosen so that there is sufficient time before and after the pulse
so that the pulse can be moved without ‘wrap-around’ occurring. The data sets are then

copied into the Excel sheet that will correct for dispersion.

4.4.2.2 Data Transfer to Matlab

An FEzcel user-defined function is used to transfer the data that has to be processed in
Matlab. This function also invokes the dispersion correction program in Matlab and then
calls for the results when the program has run its course.

The user-defined function is defined in the Microsoft Visual Basic Module and there are
three main functions that link Ezcel to Matlab. These are:

MLEvalString ~ Evaluate command in Matlab from Excel.
MLPutMatrix - Create or overwrite Matlab matrix with data from Excel worksheet.
MLGetMatrix — Write contents of Matlab matrix in Excel worksheet.

The following extract of the coding shows the initialisation statement for the user defined
function:

Function Dispersion(dt, readi, dist, E, r, v, D, mode, x3, BSF, BSFi, BSF2,
BPF, BPF1, BPF2, undisp_reading, corr_vi)

The function is defined as Dispersion, this name is used in the Ezcel work sheet in the
same way as one would used any other Ezcel function such as MAX or SIN. The variables
in the brackets are data that is to be sent to Matlab or the location on the spreadsheet
where data is to be placed when retrieved from Matlab.(See Appendiz A.8 for the full

documented code of the user defined function.

4.4.2.8 Zeroing of the data

The data from the data acquisition card is not zeroed, this can be seen in Figure 4-9. This
results from the manual setting of the bridge voltage to a position that will maximize the
range of the signal. See Section 3.3.3 for more information on the setting of the level of
the signal. To zero the data the first 100 samples are used to get a mean value. This mean

is subtracted from the data to bring the reading to zero.
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4.4.2.4 Adjustment of the data length

The length of the data is adjusted so that the number of data points is even. The adjust-
ment to an even number of data points serves to decrease the time required to perform the
Fourier transform. The fastest Fourier transform occurs when the number of data points
are of powers of two. If the number of data points is not a power of two, then an even
number is preferable as they have less prime factors. See Morrison {29] or Matlab Signal
Processing Toolbox User’s Guide [47] for more information on the FFT algorithm. The
adjustment to the length is done by testing if there is a remainder after dividing by two.

If there is a remainder, the last data point is removed.

4.4.2.5 Calculation of variables necessary for the dispersion correction

The following variables are calculated from the corrected data length and are then used

throughout the remainder of the program.

1. The fundamental speed of sound in the bar (C’o = % fm/s].

2. A vector of the time using the time interval between the samples (t) [s].

3. The period of the sample (7). This is the total time taken for the sample and is

obtained from the largest value in the time vector.
e 2F

4. The fundamental angular velocity (wo = %) [rad/s]. This is the angular velocity

between each data point in the frequency domain.

5. The vector of the angular velocity (zo,) which is centered about the 0** term and

has a step size of wp.

6. The vector of the frequency (f) [Hz].

4.4.2.6 Transformation into the freqguency domain

The data is transformed into the frequency domain with the built in Fast Fourier Transform
function in Matlab . For details of the algorithm used see [47]. The transformed data that
is generated by Matlab has the 0*" term on the left as can be seen in Figure 4-10 (The

normalised magnitude is plotted on logarithmic scale so as to make viewing possible). If
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the data was to be used in this form the dispersion correction curves would have to be
generated up to a frequency of 10 MHz. This is overcome by shifting the data so that the 0
term is in the centre, i.e. with negative frequencies on the left and positive frequencies on
the right of the 0** term as shown in Figure 4-11. With this shift the dispersion correction
curves have only to be generated up to a frequency of 5 MHz as the negative frequencies
are a mirror of the positive ones. This shift also simplifies the procedure for correcting for
the amplifier drop-off, amplifier phase shift and the filtering operations as they become

symmetric about the 0** term.

4.4.2.7 Compensation for amplifier drop-off and phase shift

The amplifiers used are Burr-Brown INA 110 instrumentation amplifiers. The data sheet
indicates that the amplifier will, at a gain setting of 100, have a gain of 100 up to 100kH z
and after that drop to a gain of 50 at 1M H 2. This was confirmed by testing the amplifiers
with a digital oscilloscope and a signal generator and noting the gain. Refer to Section
5'.2 for the calibration of the amplifiers. The drop off was corrected by multiplying the
magnitude of the frequencies above 100kH z by a function to bring the magnitude up to a
gain of 100. The mapping function is shown in Figure 4-12. The phase shift was also tested
and it was noted that there was a linear phase shift with a final shift of 170° at 800kH 2.
The phase shift was corrected by adding the correct amount to the phase to bring it back

to unity. The mapping function for the phase shift correction is shown in Figure 4-13.

4.4.2.8 I'mplementation of Band Stop and Band Pass filters

The inclusion of the ability to filter the data was undertaken to see the effect of removing
certain frequencies, on the signal. This was done to see physically the group velocity and
gain an understanding how the dispersion process breaks up the pulse, as reported by Lee
[32].

The implementation of the band stop filter is relatively simple once the data has been
moved into the frequency domain, as all that is needed is to zero the frequency band that
is to be removed. This is shown in Figure 4-14. The Band Pass filter was implemented in a

similar manner, except that one sets all other frequencies to zero except the ones required.
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4.4.2.9 Calculation of the phase velocity from the Pochhammer-Chree modes

The Pochhammer-Chree curves are stored as a 3D plot. The axis being Poisson’s ratio, the
ratio of bar diameter to wavelength d/A and the normalised phase velocity Cy/Cp. From
this 3D plot a single curve is extracted for the Poisson’s ratio specified for the bar. The
extraction of the curve is carried out by means of interpolating between the data points
using a cubic function. From the Pochhammer-Chree curve (C,/Cy vs. d/A ) the phase
velocity for the individual frequencies is then calculated. In this calculation the diameter
of the bar is taken into account and the final curve is a curve of C;, vs. f. This procedure
of extracting the signal curve from a 3D plot of the Pochhammer-Chree curve is repeated
for the number of modes that the operator wishes to use. Once all the curves have been
calculated the jump points between modes are determined and finally a single curve is

generated.

This single curve was generated for positive frequency only. The curve is mirrored about
the 0" frequency term to accommodate the negative frequency components. The final
mapping function for the dispersion correction using four Pochhammer-Chree modes is

shown in Figure 4-15.

4.4.2.10 Implementation of the phase shift to correct for dispersion

The phase of each frequency is then shifted by the amount calculated by the final mapping

function. That is, the data, after being corrected for phase shift, drop-off and filtering,
, z

is multiplied by the complex exponential e”’""TF. Note that only the phase of each

frequency is modified and not the magnitude.

4.4.2.11 Transform from the frequency domain to the time domain

The data has now been corrected for dispersion and is transformed into the time domain
with the Inverse Fast Fourier Transform function (IFFT). Before the data is transferred
to Excel, a test was conducted to see that there were no imaginary components of the
transformed data as a result of all the alterations to the signal. If there were this would

indicate that one or more of the steps in the signal correction process was incorrect.
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4.4.2.12  Transfer data to Excel spread sheet

At this point Matlab notifies Ezcel that the dispersion correction program is complete and
the corrected data can be transferred. Ezcel then calls for the corrected data and pastes
it into the Ezcel spreadsheet.

At this stage the data has been corrected for dispersion but has not been processed
to obtain the stress-strain curve. In the following section the method of determining the

stress-strain curve is discussed.

4.5 Post processing of data

4.5.1 Summary of One Dimensional Wave Propagation Theory

Wave propagation behavior for elastic bars is well understood and mathematically pre-
dictable [23] [24] [25]. From elementary wave theory the wave equation can be shown to

be[7] [12] [26]
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where Cy = \/—%- is the fundamental longitudinal wave velocity, and u is the displacement.

From the wave equation the stress in the bar can be shown to be

o = pCov (4.6)

were p is the density of the bar and v the velocity of the particles of the bar subjected

to the pulse.

The stress at the incident bar/specimen interface is then

(Uz' - 0'1') ABar (47)

061 = A‘g (t) b

and the stress at the specimen/transmitter bar interface is

~ 9tApar (4.8)
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Assuming incompressible plasticity, then Ag.lp = Asls, (where Ay is the original cross-
sectional area, and A; is the instantaneous cross-sectional area).

Note that once the ringing up of the specimen is complete and the specimen has attained
a stable stress state then o, = o49.

From the displacement of the two bars the true strain of the specimen can found. The

true strain is

Etrue = 1N (i) | (4.9)

lo
And by differentiating the strain with respect to time gives the strain rate in the speci-

men

. U1—W
TTLo

For a detailed derivation of the above one dimensional wave propargation theory see

(4.10)

Section 2.4

4.5.2 Obtaining the Stress, Strain and Strain Rate from the Input Signal

The data that has been handled so far has been a voltage reading from the strain gauge.
This reading is converted to a stress by multiplying the voltage by the calibration factor
(See Section 5.6 for details on how the calibration factor was obtained). Figure 4-16 shows
the three readings (incident, reflected and transmitted) of a mild steel test shifted to the
* bar/specimen interface. As Equation 4.7 uses two stress waves (incident and reflected) to
calculate the stress in the sample it is termed “2-wave” analysis. And as Equation 4.8
only uses one stress wave (transmitted pulse) to calculate the stress in the sample it is
termed “l-wave” analysis. The strain and the strain rate are calculated in Equations 4.9
and 4.10, and finally the stress vs. strain curve for the material test can be plotted. Figure
4-17 shows the stress vs. strain plot for the mild steel test. It also includes the strain rate
vs. strain plot. The average of the strain rate plot was determined from the two points
indicated on Figure 4-17. The first point was chosen so as to ignore the loading up of the
specimen and the end point to ignore the unloading. When determining the average strain

rate of the test these two points were used so as to have some reference.
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4.6 Summary

In this chapter the data processing of the signal for the data acquisition system has been
- dealt with. This has included a brief discussion on the generation of the Pochhammer-Chree
dispersion curves and the Fourier analysis that was used. This also includes how the higher
modes of vibration were incorporated to improve the accuracy on the dispersion correction.
The program that was written to perform the dispersion correction was discussed and
finally a summary of the one dimensional wave propagation theory was given in order to
establish some background for generating the stress-strain curve,

The chapter which follows deals with the calibration of the whole system, this includes
the amplifiers, speed trap, determining the Young’s modulus and Poisson’s ratio for the

bars and finally the dynamic calibration factor.
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39 Pochhammer-Chree Mode
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FIGURE 4-1. Method of determining the Pochhammer-Chree modes.

Plot of the solution of the equation of motion
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FIGURE 4-2. Plot of the solution of the equation of motion (Eguation 4.1 ) with Poisson’s ratio
= (.26 and d/A = 2 from which the zero crossings can be obtained.
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First four Pochhammer-Chree mades for Possion's ratio of 0.26

Y T u

1.8

T ¥ T Y

& . ; i X s L : L L
® 1 2 3 4 § 8 ¥ 8 9 10
d/ A

FIGURE 4-3. First four Pochhammer-Chree modes for Poisson’s ratio of 0.26
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FIGURE 4-4. Group and Phase Velocity of the first four Pochhammer-Chree modes
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Phase Velocity of the first four Pochhammer-Chree modes
showing the Jump polnls betwesn modes
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FIGURE 4-5. Phase Velocity of the first four Pochhammer-Chree modes showing the jump points
between the modes.

Plot showing the phase velocity when the first and four
Pachhammer-Ghree modes are used
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FIGURE 4-6. Plot showing the phase velocity when the first and four Pochhammer-Chree modes
are used.
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Data from data
acquisition card is
loaded into £xcel

v

Send Data from
Excel to Matlab
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Adjust Data length to
an even number

:

Calculate T, wo, Co
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Correct for amp
drop-off and for
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FIGURE 4-7. Flow diagram for dispersion correction program
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Siop filter

Yes

Trvplernest 8 Band
Stop filter

FIGURE 4-8. Flow diagram for dispersion correction program (continued)

61



4. TraT4 PROCESSING

Aaw dela of & mild slasl ket

—— Da‘or Inadew Bar
—— Taepfor Traruiller Bar 3

Wallags |v]

-2
sk | Limaam oaEatEd. i e Sebd om0 hAeias RIYRRRNE
Laata st & :
o il . f R wh pE o W
| i sal
N T e e . g . :
hI] I H Ll (<1 H ra o B0 HH

Tira| waj

TIGURE 4-89. Raw Data from Acquizition Systom

Pit; of ine magniude SpErLIT wim i D0 earm. andng kf
10 T T T

Mormalired WMagnibde Specinm

i ) :
& o ali il C0 ) 4000 B0 B bLn L) B B0 jlier)
Frquancy [kHz)
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FIGURE 4-11. Plat of the magnitude spectrum with the 0% torm contered.
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5

Calibration of the SHPB System

5.1 Introduction

For meaningful interpretation of the material testing, It 1s necessary that the system be
calibrated. This includes testing of the strain gauge amplifiers for gain drop-off and phasze
shift, so that any necessary corrections could be made. The speed trap had to be calibrated
sepurately as it was then used in the calibration of the bars. The material constants for
the bar (E and v) have te be determined experimentally as they are nsed in determining
the dynamic calibration factor, and in the dispersion correction program. Afcor all of the
above have been calibrated, the bars dynamic calibration factor can be determined, This
final dynamic calibration facter was required to convert the voltage reading obtained, from

the dara acquisition system, to the appropriate stress level,

In this chapter the calibration of the above mentioned systems and constants are dis-
cussed. In addition the methods used to determine the Young's modulus and Poisson's

ratio for the bar are doscribed,

5.2 Calibration of Strain Gauge Bridge Amplifiers

The amplifier gain was tested by inputting 2 sinuscidal wave and noting the cutput re-
sponse of the strain gauge bridge amplifier en a digital escilloscope. The input frequency
was adjusted from 10H = to 1M Hz to obtain the full frequency response of the amph-
fiers. The digital vscilloscope outpur indicates both the amplitude of the input as well as
the output signal and from this the gain drop-off was determined. The phase difference

between the two signals was also caleulated by the digital esrillesrope.

A plot of the gain drop-off is shewn in Figure 5-1 and it can be seen that the amplifier
gain is 1000V/V up to a frequency of appresamately 1005H 2 as the data sheet indicated

[48]. The gain then drops to 60% and 65% at a frequency of 800kH 2 for amplifiers 1 and
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2. The correction function to restore the sipnal back up to a pain of 1000 is also shown
with the corrected sigmal for the two amplifiers. Figure 5-2 shows the phase shift of the
two sinplifiers and the corrected phase to restore the phase difference to zero, From these
two [ignres it can be seen that the gain drop-off and the phase shift are corrected quite
successfully by the correction functions, thereby improving the range of froquencies that

can be used in the dispersion correction.

-

5.3 Calibration of the Data Acquisition Card

The zero wnd the maxinmun value (+5V) have to be set for each channel of the data
seqguisition card, The card calibration program is run and each chanuel is set individnally.
First, the zero is set by grounding the input and adjusting the multi-turn variable resistor
an the card untit the displayed value is zero. To set the maximuin value, the input must
e connected to a 25V supply and then the variable resistor is adjusted on the card until
the display reads <5V, The power supply that was used for che strain paupe hridee was
uscd to set the card maximum. This was undertaken because the bridge reference voltage
was important and by calibrating the cord to the bridge voltsge the two systems had a
common referenee voltage. Note that the card should be recalibrated every stz months, or
if it is removed from the PC. The calibration of the ADLINK PCL-9812 data acquisition

card s covered in detail In the users manual [42].

5.4 Calibration of the Speed Trap

The gap between the two speed trap sensors was dotermined by installing the speed trap
o the burre] in reverse, as explained bhelow. The speed trap was installed in reverse
bocause the triggering points of the infrared sensor are dependent from which side they
are triggercd. A micrometer depth gaure was inserted into the barrel until the fisst speed
trap timing light was triggered. This was repeated several times to obtain sn average for
the depth, The depth gauge was then insected wncdl it triggered the second timing light.
Again, this was ropeated several times to obtain an averape for the depth. The difference

between the two measurements gave the distance Detwoen the two sensors. Table 5.1 shows
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the results of the calibration of the distance hetwesn the two sensors. After the test, the

speed trap was turned around so that the striker would trivger the first sensor first,

Table 5.1 Calibration Results of Speed Trap

Distance to first sensor ‘mrn; 1549 | 1544 | 15.50 | 15.45 | 15.46 | 1547

Distance to seeond sensor [mumn] | 96,49 | 96,49 | 96,48 | 56.45 | 96.48 || 96.49

Distance between the sensors [mm] 21.02

Standard deviation of the average distance hetween the sensors [7%] 0,0292

By taking three times the standard deviation of the average distance between the sensors
antl the speeified error in the timer, the nneertainty in the speed reading was determined

o be (1%

5.5 Determination of the Young's modulus and Poisson’s ratio for

the bars

In the dispersion correction program, the Young's modulus and Poisson’s ratio for the
bars have to be entered. Oscillations on the stressstrain plot will ocour if the values
for Young's modulus and Poisson's ratio are incorrect. These two constants have to be
determined experimentally. Twa methods, using the SITPH, for determining the Young's

modulus and Polsson's ratio for the bar, are discussed below,

5.5.1 Two Strain Gauge Station Method

Two sets of strain gauges were cemented to cach har with a spacing of 500mm between
them and 750mm frem the ends of the bar. The bar was then struck with a 150mm striker
and the signals from the two stalions wers recorded. A plot of two typical readings from
the two strain gauge stations is shown in Figure 5-3. The reading from the first station
was then dispersed to the sceond station with an assumed value of Young's modulus and
Poisson’s ratic. The manufacturer’s value for Young's modulus, 210G Pa was used as the
gtart point. As Young's modulus affects the fundamental velocity (C;; = \/%) of the pulse,

it has the most effect on the position of the pulse. The Poisson's ratic has little effect on
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the position of the pulse but influesices the shape on the puaise. The Young's modulus
was first adjusted until the two pulses were positioned on top of each other and then the

Poissun's ratio was adjusted so that the first and second readings were the same shape.

Figure 5-4 shows the first reading shifted to the second reading, but with no dispersion
correction. From this it can be seen that the main hody of che pulses correlace, but the
shape 15 not correct. This shows chat the fundamental velociny s the dominant {actor
and the wvalue for Young's modulns was correcs. A plot of the teo readings when the
dispersion correction is applied co the first reading and shifted fto the second reading is
shown in Figure 5-5. As can be seen from this figure, the correlation between the mwo s
good, indicating chac the Young's modnlus and Poizson’s ratio values are correcr. This
method has che drawback that che two pulses overlapped and chis made determination of
Fuissoen's ratio by visual inspection difficult, which led to errers in the determination of
the value for Polssot’s ratio. There was little difference in the image when using a value

for Poisson's ratio of (.25 or (.26,

The two strain gange station method also allowed for the testing of the calibration of the
amplifiers as the momentum for the two pulses should be the same. Figure 5-3 also shows
a trace of the momentum of the pulse, Table 5.2 below shows the values of the momentum
and energy caloulation lor the two pulses. From Figure 5-3 and Tuble 5.2 it csn be seen
that the mementum is conserved as the error batween the two shations is ooly (.08%. The

energy calculation shows that there is energy lost in the bar as the pulse moves dowa it,

‘lable 5.2 Momeotum and Energy ol Two Consecutive Pulse

Momeotum Channel § = ().8459 MN.s
Momenfum Chaonel 1 = (18460 N.s
Error in Momenltum between the two Channels = | 0.08%
Energy Channel 0 = 0.9012 7
Eneryy Channel 1 = 08817 J
Error in Enerzy between the fwo Channels = 2.21%
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This tesl was conducted five dimoes and the average error in momentum was (0.1%. The
emplifiers were then switched between the two stations and the test repeated. The averapge
error in mementum was again only (.1%, This indicated that the amplifier had the same

gain, confirming the fest done with the signal generator.

53.2 Oune Straan Gauge Station Method

In this method, when calibrating the bar mme end is struck by the striker and the other
end is {ree. Therefore the stress at the fee end of the bar should be zero, If the incident
pulse was dispersed to the {ree end and the reflected pulse sundispoersed to the free end,
then the sum of the two should be zero, For this test the sirain gauge was placed in the
midele of the bar and struck with a 300man striker. The trace from the single sirain gauge
station is shown in Figure 5-8. The incident pulse in Figure §-6 is in effoct shifted to the
right end dispersed, and the first reflected pulse shifted to the lefo and undispersed. The
plot of the summation of the two pulses at the free end indicares if the vatue for Young's

madinbuz and Poisson’s ranlo are correct,

The value {or Young's medulus was first adjusted until the summation trace was almaost
zara. The value for Poisson's ratio was then adjusted. After several iterations the sum-
mation trace was almost sore and fthe fina! vahw for Young's moduluzs was 211G/ Pg und
Poisson’s ratio was 0.26, A plot of the stress at the end of the bar using £ = 211G Pe and
w = {126 1s shown in Figure 5-7 The slight oscillation in the beginning and the end of the
pulse could not be removed by furcher adjustment of the Young's modulus and Polsson's
ratic, These oscillations could be the resul of and effectz which ure not corrected for by
the standard dispersion correction technigue. Note that when the correct value for Young's
modulus and Palsson's ratio are wsed, the incident end reflected pulse cross on the zero

line at the rear of the pulse,

A plot of the two pulses shifted to the free ond of the bar is shown in Figure 5-8
The correct value of Young's modulus is used {or this shuft but no dispersien correction
is implemoented, this results in large oscillation on the summation plot. In addition, noke
that where the throo traces cross at the rear of the pulse, they do not cross on tho zero

murk.
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The next three fipures (5-8 - 5-11) show the effect on the stress at the end on the bar
due to the incorrect selection of Young's modudns aud Poisson’s ratio. When the Young's
modulus is changed to 213G Pa. there is only a 1% change in the Young's modulus, whilst
the Poissou’s ratio remains at 0026, There are however large oscillations in the summation
pulse and the two pulses do not cross at zero at the rear of the pulse indicating the
incorrect value of Young's morulus. This can be seen in Figure 5-9. Figures 5-10 and 5-11
are plots of the stress at the end of the bar with the correct value of Young's modulns
{E = 211G Pu) but the Poisson's ratio has been changed Lo 0.24 and 0.30 respectively.
Note that both curves have oscillations but the erossinge of the incident and reflected pulse
are almost on the zero murk. This again shows that the velue Younpg's modulus has a

larrer effect than the Paoissen’s ratio.

This method of plotting the summation of the stresses at the end of the bar proved
to be more effective in determining the values of Young's modulus and Poisson’s ratio
than moving one pulse onto another, Several tests were conducted for both bars and the

Young's modulus for the two bars anly differed by 0.25G Pa.

5.6 Determining the Calibration Factor of the System

5401 Theorelical Calibration Faetor

The theorctical calibration factor is the caleulated constant that relates the logged voltage
ta the siress in the bar. This 1s determined as follows: The strain reading in the bar was
determined from the strain gauge factor, strain gauge bridge voltage and the gain of the
amplifiers [48][300, As the bars do not go plastic, the stress in the bar could be caleulated
by multiplying the strain by Young's modulus {¢ = Eg). The theoretical calibration factor

was Used as the starting point when determining the dynamic calibration factor.

5.6.2  Dynamme Calibration Factor

Oue method of determining the dynamic calibiration factor of the bar was to determmine the
average value of strain in the strain-time pulse from the striker incident velocity [7][12].

As there are oscillations on the pulse, this method requires the user to be subjective when
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determining the average value of the pulse, This method works if & long striker can be used
bor calibration as the average can then be determined more objectively, The pas vents for
the barrel of the current system were only 200mm leng. This limics che length of the striker
thut can be used for the cadibration, as the striler would still be aceclerating through the
speed trap if it was reo leng. With this limitatien only a 1(0mm long striker condd vsed
for che calibration tests. By using a 100mm striker the lenpth of the pilse in the bar was
oo short to get an acenrate cstimate of the average strain value of the pilse, thus making

this method too unreliable,

An alternative method was to use the encrgy and momentun of the pulse [3]. This
method is advantageous as the valies for the energy and momentun are determined by

incegrating the strain-time pulse so the need to estimate the average value iy eliminated.

J.8.2.1  Caleulntion of the momentum and energy (0.4 pilse.

Tree body disgram of a section in the bar

The stress at a poinp in the bar i ¢ (t) = Ee{t) and from this the force in the bar is

P{t) = Ay, Ee (t). From the force, the impulse can be determined as

f
I = [!P(t]dt (5.1)

[
2 f Apa Be (1) dt
L3
4

— .4351-5'] {t)dt
113

Energy can then be determined from the force in the bar and the velocity of the particles

of the bar subjected to the pulse (v {t) = %ﬁlj,
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Energy = [rP{E}UI:t}dt (5.2}

Ee{t)
=5 AgaFeith x
/ = (t) Ca

HBuF-EE / ]
{1t
60 “

dt

In bath the impulse and coeegy caleulations the change in the area of the bar was very

srraall and assumed to be constant,

56,22 Method for determining the dynamic calibration factor from the enermgy ond momendum
of fhe pulse

The dynamic calibration factor of the bar was determined by assuming a calibration factor
and then caleulating the energy and momentum of the pulse, From encepy and momentum
the incident velocity of the striker was then calewlated. The initial starting point was
the thearetical calibration factor, as the two should not Le significantly diflevent. The
calibration factor was then adjusted until the caleulated incident velocity of the striker
matched the measured velocity. T'he derivation nelow shows how the incident velocity was
obtained from the energy and momentum of the pulse,

The change in momentwn in the striker was equal the momentum to the bar

Al =m {1 —v) = har. (5.3}

anud the change in energy in the striker was equal to the energy wn the bar {(assuming

the losses are small)

AE = i {1} — 12} = Epn, {9.4}

With »; = incident velocily, 1 = reflected velocity and m = mass of the striker. As the
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reflected velocily was nod measared. Fguation 5.7 i3 rearranged 1o make w, the subject

and subatiruted into Eguation 5.4 piving:

- Eipur Lhier

T4
. 21m

The 100mm atriker was Bred 156 times at oach bar and the results aro shown in the Table

5.4 holow,

Table 5.8 [{eanlts of dynamic calibration

Thearetical Caleulated Calibration Jacior =

14 41MPafly

Average Dvnamic Calibralion [actor =

15,2044 Pa/V

Slandard Deviation on Dynamic Calibration factor =

0.16950M Pa/V

Staucard Deviation as a Percontage of Averaye Dynamie Calibration fuctor = | 1.115%

Average Trror between Dynamic and Theoresteal Calibration factor — 5.475%

A5 can be seen from the abowo results there s 8 3.47% error between the two methods.

This vould be due to:

e Energy lost in thoe collision of {he striker due to local plasticity, noise and heat,
» Energy loss in the bar as the pulse travels down ie.

» Error in the paupe {actor of the strain gauge.

s Tirror in the gain of the amplifier.

= Error in the ganpe bonding and alignment,

The calibration tests were performed at a strain gauge bridge voltage of 7V and as
the bridge voltage is adjusiable it was necessary to scale the caltbration [ actor accordingly.
The scaling factor was determined by calculating the theoretical calibrasion factor at the
bridee voltages for £1V to 2201 and then the percentage change between the calibration
voltage and the bridge voltage was plotted. The dynamie calibration factor was then

scaled according Yo the pereentage change. This scaling was ncorporated into the Ereed
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spreadshicet to adjust automatically the ealibration factor when the bridge veoltage was

adjusled.

5.7 Summary

In this chapter the calibration of the SIIPE system has been dealt with, This included
the testing for amplifier gain and phase shill, and correction o bring the ampliBer gain
upr to 10007V and phiase shift back vo zero. A brief deseription of the calibratien of the
data acquisition card and the speed trap hiad also been given. Two methaods for fine tuning
Young's modulus and Poisson’s ratio have been discussed and the final salue for Young's
modulus and Posson's ratio were set al 211G %2 and (026 respeetively. The dynamice
calibration factor was determined and the method to scale the calibration [uctor to take

into arcount Lhe adjustable bridge voltage was given,

As the system was functioning correctly and calibraled, malerial lesting could be un-
deriaken to validare the sctup. The chapter which follows ineorporates the results of the
material tests condunied. Operation of the experimental equipment and the data process-

n1g are also discussad,
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FIGURE 33. Readings from Straln Goupe Station 0 and 1 when the ineident bar wae struck by a
15} mm striker showing the conscrvation of momentum.
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FIGURE 5-4. Strain gauge station 0 moved to station 1 with no dispersion correction {150mm
striker, F = 211G Pa)
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FIGURE 5-6. Stress readings o the bar showing two reflections used for ealibration.
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Results and Discussion

6.1 Intreduction

To test the SHPB system, three materials were tested and the results compared wo consti-
tutive models and published results. In this chaprer the results of the tests conducted ara
prasented and discussed, torether with comments about the operation of the experimen-
tal equipment. This inchides the operation of the pas gun system, the alipnment of the
bars, strain gauge bridge amplifiers and the calibration of the system. Finally, the data

processing is reviewed.

6.2 Experimental Equipment

t.2.1 Operation of the Gas Gun System

The gas gnn operation was simmple and easy to use. There were however, some problems

that were encountered when running the tests, these heing;

s The barrel diameter was 12.7mul which restricted the striker dinmeter. This lead to
the stress in the striker being higher than that of the bar and for high striker velocities
the striker could po plastic. This limited the striker speed during the calibration test

as the calibration method used was not valid when the striker went plastic.

« The barrel was too shert to cut long gus vents. This then limited the length of
the striker that conld be used for calibration tests to 100mm, which resulted in

inaccuraey for one of the calibration methods.

# The valving and barrel were designed to run at high velocities, This resulted in some

seatter and poor reproducibility of the striker valocity, fur the low welocity range.



i, WESLLTS axD Disoession

6.2.2 Alignment of the Bars

T'he method for adjusting the bar position was siimple to use and sef (see Section 3.8.2.6).
The aligninent of the bars by eye was up to the interpretation of the operator. This
resulted in no set method to ensure that the systein was alioned, ot the techninque used

wag regarded as acceptable

6.2.3 Strain Gauge Bridge Amplifiers

The strain gauge bridge amplifiers worked well for such a shnple circuit. Oply 2 small
amount of noise in the signal could be attributed to the amplifiers, This noise could be
further reduced if the circult was mounted on a printed circuit board and not on vera-
hoard. The zero setting of the strain gauge bridee was achieved by adjusting the multi-turn
variable resistor that was mounted un the vera-board, This adjustment proved to be finicky

as a small serew driver had to be inserted into a hiole on the side of the amplilier box,

Huving the gain set at 1000V/V and adjusting the bridee voltage for both amplifiers
together, had limitations, Figure 6-1 shows a typical incident pulse and the conseguent
transmitied pulse for the different naterinls tested wsing such an incident pulse. The level
of the transmitted pulse is dependent on the type of material heing tested und the size
of the specimen. If large strains were needed in the specimen, for a given striker lengtlh,
the specimen diameter had to be sinall compared to that of the bar, as the stress in the
bars way liniled to 10044 Pe. This resulted in the nagnitude of the transmitted pulse
bieing low. From Figure 8-f it can be seen that if the bridge voltage was sel 5o thal the
incident pulse would use the full rage of the data aequisition card, then the lransmitted

pulse would ouly use a [raction of the full range.

6.24 Data Acouisition Sysiom

The ADLINK P(F-9812 data acquisition card was capable of capturing more data than
was necessary for the wests that were conducted. For the normal test, the card was sel on
LA Hz and the number of samples set to 16000 per channel, At this setting the card was
operating at half it's maximum sample rate and ondy at u small fraction of the sample

capacity (Max sample iz 64 M bytes [42 ),
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The Visuel Hosic nser interface praved to be more than adeguate for capturing the
signal. It was simple to use and required fittle time to train an operator. The logging of all
tho additional diata, such as the specimen dirnensions and time of che speed trap, topether
with the signal voliage reading, made filing the 1est data simple and effective as all the

information was maintained on one TXT file and not on loose paper.

£.2.5 Calibration of the System

The momentum and energy method used for calibration of the system proved to be re-
peatable with a stancdard deviation of 1.115%. From this method, the dynamic calibration
factor was determnined to be 15200 Pa/V which only differed from the theoretical cali-

bration facior by 5%,

The calibration between the two stzain sause stattons could be checked during testing
of matenal specimens as the momentum should be conserved. If there was a deviation
between the two stations momoentum, this would mdicate an error and the system oeeded
ty be checked. For each test the momentum was checked and a typical test result for
an annealed mild steel test is shown in Figare 6-2 For this iest the error between the
momentum of the incident and the sun of the absolute vabie of the rellecied and the

transmitted pulse was 1.150. This was tvpreal for this calibration test,

An addirtonal feature of the calibration spreadsheet was the caleulution of Lhe energy for
the three pulses raptured. Figure §-3 shows the energy trace of the afore mentioned mild
steel material test, From this the energy absorbed by the specimen could be determined
and an estimate for the maximnm fenperatire rise could be determined. The temperaturc

rise was caloulatod as follows:

s From the dimensions and density, the mass of the of the specimen was determined

kgl

» The energy in the transmitted and reflected pilses was subtracted from the energy
it the ineident pulse. This gave the maximwm energy that the specimen eould have

absorbed - J].
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e By dividing the energy ubsorbed J by the specimen by specific heat [kJ/ky."C)

and rhe mass [kg|, the change in temperature of the specimen was determined.

¢ By measuring the temperature of the specimen before the test, the final tempetatiure
vould be determined by adding the change in temperature to the messunng the

temperature,

6.3 Data Processing

6.3.1 Comparison between resulls thag were corrected for dispersion and those

without correction

To illustrate the effect that dispersion correction had on the three pulses (ineident, re-
flected and transmitted) and finally on the stress-strain curve, an aunealed nild steel test
was processed with and without dispersion correction. When dispersion correction was
implemented the first four Pochhammmer-Chtee modes were used. Figere §-4 shows 4 ploft
of the incident, reflected and transmitted pulse shifted to the bar speclmen interface wizh
and without dispersion correction being implemented. From Figure 6-4 it can be seen
that the incident and reflected plses are affected significantly by the dispersion but the
transmifted pulse to a lesser degree, This is a result of the larger quantity of higher fre-
quency eomponents present in the incident and reflected pulses. These higher frequency
components are strongly affected by dispersion. The specimen does not allow the higher
frequency components to be tranzferred to the transmitter bar, as they are plastically
damped by the specimen, and thus the transimitted pulse does not suffer from dizpersion

as Ik,

From the set of corrected pulses the stress-strain curve was determined. Migpre £-5 a)
presents a plot of the stress-strajin curves generated for the three pulses that were not
corrected for dispersion. The curve generated from the incident and reflected pulse has
very large cscillations. The eurve could not be used even if it were averaged as the curve
would not represent the true shape. The curve generuted from the transmitted pulse does

have wseillations in the beginning but these set:le down towurds the end of the curve. The
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oscillations at Lhe bepinuing of the pulse are too large to smoolh out by averaping as this

wortld then aller Lthe magnitude of the first pealk which should he present.

Figure §-5 ) shows the stress-strain curve when dispersion rorrection was implemented,
Frow Figure §-5 b} 1t can be seen Lhat the stress-strain curve generated from the incident
and reflected pulses have large ngrillations. This curve does deviate in 1he beginning from
{he stress-strain curve generated from the trunsmitted pulse, but then settled down. If a
longer striker were Used, 1he stress-sirain curve generated from the incident and reflecled
pulse could be averaged and should follow the curve from the {ransmitied pulse, These
oscitlations could also he reduced if the incident pulse was “pulse shaped" [7][51: (see
Section 6.5.2). This is achieved by plaring a thin piece of material, copper shim, at the
end of the incident bar to absorb the higher frequency components, by increasing the rise
time of the incident pulse. The stress-sirain curve generated from the transmitied pulse
hias only minor oscillations. By sinoothing the pulse these cun be removed without altaring

the overall shape of the rurve.

To show the effect of daia processing with and without dispersion rorrection, ihe stress-
strain rurves generated by using the transmitted pulse were overlupped. From Figure §-5
¢} it cau be seen that the two curves follow very similar lines, but there are differences

eapecially at the beginning of the curve. The differences being:

s The rise of the rorrected curve is sharper and this moves the peak of the yield point.
# The maximum value of the peak is also lower an the corrected curve.

¢ Alter the first peak there are oscillations on the uncorrected curve bul these die out

towards the end of the curve.

6.3.2 Pulse Shaping

At the end of the testing phase of the project, additional tests were undertaken to show
the affects of pulse shaping on the incident pulse and the stress-strain curve. Figure 6-6 .
shows the incident, reflected and transmitted puise dispersed to the bar specimen interface

of an as worked ropper specimen. As can be seen the three pulses show little oscillation. The
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curve of the sum of the incident and reflected pulses follows that of the transmitied pulse
reasonably well after an initial settling down period. Figure 6-4 & shows the stress-scrain
vurve generated from the three pulses and ic can be seen chat the oscillavions previonsly
prosent on the ¥wo wave” cnrve are considerably reduced. The two Stress-strain curves
comverge more rapidly, compared with tbhoge lacking pulse shaping and the strain rate
exhibits omly small oscllations after the load up period. The convergence time of the two
stress-strain onrves was investigated by Wu and Gorham [51]. They showed that the inertia
of the specimen strongly afiected the time for the two curves to vonverss. By reducing the
length to diameter ratio the two curves converged faster but there was a limit as frictional

alferts are increased,

6.3.3 The use of Higher Modes for Dispersion Correction

The higher Pochhammer-Chree modes were incorporated to improve the shape of the pulse
and thus improve the shape of the stress-strain carve. To test this, an incident puise was
dispersed to the bar specimen interface using ondy the first mode and then subsequently
using the first four modes. Figure 6-7 shows that there & litcle difference between the two
and anly by zoaming in on a section of the pulse can the difference fe seen. The reason for
this small difference was investigated further by locking at how much energy each mode
contained. The pulse in Figure §-7 was transformed, with the FFT, into the frequency
doumain, The pormalized magnitude spectrum was then plotted. The enerpy contained in
cach frequency was then progressively added np and plotted. Note the plot of the energy
takes the zerouly term and then adds twice the energy in the following frequency terins,
This is done to take into account the negative frequency components. In addition to this

the first and first four Pochhammer-Chree modes are plotted.

From Figure §-3 il can be scen that the magnitude spectrum dies oub rapidly and
shy 100k 2 it is almost zero. From the plot of the energy it can be seen the the fird
mode contains 94.8% of the cnerey and the higher modes only 5.2%. This shows that
the first mode dominates the dispersion correction which is in agreement with published
investigations [21][283[30][32°. Tf the incident pulse was “pulse shaped” there would be

bardly any encrgy contained in the high modes.
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If explosives were nsed to load the Lar, the rise time would be very short. This would
lead to a larger amount of higher frequency componenis being generated. In this case,
uge of the higher Pochhammmer-Chree modes would be required to gorrect for dispersion
{or this wepe of loading [331. In addition 1o this, as the diameter of the bars increases the

frequency at which one more switched to the next decresses, as shown in Figure 6-9.

6.3.4 Correction for Gain Drop-off and Phase Shifi

The cffcets of correcting for pain drop-off and phase shift were tested by vverlapping two
pulses, one corrected and the other not, The elfect could only be seen Ly zoonung mlo
a section on the plot. This can be explained by looking at the amount of enargy in the
pulse that is being affected by the gain drop-off and phase shifv, The gain drop-off starts
at 100k z and there is little phase shift up to 100k H z (see Section 5.2). From Figure -8
it can Le seen than 92% of the energy in the pulse iz contained hetersen 0H 2z and 100k H 2.
This meant that the gain drop-off and phase shift only affect 8% of the enerpy of the pulse

and thus may be regarded as a small effect.

Note that che gain drop-off and phase shift correction only takes into account the re-
sponse of the amplifier and nod that of the stram gange, Usba [52] noted that for frequencies
up to 10EH 2 there is little offtet oo the porformance of the strain paupe. The testing of

the response of the sirain gauge was beyond the scope of this project.

6.3.5 Eflecl of Sample Frequency on the Dispersion Correction

The cut off frequeney used was 800817z, This meant, that the minimum sainple frequency
according to the Nyquist sampling theory is 1L6M [Tz [28]. This is nod the only factaor that
harl to be cunsidered when sclecting the sample frequency. When performing a time shift,
the time by which the pulse must be moved milst be divisible by the sampling Uime, 1.
one can only move a data point to the location of another data poine, If this requirement s
not met thete will be an etror in the shape of the pulse after the time shift. The maxinmm
disturtion in the pulse occurs when the time step of the shft lands midway between a

sample time.

Far dispersion correction the time of the time shift is not a fixed number us 1t s depen-
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fi, MESULTS AND DISCUSSION

clent on phase velocity, which is frequency dependent. This means that it is not possible to
step to the correct location as the time interval will not always be divisible by the sampling
time, To vednce the evror resulting from the ineorreet time step. the sample freguency is
increased, Tests were conrducted to assess the required sample frequency and at 5MHz it
was hot possible to see the crror caused by the incorrect time step. From this the sample

frequency of 1034 Tz was selected to take into account any other factors,

6.4 Material Tests

6.41 Compression Test Results for Material Tested on the SHPB

All dynamic compression testing was undertaken using a $l0mm = 300mm long striker.
The stress level for the incident pulse was kept as close to a given level {35MPa) for the
bargest strain rate for each material. The stress level was then reduced by reducing the

clepth that the striker was pushed into the barrel, thus reducing the impact velocity.

Three materials were tested to evalnate the performance the SHPB. These were copper
in the as received and the annealed condition, mild steel {(EN1A)Y in the as received and
the atncaled condition and alumisum (6061-TE) in the as reccived condition. Figure -
f8 shows selected test results for the all the dynamic compression tests comdneted. Wote
that for the results shown in Figure 0-180 only the stress-strain curve obtained from the
transmitted pulie was used. The ‘one wave' curve was used as it gives a representation of
the stress state for the speeimen [51][53]. The detail graphs for each material can be found

i Appendiz B

From Fignure §-10 it can be seen that there is a large differcoce in the stress-strain
behavior between materials in the as received compared to those annealed condition. This
indicates that the materials {low stress is higher in the as received condition, which was
expacted. By keeping the stress level constant for the largest strain rate for each material,
it van be seen that the softer material strained more in the annealed condition than in the
#s worked condition. Alb three of the materials showed slight steain rate sensitivity, with
the annealed mild steel being the most sensitive, This could be seen in the large increase

of the upper and lower yield point as the strain rate increased.
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642 Quasi-Static Tensile Test Results

(Ohiasi-static tensile tests were conducted on the three materials according 1o BS-18, with
six tests por material belng conducted. Typical results for each material are shown in
Figure §-{1. The detailed graphs for each material can be {ound in Appendis B. From
Figure 6-11 |t van be seen that the three materials have the same peneral shape as the
test results for the high strain rate tests, however the stress levels are lower in the tensile

test, which was experted.

6.4.3 Comparison between the Test Data and the Johnson-Cook Model for

Copper

The high sirain rate tests on copper test wers compared 1o Johnson-Cook constitutive
model [2]. This model was selected as there were published constitutive constants available
and the generation of constants for other models was bevand 1he seope of this project. The
constitutive constants used in Eguation § f were d = B P, B = 28230 FPa, n = (131,
¢ = 0025 and m = 1.0Y w taken from Johnsou[2).

o=[A~ B2+ Clud*| 1 — T (6.1)

Frgure 6-12 shows Lhe dynamie compression test data as well as the quasi-static tensile
lesl data for copper. Also plotted is the Johtsen-Cook constitutive model fur strain rates
of 80%s™! and 1160s~L, From Figure 6-12 il can be sesn that the Johnson-Cook model
deviales substantially at the low strains from the annealed dynamic compression test data,
Iad ar the higher strains the two gtart to converge. I can also be scen that the degree of
strajn rale sensilivity for the dynamic compression test and the Johtison-Cook maodel are
quite sinilar. The annealing vonditions could also have resulted in the stress level being
lowrer. The annealing utilised for specimens of size ¢4 x 3man long, cotailed being held at
450°PC. for 10 minutes, and allowed to cool in 1he oven, From Figure 6-12 it can be seen
that 1he Johnson-Cook model lics botween that of the as received and annealed test resulis
indicating thal if the specimens had been only partially cold worked the stress level would

probably hawve been higher.
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The effect of heating of the spectmen during the test was inestipated, This was done
tu see il & rise in lemperature could be the cause of the deviation between the model
anel the dynamie compression test. The maximum teroperature that the specimen could
hiave reached was caleulated by determining the maxinnm energy that the specimen couled
hiave absorbead. From the mavimum energy, the femperature was determined to rise from
room temperatune, 20°C7 1o 30°C. The results of the calculations ean be seen in Table £. 1,
This chanee in temperature could nel have changed the stress level substantially and was
subsequently ignored. Also added to the plots are curves of the Johnson-Cook model at
temperature of 250°C" (or strain rates of 3085~ and 1160s™!, They were added to show
the it would require the temperature rise to 250°C before any noticeable change in stress

lewel.

Table .1 Caleulation results for muedmum rise o temperatare

Deseriprion Value Uity
Fnergy in incident pulse 4.632 d
Fnergy in refiected pulse 3.453 o
Fnersgy in transmitted pulse 0.064 J
Enerpy absorbed inospecimen 1.114 J
Length of specimen 2.05 i
Diameter of apecimen 3.9 s}
Area of specimen LEHBE-08 | mm”
Diensity HOA kg frr?
Muss 3.155E-04 K
Spedifie heat 383.1 JikgeC
Muximum change in lemperature LA s £
Laboralory lemperature 20,5 7
Maximin temperature of specimen 249.2 o

The anncaled quasi-statie and dynamic test data was then compared o published re-

sults. First dynamic test dats was compared to published dynamic test data, at a strain
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rate of 451a=1, by Zerilli [5d]. The points published be Zerilli were plotted over the dy-
napic test data and are shown in Figure 6-15 From Figure §-13 is can be seen that the
published curve shows close correlation with the test data, The next published results
ware generated by Follansbee (53], The quasi-static results were compared and it can seen
that the published stress strain curve by Follansbes is marginally higher and is shown in
Feipure £-13, The dynarmie test stress strain curve published by Follansbes, at a strain rate
of 180057, was slightly lower than the test data hut had a similar trend. The deviation
Between Lhe test data and the published data was deemed to be within acceprable Hmits.
The deviation could be the rasult of different annealing conditions as Follanshee annealed
at GU0°C in & vacuum for 1h comparsd to the present test specimens which were anncaled

at 450°C for only 10 mimtes.

6.4.4 Comparison between the Test Data with that of Published Results and the

Cowper-Symonds Maodel for Mild Steel

The mikd steel tests were compared using the Cowper-Syinonds constitutive model, This
model was selected as there were published constitutive constants available lor mild steel.
A plot of the dynamic compression test data and the quasi-static tensile test data is given
in Figure 6-14 The mild steed dynamie test with strain rates of 360971 and 18571, and
the tensile test (strain rate — 0.001s™") were scaled using various constitutive constants
for Eguation 6.2 to a reference strain rate of 1 x 10745~ ! and then plotted. By scaling the
test data to this references strain rake, the model conld be tested as the lower yicld point

of the quasi-static and dynamic tests should rorrelate.

r =y lfg
erf £
Atk = 1 6.
% 1+ (D) {6.2)

The first case consideted for dynamic uniaxial tests having small strains in the neigh-
horhood of the yield strain with constitutive constants of D = d.4s™' and g =5 1], The
next case utilised constants obtwned from Abramewicz (38| with constitutive constants of
B = 802571 and 4 = 3.585. These constunts were determined from moere recent dynamic .
uniaxial tensile experiments performed at the Department of Mechanical Engineering at

the University of Liverpool, The last case utitised calculated values from the test data,

£
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with the consiilurive constants being determined to be D = 844577 and g = 2.207.
]

From Figure £-14 11 can be seen that the first set of Cowper-Symonds curves are far from
the test data indicating that the constitative constania do not correlate well for 1he mild
atea] test. The second and third set of duta lie on top of one another vs the constitutisve
constants are very similar, Tor the second and third sets the upper vield point of the
scaled quasi-static tensile teal lieg belween the scaled dynamic compression tests, but then
deviates as it moves away from the yield poini. The lower yield pointa of the quasi-static
and dynamic scaled test results do onto corrclate exactly but are not far off. The deviation
is mot substantial and les within an arceptable range. In order to adjust the lower yicld

points to coincide the values of P = 2000571 and ¢ = § had to be used.

There is a large scatter of test data was that has been published. Some of this test data
was gathered by Jones [1] and compared to the Cowper-Symonds constitutive mode| with
constants of 1) = 4045~ ! and ¢ = 5. A copy of Jones's wraph is shown in Figure 6-15,
Added to Jones’s graph is L he data point of the mild steed tested at a strain rate of 918571,
Tt can be seen that thers is considerable scatter between the resulés of the different authors
and that the added data poine falls within the scatler. Jones related this scalter to the
range of differeut mild stecls tested, the difference in grain size, the heal treatment, and

the wariely of lesting machines and data recording cquipment used,

'The mild steel test data was then compared to experimental dats generated by Tanimura
561, The data that Tanimura presented was for an annealed mild steel test at strain rates
of 1:.'I.I:_I|:I13"1 and 2000:7! and a copy of the stress-strain curve is shown 1 Figure 6-16.
Sclected points from the Tanimura curve were then plotted aver 1he mild steel test data and
is shown in Figure 6-17. From Figure 6-17 it cau be seen that there 12 very good correlation
between the guasi-static and dvnamic test data, The strain rate of the Tanimura curve iz
hirher than that of the test data and this is reflected in the upper vield point being higher
than that of the curve at & strain rate of 918s7'. The curve after the lower yield point
rorrelated woll except for che slight oscillation of the curve of Tanimura, These oscillations
rould be the resuls of no dispersion correction being applied ta the capured data ram che

pressure bars, If the dynamie curve of Figure 6-16 is compared to the uncorrected curve
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of e 6-5 ¢) it is evident that che two curves follow the same trend indicating that oo

digpevsion correction was applied,

65.4.5 Comparison of Test Data with that of Published Results and the

Cowper-Symonds Model for Aluminum

The aluminum dynamic comprossion tegts wore compared o the quasi-statio tensile nest.
From Figure 6-15 it can be scen that the yield poing of the quasi-static tensile test and
dynamic compression test are very close, with the dynamic compression test being higher.
This indicates that strain rate seasitivity 5 low for aluninum as showa by Lipshitz [36;
artd Jones [1|. The guasi-static tenstle test then deviater] from the dynamic compression
test a3 the tensile test gives the engineering stress and the compression test give the true
stress. The dyvnauwnle compression test data was then compared to data obtained from
Nawat-Naosser [57] and is shown o Figure 6-18, Dala for strains lower than 0.03 could
not be abtained for Namat-MNasser graph as there were large oscillations on the stress-
strain curve indicaking that dispersion correction was not implemented. Also plotted was
rlata published by Jomes(1]. The curve of Jones and Namat-Nasser have higher stress levels
than that of dynamic compression tesks, The test data curves deviate by an averape value
af 500 Po from that of the rata of Jones and Namat-Nassor, but this eould be due to the

differont stato of work hardening the specimens were subjected to.

The aluminum dyvnamic compression tests was also compared to results obtained for
the Cowper-Symonds constitutive model, The constitutive constants used in Equation 6.2
were [0 = 12880005~ and ¢ = 4 as taken from Jones [1]. Again 83 in the mild steel test
the dynamic compression tesh, with strain rates of 2245~ and 11765~ ! and the quasi-statie
tensile tost (strain rate = 0.001s™1) were scaled using constitutive cunstants for Equation
£.2 to a strain rate of 1 = 107% " and then plotted. From Figure £-15 it can be seen
that the yield point of the quasi-static test is higher than thal of the two dynamie tesis
mdicating the the constitutive constants are not gorrect. Jones did note thal the two
conshitutive constanls were obtained from an average of widely scattered cxperimental

dauta,
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6.5 Summary

In this chapter the operation of the gas gun system was discussed and the short comings
of using the exigting barrel were listed, Tae strain gange bridge amplifiers and data acqui-
altion system were discussed, The data processing program was evalnated. This included
comparing results that were and were not corrected for dispersion. and merits for using
higher modes for dispersion correction. It was tound that the oscillations of the stress-
atrain curve were considerably reduced when digpersion was corrected for, and the Arst
mode was dominant. The effect on sample frequency of the u;lisper&iif_:n Corréction were dis-
cugsed and sample frequency of 10MHz was ciosen. Finally, the resulrs of the tests cacriad
out were compared with toe constitutive models and published results. From thils it was
sean that there was good correlation between published data and the fest data, but the
model correlation was oot as good. The selection of the constants used n toe models was
critical. In addition to this thestate of work hardening on the specimen alters the fow
stress considarably.

Conclusions and recommendations for fisture work are given in the next chaptec.
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Stress vs, Strain, and Strain Rate graphs for annealad mild steel
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Compression test data for all materials tested at different strain
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Concluding Remarks and

Recommendations

7.1 Concluding Remarks

The system as a whole unctioned well and enabled testing of ditferent materials at various
gtrain rates. Each component of the system was calibrated separately before the SIIPB
system was calibrated as a unit, The calibration tests conducted were repeatable and
the dynamnic calibration factor only deviated from the theoretical calibration factor by
5%, thus reconfirming the calibration of the system. The method for determining Young's
modulns and Poisson’s ratio of the bar was very suceessfid, as the Young's modulus eould
be determined to within 17Pa and the Poissen’s ravio to within 001, The dispersion
correction program used wag able to shift the pulses to the specimen interface and sub-
stantially reduce the osciliations on the stross strain plot. Tn addition to this, the use of
pulse shaping further reduced the osciliations. The inclision of the higher modes ondy

improved the shape of the pulse marginally.

The Visual Busic uscr interface for the data acquisition facility wag aser friendly and
the aperation was very similar to that of an oseilloscope. The control valving for the gas
cun and the gas gun itself was sinple to use, The use of Ercel as a frontend to Maltab
worked well as the operator of the system was not required to know how to use Matioh to
e the dispersion correction software. As a resnlt, the time required to train an operator
was considerably reduyced. The zeroing of the strain zange bridge was not user friendly
a5 it had to be done by trimming a potentiometer by inserting a small screwdriver into a

bole i the side of the amplifier.

The data acquisition system was more thau adeguate to capture the signal from the
strain sauge amplifiers. The amplifiers gave sofficient gain to the signal to generate a

stress-strain plot, but the gain was not snfficiently flexible to utilise the full resolution of
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the data acquisition system. As the amplifier gain deop-off and phase shift was determinad
by using an 8-bit resahition digital oscilloscope the aceuracy of the mapping function was
limited, This conld be improved by using the ADLINK card to map the gain drop-ofl
and phase shift for each anplifier. Amplifier specific correction functions could then he

generated thus improving the correction of the signal.

The barrel used for the gas oun was naoc ideal as the gas vents were too sharl. As a resuls
of this, the dynamic calibration of the systemn could oot be perforimed with o long striker.
This resulted in au inaccuracy in one of the calibration methods. In addition to this the
barrel bore was smaller than that of the bar. This resulted in the striker sving plastic
at high exit velocities. Consequently, the striker velocity wes limited for the calibration

rethod nsed,

As the bars were aligned by eve there was no method of determining the acewracy of

the alignment. Conseguently error could result from misalipnment of the two bazs

The material tests conducted showed that the system could reliably produce stress-
strain curves at ditferent strain ratess The material models did pot cortelate well with the
tesl data but there was good correlation with published data. There could be two main
reasons for this, Firstly the material tests conducted showed that there is a large difference
in the stress level of an as received specimen commpared o one that was annealed. Thus,
the microstructure and work hardening state of the specimen could well be the source
of the discrepancy. Secondly the vadue used for the constitutive constants in the model
significantly altered the predicied stress level. As a result the selection of the comect
values 15 vital, With the SHFE svstern and dsta acquisition facility develuped in this
thesis, which is highly accurale and leads lo consistent and repeatable results, this is now
possible. Ceneration of such constitulive conslants as funclion of Lhe work hardening and

micrnstructure is beyond the scope of the 1hesis.
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7.2 Recommendations for Future Wark

Although the SHPE syslem setup is [unctioning sutficiently well to test malerials, the

following modifications are recommended to improve the system:

1. The gain of the ampbiiers should be made adjustable to exploit more fully the
resolution of the data acquisition card. This could be achieved by either having a
jumper of the second stage of the amplifier to alluw for the gain to be set. al 10V/V

or 100V/V, or installing a third stage in the amplifier with a proprammable zain,

2. The variable resistor used to zero the strain gauge bridge could be mounted externally

g0 as to make adjnstment simpler.

3. After modifying the amplifiers, each amplifier is to he mapped using the ADLINK

vari,

4. A 20mm barred should be sowreed so that the striker and bar are the same diameter.
The barrel must have sufficiently long gas vents 4o aliow [or the use of a long striker

in the ealibration tests.

(s

The valving should be modified to improve the repeatability of the striker velocity

at the low speeds.

. An alignment system should he designed and installed to insure the aceurate align-

ment of the bars.

As only limnited testing was conducted, additional material testing and investigation
should be perforined to determine the cause of the deviation between the test data and
the constitutive model. In addition to the itemns mentioned in Section 7.1, the effects of
wirrh hardening and teinperature need to be considered in developing the stress-strain
behavior of the material at high strain rates. From these tests the constitutive models
could he modified to he more representative of the material. During resting the incident
puise sliould he pulse shaped, as there is a cousiderable rednetion in the oscillations on

the stress-strain curve in so doing.
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Appendix A

Computer Coding

The commented source code for the programs wsed for the SHPB apparatus are given in

this section.

Al Source code for dispersion user delined function

The following coding is used to create a user delined Minction in the Micresefl Viswal
Buoste attachment of Freel This user-defined funciion sends data to Matied, executes the
dispersion correction program in Matlad, and then retrieves the corrected data. Finally, it
inserts the correctod data into the Ereel worksheor,

Define user lunction

Function Dispersiomidt, readl, dist, E, ©, v, D, mode, x3, BSF,

BSF1, BSF2, BPF, BFFi, BPF2, umdisp_reading, corr_wvil)
MLEvaldtring '‘clear?’ Clears all the variables in the Matleb workspace
MLEvalString ’’ed c:‘matlabriliwork®’ Sets the path to the prograin

Sends the following data to Matlah:

MLPutMatrix *7dt’’, dt Time interval between the samples
MLPutMatriz ''x’', readl Data to be corrected for dispersion
MLPutMatriz '‘'z1°?', dist Distance Lo disperse reading
MLPutMatrix 'E’', E Youne's modunlus

MLPutMatrix *’r'', r Dengzity of the Bar

MLPutMatrix 'vl?’, v FPuissun's ratio

MLPutMatrix *‘'de’’, D Bar diameter

MLEutMatrizx '’mede’’, mode Which mode to use for the correction

Filterintg of the data
MiPutMatrix *'x3'', x3 Cut off Frequeney
'Band Stop filler



APPENDIX A. CoMPUTER CODING

MLPutMatrix *‘'bsf'*, BSF if =1 & band stop flter 1s applied to the data
MLPutMatrix ’’bafl**, BSF1 Lower frequency for the band stop filter
MLPutMatrix '‘bsf2'*, BSF2 L'pper frequency for the band stop filter

'Band pass filler

MLPutMatrix *‘bpf'', BPF if =1 a band pass filter 1s applied to the data
MLPutMatrix *’bpfl’’, BPF1 Lower frequency for the band pass filler
MLPutMatrix *‘'bpf2'‘', BPF2 Upper frequency for the band pass filter

All the necessary data is now available in the Matlel work space for the dispersion
correction to be implemented

MLEvalString '‘undisp_pulse3’’ Call the dispersion correction program

MLGetMatrix *’xrol’’, uudisp_reatling Ger the zeroed but not corrected data

MLGetMatrix *'x'’, corr_vl Get the correcled dala

End Functicn End of the function
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Apeenbdls A, CoMPLTER COBING
A2  Source code for dispersion correction program
The program accepts the data for Ezeel and performs the following functions on it:
1. Zeross the data.
2. Adjustz the number of the data points so that there i3 an odd nurnber of points,
3. Correets of the amplifier amplitude drop-off and phase shift,
4. Applies a band pass filter and band stop flter if needed.

Maps the dispersion correction curves for the first four vibration modes.

'5'...'1

6. Poerforms the dispersion correctian.

7. Returns the corrected data to Ereel

The following data is supplied by Ezcel:

E = Yeung's modulus

r = Density

wl = Paisson's ratio

do = Bar diameter

x = Signal Data

dt = Time step between samplos

x3 = Cut off frequancy

zl = Diztance that sipnal is to be movid

bef = if =1 a band stop filter 1s apphicd to the data
bsii = Lower frequency for the band stop filer
bsfZ = Upper frequency for the band stop filter

bpf = if =1 a band pass filter is applicd to the data

bpfi Lower frequency for the band pass filter

bpf? Upper frequency fur the hand pass Rlter

Mowve the reading to the zero level by tuking the first 30 points and finding the offset

o,

graph_ocffzetl = mean{x{1:30)):
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® = x — graph_cifsetl;

Make W an even nuinber

test_x = rem(length(x),2); Y%Find remainder

if test x == { Yotest for odd or even number of points
N = length{x);

elsg

N = length(x) - I;

&nd

Adjust siznal to new length
% = x(1:N);

t o= O:dt:(N)*dt;

Calculate new period, angular velocity and frequency for new length

T = t{l); Jtset the time period of the new length
wo = 24pi/T; Ycalculate the fundamental angular frequency fur the FFT di-
VISIons

ne = —fix{N/2} : fix(N/2);

W = LC, *Wo; Yhsetup a vector for the angular frequency
CO = =qrt(Efr);

ff = wn./(2%pi); Ysetup a vector for the frequency for correction of the amps
Move into the frequency dornain using the Fast Fourier Transform
y = ffe(x);

ya2l = ffpshiftiy); S Center aronnd (1 term

Correct. for amp drep-off

Define amplifier characteristics

¥l = 100000;

x2 = 1000000;

yl=1;

y2 = 1.5;

Set uppet cutolf point

if x3<x1
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end

Calculate the slope of the correction line

m= {¥2 - yll/(x2 - xi);

cl = y2 - mexl;

Generate the function that iz used 1o pull-up the amplifier drop-off

corr = ones{l,length{wn));

corrl = corr.*{ff <= x1 & ff >= -xi1);
corr? = corr.*(ff .* m + ci ). .*(ff>xl & ff<x3);
corrd = cory.*(ff .+ -m + i ), x(ff<-xl & ff>-x3);

corr = corrl + corrl + corrd:

Multiply the signal by the correction function.

ys2 = ysl, *cory;

Correct for phase shift

slope = 3.T78Ee-6; % From trend line of phasc shift

Generate the function thac 1s used to correct for the amplifier phase shift
phase_corr = ones{l,length(wnl);

phase_corri = phase_corr.*(ff .*slope).*(ff >= 0);

phase_corr? = phase_corr.+(ff .+ slope ) .*#{ff < 0J;
phase_corr = phase_corrl + phase_corrl ;

Multiply the signal by the correction function.

ys = ya2.*exp(phase_correi);

Band Stop filter

Test if Band Stop Bleer is to be used

if baf == 1;

Generate a 0-1 veetor to cut out the required frequencies
bandstop = ones(1,length{un));

bandstopl = bandstop.*{{ff >= -bsf2) & (ff <= -bafll));
bandstop2 = bandstop,*({ff <= bsf2) & (ff >= bafl));
bandstop = (bandstopl + bandstop2);

bandstop = (bandstop ==0);

Multiply the data by the -1 vector
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¥5 =y5 .* bandstop ;

end

Band Pass Filter

Test if Band Pass Filter is to e used

if bpf == 1;

Generate a (-1 vector to pass the required frequencies

bandpass = onea(l,lengthiwn;);

bandpass.*({ff == -wpf2) & (ff <= -bpfl));

bandpass.*({ff <= bpf2) & (ff >= bpifl));

bandpassi

bandpasaZ
bandpass = bandpassl + bandpassl;
Multiply the data by the 0-1 vector

vs =ys .* bandpass ;

end

Generate the velocity used fur dispersion

if mode == 1 %use only mode one for dispersion correction
load P_C_model.mat Yhioad the data for the first dispersion curves
d_la = d_la.’;

n = 1l:length(d_la);

tfo = 1/T;

f = fo _*n;

Interpedate to oxtract the curve for the particalar Poisson's ratio
Cn_Co_at_v_model = interp2{d_la,v,Cn_Co.!',d_la,vl, 'cubic?);
Calculate the velocity by (Cn/Co)*Co

Cn P C_model = Cn_Co_at_v_model .* CO;

la_l = d_1a./do;

Calculate the frequency £ = Cn/la for the generated curves

f P Coodel = Cn P _C_meodal.*la_1;

Interpolate to obtain Phase velogity for all the frequencies for the input data

Cn = interpil{f{_P_C_model,Cn P_C_model,.f,’cubic’};

elseif mode == 2 Youse only mode one and two for dispersion correciion
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load P_C_model mat Yoload the data for the first dispersion curves
d la = d_1a.*;

n = 1:langth(d_la};

fo = 1/T;

f = fo .#*n;

load Df_Co_1_2.mat % load Jump peint rom mode 1 1o mode 2
Interpolate to extract 1he valie for the particufar Podson’s ratio
Df_Co_jump_1_2 = interpliv,Df_Co_1_2,v1, 'cublic’);

(lalculate the jump poind from mode 1 to mode 2

f_jump_1_2 = If_Co_jump_1_2Z.=C0/do;

Interpodate 1o obtain Phase veloeily for all the frequencies for the input dala
¢n_Co_at_v_model = interp2{d_la,v,Cn_Co.’,d_la,vi, cubic’);
Calculate the veloeity by (Cn/Cao)*Co

Cn_F_C_model = Con_Co_at_v_modael % G0

load P_C_modeZ . mat Shload the data for the second dispersion curves
d la = d_1z.?;

Interpolate to obtain Phase velocity for all the frequencies for the input data
Cn_Co_at_v_mode2 = interp2(d_la,v,.Cr_Co.’,d_la,vl,'cubic’);
Caleylate the velority by (Cn/Co)*Co

Cn_P_C_mode2 = On_Co_at_v_modeZ .% CO;

la_1 = d_la./do; HCalenlate 1/4a

Calculate the frequeney [ = Ca/fla [or the first made

f_P_C model = Cn_P_C_medel.*la_1;

Calculate the frequeney £ = Cofla [or the second minde

£f P C oode2 = €o_FP_C_modeZ.xla_1;

Interpolate to obtain Phase velocity for all the frequencies for the input dala wilh

relerence 1o the first mode

intarpl{f_P_C_model,Cn_P_C_model,f,’cubic’);

Cn_model

interpl{f_F_C_mode2, Cn_P_C _mode2,f,’'cubic?);

1

Cn_moda?

Cut off the higher Phase velocity for the first mode and the lower Phase velocity for the

second mode

121



APPESDIX A, COMPUTER CODING

Con = Cn_model #{f < f_jump_1_2) + Cn_mode2.#(f >= f_jump 1 2};

elseif mode == 3 #use the first three modes for dispersion correction
logd P_C_modal mat Foload the data {or the first dispersion curves
d.la = d_la.t;

n = 1:length(d_la};

fo = 1/T;

f = 1o ,*n;

icad Df_Co_1_2.mat % lpad jump peint from mode 1 to mode 2
Interpolate to extract the value for the particular Polsson’s ratio

Of Co_jump_1_2 = ioterpliv.Df _Co_ 1 2.v1,'cublic’};

Calcylate the jump point from mode | to mode 2

f_jomp_1_2 = Df_Co_jump_1_2.*C0/do;

Interpolate to obiain Phase velocity for all the frequencies for the input data
Cn_Co_at_v_medel = interp2(d_la,v.Cn_Co.',d la,vl, 'cublic?);
Calcudate the veloity by (Cn/Cuo)*Co

Cn_P.C_model = Cn_Co_at v.mpdel .= CQ;

loud P_C_mode2 mat %load the dasa for the second dispersion curves

d la = d_la,.‘';

Interpolate to obtain Phase velocity for al] the frequencies for the inpul data
fn_Co_at_v_model = dnterp2id_la,v,Cn_Ce.’,d_la,vl,’'cubic’);
Calenlbate the velocity by (Cn/Cao)*Ca

ﬂn__P_C_modeE = On Co_at_v_modse .» CO;

lecad P_C_model.mat Feload the data for the third dispersion curves
d la = d la.’;
load I _Co_2_3.mat Yjump point from mode 2 to mode 3

Interpolate to extract the value for the particular Poisson’s ratio
Df_Co_jump_2 3 = interpl(v,Df _Co_2_3,vl,'cublc’);
Caleulate the jump point from mode 2 to mode 3

f_jump_2_3 = Df_Co_jump_2_3.+C0/do;

Interpolaie to obtain Phase velocivy for all the frequencies for the input data
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Cn_Co_at_v_mede3 = interp2(d_la,v,Cn_Ce.',d_la,vl,’cuble’};
Clalculate the velacity by (Cu/Co)*Co

Cn_P_C_moded = Cn_Co_at_v_moded .+ CO;

R S B i i B WCalculate 1/l

Calculate the fregquency (I = On/la) for the first thres modes

f P Cmedel = Cn_P_O_model.*la_1;
f P Cmode? = {n_FP_C_mode?.*la_1;
t P _C modeld = Cn P C mode3.*la_1:

Interpolate 1o obtain Phase velocity for all the frequencies for the input dala with

refercuce to Lthe Hrst mods

Cn_model = interpl(f_P_C_model ,Cn P _C model,f, eubic?]):
Cn_mode2 = interpl(f_P_C mode2,Cn_P_C_mode2,f, 'cublc’);
Cn_mode? = interpl(f_P_C_mode2,ln_P_C _meoded,f, cubic’);

Generute 1he Phase Velority curve using the first three wodes.
{n = Cn_model . #{f < f_jump_1_2) + Cn_mode2.#{{f >= f_jump 1_2)&

(f = f_jump_2 3)) + Cn_moded.x(f >= f jump_2_3);

eleeif mode ==4 Yimse the first four modes for dispersion correction
load P_C_medel.mat’ Poload the data [or the first. dispersion curves
d_la = d_la.’;

n = 1:length{d la);

o=l

f = fo .*n;

laad DE_Co_1_2.mat Stpmmp poinl from mode 1 to mode 2
Interpulate to cxtract the value [or Lthe pariicular Poisson’s ratio

Df Co_jump_1_2 = interpliv,Df Co_1_2,v1i, rtuble’);

Calculate the Jnmp point from moade 1 40 mode 2

£ jump_1_2 = Df_Co_jump 1_2. xC0/do;

Interpolate Lo aliain Phase velocity for all the [requencies {ar the input dula
{n_Co_at_v_model = interp2(d_la,v,Cn Co.’,d_la,vl,'cubic?);

{lalculate the velocity by (On/Co)*Clo
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Cn_P_C_model = $n_Co_at_v_medel .+ OO

load F_C_modeZ, mat Yoload the data for the second dispersion curves

d la = d_la. ':

Interpolate 1o obtain Phase velocty for all the frequencies for the input data
Cn_Co_at_v_mode2 = interp2{d_la,v,Cn_Co.',d_la,vl,’cubic’};
Calculate the velocity by (Cn/Co)*Co

Crn F_C_model = Cn_Co_at_v_mede2 .# CO;

load P_C_moded.mat Yeload the data bor the third dispersion curves
d_la = & _1la.*;

load Df_Co_2_3.mat Y jump point from mode 2 to mode 3
Interpolate to extract the value bor the particular Polsson™s ralio
Df_Co_jump_2 3 = interpliv,DM Co_2_3,v1, 'cubic?);

Claleulate the jump point from mode 2 to mode 3

f_jump 2 3 = Df _Co_jump 2 3.%C0/do;

Interpolate to ottain Phase velocity for all the frequencies for che input data
{n_Co_at_v_moded = interp2(d_la,v,0n_Zo.',d_la,vl, cubic?);
(Calculate the velocity by (Cn/Ce)=Co

Cn_P_C_mede® = Cn_Co_at_v_moded . {0;

lecad P_C_moded mat Yeload the data for the fourth dispersion curves
d_la = d_la.’;
load Df_Co_3_4.mat Yjump point from moded to moded

Inderpolate to oxtract the value for the particular Poison's ratio
Df_Co_jump_3_4 = interpliv,Df _Co_3_4,v1, 'cubic’);

Caleulate the jump point from mode 3 to mode 4

f_jump_3_4 = Df_Co_jump_3_4.+C0/do;

Interpolate to obitain Pliase velocity [or all the [requencies for the input data
Cn_Co_at_v_moded = interp2{d.la,v,Co_ Co.’,d_la,vl,’'cubic’};
Calculate the velocity by (Cn/Col*Co

On_ P C_moded = Co_Co_at_v_meded . # C0;

la_1 = d_1la./do; BCaleulate 1/la

Calculate the frequency {f = Cu/la) for the first [our modes
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f P C_model = Cn_P C model.*la 1;
f P O _modeZ = On_P_C_modeZ.+1a_1;
f P C modeld = Co_P_C_moded. #la_1;
f P Cmodedt = Cn P C moded, *#1la_1;

[nterpolate to obtain Phase wvelocity for all the frequencies for the inpur data with

referenee to the first mode

Co_model = interpl(f P € modsl,Cn_P_{_model . f,'cubic?);

Cn_modaeZ interpl(f_P_C_mode2,Cn_P_C_model2 ,f, cubic’);

Cn_model interpl (#_P_C mode3,Cn_P £ moded,f, cubic?},

Cn_madad interpl{f_P_C_moded,ln_P_C_mode4d,f,’cubic’);

(enerate the Phase Veloeity curve using the fisst thres modes,

Cn = Cp_model.+{f < f_jump_1_2) + Cn_modeZ #((f >= f_jump 1_2)&

(f < f_jump_2_3)) + Cn_moded.*{(f == f_jump 2 _33&(f < f_jump_3_4}’

+ (n_moded. #{f >= £f_jump_3_4);

end

Copy the last value of the phase velocity of the P T curve to the frequencies not covered
by the curves

CnZ = zeros{1,N);

CnZ(l:length{{n)) = Cn;

CnZ (length{Cn)+1: lenpth{CnZ)) = Cn{lengthi{ln});

Cn = CnZ:
Cnll) = £0¢ %Set the first speed reading to fundamental wave speed
Cne = zeros{l,NT; HiGenerate a vector of zeros the same length as the data

Cac(£1x (N/2)+1:0) =On(1: (£1x(N/2)));
Copy the P_C curve to the negative frequencies
nn = 2;

for ii = (fixi{N/2)):-1:1

CC1(ii} = Calmn);

nm =nn + 1;

end

fncfl:fix(N/23)= GC1;
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Caleuiate the offsel for the dispersion correclion used in the time shifll

offset = exp{-wn,*{zl./Cncl=i); FCaleubate the offset

Multiply the data by the offset to correct for dispersion

ye = offset,*+ys; To0Mser phase angle

Use the Inverse Fast Fourier Transform to get back into the {ime domain

Shift the data so that it is not centered arourd the Gth termy bue the Uth term is on the
lefi.

yell =fftshift{yc);

¥2 = ifft(ygil);

Extract the real part of the data, The maginary part is zero It must be remaved

xTo =reali{xz2);

Transformn the data into a coluran vector o be sent to Excel.

xrol = xro, '
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A3  Source code for data acquisition card

The following code s used to control the ADLINK data acquisition card. For details of

the functions used that control the card sec the Function Referonce Manual [43].

Define Variables

Dim CardiNumber As Intager

Dim card_ID As Integsr "Wumneric card TD that corresponds Lo Lhe card initialized
Dim voltage_range As Integer Taput range of the card
Dim dma_size As Long oy size for sample

Dim sample _rate Az Single

Dim dt Az Double

Dim channels_used As Integer ’is the tame interval betwesn sanmples

Dim trigger _mede As Integer

Dim trigger_source As Integer

Dim trigger_polarity As Integer

Dim cleck_scurce As Integer

Dim trigger_level As Integer

Dim post_count As Integer

Dim aquired_data_buffer{1000000} As Integer

Dim A_D_status As Byte 'status of the & tc D convertien, if true (1) then the
convertion is complate

Dim A_D_count Az Long ‘number of A to D converted during the sample

Dim computed_voltage (1000000 As Doubls

Dim veltage_out() As Double

Dim pumber_of_samples Az Long

Dim count_npum Az Long

Set the value of the post trigper count.
This sub functicn enters a value inte the post togger count texi box dependent on the
nanber of samples selectad.

Private Sub choDataSize_click({)
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If cholataSize . Taxt < 4000 Then ‘1if data size is - 4000

txtPostlount . Text = chbolataSize.Taxt—500

Else '1f data gize is = 4000

txtPostCount. Text = choelataSize. Text - 2000 ‘post trigger count = data size- 2000
End If

End Sub

Diraw the trigger level on the screen when a new trigger level 15 selected.

Private Sub choTrigLvl Click{)

picdcreen.Cla ‘Clear the screen displaying the received data
DrawTriglyl trigper level 'Call the function to draw the trigper level in.
End Hub

Dipawr all the data on one screen when the show afl dete 13 clicked,
Private Sub chkillData Click{)

Showllata charnnels_used

If chkAliData.Value = 1 Then

hsbllata.Enabled = Falss

El=e

hzbllata . Enabled = True

End If

End Sub

Show or remove the data trace on the screcn dependant on which channel the wser
wishes to disilay.

Private Sub chkChn_Click{Index As Integer)

ghowData channels_used

End Sub

Start the concinuous scal,

Private Sub cmdC8S8tart Click()
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tmrCEtartTimer .Enabled = True

End Sub

Stop the continuous scamn,

Private Sub emd{SStop Click{)

tmr{StartTimer  Enabled = Falze
End Sub

[ielease the car when the EXIT button is pressed.

Private Sub cmdExit_Clicky)

If card _ID »= 0 Then Belease Card {card_ID) * test to see if the card has been
registerad and If so release i

End

End Sub

Calls the save sub routine when the save button is pressed.

Private Sub cmdBSave_{lick(}

Call mnulave_Click

End Sub

When the start button 38 pressed the Swart sub rouline i3 called. The sub routine ini-
tializes 1he card, captures the data. couverts the binary turober into a voltage and then
cialls Lhe display sub redtine.

Private Sub cmdStart_Click(}

Goenetal variable used duaring vhe acguisicion

Cls

Dim result As Long

Dim resulitl As Long

bDim reswlt2 As Long

hebbata.¥alue = O

Clear the butfer
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For i = § To 1000000
aquired data_buffer(i) = O
camputed_veltage(i) = 0
Next i
Clear the save location aad prigh "Ned Saved” 1o the save slatis.
lblBavelocation. Caption = 77
lbl3areStatus.Caption = ''Kot 3ayed!’
Bopistration of Card
If card II < O Then "resl to see if the card has been registerad before
cmdStart.frabled = False ‘lisables the start button so that it can not be pressed
until the sanple has been taken
card_ID = Register_Card(PCI_%812, CardNumber) ‘Registers the card Lype and the
card nuither
Test to see if the card registration was siuccessful, if not the display the message
"Repister Card Failed” in a message box,
If card_ID < O Then
MsgBox ''Register Card Failed'-
End 1f
End If
Configuration of Card
All the data that is necessary for the configuration of the card is set by definiug variables
that thal are taken from the setting selected by the user,
trigger_mede = CIntf{cboTrigMode.Listlndax)
trigger_source = CInt(cboTrigSre. ListIndex) * &
trigger_polarity = CInt{cboTrigPel.ListIndex) = G4
clock_source = C‘Lng{cboClkac.LisnIndex} * 25§
trigger_level = CInt{cboTriglvl.ListIndex} C132R = OV
poeat_count = CInt(txtPostlount.Text)
regult = AT_9812 Configi(CardNurdeyr, trigger _mode, trigger_source,
trigger_polarity, FP3I812_AD2 GT_PCI Or clock_source, _

trigger_level, post_count)
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Starc the A/D conversion

Set the mamboer of channels used, Zomo is the first channel.

channels_used = CInt(cboChn.Text) -- 1

Sets the voltage range of the card to =5V, This tells the program what solder pads have
been uzed,

voltage_range = AD_B_5_Y

Set the DMA memory size to the number of samples per channel multiplied by number
of channels used

dma_size = {Lng{chbolataSize Text} * CLng{cboChn.Text)

Set the sample rate to the value selected by the user

sample_rate = CSng(cboRate.Text) =* 1000000

dt = 1 / sample_rate

A D status = 0 * reset the status to run

Start the continuous samupling

reszult = 4] CemtScanChannels{Cardiumber, channels_used,

voltage ranges, agquired_data_buffer(D), dma_size, sample_rate,

ASYNCH_OP}

Test [or end of conversion

While & D _status = ¢

result = AI_AsyncCheck(CardNumber, A_D_status, A_D_count)

Wend

Stop A to D conversion. This eommand must be given for the data to be assigned to
the acquisition butfer.

result = AT _AsyncClear (CardMNumber, 4_D_count)

Cunvert the Signal stored in the Buffer to a voltage

result = Al_ContVScale(Cardiumber, voltage_range, aquired_data_buffer{0),
computed_voltage((G}, A_D_count)

Split data into array of separate chanoels

Dim samp_val As Long

gamp_val = 0 “variahle to count through the samples in computed voltage

number _of_samples = CLnglcboDataSize.Text) — 1
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Helim voltage_out[::mher_of_samples, channelsz_used)
For r = [ To mimber_of_samples

o To channels usad

Far &
voltago_out(r, &) = corpuied voltage(sanp_val)

zamp_val = zamp_val + 1

Next 5

Nedt T

Reset the START nlen 3o i can dake the next sample if pressed

codS9tart_ Enablod = True

Enaile the check bex so that the wser can select which channel is $o e osviewed.
If charrelz_used = 0 Than

chkChn (0} . Faabled = Truos

cheChn(*).Znabled = Fales

ciakChn(2) . Znabled = Falen

]
)
fu
e
]
o

chkChn {3}, Znabled
Elgelf chanrels_used = 1 Thexn
chltChn (00 . Enabled = Trus

chilhn(l)  Erabled = True
chkChn (2} . Znabled = False

chxChn(3) .Znablod = False

Elze

chkChn(0} Eaabled = Truec

chkChn(1} .Enabled = True
chkChn(2}.Enabled = True
chkChn(3} . Enabled = True

Eng If

Enabie ke srroll bar

If —umher of _samples = 103G Then
hsblata.Ezablod = True

hebllata Max = nuimber_of_samples - 1000

slee

152



AprpeENDIX A, COMPUTER CoODING

hablata.Enabled = Falae

hsblata.Max = 1000

End IT

hablata.Valua = O ‘sel the screll bar the home position

Set the Cheok boxes to he on,

chkChn{0}.Value = 1
chk{im{1) . Yalne = 1
chkChn{2}.Value = 1
chkChn(3).Value = 1

Enable the View All check b
chkdllData.Enabled = True

Ser the status of the View All check box to false
chlcAllData, Value = §

Call the Show data sub-routine

ShowDats channels usad

End Sub

When data has been captured it is displayed with the z—axis as time and the y—axis
as the amplitude of the signal in volts: The maximuam and minimumm amplitude is fixed at
+5V. The default —axis will show 1000 data points. If the Show All check box is gelected
then all the data will be shown.

Frivate Sub ShowData{ByVal chammsels usaed As Integsr)

Set variables nsed in the show data sub-routine

Dim w As Long, b 4s Long ‘width and height of the display window

Dim 1 As Long

Dim yi As Double "y initial value
Dim yf As Double 'y fnal value
Dim dx As Double ‘chunge i1 the step size

Clear the display screen
pilcicreen.Cla

Set the widih and the height of display sereen
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W = plelfcresn. ScaleWidth

h

picBScreen.ScaleHeight
Test if the Show All check box has heen selected. if it has then adjust the step width.
If chkAlllata, Value = 1 Then

dx = picScreen.ScaleWidth / number_of samples

Elz=s
dy = ]
End If

Cycle though the channels used

For = = 0 To chanmnels_used

Set the start point of the display

vi = 5 - voltage_out((0 + ClLng(hsbData Value}}, s}

xi =20

¥f = dx

Teat to see if she view channel i3 selected. if not skip the draw data section.

If chkChn(s).value = 1 Then

If ihe Show All Data is selected then draw all the data potnts

If chkAllData . Value = 1 Then

For 1 = 1 To number_of_samples - 1

yf = B - voltage_out{l, s)

piclereen.Line (xi, yi)-(xf, ¥£), shplineColor(s}.BackColor

x1 = xf

xf = xf + dx

¥i = wf

Next 1

Else only draw 1000 points and take intc account the position of the horizontal scroll
baar,

Else

For i = 1 + CLog{hsbData Value)] To CLng(hshData.Value) + 999

'number_of samples - 1

yf = § - voltage out(i, s}
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picBcreen.Line (xi, yil}-(xf, yf), shpLineColor(s).BackColor

xt = xf

¥ =+ dx
yi =yt
Hext 1

End If

End If

Next =

Call the Draw Trivper leve] sub-rontine
DrawTriglvl trigger_level
End Sub
When the draw trigger level sub-routine is called a horizontal line is drawn at the value
set (0 the drop rdown seleet box,
Private Sub DrawTriglvl(ByVal trigger lewvel As Integer)
Dim w A=z Long, h A= Long

Dim ¥ 4= Double

w = pieBereen. ScaleWidth

b

picScresn. ScaleHelight

trigger_level = CInt{cboTriglvl.ListIndex}

Y =h # {255 - trigger_level) / 255

picScreen.Line (Q, Y}-(w, Y}, &HS(QS050

End Sub

When the Visual Basic program of the data acquisition svstem i3 started, the following
values are leaded into the seleet boxes and default values are set.

Private Sub Ferm_Load()

Cardiumber = O P Vhere is only one card and it's number i 0

card ID = -1 ‘Sets the card ID so as to test that the card Register is set correctly

Set the number of samples per chammel that can be selected,

chollataSize.AddItem * 100077
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cboDataSize.AddTtem **1200°°
cboDataSize, AddIten *'2000°°
cboDataSize. AddTtam '740007"
choDataSize . Addlten *°BOQ0*!
cholataSize. AddIten 7100004
cboDatalize. AddIten °*12000"'
cholataSize. AddItem *°15000""
cboDataSize. Additem *724000""

Defaulr selection is 1000 samples per chaunel.
cbhoDataSize.ListIndex = 0

Set the number of channel to be used.
cboChn, AddItem *'1**

cbolhn . AddItem *'2*°

cboChn, AddItem '74*?

Default selection is channel une,

cbaChn. ListIndex = 0

Set the tvpe of trigger mode.

cboIrighode. AddTter *'Scoft-Trigger'*
cboTrigMode.AddIter *’Post-Trigger'’
cboTrigMode.AddIten *’Pre-Trigger'’
cboTrigMode.AddItem **Delay-Trigger'’
cbeTrigMode. AddItem **Middle-Trigger’'’
Diefauld selection s Middle-Trigger
cboTrigMods ., ListIndex = 4

Set the type of trigger source.
cboTrigire.AddItem ’’Channel-0'’
cbeTrigSrc.AddTten **Channel-1"'
cboTrigdrc.AddTtem *’Channel-2*'
cboTrigSrc.AddTtem ’’Channel-3*’
cbeTrigSre.AddIten *’Digital’’

Defaule selection is Channel-0
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choTrigSre.LiatIndex = 0

Set the type of wigger polarity

cboTrigPol  Addltem °*’Positive’’
cboTrigPol AddItem *'Hegative'’

Default selsction is Positive
eboTrigPel.ListIndex = 0

(Generate the numbers that can be selected for the trigger level
For i# = —1.024 To ©.552 Step 0.008
cboTriglvl. AddItem Fix{i# + 5000) / 1000
Next

Dufault sclection is 0V

cboTrighvl.ListIndex = 128 128, OV
Set the type of clock source.

cboClkdre AddTten !'Internal'’
ebollhkSre, AddItem *'Ext Sin™’

c¢boClkSrc. AddIvem '’Ext Square'’

Default selection is Internal
cboClkSrc.ListIndex = 0

Sct the sample rate

cboRate. AddItex "'0.5%?

cbhoRate . AddItem *’17%°

cboRate  AddItem 17277

chollate AddItem *°0H*°

cboRate AddItem 107!

cboRate  AddIvem *’207°

Default selection is 1083 Hz.
cboRate.ListIndex = 4

Clear the Save status.
tblSavelocation.Caption = *7*’
lblSaveStatus.aption = ''Not Saved’’

Disable the horizontal scroll bar.
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habData.Enabled = Falze
Disable the channel select checl boxes

chkChn(0) .Enakled = False

chikChn{t).Enakled = Falae
chikChn{2).Enabled = False
chkChn{3) ,Fonabled = Falae

[izable the showe all duta check boses
chixAllDara Enabled = Falae

End 3ub

When the horizontal seroll bar (HSB) is changed the new position of the data is shown.

This is achieved by loading the new value of the HISB into the oflser for displaying the

dala
Private Sub hsblata Change() ‘when the HSB iz changed
ShowData chanmels_used ‘Redraw the data
End Zub

Release the cad when the EXIT button on the drop down menu is pressed.

Private Sub mnuExit Click{)

If card II == 0 Then Release Card {card ID) " test toosee if the card has
been registered and if o0 release &

End ‘exit the progran

End Sub

When the save button is pressed or the File Save menu is selected whe saved data
sub-routina iz called, The swve sub-routine calls up a the Windows standard SAVE AS
commnad dialog box, The command dialog box m filtered so as only to allow TXT files
to be used, The save sub-routine saves the time and all the data that was entered on the
sheet alung with the duta,

Private Sub mnuSave Click(}

Dim time_of_sample As Double

138



Arrenoix A CouMruTrr COnisg

time_of_sanple =

wrap$ = Chr$(13} & Chr¥({io)

Call the SAVE AS comumand dialog box

CommonDialogl.ShowSave

sot filter o THT file type

ComronDialogl . Filter = ?'Text files (*.TAT) |+ . THT?’

If a file name has been entered then open a TXT file. If no file name has been cnrerod
then display & message box the jndicates thar the dara has not been saved

If CommonDialegi.File¥ame <> '''? Then

Open CommonDialegl.FileName For Output As #1 ‘open the TXT fle

Prine the deseription of data to the text file

Print #1, ’’Description of Data’’ & Chr(9); txtlablescription.Text

Print Date and Time to the text file

Print #1, '‘Date:’'® & Chr(9): Date}

Print #1, '*Time:*'® & Chr(9}; Time}

Print saruple rate to the text file

Print #1, ’’Rate:’’ & Chr(9}; asample_rate & Chr(9) & *’MHz*’

Print Striker Trata ro the texe fils

Print #I, ''Striker Datat’

Print #I, *'Length:’' & Chr(9); txtSrikerLsmgth.Text & Chr(9}

& Chr{8) & ‘’Diameter:’’ & Chr{8) & txtStrikerDiameter.Text

FPrint speed trap data to the text file

Print #1, *‘'Speed Trap Data'’

Print #1, *'Time:’’ & Chr(9); txtTrapTime.Text & Chr(8) & Chr(9)}

& ''Trap Gap’' & Chr(8) & txtTrapGap.Text

Print Specimuen Dara to the rext file

Print #1, '‘*Speciment Data’’

Print #1, !*Length:*' & Chr{8), txtSpsclength.Text & Chr(9) & Chr(9}

& ’'Diameter:’’ & Chr(9) & txtSpecliameter.Text & Chr{8) & Chr{9) &

!Material:** & Chr(9); txtSpecMat.Text

Print Bridge Vaoltage to the text file
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Print #1, *‘*Bridge Voltage **

Print #1, *’Voltage:'’' & Chr{(9}; txtBVolt.Text % Chr(8) & 'y’
Frint headings for the voltages to the text file

If channels_used = 0 Then

Print #1, *'Time?? & Chr{5} & *’Channel ("’

Elself channels _used = 1 Then

Print #1, "'Time’’ & Chr{9) & °'Channe} 0** & Chr{%), *'‘Channel 1**

Elss

Print #1, **Time’® & Chr(9) & '’'Channel 0*’ & Chr(9); *'Chanonsl 1°'' &
Chr(9) & *’Chamnel 27' & Chr(8) & ?'Channal 377

End If

FPrint the data voltages to the texs file

For i% = O To number_of_samples

If channelz_uzed = 0 Then

Print #1, time_of_sample & Chr{®) & voltage_outii¥, 0) ‘& Chr(3) &
aruired_data_buffer{ii)

Elself channsls_used = 1 Then

Frint #1, time_of_sample & Chr(9} & voltage_outii%, 07 & Chr{3);
voltage_out(i%, 1)

Elze

Print #1, time_of_sample & Chr(9) & voltage out(i¥, 0) & Chz(9};
voltage_out{i¥, 1) & Chr(9} & voltage_out(i¥, Z) & Chr(9) &
voltage_ovut(i%, 3)

End If

time_of _sample = tine_cf_sample + dt

Hext 1

Acknowledge that the file has heen saved and the file location on the form
lbl3avelocation.Caption = Commonlialogl.Filelane
lblS3avedtatus.Caption = **Baved!’

Elze

MagBex *’Not Saved®’
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End If
Close #1 ‘cloze the TXT file
End Bub

When the continuous scan is selecterd a timer {s used o take samples.

Frivate Sub tmrCStartTimer Timer(}

Call cmdStert_Click ‘all the Start sub-routine
tmrCStartTimer . Enabled = True ‘Reset the timer
End Sub

141



Appendix B

Test Results

B.1 Compression test results for material tested on the SHPB

B.1.1 Mild Seeel

b5 verokad Mild Sieal {EM1A) eexls at diffgrent sirain raies
[Spedmen Size Dd = 1, Al engih 00|

Shreas [MFa]

L. &,

1 1 i
A ao LUz L] HE Y .25 ane LE? GG
Skraen

SHPB compression test for as received mild stesl (EN1A) al different strain rales

(specimen size ©4 x 3, strker length 300mmn}
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Armezaled Mild Sleel |ZN1A) 1esla B0 dFlarenl SWain s
(BpEcATEn BlZa 4 5 3, #nker denglh 300mm)

P s em T anm e s Bl -

g

Sidreca | MPEY
5

203

L i i i =t
c-:l nop C.04 oce 0.8 [iN] o2

Slrain
SHPB compression test for annealed mild steel (EN1A) at different strain rates

(specimen size &4 x 3, striker length 300rmm})

B.1.2 Alumininm

Alurminum [G060) lesla st dillerenl slrasn rabas
|BRETITAI BITE QB a 2.5, siriked lengih 300mm|

am ——- - i

Eresst [P

a -l .- St 1
[ L.CZ Q0 0.06 noH 1 12 14

Sarain

SHPB compression test for annealed mild steel (EN1A) at different strain rates

(specimen size &5 x 2.5, striker length 300mimn)
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B.1.3 Copper

Snredled Capper basts al diNBanl S1Ein rales
(SIBCiTEn Ei2e did & 5, sinker lenglh 30Gmm;
: e i

pill] T

Eilreess [MPa]

| .
H 2 e DG .08 1.1 12 G1e
Sleain

SHPD compression test for annealed copper at different strain rates (specimen size 04 x

3, striker length 300

A= vetrked Copper 85t sl diftergnt eleain rales
[ phermE Bizs i 3 4, gkrkier kengih 2H0mm;

snEnle=sily |

écv's By M

= L I 1 - i el =R
1} o uaz 003 0 (a3 005 uur e ]
BAAIN

SHFE compression test lor ag received copper at different strain rates (specimen sise $6

x 3, striker length 300mm)
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B.2 Quasi-static tensile test results

B.2.1 Mild

Strews [MFaf

Siresx [MPa)

Steesl

Juasi-Hadic Tensile Test Resulls for Mild siesl as worked

(Juasi-static tensile tost results for mild steel as received

Quasi-GEhc Terska Test Results for Anneakad Mid see|

025

450

g

H
2

B

(] Q05 a4 (=8 E] ’ oz 0.25 0.3 nae 04
Sirain

{Juasi-static tensile test results for annealed mild steel.
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APPENDIX B, TEST RESULTS

B.2.2  Aluminium

Luaal-Slate Tensla Teel Resua dor Alurninum

g

Strass [MFa]

on

un
Siraln

Quasi-static tensile test resulis {or aluminum

B.253 Copper

‘Juasi-Giats Tansile Tast Aasults for Copper as Worked
350 T - -

250

Sirass |MPa)
rs
E

2

: = = 7> Ty ey HE
Slraie

11

Quasi-sratic tensile fest results for copper as received
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AppeNDIy I, TES1T RESULTS
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{nasi-static tenstle test resules for annealed copper
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Appendix C

Gas gun Operation Procedure

C.1 General Safety Instructions

e Do onol operate the pas gun alone and withoud permission,
o Wear earplugs or some obher means of aural protection.

» Male sure that there are adequate barrierz to provent projectile recoil when por-

forming ballistic testa.

(C.2 Preliminary Checks
Before charging the gas gun cylinders make sure of the followmg:

1. There 1 no pressured air in the primaty or trigeer cylinder. If there is, follow the

depressurising sequence of the instructions,
2. The gas bottle valye and the pressure regulator valves are closed,
4. The trigzer circuit = awitchisd off,

4. There is no projectile in the barrel,

(.3 Cylinder Charging
Carry oul the following procedure when pressurising the cvlindsrs:

1. Open the gas bottle valve and check that the primary repulator valve repisters the

holtle pressure,

2, Pressurise the trigger cylinder. NB: The trigger cylinder must always be at a higher

pressure than the primary cylinder.



APPENDIY ©. Gas GUN OPERATION PROCEDURE

3. Pressurise the primary cylinder. Set the primary cylinder to the desired tes) pressure
by adjusting the primary reptlator valve, I the desired test pressure is lower than
the pressure in the primary cylinder then close the primary regulator walve and open

the Meed of valve to drop the pressure in the primary eylinder,

4. Conduct a test fire by following the firing sequence but without a projectils,

C.4 Firing Sequence

Carry out the following pracedure when firing projectiles:
1. Check that the trigger cirenit is switched off.
2, Check that the primary cylinder pressurs is correct,
4. Load the projoectile.
4, Switch om the triggper circait,
5. Stand ro the rear of the gun, well clear of the muzzle,

fi. Lift the safety switch and, while keeping it np, press the trigger button to fire the

TAS FUL.
7. Switch oft the trigger clyenid.
Note:

= The cylinders do not have to be depressurised after each firing,

s 1f at any time the pressure repulatar dials do not register o pressure when the valves

are open. depressurise the gas gun and have tham chocked.

C.5 Depressurising Sequerce
Carry out the following pracedure when depressuring the cylinders:

1, Close the gas bottle valve,
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AppENDIx C. GAS GLN UPERATION PROCEDULE
Open the bleed off valve to depressurise the primary cylinder pressure.

Conduct, a test fire by following the firing sequence but withont a projectile, until

the pressure tegulator dials oo the trigger cylinder indicate a pressure of wero.

Close the pressure regulator valving,

. Switch off the trigger circuit.
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Appendix D

Drawings

Dirawing Numboer

Duscription

GASGUN-DGC-0C

GA FOR SIIPE TEST RIG

GASGUN-061-01

GA FOR GUN SUPPORTS

GASGUN-0G1-02

UM SUFPORT

GASGUN-001-03 MAIN BED
GASGUN-001-04 LEG PARTS
GASGUN-001-05 GUSSETS

GASGUN-001-06

FOOT PLATES

GASGUN-DGL-O7

TANK SUPPORT

GASGUN-062-01

GA FOR BAR SUPPORTS

GASGUN-002-02

UUPFER CLAMP

GASGUN-062-03

LOWER SUPPORT

GASGUN-002-04

UPPER SUPPORT

GASGUN-002-U5

LOWER CLAMFE

GASGUN-O02-06

BAR SUPPORT BUSIT

GASGUN-((3-01

GA FOR BARREL SUPPORTS

GASGUN-003-02

UFPER CLAMP

GASGUN-003-05

SUPPORT BLOCK

GASGUN-U4-(H

STRIKERS AND BARS

GASGUN-005-H

SPEED 5ENSCR HOUSING
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