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ABSTRACT

The primary objectives of this research were to determine
the macroscopic properties of polycrystalline OFHC copper
for various grain sizes over a wide range of strain rates
and temperatures, and to relate the properties to the
fundamental microsceopic mechanisms which contrcocl the

deformation characteristics of the material.

Compressive and tensile tests were performed at strain
rates from 10_'35-1 to more than 6 x 1035_1, and at
temperatures from 20°C to 600°cC. Five grain sizes were
investigated, from 20um to 240mm. Dynamic behaviour was
observed with a modified split Hopkinson pressure bar
(SHPB) system which produced constant strain rates in
cempression and tension. Many alterations and

precautionary measures were required to guarantee reliable

dynamic tensile tests. Considerable improvements were made
to the data acguisition, analysis and presentation
capabilities of the SHPB system. A new method of

calibrating the system was developed in which the impact
velocity of the projectile was measured by an
opto-electronic device. Quasi-static behaviour was
ascertained using an Instron test machine. Microstructural
changes produced by the mechanical tests were determined by
metallcgraphic examinations.

35'1 the copper showed a low strain

At strain rates upto 10
rate sensitivity and the results were consistent with a
thermally activated deformation mechanism. The strain rate

35—l and there was an

sensitivity increased sharply above 10
excellent correlation with a model based on the
simultaneous 1influences of thermal activation and viscous
drag. The Hall-Petch relation between stress and grain
size, wusually applied to gquasi-static behaviour, was shown
to be valid for dynamic deformation in certain cases. In
dynamic tensile tests fracture occurred at about 13005_1
due to multiple loading and it was possible to estimate the
fracture strain from the SHPB records. The elongation at
fracture was always slightly greater in dynamic tests than

in guasi-static tests.
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CHAPTER 1

INTRCDUCTION

1.1 Mechanical Properties of Materials

The objectives of mechanical tests are generally two-fold.

{a) to measure the macroscopic properties of materials to
determine their suitability for various engineering
structures, according to the envisaged environmental

conditions; and

(b) to yield further information about the fundamental
microscopic mechanisms which control the deformation
characteristics of materials when subjected to

different macroscopic mechanical variables.
This research project 1is concerned with the investigation
of both (a) and (b) as related to the properties of copper

at high rates of strain.

1.1.1 Elastic Deformation

When a stress, defined as force per unit area, is applied
to a material, the latter is deformed and the change in
length of the material, in the direction of the force,
divided by its original length is defined as the resultant

strain.

i.e. Axial Stress (0) Force (F)/Area (&) {(1.1)

and Axial Strain (g ) Change in Length (AL)

/Original Length (L) (1.2)



The portion OY in Figure 1.1 of the typical stress versus
strain curve for a metallic solid, describes the elastic
deformation of the material. In this region there is a
linear relation between stress and strain, and when the
applied stress is removed the strain also returns tc zero.
Point Y is the elastic limit and the corresponding stress
is called the yield stress of the material. The gradient

of OY is known as the elastic modulus or Young’ s modulus.

1.1.2 Plastic or Permanent Deformation

For metals the strain at the elastic limit is very small,
typically of the ordexr of 0.001 (alternatively expressed as
0.1%). If the stress is increased beyond the elastic limit
then the strain increases much more rapidly and the
material is said to flow plastically. In this region,
definéd bvaC in Figure 1.1, the material is permanently
deformed. Upon removal of the stress from point A, the
strain only recovers to & B’ resulting in a permanent
deformation. If the material is loaded again it will
closely follow the straight line BA, remaining elastic up
to A, consequently achieving a higher yield stress. This
process of increasing the yield stress is known as strain

hardening or work hardening.

1.1.3 Effects on Stress—Strain Relation of Other

Mechanical and Physical Variables

The precise relation between stress and strain is dependent
on the value of other mechanical and physical parameters

such as deformation history, temperature, grain size and
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strain rate. The effects of the last three vari-
ables on the stress-strain relation of polycryst-
alline copper are all evdluated 1in some detail in this

dissertation.

1.2 Strain Rate

Strain rate, or rate of change of strain (d€ /dt), has been
measured over at least 17 orders of magnitude, i.e. from

-12.-1 4 more than 10°s~! in mechanical tests and

10
naturally occurring events. These strain rate variations
can be sub-divided and classified according to Table 1.1.
The different classifications serve to separate differences
in the type of test or manner of load application rather

than to imply regions of change in the basic mechanisms of

deformapion.

Strain rate can have a significant effect on the mechanical
pehaviour of a material (Figure 1.2 shows a typical trend
for metallic materials) and consequently its influence on
oxygen-free high conductivity (OFHC) copper is of principal
concern in this thesis, particularly at high rates of

strain, i.e. >1025-1.

1.3 High Strain Rate Phenomena

Examples of high strain rate phenomena include impacts,
explosions and metal forming of various types. In all of

these cases the materials involved are permanently deformed

in very short periods of time; typically less than a




Classification of Mechanical Tests

Table 1.1

according to Strain Rate

Strain Strain Rate Usual Dynamic
Rate -1 Method of Consideration
Classification (s ™) Loading in Testing
Creep <1077 Constant Strain vs.
Load or Time or Creep
Stress Rate Recorded
Machine
Quasi-Static 10_5*10 1 Hydraulic Constant
or Screw Strain Rate
Machine Test
Intermediate 10'1—102 Pneumatic Mechanical
Strain Rate or Resonance in
Mechanical Specimen and
Machine Machine
Bar Impact 102—104 Mechanical Elastic-
or Plastic
Explosive Wave
Loading Propagation
High Velocity > 104 Explosively Shock Wave
Plate Impact Driven Propadgation
Flate

Impact



millisecond. 0Of the processes classed as metal forming,

forging takes place at strain rates of the order of

103571, metal cutting at 103-10%s71 and wire drawing at up

to 2 x 1055_1. The detonation of explosives can cause.

5

. -1 . .
strain rates of 107s or more in adjacent structures.

1.4 Stress Wave Propagation

At low or intermediate strain rates, where the time between
the application of a force to a body and the setting up of
equilibrium within the body is short compared with the
times in which the observations are made, the whole of the
body can be considered to be accelerated into motion at the
same instant. This is the viewpoint taken by rigid

dynamics.

At high strain rates, however, where forces are only
applied for very short periods of time, the effects on the
body must be <c¢onsidered in terms of the propagation of
stress waves through the body, with two separated points on

the body being accelerated at different times.

Since stress wave propagation in solids has been treated at
length by several authors, e.g. KOLSKY (1963) and JOHNSON
(1972), it suffices to consider only some of the salient

features from their publications.

1.4.1 Elastic Wave Propagation in Unbounded Isotropic

Solids

In extended isotropic solids, two types of elastic stress




wave may be propagated. These are dilatational waves and
distortional waves. The particle motion in a plane
dilatational wave is along the direction of propagation,
whilst in a plane distortional wave it is perpendicular to

the direction of propagation.

The velocity of the dilatational wave
1/2

c, = [ (k+4ap)/p] (1.3)
1 'gf‘ f’
The velocity of the distortional wave
1/2 (1.4)

c, = (fl/]D)
where f9 is the density of the solid, k its bulk modulus

and fl its rigidity modulus.

1.4.2 Elastic Wave Propagation in Cylindrical Bars

This particular case of elastic wave propagation in a
bounded solid medium has been chosen because of the use of
the Hopkinson bar technique by the author, which is based
on wave propagation along solid cylinders. The technique

is described in Chapters 3 and 4.

The elementary theory of the propagation of elastic
disturbances along a cylindrical bar predicts that
longitudinal, torsional and flexural (or bending) waves

will travel with the following velocities:

Longitudinal velocity Co = (E//O)]'/2 {1.5)
Torsional velocity c, = (NP y1/2 (1.6)
Flexural velocity ce = 2%a . Co/h {(1.7)




where E = Young's modulus
a = radius of bar
and A. = wavelength

Hence the elementary theory of the propagation of elastic
disturbances along a cylindrical bar predicts that
dispersion, 1i.e. variation of wave velocity according to
frequency content, will occur with flexural pulses, whilst
longitudinal and torsional waves will be propagated without

change in form.

However, POCHHAMMER (1876) and CHREE (1889) independently
derived more exact equations to describe the propagation of
infinite sinusoidal waves in circular bars. The Pochhammer
— Chree theory shows that the velocity of propagation of
longitudinal sinusoidal waves depends on their wavelength,
and i£ is only when torsicnal waves are travelling in their
fundamental mode that dispersion is absent. This theory
also indicates that for all three types of waves the
elementary theory applies only when the wavelength is large

compared with the radius of the bar.

1.4.3 Propagation of an Elastic Pulse in a Solid Cylinder

In the split Hopkinson pressure bar technique, to be
described later, a longitudinal elastic pulse is propagated
towards the test specimen. In 1948, DAVIES treated the
case of the propagation of an elastic stress pulse in terms
of the exact Pochhammer - Chree theory. He showed that a

longitudinal pulse whose original length is comparable with

the radius will become distorted as it travels along the




bar, and the main pulse will be followed by a train of
oscillations of high frequency. 1In addition, any sharp
changes in gradient will be rounded off, and constant
amplitude parts of the pulse will become oscillatory

curves.

1.5 The History of High Strain Rate Studies and the

Types of Dynamic Test Machines Employed

There are several excellent reviews and books on the
history of impact tests and the machines used (e.g. BITANS
and WHITTON (1972), GOLDSMITH (1960), HARDING (1980),
ELLWOOD (1983) }, the details of which would be superfluous
to repeat in this dissertation. Some of the highlights

from these reviews, however, are as follows.

The earliest reported tests were carried out by J.HOPKINSON
(1872), who performed experiments on iron wires by loading

them with dropping weights.

The earliest rotary-type impact machine on record, where
the kinetic energy of a flywheel was used to break the
specimen, was that of GUILLERY {(1906) where strain rates of

the order of 2005h1 were achieved.

OROWAN (1950) was the first to use a compression machine
known as a ‘cam plastometer’ which was capable of imparting
constant true rates of strain. It consisted of two platens
between which a specimen was compressed when one pf the

platens was driven by a logarithmically shaped cam, while

the other platen remained fixed to the machine frame via a




dynamometer.

Charpy and Izod notched-bar impact tests, which can achieve
strain rates up to about 2005-1, are now regularly used,
but suffer from the severe disadvantage of being purely

comparative tests and are not able to yield fundamental

information concerning the behaviour of the material.

Finally, the most commonly used, fully instrumented test
machine, since its development in the late 1940°s is the
split Hopkinson pressure bar apparatus. This apparatus has
been configured in a variety of ways to produce stress,
strain and strain rate data in compression, tension and

4 ~1

torsion at strain rates up to 5 x 10 s ~. The validity of

the data above about 1045_1, however, is questionable.

In Chapters 3 and 4, the stages of development of this

apparatus, for compressive and tensile tests, are reported.

1.6 The Relevance of Oxygen~Free High Conductivity (OFHC)

Polycrystalline Copper in the Current Investigation

The test material, OFHC polycrystalline copper, was chosen
because of its relevance to the interests of the Ammunition
Materials Section of the Royal Armaments Research and
Development Establishment, from which the author was a
recipient of a Collaborating Award for Science and
Engineering. The Establishment is developing high-
explosive anti-tank shaped charge warheads. Figure 1.3 is
a schematic view of an anti-tank guided weapon containing a

shaped charge warhead.
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1.6.1 Shaped Charge Warheads

If an explosive charge with a symmetrical cavity is placed
against a solid surface, with the cavity nearest the
surface, then the hole produced by this charge is deeper
than with a plain charge. The precise shape of the cavity
has an important influence on the depth and width of the
hole and 1is the subject of much research. ©Now, 1if the
cavity is lined with metal, then the hole can be very deep

indeed.

The action of the detonation 1is to progressively collapse
the 1liner on to the axis of the «cavity which, for the
purposes of the attack of armour, is usually conical. By
correct selection of the cone angle, liner thickness and
material, it is possible for the metal, now moving at high
velocify, to emerge as a molten Jet. The laws of the
conservation of energy and momentum dictate that some of
the material‘moves much slower. As a result, a number of
molten jets are soon formed, with a solid plug bringing up
the rear. The sequence of events during the collapse of

the shaped charge can be seen in Figure 1.4,

Consideration of the forces 1involved, and treating the
liner as a fluid, lead to the conclusion, confirmed many
times by experiment, that the fastest parts of the jet are
travelling at typically 7km.s_1. This extremely high
velocity -causes such high pressures in impact with, for
example, a steel target that the target material is forced

aside. The highest velocity jet penetrates the target

first. The succeeding jets bore holes of smaller diameter
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than the higher energy leading Jet. Consequently, a
tapered hole penetrates the target. Finally, the low
velocity solid slug lodges in the cavity formed by the

jets.

Traditionally, the shaped charge liners were made of steel.
Inprovements in the performance of the 1liner is being
sought through the use of other materials. Consequently,
RARDE wish to investigate the high strain rate properties
of copper. Both the compressive and tensile properties of
copper are essential to the further development of the

shaped charge technique.

1.7 Objectives of the Current Investigation

The principal objective of the current investigation was to
determine the mechanical properties of polycrystalline
copper in compression and in tension over a wide range of
strain rates, strains, temperatures and grain sizes using a

Split Hopkinson Pressure Bar (SHPB) system.

A review of previous literature on the dynamic mechanical
properties of copper has revealed that most workers have
investigated only the room temperature compressive
behaviour for polycrystalline copper of unknown grain size.
Very few have undertaken tensile tests at high strain rates
and only one paper has reported the effects of grain size
variation. Consequently, the current research attempts to

produce a more complete characterisation of the mechanical

behaviour of copper.
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In addition to the main research programme, secondary
objectives were to enhance the laboratory’s data
acquisition, analysis and presentation capabilities and to
design an opto-electronic device, which, by measuring the
impact velocity of the projectile, could accurately

calibrate the SHPB system.
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CHAPTER 2

LITERATURE REVIEW OF THE BEHAVIOUR OF COPPER

AT HIGH RATES OF STRAIN

2.1 Introduction

In recent years, research into the mechanical behaviour of
materials at high rates of strain has increased
significantly due to improved testing techniques. This
literature review contains a summary of experimental and
theoretical investigations of the properties of copper at

strain rates in excess of one hundred per second.

Copper specimens have been tested in compression, torsicn
and tension at rates of strain up to 6 X 1045—1 and at
tempera£ures ranging from -200°C to 900°C. The results
from these three test modes are presented in sections 2.2,
2.3 and 2.4, respectively. Section 2.5 outlines various
theories which have been proposed to explain these results.
Section 2.6 summarises the conclusions of the research

performed on the high strain rate behaviour of copper over

the past two decades.

2.2 Compressive Tests

2.2.1 Experimental Techniques

(a) Test Machines

By far the most common test machine for compressing a
copper specimen at high rates of strain is the split

Hopkinson pressure bar (SHPB), in which a small cylindrical
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specimen is inserted between the adjacent ends of two steel
bars and a large stress rapidly applied to one of the bars.
The conventional apparatus and the theory of its operation

are described in detail in Chapter 3.

The SHPB was used by LINDHOLM (1964), KUMAR and KUMBLE
(1969), EDINGTON (1969), WATSON and RIPPERGER (1963),
KISHIDA and SENDA (1%72), GLENN and BRADLEY (1973),
LINDHOLM (1978), SHIOIRI et al (1978), STELLY and DORMEVAL
(1978), BHUSHAN and JAHSMAN (1978), and FOLLANSBEE et al

(1984).

They achieved maximum strain rates of:

3_-1 1

s , 2x10°s 7, 1.2 x 10°s” ~, 10°s -,

e L, 9.5 x 10%71, 6.4 x 10%s7%,

2.5 x 10871, 8 x 10371, >103s71

3 3_-1

1.6 x 10

1.1 x 10°

4 -1

s ~ and 3 x 107s -,
respectively. In all cases the specimens were deformed
under conditions of uniaxial stress, which resulted in
triaxial strain. Additionally, Bhushan and Jahsman,
monitored the behaviour of copper under conditions of
uniaxial strain. This was achieved by constraining the

radial expansion of the test specimen with a close fitting

collar.

HAWKYARD et al (1968) used the impact of a projectile on to

a rigid anvil. ~ ‘This yielded an upper strain rate of 5 x
1035—1. SAMANTA (1969) devised a test involving an

instrumented drop hammer which resulted in strain rates up

to 6 x 1025-1. DOWLING et al (1970) employed a vertical
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testing machine in which a punch bar impacted directly on
to the test specimen, the resulting stress pulse being
transmitted to a lower die tube. This enabled them to
attain a maximum strain rate of the order of 1045_1.
Finally, WULF (1974), and HASHMI and HAQUE (1986) operated
a modified Hopkinson bar, where again the incident, or
loading, bar was discarded and the projectile struck the
specimen directly. They achieved strain rate maxima of 5 x

1 and 3.3 x 1045-1, respectively.

10%s”
The dimensions of the test machines are frequently omitted
from published papers but from the data available the
diameters of the pressure bars vary from 10 to 20mm.
Notable exceptions were: Lindholm’s SHPB of 1978, in which
miniature bars 4.7mm in diameter and 300mm in length were
used; Follansbee et al’s SHPB of 1984, in which diameters

of 9.5mm, 6.3mm and 4.7mm were used at strain rates of

103_10%7L, 2 x 10%™Y and 3 x 10%s™!, respectively; and

Bhushan and Jahsman s SHPB of 1978, where the bars were

0.91m long and 38mm in diameter.

{b) Data Acquisition Technigues

In most cases the incident, reflected and transmitted
pulses, were measured by means of resistance strain gauges
mounted on the pressure bars and displayed, after
amplification, on a dual beam oscilloscope as strain versus

time records.

Watson and Ripperger {1969) extended the measuring
technique used by KARNES and RIPPERGER (1966), and

CHALUPNIK and RIPPERGER (1966). They measured the load and
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strain simultaneously in the specimen while the specimen
was 1inside a high temperature environmeqt. Karnes and
Chalupnik had previously performed their +tests at room
temperature. During the plastic straining of the specimen,
the average stress over its cross-section was measured by
quartz crystals at either end of it. Surface strain was
measured by a strain gauge attached to the specimen. It
was stated by the authors that this technique does not
reguire any assumptions of any uniformity of stress, strain

and strain rate over the entire length of the specimen.

Strain measurements were performed by Wulf (1974) using a
co-axial capacitor from which the position of the back face
of the projectile could be measured, following deformation

of the specimen, and hence the specimen strain calculated.

Kishida and Senda (1972) determined the stress in the
specimen by analyzing the wave propagation along the input

bar.

In the compressive tests performed by Lindholm (1364 and
1978) the measured reflected pulse was integrated so that
the oscilloscope displayed stress v. strain directly,

rather than strain v. time.

2.2.2 Test Specimens

(a) Dimensions

With the exception of the single crystals of parallelepiped

cross-section tested by Stelly and Dormeval (1978), all

specimens we:e' cylindrical and usually with diameters
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similar to the pressure bars. Shiori et al (1978) showed
that any mis-match of c¢ross-sectional areas between the
pressure bars and the specimen is not important. Various
length (Q ) to diameter (d) ratios have been selected and
these  ratios can be approximately grouped into the

following categories:

(1) R/a < 0.5

This ratio was favoured by Lindholm (1964), Samanta (1969),

Glenn and Bradley (1973), Edington {(1969), and Bhushan and
Jahsman (1978). The reasons given for choosing this ratio
were:

(i) to minimise lateral inertia effects
(ii) to maintain a constant stress level

over the length of the specimen.

In the current investigation a ratio of 0.433 was chosen.
The theoretical justification for this ratio is given in

Section 3.4.

(I1) 0.5 < Q/d < 2

These dimensions have been used by Hawkyard et al (1968},
Kumar and Kumble (1969), Edington (1969), Wulf (1974},
Lindhelm (1978), Shiciri et al {(1978), Stelly and Dormeval
(1978), Follansbee et al (1984), and Hashmi and Haque
(1986). In this group a compromise has been reached
between the previous group and an attempt t¢ minimise the
end surface friction which 1is larger for smaller ﬂ~: d

ratios.
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(r11) R/a > 2

When long specimens were used, wave propagation effects had
to be considered. Long specimens were used by Hawkyard et
al (1968), Watson and Ripperger (1963), and ZKishida and

Senda (1972).

(b)Y Composition

Exact chemical analyses of the compressive specimens were
not specified except 1in the case of Watson and Ripperger
(1968) whose polycrystalline Bridgeport copper contained

the following impurities in parts per million (ppm):
S (40}, 8i (50), Pb (10) and Mg (trace)

Oxygen-free high conductivity (OFHC) copper was used by
Kumar and Kumble (1969), Glenn and Bradley (1973), Wulf
(1974), Shioiri et al (1978}, Bhushan and Jahsman (1978),
and Hashmi and Haque (1986). Samanta (1969) and Lindholm
{1978} used 99.9% pure copper; the latter used commercially
pure copper in 1964. Hawkward et al (1968) tested high
conductivity B.S. 1432 copper and in 1984, Follansbee et al

used high conductivity electrolytic copper.

Single crystals of 99.899% pure copper were employed by

Edington (1969), and Stelly and Dormeval (1978).

(c) Annealing

- After machining most specimens were annealed in vacuum
before being strained. A wide range of annealing

temperatures have been employed. Most used temperatures

between 530°C and GSOOC. Lindholm (1964) chose the lowest
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annealing temperature of 343°C and Stelly and Dormeval
(1978) the highest of 1000°C. Annealing times ranged from

20 mins to 24 hours.
A full list of all quoted annealing temperatures and times,
and exact specimen dimensions and chemical compositions

appears in WALKER (1982).

{(d) @Grain Size

Grain sizes were rarely declared 1in compressive test

papers. The exceptions were (with dimensions in microns):

Dowling et al (1970) - 37
Glenn and Bradley (1973) - 47
Lindholm (1978) - 800
Follansbee et al (1984) - 37

2.2.3 Results

{a) Room Temperature Tests

Lindholm (1964) (strain rate, é' L 1.6 x 1035_1) recorded
maximum stresses and strains of 310 MPa and 0.22, respec-
tively. He observed that stress increases with strain rate
for a given strain, especially at high strains (Figure
2.1}. Copper 1is 1less rate sensitive than other face
centred cubic (FCC) metals such as aluminium and lead.
He also proposed that a thermally activated mechanism was
‘predominant over the strain rate range tested, due probably

to the intersection of glide and forest dislocations.

Stress and strain rate were related by the equation:
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Flow stress O = 0“0(8) + 0*1(8) 1ogé {2.1)
where 0-.(€) is the stress-strain
relation at unit strain rate
and 0*1(8) is a function of strain

3

The results of Edington (1969) (£ 9 x 10 swl), who tested

single crystals, showed that, although copper is strain
rate insensitive below 1035—1, it is extremely strain rate
sensitive above this figure, (Figure 2.2). He used long
specimens and thus concluded that previously reported high
strain rate behaviour is real and not just associated with
short specimens. He deduced that at high strain rates,
stress is a linear function of strain rate and phonon
viscosity is the rate controelling process. However, the
number pf mobile dislocations is almost constant at all
strain rates despite the flow stress at high strain rates
being phonon viscosity-controlled.

Dowling et al’s (1970) ( é‘s 1045_1) tests resulted in
strains up to 25% and stresses up to 180MPa. They found
that at high strain rates yield stress drops appeared which

became larger as the strain rate increased. The following

relation for copper at high strain rates was derived:

af/aﬂni’ =T (2.2)

where T = flow stress, ¥ = shear strain rate and o/0dn¥

is the rate sensitivity.

The authors found that copper is very strain rate
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sensitive, the sensitivity being greater than 6.9MPa at
very high strain rates. They deduced that the yield drops
were a direct consequence of the increased rate sensitivity
at these strain rates. They also found that there is a
rapid increase in flow stress above 1035-1 and at strain

3

rates > 5 x 10 s_l there is a linear relation between yield

stress and strain rate (Figure 2,3).

35—1) also discovered

1

Kishida and Senda (1972) (E ¢ 1.1 x 10
stress drops, especially at strain rates of 600 and 800s

(Figure 2.4). They formulated a constitutive equation:

= EE - g (F-£(E€)) (2.3)

where the 2nd term on the right hand side represents the
time rate of stress relaxation, = f(£ ) being the static
stress-strain relation.

25_1) deduced that the

Glenn and Bradley (1973) (é <9 x10
non-dynamic contribution to strain rate sensitivity was
about 60% of the total flow stress increase when the
specimen was strained. Also, the dynamic flow stress at
5005_1 was 25% higher than the quasi-static flow stress
over the strain range 0.08 to 0.2. Hardness measurements
yielded results showing more strain hardening to occur
during dynamic tests than static tests.

walf (1974) (€5 5 x 10%s™*

) produced true strains up to
1.0 and true stresses up to about 700MPa. The results

showed an initial linear increase of flow stress with



T T T H
% tasl
. -z .
s . £ e
nagt 2 7 - 100
Ll LY
o EZD
£ -
= mesl - £ g
£ . x
- . a
§ 1Lt :1 g
p, -
i -t =
&l 5 .
4 5 Stabic (veve
40
33718 . .
i Spetiaza dazele [5em
[} . : —— MU S LI S S} LN SR T N 1] -
- =1 - =l [ 13 1 h] L £ a [ N . 15
ek STRA RLIE, LD CT) - v Stram % 7
T & . PO 1
Flgure 2.3 Suain-rate-sensizivity of copper. Flgure 2.4 Strevastrain curses of anncaled copper

(Kishida and Senda, 1972)

(Dowling et al, 1970)

FdO
"/
rI /
705, s
i PR
b o KEY
5601 Rite ! vs
;‘5 i S ---- ui
< - - /' Somuall,
- € 4I0 . s ——CD
w -3 . .
o by ’ ’
& ot . P
: 280 [/ ;
X
£ v
r /
180 s
N
oF ul : ! 1 2 : N
o ' > x 4 = [ T Bus it
1 ! : : ] I : : : ;
o} [eXry 0.4 0.6 o8 LG 1.2 L4 1 6{C5,.CM
El('/.?

Figure 2.6 Axial stress-strain curves for

oxygen~free copper
{(Bhushan and Jahsman, 1978)

Figure 2.5 True stress versus true
strain versus strain rate for annealed
OFHC copper (Wulf, 1974)

1: T v —_
400
¢ = 0.15 ll 1¢ 4
j -t} Oyraric i }-!ch*/:
0 A e —
0 > /
:.I'-' 5 S set ’ (renxcia A
¢ =
°200 |~ Teet .
Locome stomd ovu tovm 3w sviml soomd oo s el ) P £ i "
100 LY b ] ) A\l "D 'X] ¥ o) 0i o
¢ 10 10 10 TD’ 10’ STRAlh [(1n hg/hgh
g (™)

Figure 2.7 Strain rate dependence

of the flow stress of copper
(Follansbhee et al, 1984)

Figure 2.8 Dynamic stress-strain curves
for copper
(Hashmi and Haque, 1986)




21

35_1 (Figure 2.5),

strain at & > 10
He suggested that the stress required to give dislocation
velocities needed for the high strain rates was sufficient
for dislocations to glide past short range barriers without

the aid of thermal fluctuations.

The following equation was presented which relates strain

rate (€ ) to the flow stress ((O):

€ = 3 Y2pp? (g0 (2.4)
B
where fgm = mobile dislocation density (m“2 )
B = damping coefficient (Pa.s)
b = Burgers vector (m)
¢~* = internal back stress (Pa)

He calculated the value of fgm to be 1011 m_z.

3571} once again

3.-1
S

.Stelly and Dormeval (1978) ( é < 8 x 10
confirmed that two fields are evident, i.e. below 10
stress varies very little but at greater strain rates there
is a sharp rise in stress and a linear relation between
stress and strain rate for each strain level. It was also
found that although the strain rate sensitivity of copper
is very low in the lower region, it increases to between 16
and 30 MPa in the higher region (c.f. strain rate sensi-
tivity was measured at more than 6.9 MPa by Dowling et al

(1870)).

The linear relation between shear flow stress (T ) and the



22

shear strain rate ( 3) was expressed in the form:

T = 'E'B+o(a" (2.5)
where ol = B /f?mb2 -~ 4.5 x 10°Pa.s
and T:B is the stress required to overcome the forest
dislocation barriers to dislocation motion. (N.B. T:B is
the same parameter as internal back stress g~ *, used by
Wulf (1974)). They calculated f’m to be between 4 x

10_-2 11 -2
m

10 and 3 x 10""m ©, in agreement with Wulf.

33-1) compared low and

Bhushan and Jahsman (1978) ( é >10
high strain rate tests on confined and unconfined speci-
mens. In the former case the specimen is prevented from
expanding radially as it contracts longitudinally by being
surrounded by a close fitting steel collar. The specimen

is then effectively tested wunder conditions of uniaxial

strain rather than the more conventional uniaxial stress,

which occurs when the specimen is unconfined. Figure 2.6
compares the gquasi-static unconfined (Us), dynamic
unconfined (UD), gquasi-static confined (CS) and dynamic

confined (CD) test results. It can be seen that the strain
rate sensitivity is greater when the specimen is subjected
to uniaxial stress than when subjected to uniaxial strain.

Follansbee et al (1984) (é$3 X 1045_1) showed that the
strain rate sensitivity increases rapidly when the strain
rate exceeds about 10%g7! and in this high strain rate

regime there is a linear relation between stress and strain

rate according to:

o = 0-b+/£?£ (2.6).
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GFb and fg'are constants, which Follansbee et al define as
a threshold stress (5L) and MzB/bzme, respectively, where
M 1is the average Taylor orientation factor, B the drag
coefficient, b the Burgers vector and f’m the mobile
dislocation density (Figure 2.7).

%s7l) testea specimens

Hashmi and Haque (1986) (£ 3.3 x 10
up to a strain of 50% and concluded that copper is strongly
strain rate sensitive, +this sensitivity decreasing with
increase in strain (Figure 2.8). No correction is necessary
for inertial effects because inertia is more or less
cancelled out by the stress diminishing effect caused by
the localised temperature rise during deformation. This
temperature rise was quoted as 20K at 3.3 x 1045_1 over a

strain of 10%. A correction for friction being estimated

at 0.08 over strains of about 10%-40% at room temperature.

(b) Tests at Various Temperatures

Bawkyard et al (1968) employed a single strain rate of

35_1 and varied the temperature of the

approximately 5 x 10
specimen from 20°C to 600°C. They achieved strains as high
as 0.9, the stress reducing from 280MPa at 20°C to 40 MPa
at 600°C for this maximum strain. Their graphs of dynamic
stress/static stress versus homologous temperature (TH)
show a sharp rise at Ty > 0.5 (Figure 2.9), where

homologous temperature is testing temperature (K) divided

by the melting point of copper (K).

Samanta (1969) ( € 6005—1) varied the test temperature

from 450°C to 900°C and found that copper strain hardens

considerably up to 600°C but above this temperature
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recrystallisation predominates over strain hardening.

Above 600°C, dynamic vyield stress (YD), strain rate (% )

and temperature (© ) can be related by:

_ @ 1(YO-XM)
YD = a<fg tl {(2.7)
where &, ﬁ ’ b/and )\ are strain-dependent constants, (see

Figure 2.10 for an example of a stress-strain curve at
750°¢C). Hence for the strain rates tested a simple
thermally activated mechanism predominates. It was also
found that rate sensitivity increased with increases in
temperature and strain.

35_1) carried out their

Kumar and Kumble (1969) (é§ 2 x 10
observations at room temperature (Figure 2.11), 147°C and
317°C. The pressure bars were only brought near the test
specimén at firing +time to minimise reflections due to

1 mobile dislocations are

thermal gradients. Below 1035—
thermally activated over the forest dislocation barriers
and above this figure, dislocation motion is viscous drag
limited.

ie. T= T, + P (2.8)

f?m is independent of strain rate and also strain, up to

6%.

Watson and Ripperger {1969) ( é-.g 1035_1) applied a -
temperature range of 25°C to 440°C. They concluded that

copper was strain rate sensitive, the sensitivity

increasing with increased temperature, and the strain rate
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effect was a material property, not a radial-inertia

effect.

Lindholm (1978) applied by far the widest range of strain
rates and temperatures to his test specimens. He achieved

45_1 and a temperature variation

strain rates up to 6 x 10
from -196°C to 22°% (Figure 2.12). Despite the large
variations he failed to detect any mode change, i.e.
no transition from a thermally activated region to a
viscous damping region. There was no sharp rise in flow
stress at 1033“1 as reported by other authors. He also
found that copper has lower strain rate and temperature
sensitivities than aluminium, which he subjected to the
same tests. Reducing the test temperature of copper from
22°C to -196°C increased the stress less than 20% over the
entire strain-rate range.

45_1) carried out their

Shioiri et al (1978) (é’g 2.5 x 10
investigations at temperatures of 20°c, 300° and 500°c.
(Figure 2.13). An abrupt <change in the strain rate
sensitivity occurred at a strain rate of 1043"l at all
temperatures. Taking into account time lags due to lateral
inertia, local temperatﬁre rises in the pressure bars and a
time lag which was inversely proportional to the velocity

of the projectile, they discovered the following relation

between stress, strain and strain rate:
0= k(E) ( E)03 - (2.9)

where K( &€ } 1s a function of the nominal strain rate.

Their results also showed that a mismatch between the
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cross—-sectional areas of the bars and the specimens is not

important.

(c) Incremental and Decremental Strain Rate Tests

These tests have become increasingly popular recently
especially in torsional dynamic tests (see section 2.3).
Incremental tests involve initially straining the speécimen

4s-l) and then suddenly

quasi-statically (strain rate A/10
imposing a high strain rate. Decremental tests operate in

the reverse order.

Stelly and Dormeval (1978) are the only workers to use the
procedures in compression tests. However, they did not
suddenly change +the strain rate after the initial part of
the experiment but removed the stress from the specimen
before -applying the incremental/decremental strain rate.
They used single crystals with parallelepiped cross-
sections which were strained in the < 112 > direction and
had faces of (111} and (110) types. The dynamic strain
rates were 2 x 1035-1 and 8 x 1035_1. The incremental
tests yielded stress-strain curves which were generally
between the static and dynamic curves and showed no
tendency to reach the purely dynamic curve, i.e. no “fading
memory  effect was observed as frequently observed when
polycrystalline copper 1is strained in torsion. The decre-
mental stress-strain curves were situated near the static

curve.

2.3 Teorsional Tests

Torsional tests have been increasingly used in recent
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years, The advantages over compressive tests, e.g. errors
due to lateral inertia, have been frequently quoted in the

literature.

2.3.1 Experimental Techigques

{a) Test Machines

Three types of dynamic testing machines are most commonly

employed for straining materials in torsion. These are:-

(i) Rotary Flywheel
(ii) Hydraulic Torsional Actuator

(iii} Torsional Split Hopkinson Pressure Bar

The last of these has been used most often for testing
copper in torsion at high rates of strain. It was employed
by YEW'and RICHARDSON (1969}, CAMPBELL and DOWLING (1970},
ELEICHE and CAMPBELL (1974), CLYENS and CAMPBELL (1974),

SENSENY et al (1975), LIPKIN et al (1978) and SENSENY et al

(1978).
The maximum shear strain rates ( ¥ ) achieved in these
experiments were 5 x 1025-1, 905_1, 9 x 1025-1, 2.7 x

3 -1

103571, 2 x 103

1

s71, 1.2 x 103571

2

and 3 x 10 s—l, respect-

ively.

A rotary flywheel was designed for torsional tests by
BITANS and WHITTON (1970-71); a similar device being used

by STURGES et al (1979). The former achieved shear strain
3 -1

and the latter 1.4 x 1033—1.

rates of 10°s”
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A new improved hydraulic torsional actuator, was recently
developed by LINDHOLM et al (1980). This enabled them to

attain a maximum strain rate of 330s 1.

Short rise times and long pulse durations are important
factors in high strain rate tests. Rise times of 30 Fs,
25 ps and 10 ps  were reported by Campbell and Dowling,
Eleiche and Campbell, and Senseny et al (1975),
respectively. Clyens and Campbell achieved a rise time of
25 jps on a short-base SHPB and 12.PS on a long-base SHPB.
Pulse durations of 1040 fis, 550 s and 490 ps  were gquoted
by Eleiche and Campbell, Clyens and Campbell, and Senseny

et al (1978), respectively.

(b) Data Acquisition Technigues

The techniques for measuring and recording the data from
the torsional SHPB tests were basically the same as those

in operation in the compressive SHPB tests.

A dynamometer of the resistance strain gauge type measured
the flywheel torque in Bitans and Whitton’s experiment.
The angle of twist was recorded by a photoelectric device.
The outputs from both devices were fed via a pre-amplifier
for display on an oscilloscope. Analysis of the two traces
yielded values cof shear stress {T), shear strain (5’) and

shear strain rate (&).

"Sturges et al used similar transducers to measure the

relevant parameters.

In Lindholm et al’s method rotary capacitance and load
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transducers recorded the angle of twist and torque,
respectively. An analogue-to-digital converter, in the
form of a transient recorder, recorded their results for

future display and analysis.
Eleiche and Campbell also digitised their results. The
analysis being performed with the aid of an ICL 19062

computer.

2.3.2 Test Specimens

(a} Dimensions

In all cases the test specimens were hollow cylinders.
Unlike the compressive specimens, there was no fixed
relation between specimen length and diameter. The lengths
varied from 1.27mm to 900mm and the ocutside diameters from

12.7mm to 38.1lmm.

(b) Composition

Eleiche and Campbell, Campbell and Dowling, Clyens and
Campbell,- and Bitans and Whitton, gquoted the exact
composition of the specimens employed, as determined by
chemical or spectrographic analysis. However, most authors
stated a more general description, e.g. OFHC copper. No

single crystals of copper have been tested in torsion.

(c) Annealing

Annealing temperatures “varied from 350°% to 700°C and
annealing times from 1 +to 2 hrs, with the exception of

Campbell and Dowling, who annealed their specimens for 20

hrs.
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Senseny et al (1978} and Bitans and Whitton annealed their
specimens in an argon atmosphere and a salt bati,

respectively. All the others preferred a vacuum.

Walker (1982) lists all the quoted specimen dimensions,

chemical compositions, annealing temperatures and times.

{d) Grain Size

The average grain size in microns was quoted in 5 papers.

These were:

Eleiche and Campbell (1974) - 53
Lipkin et al (1978) - 80
Clyens and Campbell (1974) - 30
Senseny et al (1978) - 35
Lindholm et al (1980) - 25-35

2.3.3 Results

(a) Room Temperature Tests

35_1) yielded the

The work of Bitans and Whitton (é‘g 10
rather surprising result that the stress (at a given
strain) DECREASES with increase in strain rate (Figure
2.14). This contradicts all other high strain rate tests
on copper. In addition, the gradients of the initial
portion of their stress-strain curves decreased with

- increasing strain rate in an almost systematic fashion. At

increased rates of strain there was a marked increase in

ductility, especially at strain rates of 25:5_1 and above.
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They suggested that a sudden application o©f shear strain
could generate adiabatic shear bands in the metal being
deformed. The heat generated by the plastic work in the
bands of intense shear would soften the material so that
shearing deformation would occur in these bands in
preference to surrounding material. Hence the larger the
shear strain rate, the larger the number of shear bands and
the lower the stress for a given strain. Many workers have
discussed their findings, most disagreeing with their
results and offering explanations for possible errors in
their work. '

3

Clyens and Campbell ( & < 2.7 x 10 s-l) performed tests

™~
with a conventional short-base SHPB (2.6m) and a newly
designed long base SHPB (4.6m). The larger machine
resulted in a shorter pulse rise time and a longer pulse
duratioh. In addition the total strain was increased
(Figure 2.15)}. Their results showed 1little difference in
response between the two machines, there being no evidence
of a decrease in flow stress due to a reduction in rise
time from 25 s to 12 Js- Bitans and Whitton suggested
that with rise times as short as 12}ps, adiabatic shear

bands would form allowing plastic flow at greatly reduced

stresses.

Clyens and Campbell found a positive rate sensitivity which
increased with strain and is large at high strain rates.
They also detected yield drops for repeated dynamic
loading, similar to those reported by BARDING (1971) (see
Tensile tests = section 2.4), but of smaller magnitude

(Figure 2.16).
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Sturges et al (3§I14005—1) reported a modest increase of
flow stress with increase 1in strain rate. At high
pressures, larger strains were achieved before failure of
the specimens, but the flow stresses were approximately the

same .

Lindholm et al (3413305_1) presented evidence of positive
strain hardening and strain rate effect up to 105-1,
followed by strain hardening decreasing with a load drop
occurring at about ¥ = 5 {Figure 2.17). Subsequent metal-
lographic examination showed that severe strain 1local-
isation occurred in the specimens, i.e. localised adiabatic
shear bands associated with the instability of the stress-

strain behaviour. This was explained by thermal softening

overcoming strain hardening.

(b} Incremental/Decremental Tests at Room Temperature

Yew and Richardson ( 5'$-5005_1) performed high strain rate
tests on both stress-free and pre-stressed specimens. The
former tests demonstrated that a fast moving elastic pulse
runs ahead of a slower moving plastic pulse. Also these
tests suggested that copper is strain rate INSENSITIVE at
5005-1. The incremental tests showed that 1low level
strains travel at higher velocities +than high level
strains, i.e. evidence for strain rate sensitivity. In
addition, the dynamic stress-strain curve deviated from the

quasi-static curve. Hence they concluded that copper is

strain rate SENSITIVE.

Campbell and Dowling ( N 905"1) justified their use of

dynamic incremental shear loading by stating that other
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workers have shown that experiments in which test materials
are not pre-strained give little indication of the rate
dependence of the material. They found that the
incremental wave travelled at approximately the same
velocity as the elastic wave and a small reduction in wave
speed resulted from an increase in the pre-strain. The
initial slope of the incremental stress-strain curve was
about the same as the shear modulus of copper. The mean

rate sensitivity in the strain rate range 5 x 10“35'_1 to

905“1 did not wvary significantly with pre-strain. This
differed from constant strain rate tests and hence flow
stress must depend on strain rate history as well as the
current values of stress and strain rate (Figure 2.18).

35_1) investigated the

In 1975, Senseny et al (j,g 2 x 10
influence of annealing temperature on the strain rate
sensitivity of copper in torsion. They included tellurium
copper in their experiments as well as the usual OFHC
copper. The strain rate sensitivity was found to decrease
with increasing annealing temperature except for a sharp
rise in the strain rate sensitivity at the
recrystéllisation temperature of tellurium copper (Figure
2.19). They also confirmed the general conclusion that
strain rate sensitivity is positive in all cases.

35-1) criticised the analysis of

Lipkin et al (Y¥g 1.2 x 10
rate-jump tests because it assumed that the microstructure
remained conétantr during the deformation. However, when

the strain rate is increased suddenly the increase in flow

stress may generate new dislocations. As a result, in

their current paper the results of dynamic strain rate
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REDUCTICN tests are published.

They performed two experiments. In the first, the specimen

was annealed at 450°C and the initial plastic strain rate

was constant at 12005-l for 175/us, then reduced to 1805-1,

and then increased again. When the strain rate was
falling, the flow stress continued to rise although there

was a reduction in this increase for approximately 100/us

1

when was decreasing from 900s ~ to 1805-1 and back up to

4005-1. In fact, the stress was almost constant when 3’§

400s™! (Figure 2.20).

In the second experiment, where the specimen is annealed at

400°C, the initial plastic strain rate was 8505_1. After
190 us this was reduced to 1755—1, the reduction being
completed after 45fas (Figure 2.21). There were two main

differences from experiment one, namely the strain rate
minimum remained constant for almost 200‘ps and a small

transient in the strain rate appeared after about 300/us.

Although the two specimens showed no difference in grain
size, the one annealed at the lower temperature was more
stiff and the initial portion of the transmitted stress v.
time curve exhibited an elastic-plastic transition which
was not present for the other specimen. They concluded
that the fall in stress could be caused by microstructural
rearrangement such as that associated with the formation of
dislocation cell walls, the rearrangement depending on the
dynamic recovery from a thermodynamically unstable

structure produced by a particular thermo- mechanical

history.
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(c) Incremental Tests at Various Temperatures

Eleiche and Campbell performed increﬁental tests at
temperatures of 24, 200 and 4OOOC (Figure 2.22) and at
three static strains of 0.1, 0.25 and 0.5. The strain rate
was increased from 3 x 10-35'1 to 9005—1. Each incremental
curve showed a small initial elastic response which was
more marked at higher vaiues of pre-strain. Strain

hardening always followed the initial response, the rate of

which decreased more rapidly with large pre-strain. Hence

with the smaller values of pre-strain, the specimens have
less ‘memory” of their previous strain-rate history, i.e.
they have a quicker recovery and transition to the
exclusively dynamic stress-strain curve. This contradicts
the effect found in aluminium by FRANTZ and DUFFY (1972).
Eleiche and Campbell also found that, for a given
pre-strain, the post-jump strain required for a given
percentaée recovery of stress was only slightly affected by

the testing temperature.

In constant strain rate tests they stated that
strain-hardening increased with increase in strain rate or
decrease in temperature over the whole deformation range
and, in common with all other workers, except Bitans and

Whitton, a positive strain rate sensitivity was observed.

Senseny et al (1978) tested the behaviour of copper at
shear strain rates varying from 2 x 10-45_1 to 3005-'1 and.
temperatures ranging from -196°C to + 250°C. The increment
in Z.)' produced a sharp rise in flow stress | A'CS)

followed by a more gradual increase. The flow stress

immediately after the strain rate increment is less than
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that produced by a purely dynamic strain rate at the same
strain, by an amount Ath' Hence, Ath represents the
infiuence of history on the stress-strain curve. Both Afs
and Affh increase with increases in strain at all temper-
atures. The difference in gradients between the initial
slope produced by the strain increment and the more gradual
slope that followed it, was less pronounced at higher
temperatures. There was a definite ‘fading memory effect”
at all temperatures. The slope of the T/ ¥ curve
immediately following the increment in the strain rate was

close to the elastic slope (Figure 2.23).

2.4 Tensile Tests

Compared with the number of high strain rate tests
performed on copper in compression and in tecrsion there is

a distinct paucity of tensile experiments on this material.

2.4.1 Experimental Technigues

{a) Test Machines

Harding (1971) operated a modified SHPB which produced a
tensile incident stress pulse o©f duration 50 Fm;and magni-
tude 275 MPa by means of a rapidly induced magnetic force.

3

This produced a mean strain rate of more than 10 shl. Using

an unspecified test machine, OHMORI et al (1968) subjected
copper to tensile stresses at strain rates up to 1605_1.
DORMEVAIL and STELLY (1976, 1979) performed tensile tests at

strain rates of approximately 5 x 1025-1 in 1976 and at

rates up to 1.2 x 103571 in 1979. 1In both cases they used

a specially built machine known as Arbalete (Cross-Bow).
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This consisted of two parallel guide-rails, between which
moved a projectile propelled by rubber bands. The
projectile impact speed ranged from 3 to 40ms_1. The
specimen, positioned between the rails, was fixed at one
end (the end closer to the projectile) to a long rod acting

as a dynomometer, and at the other end to a moving head

which was hit by the projectile.

The same machine was used by REGAZZONI et al (1981), and
REGAZZONI and MONTHEILLET (1984) to achieve a maximum

371 in both cases.

strain rate of 3 x 107s”
Experiments using an exploding wire or exploding cylinder
technique have been used by FYFE and RAJENDRAN (1879} and
BAUER and BLESS (1979). All achieved strain rates of at

least 1045_1.

In the former paper, thin walled cylindrical specimens were
dynamically loaded by an exploding wire system. Two or
more 15 f.lF capacitors, each charged to 20kV to provide
energy storage of 3KJ per capacitor were discharged through
copper wire 1l0cm long and 0.84mm in diameter. Water was
used as a coupling mechanism between the wire and the

specimen.

Bauexr and Bless employed two types of explosive loadings to

4 -1

provide strain rates at failure of 1 x 10°s = and 2.5 x

1045_1. In the same paper these authors also described
tensile tests wusing the SHPB. This apparatus was capable

of testing materials in tension at strain rates up to
35_1.

A ’dog bone’ shaped specimen was

approximately 10
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screwed into the adjacent ends of the incident and
transmitter bar. A co-axial collar surrounded the specimen
to protect it from the compressive pulse. When impacted by
the projectile, the elastic compressive wave travels down
the incident bar through the collar and into the
transmitter bar. The wave is reflected as a tensile wave
at the far end of the transmitter bar and then elongates
the specimen as the collar interface cannot support tensile

stresses.

(b)) Data Acquisition Technigues

The usual data acquisition methods were employed to provide

results from the Hopkinson bar and exploding wire tests.

An alternative strain measuring technique wusing a high
speed streak camera was used by Dormeval and Stelly to
determine local changes in 1length along the specimen. A
line network was drawn on its gauge length and from the
distance between adjoining lines at successive times, the
evolution of the deformation in each section of the

specimen was determined.

2,4.2 Test Specimens

The dimensions, composition, annealing temperatures and
times are listed, where available, in Walker (1982). The

guoted grain sizes 1n microns were:

Harding (1971) - 143
Dormeval and Stelly (1979) - 90,130 & 300
Regazzoni et al (1981) - 25

Regazzoni and Montheillet (1984)

25
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2.4.3 Results

(a) Room Temperature Tests

Dormeval and Stelly (1976), who carried out their tests on
single crystals at maximum strain rates of SOOs_l, detected

four zones in their stress-time curve:

(i) a stress peak between 40 and lOO/Js,
(ii) after relaxation the stress rose again,
but more slowly,
(iii} another stress maximum reached, followed by
an even slower rise in stress,
(iv) and the stress then decreased until rupture
occurred
Below 10?5-1, the stress remained constant with increase in
strain rate but there was a rapid rise above this rate. As
with their compressive tests of 1978 on single crystals
there was no fading memory effect. However, the stress was
always greater in the dynamic tests than for the
corresponding value of strain 1in the static tests. This

was not always true in the compressive tests.

In 1979, the same two workers investigated the influence of
grain size, as well as strain rate, on high purity
polycrystalline copper. Grain sizes of 90, 130 and 300 .
diameter were used. They applied three strain rates to
their specimens, 350,L700 and 10005-_1 (Figure 2.24). They
observed that their high strain rate data was compatible

with the Petch relation for strains up to about 5%, i.e.

stress is inversely proportional to the square root of the
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initial grain size, i.e. 0= (7‘0 + xp "1/2 (2.10)
This relation had been previously shown to be valid for
materials tested at quasi-static strain rates. For strain
rates larger than 3005;—l they derived the following con-

stitutive equation:

= 0 + A& (2.11)

where 0‘0 and ¢/ are constants, (A~ 4-8 x 103Pa.S)

Fyfe and Rajendran followed their dynamic tests by sub-
jecting their specimens to quasi-static strain rates up to
fracture and the fcllowing features were observed:
() in a purely dynamic test
the hoop strain at failure exceeded
that obtained by static testing only,
(ii) high strain rate loading very
significantly inhibited the onset
of plastic instability,
(iii) the strain at failure was significantly
lower than that resulting from a purely

static test

The results and conclusions from the exploding cylinder

tests of Bauer and Bless were:

(i) failure occurred by longitudinal fracture,
(ii) fragment size is proportional to strain rate,
{iii) more than 200 fragments resulted

4

from the 2.5 x 10%s71 tests, but

less than 10 from the 1 x 10%s~! tests,

(iv) in all cases fracture began on the
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outside of the tube,

(v) an average ultimate strain of at least
1.1 resulted with a strain rate of

4 -1

2.5 x 10°s ’

(vi) at strain rates greater than 1035-1, flow
stress is increased, resulting in more
even distributions of strains,

(vii) increases in the ultimate strain were
attributed to strain hardening and strain

rate hardening and the effects of applied

triaxial stresses.

Regazzoni and Montheillet concluded that, at high strain
rates, their results were consistent with a transition
regime where the deformation is controlled simultaneocusly
by thermal activation and viscous drag. This contrasts
with the conclusions of most other workers in which‘ the
former deformation mechanism dominates up to about 1035_1
and the latter at higher rates of strain. Regazzoni and
Montheillet also determined that there 1is a 1linear
stress—strain rate relation at high strain rates (Figure
2.25) and ductility increases rapidly with strain rate
3_-1

above 107s ~.

(b) Tests at Various Temperatures

Temperatures ranging from 20°C to 550°C were applied in the
dynamic tensile tests of Ohmori et al. These preduced a
linear reduction of area with increase in teﬁpefaﬁure for a
given high strain rate. The specimens were most brittle at

350°C at alil strain rates but there was no abnormal

variation in tensile strength corresponding to brittleness
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at this temperature. A linear decrease of tensile strength
with increasing temperature was reported. The flow stress
at a small strain and at room temperature was found to have
the same strain rate sensitivity as that for the flow
stress at the tensile strength at the same temperature

(Figure 2.26}.

Harding studied the yield behaviour of pure polycrystalline
copper under repeated tensile impact loading. The strain
rate imposed was greater than 1035_1 and repeated at
intervals of 1-2 minutes with ambient temperatures of 15°C,
-78°c and -196°C. After each impact there was a drop in
stress at the yield point and this yield drop increased

with the number of impacts and magnitude of strain.

Figures 2.27 shows the results of his tests at ~196°cC.

Regazzoni et al performed their experiments on two types of
OFHC copper at temperatures of 20°¢ anda 500%%. Their
results are indicated in Figure 2.28. The two coppers,
labelled CuCl and CuC2Z had identical overall purity
(99.99%) and differed only by their Bi, Pb and S content
which was slightly higher in CuC2. For both coppers and at
both temperatures the variation of maximum stress Gﬁn) with
strain rate ( é ) was consistent with two strain rate
regimes intersecting at about 1035_1. The strain rate
sensitivity, which was positive in both regimes, was much

3_-1

greater above 10°s . Also 1in this high strain rate

regime, a linear stress-strain rate relation was again

evident. At the 1lower temperature, the ductility (e.)

R

varied in a similar fashion to UFM and once more the

results indicated evidence of two strain rate regimes. At
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the higher temperature, however, the variation of ep with
was much more complex. At high strain rates, transgranular
ductile failure was observed from the fracture surface.
This was also the case of low strain rates when the two
types of copper were tested at room temperature. However,

for guasi-static deformation at SOOOC, brittle inter-

granular fracture occurred.

2.5 Theoretical Analyses

This section includes a review of the microstructural
analyses and the constitutive equations proposed in purely
theoretical papers. It also covers the theory developed
from experimental work which has not been treated in the
earlier sections. A glossary of terms, most of which are

peculiar to dislocation dynamics, is presented in Table 2.1.

KUMAR and KUMBLE (1969) state that the typical behaviour of
metals subjected to increasing temperatures and strain

rates can be divided into 4 regions:-

(i) thermally activated region,
(ii) athermal region, where the yield stress is
independent of strain rate and temperature,
{(iii) diffusion controlled region -
temperature > 0.5T_ (Tm = meHﬂng
temperature of COPPQF(BS? K),

{iv) viscous damping region.

The flow stress L for copper can be represented by the

equation




Table 2.1

Glossary of Dislocation Dynamics Terms

BEND ~ the curvature of dislocation lines,
’ i.e. the shape of the boundary
between displaced and undisplaced
regions.

DISLOCATICN DAMPING the viscous drag force/the
OR DRAG COEFFICIENT dislocation velocity (units:
(B) Pa.s).

FOREST DISLOCATION the number of forest dislocations

DENSITY 9Df) per unit area. Forest
dislocations are localised
obstacles or barriers to -2
dislocation motion (units: m “).

IMMOBILISATION RATE

rate at which dislocations are
immobilised due to interactions
between the dislocations.

INTERNAL BACK STRESS stress required to overcome the
(&B or %) forest dislocation barriers to
dislocation motion.

JOGS AND KINKS — sharp bends in the dislocation
' lines with radii as small as one
atomic radius. Kinks are associated
with local offsets lying in the
glide plane of the dislocation.
Jogs are associated with offsets
perpendicular to the glide plane.

MOBILE DISLOCATION the number of dislocations per unit
DENSITY 9Om) area which are mobile (units: m

MULTIPLICATION RATE

The rate at which new dislocations
are generated during plastic flow.

MULTIPOLES - grouping of dislocation lines that
lie parallel to one another.

NODE - point of intersection of
dislocation lines.

STRAIGHT DISLCCATION

straight line dislocations of which
the edge and screw dislocations are
special cases.
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T=T,+ T+ T, (2.12)

where ITA is the athermal component of stress, T* is the
thermally activated component of stress, and ITD is the

stress attributed to phonon damping. At low strain rates

in the thermally activated region

TxT* (2.13)

When the strain rate is high, ITD predominates. If the
applied stress is high enough to overcome the barriers to

dislocaticon motion at 0K then

T

i
n
+

-

(2.14)

where

|
d
+
.
*

Tpg = Ca
Tp = B. v/b

and hence, combining these equations with those which were
derived in previous papers to describe the behaviour of

metals in general:-

The average velocity of a dislocation damped by phonons

between thermally activated events is

an~!

-1 -1 (2.15)
(yY) exp (U/KT) + ABL ~/ (‘C-tB)b

and the strain rate is given by & =J/9mbv (2.16)
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where A = area swept out per successful thermal

activation (m2)

L = average length of the dislocation segments (m)
Y = vibration frequency (Hz)
U = activation energy (J)
k = Boltzmann’s constant (JK I)
T = absolute temperature (K)
B = dislocation drag coefficient (Pa.s)
b = Burgers vector (m)
/%n = mobile dislocation density (m_z)

Finally they stated that the strain rate change exponent m’
(= 0dnY/4nT) for copper at the yield strain is 150
at 10-35_1 and increases with increasing strain rate,

approaching 1 in the viscous damping region.

KUMAR (1970) examined the relation between me and strain,
strain rate and temperature. It has been experimentally

observed for copper that flow stress

,
'C=‘CB + (B/ p b y Y (2.17)

{at high strain rates)

In single crystals of copper, /Dm increases with the forest
dislocation density (f%) but the reverse is +true for
polycrystalline copper. Now the dislocation structure of a
crystal can be described in terms of straight dislocations,
bends, jogs, kinks, nodes and multipoles, which are present .
at any given strain. The multiplication rate is a function
of kink concentration and /Of. As straining proceeds the
concentration and capture cross-section of multipoles

increase, leading to an increased rate of immobilisation.
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When a mobile dislocation passes a given area of a glide
plane it either generates new dislocations by «collision
with forest dislocations and impurities or is immobilised
by collision with other mobile dislocations or multipole

clusters.

* (=]
Hence Pm = Mv/cb"m /Of - I v/om/fcp (2.18)

where M = multiplication rate constant
I = immobilisation rate constant
© and (Pare constants representing the variation of the
multiplication and immobilisation clusters with /er

respectively.

Integrating and substituting values for Pm and Pf led Kumar
to the conclusion that in single crystals the concentration
of muliplication clusters increases more rapidly than that
of the immobilisation clusters whenlof is 1increased by
straining. The reverse 1is true for polycrystalline

specimens.

Harding (1971) proposed the following to explain the
mechanisms inveolved in the wvariation of vyield drop with
strain rate. A condition previously derived for strain

rate sensitivity was

strain rate sensitivity oT > th (2.19)
2UIny) C
where G = shear modulus
C = rate at which the total dislocation density
decreases.

For copper, a large majority of defects generated during
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the deformation are vacancies (not impurity atoms} and
interaction between a moving dislocation and a
supersaturation of vacancies results in the formation of
jogs. Once Jjogged, a dislocation cannot regain its
original easy gliding condition by a simple unpinning
process. The consegquent reduction in /Qm should be suf-
ficient to satisfy the inequality (2.19) and in view of the
strong stress—dependence of the dislocation velocity in
copper, result in a small yield drop by the dislocation

multiplication process.

KLEPACZKO (1975) drew the following conclusions from an
analysis of data and results from previous work. The
contribution of the thermally activated component of stress
to the total strain rate effect at constant strain rates is
overestimated in the literature. Strain rate and
temperature history effects play a very important role in
the plastic behaviour of polycrystalline FCC metals. A
dynamic recovery and a dislocation annihilation process are
responsible for these effects. A description of strain
rate and temperature history effects is possible by a
coupling of two relationships. One of these 1is the
relationship resulting from the thermally activated process
which is currently dominating, while the second is of an
evolutionary type. An evolutionary relationship describes
the changes 1in structure during the course of plastic

deformation.

Included in Lindholm (1978) was the description of the

thermal activation and viscous drag regions.

\1
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{a) Thermal Activation Region

Resistance to dislocation motion is caused by the inter-
action with short range barriers whose intrinsic free
energy 1is comparable to kT. Therefore the barriers are
overcome by random thermal fluctuations.

¥ = ¥, exp [-v+(T_ - T)/kr] (2.20)
where é’o, to and v*¥ are constants. Hence stress
increases with decrease in temperature and increase in

dislocation velocity or strain rate.

(b) Viscous Drag Region

If the applied stress exceeds 1:0, the dislocations may
overceome all 1local barriers without assistance o¢f the

available thermal energy.

Flow stress TU = v = B ¥ =& (2.21)
B and & are such that viscous drag becomes rate

controlling only at very high strain rates.

CAMPBELL et al (1977) found that in torsional incremental
strain rate tests from rate 1 to rate 2 after prestrain to
¥ = ol the stress increase above the Ilow-rate curve
depended upon the strain increment 3'—a< but not upon the

prestrain o and fitted a curve of the form

T= £, (&) +£, (¥, 5,) +¢£, (X—d.' )
£, (¥, ¥ ) (2.22)
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The particular forms used for the two functions were

£, () = AY® and £, (¥, 0) = madhn (1+ (5/B)]
(2.23)

where A and B are constants.

The low-rate curve 1s represented by the first two terms on
the right side of equation {(2.22), while the last two terms
give the stress increment above what would have been the
continued low-rate curve. As a possible generalisation,

equation (2.24) was proposed.

XY ¥ '
=8 () + 5, XN+ [Jf, 1¥-L D] N (&) da
(2.24)
y *
for arbritrary path ¢ = '7 (X), where f, means
of, (¥,8)1/2%
with the partial derivative evaluated for the two values of
the argument shown in square brackets. LIPKIN et al (1978)
found that equation (2.24) was not consistent with the

results of their decremental strain rate tests.

As stated 1in section 2.2.3, Follansbee et al (1984)
produced results which were typical of previous
investigations, i.e. a relatively mild strain rate
sensitivity at low strain rates followed by a dramatic rise
in sensitivity, accompanied by a linear stress-strain rate
relation, at high strain rates. This linear relation has
previously been used as evidence in favour of phonon or
viscous drag being the dominant deformation controlling
mechanism at high rates of strain. In this paper, however,

the increased strain rate sensitivity is re-examined in
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terms of a transition regime in which both thermal

activation and phonon drag are significant.

The threshold stress (Z;) is the minimum stress necessary
for a dislocation to overcome without the aid of thermal
agitation the resistance of a barrier that the dislocation
encounters as it moves along its glide plane. BAbove é;,
therefore, the deformation is controlled solely by the

phonon drag mechanism. The current authors, however,

discovered that the increased rate sensitivity commenced
below the threshold stress and, hence, both deformation
mechanisms are simultaneously active. 1In addition, their
theoretical model indicated +that an inflexion in the
stress-strain rate curve should result between 0.85 6; and

N
o~ . This is the solid line in Figure 2.29, which is

defined by the constitutive equation:

A A
£ = E 0‘/0‘ (2.25)
1+ (0~/0) exp (AG/KT)
where E = zpmg‘

——————

M2 B

and is the strain rate at which the transition is complete,

V=9, ‘b7 ana AG= F_(1-(0/0)1/?) 3/2

MB/\a

M, B, b and fom were defined in section 2.2.3. )JO is the
attempt frequency, A;‘is the distance between barriers, k

is Boltzmann's constant, T 1is the absolute temperature and

F,/KT is a dimensionless quantity which can be related to
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the strain rate sensitivity parameter m, where

m = a,QnE at constant T.

aﬂn0“

KLEPACZKO and CHIEM (1986) demonstrated that there are two
kinds of rate sensitivities for FCC metals, including
copper, 1i.e. the instantaneous rate sensitivity and the
rate sensitivity of strain hardening. The former 1is the
rate sensitivity at constant structure. The latter is the
rate sensitivity of the flow stress owing to the rate
sensitive strain hardening. This rate sensitivity

increases substantially as a function of strain or stress.

2.6 Summary

Many teéts have been performed on copper over a wide range
of strain rates and temperatures. A variety of testing
techniques have been employed. There is, however, still a
scarcity of tensile high strain rate data and the effects

of grain size differences are virtually ignored.

In summary, the main features of the dynamic tests on

copper during the previous two decades were:

2.6.1 Strain Rate Sensitivity

This was asserted to be positive by all except Bitans and
Whitton (1970-71). Most declared copper to have a low
strain rate sensitivity below about 1035"1, followed by a

sharp rise in flow stress leading to a high strain rate
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3_-1

sensitivity above 10 s ~. This suggested a transition from

a thermally activated rate controlling regime to a viscous

4 -1
s was

drag mechanism. A transitional strain rate of 10
recorded by Shioiri et al (1978) and Follansbee et al
(1984). Dormeval and Stelly (1976) who tested single
crystals in tension, reported the mode change at the
25“1.

comparatively low strain rate of 10 Lindholm (1964,

1978) found no sharp rise in flow stress despite conducting

-1 and 1055_1.

tests between 10—45
In the higher strain rate regicon, many investigations,
including Lindholm (1964, 1978), Kumar and Kumble (1969},
Dowling et al {1970), Stelly and Dormeval (1978}, Regazzoni
and Montheillet (1984), and Feollansbee et al (1984),
discovered that there was a linear relation between stress

and strain rate for a particular strain level.

Ten publications indicated how strain rate sensitivity
varied with strain. Seven of these showed it to be an
increasing function of strain, two a decreasing function
(Regazzoni and Montheillet (1984), and Hashmi and Haque
(1986}), and in one, Kishida and Senda (1972) there was

little or no variation.

2.6.2 Thermal Activation and Viscous Damping Regions

0f the authors who reported a sudden increase of flow
stress at high rates of strain, all, éxcept Regazzoni and
Montheillet (1984), and Follansbee et al (1984), agreed

that this behaviour was a consequence of the change in rate

controlling mechanism from thermal activation, at the lower




53

strain rates, to viscous or phonon damping at the higher
rates. In the two papers of 1984, the increased strain
rate sensitivity of copper at high rates of strain was
reported to be consistent with a regime where the
deformation is controlled simultaneocusly by thermal

activation and viscous drag.

2.6.3 Temperature Effects

Samanta (1968) reported that copper strain hardens up to

600°C above which recrystallisation predominates. He also

found that strain rate sensitivity increased with increases

in temperature and strain. Watson and Rippergexr (1969)

found that strain rate sensitivity increased with

temperature. Ohmori et al (1968) detected that copper was
oC

most brittle at 35077, at high rates of strain, and there

was a linear decrease of tensile stress with increase in

temperature. Senseny et al (1978) showed that strain rate
sensitivity decreased with increasing annealing
temperature. The above authors only applied strain rates
up to 300s” 1.

Stelly and Dormeval (1978) who annealed their specimens at

the comparatively high temperature of 1000°C  (which
suggests a large grain size) and then discovered that
copper ‘s strain rate sensitivity was very low at strain

3_-1

rates less than 10°s . Lindholm (1978B), who also tested

specimens with a large grain size also produced results

which indicated a low strain rate sensitivity for copper.
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2.6.4 Strain Rate History Effects

Senseny et al (1978) observed the °‘fading memory effect” at
all temperatures. Eleiche and Campbell (1974) also
detected this effect, smaller pre-strains producing less
memory, however. The above incremental tests were
performed with polycrystalline copper. Similar tests on
single copper crystals by Stelly and Dormeval (1276 and

1978) failed to produce the fading memory effect.

2.6.5 Yield Stress Drops

Reductions in stress when straining specimens beyond their
yield points at high strain rates were detected by Dowling
et al (1970), Kishida and Senda (1972}, Clyens and Campbell
(1974),.Harding (1971), and Lindholm et al (1980). Dowling
et al observed the yield drops to increase with strain
rate. Harding found that- they increased in magnitude with
the number of impacts and also with increase in strain

level.

2.6.6 Miscellaneous

Bitans and Whitton (1970-71) and Lindholm et al (1980) both
reported evidence of localised adiabatic shear bands
resulting in thermal softening when high strain rates are
rapidly applied. Dormeval and Stelly (1979) investigated
the relation getween flow stress and grain size at high
rates of strain and discovered that the Petch relation
(previously found to be valid at quasi-static strain rates)

could still be applied sco long as only small strains were
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involved.

Kumar (1970) discovered two opposing mechanical properties
in single crystal and polycrystalline copper. In the
former, the mobile disleocation density (/Dm) increased with

increases 1in the forest dislocation density /9f. The

reverse is true of the latter.
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CHAPTER 3

HIGH STRAIN RATE COMPRESSIVE TESTING TECHNIQUE

3.1 The Hopkinson Pressure Bar

- from Hopkinson to Kolsky

Bertram HOPKINSON (1914) was one of the first invest-
igators of +the propagation of stress pulses in solids in a
laboratory. His apparatus, the Hopkinson pressure bar, is
an application of the theory of stress propagation of
elastic pulses in a cylindrical bar where the length of the
pulse is great compared with the radius of the bar. The
cylindrical steel bar was suspended by threads in a
horizontal position so that it could swing in a vertical
plane. A short cylindrical pellet or time-piece was wrung
on to one end of the bar and a transient pressure applied
toc the other end. The time-piece, which was made of the
same steel as the pressure bar and had the same diameter,
was loosely attached to the latter by either magnetic
attraction or a smear of grease. One means of applying a
transient pressure to the bar was by firing a bullet at its
free end. A compressive elastic pulse then travels down
the bar and through the joint between the bar and the
time-piece without change in form. At the free end of the
time-piece it is reflected as a pulse of tension. As soon
as a tensile stress 1is built up across the joint between
bar and time-piece, the latter will £fly off with the
momentum trapped in it. | In Hopkinson’s experiments, this
momentum was measured by capturing the time-piece in a

ballistic pendulum. When the time-piece is less than half

of the length of the pulse, the time-piece will separate
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from the bar before the reflection is completed; the
momentum remaining in the bar could be determined from the
amplitude of swing of the bar. If the length of thefﬂme—kaeiS
gradually increased a point is reached at which the whole
of the transient pulse is contained in the time-piece.
This is indicated by the bar remaining stationary after the
time-piece flies off. This situation arises when exactly
half the pulse has been reflected from the free end of the
time-piece. Hence the pulse length can be determined.
However, it is not possible to determine the exact relation
between pressure and time, but only the maximum value of

pressure.

R.M. DAVIES (1948) devised a pressure bar in which the
measurements were made electrically and which gave a
continuous record of the longitudinal displacement produced
by the pressure pulse at the free end of the bar. The
displacement-was measured by using the bar as the earthed
conductor of a parallel-plate capacitor. The isolated
conductor consisted of a metal plate held in a frame
attached close to the free end. When the pressure or
stress pulse reached the free end of the bar, the small
movement of the earthed side of the capacitor caused a
change in capacity, the resulting change in potential being
monitored with an oscilloscope. Displacement time records
were obtained in this way, and he demonstrated the
existence of the so-~called Pochhammer - Chree oscillations
on the top of the pulse and showed the effects of
dispersion of the component frequencies of the pulse, which

manifests itself as an increased pulse length. Davies also

used cylindrical condensers, in which an isolated metal
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tube was held with its axis parallel to the axis of the bar
which permitted the radial and longitudinal displacements

of the bar surface to be measured.

An adaptation of the Davies bar was used by KOLSKY in 1949
to measure the dynamic mechanical properties of materials.
The specimen, which was in the form of a thin disc, was
placed between the flat faces of two cylindrical steel
bars. The transient pressure was applied by firing a
detonator at the end of one of the bars and the
displacement of the free end of the other bar was measured,
as with Davies, with a parallel-plate capacitor. From this
the pressure on the specimen could be calculated. A
cylindrical capacitor, fitted around the bar between the
detonator and specimen, was used to measure the amplitude
of the pressure pulse arriving at the specimen. From this
the deformation of the specimen could be deduced. This
method, alternatively known as the Kolsky Bar or Split
Hopkinson Pressure Bar, is very similar to that used in the

current investigation.

3.2 Description of the Split Hopkinson Pressure Bar (SHPBR)

Apparatus and Technique

A short cylindrical specimen (4.33mm long and 10mm in dia-
meter) is sandwiched between two pressure bars (Figure 3.1}
and is loaded by a single elastic pulse travelling through
the system. The pressure bars are used both to apply the
lcad to the specimen and as transducers to measure the
displacements and applied 1loads at the faces of the

specimen in contact with the bars.



Test Specimen
Bar 1l Bar 2

| il — 4 — |

Projectile Pressure Bars

Figure 3.1 Basic arrangement of the SHPB apparatus

Valve

TLFE’= Bar 1
_____ :I Projectile l: 3

a O O
|
|
i
|

Gas Gun

Aperture Plate

k]

Figure 3.2 Gas gun containing projectile in position prior to "firing" gun
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In the current experiments, the loading pulse is initiated
by axial impact from a third bar, the projectile. - This is
accelerated to impact velocity within a steel gas gun
(Figure 3.2). The projectile 1is mounted axially in a
‘cotton reel’ shaped PTFE guide (Figure 3.3) and firing is
achieved by admitting atmospheric air into the previously
evacuated gas gun by means o¢f a hand-operated sliding
valve. The impact generates two compressive pulses of
equal amplitude, one of which travels along the loading bar
{bar 1) and the other in the reverse direction along the
projectile. Bar 1 is unloaded after the compressive pulse,
reflected as a tensile wave from the free end o¢f the
projectile, returns to the impact face. The pulse in the
loading bar is thus twice the length of the projectile bar
if the wave velocity in the projectile is equal to that in

the loading bar.

The amplitude of the loading pulse is directly proportional
to the impact velocity, which is controlled by the hole
size in the aperture plate (Figure 3.3) adjacent to the gas

gun sliding valve. The stress applied to bar 1 is:

g = v (3.1)

-1 -1
(ﬁl cl) + (102 c2)

where v 1is the projectile velocity,

f’l and /92 are the densities of the projectile and
pressure bars respectively,
cy and c, are the plane longitudinal wave velocities

in the projectile and pressure bars respectively.

The magnitude of the 1loading pulse 1isgrranged to be lesé




! Figure 3.3. Projectile (upper right) and aperture plate with one hole unplugged.
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than the elastic limit of the pressure bars, so that the
latter are not damaged and only an elastic pulse is

propagated along the bars.

When the compressive loading pulse in bar 1 reaches the
specimen a portion of the pulse 1is reflected from the
interface, and the rest is transmitted through the specimen
to bar 2. The relative magnitudes of these incident,
reflected and transmitted pulses depend on the mechanical
properties of the specimen. The three pulses are recorded
by resistance strain gauges (see section 3.2.4), SG1 and
85G2, mounted con the radial surfaces of the pressure bars,
as indicated in Figure 3.1. Numerous internal reflections
occur in the short specimen during the duration of the
loading pulse since the latter is very long compared with
the wave transit time in the specimen. Because of the
numeroué internal reflections, the stress distribution in
the specimen very rapidly becomes smoothed out and the
stresses on the end faces of the specimen are then

identical.

The location of the strain gauges is important so that
continuous records can be obtained of each pulse without
interference from reflections. Figure 3.10 is a typical
example of strain vs. time records from an SHPB test which
has been photographed from a cathode ray oscilloscope

screen.

The upper trace indicates the compressive incident pulse

followed by the tensile reflected pulse both of which are

present 1in bar 1. The lower trace shows the compressivé
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transmitted pulse recorded in bar 2. The position of SG1

was 40cm from the test specimen. This distance was chosen
so that the incident and reflected pulses are completely
separated on the upper trace. In the test recorded in
Figure 3.10, SG2 was alsoc separated from the specimen by a
distance of 40cm. Hopkinson Bar theory assumes that there
is negligible attenuation of the elastic waves in the
pressure bars. However, in practice, attenuation is finite
and increases with pulse amplitude. Hence, in order to
more accurately record the amplitude of the pulse
transmitted into bar 2, in many tests §&G2 was only 1l0cm

from the. specimen.

The overall arrangement and dimensions of the mechanical
components of the SHPB system are shown schematically in
Figure 3.5. The purpose of the momentum bar on the right
hand side of the diagram is to remove the transmitted pulse
from bar 2. Without the momentum bar, the transmitted
pulse would be reflected as a tensile pulse at the free end
of bar 2 and would travel repeatedly back and forth along
this bar, alternating between a compressive and a tensile
pulse. The net effect would be to accelerate bar 2 away
from bar 1 and the specimen, with damage to the system a
possible consequence, as well as being a hazard to

personnel.

The transmitted pulse travels, without change of shape from
bar 2 to the momentum_ bar, the diameter and the material
composition of the latter being identical to that of the
former. The momentum bar functions in the same way as

Hopkinson’s time-piece, so that provided the former is at



Figure 3.4.

Gas gun, valve operating system, rotary pump, opto-electronic device
and counter timer.




Opto=-electronic
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Exhaust ¢ @ D » Pump " Momentum Bar = 0.4m

Diameter of Pressure
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1/D of Gas Gun = 63.5mm

Figure 3.5 Overall arrangement of the Split Hopkinson Pressure Bar System
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least half the pulse length the entire momentum of the
impact will be removed from the SHPB system. The momentum
bar then flies away from bar 2 and is caught in a

plasticine trap as shown in figure 3.5.

A photograph of the entire SHPB system is included in
Figure 3.6. The gas gun is on the right, and the pressure

bars and data acquisition/processing system on the left.
3.2.1 Gas Gun

A photograph of the gas gun tube, which is made from 321
stainless steel and has a polished internal bore, and the
.vacuum valve system appears in Figure 3.4. The gas gun is
evacuated by a rotary type vacuum pump, the minimum
pressure being less than 1 Torr, with the projectile in
contact‘with the aperture plate as shown in Figure 3.5. By
rapidly removing the hand-operated sliding valve from the
opening to the gas gun, the projectile 1is accelerated
towards the end of bar 1 which extends by a few centimetres
into the gas gun. The apertufe plate (Figure 3.3) contains
7 circular holes, their diameters being 2, 4, 6, 8, 12, 20
and 20mm, all except the smallest hole can be closed, to
prevent air passing through them, by nylon plugs. A wide
range of impact velocities can be achieved by varying the
aperture area by removing different combinations of the
plugs. Calibration curves of impact velocity vs. aperture
area and pressure bar strain vs. aperture area appear in
Chapter 8 (Figures 8.4 and 8.5, respectively) and the

method of measuring the impact velocity in Chapter 6.



Figure 3.6.

Entire SHPB system showing the pressure bars and data acquisition/analysis
system on the left and the gas gun and opto-electronic device etc on the right.
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The vacuum valve system consists of 5 diaphram valves and a
pressure gauge which are interconnected by brass pipes.
Connections to both ends of the gas gqun and to the vacuum
pump are achieved by thick-walled rubber tubing. The

functions of the vacuum valve system are:

{a) to initiate the pumping at the aperture plate end of
the gas gun, which ensures that the projectile remains
in contact with the former until the gun is “fired’.
Evacuation is then performed from both ends of the

gun.

(b} to enable the projectile to be returned to the open end
of the gas gun subsequent to a test. This is achieved
by re-evacuating the tube and then gradually admitting
air to the impact end of the gun which slowly returns

the projectile in a controlled fashion.

{c) to protect the pressure gauge from the sudden
increase in pressure during a test by closing its

adjacent valve prior to testing.

A vacuum seal is formed at the entry point of the pressure
bar into the gas gun by ‘0” rings which are positioned
either side of the outer flange. Similarly the sliding
valve plate at the open end of the gas gun contacts a large

‘0" ring on its adjacent flange; the pressure differential

across the plate holding it in position.
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3.2.2 Projectile

The projectile (see Figure 3.3) consists of a length of rod
of identical diameter to that of the pressure bars which is
housed inside a ‘cotton-reel’ shaped PTFE guide. The
external diameter of the flanges on the PTFE guide are such
as to form a sliding fit inside the gas gun. A sloppy fit
must be avoided because when the projectile is being
accelerated down the tube by the atmospheric air, scme of
the latter will overtake the projectile, passing between
the inner wall of the tube and the flanges of the PTFE

guide, and will retard its motion.

A flexible coupling between the PTFE guide and the
projectile rod is achieved by ‘0° rings positioned at
either end of the guide, so that when the projectile bar
impacts with the pressure bar the guide continues to slide
forwards and only the momentum of the rod is transferred to

the pressure bar.

The length of rod used throughout the current investigation
was 25cm, and so the pulse length was 50cm. The rod was
prepared from either maraging steel, 431 stainless steel or
duralumin, and so, as can be seen from equation (3.1}, the
stress applied to the loading bar could be altered by using
different density projectile bars as well as by varying the
impact velocity. At the maximum impact velocity of approx-
imately 35mé-1; a maraging steel projectile was used

(together with maraging steel pressure bars) because of its

higher yield stress.
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3.2.3 Mechanical Supports for the Pressure Bars

The horizontally aligned pressure bars are directly sup-
ported by nylon blocks in which a ‘V° section has been
removed £from the top surface (see Figure 3.7). The nylon
blocks are, in turn, mounted on commercial optical bench
stands which have screw driven mechanisms, allowing each
pressure bar to be moved in two mutually perpendicular
directions, i.e. vertically or in the horizontal direction
at right angles to the bar’s longitudinal axis. In
addition the stands can be moved along the optical bench in
ocrder to accommodate pressure bars of different lengths.
To permit the bars to be 1lightly c¢lamped in position, a
further nylon block is placed on top of the bar, at each
optical bench stand position; the clamping being achieved

with bolts and using nuts as illustrated.

The supports for the optical bench and the gas gun are

- -

mechanically isolated from each other, apart from the 0
rings which grip the loading bar inside the gas gun.
Consequently no mechanical disturbance should be propagated
from the gas gun to the pressure bars during the passage of
the projecﬁile down the bore of the gas gun tube, thus

preventing the recording system from being activated too

sS001n.

The current SHPB system has a maximum total bar length

capacity of approxiﬁately 4 metres.

Since the optical bench stands were not designed to

withstand large impulses each is reinforced by a ‘U shaped




Figure 3.7 One of the mechanical supports for the pressure bars
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steel clamp which prevents the vertical slide mechanism
from opening up during impact and causing pressure bar

misalignment.

Prior to testing, the faces of the ends of the pressure
bars and the momentum bar are brought together and the
bars® alignments are checked in the vertical and horizontal
planes and alsc along their longitudinal axes. This is
accomplished by a visual inspection of the bar interfaces
using a light socurce which is placed immediately behind
each interface in the direction of observation. By
inspecting the interface in vertical and horizontal

directions any misalignment can be discerned and then

corrected.

When the compressive specimen is inserted between the end
faces of bars 1 and 2, these three components are gently
held together by means of the force exerted by elastic
bands taped to each bar and then looped around the nearest
bench stand so that +the former are in tension. This
prevents any vertical motion of the specimen prior to
impact. The force exerted by the elastic bands on the
specimen is far too small to affect the results. Complete
contact between each bar end face and the adjacent specimen
face is ascertained by the aforementioned visual inspection -
technique. Lubricant, in the form of engine o0il, is applied

to both faces of the specimen to reduce frictional effects

during the lateral expansion of the specimen.
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3.2.4 Strain Gauges

Each strain gauge consists of continuous strips of metal
foil mounted on a plastic backing, (see Figure 3.8) and
operates on the principle that as the gauge is compressed
or stretched by a pressure pulse then its electric
resistance 1is decreased or increased, respectively. The
gauges used on the presure bars have a gauge length of 6mm
and so, assuming a wave velocity in the steel bars of
approximately 6mm1¢fl, their temporal resolution is 1 Ps.
The relation between the change in resistance (dRS) in a

gauge and the strain (€ ) is given by:

dRs

R
3

£ -

1
F

where RS is the quiescent resistance of the gauge, which is
approximately 120 ochms. F is the gauge factor, which for
the gauges used in this investigation (Tokyo Sokki Kenkyso
Co. Ltd. Type FLA-6-17), is 2.11. The gauges exhibit a
linear resistance/strain relation up to 1-2% in compression
and up to 5-6% in tension, at which point either the
backing adhesive (cyano-acrylate, type CN-2) or the

resistive foil fails.

In practice, four strain gauges are affixed to the pressure
bars and not Jjust two. The gauges are mounted as
diametrically opposed pairs at the aforementioned

longitudinal positions SGl and SG2. Each pair is wired in

series so that:
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Figure 3.8 Configuration of electrical resistance
strain gauge
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Figure 3.9 Enlarged view of specimen and ends
of pressure bars, showing strain pulses
and displacements of ends of bars.
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(a) the output from a longitudinal wave will be double,
(b) the effects of a flexural or bending wave, occasion-
ally generated by the projectile impact due to the

misalignment of the projectile with bar 1, are cancel-

led out.

3.3 Theory of SHPB Technidque

Having recorded the incident, reflected and transmitted
strain pulses (denoted EI' ER and ET' respectively)} the
following theory can be applied, in which it is assumed

that a plane stress wave 1is being propagated.

From the one-dimensional theory of elastic wave propagation
t

. /
u = c¢ € dat {3.2)

where u is displacement at time t, o is the elastic wave
velocity, and € is strain. The displacement u, of the
face of bar 1 (see Figure 3.9) is the result of both the
incident strain pulse EI travelling in the positive x
direction and the reflected strain pulse ER.travelling in

‘the negative x direction.

Hence:
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= ¢ (EI- SR)dt (3.3)

Similarly, the displacement u, of the face of bar 2 is

obtained from the transmitted strain pulse ET as

u, = C ETdt (3.4)

The engineering strain in the specimen Es is then

t /
€s = wy-u, = ¢ (€1 - Ex - Eplat (3.5)

o]

where 'Qo is the initial length of the specimen
Assuming the stress across the short compressive specimen

is constant, an assumption which becomes more exact as ‘ﬂo

approaches zero, then

ER = &g -&; (3.6)

€. = -2 €y dt (3.7)
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and the engineering strain rate, £_ = =-2c_ € R (3.8)

Lo

The applied loads F1 and F2 on each face of the specimen

are:

F, = EA (EI + ER) (3.9}

and F = EA E'T (3.10)
where E is the modulus of elasticity of the pressure bars

(i.e. Young’'s modulus) and A is the cross-secticnal area of

the pressure bars.

Hence the average stress in the specimen, 0}, is given by

o~ = F; + F, = 1 E A (EI +E,R +E,T)

2A 2 A
s

(3.11)

Where A is in the cross-sectional area of the specimen.

Again using egquation (3.6)

d., = EA &, (3.12)

Hence the engineering stress is directly proportional to
the transmitted pulse and the engineering strain rate

is directly proportional to the reflected pulse.

By digitising the wvalues of EE{ and ET at set time

intervals then the complete stress vs. strain vs, strain

rate relation can be derived for the compressive test
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specimen.

3.4 Validity of Theory

The SHPB theory can be used to derive the mechanical
properties of materials at high rates of strain providing
that the following assumptions are maintained by the

conditions of the experiment:

(a) the specimen is in a state of one dimensional stress
(b) the stress and the strain are uniform throughout the

specimen.

These assumptions are invalidated by radial and axial
inertia effects and by friction between the specimen and

the pressure bars.

Kolsky (1949, 1963) introduced a correction for radial

inertia. Assuming small strains, he obtained

- - 2 ;2 2
o, = 0y 1 Y 4 Ps @ £ (3.13)
2

8 dt

where 0"-b is the axial stress determined by the average of
the stresses meaéured in the two bars, 0‘5 is the axial
stress reqguired to deform the specimen in a one-dimensional
stress state, and ))s, Ps’ d and € are Poisson’s ratio,
density, diameter and axial strain of the specimen, respec-

tively.

In order to minimise friction effects, DAVIES and HUNTER

{1963) used specimens whose length-to-diameter ratios were
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approximately 0.5, whereas Kolsky, attempting to attain
early stress equilibrium in the axial direction, used a
ratio of 0.05. Davies and Hunter chose their dimensions as

a result of an analysis by SIEBEL (1923) which had:

paszld < <1
as a criterion for neglecting friction effects, wherelu is
the Coulomb friction cocefficient and ,ﬁ is the specimen

length.

They added an axial correction to Kolsky’'s equation (3.13)

8 at?

. _ 2 2 2

ie. (o = O ¢ Ps (,Q Y, @ af¢ (3.14)
6

Other correction factors arising from friction and radial

and axial inertia, have been introduced by RAND (1967} and

SAMANTA (1871}.

Other analyses of the Hopkinson bar include the o©ne-
dimensional calculations by HAUSER et al (1960), CONN
(1965), CHIU and NEUBERT (1967) and JAHSMAN (1971). The
two-dimensional computer analysis by Bertholf and Karnes
(1974) showed that by lubricating the specimen and using a
length to diameter ratio of ))S ~/_3_/-4- Z 1/2 as proposed by
Davies and Hunter then the corrections for friction
and inertia can safely be ignored. ~ Assuming that the
material is incompressible, which is generally true for
plastically deforming materials, then Poisson’s ratio is

0.5. Hence a length to diameter ratio of 0.433 satisfies
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this criterion. Hence equations (3.7), (3.8) and (3.12)
are valid in these circumstances except in the very early
period of loading the specimen before stress equilibrium

has been attained.

Now in equations (3.7) and (3.8) the elastic wave velocity,

co, and the projectile length are constants, therefore as

the strain rate, c 5 increases so also does the
amplitude of the reflected pulse, EIV and hence the

plastic strain, & _, experienced by the specimen, after a

s

given time £ , increases as ES increases. Hence if a time
tE elapses before stress equilibrium is reached, then a
greater specimen strain g g occurs before the SHPB
equations are valid at a higher strain rate than at a lower
strain rate. Therefore when comparing curves of stress vs.
strain for a given low plastic strain it is essential to

realise that the data become less accurate as the strain

rate increases.

3.5 Constant Strain Rate Tests

Cne of the parameters by which a mechanical test is
characterised is strain rate. As evident from the previous
section, this is proportional +to the amplitude of the
reflected pulse. The latter usually varies considerably as
the loading pulse 1is applied. A typical reflected
pulse-time profile is indicated in Figure 3.10 (the second
pulse-on the upper trace) where the amplitude rises to a
maximum and then slowly decreases as strain-hardening of
the specimen occurs together with an increase in 1its

cross—-sectional area. Clearly an average value of strain



74

rate must be chosen to characterise the test. This average
can be derived from a specimen strain vs. time graph

(Figure 3.13),

The average plastic strain rate is

c € - €5 st (3.15)

P
tg T %
where EB = strain at maximum stress
€a = strain at elastic limit
tB' tA = time associated with EB and EA'
respectively

The practice of declaring the average strain rate for a
test is unsatisfactory. No account is taken o©f the
amplitude variation between the maximum and minimum strain
rates during a test. The mechanical behaviour of a
material may differ according to the strain rate vs. time
profile which is applied to it, even though the average
plastic strain rate is identical in each test. Figure 3.14
illustrates three different profiles which represent the

same average strain rate.

The conventional SHPB apparatus was modified by ELLWOOD,
GRIFFITHS and PARRY (1982a) to produce a constant strain
rate during each test. This was accomplished with the
introduction of an extra pressure bar (a pre-loading bar)
and a ’dummf’ specimen which enabled the loading pulse to

be “shaped’. The apparatus is shown in Figure 3.11.

The correct choice of dummy specimen or “pulse-shaper’



Figure 3.10 Example of varying high strain rate test
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Figure 3.11 SHPB apparatus modified to produce a

constant strain rate:
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Figure 3.12 Example of constant high strain rate test
recorded with modified SHPB apparatus
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Figure 3.13 Derivation of average value of strain rate
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Figure 3.14 Three strain rate profiles (AA, BB and CC).
The average strain rate is the same in each case.
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results in a constant amplitude reflected pulsg (Figure
3.12), or, in other words, a constant strain rate. The
“flat-topped” incident pulse of the conventional test
(Figure 3.10) has been replaced by a “shaped’ incident
pulse. The positive gradient of the top of the latter

pulse counteracts the effects of work-hardening.

Ellwood- et al found from theoretical considerations and
experiment that the best material to use as the
pulse—shapér is the same as that of the actual test
specimen since 1t automatically has virtually identical
yield and flow stress properties under the conditions of
the test. Varying the dimensions or the grain size of the
pulse-shaper, alters the gradient and amplitude of the
“shaped” incident pulse, which 1is, of course, the
transmitted pulse from the pulse-shaper. Changing the
projectile velocity also effects the ‘shaped’ incident
pulse. The latter, which is the stress vs. time response of
the pulse-shaper, consists of an elastic region,
characterised by a rapid rise in stress, followed by a
plastic region of lower gradient. At the yield point of the

pulse-shaper, the transmitted pulse

€ = Oy . A (3.16)
Eb A
where ¢ = vyield stress of the pulse-shaper
Eb = elastic modulus of the pressure bars
As "= cross-sectional. area of the pulse-shaper -

= cross-secticnal area of the pressure bars

If the yield stress 1is very low (i.e. for a very soft

material or a small diameter pulse-shaper) then the

_
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transmitted pulse consists of only a plastic region and 1is

then ramp shaped instead of trapezoidal.

Further observations from the trials to determine the best
pulse-shaper for each of the various conditions under which
the compressive tests were carried out are given in section

7.4.

3.6 Elevated Temperature Tests

3.6.1 Heat Source

The dynamic compressive tests at elevated temperature were
also performed using the SHPB system. The heat was
supplied by a small electrical furnace which surrounded the
test specimen and a short length of the adjacent pressure
bars. The furnace consisted of a hollow ceramic cylinderx
around %hich was fitted a coil (about 30 turns of 24 swg
Ni-chrome wire). The coil was 1insulated with asbestos
tape. The power was supplied using a 2 amp variac and an 8

amp transformer (see Figure 3.15).

3.6.2 Temperature Measurement

The temperature of the specimen was determined by a
chromel /alumel thermocouple which was connected in series
with a digital voltmeter (DVM). The resolution of the

latter was 0.01lmV.

Initially each thermocouple was spot welded to the copper

specimen but, because of the high thermal conductivity of

copper, the weld frequently failed during the test
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Figure 3.15 Heating system for elevated temperature tests
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preparations. Two other methods were then tried, and the
DVM readings compared to that with the thermocouple spot
welded to the specimen, the measurements being made simul-

taneocusly by using 2 DVM’s.

(a) the thermocouple was spot welded to the radial surface
of one of the pressure bars, as close as possible to
the specimen. The maximum error occurred when,
according to the thermocouple welded to the specimen,
the temperature of the specimen was 600°C. The

error was —IOOOC.

(b} the thermocouple was loosely wrapped around the top of
the surface o¢of the specimen after it had been
positioned between the two pressure bars. In this

case the maximum error was only + 10°¢c.
Consequently method (b} was chosen to measure the temper-
ature of the specimen in an elevated temperature

compressive test.

3.6.3 Effect of Specimen Heating Prior to Projectile

Impact

The furnace was pre-heated before it surrounded the speci-
men in order to minimise the specimen heating time. 1In
this way any structural changes prior to impact were
minimised. The time taken to heat a specimen from room

temperature to the maximum elevated test temperature of

600°C was approximately 4 minutes.
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Several specimens of the minimum grain size were heated to
600°C, allowed to return to room temperature and then
dynamically tested. The results were the same as previous
tests on this grain size at room temperature, i.e. heating
a specimen prior to performing an elevated temperature test
did not invalidate the test by modifying the microstructure

of the specimen.

3.6.4 Effect of Heat on Strain Pulses and Pressure Bars

Even at the maximum test temperature it was found (with the
use of a thermocouple) that there was no rise in temper-
ature of the pressure bar at a distance of 40cm on either
side of the specimen. Consequently the gauges were mounted
at this distance on both bars during the elevated

temperature tests.

Preliminary trials, performed in the absence of a test
specimen, indicated that, even at GOOOC, the strain gauge
records were unaffected by the increased temperature of the
ends of the pressure bars, when the latter were 431
stainless steel. However, when using maraging steel
pressure bars, again with no specimen inserted, a large
pulse was reflected from the interface of the bars at a
temperature of SOOOC, even when the applied stress was only
a quarter of the room temperature 0.2% proof stress. 1In
fact the bars, especially bar 1, had been plastically

deformed by the relatively small applied stress.

Subsequently it was discovered that the maraging steel had

been softened by the heating prior to impact. Maraging
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steel is austenitized at 815°C to dissolve precipitated
phases, and then the relatively soft, low carbon martensite
is formed on cooling. To strengthen the material, the
alloy is heated to 482°C for 3 hours which causes ageing.
Any further heat treatment reduces the high strength life
time of the maraging steel. For instance, after a. §eu1

minutes of heating at 500°C, its strength diminishes rapidly

as it decomposes from martensitic to austenitic steel.
Due to the thermal damage produced in maraging steel, all
the elevated temperature tests were performed using 431

stainless steel pressure bars.

3.6.5 Specimen Lubrication

The end faces of the compressive specimens were lubricated
either with a high melting point grease containing the low
friction additive molybdenum disulphide or, better still,

graphite.

3.7 True Stress-Strain Relations

Correcticns to the engineering equations (3.7}, (3.8) and
(3.12) must be made to determine the true or natural
mechanical properties of a material. The engineering
strain, as given by (3.7), takes no account of the change
in specimen length during the application of the loading
pulse. True strain, € £ at any time during the specimen
deformation can be expressed as SQ/,Q , where Lis tne

actual specimen length at time t and 54 is the change in

length which has occurred in a time St.
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Summing all the infinitessimally small changes in strain

from time t = o to t , then the true strain is given by

€. = ﬂd_ﬂ = And/Q0 (3.17)
0 2

where 'Qs is the original length of the specimen and ﬂ its

final length.
Hence ,Q= ,Q iA,Q (3.18)

Combining equations (3.17) and (3.18)

£y = Qn(@siéﬁ) = Inf1 + 80 (3.19)
A

1

S
But, by definition, engineering strain ES is A.D/ ’Qs

Therefore Et = -Qn( | iES) (3.20)
Similarly, engineering stress assumes a constant specimen

area. Allowing for the variation of cross-sectional area

during deformation, true stress

o, = 0 1 € (3.21)
where 0"5 = engineering stress, and + and - are applied

for tensile and compressive tests, respectively.

Expressing the results 1in terms of +true stresses and

strains allows a comparison to be made between compressive

and tensile tests. For isotropic materials, such as
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copper, the true stress/true strain curves in compression
and in tension should be identical. This is not so for

engineering stress vs. engineering strain.

3.8 Summary

The current high strain rate compressive testing technique
is a development of the techniques devised by Hopkinson,

Davies and Kolsky.

The test specimen, which 1is sandwiched between two
cylindrical steel pressure bars, is 1locaded by a single
stress pulse which travels through the entire bar-specimen-
bar system. The loading pulse is generated by the impact
of a steel projectile with one of the pressure bars, the

former being accelerated in a gas gun.

The strain rate and strain in the specimen are de;ived from
the pulse reflected by the specimen. The specimen stress
is proportional to the amplitude of the pulse transmitted
by specimen. These engineering values of stress, strain
and strain rate are converted to natural or true values in
order to facilitate comparison with data from tensile

tests.

Tests at constant strain rates have been attempted
throughout, using the pulse-shaping technique where
necessary, because no account of 'mechanicalr history”’
effects is taken 1in the conventional varying strain rate

test.
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The combination of selecting the Hunter-Davies length-to-
diameter ratio for the specimen and using a lubricant on
its faces obviates the need to make friction and inertial

corrections.

In the elevated temperature tests, heat was provided by a

small electrical furnace, the temperature being indicated

by a thermocouple attached to the specimen.
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CHAPTER 4

HIGH STRAIN RATE TENSILE TESTING TECENIQUE

4,1 Introduction

High strain rate tensile testing is far less common than
its compressive counterpart. However, over the past two
decades several tensile techniques have been devised. Some

of these were included in the literature review of copper.

HARDING et al (1960) appear to be the forerunners in
developing a tensile version of the Hopkinson-bar technique
which inveolved generating a compressive pulse in a tube
surrounding a solid inner rod. The tube and rod are
connected by a mechanical Jjoint. When the compressive
pulse 1in the outer tube reaches the joint which is a free
end, it reflects back through the solid inner rod as a
tensile pulse. A threaded tensile specimen is attached to
the inner rod to provide the mechanical connection
necessary to transfer the tensile pulse through the
specimen and into a second rod. The system achieved strain
rates of over 10005-1. A similar set up was introduced by
HAUSER (1966) and CHRISTMAN et al (1971}). This method
suffers from the inability to generate tensile waves

having very short rise times because of the wave dispersion

at the mechanical joint.

LINDHOLM and YEAKLEY (1968) used a conventional loading bar

but a specimen in the form of a top hat, the ‘rim’ of which

is pushed away from the “top” by a hollow transmitter bar._
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HARDING (1971) operated a modified SHPB in which the
tensile loading pulse was produced by means of a rapidly

induced magnetic force.

The kinetic energy of a rotating flywheel has also been

used to impart a tensile lecad. Strain rates up to 26005-'1

were reported by KAWATA (1979) and up to 1000s ! by STURGES

et al (1984).

Explosive loading devices have been utilized by several
workers including ALBERTINI and MONTAGNANI (1979) and
ISOZAKI and OBA (197%). In the same paper, Albertini and
Montagnani also reported on the use of the rapid fracture
of a «c¢lamp in a prestressed bar to generate the tensile
pulses in an SHPB system. Strain rates of at least 104s_l
were achieved by FYFE (1976), FYFE and RAJENDRAN (1979) and
BAUER and BLESS (1979) when wusing an exploding wire or

exploding cylinder technique.

DORMEVAL and STELLY (1976, 1979) and REGAZZONI and
MONTHEILLET {1984) performed tensile tests using a
specially built machine known as Arbalete (Cross—Bow).
This machine, which was described in Chapter 2, has enabled

35-1 to be achieved.

strain rates of up to 3 x 10
Another technique, in which only a minimal amount of
modification is required to convert the normal compressive
SHPB system into one for tensile testing, has been
developed independently by Bauer and Bless (1979), NICHOLAS

(1981) and ELLWOOD, GRIFFITHS and PARRY (1982b). A modified

version of this 1last technique 1is wused in the current
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investigation.

4.2 Description of Apparatus and Technique

The technique is based on two simple modifications to the

split Hopkinson pressure bar compressive testing technique.
The modifications are:

(a) the short cylindrical compressive specimen is replaced
by a tapered or “dog-bone” shaped tensile specimen
which screws into the ends of the adjacent pressure

bars;

(b) a steel collar is added to the apparatus. The collar,
which is made of the same material as the pressure

bars, surrounds the specimen without touching it.

A schematic version of the apparatus is shown in Figqure
4.1 and an enlarged view of the coaxial and concentric

specimen and collar in Figure 4.2.

The tensile technique is almost identical to the com-
pressive SHPB technique. The main difference is during the
initial part of the test in which the compressive pulse
initiated in bar 1 by the projectile impact is converted
into a tensile pulse of equal amplitude. The latter pulse
then load; the specimen and the same théory as used 1in

Chapter 3 is then applied.

Having been generated by impact at the free end of bar 1,
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Figure 4.1 Tensile version of the SHPB apparatus
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Figure 4.2 Enlarged view of tensile specimen and collar
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Figure 4,3 Idealised strain pulses recorded by strain gauges SGl and 5G2
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the compressive pulse is propagated along the length of bar
1 and then through the steel collar and specimen in
parallel. ©Now, the collar has an inner diameter of 6mm and
an outer diameter of 12.7mm (equal to that of the pressure
bars), giving it a cross-sectional area of 78% of that of
the pressure bars; hence the collar undergoes only
marginally more strain than the bars. The specimen and
collar are in parallel and so are subject to the same
strain, so that, provided the incident compressive pulse is
not too large then the latter can pass from bar 1 to bar 2

without work-hardening the tensile specimen.

A tensile pulse is then produced by reflection at the free
end of bar 2. On arrival at the specimen/ccllar interface
the collar, which cannct support a tensile pulse, becomes
free and the entire stress pulse acts upon the specimen.
As the specimen deforms, a compressive pulse 1is reflected
back into bar 2 and a tensile pulse is transmitted into bar
1. The stress/strain/strain rate characteristics of the
specimens can then be determined as in Chapter 3 by
applying equations (3.7), (3.8) and (3.12) to the reflected

and transmitted pulses.

Idealised strain pulses recorded by the strain gauge pairs
SGl and SG2 (mounted on bars 1 and 2, respectively) are
shown in Figure 4.3. E(: is the compressive pulse generated
by the projectile impact with bar 1, E:[ is the tensile
pulse produced by_ reflecting Ec:from the free end of the

transmitter bar, ER and ET are, respectively, the pulses

reflected and transmitted by the specimen when loaded by

€1,
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The result of a typical dynamic tensile test is shown in
Figure 4.4, the upper trace indicating the tensile
transmitted pulse, E,r, and the lower trace +the tensile
incident pulse, EZI' and the compressive reflected pulse,
EIQ' Note that an almost constant strain rate occurs
naturally. This is because, due to the small diameter of
the central parallel region of the specimen, nearly all of
the flat topped incident pulse is reflected. The rise time
of the leoading tensile pulse is about 25 Ius {c.f. 16 /us for

the loading pulse in the equivalent compressive test}.

4.3 Effective Specimen Length

In the compressive SHPB test the specimen had a constant
cross-sectional area along its length. Conseguently the
stress and strain are uniform throughout the specimen.
Hence the engineering strain is simply the <change in

specimen length ( A.Q) divided by the original length,_ﬂ .

However, for the tensile SHPB test with a tapered specimen
(see Figure 7.1) the reference length for strain will not
simply be the length of specimen between bar 1 and bar 2.
This 1is because the specimen is composed of a narrow
central region, 5mm long and 3mm in diameter, and tapered
shoulders, varying in diameter from 3mm to 5mm, the total
specimen length being 35mm. Hence the stress applied to
the central region which has a smaller cross-section area
will be larger than that applied to the broader shoulders

and consequently the former region will undergo a larger

strain than the latter.
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Figure 4.4 Typical dynamic tensile test result
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Figure 4.5 Strain records from gauges on Bar 2 and tensile specimen (upper
and lower traces, respectively). Used to determine effective gauge
length of tensile specimen. Oaly the initial part of the tensile
loading pulse is seen in the lower trace because the gauge fails.
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The 1length .ﬂ must be replaced by an equivalent effective
length ‘QE which will give the correct value for the strain
in the uniform central region. Then the stress and strain
can be compared at the same times for this uniform region -
using the cross-section of this region as the reference

area for stress (AS in equation (3.12)).

'QE was determined by two different methods:

(a} For small strains in the central region of the

specimen (<5%)

A small (lmm length) strain gauge was affixed to the

central uniform region of the specimen, parallel toc its
longitudinal axis. A tensile SHPB test was then performed
and the engineering tensile strain (Exn) in this central

regicon measured by the attached gauge.

The extension of the ends of the specimen 1is given by a

modified form of equation (3.7).

i.e. Specimen extension, A.Q = -2co ER dt (4.1)
o

where ER is measured by the strain gauges SG2.

Now Engineering Strain ( EHJ

= Extension of Specimen ( A,Q)
Gauge Length or Effective Length (,QE)

Hence ﬂE = Al ‘ (4.2)
Em
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From a series of dynamic tensile tests, carried ocut at
various strain rates, it was found that there was very

little variation in .Q its average value being 8.3mm.

B’
This length is greater than that of the central region but
less than the total length o©f the specimen. The value of
8.3mm was confirmed with tests at a qguasi-static strain
rate using an Instron machine (see Chapter 5 for details of
the guasi-static tests). As before the strain in the
central region was measured with a small strain gauge. The

extension of the ends of the specimen was determined using

a travelling microscope.

(b} For large strains ( > 5%)

At strains greater than about 5% the tensile strain at the
centre of the specimen c¢annot be measured by the affixed
gauge because the latter becomes detached. However, the
early part of the tensile extension can still be recorded,
frcm which the tensile strain rate ( éln) can be derived.
Figure 4.5 indicates the result of a high strain rate
(12505-1) tensile test. The upper trace records the strain
variations in bar 2. The three pulses are the same as
those shown schematically in Figure 4.3, the last pulse
being the reflected pulse ( E’R)‘ The lower trace is
composed of the +transit of the compressive loading pulse
through the specimen, the latter being protected by the
steel collar, followed by the initial stage of the tensile
loading pulse, during which the strain gauge fails. The

rise time of this pulse is equivalent to Em'
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From equation (3.8), Em = ZCO.ER

i.e. the effective gauge length, 'QE = 2c,. ER

Tm

Again ‘QE was found to be 8,3mm.

This measurement was corroborated for high strain rate and
quasi-static tests by lightly scribing at each end of the
S5mm long central region and measuring the extension of the
central region with a travelling microscope. From this
extension the central region strain ( g m) can be cal-
culated. By comparing this with the overall extension of
the specimen, measured either by the gauge on bar 2 in the
high strain rate test or derived from the chart recorder of
the Instron machine in the quasi-static test, the effective
gauge length (QE) can again be derived. Once again 'QE

was estimated at 8.3mm.

4.4 Validity of Tensile Technique

4.4.1 Stress Equilibrium

Since the tensile specimen is longer than the compressive
specimen then stress equilibrium will only be achieved at a
later stage of the test. However, most of the specimen
shoulders remained elastic during a test. Consequently,
the time taken for several internal reflections in the
plastically deforming region of the specimen principally

determines when stress equilibrium is reached.
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4,4.2 Inertia

The smaller mass of the tensile specimen ensures that

radial inertial errors are minimised.

4.4.3 Friction

Unlike the compressive technique, there are no frictional

constraints and the tensile specimen is completely free to

laterally contract as it extends longitudinally.

4.5 Advantages of Tensile Technique over Compressive

Technique

The tensile SHPB technique is capable of testing materials
of higher strengths than its compressive counterpart. This
is a consequence of the tapered specimen in which the
cross-sectional area of the shoulders of the specimen (at
their interface with +the pressure bars) is almost three
times that of the central parallel region, Hence the
stress applied to the interface between the bars and the
specimen is magnified by a factor of nearly three in the

central region.

Note that in both the compressive and tensile SHPB
techniques the wupper 1limit to the specimen stress is
determined by the stress set up at the interface of the
bars and specimen because this muét not exéeed the elastic
limit of the bars. Hence, the tensile technique has the

potential for testing materials which have a vield stress

of almost three times that of the Pressure bars.
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As previously mentioned, with the tensile technique the
strain rate 1is naturally constant and there are no

frictional constraints.

4.6 Scurces of Error

4.6.1 Work Hardening by the Compressive Loading Pulse

The assumption made by Ellwood et al (1982b) and Nicholas

(1981), as stated in section 4.2, that the specimen and

collar in parallel, are subject to the same overall gtrain
when loaded by the impact generated compressive pulse, is
correct. However, in the case of the compressive pulse,
the fact that the strain in the uniform narrow central
region can be significantly larger than that. in the wider
tapered part has been ignored. Hence, even if the overall
strain experienced by the specimen is below its elastic
limit, it is possible for the <central region to be
plastically deformed and, thus work hardened by the
compressive impact pulse before it is extended by the

tensile incident pulse.

In the 1light of the above hypothesis, experimental and
theoretical attempts were made to determine the relation
between the compressive strain, Ela’ in the pressure bars
and the compressive strain in the central region of the

specimen, & m’ for various values of the former parameter.

(a) Experimental Determination of Em/Eb

This was carried out 1in an analogous manner to the

effective specimen length determination, i.e. a lmm strain
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gauge was affixed to the central region of the specimen,
but this time the extent of the compressive deformation was
monitored. Two of the results are shown in Figures 4.5 and

4.6.

In Figure 4.5, the strain in the bars ({lst and 2nd

pulses of the upper trace) is 0.078% and the compressive

strain in the specimen ({lst pulse of the lower trace) is
0.326%, i.e. Em/sb = 4.2.
In Figure 4.6, 513 = 0.115% and & _ = 0.814% (traces

reversed). Hence £ /& = 7.1.
m b

Notice that in Figure 4.5 the strain in the specimen
returns to zero after the passage of the transient
compressive pulse whereas in Figure 4.6 there 1is a

permanent set at a strain of 0.45%.

In fact, the 0.078% strain of Figure 4.5 was the maximum
value of Ek) which did not work harden the tensile
specimens. However, 0.078% is virtually the lowest strain
that is possible to generate by impact in the pressuré bars
with the current gas gun/projectile arrangement. It was
achieved with a duralumin projectile bar and aperture area
of about 32mm2. Hence, without modifying the SHPB
apparatus, the latter is limited to testing copper 1in
1

tension at the moderate strain rate of 700s ~. The appar-

atus modificatién which permits tensile testing at higher

strain rates is detailed in section 4.7.
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Figure 4.6 Tensile test result showing work-hardening caused by initial
compressive pulse, The upper trace, recorded by strain
gauge on tensile specimen, shows the permanent set, i.e.
work-hardening, following the compressive pulse. The
lower trace is from gauges on bar 2.
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(b) Approximate Theoretical Determination of Em/ Eb

Consider a tensile specimen with a step <change in
cross-section rather than a tapered change. This specimen
and the steel collar in parallel are shown schematically in

Figure 4.7.

Let force, stress, strain, elastic modulus, cross-secticnal
area, length and change in length be denoted by F, 7, z,

E, A, L and A L, respectively.

Let the suffices corresponding to the pressure bar, collar,
large and small cross—sectionsq;EAEspecimen be denoted
by b, ¢, e and m, respectively. The large cross-section is
equivalent to the ends of the specimen used in a tensile
SHPB test and the small cross-section 1is representative of
the midale section of such a specimen. Consider the
equilibrium of forces at one of the interfaces between a

pressure bar, and the collar and specimen in parallel.

Hence F, = F_ + F
b c m
and O*bAb = &‘cAc + O R
and EbEbAb = ECECAC + £mEmAm (4.3)

Now AL, =A1n_  +As
c m e
since the «collar and specimen are in parallel and limited

to the same reduction in 1length by the faces of the

pressure bars.
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Figure 4.7 Schematic of tensile specimen with 'stepped' change
in cross-section in parallel with collar:

Vertical Scale
(upper trace):
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(lower trace):
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Filename:
COT20060017SA

Figure 4.8 Sudden drop in strain near the start of the tensile transmitted
pulse (upper trace) caused by a spurious pulse generated due
to the misalignment of bars 1A and 1B. The lower trace
shows the incident and reflected pulses.
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Therefore ECLC = Emm + EeLe
andgm = ECLC - geLe
L
m
= ECLC - E (L, T)
L
m
= ch_c_ - € Lc'_.l) (4.4)
L i
m m

Combining equations (4.3) and (4.4),

€ = €L - (€, E A - ECECAC) L (4.5)

m e e m

Since the ccollar and pressure bars are the same material

then Ec = Eb

Therefore Em = Ec L, Ey (EbAb - ECAC) L. "y
L E A L
m ee m
(4.6)
Now E_ 2 0.5 E,
Therefore Em = Ec L, - i(EbAb - ECAC)(LC |
L A L
m e m
(4.7)
But A, ¥ A, and A v ._4-Ab = 24 Al
6 5 5
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Therefore Ern

ECL_C_— lng"figc i‘E...|
L. ' 5 L

8 /L, _ - 12&‘b i_
Lm 5 Lm‘ Lm
(53 L, - 12 Eb L

It

C

= -1
L
m
(4.8)
In the current investigation, L, = 17.5mm & L, = >mm
Therefore Em = 27.5 EC - BOEb (4.9)

To make further progress from equation (4.4) the limiting

values of Ec’ the strain in the collar, must be found.

Replacing the 2 cross-sectional areas of the specimen by a
single'Aeffective ! area permits the following equilibrium

of forces to be achieved:

F.= F + F (4.10)

/ . . /
Where F is the force on the specimen of effective area A.

Hence Ec = EbEbAb (4.11)

/
EAr +E &
CcC C

’
Where E is the effective modulus of the specimen




97

Again taking AC = 43 and Ec = E

b'

Therefore Ec = € bEL2p (4.12)

/
0.8 EbAb + E A

The maximum value of A/ = Ae = 0.16 Ab
and the maximum value of E, = E_ "2 0.5Eb
Therefore Sc: = 1.14 513 (4.13)

Therefore the minimum value of

€. = 1.35 (4.14)
€p
The maximum value of En/’éb occurs if E = 0
ie. g = 4.38 (4.15)
Eb max

i.e. the strain in the smaller diameter section of the
specimen varies between 1.35 and 4.38 times the bar strain,
depending on the values of effective area and effective

modulus that are chosen.

In conclusion then, two empirical measurements of the
effect of the impact~generated compressive pulse on the
tensile specimen have indicated that the compressive strain

in the central region can be as high as 4.2 or 7.1 times

the strain in the pressure bars. An approximate

b
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theoretical model has also confirmed that the central
region of the specimen is liable to experience a strain in
excess of the compressive strain in the pressure bars; the
strain amplication factor predicted by the model varying
from 1.38 to 4.38. Hence the collar, as specified by
Ellwood et al (1982b) and Nicholas (198l) is inadeguate to
prevent the tensile specimen suffering considerable plastic

deformation in compression prior to its tensile loading.

4.6.2 Generation of Spurious Pulses

As mentioned in section 4.2, because of the narrow central
diameter of the tensile specimen, most of incident tensile
pulse is reflected. Consequently, the transmitted pulse is
extremely small. At the lowest consistently attainable
dynamic 'strain rate of 2¥ 350 sﬁl, the value of the
transmitted strain pulse was only 0.005% and at the highest
attainable strain rate of <% 1400s™ Y, it was 0.007s.

Contrast these values with the wvariation 1in transmitted

strains from 0.04% to 0.18% in the compressive tests.

Since the transmitted pulse is so small any spurious pulses
produced, for instance, by non-perfect bar alignments can
now have serious effects on the results since the latter
are o©f the same order of magnitude as the transmitted

pulse.

(a) Flexural Waves

Ideally only a longitudinal compressive pulse should be

generated from the impact of the projectile with the first

pressure bar. In practice, however, due to the non-perfect
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alignment between projectile and bar, a flexural wave or
bending wave is frequently generated as well. This flexural
wave must be prevented from loading the specimen, and, if
possible from reaching the bar 1 gauges, SGl, during the
recorded time interval of the test. Fortunately as the
flexural wave velocity is 1less than the longitudinal wave
velocity (the velocities ratio being less than 3:3), if the
first pressure bar is sufficiently long then +the former
wave can be delayed until the tensile loading has been
completed. If the length of bar 2 is .Qz then the minimum
length .91 of bar 1 so that the tensile loading pulse
arrives at the specimen before the flexural pulse is given

by:

9, + 24, ¢ s, (4.16)

Where Cq is the longitudinal wave velocity
ie. 8, 234, (4.17)
In addition, to allow the complete passage of the

transmitted pulse through SGl1 before the flexural wave

arrives at the latter then equation (4.17) becomes

"Ql + 2122 + d + p £ 5 (ﬂl-d) (4.18)

C 3¢
o o

Where d 1is the distance of the strain gauge pair SGl from

the specimen and p is the length of the longitudinal pulse.
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The short length o©of the collar has been ignored in the

above equations.

To ensure complete separation of reflected pulses in bar 2,
the value of‘ﬂ 5 wWas chosen to be 1lm, d was 0.1lm and the
pulse length p was 0.5m. Hence the minimum length of bar
1 such that the transmitted tensile pulse is completely

separated from any impact generated flexural wave is 4.15m.

In the current series of tests the maximum single bar
length available was 2m and consequently bar 1 was replaced
by 2 bars, bars 1A and 1B, their respective lengths, JQlA

and Q being 1m and 2m, initially. Thus, the tensile

1B’
specimen was subject to 1loading by a flexural pulse
before +the former had been plastically deformed by the
tensile pulse. The accurate alignment of the strain gauge
pair Sél, which ensures the cancellation of a flexural wave
component from the gauge output, 1is even more vital in the

tensile SHPB test because the transmitted pulse could be of

the same order of magnitude as the flexural wave.

(b) Reflections from Misaligned Bars/Collar

The introduction of an extra bar interface between the
impact bar face and the specimen proved to be beneficial
because a portion of the flexural wave was dissipated
across the interface, resulting in a smaller bending wave

being propagated towards the specimen.

Conversely, the additional interface also had a deleterious

effect. If the bars lA and 1B are not perfectly alignéd
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then when the impact-generated compressive pulse arrives at
their interface, a small fraction of it will be reflected
back towards the gas gun as a tensile pulse. This small
tensile pulse will be reflected by the free end of bar 1A~
as a compressive pulse. Hence a minute additional com-
pressive pulse 1s propagated towards the specimen and
trails the initial large compressive pulse by a time t

given by:
t = 2ﬁ1A/c0 (4.19)

£ f 2 = rldglA where n 1is an integer then an extra
compressive pulse will arrive at the specimen at the same
time as the 1locading tensile pulse. The problem is then
accentuated by a compressive reflection of the spurious
pulse from the bar/large collar interface which will arrive
at SGl simultanecusly with the small tensile transmitted
pulse. This spurious pulse can be seen at the start of the
tensile transmitted 1in the upper trace of Figure 4.8. It
would be easy to misinterpret this pulse, initiated by the
misalignment of bars 1A and 1B, as indicating the
occurrence of a yield stress drop when copper is dynam-
ically loaded in tension. The various pulses initiated by
reflections from misaligned bars/collar are pictorially
represented in the Lagrangian diagram of Figure 4.9. The
effects of this spurious pulse and the flexural wave were

eliminated by increasing the length of bar 1A to 2m.

(c) Bar Supports

Usually any wave reflections from the optical bench

supports for the pressure bars, can be ignored as they are
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Figure 4.9 Lagrangian showing main and spurious pulses in dynamic tensile test
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negligiblie amplitude compared tc¢ the pulses of interest.
However, on this occasion if a support 1is placed too near
to the free end of bar 2 then a reflected compressive pulse
of significant amplitude will be recorded immediately prior
to the start of the tensile transmitted pulse. This makes
it extremely difficult to accurately locate the start of
the latter pulse. The detrimental effect of this spurious
pulse was eliminated by moving the support, that was
closest to the free end of bar 2, towards the tensile
specimen until the spurious pulse was well removed from the

start of the tensile transmitted pulse.

(d) Curved Pressure Bars

If either of the pressure bars adjacent to the tensile
specimen is not straight, a definite possibility for the 2m
long bar, then it is extremely difficult to prevent an air
gap between one collar face and the adjacent bar face, due
to the adjacent bar faces not being parallel. When this
happens the test 1is ruined because the specimen 1is
plastically deformed when the gap is closed by the initial
compressive pulse. Care must also be exercised when
attempting to ensure that there 1is no air gap that the
narrow central region of specimen is not work hardened in
shear by the application of excessive torgque to bar 2.

Additionally there is a danger of bending the specimen.

(e) Specimen Fit

It is essential that there 1is no 1longitudinal slackness
between the screw threads of the specimen and those of the
pressure bars. In the event of this occurring, bar 2 will

move freely under the action of the loading tensile pulse,

_
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with no opposition from the specimen until the slack is
taken up. During this time interval the loading pulse will
be completely reflected from the pressure bar/specimen
interface. This is then followed by the sudden application
of stress to the specimen’s screw threads, resulting in a
rapid rise and fall of the tensile pulse transmitted to bar
1B. This again could be incorrectly attributed to a yield
stress drop. The start of the transmitted pulse is also

delayed until the free play in the threads is removed.

By packing the specimen thread with plasticine or a cement

this source of error was successfully eradicated.

4.6.3 Accurate Measurement of Small Transmitted Pulse

The maximum amplitude of the transmitted tensile strain
pulse was typically between 0.005% and 0.007%. The error
in measuring the former can be consequently large
particularly if the zero strain level, or baseline, of the
recorded signals is not accurately known. Since nearly all
the recorded trace from SGl is cluttered with a miscellany
of pulses the latter is often difficult to ascertain with

any degree of certainty.

4,7 Modification to Protective Collar

By doubling the diameter of the 12.7mm protective collar,
its cross-sectional area becomes almost five times that of
the smaller «collar. Consequently the strain in the large

collar should be approximately one-fifth of that in the

small collar.
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In practice, however, because the length of the collar is
only 17mm and its diameter is 25.4mm (compared with the bar
diameter of 12.7mm), the stress pulse is not uniform over
the plane surfaces of the collar. This was established by
affixing a strain gauge, in the axial direction, to the
surface of the large diameter collar. When the collar was
loaded by the compressive pulse the strain gauge actually
recorded a tensile pulse. However, when the strain in the
specimen was measured directly, this showed a greatly
reduced strain. In fact, using the large diameter (25.4mm)
protective collars, the strain rate limit was increased to
about 12505_1 without strain hardening the tensile specimen

in compression.

4.8 Very Low Dynamic Strain Rates

Usually the lower limit for strain rates is determined by
the combination of impact velocity and the acoustic

impedance of the projectile.

Two additional methods were devised to further reduce the

strain rate:

(a) The introduction of a ’‘dummy’ specimen between the
bars 1A and 1B serves as a pulse attenuator as well as
a pulse shaper. It can be used in the former role to

reduce the strain rate in tensile testing.

{b) Alternatively the addition of a momentum bar (normally
used only in compressive tests) which is made from a

material of lower acoustic impedance than that of the
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pressure bars will reduce the amplitude of the tensile
loading pulse and hence the strain rate. This works
on the principle that the compressive pulse generated
by the impact 1is partially transmitted into the

momentum bar and partially reflected back into bar 2.

4.9 Elevated Temperature Tests

An alternative method of heating to that used in the
compressive tests was devised for the tensile tests because.
the large diameter protective collar prevented the use of
the furnace. Heat was, instead, provided by the flame from
a blow lamp. The f}ame was applied evenly to all of the
exposed surface of the collar and to the adjacent pressure
bars. Heating times were similar to those of the
compressive tests despite the additional requirement of
raising the temperature of the steel collar as well as that
of the specimen. The temperature was measured with a
chromel /alumel thermocouple held 1lightly in contact Qith

the central region of the specimen.

Further problems were encountered at high temperatures
which are similar to those mentioned in 4.6.2(e). There
was a rapid rise and fall at the start of the tensile
transmitted pulse and also the start of the latter pulse
was delayed relative to the start of the reflected pulse.
Again a yield stress drop could be falsely attributed to
this dynami&rrtensiié test. The magnitudes  of the
"apparent" yield stress drop and the delay of the
transmitted pulse both increased with increase in test

temperature. In contrast to the room temperature tests,
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these effects are unlikely to be caused by slackness in the
screw threads. The thermal coefficient of expansion for
copper is greater than that of steel, hence at elevated
temperature any slackness should be removed. However, the
unrestricted thermal extension of the central region of the
specimen could cause a gap to develop between the pressure
bars and the protective collar. This gap would increase
with increase in temperature. The consequence of this gap,
of course, would be to allow the impact-generated
compressive pulse to deform the specimen prior to its
tensile 1loading. It is possible, therefore, that the
"apparent" vyield stress drop and the delay in the
transmitted pulse could be attributed to the combination of
the compressive deformation and the thermal extension of

the tensile specimen.

A photograph of the large diameter protective collar is
shown in position between the pressure bars and surrounding
the tensile specimen in Figure 4.10. The collar is flanked
by bar supports, the usual nylon blocks being replaced by
heat resistant tufnol blocks for the elevated temperature

tests.

4.10 Summary

The tensile technique is a modified version of that
developed independently by Bauer and Bless; Nicholas; and
Ellwood, Griffiths and Parry. The apparatus and technique

are very similar to the compressive split Hopkinson

pressure bar system described in the previous chapter.
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A tapered tensile specimen screws into the ends of the
pressure bars and is protected from the loading compressive
pulse by a surrounding steel collar. The compressive pulse
is reflected as a tensile pulse of equal amplitude at the
free end of the second pressure bar. This tensile pulse
returns to the specimen where the collar becomes detached
and the specimen is subjected to a high strain rate

deformation.

The tensile SHPB system has several advantages over 1its
compressive counterpart. It can test materials of higher
strengths, the strain rate is naturally constant and there

are no frictional constraints.

Modifications and precautions were taken to ensure that the
high sprain rate tensile properties of copper were
accurately determined. Both experiment and theory proved
that at all but the lowest available dynamic strain rate,
the steel collar as used by the above authors, did not
protect the specimen from compressive permanent deformation
prior to the application of the tensile stress pulse. This
error was corrected by doubling the external diameter of
the collar. This modification increased the acéeptable

upper strain rate limit to about 13005_1.

Due to the extremely small amplitude of the transmitted
tensile pulse in this investigation, special precautions
were required to prevent the generation of spurious pulses
which would invalidate the results. Five sources of

spurious pulses were detected, all of which were eradicated

or minimised.
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The large diameter protective collar prevented the use of

the electrical furnace in the elevated temperature tests.

Instead a blow lamp provided the heat.
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CHAPTER 5

QUAST-STATIC STRAIN RATE TESTING TECHNIQUE

The dynamic tests were complemented by quasi-static strain
rate tests. An Instron machine capable of a maximum load
of 5000 kg was used for both compressive and tensile tests.
This machine displays results on a chart recorder in the

form - load vs. displacement.

5.1 Compressive Tests

Figure 5.1 1illustrates the arrangement for compressive
testing. The moving crosshead and the fixed 1lower platen
are both steel plates, belonging to the Instron machine,
between which the test specimen is normally compressed.
However, to allow a direct comparison between the dynamic
and gquasi-static tests, a simple adaptor made from 431
stainless steel was used so that the specimen is compressed
by bars of the same diameter and material as in the dynamic

tests. The specimen faces were again lubricated.

The Instron machine 1is designed to operate at various
pre-set crosshead speeds. All the quasi-static compressive
tests, however, were performed with a crosshead speed of
0.5mm/min, resulting in a constant strain rate of

approximately 2 x 10 3s7 L.

Due to the compliance of the machine components and the
adaptor, the crosshead movement as recorded on the chart,

is greater than the real displacement of the specimen.

Consequently a preliminary test must be performed without




Moving
Crosshead

431 Stainjess
Steel
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Pressure Bar

Specimen

12.7mm

Fixed. Lower
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Figure 5.1 Quasi-static apparatus in compressive test arrangement
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the test specimen to determine this compliance. Figure
5.2 indicates a chart record of load vs. displacement. The
true displacement of the end faces of the specimen results
from subtracting the machine compliance from the total

crosshead displacement.

The compliance corrected chart recordings were converted to

true stress and true strain.

5.2 Tensile Tests

A similar adaptor was wused for the guasi-static tensile
tests, the ends of the bars being threaded to accommodate

the tensile specimen.

The tensile compliance of the system was measured by
testing a “dummy’ specimen to full load which remained
elastic throughout. The “dummy’ specimen consisted of a
constant diameter threaded bar of 431 stainless steel which

screwed into the ends of the adaptor bars.

The crosshead speed was identical to that of the
compressive tests, consequently a constant strain rate of
about 10_35;_'1 resulted, assuming an effective specimen

length of 8.3mm as described in Chapter 4.

5.3 Elevated Temperature Tests

A further benefit of the adaptor bars was that the same
electrical furnace as used in the dynamic compressive tests

could be employed for both the compressive and tensile

guasi~static tests.




Specimen Displacement

+ Machine Compliance

DISPLACEMENT

Figure 5,2 Instron chart record of load vs. displacement
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CHAPTER 6

DATA ACQUISITION AND ANALYSIS

6.1 Data Acquisition

6.1.1 Introduction

The data acgquisition system is outlined in schematic form
in Figure 6.1. The transmitted pulse E{T and the reflected

pulse & which are required to define the specimen

R!
stress, strain and strain rate, are transferred in analogue
form, i.e. millivolts, from the strain gauge pairs SGl and

SG2 to the input channels of a transient recorder,

subsequent to amplification.

The transient recorder performs analogue-to-digital con-
versions on both signals, their digital equivalents then
being passed to the microcomputer for analysis. A plotter,
printer and disk drive are available for graphs, results

and data tables, and permanent data storage, respectively.

6.1.2 Strain Gauges and Strain Gauge Ciruit

Each strain gauge pair, which is connected in series to
cancel flexural or bending waves and double the effect of
the plane longitudinal waves, comprises part of a strain
gauge circuit. The latter is a simple potential divider
circuit (Figure 6.2} comprising a ballast resistor, Ry
(2.2Kk ), 2 strain gauges, R, (total resistance 240£2)

and a 90V power supply (Farnell stabilised voltage supply -

type E350).




5511:1\ - /qu 5GZ

AN

STRAIN GAUGES/

STRAIN GAUGE DC POWER STRAIN GAUGE
CIRCUIT SUPPLY CIRCUIT
AMPLIFIER AMPLIFIER
5G1 562
TRANSIENT
RECORDER
GRAPH ICROCOMPUTER
BLoTTin M oM | PRINTER
DISK
DRIVE
Figure 6.1 Block diagram of Data Acquisition System
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Figure 6.2 Strain gauge potential divider circuit

Power supply E = 90V

Ballast resistor R, = 2.2K{k

Strain gauge resistance Rg = 12082
Resistance of strain gauge pair Ry = 2402
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The strain, £ , recorded by a strain gauge is related to
the change in its electrical resistance, dRs, by the

equation:

E =1 dR_ (6.1)

where F is the strain gauge factor (typically 2.11) and Rs

is the gauge resistance.

In the strain gauge circuit the voltage, Vs’ across the

strain gauge pair is given by

Vg = RS E = 1 E {6.2)
Rb + RS n+ 1
where n = Rb/RS
Differentiating
4av = - E .
: (6.3)
dn (n + 1)°
and dn = - Rb (6.4)
dar R_ 2
S S

Therefore dvs = -Ry [j ~E :] (6.5)
' 2 2
dRS RS (n + 1)
and drR. = R_ 2 (n + 1)% av (6.6)
s S . . 8 "
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Substituting for dRS in (6.1) from (6.6),

€ = + 1? av, (6.7)

nFE

Hence &£ is also related to the change in voltage. across
the strain gauges. (n + 1)2/ nFE is not a constant,
of course, because n is inversely proportional to strain
gauge resistance. However, the maximum variation of
{n + 1)2/nFE is no more than abcout #* 0.5% when applied to
the strain levels in the Hopkinson bar. Therefore only a
very small error is incurred if it is assumed that & 1is

directly proportional to dVS.

N.B. dVS is positive for compression with the power supply

as shown in Figure 6.2.

6.1.3 Strain Gauge Amplifier

The output from each strain gauge circuit is fed to a
linear strain gauge amplifier, linearity being implied both
in terms of the requisite range of amplitudes and fre-
guencies. Tests were performed with a variety of amplifiers
before eventually selecting those contained in the plug-in
units of a Tektronix cathode ray oscilloscope {(Tektronix
type 556 dual beam oscilloscope - type 1Al dual-trace

plug-in units).

Gains of up to 100 were required for the full series of
tests. The maximum gain was used exclusively to measure

the transmitted tensile pulse in the dynamic tensile tests.

..
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A low pass filter in the form of an 1800pF capacitor was
connected in parallel with the outputs of the amplifiers to
remove high frequency electrical pick-up, the latter being
composed of a fairly regular signal of about 10MHz

frequency.

6.1.4 Transient Recorder

The amplified signals are connected to the channel 1 and
channel 2 inputs of a transient recorder (Datalab DL912).
The transient recorder can be seen in the photograph of
Figure 6.3. It is situated on the far left of the bench in
the foreground. Its two inputs are connected to the
oscilloscope’s amplifiers, on the left hand side of the

photograph, by two black co-axial cables.

The principal functions of the transient recorder are

indicated in the block diagram of Figure 6.4.

The overall gain o©f the system 1is determined by the
combination of the gain of the strain gauge amplifier and
that of the transient recorder amplifier. The latter has 8
different gain settings corresponding to full scale voltage
inputs ranging from 100mV +to 20V, i.e. a gain ratio of

200:1.

Each strain gauge signal 1is digitised and stored 1in
separate 4 kilobyte digital memories. Each 8-bit
analogue-to-digital converter 1s capable of a maximum
sampling rate of 20MHz, i.e. the analogue signal is

digitised at intervals of 0.0SFS.

_




Figure 6.3. Data acquisition and analysis system showing, from left to right, cathode ray
oscilloscope, digital plotter, transient recorder, power supply and digital
voltmeter, floppy disk drives, microcomputer and tractor printer.
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Principal functions of the Transient Recorder
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As explained in Chapter 3, the temporal resolution (A t) of
the BSHPB system is determined by the strain gauge length
(_Qg) and the longitudinal wave velocity (co) in the

pressure bars.

At = § (6.8)

g
o
Since .Qg = émm and Cq % Smm/'ps, hence the tem-
poral resolution is approximately 1 Ms. Consequently

1MHz is the optimum sampling rate. At this sampling rate,
dns of data are captured from each strain gauge pair in the

4 kilobyte digital memories.

The resolution of amplitude is ultimately a function of the
capability of the transient recorder. By fully wutilizing
the memory available for each digital sample (8 bits), the
best resolution of amplitude is 1 part in 255. Hence, by
optimising the system gain so that the digital signal
varies from the minimum of the digital memory {zero) to its
maximum (255), the signal amplitude can be measured with an
accuracy of * 2 A E where A E is the digital error of both
extremes of the waveform. 1In the case of 8 bit digital

resolution, AE is approximately 0.4%.

When two waveforms of opposite polarities are recorded by
the same digital memory, e.g. the incident and reflected
pulses, then the amplitude resolution of each waveform is,

at best, half of the optimum, i.e. A E is 0.8%.

Having captured the waveforms, the transient recorder s
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8-bit digital-to-analogue converter transfers the signals
to the two inputs o©f the Tektronix type 556 dual-beam
cathode ray oscilloscope (see Figure 6.3). Hence the
waveforms from both strain gauge pairs are automatically
displayed on the oscilloscope as soon as the Hopkinson bar
test has finished. The waveforms remain on the oscillo-
scope screen until, either the transient recorder 1is
switched off, or the former is switched to the recording

mode, in preparation for the next test.

The camera used to photograph the waveforms was

manufactured by Shackman Instruments Ltd.

6.1.5 Projectile Velocity Measuring System

The velocity of the projectile is determined from the time
taken for the former to travel two consecutive distances of

100mm immediately prior to impact.

The ends of three pairs of optical fibre probes were
inserted through holes in the side wall of the gas gun tube
at positions A, B and C, as indicated in Figure 3.5. One
fibre in each of the pairs acts as a transmitter of white
light and the other fibre as a receiver. When the front
flange of the ’‘cotton-reel” shaped PTFE guide passes in
turn beneath positions A, B and C the light is reflected to
each of the receivers. By converting the light pulse which
travels to the other end of each receiver into an
equivalent electrical pulse, the time difference between

the three pulses and, hence, the <time taken for the

projectile to travel the distances AB and BC can be
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measured by two counter timers.

The conversion of each 1light pulse to a corresponding
electrical pulse is performed by an opto-electronic device.
The latter which consists of three identical amplifiers and
a 15V power supply, was designed, built and tested by the

author during the current investigation.

Figure 6.5 is the circuit diagram of the amplifier. When
light is incident upon the high impedance photodiode its
resistance is lowered for the duration of +this optical
pulse. As a consequence the potential of the junction of
the photodiode and the 10M{l resistor is increased during

this period of time, i.e. an electrical pulse is generated.

This electrical pulse is fed to the gate of a field effect
transistor (f.e.t.) which is operating in the source
follower configuration. This has a voltage gain which is
only approximately unity but has the virtue of being able
to feed a low-impedance load because of its low value of
output impedance. The swre follower is thus an “impedance
transformer” between the high impedance input (necessary
because of the high impedance photodiode) and the following

low impedance circuitry.
The following f.e.t. stages provide a total voltage gain of
about 130, converting an input of approximately 0.1V to the

first stage to an output of 13V.

The fibre optics amplifier is terminated by a bipolar

emitter follower stage.
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Figure 6.5 Circuit diagram of one amplifier in opto-electronic device
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The opto—-electronic device and the counter timers (RACAL-
DANA 9901) can be seen in the 1left half of Fiqure 3.4.
Note the three pairs of optical fibres connecting the

impact end of the gas gun to the opto-electronic device.

6.2 Data Transfer and Analysis

6.2.1 Introduction

A suite of computer programs has been developed for data
analysis, data logging and peripheral control. The
software was written and executed on a Commodore
Professional Computer =~ 3032 series (commonly known as a
PET microcomputer) which was connected to its peripherals
via an IEEE 488 interface. The high level language, BASIC
was used throughout. The microcomputer and its peripherals
are contained in the photograph of Figure 6.3. The micro-
computer, slightly to the right of centre, 1is easily
identifiable by its TV monitor. To the left of the PET are
the CBM 5 1/4-inch dual floppy disk drives (model 4040) and
to the right is the Commodore tractor printer (3022
series). To the left of the main bench of instruments, and
adjacent to the transient recorder, 1is the PD4 digital

graph plotter (J.J. Lloyd Instruments Ltd.)

6.2.2 Data Transfer

Immediately following a test, data are transferred, under
software control, from the transient recorder to the

computer ‘s memory and subsequently for permanent storage to

a floppy diskette in one of the disk drives.
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The transference to the computer memory is accomplished in
less than one second. To reduce the amount of data
permanently stored on diskette and to shorten the transfer
time, the amount of data passed tc a diskette is usually
limited to 400 bytes (or samples) from each transient
recorder digital memory, i.e. only 10% of the data captured
by the transient recorder 1is permanently stored. The 400
bytes of data, of course, include the incident, reflected

and transmitted pulses in their entirety.

6.2.3 Data Analysis and Presentation of Results

Having made ‘hard” copies of the strain data from the
strain gauges, analysis, according to the Hopkinson Bar
theory of Chapter 3, can be completed at any future time

without .the risk of data loss through power failure etc.

The software routines permit the results of the analysis to
be listed either in engineering terms, or in their true or
natural, form. Table 6.1 exemplifies both engineering and
true sthess/strain/strain rate results. The results were
produced on the tractor printer. There is also an option
for listing the digital data, in the form that they are
stored in the transient recorder. Table 6.2 is a typical

listing of these digital strain gauge data.

Software written for the digital graph plotter facilitates
the display of data and results in a variety of formats.
Examples of these are included in Figures 6.6 to 6.10, all

of which refer to the same test. These show raw test data

and results. No smoothing or averaging has been performed.
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Table 6.2 Tvpical digital strain gauge data listing

INCIDENT BAR DATA PTS 1 TO %30 COC+a280028DAPS
DATA PT NO JRTA YALUES
i 138 132 133 184 134 134 jerd
|33 133 133 133 132 132 132 134
al 133 133 133 13+ 134 123 134
3 133 182 132 133 132 133 132
41 S2 133 133 134 13 133 132
o1 141 141 142 IS 132 7 230
61 £ IWT LT om0 2 43 237
1) &S 23T ZtT 2T I3 = =IT
31 255 2T ¥ Q%= 5T o== fra=t-1
31 <= 23 =TT =% iTT
121 257 T IZT Iy vy
11l 23T IS% ¥z 2=e 252
o 3% 2sT 2= 2 s friid
131 <% 2IT 238 zzIT o
4l 22T LI I3 %% i)
Si &= 2TT QT oaTs &iT
16 = 1200 184 tag HE
T 140 134 137 137 32
181 e 133 157 i3% Schy
121 133 133 137 1T W31
201 122 13 128 3 11
11 i) 54 -] 43 a
ey 3 =5 42 44 45
rich 46 47 44 41 44
241 41 40 41 41 +
51 41 41 - = 3
261 41 39 40 38 38
g 49 42 41 41 41
a1 41 41 42 33 44
a9l 43 42 44 4E 2
301 43 =0 =3 -1 31
a1t 131 142 143 1S3 146
H 133 138 137 1334 12
IRt 2T 124 3T 138 134
341 133 132 132 132 134
35 133 133 13+ i 123
361 3z 1322 13z 133 133
7L 133 133 132 132 133
381 132 132 133 134 123
39t 32 133 13 133 124
491 133 13 13 132 132
411 133 133 133 1233 132
425 133 130 132 33 13T
421 148 140 134 147 162
i 185 191 200 207 23
=3 <34 Wi 2@} 2uT 234
+61 =2 QT4 22 34 owy
Vi T Wl @3 s ey
4351 <=3 X6 =T 22+ renls
421 &2+ 22 26 AT Pt
TRANSNITTER BAR DATA PTS I TO =40 CCL<a830028TRPS
DATAR PT HO DATA YALUES
1 122 183 122 130 131 130 131 27 123 o
11 129 131 123 123 133 123 133 131 3ch ey
21 120 iZe 13 123 128 120 i3t i Hoi B ]
3 13 12 122 2o 123 123 D 122 123 X
41 123 13 131 132 122 122 i35l 122 133 g3t
S1 4 1351 13 122 123 128 g 123 13 129
61 12 123 123 123 123 22 129 123 122 12
71 R i R i B {3 138 129 122 123 128 g2
8t | $ning 12 1 R T B - ot Vol 3 134
kLS 22 121 13 123 122 p2o 122 1is 2 1@
101 122 1w 2T a3 122 12 ic 12 2 P
i1t 123 13 139 1538 122 139 139 12 taa  ile
i (23 122 I 123 129 it 12 (3 12 HA
i 123 130 12 | Y ) 132 12 = (23 i3
141 id3 125 122 1D 123 1 123 123 12
i 122 @@ 123 12 12T 1o 22 120 129 130




Figure 6.6 STRESS V STRAIN

TEST MATERIAL — CQPPER
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Figure 6.7 STRESS V TIME
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Figure 6.8 STRAIN V TIME
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Figure 6.9  TRUE STRAIN RATE V TIME
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Figure 6.10 STRAIN IN INCIDENT 8 TRANSMITTER BARS V TIME
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Notice in particular:

(1)} the constant true strain rate (Figure 6.9),

{ii}) how stress and strain vary in opposite senses
when the “engineering-true’ correction is applied
(Figures 6.7 and 6.8),

(iii} the smooth strain vs. time curves resulting from
the integration of the reflected pulse (Figure

6.8).

6.3 Description of the Software Packages

The suite of computer programs which:

(a) control the transfer of data from the transient
recorder to the computer,

(b) control the transfer of data from the computer to a
floppy diskette,

(c) analyse the data accoraing to instructions from the
computer keyboard, and

{(d) control the remaining peripherals, viz the graph
plotter and the tractor printer, consist of three
software packages. These are:
(i) HOPK-BAR
(ii) GRAPHS

{iii) TR-AUTO-CTRL.

Full program listings are included in Appendices A, B and

C.
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HOPK-BAR is the main routine and controls the operation of
the other two routines. Only one o©of the routines 1is
present in the computer memory at any one time. This is
decreed by the 32 kbytes of random access memory (RAM) of
the PET microcomputer which is insufficient for the total

memory requirements of the three routines, i.e. 67 kbytes.

6.3.1 HOPK-BAR (listing in Appendix A)

The functions performed by the HOPK-BAR program are listed
in Table 6.3. This table - the Hopkinson Bar Directory -
is displayed on the computer’s visual display unit (VDU)
immediately after program initialisation has been
completed. The function of each entry in the directory is

described from section 6.3.1{(c) to 6.3.1(m)}.

(a) Initialisation (Appendix A: Lines 10-106)

In this portion of the program all variables are assigned
their initial or constant values and the initial headings
are displayed on the VDU. The values of Young’s modulus,
longitudinal acoustic velocity and mechanical impedance are
selected by the program according to the pressure bars’

material (see lines 102-106).

(b) Display of Hopkinscon Bar Directory

{Appendix A: Lines 108-260)

See Table 6.3.




Table 6.3

Hopkinson Bar Directory

1. Transfer data from transient recorder to PET

2. Hopkinson Bar data analysis

3. Instron data input & analysis

4, List data

5. List results

6. Draw graphs

7. Parameters entered from keyboard

8. Bar strain & impact velocity

9. Execﬁte transient recorder operational software
10. Average of results files

11. Finish
Table 6.4

Directory of Graphs

l. Stress v. Strain

2. Stress v. Time

3. Strain v. Time

4. Strain Rate v. Time

5. Strain Gauge Data v. Time
6. Bar Strain v. Time

7. 1Incident Pulse v. Time

8. Refleﬁted Puiée v. Time

9. Transmitted Pulse v. Time

10. Hopkinson Bar Menu
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(¢} Transfer Data from T.R. (Transient Recorder) to Pet

(Microcomputer) (Appendix A: Lines 1000-1500)

In preparation for the transfer of the data from channels 1
and 2 of the transient recorder to files on a floppy
diskette, 2 filenames are created which correspond to the
parameters of the dynamic tests which has just been

completed (lines 1003-1025).
For example, if the test parameters are:

Material tested: COpper

Compressive or Tensile: Compressive
Test Temp: 400°¢

Annealing Temp: 310°¢

Projectile Time {1 to 2} : Sms
Projectile Time (2 to 3): 5Sms

Steel or Duralumin Projectile: 8§

Identity Letter: A

then the filename for the channel 1 data is:
COC400310205A1

and the filename for the channel 2 data is:
COC400310205A2

where 20 is the projectile velocity in ms-1 corresponding

to the projectile times of 5ms between the optical probe

pcsitions 1 and 2, and 2 and 3. If a pulse shaper is also
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used and its annealing temperature is 600°C (say} then the
filenames will be C0C40031020SAaP61 and COC40031020SAP62,
respectively. The disk drive for data storage is chosen in
lines 1030 and 1031. In lines 1032 to 1048 the number of
bytes of data to be stored from channel 1 of the transient

recorder, is selected.

The routine TR-AUTO-CTRL is loaded into RAM (replacing
HOPK-BAR) at line 1100. This routine then controls the
transfer of data from the transient recorder, channel 1, to
the floppy diskette. The whole process is repeated for

channel 2 data in lines 1200 to 1320.

A third filename, e.g. COC40031020SAP63, is created into
which further parameters, entered via the computer
keyboard, are stored. These parameters are listed in lines
1342 to 1398, and transferred to the floppy diskette in

lines 1400 to 1500.

(d) Hopkinson Bar Data Analysis

(Appendix A: Lines 3000 - 4999)

This function of HOPK-BAR can be used at any time after a
test has been completed and the recorded data stcred on the

three diskette files.

In lines 3010-3092, the third file, i.e. the file con-
taining parameters previously entered via the computer

keyboard, is read back into RAM.

If the strain gauge amplifiers invert the Hopkinson Bar
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signals then lines - 3150-3170 set flags Al and A2

accordingly.

Lines 3210-3260 relate to equation (6.7), which converts
the change in voltage (dVs) across each strain gauge to
strain (&£ ). Gain factors are also included, i.e. Gl and
G2 - the gains of the strain gauge amplifiers, V1 and V2 -
the full scale voltages of the input channels of the

transient recorder.

Lines 3799 - 3800 determine whether the transmitted pulse
is stored in the file with a suffix of 1 or a suffix of 2.
The multiplying factor PP is set to + 1 or - 1, accord-

ingly.

The number of data Foints comprising the transmitted pulse,
and consequently, also the combined incident and reflected
pulses, are determined and displayed on the VDU in lines
3805-3812. The transmitted pulse is read into RAM using
the subroutine call in 1line 3820 and its starting point is

automatically found from the subroutine call of line 4025.

If any large, high frequency ’spikes’ appear in the trans-

mitted pulse data, these are removed in lines 4100-4290.

The baseline or zero voltage level of the transmitted pulse
is determined by averaging the 15 data points occurring
immediately prior to the start of the pulse (lines
4297-4345). If an inspection of the transmitted pulse data
casts doubt on the computer determined baseline value, the

operator can override this value in lines 4346-4349.

rd
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Engineering stress versus time 1is calculated in 1lines

4370-4394, using equation 3.12.

The file containing the incident and reflected pulses is
read into memory in lines 4410-4426 and the starting times

of each pulse are found in lines 4427-4441.

The most reliable means of automatically determining the
baseline for +the incident &and reflected pulses was to
average the data occurring immediately after the reflected
pulse (lines 4445-4456). As before, this baseline value

can be altered by the operator (lines 4457-4460).

The next stage of the data analysis determines whether the
pressure bars were aligned correctly with the test
specimen. In the case of imperfect alignment there will be
a delay in the arrival of the transmitted pulse at the bar
2 strain gauges, relative to the arrival of the reflected
pulse at the bar 1 gauges (see 1lines 4470-4485). Figures
6.11{a} and 6.11(b) indicate the shape of the reflected
pulse for perfect and imperfect alignments, respectively.
When such an imperfect impact occurs, eithexr, the test data
can be discarded or the reflected pulse modified. The
latter is achieved by removing the initial part of the
pulse, which relative to the transmitted pulse arrived too
soon so that the modified pulse rises as shown by the
dotted line in Figure 6.11{(b). The portion of the program
which automatically performs this pulse modification runs
from line 4487 to 1line 4530. Lines 4535-4568 permit the

operator to override the start and end points of the

modified portion of the reflected pulse.




(a)

) :""“"‘ start of

modified.
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Figure 6.11

{(a) Reflected pulse from perfectly aligned specimen
(b) Reflected pulse from imperfectly aligned specimen

modified reflected pulse baseline

...................
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originally estimated
baseline

Figure 6,12

Reflected pulse sloping baseline correction
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Lines 4561-4579 perform a further, and final, correction to
the reflected pulse data, if necessary. This correction is
required if the reflected pulse commences or terminates at
a strain level above or below the zero strain level of the
baseline. In effect, the correction introduces a sloping
baseline so that the values of strain at either end of the
reflected pulse are set to zero. An example of this
sloping baseline correction is incorporated in Figqure 6.12,
where the dotted line indicates the previously estimated
horizontal baseline, and the dashed line is the sloping
baseline correction. The sloping baseline correction is

defined by the expression contained in line 4577.

The variation of engineering strain in the specimen with

time is calculated in lines 4589-4703 (see equation 3.7).

The computer code in lines 4910-4962 is used to convert the
engineering values of the mechanical parameters into their
true counterparts, i.e. true stress, strain and strain
rate. Line 4930 1is equivalent to equation 3.20 and line
4940 to equation 3.21. Notice that the value of PP is + 1

or -1 for tensile tests or compressive tests, respectively.

The option to store the values of true stress, strain and
strain rate on a floppy diskette is given in line 4970;

lines 4975-43995 being used to transfer these values from

RAM to diskette.
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(e) Instron Data Input and Analysis

(Appendix A: Lines 18000-18410)

This directory option permits the input of data obtained
from the Instron guasi-static tests, via the computer
keyboard, and then performs analyses on these data,
eventually ending up with results in the true stress,
strain, strain rate format, as in the previous Hop-

kinson Bar Data Analysis option.

Data are entered in the form of 1load, chart displacement
equivalent to specimen displacement and chart displacement
eguivalent to machine compliance {(lines 18035-18060). Note
that all three variables are expressed in millimetres, as
read directly from the chart. Having input all the data
from thg keyboard, this can now be stored on diskette, the
filename being constructed, as in 6.3.1{c) (lines 18085-
18185). Data Analysis can now proceed immediately or at a
later time by recalling these data from diskette to memory

(lines 18021-18030). During. the analysis further
information is entered via the keyboard, i.e. cross head
speed (mm/min), chart speed (mm/min), full scale lcad (kg),
specimen gauge 1length (mm) and specimen diameter (mm).
Specimen extension (mm) v. load (kg) is calculated in lines
18327-18345, and engineering stress (MPa) and strain in
lines 18375-18395. Finally true stress, strain and strain

rate are calculated wusing the same statements as in

6.3.1(d), i.e. lines 4910-4962.
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(f) List Data {(Appendix A: Lines 2000-2390)

Having entered the name of the file holding the data (line
2000), wvia the computer keyboard, the disk file is read
into the PET’s memory. The number of data points in this
file is printed on the VDU from line 2187 and the operator
then selects how much of this data is to be displayed
(lines 2190-2200). In lines 2201-2260 one of two display
media is chosen, i.e. either the VDU screen or the printer.
The program determines in lines 2352 and 2353 whether the
data are from bar 1, i.e. incident pulse data from a
compressive test, or from bar 2, i.e. transmitted pulse
data from a compressive test. For data from a tensile
test, of course, incident and transmitted pulse data are
derived from bar 2 and bar 1, respectively. The remainder
of the List Data option prints the heading, below which the

data is listed (see Table 6.2).

(g) List Results (Appendix A: Lines 5000-5620)

This section of +the HOPK-BAR program commences (lines
5010—5040)by listing, on the VDU, a short directory or menu

of options of the form:

RESULTS
1. TRUE STRESS/STRAIN
2. ENGINEERING STRESS/STRAIN

3. RETURN TO HOPK BAR MENU

SELECT CODE:
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From the appropriate choice of code 1 or code 2, the

results are printed as in Table 6.1.

The options of displaying the results on the VDU or the

printer are given in lines 5050-5090.

Line 5100 allows the operator to choose the time interval
(in microseconds) between each 1line of results, i.e.
although stress/strain/strain rate results are calculated
from every microsecond of data, the results can be
summarised by, for example, printing the results at

intervals of 5 microseconds.

Lines 5301-5345 print the results headings on the chosen
medium and these are followed by the table of results
(lines 5350-5368). If the results to be printed are not
currently in RAM and have been previously stored on
diskette file, then lines 5500-5620 permit the operator to
select the results” filename, the contents of which are

then transferred to RAM.

(h) Draw Graphs (Appendix A: Lines 6000-6100)

Line 6050 indicates that the graph plotting program is
being loaded into memory from a diskette filename, Line

6100 performs this transfer.

Full details of the graph plotting program (GRAPHS) are

given in section 6.3.2.
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(i) Parameters Entered From Keyboard

(Appendix A: Lines 7000-7300)

A list of all parameters entered from the computer keyboard
prior to an impact test can be obtained by selecting this
option. The format of this 1list 1is given 1in lines

7110-7276.

The list can either be displayed on the screen or the

printer according to the operator’s reply to line 7023.

(j) Bar Strain and Impact Velocity

(Appendix A: Lines 8000-8160)

This option calculates and prints the strains recorded by
the pairs of strain gauges mounted on bars 1 and 2. 1In
addition, it can be used to translate the strain produced
by impact into the projectile velocity; the latter can
then be compared with that calculated from the projectile

(-]
velocity measuring system. ResulES 63"'93‘1 to better than 076

(k} Execute T.R. (Transient Recorder) Operational Software

(Appendix A: Lines 14000-14010)

Option number 9 loads the third software package into the
computer memory. This package, TR-AUTO-CTRL, is a modified
version of the DL912 transient recorder control software

written by the manufacturers, Datalab.

TR-AUTO-CTRL includes the control software which transfers

the strain gauge data from the transient recorder to the

L---IIIIII-IIIlIIII;--IllllllllIIIllllIlIIIIIllIlllIIIIIIIIII.IIIIIIIIIIIII
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microcomputer.

(1) Average of Results Files

(Appendix A: Lines 15000-15680)

This is an unfinished option to permit the user to
automatically find the mean of several stress-strain curves

taken from tests with nominally the same strain rate.

{m) Finish (Appendix A: Lines 20000)

By selecting this option the operator exits from the suite

of computer programs,
The memory requirements of HOPK-BAR are 22 kbytes for the
BASIC program and 10 Kkbytes for the data, i.e. a total of

32 kbytes are required.

6.3.2 GRAPHS (listing in Appendix B)

This software package alsc commences by displaying a
directory or menu of options on the VDU. This directory of

graphs is listed in Table 6.4.

The function of each entry in the directory is described

from section 6.3.2{c) to 6.3.2(1}.

(a) Initialisation (Appendix B: Lines 85-336)

As in 6.3.1(a), a number of variables are assigned their

initial or constant values in this section of the precgram.
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In addition, line 200 activates the graph plotter, line 310
determines the size of the print used in 1labelling the
axes, line 320 selects the orientation of the print and in
lines 330-336 the position of the origin of each graph is

chosen.

(b) Display of Graphs Directory

{Appendix B: Lines 400-950)

See Table 6.4.

(c}) Stress v. Strain

(Appendix B: Lines 2200-2251 & Lines 2600-2652)

The two groups of 1lines listed above perform very similar
tasks. The former group (lines 2200-2251) deal with
engineering stress and engineering strain data, whereas the

latter deal with true stress and true strain data.

In lines 2216-2240 and 2610-2625 the data are converted to
stress in MPa and strain in %, respectively. If the
results are extracted from a disk file then the latter is

converted in lines 2637-2640.

Lines 2344-2350 and 2644-2650 arrange that the axes are
correctly labelled, i.e. STRESS (MPa} and STRAIN (%),

respectively.
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(d} Stress v. Time

(Appendix B: Lines 2300-2352 & Lines 2700-2752)

This is performed in identical fashion to (c¢). The data
conversion 1is performed in lines 2310-2340 and 2714-2725
(or 2735-2742). The axes” 1labels are chosen in lines

2344-2350 and 2744-2750, respectively.

(e} Strain v. Time

(Appendix B: Lines 2400-2452 & Lines 2800-2852)

Here the relevant 1lines are 2415-2440 and 2812-2825 (or
2835-2842) for the data conversion, and 2444-2450 and

2844-2850 for the selection of the labels for the axes.

(f} Strain Rate v. Time

{Appendix B: Lines 2900-2952)

This routine permits only the plotting of true strain
rate v. time. Otherwise it is similar to (c) - (e), with
the data conversion and axes labelling code being contained

in lines 2910-2940 and 2944-2950, respectively.

(g)-(k) Strain Gauge Data, Bar Strain, Incident Pulse,

Reflected Pulse, Transmitted Pulse

In these five options the above variables can be plotted

versus time.

The strain gauge data plot is the raw digital data from

both pairs of strain gauges. The bar strain graph is the
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same data but converted to strain values.

In the three other graphs the individual pulses are plotted

separately in the format of bar strain vs. time.

The relevant code for options {(g) - (k) in Appendix B are:

Lines 2252, 2253, 3000~3060, 3100-3160, 3200-3260.

In addition, both options (g) and (h) call the subroutine
in lines 10000-10200. This subroutine reads the relevant
data files from diskette and, in the case of option (h),

converts the data into the strain in bars 1 and 2.

Options (i), (3j) and (k) call the subroutine in 1lines
16000-16330. This subroutine performs a similar task to
the one commencing at line 10000 except that it finds the
individual pulses contained in the data and converts the

selected pulse into strain values.

(1) Hopk Bar Menu (Appendix B: Lines 25000-25200)

Selecting this final option results in the main program

being re-loaded into RAM.

Following the selection of one of the ten options the

following six subroutines are executed consecutively

irrespective of the initial choice.
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{m) Find Maximum Values (Appendix B: Lines 4000-4120)

If the graph to be plotted consists of a single curve only
then this subroutine determines the maximum values of the
_data described by the titles of both axes. This is the
initial stage in determining the scale to which the curve

is to be plotted. The maxima are found in lines 4010-4060.
Alternatively, if more than one graph uses the same set of
axes then the operator enters the maxima in 1lines

4080-4120.

(n) Calculate Axes Limits (Appendix B: Lines 5000-5440)

The length of the X axis (used for both strain and time) is
fixed at 150mm but the Y axis (stress, strain or strain
rate) can be 150mm or 200mm, as selected in lines

5003-5004.

In labelling each axis, the maximum value of the
corresponding parameter (i.e. stress, strain, strain rate

and time) is determined by the following:

The ratio of the length of the axis in mm to the upper
value labelled on the axis is (1, 2 or 5) x lOn, where n 1is
an integer. The ratio is chosen so that the maximum value
of the data described by the axis is as close as possible
to the upper value labelled on the axis. For example, if
the maximum value of stress is 200MPa and the 1length of Y
axis was chosen to be 150mm then the upper limit of stress

on the Y axis would be 300 MPa, i.e. the ratio of the axis
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length to the maximum value labelled on the axis = 150

300 = 5 x 10 L.

Similarly, if the maximum value of strain on the X axis is
10% then the upper limit of strain on the X axis would be

15%, i.e. a ratio of 150 : 15 = 1 x 10%°

The maximum value of each parameter as labelled on the X or

Y axis is determined in the following lines:

(1) maximum value of stress on the Y axis 5100-5130
(1i) maximum value of strain on the Y axis 5150-5180
(iii) maximum value of strain rate on the Y axis 5200-5240
{iv) maximum value of strain on the X axis 5300-5330

(v) maximum value of time on the X axis 5400-5440

The scales of the strain gauge data and bar strain, plotted
on the Y axis, are fixed, the maximum value being
determined by the 1length of the Y axis (i.e. 150mm or

200mm) .
In all cases, except when strain gauge data are plotted on
the Y axis, the maximum value of time on the X axis is 150

microseconds.

(o) Draw and Label Axes (Appendix B: Lines 6000-6900)

The graph-plotting routines can be used either to draw
curves on previously drawn and labelled axes or to perform

the complete operation of drawing and 1labelling axes

followed by plotting one or more curves.
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In the former case, instructions are given 1in 1lines
6005-6022 to align the pen of the digital plotter with the

origin of the axes.

The rectangular "box" axes are drawn by the code ceontained
between lines 6025 and 6520. Short 1linear intercepts are
also drawn perpendicular to the axes, separated by

distances of 10mm.

The numerical 1labels on the axes are plotted by lines

6700-6900.

The values of the test parameters are printed above the
axes in lines 6538-6563 and the titles of the variables
being plotted are printed adjacent to the corresponding

axes using the code in lines 6566-6680.

(p) Convert X Data (Appendix B: Lines 7000-7550)

This short subroutine converts the wvalues of the X axis
data into lengths in mm corresponding to the scale of the X

axis.

(g) Convert Y Data (Appendix B: Lines 8000-8700)

This subroutine performs an identical function for the Y

axis date.

(r} Draw Graphs (Appendix B: Lines 9000-9910)

The graph(s) are plotted as individual points or continuous

_
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curves according to the response to the question in line

9001.

The memory requirements of GRAPHS are 14 kbytes for the
BASIC program plus 6 kbytes for the data, i.e. a total of

20 kbytes.

6.3.3 TR-AUTO~-CTRL {Listing in Appendix C)

The third and final package 1is the transient recorder
automatic control software. This 1s a modified version of

the software provided by Datalab, the manufacturers of the

DLY912 transient recorder. It can be selected by the
operator, from within the HOPK-BAR routine, to perform the
six data control functions designed by Datalab, or,
alternatively, it is «called by the HOPK-BAR routine to
perform the task of transferring data from both digital
stores of the transient recorder to the memory of the PET

microcomputer.

The six data control functions are listed in lines 210-260.
RE. + T FER DATA, which is an abbreviation of read and
transfer data, combines the actions of the first and second

data control functions.

The memory requirements of TR-AUTO-CTRL are 7 kbyte for the
BASIC program plus 8 kbytes for the data, i.e. a total of

15 kbytes.



6.4

The experimental data were acquired by the conversion of

the

equivalent electrical pulses by strain gauge transducers.
These transients were digitised and stored in two separate
memories of a transient recorder. A suite of computer

programs then controls the subsequent data handling and

Summarx

transmitted and reflected pressure pulses into

analysis.

The main program, HOPK-BAR, was used to

(a)

{b)

The

transfer the data from the transient recorder to files
on a floppy diskette;
analyse the data according to the Hopkinson bar

equations of Chapter 3.

analysis includes:

(i} filtering out high frequency components in the
transmitted pulse;
(ii) finding the zero strain level of each pulse, i.e.

the baseline;

(iii) identifying the start of each pulse;

(iv}) a correction for misaligned pressure bars;

{v) an adjustment of the reflected pulse data if the
latter commences or terminates below or above the
baseliné;

(vi) conversion of the engineering stress and strain

data into true or natural values;
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(c) input data from the quasi-static Instron tests and
perform the subsequent analysis;

(d) 1list the recorded digital strain data from each
pressure bar;

(e) 1list the stress/strain results in engineering or true
terms;

(£) select the graph plotting routine, GRAPHS;

(g) miscellaneous minor functions such as listing the
parameters entered via the computer keyboard, estimate
the projectile impact velocity from the strain gauge
data and select the transient recorder operational

software.

The GRAPHS routine converts the data into the requisite
format to plot the selected graph from the nine possible
choices. 1In addition, the axes are automatically drawn and

labelled by this routine.

An opto-electronic device was designed and constructed to

measure the impact velocity of the SHPB projectile. The

impact velocity is used to calibrate the system.
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CHAPTER 7

RESULTS AND DISCUSSION

7.1 Test Specimens - Chemical and Physical Data

7.1.1 Material Composition

The test material was oxygen~free high conductivity (OFHC)
copper. A chemical analysis revealed the following

impurities:

Silver 0.005%, Carbon 0.01%, Oxygen 0.003% and Sulphur

< 0.0003%.

Hence the material ws 99.98% pure copper. The chemical

analysis was carried out by RARDE, Fort Halstead.

7.1.2 Annealing Temperatures

Prior to producing the specimens, the raw material was
divided into 5 blocks. Each block was annegled at a
different temperature for one hour at atmospheric pressure
in a circulating air furnace. The annealing temperatures
chosen were 310°C, 400°c, 500°%, 600°C and 800°C. Recry-
stallisation did not occur for temperatures less than

310%¢.

Due to insufficient material being annealed at the start of
the research programme, additional material was prepared in

identical fashion to the above, on two further occasions

during the course of the three year investigation.
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Annealing was performed by Dr. R.M. Bateman of RARDE.

7.1.3 Specimen Dimensions

All the test specimens were machined from the annealed

copper blocks by RARDE.

{(a) Compressive Specimens

The length of the cylindrical specimen was (4.3 4+ 0.1)mm
and the diameter (10.0 + 0.05)mm. This satisfies the
criterion for length to diameter ratioc given in section
3.4. A surface finish of approximately 1 micron, for the
specimen faces was produced, whilst the faces were parallel

to within 4 microns.

(b) Tensile Specimens

The dimensions of the tensile specimen are shown in Figure
7.1. 1Its gauge length is not equal to the length of the
specimen between the bar faces because of its tapered
shape. A preliminary investigation indicated a specimen
gauge length of 8.3mm (see section 4.3). The specimen size
and geometry were recommended by JRC, Ispra and AWRE,

Foulness. The geometry is not material dependent.

7.1.4 Grain Sizes

The average grain size for each annealing temperature was
determined from photomicrographs of the sectioned specimens
using a linear intercept method. Grain size measurements
of representative specimens from the first of three batches

of copper specimens to be prepared by RARDE, were made by
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Dr. Bateman and the author. Measurements on the third
batch of specimens were made by Charnwood Consultants Ltd.,
Kegworth. Grain boundaries only were deliberately included
in the grain size measurements, although at times it was
not possible to distinguish between grain boundaries and
twins. ©Noc attempt was made to determine the grain size of

the copper prior to its annealing.

There was reasonably good agreement between the two batches
which were inspected for all annealing temperatures except
600°C. The initial batch vielded an average grain size of
4qu, whilst +the final batch was 200Fm. A possible
explanation for these widely differing grain sizes being
produced from nominally identical heat treatment can be
derived from the graph of grain size versus annealing
temperature (Figure 7.2) produced by WILKINS and BUNN
(1943}, in which there is a rapid increase in grain size
for annealing temperatures greater than 600°C for the
material initially composed of ISFm grains. Hence a
relatively small temperature difference between the batches
nominally annealed at 600°C would produce a large dif-
ference in grain size. Rather than excludé—the mechanical
test results of material annealed at 6000C, & mean grain
size of IZ%Pm is quoted for this annealing temperature.
These test results are, of course, treated with extreme
caution due to the potentially large error in the grain

size estimate.

Table 7.1 lists the grain sizes corresponding to the five

annealing temperatures.




Table 7.1
Annealing Temperature (°¢) Grain Size (pum)
T
310 20
400 29
500 32
600 124

800 240
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7.2 Leoading Pulse Characteristics

Amplitudes up to 700MPa or approximately 45 tons/sqg.in.
were attainable in the pressure bars. Prior to pulse
shaping the incident strain pulse, or loading pulse, had
either a flat top (Figure 7.3(a}) or it had Pochhammer -
Chree oscillations at its maximum amplitude (Figure
7.3(b)). The latter pulse is predicted by theory (see, for
example, FOLLANSBEE and FRANTZ, 1983). The occurrence of
the two types of pulse depends on the bar material and the
impact velocity. In the present investigation, the
pressure bars were 1initially 431 martensitic stainless
steel. These produced flat-topped loading pulses for all
but the lowest impact velocity. At a late stage of the
research, pressure bars made from the higher strength
maraging steel were used so that very high strain rate
tests could be performed. Pochhammer-Chree oscillations
were always recorded in the latter. The lack of
oscillations at the maximum amplitude of the lcading pulse
in the 431 bars (except at lower stresses) is probably due
to the higher stress wave attenuation of this material.
This damping also increases with stress amplitude.
Hence when high amplitude pulses are being propagated it is
preferable to wuse maraging steel to avoid errors due to
attenuation, particularly if the gauges on bar 1 are
further from the specimen that those on bar 2. After
pulse-shaping (which was only performed with the 431 bars)

the loading pulse is ramp shaped (Figure 3.12).

A 25cm long projectile was used throughout. Consequently

the pulse length was 50cm and its duration approximately
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Figure 7.3(a) Incident strain pulse with a flat top
(1st pulse on upper trace)
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Figure 7.3(b) Incident strain pulse with Pochhammer-Chree oscillation
{1st pulse on upper trace)
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Figure 7,3(c) Incident strain pulse with a positive gradient top
-achieved with an impact velocity of 26ms ™1
without using a pulse shaper
(1st pulse on upper trace).




145

100 microsecconds. All these tests were performed with
either a steel projectile or a duralumin projectile, the
latter being able to impart lower stresses to the loading

bar as a consequence of its lower density (see egquation

3.1).

7.3 SHPB System Calibraticn

As previously stated the impact velocity of the projectile

is controlled by the hole size in the aperture plate
adjacent to the gas gun sliding valve. The seven circular
holes vary in diameter from 2mm to 20mm. By repeatedly
firing the proijectile, in the absence of'a test specimen,
the impact velocity andéd the strains in bars 1 and 2 can be
recorded for each permissible combination of holes that are
uncovereq. Hence calibration curves can be plotted of both
impact velocity versus aperture area (Figure 7.4) and
strain versus aperture area (Figure 7.5) for the steel and
duralumin projectiles. These two figures refer to the
calibration of the gas gun in conjunction with the 431
steel pressure bars. The calibration curves were used to
enable a strain rate estimate to be made prior to testing a

specimen.

Both during system calibration and specimen testing the
impact velocity was used to monitor the correct functioning
of the strain gauges. The relation between stress (which
is the product of strain and elastic modulus) and impact
velocity 1is given by equation 3.1. The attenuation of the

stress pulse during its transit between the gauges of bars

1 and 2 was found to be negligible in the absence of a tesf
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specimen (except in the 431 bars at high impact velocity)
and hence the impact velocity could be used to check the

calibration of both pairs of strain gauges.

7.4 Pulse Shaping

The exact dimensions and grain size of the copper pulse
shaper required to produce a constant strain rate for a
given grain size of .compressive test specimen, test
temperature and impact velocity, were determingd
empirically. However, in arriving at the correct values
for these parameters, the theoretical considerations

ocutlined in section 3.5 were taken into account.

The following observations were recorded during the pulse
shaping trials, which relate to shape of the loading pulse
in the 431 steel pressure bar after the pulse has been
modified by its transmission through the dummy specimen;
the dummy specimen being inserted at the interface of bar

1A and bar 1B:

(a) Refer to the flat-topped pulse in Figure 7.3(a), where
the flat top is denoted by AB. This is the shape of
the loading pulse prior to its--passage through the
dummy specimen. The pulse transmitted through the
dummy specimen (or pulse shaper) is no longer
flat-topped but the gradient of AB is now positive (as
would be expected for a transmitted pulse) (Figure
3.12). The amplitude of A can be reduced, and hence

the gradient of AB increased, by increasing the grain

size of the pulse shaper, thereby reducing its yield
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stress and reducing the amplitude of the pulse which

is initially transmitted into bar 1B.

(b) High constant strain rates (approximately 1500551) are
produced with unannealed pulse shapers of identical
dimensions to the test specimens and impact velocities
with the steel projectile of approximately 25ms-1.
Low constant strain rates of (< 508-1) can be achieved
with pulse shapers of 5mm diameter and émm length
which were annealed at 300°C for 1 hour; the
requisite impact velocity using the duralumin

projectile being approximately 14ms_1.

N.B. It was found that at impact velocities greater than
about 20ms—1 a trapezoidal pulse, with AB having a positive
gradient, could be produced without using a pulse shaper
{Figure 7.3(c)). This is probably due to a differential
damping or internal friction mechanism between the low and
high frequency components of the pulse propagated in the
431 skainless steel pressure bar. At high impact
velocities, attenuation is no longer negligible and the low
frequency component of the pulse, which according to theory
travels faster than the high frequency component, is
subjected to higher damping than the higher frequencies.
The latter statement is only true for wave propagation in
small diameter bars or other bounded media of narrow
cross-section. In unbounded polycrystalline material,

attenuation is an increasing function of fregquency.
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7.5 Dynamic Strain Rate Ambit

Constant strain rates, produced by the pulse shaping
technique, varied from about 105_1 to slightly more than

15005-1 in the compressive tests.

Further tests using the conventional system achieved an
upper limit of 62505_1. The attenuaticn produced by the
Pulse-shaping technique precluded its use at the highest
strain rates. However, natural mechanical behaviour, as
noted in section 7.4, yielded fairly constant rates in the
latter case.

371 sere attained with 431

Strain rates up to 3 x 10
martensitic stainless steel pressure bars (0.2% proof
stress = 700MPa}. Above this rate of strain, maraging

steel bars (0.2% proof stress = 1381MPa), supplied by

RARDE, were used.

In the tensile tests, the upper strain rate of

approximately 13005_l was limited by the degree of

allowable initial compression suffered by the specimen.

1

Below about 300s = the transmitted tensile pulse was too

small to accurately assess.

7.6 Test Parameters

7.6.1 Compressive Tests

At room temperature, each of the 5 grain sizes of specimen

was tested at a minimum of 5 strain rates.
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The elevated temperature tests, performed at 200°C, 400°C
and 600°C, were limited to three grain sizes (Zqu, 32Pm

and 24QPm), results being presented for three strain rates.

For any given set of selected test parameters (i.e. impact
velocity, type of projectile, test temperature and grain
size) several tests were performed to ensure repeatability

and the results averaged.

The guasi-static tests were performed at a strain rate of 2

-3_-1
s

x 10 . Average results were again used.

7.6.2 Tensile Tests

The variety of tensile tests carried out was far more
limited  than the ccmpressive tests because o0f the
difficulties 1in attaining the requisite conditions for a
valid result. As a consequence, tests were repeated many
times with the same test parameters. Eventually consistent
results were obtained following many modifications to the
apparatus to reduce the sources of error. These sources of
error and the modifications to eradicate them were

described in the sections 4.6 and 4.7.

At room temperature, specimens annealed at 310°C, 500°C and
800°C (i.e. grain sizes of EQFm, 32Fm and 24qpm) were
tested at 2 dynamic strain rates plus one quasi-static
strain rate of approximately 10;35-1. For the elevated
temperature tests, at 200°C, 400°C and 600°C, only the
specimens annealed at 800°C (i.e. 24%pm grain size) were

deformed dynamically at 2 strain rates. Quasi-static tests

_
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were performed on the same grain sizes as the compressive

guasi-static tests gquoted in the previous section.

7.7 Results of Mechanical Tests

Figures 7.6 - 7.19 and 7.32 - 7.37 show the graphical
representation of the results of the mechanical tests in
the form of true stress vs. true strain rate for various
constant true strain levels. (Unless otherwise specified
“true’ stress, “true’ strain and “true’® strain rate are
implied henceforth whenever those macroscopic mechanical
variables are used). Each figure represents a particular
testing mode, test temperature and grain size. These
graphs were generated from stress-strqin curves, each of
which was an average of several tests. This averaging
process 1s illustrated by Figure 7.20 which contains the
‘raw’ data from 3 nominally identical tests and also the
mean curve., Figure 7.20 exemplifies the high degree of
repeatability of compressive tests for strain rates in the
region of 1035_1.
When comparing results of tests conducted at different
strain rates, the stress vs., strain rate format is the
usual and most convenient presentation of SHPB test
results. The alternative format of stress vs. strain for
constant strain rates is more difficult teo construct due to
the limited control over strain rate in these tests. The
latter is, of course, a function of the test material’s

mechanical properties and the dimensions of the specimen,

as well as being dependent on the projectile impact

velocity.
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If desired, stress-—-strain curves can be generated
subsequent to the construction of the stress-strain rate
curves. A series of well-defined values of strain rate are
cheosen which correspond fairly closely with actual strain
rate values. For each selected strain rate, the values of
flow stress on each constant strain curve are read off.
Take, for example, Figqure 7.6. If a strain rate of 30005—1
is selected, then the flow stresses corresponding to the
ten constant strain levels are, starting from the 1% strain
level, 95, 120, 142.5, 162.5, 180, 252.5, 307.5, 347.5,
377.5 and 400MPa. Using these stress figures a stress-
strain curve at the constant strain rate of 30005"1 can be
drawn. A typical set of stress wvs. strain curves for the
room temperature compressive tests on the 20 fm1grain size
specimens appears in Figure 7.21. If this process were to
be repeated for the other stress-strain rate figures, i.e.
Figures 5.7 to 7.25, then the wvariations of stress with
strain for the same set of well-defined constant strain
rates could be compared in each case. Figure 7.21
indicates three stress-strain curves but 6 different strain
rates. This 1is because at é = 2 x 10—35—1, 1005_1 and
5‘{)053_1 the curves overlap. The same is true for é =

15005—l and 30005-1. Where the curves overlap there is no
difference in strain rate sensitivity within the strain

1

rate ambit covered. At 100s -~ the curve only extends to

1%. Likewise at 500s”! and 15005_1, these curves are

limited to 5% and 15%, respectively.
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7.7.1 Compressive Tests

(a) Variation of Flow Stress with Strain Rate

(i) at room temperature (Figures 7.6 to 7.10)

These figures can be split up into three approximate strain

rate regions:

3. -1

(1) € & 1.5 % 10°s”
For all grain sizes, except 124um, there is virtually zero
variation of flow stress with strain rate for constant
strain levels up to 5%. Above 5%, flow stress increases
with strain rate for.all grain sizes; the average gradient
of the curves 1increasing with strain, up to the maximum
strain level of 30%.

3

(2) 1.5 x 10°s !

< £ & 3x10°s”
This is & plateau region for nearly all grain sizes and

strain levels, i1.e. the flow stress remains constant

irrespective of strain rate.

3_-1

(3) é > 3 x 10°s

In this region flow stress increases again with strain

rate.

A few o©f the stress-strain rate curves exhibit a fairly
linear region with a positive gradient. An example of this
is the curve for the largest grain size (Figure 7.10) at a

constant strain level of 10%, which is approximately linear

| R R R R R R ORI
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1

1 ¢o 615087,

from 1150s

(ii) at elevated temperatures (Figures 7.11 to 7.19 and

7.23 to 7.25)

At 200°C there is a much greater reduction in guasi-static
flow stress levels than in dynamic stresses compared with

the room temperature results.

At 200°C there is a more general reduction in flow stresses
at all strain rates. There is a linear wvariation between

stress and strain rate (Figure 7.16}) between strain rates
of 6505_l and 40505_1, for strain levels of 3%, 4% and 5%,

for the 24me grain size.

At 600°C the flow stress at the highest strain rates are
now between 60% and 80% of their equivalent room
temperature values. The flow stress reduction increases as
the strain level increases. The quasi-static flow stresses
exhibit a dramatic decrease, oscillating slightly as the
strain increases about a mean flow stress level of about
50MPa (Figure 7.25). Similar observations about oscil-
latory stress fluctuations at elevated temperatures were
also noted by BLAZ et al (1983), in their quasi-static
tests of copper. They attributed their findings to dynamic
recrystallisation. If the temperature is sufficiently high
and the strain rate 1low enough, then recrystallisation
occurs as a specimen is being strained. (N.B. The time
taken to complefe each compressive quasi-static test was

about 10 minutes).

lllllllIlIlIlllIlIIlIIIIIlIIlIllIIIIIIIIIIIIIIllIIIIIIIIIIIIIIIIIIIIIIIIIII
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{(b) Variation of Flow Stress with Grain Size

(i) at room temperature

Flow stress decreases with increasing grain size for a
given strain rate and strain level. This decrease is
almost independent of strain. For example, in the afore-
mentioned plateau region there is a stress difference of
approximately 60MPa between any strain level for the ZQum
grain size (Figure 7.6) and the same strain level for the
240pm grain size (Figure 7.10). This relation between
stress difference and strain level has been investigated in
greater detail for each of the grain sizes EQUm, Z%pm, é%pm
and IZ%Pm, relative to the largest grain size of 24%pm.

1

3¢ , in each of the four

For the strain rate of 2 x 10
curves of stress difference vs. strain (Figure 7.26), there
are two, approximately linear regions. The strain at which

the linear ‘regions’ intersect varies between 5% and 7%.

3_-1

At the dynamic strain rate of 2 x 10 s r the stress
difference data follow a similar trend, except that for
three of the four curves the stress difference is constant

between approximately 5% and 20% {or 25%) {Figure 7.27).

The intersecting points vary from 3% to 6%.

(ii) at elevated temperatures

The stress differences 0—20 - 0‘-240 and 0"32 ~ d- were

240
computed for the elevated temperature tests at 200°C and

400°c. Two linear regions were again discernible.

However, the strain levels at which the lines interseqt

show a wider variation (5% - 20%). At 200°C, all the lines
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have positive gradients, whereas at 400°C, the gradients

are all less than or equal to zero.

{c) Strain Rate Sensitivity

(1) at room temperature

Defining strain rate sensitivity ( A) at constant strain as

)\ = ao— ’
?log €

the room temperature compressive test results can be split
into two regions of strain rate sensitivity according to
strain rate. This can be seen more easily from Figure
7.28{a), where a representative c¢ross section of the
results has been re-plotted as O~ vs. log é .

3

Above approximately 10 s-'1 there 1is a rapid increase in

A for 'all grain sizes and at all strain levels, Below
about 103s~1, there is a linear relation between A and
log é . A is zero (or near zero) at strains less than or
equal to 5%. This is true for all grain sizes. Above
strains of 5%, A increases with strain for all érain

sizes. ). decreases slowly with increasing grain size.

The variation of the mean strain rate sensitivity ()\m),
for the strain rates between 2 x 10 3s % and 3 x 10°s™ 1,
with strain for the grain size of 24qu is shown in Figure

7.29. The curves for the other grain sizes are qualit-

atively very similar.
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3_-1

Between 3 x 1035-l and 5 x 10°s , there is a less uniform
variation of A m with strain. The ‘A m maxima for the
same three grain sizes, 2qum, 3%pm and 249um, are 53MPa,
44MPa and 24MPa, respectively. The maxima for the first
two grain sizes occur at strains of 5% and 25%,
respectively. For the 240Pm grain size there were 3

maxima, each of 24MPa, which occurred at strains of 15%,

25% and 30%.

(ii) at elevated temperatures

At low strain levels (e.g. 3%) there is again an up turn in
the stress vs. log strain rate curve, occurring between

1025“1 and 1035_l (Figure 7.28(b)), especially at 600°C.
Due to insufficient data, a similar observation cannot be

made for strain levels larger than approximately 3%.

At all strain rates, A\is an increasing function of strain
and temperature. In general, A decreases with increasing
grain size, although there are a couple of anomalies.

The variations of )\ with strain, for the 240pm  grain

m
size, are shown in Figure 7.29 for the three elevated
testing temperatures. The strain rate region is 2 x

-35—1 3_~1

10 s *. Again the curves for the other

to 3 x 10

grain sizes exhibit similar profiles.

The maximum values of A g Lor the three grain sizes and all
four testing températures are listed in Table 7.2. These
maxima all cccur at the highest strain level recorded, i.e.

30%,

*IIlIlllIIIIlIIIllllllllllllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII



Table 7.2

Variation of the Maximum Value of Mean Strain Rate Sensitivity

Strain rate region: 2 x 10 °s” % to 3 x 103s !
Temperature (°C) Grain Size (me) Maximum )\m {MPa) (E=30%) |

20 20 10.8

20 32 10.4

20 240 9.7

200 20 17.5

200 32 14.3

200 240 12.2

400 20 17.8

400 32 17.2

400 240 17.8

600 20 27.9

600 32 28.3 (E = 25%)

600 240 30.4
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{d) Work Hardening Exponent

The most common empirical description of work or strain

hardening is a simple power law, i.e.
o = KEn, (7.1)

where n, the work hardening or strain hardening exponent or

coefficient, is a measure of the increase of flow stress
with strain during plastic deformation; strain rate, grain

size and temperature being constant.

From equation (7.1),

n = c log (7.2)
ol

o

og £
Figure 7.30 shows the relation between log & and log £ for
the graip size of 2qu. In general, for each constant
strain rate, the data form two linear regions which inter-
sect at strain levels between 15% and 20%. The gradient of
each linear region, o©of course, corresponds to the work
hardening exponent for that region. The other grain sizes

exhibit qualitatively similar results.

Table 7.3 lists the work hardening exponents for 3 grain

sizes, 4_test temperatures and 2 or 3 strain rates.

Excluding the quasi-static tests at 600°C, n only varies
from 0.18 to 0.6 over the 1large range of strain rates,
temperatures and grain sizes. The work hardening exponent
in the 1lower strain region is always larger than or equal
to that in the higher region. There 1is a tendency for

greater strain hardening for the largest grain size and for

R R RERTEIEREEZEw
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Variation of Work Hardening Exponent

Table 7.3

Temperature Grain Size Strain Rate Work Hardening Exponent
(°c) (pm) (s™h) n
Lower Higher
Strain Strain
Region Region
20 20 2 x 10;3 0.42 0.3
20 20 1 x 103 0.51 0.35
20 20 5 x 10 0.39 0.39
20 32 2 x 1053 0.4 0.33
20 32 1 x 103 0.48 0.36
20 32 5 x 10 0.53 0.36
20 240 2 x 1053 0.57 0.42
20 240 1 x 103 0.6 0.52
20 240 5 x 10 0.57 0.5
200 20 2 x 10;3 0.32 0.26
200 20 3 x 10 0.37 0.29
200 32 2 x 1077 0.42 0.42
200 32 3.5 x 10 0. 49 0.36
200 240 2 x 1053 0.5 0.36
200 240 3 x 10 0.42 0.37
400 20 2 x 10;3 0.23 0.23
400 20 4 x 10 0.3 0.25
400 32 2 x 10’3'3 0.25 0.18
400 32 4 x 10 0.32 0.24
400 240 2 x 10'3'3 0.32 0.24
400 240 4 x 10 0.43 0.33
600 20 2 x 1053 0 0
600 20 5 x 10 0.31 0.26
600 32. 2 x 1073 0 0
600 32 3.5 x 10 0.24 0.24
600 240 2 x 10;3 0 0
600 240 5 x 10 0.3 0.3
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a decrease in strain hardening as the test temperature
increases. Comparing the values of n at high strain rates
with those at quasi-static rates, in more than 83% of these

comparisons n is larger at the higher rate.

(e) Variation of the dvnamic to quasi-static flow stress

ratio ("'D/#°s) with homologous temperature

The ratio of dynamic flow stress to quasi-static flow
stress is plotted again the ratio of test temperature (K)
to melting point (K) in Figure 7.31. The latter ratio is

known as the homologous temperature. In Figure 7.31 the

dynamic strain rate is 3 x 1035-l
rate is 2 x 10 °s™! and the strain level in both cases is

, the quasi-static strain

15%. For homologous temperatures below 0.5 there is a
linear increase of O*D/ 0'8 with temperature and the
gradient is small. Above 0.5 there is a rapid increase in
Gr'D/OVS; This is caused by the large reduction in O‘S due
to dynamic recrystallisation. The average gradient in
the lower temperature region is 1.3. This increases to

17.9 in the upper region.

7.7.2 Tensile tests

(a) Comparison with Compressive Tests

The tensile test results, in the stress-strain rate format,
are included in Figures 7.32 +to 7.37 and the guasi-static
tensile test results, in the stress-strain format, in
Figures 7.38 to 7.41. For the reasons previcusly
indicated, these results are far less comprehensive than

their compressive counterparts. Where comparisons are

possible, however, there is excellent agreement between the




G‘D/G"S
ED =
4 - ES =
€p -
3 |-
2
Grain Sizes (um)
[
1 L Py 20
6 32
B 240
HOMOLOGOUS TEMPERATURE T(K)/TM(K)
1 ] [ L | |
0 0.1 0.2 0.3 0.4 0.5 0.6

Figure 7.31 Variation of dynamic/static flow

stress ratios with homologous temperature
for three grain sizes




STRESS
(MPa)

200

100

Figure 7.32 Grain Size 20pm

10%

&

5%
4%

3%
2%

1%

e ONBD

STRAIN RATE (s7})

v 250

STRESS
(MPa)

200

100

500

750

1000

Figure 7.33 Grain Size 32am

e O8D

1250

A 10%

A 5h
@ 4%
m 3%
o 2%

o 1%

STRAIN RATE (s™1)

0 250

500

750

1000

1250

TENSILE TESTS

AT
20°C

Figure 7.34 Grain Size 240,1m

STRESS
(MPa)
200

100

10%

>

5%
4%
3%
2%
1%

e OBl
e Omw»

STRAIN RATE (s™1)

0 25u

1 | | ]
500 750 1000 1250




Figure 7.35 Test Temp. 200°C

STRESS
(MPa)
0
200 A 10%
A 5%
B 4%
7.y m 3%
] ® 2%
100 ©
° ® 1%
STRAIN RATE (s~1)
N | 1 | | |
0 "350 500 750 1000 1250
Figure 7.36 Test Temp. 400°C
STRESS
(MPa)
200
A 10%
5
A g%
]
100°T © O 2%
@ e 1%

STRAIN RATE (s™1)
| 1

1250

1000

200

100

STRESS

ELEVATED TEMPERATURE

TENSILE TESTS

GRAIN SIZE 240um
1

Figure 7.37 Test Temp. 600°C

3=k ac’g

[ Jo} 1a] 284
=R =

(4]

| Jo c

STRAIN RATE (s~})

1 t | i

500 750 1000 12560




SEB T 1 ¥ T 1 t L L T T 1 1 T T

458 - -
TRUE STRESS
- OMPA) N

400 1 1

358 -

3688

250
760
150
180
sa .
a TRUE STRAIN i
@
. 1. L P [ L L L L 1 1 L L L 1
0 7 b 18 14 18 72 zk 3@

Figure 7.38 Quasi-static tensile tests (10-3s™1)
at 20°C on grain sizes 20, 29, 32, 124 and 240um




499

358

368

Z50

780

—
N
[y

184

TRUE STRESS
 (MPA) -
L .
l_ .
- -
- i
L TRUE STRAIN ]
D

I l_ 1 L ! i 1 1 1 L L L

@ 4 b 18 14 ig8 . 27 . Zb

-3 -1
Figure 7.39 Quasi-static tensile tests (10 Ss )
at 2000C on grain size 20, 32 and 240pm

30




SEB T | 1 T ¥ ¥ 1 1 T T ) T ) T
- A
458 - ~
TRUE STRESS
- (MPA) .
408 .
358 ~ ]
5 4
388 -
- N
258 _
288 =
- ]
1588
189
g |
- TRUE STRAIN N
2
L | i ) | I 1 L i 1 ] I L L ]
7% z b 16 14 18 -72 b - 38

Figure 7.40 Quasi-static tensile tests (10"3s"1) at 400°C on grain sizes
20, 32 and 240 Fm




198 T T { T T T T T T T T T T T
_ |
1@ - -
TRUE STRESS
- (MPA) n
86 ...
r .
.79 1
- -
64 - -
q m
- .

29 .
L _
9 r N
- TRUE STRAIN 4
&)
L ] 1 L | L L 1 1 L L L L 1
B z b i@ 14 iB 22 Zh 38 -

Figure 7.4} Quasi-static tensile tests (1 0—33"1) at 600°C on grain sizes
20, 32 and 240 um




159

two modes of testing in the majority of cases.

To quantify this comparison, the differences between the
compressive flow stresses and the tensile flow stresses
were determined at corresponding strain rates, grain sizes
and temperatures for a given number of constant strain
levels. For instance, for the room temperature quasi-
static strain rate tests, the tensile flow stress at the 5%
strain level was subtracted from the compressive flow
stress at the same strain. This process was repeated for
strains of 10%, 15%, 20%, 25% and 30%. These flow stress
differences were then summed and the average flow stress
difference found. A mean was also found by dividing the
latter by the mean compressive flow stress, calculated from

the same strain levels.

The results of these compressive-tensile test comparisons
are listed in Tables 7.4{(a) to 7.4(e). A negative stress
difference indicates that the mean tensile stress 1is

greater than the mean compressive stress.

The variations of flow stress with strain rate, grain size,
strain and temperature all follow the same trends as the

results of the compressive tests.

The work hardening exponent again has a lower and higher
value for each gquasi-static stress-strain curve, at
constant temperature and grain size. The critical strain
is always 20% for this mode of testing. With the exception
of tests at 600°C, where dynamic recrystallisation is again

effective, the value of n in the lower strain region varies



Table 7.4

Variation of Mean Flow Stress Difference with Grain Size

(a)

Quasi-static strain rgte
Test temperature: 20°C
Constant strain levels considered: 5, 10, 15, 20, 25 & 30%

Grain Size {um) Mean Flow Stress Mean Relative
i Difference {(MPa) Stress Difference (%)
20 19.8 7.4
29 16.6 6.4
32 18.9 7.5
124 3.9 1.7
240 -4,0 -1.8
(b)
. 3 -1
Strain rate: 1.25 % 107s

Test temperature: 20°%C
Constant strain levels considered: 1, 3, 5 & 10%

Grain Size (um) Mean Flow Stress Mean Relative
' Difference (MPa) Stress Difference (%)
20 -2.5 -1.5
32 -4.4 -2.9
240 -26.3 -23.2
()

Quasi-static strain rage
Test temperature: 200°C
Constant strain levels considered: 5, 10, 15, 20, 25 & 30%

Grain Size (um) Mean Flow Stress Mean Relative
T _Difference (MPa)  Stress Difference (%)
20 10.2 4.7
32 5.3 2.7
240 -0.8 -0.5




(d)

Quasi-static strain ra%e
Test temperature: 400°C
Constant strain levels considered: 5, 10, 15, 20, 25 & 30%

Grain Size (um) Mean Flow Stress Mean Relative
! Difference (MPa) Stress Difference (%)
20 52.1 32.5
32 20.8 13.7
240 3.8 2.8
(e)
3 -1

Strain.rate: 1.25 x 10°s
Grain size: 240um

Constant strain levels considered: 1, 3, 5 & 10%

Temperature Mean Flow Stress Mean Relative
(“C) Difference (MPa) Stress Difference (%)
200 -29.4 -23.6
400 -3.8 -3.2

600 2.5 2.5
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from 0.29 to 0.46 (c.f. in the compressive mode, 0.25 to
0.57). 1In the higher strain region, n varies from 0.05 to

0.38 (c.f. in the compressive mode, 0.16 to 0.42).

(b) Multiple Loading Dynamic Tensile Fracture

At strain rates of approximately 13005—l in tensile tests,

all the spedimens fractured. Analysis of the pulse
reflected from the specimen indicated a total strain of
only 13% for a pulse length of approximately 100us.
However, fracture strains of between 60% and 85% were

recorded in the quasi-static tensile tests.

The reason for this large discrepancy is that the specimen
is not fractured by a single loading pulse in a dynamic
test but by the application of several pulses in rapid
succession. A tensile 1loading pulse is reflected from the
specimen as a compressive pulse (refer to Figure 4.4).
Because of the small cross-sectional area of the specimen,
relative to the pressure bars, a very high percentage of
the incident pulse is reflected, which is then re-converted
to a tensile pulse without attenuation at the free end of
bar 2. Consequently, the specimen is loaded for a second
time by a pulse whose amplitude is only slightly less than

that of the first tensile pulse.

In order to produce ‘further plastic deformation in the
specimen on re-loading, a higher stress must be applied
because the specimen 1is now work harderned. Since the
cross-sectional area of the specimen has been reduced by

the first loading pulse, the second, siightly smaller

tensile pulse can still apply a larger stress to the




specimen if the area reduction is sufficient.

Support for this hypothesis is given by Figure 7.42. This
is a strain wvs. time oscilloscope record of the variation
of strain in bar 2 during a tensile test. The initial
pulse, which is compressive, is travelling towards the free
end of bar 2 énd has just passed through the specimen and
collar in parallel, prior to the specimen being loaded in
tension. The second pulse is the tensile loading pulse,
the magnitude of which is equal to that of the initial
compressive pulse. The third pulse has been reflected from
the specimen after its initial tensile deformation. The
subsequent pulses are alternately tensile loading pulses
(generated from the reflection of the previous reflected
pulse at the free end of bar 2} and compressive pulses
reflected from the specimen as it is being plastically
deformed. Whilst +the specimen 1is intact, a small
percentage of the loading pulse is transmitted through the
specimen into bar 1. BHence, prior to fracture the multiple
reflections in bar 2 diminish in amplitude as time

proceeds.

In Figure 7.42 the multiple reflections have constant
amplitude after the fifth lcading tensile pulse. Bar 2 is

now free at both ends, i.e. the specimen has fractured.

The average engineering strain rate, as determined from the

1 and the

first reflected compressive pulse, is 1700s”
corresponding strain is 16%. Ignoring changes such as the

increasing gauge length of the specimen as the multiple

dynamic loadings proceed, the total strain at fracture can
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Figure 7.42

Straln pulses in bar 2 during multiple loading
Fracture occurred

dynamic teasile fracture.
after the fifth tensile loading pulse. After

fracture,pulses are of equal amplitude.
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be wvery approximately estimated by summing the amplitudes
of the reflected pulses up to the time at which fracture
occurs. This yields a fracture strain of 71%. The
fracture strain was also measured subsequent to the dynamic
test by determining the elongation of the central region of
the specimen at fracture, from marks placed on the
specimen. Dividing this elongation by the original gauge
length resulted in a fracture strain of 69%. Hence the
multiple reflections which occur during a dynamic tensile

test yield a reasocnably accurate value of the strain at

fracture.

(c) Elongation at Fracture

Figure 7.43(a) indicates the elongation or extension of the
tensile specimens at fracture, as a function of grain size.
For the gquasi-static tests, the 32Pm grain size shows the
least variation in elongation at fracture as the testing
temperature 1is increased; this grain size yielding the

largest extension at room temperature.

In the dynamic room temperature tests, in which fracture
occurred by means of multiple loading, the elongation at
fracture is approximately lmm greater than its gquasi-static

counterpart, for each corresponding grain size.

The wvariation of elongation at fracture with test
temperature is illustrated in Figure 7.43(b) for the 24qpm
grain size. The dynamic elongations are greater than those
occurring in the quasi-static tests, except at 600°C where

the large extension of almost 6.5mm is a consequence of

dynamic recrystallisation.
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{d) Fracture Surfaces

The fracture surfaces of the tensile specimens were
examined subsequent to failure and failed specimens
representative of each test condition photographed. The
gquasi-static fracture surfaces are shown in Figures
7.44(a) to 7.44(d) (labelled B, C, D & E). Here the 20/Um
and B%Fm grain sizes exhibited the “cup and cone’ type of
fracture surface at all test temperatures except 600°C.
The “cup and cone’ type of fracture is extremely common in
ductile metals. At 600°C, the 32um grain size failed by
shearing-off or cleavage. The cross-sections of the 2%pm
specimens, when fractured at GOOOC, were reduced to such an
extent that very sharp points resulted. This type of
fracture surface, of course, corresponds to the dynamic
recrystallisation process. For the 24qu grain size,
failure occurred by the cleavage process at room
temperature and at 200°C. At 400°, ‘cup and cone-’
fracture was exhibited, whereas at 600°C, dynamic recrys-

tallisation again produced pointed surfaces.

In the dynamic tests, “cup and cone” occurred at room
temperature for the 2qu and 3%pm grain size. and at
600°C for the 24qpm grain sizes. The remainder of the
dynamic tensile specimens were fractured by the cleavage
process. Photographs of representative dynamic fracture

surfaces are contained in Figures 7.45(a) and 7.45{b).

(e} Surface Texture

The surface texture of the 24qpm grain size compressive

and tensile specimens differed from the smaller grain size

specimens subsequent to mechanical testing. This
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Figure 7.44(c).

Specimens quasi-statically fractured at
400 “C. A1l three specimens, show 'cup
and cone' fracture surfaces.

Figure 7.44(d).

Specimens quasi-statically fractured at
600 °c. Both the 20 and 240 um specimens
{top and bottom, respectively) have very

sharp points due to dynamic recrystaliisations
The 32 . um specimen failed by the 'cleavage'
process.



% "5‘9“]

Figure 7.45(a). Specimens dynamically fractured at room temperature.

The 20 and 32 um grain specimens (top and middie,
respectively) indicate ‘'cup and cone' fracture
surfaces. The 240 um specimen failed by the
‘cleavage' process.

Figure 7.45{(b).240 um q{ain size speciggns dynamically fractused

at 200 °c (top), 400 °C (middle) and 600 °C.

The lower specimen exhibits 'Cup and cone' fracture
and the remainder the 'cleavage' process.
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difference was noticeable irrespective of strain rate or
test temperature. Whereas the lower grain sizes retained
their smooth surface finish, the surfaces of the specimens
containing the largest grains attained a mottled or “orange
peel like” appearance. This can be seen on the compressive
specimens in Figure 7.46 and on the tensile specimen in
Figure 7.44(a). The mottled appearance 1is a grain
structure effect. The grains have various orientations
within the specimen and are hence deformed to varying
degrees by the applied stress, resulting, in the case of

the largest grain size, in a visibly undulating surface.

7.7.3 Comparison of Results with Previous Investigations

The results of the current investigation have been compared
with those of other authors. These results have been
reproduced in the stress-strain rate format for strain

levels of 10%.

{a) Room Temperature Tests

The results of the current investigation for the smallest
(20Pm) grain size and 1largest (24qu) grain size are
shown as dashed 1lines in Figure 7.47. All the curves
indicate that the strain rate sensitivity of copper
increases above about 1035_1. As would be expected,
because of their intermediate grain sizes, the curves of
REGAZZONI and MONTHEILLET (25,.1m) , and DOWLING et al (37Fm)
fall between those of the author (except at low strain
rates where the curve of Dowling et al is slightly below

the 24qu grain size results of the current investigation.

The stress—-strain rate curve from the more recent of
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LINDHOLM s two 1investigations falls below both of the
author s curves, the very large grain size of 809um
producing lower stresses. Hence there is excellent quant-
itative agreement between the room temperature tests of the
current investigation and those of the above authors.
Comparisons cannnot be made with the results of KUMAR and
KUMBLE (1969), and Lindhelm (1964) due to the lack of grain

size information.

(b} Elevated Temperature Tests

The paucity of high strain rate data for copper at elevated
temperatures 1is evident from Figure 7.48, in which the
results from the current investigation for the minimum and
maximum grain sizes are again indicated by dashed lines.
Kumar and Kumble {(1969) have tested copper at two elevated
temperaﬁures (ISOOC and 320°C) and at three strain rates,
whereas HAWKYARD et al (1968) have produced results for
three elevated temperatures (ZOOOC, 400°c and 600°C) but
only one strain rate. The results of Kumar and Kumble are
qualitatively very similar to those of the author. Quant-
itative comparisons are impossible because no grain size is

stated by Kumar and Kumble or by Hawkyard et al.

7.8 Summary

99.98% pure, oxygen-free high conductivity copper has been

tested in compression and tension.
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7.8.1 Compressive Test Results

The tests were performed over a strain rate ambit of 2 x
1073571 to 625057 ) and at temperatures of 20, 200, 400 and
600°C. At room temperature (ZOOC), five grain sizes were
investigated, i1.e. 20, 29, 32, 124 and 249um. The elevated

temperature tests were performed with grain sizes of 20, 32

and 249Pm.

(a) Stress vs. Strain Rate

At room temperature, the vast majority of the results can

be split into 3 strain rate regimes. 1In the lower regime
- 1

{ £ ¢ 1500s y, flow stress increases with strain rate
except at strains of less than 5%. In the intermediate
1 1

regime (1500s - 3000s ), flow stress remains virtually

constant irrespective of strain rate. 1In the upper regime
(€ > 30005_1), flow stress increases with strain rate for

all strains. In a few isoclated cases, the stress-strain

rate curves exhibit linear regions with positive gradients.

The main features of the stress-strain rate curves at
elevated temperatures are the proportionally greater
reduction 1in the flow stress values of the quasi-static
tests relative to the values in the equivalent dynamic
tests, and the occurrence of dynamic recrystallisation at

600°C.

(b) Stress vs. Grain Size

Flow stress decreases with increasing grain size for a
given strain rate and strain level in a manner which is

almost independent of strain. Plotting stress difference

hIIIIIIIIIIIlIlIIIIIlllIlllIllIIIIIIlIIIIlIIIIlllIIIIIIIIIIIIIIIIIIIIIII-
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(between grain sizes at constant strain rate and strain)
versus strain, results in many c¢ases, 1in a dual linear
relation. At room temperature these lines intersect at

strains between 5% and 7%.

{c) Strain Rate Sensitivity (A)

At room temperature below about 1035_1, A is linearly

related to log & . A increases with strain, being zero
for strains of less than or equal tc 5%. ) decreases as

the grain size increases.

From the much smaller data set at elevated temperatures, it
appears that results follow a similar trend. 1In addition,,X

increases with temperature.

(a) Wogk Hardening Exponent {n)

For each temperature, grain size and strain rate, n has two
constant values depending on the strain 1level. There are
upper and lower strain regions which intersect at between
15% and 20%. There is little variation of n over the wide
range of test parameters, its minimum and maximum values
being 0.18 and 0.6, respectively, it 1s always larger in
the lower strain region and, finally, in a high percentage
of cases it is larger at high strain rates than at the

corresponding quasi-static rate.

(e} Temperature Dependence of the Dynamic to Quasi-Static

Flow Stress Ratio

Below a homologous temperature of 0.5 there 1is a linear

relation, the gradient being small. The ratio increases

rapidly above 0.5.




7.8.2 Tensile Test Results

In the tensile tests, the strain rate was varied from
10-38—1 to 13005—1. At room temperature, three grain sizes
were investigated, i.e. 20, 32 and 240Pm. The same ele-
vated temperatures were selected as in the compressive

tests, but were applied only to the largest grain size,

i.e. 240Pm.

(a) Tensile - Compressive Comparison

In most cases there is excellent agreement between the
smaller number of tensile test results ~and the
corresponding compressive results. The work hardening
exponent is again bi-valued, the c¢ritical strain always

being 20%.

{b) Multiple Loading Dynamic Tensile Fracture

All the specimens fractured at a strain rate of about
13005-1, even though the results indicated a tensile strain
of only 13%. Fracture was caused by multiple loading.
Records of multiple reflections in the second pressure bar
indicate that fracture occurs after the fifth tensile

loading.

(c}) Elongation at Fracture

At room temperature the 32Fm grain size extends the most
and the multiple 1loading dynamic fracture extends the

specimens approximately 1lmm more +than the corresponding

guasi-static fracture.
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(d) PFracture Surfaces

Three different fracture surfaces were identified according
to the test conditions and grain size. These were “cup and

cone’, cleavage and pointed surfaces. The last of these

was the result of dynamic recrystallisation.
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CHAPTER 8

CONSTITUTIVE EQUATIONS & MICROMECHANICS

OF PLASTIC FLOW

8.1 Introduction

It is now well established that the predominant mechanism
of plastic deformation or flow in metals and alloys is slip
caused by the motion of dislocations. The latter are
imperfections in the crystal lattice, their presence being
the principal cause of a crystalline material being
permanently deformed below 1its theoretical or ideal yield
stress. The dislocations are prevented from moving freely
through the lattice by a variety of barriers. The
interaction between dislocations and barriers is dependent
on facto;s such as the rate at which the stress is applied
and the ambient temperature. There 1s no universally
applicable empirical 1law or constitutive equation that
permits the resultant experimentally determined strain
rates to be related to applied stresses, strains,
temperatures and grain sizes over wide ranges of these

variables.

The effect of strain rate on the plastic flow behaviour of
metals has been rationalized in terms of the dynamics of
dislocations. In general, there are four main types of
deformation mechanism which control plasticity. Although
all four types of mechanism contribute simultaneously to
the observed net strain rate effects, a dominant mechanism,
which depends on the strain rate and temperature, usually

prevails.
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Most metals deform by diffusion-controlled creep at low
stresses and at temperatures above about half of their
melting temperature. Over low temperatures and for rates
of strain up tc approximately 1035-1, plastic flow 1in
crystals is usually dominated by one or more of a series of
thermally-activated mechanisms. At higher temperatures,
“the yield stress becomes independent of the strain rate and
the athermal deformation mechanisms predominate. Finally,
at very high strain rates ( é >103s_1), viscous drag
mechanisms are operative. This typical behaviour of metals

is illustrated in Figure B.1 (KUMAR & KUMBLE, 1969%).
In the strain rate and temperature ambits chosen in the
current investigation the thermally activated and viscous

drag mechanisms are expected to be predominant.

8.2 Stress-Strain Rate Relations

8§.2.1 Thermally Activated Mechanisms

In this type of mechanism the dislocation motion is aided
by thermal fluctuaﬁions. The dislocations are obstructed
at barriers and a combination of thermal agitation and
applied stress field 1is required to activate the
dislocations over the obstacles. As the strain rate
increases the time spent by a dislocation waiting for a
large enough thermal fluctuation to overcome a barrier
decreases. Hence a higher external stress is needed for
the continued motion of the dislocation. With increasing
temperature, more energy 1is supplied by thermal agitation

and a smaller effective stress 1is needed to move the

dislocation, resulting in a lower yield stress.
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The theory of a single thermally activated process was
developed by SEEGER in a series of papers (1954a, 1954c,
19554 and 1956a). It was applied to comparatively low
strain rates but has been shown to be valid at high rates
of strain by DORN and HAUSER (1963) and LINDHOLM (1964), in
their investigations on aluminium and copper, respectively.
From Seeger’s theory, the shear strain rate (é’) is related
to the stress-dependent activation energy (Ua) and the

absolute temperature (T) by

B.f= (/Om/L) ab )Y exp (—Ua> (8.1)

kT

where fgm is the mobile dislocation density,
L is the average length of the dislocation segments,
A is the average area swept out by a dislocation
after it overcomes a barrier,
b is the Burgers’ vector,
Y is the vibration frequency of the dislocation
segment,

k is the Boltzmann constant.

Combining the first five variables on the right hand side
of equation (8.1) into a single strain-rate or frequency
parameter and applying the numerical factorV3 to convert

from shear to normal values:

€ = € exp (‘Ua (8.2)
kT

From ELLWOOD et al (1984), the activation energy (at high

strain rates) is related to the applied stress ((-) by
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u, = U, -v* (7 - g-*) (8.3)

where U_ is associated with the local barrier energy

b
¢-* is an internal stress field

V* (= bdL) is the activation volume

d is the distance moved by the dislocation in over-

coming the barrier

Assuming that b and L are independent of @ and ¢~* then

from (8.2) and (8.3)

& = o0-* + - krdn(g_/€)

V'k

=(a~* + U, - 2.303 KT log éo
. v o

V*

+72.303 KT log € (8.4)

V*

Hence 1f ¢ *, Ub’ E-o and V* are constants at a given
temperature, grain size and strain, then plots of (@-

against log é for various constant strain levels and grain
sizes will produce a set of straight lines, each line

having a gradient of 2.303 kT/V*.

The theory is apparently borne out by Figure 7.28{a) at

3_-1

strain rates below about 10°s ~. Even though there are no

intermediate strain rate data between 2 x 10_3 and approx-

3_-1

imately 10°s *, the increase in stress over six orders of

magnitude of strain rate 1is sc small that the variation of
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stress with strain rate in this region of Figure 7.28(a) is
almost certainly linear. The gradients of these linear
portions increase with strain but at each strain level
there 1is wvirtually no variation of gradient with grain
size. From these gradients the variation of activation
volume (V*) with strain can be calculated, since V* is
equal to 2.303 kT divided by the gradient. At € = 30%,
v = 8.7 x 1072803, V* then increases as £ decreases,
until at & = 4%, V* is infinite for the zero gradient
curve at 240um. (KLEPACZKO (1974) found V* to be 2.06 x

10_28m3 for copper at a strain of 15%).

8.2.2 Viscous Drag Mechanisms

The sharp increase in strain rate sensitivity illustrated
in Figures 7.28(a) and (b} by the rapid increases of

35_1, has been interpreted by all

gradients above about 10
except LINDHOLM (1978) as a transition in the dominant
plastic deformation mechanism from thermal activation to a
viscous drag mechanism, i.e. when the applied stress is
raised above some critical level, thermal activation is no
longer necessary to assist a dislocation past a barrier and

dislocation motion becomes limited by dissipative forces

during continuous glide.

FOLLANSBEE et al (1984) stated that the continuous motion
of a dislocation moving through a lattice is resisted by
the lattice potential itself, as well as by interactions
with phonons, electrons, radiation and point defects.

These dissipative processes are viscous in nature and lead

to a linear dependence of the dislocation velocity V on the
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net driving force (b according to
A
v = ¢~b/B = (0 - ¢~)b/B (8.5)

where B is the drag cocefficient
e is the effective stress on the dislocation or the

overstress

>

is the internal back stress or threshold stress

KLAHN et al (1970} have listed 5 viscous drag mechanisms,
namely thermoelastic, phonon scattering, electron scat-
tering, phonon viscosity and electron viscosity. In

copper, at room temperature, phonon viscous drag is thought

to provide the dominant resistance to dislocation motion.
Phonon viscosity is caused by the difference in the shear
strain rate as the dislocation moves, causing a separation
of the ﬁibration frequencies of the different phonon modes.
Energy loss is due to dissipation of heat from the phonons
which have a higher temperatu;e than the cooler ones. The
drag coefficient vanishes at a temperature of T = 0K and
increases up to the Debye temperature (343K for copper) and
thereafter increases only slightly with increasing temper-

ature. (The Debye temperature (90) is given by

©o = M Viayk

where h = Planck’s constant
))max = maximum frequency of crystal vibration
k = Boltzmann’s constant)

A density /onx of mobile dislocations, moving through a

field of obstacles with an average velocity V determined
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almost entirely by their waiting time at obstacles, produces

a strain rate (ORCWAN, 1940) of

€ = /ome/ﬁ_ (8.6)

Combining (8.5) and (8.6}

- =0+ 8J3 .€ (8.7)
s
ie. 0= O +/9’é (8.8)

In other words, in the viscous drag region the applied

stress is linearly related to the strain rate.

According to Follansbee et al (1984) the average value of B

for copper from the 1literature is 4.3 x 10—5 Pa.s and from

FROST and ASHBY (1982) the value of Burgers’ vector b for

copper is 2.56 x 10_10m. Hence by measuring the slope ;?

of the graph of (¢ versus € , the mobile dislocation

density fDm can be calculated.

Figures 7.6 to 7.19 indicate the variations of " with é

for all the strain rates, temperatures and grain sizes at
which the copper specimens were tested in compression.
Some of these curves are linear in certain strain rate
ambits. In these linear regions the mobile dislocation
density /Dm has been calculated. The results are listed in

Table 8.1.

Hence the mobile dislocation density (fQHJ only varies




Table 8.1

Linear Stress-S5train Rate Results.

T(K) D {pm) g E (s™H BL107%wpas) g (10Mtn?)
293 20 0.03 2x10”°-3x10° 2.08 5.46
293 20 0.04 2x1073-3x10° 4.17 2.72
293 20 0.05 2x10 3-3x10° 3.33 3.41
293 240 0.1 1.15x10°-6.15x10° 6.0 1.89
673 240 0.03 6.5x10°-4.05x10° 3.68 3.09
673 240 0.04 6.5%x10%-4.05x10° 3.68 3.09
673 240 0.05 6.5x102-4.05x10° 3.68 3.09
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between 1.9 x 10ll 11,72

and 5.5 x 10 over a wide range of

temperatures, grain sizes, strains and strain rates. The

values of fDm in Table 8.1 compare well with previously

published values, e.g. WULF (1974): /Dm = 1011m—2, STELLY
and DORMEVAL (1978): o = 4 x 101%72 to 3 x 10%ttm72,
and Follansbee et al (1984): Pr = 3T x 10112 to

5.1 x 108 Im™2,

The remaining room temperature stress-strain rate curves
from the current investigation contains a plateau region or

inflexion which has not previously been reported in the

literature. These curves are examined in the next section.

8.2.3 Combined Thermally Activated and Viscous Drag

Mechanisms

REGAZZONI and MONTHEILLET (1984) reported that their high
strain rate results from tests on copper were consistent
with a transition regime where the deformation is
controlled simultaneocusly by thermal activation and viscous
drag. They found that the dissipative process, which is
synonymous with the viscous drag mechanism, is detectable
at stresses below the threshold stress (/7\* (the stress at
which dislocations overcome the obstacles without thermal
activation); the dislocation wvelocity 1is then controlled

by both thermal activation and viscous drag.

Follansbee et al (1984) analyséd' the high strain rate
behaviour of copper in terms of this transition in the rate
controlling mechanism from thermal activation to viscous

drag. They raised objections to the equation relating
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overstress (0¥J' applied stress () and threshold stress,

o—e = 0“ - 0\ (8.9)

which was used to derive the linear relation between stress

and strain rate in the viscous drag region.

They suggest that a'should be refhced by #(y), an internal
back stress, which 1is a function of a dislocation’s
position, y, along the glide plane. At an obstacle ¢ (y)
= a‘, but between obstacles (™(y) is negligible, i.e. the
glide resistance is very small. Since the distance between
obstacles is large compared with the width of the obstacle
then the majority of time during continuous glide the

driving force is simply the applied stress ( {+) multiplied

by the Burgers’ vector (b}.

Therefore equation (8.8) becomes
ﬁ‘=;95 ' (8.10)

Thus if viscous drag 1is the sole rate controlling
mechanism, then a linear plot of stress versus strain rate
should result which should extrapolate through the origin.
In fact, all expérimental results have shown that the
linear plot extrapolates to a value on the stress axis

which is well removed from the origin.

Now the dislocation velocity, V, can be expressed in terms

of the distance between obstacles,‘A , and the times t, and

hIIIIIIIlIIIllllIIIIIlIlIllIIIIllllllIIllllllIIIllIlIIIIIIIIIIIIIIIIIIIIIIIIII
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tm' which are respectively the time which a dislocation

spends awaiting thermal activation to overcome an obstacle

and the time moving between successive obstacles, i.e.

v = )\ (8.11)
tw + tm
From thermal activation theory, (e.g. see Kumar & Kumble
(1969)
t, = Y ! exp A G/kT (8.12)
~
where A G . = Foo{1 - (0‘/0‘)1/2]3/2r

Fo is the total free energy or activation energy
and t_ = MB A /(b. (8.13)

M 1is the average Taylor orientation factor and is numeri-

cally equal to 3.1.

Combining equations (8.11), (8.12) and (8.13) with (8.6)

yvields
. A A
£ = o/ (8.14)
1 + ly(cr/c%) exp (A G/kT)
where é = bzpmé:,
M2 B

and is the strain rate at which the transition from thermal
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activation to viscous drag is complete,

and ly= v-lbé\“

MB \

Before the results produced by the current investigation
can be fitted to equation (8.14), the wvalues of the
quantities 3‘, ) and FO must be determined. The threshold
stress 3’15 the value of the flow stress, for a particular
strain, when the temperature 1is at absolute zero, 1i.e.

where there are no thermal fluctuaticns. Now the thermal

activation equation for jerky glide is

. » A
€ = EO exp -F, [1 - (?/?)1/2]3/2 (8.15)
kT
Fal
Re-arranging, 6F]”/2 = C.'I'2/3 + O~ 1/2 (8.16)
where C = 511/2 k ..Qn g 2/3
Fo Eo
1/2

Hence at constant strain rate, -

related to T2/3. By plotting 0'1/2 versus T

should be linearly
2/3 a straight
line should be obtained which can be extrapolated to the
0‘1/2 axis, from which the value of threshold stress 6:

can be found. 6: was determined in the current investi-
gation for the grain sizes ZQum and 240P““ and the strain
levels 5%, 10% and 20%, from the quasi-static compressive

data obtained at temperatures of 293K, 473K and 673K

(Figures 7.22, 7.23 and 7.24). The resultant plots are

shown in Figure 8.2 for the six combinations of strain and
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grain size. An approximately linear relation is exhibited
in each case. Extrapolating the curves to the 0‘1/2 axis,
the threshold stresses were calculated and these are listed

in Table 8.2.

Follansbhee et al (1984) guoted threshold stresses for a 37
jam grain size of 170, 275 and 415 MPa for strains of 5, 10

and 20%, respectively.

The curves in Figure 8.2 have also been extrapolated in the
positive temperature direction and it is interesting to
note that the six curves very nearly intersect at a common
point. In fact, at a temperature of 1154K the stress is 78

+ 8MPa, for all strains and grain sizes.

In Follansbee’s paper, it is stated that Fo/kT is related
to the gradient of the graph of ;Qn E against ,OnO" at a
low strain rate. However, in the current work, insuf-
ficient 1low strain rate data is available to produce an
accurate value for this gradient. Consequently, eqguation
(8.14}) was modelled, varying FO/kT until a best fit to the
experimental data was achieved. Choosing the value of
4%pm for A as in Follansbee’s paper, the representative
curves of Figure 8.3 resulted, in which stress has been
plotted against strain rate for the 2%um and 24me grain
sizes, both at a strain of 10%. By varying Fo/kT the shape
of the curves was not altered, it merely had the effect of
raising or lowering the stress level by an amount which is

constant for all strain rates, i.e. adjusting the value of

FO/kT offsets the stress by a constant value. For the

Zme curve FO/kT equals 140, and for the 24%pm curve FO/kT




Table 8.2

Variation of Threshold Stress with
Strain and Grain Size

Strain (%) Grain Size_iym) Threshold Stress (MPa)
5 20 250
5 240 130
10 20 365
10 240 272
20 20 522

20 240 441
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equals 150 (the wvalue of F _/kT used by Follansbee et al
! o)

was 220, the grain size being 37um).

The model correlates excellently with the experimental
data. Consequently, the current high strain rate test
results on copper, which uniquely indicate an inflexion in
the stress-strain rate curve, serve to validate the
mathematical model proposed by Follansbee et al (1984).
Notice that the model predicts a much larger increase in
stress with strain rate up to about 1005-1 than is
determined experimentally. At high strain rates, the sharp
upturn in stress is not expected, according to the model,
until é > 50005-1. In the current investigation only one
data point, per grain size tested, exists above this strain
rate serve to validate the mathematical model proposed by

Follansbee et al {(1984).

8.3 Stress-Grain Size Relation

8.3.1 Introduction

HALL (1951) and PETCH (1953) determined that the tensile
yield and brittle fracture stresses ({") of mild steel were

related to the mean grain diameter (D) according to
&= ¢ +xo /2 (8.17)
where 0:3 and K are constants.

ARMSTRONG et al (1962) showed that equation (8J47) also

applied for the complete stress-strain behaviour of various

metals and their alloys at low strain rates.
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However, at high strain rates, very few reports have been
published which investigate the influence of grain size on

flow stress.

8§.3.2 Variation of Flow Stress with Grain Size

The validity of the Hall-Petch relation in the current
series of tests has been investigated by plotting flow
stress {{-) versus the inverse square root of grain size
(D_l/z) for various temperatures, strain rates and strains
as shown in Figures 8.4 - 8.17. The inverse square roots
of the grain sizes 20, 29, 32, 124 and 24qum are 7.07,

5.87, 5.59, 2.83 and 2.04mm 172

, respectively.

All the data in the 0 vs. D—l/2 curves were derived from
the compressive stress-strain rate results of Figures 7.6 -
7.19 and the tensile stress-strain rate results of Figures
7.32 - 7.37. 1In the dynamic test results, data points were
interpolated from the stress-strain rate curves to permit
the variation of flow stress with the inverse square root
of grain size to be investigated for a particular strain

rate.

The Hall-Petch relation between stress and grain size,
indicated by a linear relation between stress and inverse
square root of grain size, was evident in the cases

quoted in Table 8.3.

Of the remaining compressive data in Figures 8.4 - 8.17,

which contain more than 3 data points, the quasi-static

room temperature results (Figure 8.4) exhibit dual linear
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Table 8.3

Compressive Tests exhibiting the Hall-Petch Relation

Strain Rate (s 1) Temperature (K)
2x1073 293
2x10"> 673
2x1073 873
1%10° 293
3.5x10° 473
4x103 673

Strain (%)

1,10 & 20
1-30

the 124pm grain size data have been ignored for
strains 1-20% (N.B. as explained in 7.1.4, 124Fm

is the mean of 2 grain sizes)

only 3 data points
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regions at strains of 3, 5 and 30%. The room temperature
3 -1

results at a strain rate of 5 x 10°s (Figure 8.12) also
indicate the possibility of two linear regions, although
the anomalous 12ﬁum grain size data make these results
difficult to interpret. Where dual linearity exists the

point of intersection is at 3%pm {i.e. at a value of D-l/2

1/2

of 5.59mm ).

The tensile results of Figures 8.16 and 8.17 (strain rates

—35—1 3_-1

of 10 and 1.25 x 10°s ~, respectively) show approx-

imately linear relations in both figures at 1% strain. As

the strain increases the deviation from linearity increases

for both the quasi-static and dynamic curves.

DORMEVAL and STELLY (1979) also investigated the influence
of grain size on the mechanical behaviour of high-purity
polycrystalline copper at various strain rates. Their
tensile tests were performed on specimens of 90, 130 and
30%pm grain sizes. They found that in both quasi-static
tests and dynamic tests (at 350, 700 and 10005-1) their
results were only in agreement with the Hall-Petch relation
for strains less than 5%. Due to¢ only three data points it
is not possible to deduce whether there are two linear

relations between & and D_l/2

at higher strains. The
results of Dormeval and Stelly have been included with
those of the author in Figures 8.4 and 8.8. The two curves
of Dormeval and Stelly where the strains are quoted (Figure

8.4, & = 1% and 5%), are reasonably close to the equiv-

alent curves of the current investigation.

At the gquasi-static strain rate, the gradients of the




185

compressive curves of Figures 8.4 - 8.7 decrease as the

test temperature increases. At room temperature (Figure
8.4) the gradient of the 1linear region between D-l/2
2.04mm~ /2 ang D172 5.59mm /2 increases with increase

in strain from 1 to 10% and then decreases at highex
strains. The same pattern is followed at 673K except that
the maximum gradient is at a strain of 5%. At 473K the
gradient of the same portion of each curve decreases from
1% strain to 20% before increasing at 30% strain. At
].035—1 and room  temperature (293K) (Figure 8.8),

once again the gradient increases with strain up to 10% and

then decreases at higher strains.

Extrapclating the curves of Figures 8.4 - 8.17 back to the
stress axis yields the value of 0”0, which corresponds to
the flow stress at infinite grain size or the single
crystal flow stress. In Figures 8.4, 8.5, 8.6, 8.8 and
8.14, 0‘0 and the strain € are related by equations of the
form:

0._ = Cin {(8.18)
where C and n are constants

Equation 8.18 1is a work hardening equation for copper of
infinite grain size or single crystals. It was previously
mentioned in section 7.7.1(d) {equation 7.1) to describe
the work or strain hardening of polycrystalline copper.
Therefore n is the work hardening exponent. The values of

C and n for single crystals are tabulated in Table 8.4.

For comparison the work hardening exponent for the 24%pm




Table 8.4

Values of € and n for Single Crystals

Temperature (K)

Strain Rate (s

1

}

2x10°
2x10°
2x10°
1x10°

4x10Q

3
3
3

3

575
486
236
730

440

J=]

0.65

0.45
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grain size in the lower strain region has been re-plotted
from Table 7.3. The values of n (infinite grain size) and
n,,p are remarkably similar, the former always being
slightly greater. As in Table 7.3, at infinite grain size

n decreases with increasing temperature and n increases

with increasing strain rate.

8.4 Summary

B.4.1 Stress-Strain Rate Relations

Previous investigations have established that the predomin-
ant mechanisms which control the plastic deformation or
flow in metals are thermal activation and viscous drag.

3571 the majority of authors indicate that

Below about 10
dislocation motion, which is arrested by various kinds of
barriers, is assisted by a combination of thermal agitation

and applied stress.

The sharp increase in strain rate sensitivity, above about
1035_1 has been interpreted by most as a transition from
thermal activation to a viscous drag mechanism. In the
latter mechanism when the applied stress is raised above a
critical level, thermal activation is no longer necessary

to assist a dislocation past a barrier, the motion being

limited by dissipative forces during continuous glide.

Recently it has been suggested combined thermally activated
and viscous drag mechanisms control the flow of copper at
high rates of strain. Follanshbee et al have produced a

mathematical model to describe the combined mechanisms.
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This model correlates excellently with the experimental
data from the current investigation, particularly in the
case of the tests on the 24me grain size specimens. Hence
the results presented in this dissertation uniquely match
the inflexion in the stress-strain rate curve (at high
strain rates) predicted by the mathematical model of

Follansbee et al.

8.4.2 Variation of Flow Stress with Grain Size

The well-known Hall-Petch relation, in which stress 1is
inversely proportiocnal to the square root of grain diameter
has almost exclusively been used to characterise the
material behaviour of metals and alloys at low strain
rates. However, in the present research, this relation has
proved to be valid also for certain dynamic strain rates
strains and temperatures. In fact, at room temperature and
at 1035_;_'l the Hall-Petch relation has been shown to be
applicable at all strains for compressive tests. In

certain other c¢ombinations of strain rate, strain and

temperature, dual linear regions were found.

Where there are sufficient data, the graphs of flow stress
versus inverse square root of grain size have been extra-
polated back to the stress axis, where, in many cases, it
was found that the flow stress for an infinite grain size
(OEQ, i.e. the single crystal flow stress, is related to

strain by the work hardening equation.
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where C and n are constants.

The values of the work hardening exponent, n, are almost
identical to those previously calculated for the 249pm

grain size in the lower strain region.
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CHAPTER 9

METALLOGRAPHIC EXAMINATION

9.1 Introduction

The metallographic examination consisted of optical
microscopy of representative compressive and tensile
specimens before and after deformation in order to
investigate the variation in grain structure. The author
is indebted to Dr. R. Bateman of R.A.R.D.E., Fort Halstead
and Dr. D.H. Houseman of Charnwood Consultants Limited who
carried out grain size assessments and photomicrography on
some of the specimens. The results of their grain size
estimates, together with those of the author, were reported

previously in Chapter 7.
Also contained in this chapter are the results of hardness
tests performed on compressive specimens with a Vickers

Pyramid Hardness Testing Machine.

9.2 Specimen Preparation

9.2.1 Polishing

Before the material to be inspected will reveal its
crystalline structure, its surface must be polished and
etched. In the latter process, a chemical solution
preferentially attaeks the grain boundaries, fwins, pits
etc., so that the surface structure will be revealed under

a microscope.
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Representative unstrained compressive and tensile specimens
from each annealing temperature group were chosen and
sectioned with a hacksaw along the axis which is parallel
to the split Hopkinson pressure bars when the specimen is
positioned for testing, i.e. the specimens were sectioned
along their longitudinal axes. Having bisected the
specimens, their bulk structure could then be observed. 1In
addition to the vunstrained specimens, representative
specimens were also prepared for metallographic inspection
that had been dynamically or guasi-statically strained at
room temperature or 600°C. 4 few tensile specimens were
sectioned in the transverse direction to their longitudinal

axis.

Each specimen was mounted in bakelite. The bakelite powder
and specimen were compressed to a pressure of approximately
200 bars by means of a hydraulically operated mounting
press. After reaching the desired pressure the bakelite
was heated for 5 minutes and then cooled for a further 5
minutes b& circulating cold water. The cylindrical mount

so produced, was 4cm in diameter and 1 1/2 to 2cm deep.

The initial stage of surface polishing was performed
successively on 4 grinding wheels, each rotating at 2 to 3
revs per second. Wheel number 1 carried a 120 grade
silicon carbide paper - the coarsest grade. This was
followed by furthef grinding with grades 220, 400 and 600.
Grade 600, the finest gréde, gives a comparable finish to
20/25 micron diamond paste. All wheels were operated with
water continuously running onto the silicon carbide paper

to prevent removed particles from damaging the surface of
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the specimen.

The mounted specimens were then further polished on
“diamond” wheels. Each wheel carried a cloth which was
frequently impregnated with diamond paste of the
appropriate grade. The specimens were successively
pelished with ﬁpm, 3Pm and 1Pm paste. Prior toc each stage
of polishing the specimens were washed with teepol and warm
water, and then placed for a short time in a scnic cleaner.
Finally, they were washed with alcochecl and immediately

dried with hot air to prevent staining.

Prior to each stage of polishing the specimens were
examined at a magnification of X300 with an optical
microscope. The appearance of excessive scratching or
pittingh usually caused by too much pressure or dirt on the
diamend wheel, or too little time spent on the grinding
wheels, resulted in further polishing with a coarser grade
of paste or a return to the silicon carbide (wet and dry)
papers. No scratches should be visible to the “naked eye’

after polishing with 3 pm paste.

The specimens prepared by Charnwood Consultants Limited

were polished to O.Hpm.

9.2.2 Etching

A 5% ferric chloride scolution was initially chosen to etch
the copper specimens. This consisted of 5g of FeCl3
dissolved in 100mls of solvent (50mls alcohel and 50mls

distilled water} and 5mls of concentrated hydrochloric
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acid. This solution proved to be inadequate as it etched
the copper far too quickly. Even when using a weaker
solution it tended to produce pits 1in the surface and not

clear grain boundaries.

Y.\ boiling ammonium persulphate scluticn was far more
effective, giving fairly clear grain boundaries, the
etching time per specimen being of the order of 5 seconds.
The strength of the ammonium persulphate (ammonium peroxo-

disulphate (NH4) 5208) etch was 100g/litre of distilled

2

water.

An ammonia/hydrogen peroxide etch was employed by Charnwood

Consultants Limited.

9.3 Microscopy

A UNIMET-UNION 7579 optical microscope was used for viewing
the etched specimens. This had a top magnification of
X2000 but for the purpose of examining the grain structure
of the copper specimens, magnifications of X300 and X600
were perfectly adequate. The scale of each photomicrograph
is shown 1in each figure. Three magnifications were
represented in the photomicrographs provided by Charnwood
Consultants Limited, viz. X60, X120 and X300. The author’s
photomicrographs can be identified by the superimposed

graticules.

In the case of all the compressive specimens the
photomicrographs were taken in an orientation such that the

horizontal axes of the prints are perpendicular to the
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direction of stress application. The longitudinally
sectioned tensile specimens are displayed such that the
horizontal print axis 1s parallel to the direction of
stress application. The transverse sections of the tensile
specimens were polished to remove all evidence of the
fracture surface and, in general, the viewing plane is
within lmm of the actual fracture site. All
photomicrographs were taken as c¢lose as possible to the
centres of the specimens, where the grains were larger and

more uniform.

9.4 Discussion of Photomicrographs

The main features in all the photomicrographs are grain
boundaries and annealing twins. The latter can be
identified by pairs of closely spaced, parallel and linear
markings which often bisect a grain. The area enclosed by
a twin has usually a different monochromatic intensity than
the surrounding grain. The high density of twins in the
microstructures of all the specimens is typical of most
annealed f.c.c. metals. The large number of twins made the
grain size measurements very difficult because it was not
always possible to distinguish between grain boundaries and

twins.

Figures 9.1 to 9.6 cover the range of the annealing
temperatures for the unstrained compressive specimens. In
each figure the grain dimensions are fairly similar along
both the longitudinal and transverse axes. It 1is
immediately noticeable that the average grain size is

increasing from Figure 9.1 to 9.6. The average grain sizes




Figure 9.1 Unstrained Compressive Specimen - Anneaiing Temperature 310°C

Ty

s

x5

[0

Figure 9.2 Unstrained Compressive Specimen - Annealing Temperature 400°C




g

50u

Annealing Temperature 500°C

e v.3 Unstrained Compressive Specimen -

Ciguy

gy
_ﬂ..u.,._wt.?

T

Annealing Temperature 600°C

imen -

Spec

iwve

Unstrained Compress

Figure 9.4




&

PR .. SNy

ﬁ' .,.-

Figure 9.5 Unstrained Compressive Specimen - Annealing Temperature 600°C

Annealing Temperature 800°C

imen -

ive Spec

6 Unstrained Compress

Figure 9




SO0pm

Figure 9.7 Unstrained Tensile Specimen - Annealing Temperature 310°C
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Figure 9.8 Unstrained Tensile Specimen - Annealing Temperature 400°C
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Figure 9,11 Unstrained Tensile Specimen - Annealing Temperature 800°C

50,|1ml
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Figure 9.13 Compressive Specimen
- Annealing Temperature 600°C

- Tested at Strain Rate of 1600s~! and Temperature of 20°C

Figure 9.14 Compressive Specimen
- Annealing Temperature 800°C

- Tested at Strain Rate of 2 x 10™5s

1 and Temperature of 20°C
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Figure 9,15 Compressive Specimen o
- Annealing Temperature 800 C_1 o
- Tested at Strain Rate of 6400s ~ and Temperature of 20°C

Figure 9.16 Compressive Specimen o
- Annealing Temperature 800 C 1 o
- Tested at Strain Rate of 2 x 10-35 and Temperature of 600 C




Figure 9.17 Compressive Specimen o
- Annealing Temperature 800 C o
- Tested at Strain Rate of 4900s™% and Temperature of 600 C

Figure 9.18 Tensile Specimen
- Annealing Temperature 800°¢C
— Tested at Strain Rate of 1200s™1 and Temperature of 20°C
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Figure 9,19 Tensile Specimen (transverse section)
- Annealing Temperature 800°C o
- Tested at Strain Rate of 1200s ™! and Temperature of 20°C
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Figure 9,20 Tensile Specimen o
- Annealing Temperature 800 _C

- Tested at Strain Rate of 10 s
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Figure 9,23 Tensile Specimen (transverse section)
- Annealing Temperature 800°C
- Tested at Strain Rate of 1200s ™! and Temperature of 600°C
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are, respectively, 2%pm, 2§Pm, B%Pm, 5%pm, Bﬁum and 24Qum.
These are different from those given in Table 7.1, because
each grain size in the latter table 1is the mean from
photomicrographs of several specimens each annealed at the

same temperature.

Photomicrographs of representative unstrained tensile
specimens at the 5 annealing temperatures are included in
Figures 9.7 to 9.1l1l. The average grain sizes are 3§pm,

3§Pm, 35Fm, 220Pm and 299Fm, respectively.

The remaining photomicrographs (Figures 9.12 to 9.23)
represent specimens deformed under a variety of test
conditions, 1.e. compressive or tensile, quasi-static or
dynamic strain rate, at room temperature or elevated
temperature. The gquasi-static compressive specimens had
been strained to 30% and the quasi-static tensile specimens
had all fractured, with a fracture strain varying between
60% and 85%. The maximum strain levels (%) of the
specimens involved in dynamic compressive tests can be
calculated, approximately, by dividing the strain rate by
100. The tensile specimens subjected to multiple dynamic

lcading fractured at a strain of about 70%.

It is interesting to compare Figures 9.14 to 9.17, all of
which resulted from specimens suffering very large
deformations. In the cases of the specimens tested at the
elevated temperature of 600°C (Figures 9.16 and 9.17), the
resultant microstructures are still equi-axed, 1in both
cases, despite the vastly different strain rates (2 x

1 1

1073571 ana 4900s ~). There is an obvious difference,
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however, between these two figures. The resultant grain
size of the guasi-statically deformed specimen is a factor
2 larger than the dynamically deformed specimen, 24Qum and

loqum, respectively.

Figures 9.14 and 9.15 resulting from room temperature
tests at 2 x 10-35-1 and 64005—1, respectively, indicate
greatly distorted grain structures, the grains being.
elongated at right angles to the direction of stress

application. A similar phenomenon can be observed in the

photomicrograph of the tensile specimen in Figure 9.18.

Finally, it is worth mentioning that in some specimens
there was a tremendous variation in grain sizes. This is
evident in Figure 9.12, resulting from a compressive
specimen which has only been slightly strained at a low

dynamic strain rate at room temperature.

9.5 Hardness Tests

The variation of hardness with annealing temperature was
determined for unstrained and quasi-statically strained
compressive specimens using a Vickers Pyramid Hardness
Testing Machine, The operational principles of the latter

are as follows:

A hydraulic mechanism applies a 1locad (chosen by the
operator} to a diamond indentor, initially arranged to be
touching the surface of the test material with 1its tip.
The diamond pyramid has a square base and its opposite

faces make an angle of 136° with one another. The use of a
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large angle helps to minimise frictional effects. Upon
lowering a small hand lever, the pyramid slowly indents the
specimen for a fixed period of time. The specimen is then
placed under the attached microscope and the lengths of the
two diagonals of the indentation are measured using the
micrometer controlled table supporting the specimen. The
Vickers Hardness Number (VHN) is then determined
corresponding to the size of the indentation and the

applied load.

A hardness measurement was made at three positions on the
longitudinally sectioned and peolished face of each
specimen. The positions lay on a straight line, one at the
centre of the face (C), one approximately 2mm from the left
hand edge (L} and one approximately 2mm from the right hand

edge (R).

In general, apart from a <c¢ouple of anomalies, the hardness
of the unstrained specimens decreased as the annealing
temperature was increased. Note that the Vickers Hardness
Numbers in Table 9.1 are for individual specimens and so
variations in the grain size within a specimen could affect
these results, particularly since the depth and surface
area of the indentation are very small. In almost all
cases the unstrained specimens were found to be harder at
the edges than in the centre (except for the right edge of
the specimen annealed at 600°C). This wvariation 1in
hardness and decrease-in grain size may have resulted from
work hardening during the machining of the specimens. If
50, then this would reduce the plastic deformation during a

compressive test.




Table 9.1

Vickers Hardness Tests - 5kg load

{a) Unstrained Specimens

Annealing VHN VHN VHN
Temperature (°c) at L at C at R
310 76.1 57.1 72.0

400 70.4 55.4 75.3

500 : 96.3 63.9 71.2

600 56.5 52.6 52.3

{b) Quasi-Statically Strained Specimens

Annedling o VHN VHN VHN
Temperature ( C) at L at C at R
310 105 105 105

400 107 105 107
500 97.1 98.4 96.5

600 109 107 117
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The quasi-statically strained specimens (Table 9.1(b)) were
each strained to 20% except for the 600°¢ specimen which
was inadvertently strained to 36%. As expected,
compressing the specimens resulted in higher VHN readings.
There is also less variation in VHN from the centre to the

edges of the specimens.
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CHAPTER 10

CONCLUSIONS AND RECOMMENDATIONS

10.1 Introduction

Mechanical tests have been performed in compression and in
tension on 99.98% pure oxygen—-free high conductivity copper
at strain rates between 10_35—1 and 6.25 x 1035_1. The
tests were carried out at temperatures of 20, 200, 400 and
600°C on specimens with grain sizes of 20, 29, 32, 124 and

240 microns.

10.2 Testing Technigques

Quasi-static tests were performed with an Instron machine.
4 split Hopkinson pressure bar was used for all dynamic
tests. Various modifications were made to both the
compressive and tensile versions of the SHPB in order to

improve the accuracy, repeatability and validity of tests.

10.2.1 Dynamic Compressive Tests

(a) Constant Strain Rate Tests

The common practice of declaring the average strain rate
for a test in which the strain rate is varying considerably
is unsatisfactory, because no account is taken of the
effects of strain _rate history. To_ overcome this

limitation, constant strain rate tests were attempted

throughout +the c¢urrent work, using the modified SHPB

apparatus developed by ELLWOOD et al (1982a), in which the
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loading pulse is shaped.

The semi-empirical choice of a “dummy” specimen or “pulse
shaper® vyielded fairly constant strain rates from about
10s”! to 1500s™!. Pulse shaping was not required at higher

strain rates because reasonably constant strain rates were

produced by the conventional SHPB technique.

{b) Tests at Various Temperatures

Room temperature tests were performed with either the 431
martensitic stainless steel pressure bars or the higher
strength maraging steel bars. At elevated temperatures

only the 431 bars were used because the maraging steel bars

were plastically deformed above 400°c.

A small electrical furnace supplied the heat to the
specimens, the temperature of the specimens being measured
by a chromel/alumel thermocouple. The strain gauges,
attached to the pressure bars, were far enough from the
furnace that they remained at room temperature, even at the
highest test temperature, and hence no change in their
gauge factor resulted. It was shown that any variation of
mechanical properties due to a possible alteration of the
grain size of a specimen, when heating it to the test
temperature, is so small as to be undetectable by the SHPB

technique.

Lubricants were used to reduce the frictional effects
between the faces of a specimen and those of the adjacent

pressure bars. At room temperature lubricating oil was

satisfactory, whereas at elevated temperatures, graphite
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{(from a 4B pencil lead) produced the best results.

10.2.2 Dynamic Tensile Tests

The dynamnic tensile technique of ELLWOOD et al (1982b) for
stainless steels was modified and adapted for wuse 1in

testing copper specimens. Dynamic tests were performed

1 1

between strain rates of 300s ~ and 1300s .

fa) Sources of Error and Modifications
1

At strain rates in excess of 700s ~ the specimens were work
hardened by the initial compressive pulse passing through
the specimen/collar combination. By increasing the outer
diameter of the protective steel collar from 12.7 to
25.4mm, tests were possible at strain rates up to 13005_1

without strain hardening the specimen in compression.

Due to the narrow central diameter of the copper tensile
specimen, the transmitted pulse is extremely small
(approximately 0.005%). Conseguently, spurious pulses
which are insignificant in the compressive technique,
introduced unacceptably large errors in the tensile
technique. Causes of the spuriocus pulses were identified
as flexural waves generated by imperfect alignment at
impact, reflections from misaligned. bars/collar,
reflections from bar supports and slackness between the
screw threads of the specimen and those of the pressure
bars. These pulses were eliminated or diminished by the
careful selection of the 1lengths of the pressure bars and

the positions of the bar supports, and by packing the

threads with plasticine at room temperature and with an
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epoxy (Isopon) at elevated temperatures.

(b} Elevated Temperature Tests

Specimen heating was provided by a blow lamp because the
external diameter of the protective collar was greater than
the 1internal diameter of the available electrical furnace.
The time taken +to heat the tensile specimens to the
required testing temperatures was approximately the same as

the furance took for the compressive specimens.

Increasing the test temperature above room temperature
reduced the small transmitted tensile pulse, and hence the
interference of spurious pulses produced proportionately

larger errors.

10.2.3 Calibration of the SHPB System

A new method of calibrating the strain gauge outputs of the
SHPB apparatus was devised using an opto-electronic device
to accurately measure the impact velocity of the projectile.
This velocity is related to the strain in the pressure bars

and hence can be used to calibrate the strain gauges.

10.3 Data Analysis

The data trahsfer, analysis and graphical presentation
capabilities of the laboratory were considerably enhanced
by the design and development of a Suite' of computer
prograns. Instead of hours of tediocus calculations and

manually plotting graphs, the researcher is now able to

record and analyse data, list results, and obtain graphs
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from a digital plotter in approximately fifteen minutes.
Thus a greater number and variety of tests can be performed
than was previously possible. The software packages are
very flexible. For example, data analysis can be
completely performed by the computer or operator
interaction can be incorporated to override an erroneous

computer interpretation of strain gauge data.

10.4 Discussion of Results

10.4.1 Compressive Tests

(a) Variation of Flow Stress with Strain Rate

At room temperature the flow stress always increases with
strain, irrespective of the strain rate. In general, for
any chosen strain level and grain size, the form of the

flow stress—-strain rate relation is an exponential increase

of flow stress with strain rate from 2 x 10_35_1 to

1500s™1, followed by a plateau region upto 3000s” ), with a

further exponential increase in flow stress upto a maximum

strain rate in excess of 45003_1

(see, for example, Figure
7.7). One major exception to the general behaviour occurs
at low strains (<5%) where, in the low strain rate region

3_-1 1

(2 x 10 °s to 1500s ~), flow stress is constant with

strain rate.

Individual stress-strain rate results which differed from

the general trends above were:

(i) 20pm grain size, strain 3% and strain rate

<3000s" 1,
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(ii) ZOFm grain size, strain 4% and strain rate
<3000s”?,
(iii) 20Pm grain size, strain 5% and strain rate
<3000s 1,
(iv}) 24qu grain size, 10% strain and strain rates

l o 6150871,

from 1150s
In these cases, a linear increase 1in +the stress versus

strain rate relation was exhibited.

In the elevated temperature tests it was not possible from
the restricted data to deduce a general form for the
Stress—-strain rate behaviour. However, as the test
temperature increases so the flow stress decreases. At
200°C, there is a much greater reduction o©of stress in
qguasi-static tests than in dynamic tests. A more general
reduction of flow stress for all strain rates occurs at
400°%c. Also at this temperature, due to additional data,
it was observed that at 240Fm grain size and at strains of
3%, 4% and 5%, a linear increase of stress with strain rate
occurred from 6505“1 to 40505—1. At BOOOC, the most
dramatic change involves the quasi-static test data where
the stress-strain curves oscillate slightly about a mean
value slightly 1in excess of 50MPa, before exhibiting a
negative strain hardening exponent as the strain increases.

The oscillatory behaviour is caused by dynamic

recrystallisation, c.f. BLAZ et al (1983).

(b} Variation of Flow Stress with Grain Size

Flow stress decreases with increasing grain size for a

given strain rate and strain level. This decrease is
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almost independent of strain.

At a particular strain level the difference hetween the

flow stress at a given grain size and that at 240Fm was

found and plotted as a function of strain. At roocm
temperature and 2 X 10_35-1, two different 1linear
relations were observed (Figure 7.26) with stress
difference initially increasing with strain and then

decreasing, the transition strain lying between 5% and 7%.

A similar trend occurred for the dynamic tests at 2 x
1035_1 except that 1in the majority of cases the stress
difference remains constant from 5% to 20% or 25% (Figure
7.27). At elevated temperatures two linear relations were

again discernible. Both gradients were positive at 200°¢

and less than or equal to zero at 400°C.

(c) Strain Rate Sensitivity (A)

At room temperature the results are consistent with many
other investigators (e.g. KUMAR and KUMBLE (1969), DOWLING
et al (1970) and REGAZZONI and MONTHEILLET (1984)) in that

below 1035-l the strain rate sensitivity of
copper 1is 1low but increases rapidly at high strain rates
(Figure 7.28(a)). In the low strain rate sensitivity
region there is a linear relation between )\ and log strain
rate for a given strain. Below a strain of 5%, A is zero
but above 5% it increases with strain. )\ decreases with
increasing grain size. From the rather 1limited amount of
data at elevafed temperatures, it was shown that )\ behaves

in a similar manner to the room temperature tests.

X increases with test temperature.
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(d) Work Hardening Exponent

From each plot of 1log stress against log strain (Figure
7.30), two linear regions can be identified, intersecting
at a strain between 15 and 20%. The work hardening
exponent (n) is always higher in the lower strain region
and, with one exception, it falls between 0.18 and 0.6 for
all strain rates, temperatures and grain sizes. At a
particular temperature and grain size there is only a

slight variation of n with strain rate.

Regazzoni and Montheillet (1984) determined the dependence
of the work hardening exponent on strain and strain rate,
They alsco found that two linear regions (intersecting at a
strain between 11 and 14%) were evident in graphs of log
Stress versus log strain. Their tests on OFHC copper with
a 25Pm grain size at room temperature indicated that n is

independent of strain rate for rates between 10-4 and

1035_1. Their values of n for the lower and upper strain
regions were 0.55 and 0.36, respectively. These compare
well with the current investigation. For example, in the
lower strain region at room temperature, n varies from 0.39
to 0.5]1 over the three strain rates investigated, with a
mean value of 0.44, for the 2qum grain size, and from 0.4
to 0.53, with a mean value of 0.47, for the 32Pm grain
size, In the wupper strain region, n varies from 0.3 to

0.39, and from 0.33 to 0.36, for these two grain sizes,

respectively, with a mean value of 0.35 in each case.

(e) Variation of the Dynamic to Quasi-static Flow Stress

Rate (O‘D[U“S) with Homologous Temperature

There 1is a linear increase cf U'D/ (rs with homologous

e
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temperature when the latter is below 0.5, and the rate of

change is small.

Above 0.5, O“D/ ﬁé rapidly increases due to dynamic re-
crystallisation. OEY“}E was determined for a strain of
15%. A similar observation wes made by HAWKYARD et al
(1968} who plotted the variation of the ratio of dynamic to
static mean vyield stress with homologous temperature.
Above an homologous temperature of 0.5 the ratioc rose
rapidly. However, below 0.5 there was a slight linear

decrease in 05/ UB.

10.4.2 Tensile Tests

Due to all the modifications required to remove the many
sources'of error and because even then the results were far
less consistent than the compressive tests, the range of
tensile tests was far less comprehensive than that of the
compressive tests. Where direct comparisons were possible,
there was excellent correlation between the two modes of

testing.

In the dynamic tests, all the specimens fractured at a
strain rate of about 13005-1, due to multiple dynamic
loading. 1In the quasi-static tests, the 32 pm grain size
had the largest elongation at fracture at room temperature
and showed the 1least variation in elongation as the
temperature increased (Figure 7.43). In _general, the
elongations at fracture at room temperature for the dynamic

tests were approximately lmm greater than their

guasi-static counterparts. At elevated temperatures, the
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dynamically fractured specimens were again extended
further, except at 600°C because of dynamic recrystal-

lisation.

As stated 1in section 4.5, the tensile SHPB technique is
capable of testing materials of higher strengths than its
compressive counterpart, strain rate is naturally constant
and there are no frictional constraints. The results of

the dynamic +tensile tests have shown the additional

advantage that the copper specimens can be strained to
fracture at high strain rates. Examinations of the
fracture surfaces revealed different fracture mechanisms
depending on strain rate, grain size and temperatue. Three
kinds of fracture surface were revealed, viz ‘cup and
cone’, cleavage and very sharp points {(see section

7.7.2(d)).

10.5 Constitutive Egquations and Micromechanisms of Plastic

Flow

10.5.1 Thermally Activated Mechanism

3.-1

Below a strain rate of about 10°s ~, the stress-strain rate
results are consistent with a thermally activated
deformation mechanism where flow stress is linearly relsted
to the logarithm of strain rate, i.e. (from equat;pd (8.4))

-

o~ = X + K, log€ (10.1)
The activation volume V*, derived from the constant K2,
varies at room temperature from 8.7  x 1072803 at a strain

of 30% to infinity at a strain of 4%. {c.f. KLEPACZKO

e
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(1974): V* = 2.06 x 10 %8n3 at a strain of 15%).

10.5.2 Viscous Drag Mechanism

As indicated in section 10.4.1, above 1035_1 there are a
few instances where a linear relation exists between stress

and strain rate, i.e.
A [ ]
o = G- + ﬁe {(10.2)

N
where ¢~ is the internal back stress or threshold stress

and /g is inversely proportiocnal to the mobile dislocation

density, /Dm.

This linear relation is due to the predominance of a

viscous drag mechanism. /9m was found to vary between 1.9

11 11_-2

x 10 and 5.5 x 10" ™m over a wide range of temperatures,

grain sizes, strains and strain rates.

10.5.3 Combined Thermally Activated and Viscous Drag

Mechanisms
Above 1035-1, the majority of stress-strain rate curves
exhibit a plateau region or inflexion. This behavigus’

which has not been reported previously in the literature,
i

was predicted theoretically by FOLLANSBEE et al (1984} and

attributed to the simultaneous influences of both the

thermal activation and viscous drag mechanism. The

constitutive equation which describes the combined actions

of the mechanisms is:
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. A
£ = e(0/7) (10.3)

1+ YA exp (AG/KT)

(see section 8.2.3 for the definitions of the above

symbols).

Equation (10.3) correlates excellently with the
experimental data in the current investigation.
Fad
The threshold stress, ¢ , varies considerably with strain
and grain size, e.g. at 5% strain and 240 microns grain
Fal

size, ¢~ = 130MPa, whereas at 20% strain and 20 microns

FA)
grains size, O~ = 0522MPa.

10.5.4 Relation between Stress and Grain Size

In the quasi-static compressive tests, the Hall-Petch

relation, i.e.

o~ = 0+ KD_l/z, (10.4)

was obeyed for all strains at temperatures of 673 and 873K
(Figures 8.6 and 8.7). At room temperature (293K), the

relation was valid for strains of 1, 10 and 20% (Figure

8.4). At 1035'1, a Hall-Petch relation was found for all

strains at room temperature (Figure 8.8). In addition,

1

this 1linear relation was exhibited at 35008 for a

temperature of 473K and a strain of 30% (Figure 8.13), and

1

at 4000s  ~ for a temperature of 673K and a strain of 10%

(Figure 8.14). Several combinations of strain rate,




210

temperature and strain indicate a dual linear relation
between {~ and D-l/z, intersecting at & grain size of 32

microns.

The only tensile results showing an approximate Hall-Petch

relation occurred at 1% (Figures 8.16 and 8.17).

In several cases, okf the flow stress at infinite grain

size or the single crystal flow stress, was found to be

related to the strain & by the work hardening
equation
o, = cg” (10.5)

where C and n are constants

The wvalues of this work hardening exponent n are almost
identical to the values of the work hardening exponent for
for the 240 microns grain size in the lower strain region

(see Table 8.4).

10.6 Recommendations for Further Work

It is suggested that the following additions and

improvements to this research project would be beneficial.

10.6.1 Improved Resolution of Mechanical Characteristics

in the Plateau Region

Additional dynamic tests are required to more accurately

define the extent of the plateau region in the
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stress-strain rate curves which was evident in the room
temperature compressive tests. This would yield more
precise information on the characteristics of the
deformation mechanisms in this region. Further tests at
elevated temperatures and in tension, at a greater variety
of high strain rates, are needed to ascertain if the
plateau region is confined solely to dynamic compressive
deformation at room temperature. It would also be
beneficial to acquire data at intermediate strain rates,
e.g. ls—1 or 105_1, using a test machine capable of
producing substantial strains at these strain rates, such
as an hydraulic actuator. This supplementary information
would clarify the stress-strain rate relation of OFHC

copper between 10_.35-.l and 1025_1.

10.6.2 Specimen Preparation

In the current investigation the test material was annealed
at atmospheric pressure prior to machining into compressive
and tensile $pecimens. This second stage of specimen
preparation, 1i.e. machining, may have caused the work
hardening in the near surface regions of the specimens,
detected by hardness tests and metallographic examinations.
The work hardening is likely to be detrimental in
mechanical tests, particularly in the case of the tensile
specimen because cof its narrow cross-section. If the order
of specimen preparation were to be reversed, i.e. machining
the specimens from the block o©of raw material and then
annealing the specimens (in a vacuum to prevent surface

oxidation), the specimens should then be free from work

hardening.
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10.6.3 Increased Strain to Strain Rate Ratio

One of the major disadvantages of the split Hopkinson
pressure bar technique 1is the dependence of the ultimate
specimen strain on the applied strain rate. Consequently,
in the current investigation, at a strain rate of 30008_1
the specimen strain was approximately 30% whereas at

15008t

the strain was only 15%. Hence direct comparisons
between tests at these rates of strain can only be achieved
for strains upto 15%. Now, the total strain 1is also
propoftional to the 1length of the impacting projectile.
Thus one method of increasing the strain to strain rate
ratio would be to use a longer projectile. In order to
produce the same final specimen strain when reducing the
strain rate by 50% it would be necessary to double the
length of the projectile {(assuming that the projectile
impact velocity remains the same). This modification,
however, would require twice the separation between the
specimen and.the pair of strain gauges which record the
incident and reflected pulses, to prevent these pulses from

overlapping. This extra separation may be unacceptable if

the attenuation per unit distance of the stress pulses in

the pressure bars is too large.
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APPENDIX A

HOPK-BAR Software

10 REM HOPK-BAR YERSIOH 23-05-34 14.45

28 IF ZX=1 GOTO 33

2% INPUT"ZHO OF DATA PTS FRAN TRAMS RECCIOZS, 2042, 3072, 4625 " i HT

26 IF HTL21024 AND HT<>2943 AMD NTO2072 RHD MTCG 4028 THEM 25

27 HZ=HT- 1024

289 DIMAXCIQZ4%H2)

40 PRINT"MSMITCH OM ALL PERIFHEREALS COMHECTED TO FET®

41 PRINT"EXCEPT GRAPH FLOTTER®

2 GOIUB 12o0e

€0 BIM S3¢126),E8{120)

&1 DIM STCL30, ETCL20)

€2 DIM TRC130),P15)

A2 PRINT®RIF RECORD LED OH,MOYE “ARMAHOLD® SWITCH ON TRAWS REC TO “HOLD-"

64 GOSUBR 12909

&S PRINTYMINITIALISING TRAHS REC SOFTHARE"

S6 Zr=1:MiE=4 H1=2

&7 LORDYTR-AUTO-CTRL" .8

PRIHT“ﬂIHITIHLI IHS WARIARLES™

k=l A=0TF=0: ND= q LE=Q:EE=Q:E5=0:F=0

J_j K=8: 1J=a:5t=3: EL=0: L—n

I 0 FH 120 HH=8:{P=0: 3R=0: ER=(
BT‘ﬂ FT—ﬁ PU D Hl i -

PP-M CH=R:MI=0: FD=0: FC=0

= CE= ey = Drls_.rlan FI_uUu FFA;_"'-’".FI.:-"E‘" F-'-f_uﬁu
Fag="g" RF£="0 F3'="‘_1"vl‘.!‘—" s MTMESO" ANES"GY CPRE="Q" ATE="G"
I|T_$=|l|’jl F-ll 14 ﬂ."";_n‘jn TII""”": :ILf_ern
OH MEZD SOTO 3€.1110,1210,71
PREINT" eIt HOFK EHSGH BAR DATA COWTROL AHD AHALYSIS
PRINT"IBBDERRERODDDROIREOF THARE"
FRINTYMETHIS FROGEAM CAHM BE USED 70 RHALYSE DATA FREOM BOTH COMFRESSIOH AHD"
PRINT "3 apRRSRDRDIBOERODEDDEYMDBERITTEHNSILE TESTS"
FRINT"AIRAMHEL | DATA REFERI TO STRAIM DATR FFUH BRF HEARER T0O GRS GLH®
FREINT"MBCOMPREESSION TESTS: CHI FOR IHCID & REFL PULSES - CHZ FOR TRAHS FULZE
FEINT SRTEMSILE TESTS: CH1 FOR TrAHS FULSE - OHI FOR THCID & REFL FULSES®
UE 12000
FUTHTHCRE BRR{4TL OF MAERGINGO" AT
IF Afa-"471" AND A< "WEFHbIHﬂ" THEH 1@z

J 1Ub

V0D 0 0 T el e

LI DRI Y R )

I LA R R SVILEV LGRS EE VY Bt g BN Bl Ront Hall Bnd Bt B |

D RLRRNEE Rl RO DO R Ry R D]

PF!HT huHUPVINgUN BAF DIFECTORY"
FRINT"HML, TRAHSFER DATA FROM T.R,TO PET"
PREIMT"Z. HOFE EAR DATA ANALYSIZ"

FRINT"Z, IM3TROM DATR THFUT & AMALYSIS
PRIMT"4. LIST DATA" .

FPRINT"S. LIZT RESULTS"

PRIMT"E. DEAK GRAFHS!

FRINT"T. FARAMETERS ENTERED FROM KEYEDRRD™
PRINT"Z. EBAR 3TRAIN & IMPBCT YELOCITY"
PRINT"=®. EXECUTE T.R. OFERATIOHAL =0F THRRE"
FRIMT" 19, AYERAGE OF RESULTS FILES"
FRINT"t1.FINISH

FRINT"SREELECT CODE™

ITHFUT H1

L= = T N e G [ e e T 00 T

B
H
‘
B
i
1
H
1
3
'
1
.
i
.
.
3
i
i
i
'
'
N
l
Y
1
&




et I o T i W S o W W W
(LN ONE e RV VRN Y N I RE AP LR )

R A L e T e W B M b s

b s hs bt hem e bn e
Lo
—

1016
ec) g
1413
jars

10621
1oz
1333
10934
1035
1036
1637
1333
1933
1040
1645
1848
1647
1048
1865
14975
1624
1895
1657
1692
1160
1119
1128
1158

IF HIC1 OR H1511 THEM 130

OH M1 GRSUE 10006,3000. 18600, 2005, 5060, 6008, 7O, S

GOTO 163
» APFERRS
PRIMT " ROORTDATA TRAMSFER FROM T.R. TO FET"
Rx=0
PRINT SIFDATA WILL ALS0 BE TRAHSFERRED TO DIZK®
IHPUT" ffMATERIAL TESTED" ;1M
INFUT"COMPRESSION OF TEMZILEYCCTE
INPUT"TEST TEMP(E.G. O2ar" T
IHFUT RHHEAL IHG TEMPCE.G, 3183 ", AH$
IHPUT"FROJECTILE TIMEC1 TO 2>":T1
IMNPUTHFROJECTILE TIMECZ TO 33":TZ
31=189,5-T1: 52=1ﬁGfT;
F-CE1-52040. 72
TP IRTCYID: IF WI-THT VI o=0.%
PAEsATRECTP Y (FYE=RIGHT $CPE, 2
EHPUT"’TEEL ¥R DUSARLLMIN FFﬂTErTILEf’ oF D3":PRE
IF FRFSE" RAMD FRECS"DY THEM 1013
INFUT'IDEHTITY LETTERCE.G. RX";IL¥
ME=LEFTEMME. 20
CCE=LEFTE(CCH, 12
FE=ME+CoE+THE+AME+FY S +FRE+ILE
IHPUT*FULSE SHAPER USETCY OR HY':A¥
IF A<y AND AFCO"H" THEM 1020

THEH TP=IHT{%"I)+1

: IF A§="H" THEM 1830

THRUT"AMMERL THG TEMP CE=UHAHHERLED) " ATH
ATE=LEFTECATS, 1)

Fr=FF+"P"+AT¥

IHPUT#DISK DRIVE FOR DATA STOREAGECH OR 15, DD%
IF DDA AND DDFC 1" THEM 1630
FEINT"IXHAHHEL 1| DRTA:-"

FRINTSPEELECT RANGE OF DATA FTS TO EE STORED"
PRINT"ALLOMING AT LERST 10 PTS BEFORE START™

FRINT'OF INCIDENT PULSE (IH TEHSILE TESTS IGHORE COMF FPULSE  FROM IMPACTS

PRIMT"AMMSTART ADIRESS ¢ 1 - “"H2¥102Z4">";
THRPUT J

FRIMT"END ADDRESS OF DRTACMJ+1" - "HZ&1@24"3"
INPUT K

F15=DD$+": "+FF+CHRE (432

FRIMNT"MMDATA PTS “"J" TO “K" WILL EE STORED"
FEIMT"IN DRTA FILE 8'F%

PRINT" ~ STARTING AT ARDRESS "

PRINT" EHND ENDIHG AT ADDRESS "K-J+i

PRINT"MMSET /MEMOR'Y SELECT SWITCH” CH T.R. TO 1"

GOSUB 12609

2/-

HN1=

MKV“°

PRINT"LOADING TF‘FIH"IEHT RECORDER SOFTHARE"
LOAB" TR-AUTO-CTRL" .

HF$=F1$+"a5EQ;NRITE"

CPEHZ. 8,8, HF¥

GOsUR 3300

5]

» P0G,

15900, Z9aa0



1208 FRINT"Z0eBIDATAR TRAHSFER FROM T.R. TO FET"
1205 PRINT"HECHAMHEL 2 LATA:"
1215 Fis= DD$+7: *+F$+CHRE (5>
1217 PRINT"XDATA PTS "J" TO "K" WILL EE"
FRINT"STORED IN DATA FILE A"F$
PRIWT" - STRRTING AT ADDRESS 1"
PRIMT® AND ENDING AT RIDRESS "K-J+1
PRINT“BM.2, CHAMMEL 1 DATA IS ACTUALLY STORED"
PRIMT"IN FILE @"F$+CHR$(45O"8 AHD CHRHMEL 2 DATR IM FILE SFF+CHRE(GQ)
PRINT"HOMEYER DO NOT USE SURSCRIPTS B DR 2@t
PRIMT*HHEH SELECTING A FILENAME IM THIS"
PRIMT"FROGRAM"
PRINT™A=EY “MEMORY SELECT SWITCH” OH T.R. To 2°¢
BOZUR 12990
= Hi=2
35 MRE=2
FRINTYTLCADING TRAMSIEHWT RECORDER SOFTHRRE®
LORD"TR-AUTO-CTRLY ., 3
WF$=FZ$+", SEQ.WRITE"
OFEM3. 2. 2. HF$
GOSUER J@E0
MKH=1
FRINT""
. SR=1:LF=25:¥1=,53:V2=.5:Gi=5.84:62=5.04
F=2.18:'EM=117
42 PRINT"WAYE YELOCITY IN EBARS = "CA"MP3
FRINT"ELASTIC MOD OF BARS = "EB"GFA
PEIMT"DIAMETER OF BARS = "DB"HM"
. PRINT"FROJECTILE LENGTH = "LP"CH3"
7 FRINT"STRAIN GRUGE FALTOR = "F
THFUTYYOLTS FULL SCALE.CHI" Y1
IHFUT*YOLTS FULL SCALE.CH2Z'.Y2
IMPUT"GARIN OF 501 AMFLIFIER™;GH
IMPUT*GRIN OF 352 RMFLIFIER".CGZ
@ IMPUT"ELASTIC MOD OF SPECIMEM{GPR:":EM
IHFUT"DATE" ; IIT#
 IHFUTTIME" . TMF
IHPUT SAMFLE LEHMGTHCMMZ LG
IHPUT"SAMPLE DIAMETER (MM " ;DS
IHPUT"FOKER SUPFLY YOLTHGE"E
IMPUT"VOLTS ACROES SGI".VYA
IHFUIT"OLTS RCROSS 62" VER
IHPUT"TIME DELAY BETWEEM TRAWS & REFL PULSESC(MICROSECS>".DE
Fig=DD$+": "+F$+CHRE(S D
WFE=FZ2¢+",SECQL WRITE"
0 OPEH3,E.3.WF$
FRINT"MTRANSFERR ING FARAMETERS TO DISK"
BR=1

0 FCLy=SRIFC2IsLPIPOI=Y1P(4)=2
F{Ss=01 PLEI=GZ: F(TH=F :F{2)=L5
PL{)=D5:P(180=E F (11 2=Y ﬁ PCE2)=YR
P{130=DE P14 =EM: FO15= ] PEC1=DTS  PE(20=THE

5=




1437 FOR J=1 TO 12:C8=CS+F{J) i HERT
1435 PRINTH#3,C3ICHRE(E3Y:
1443 FOR J=1 T0 13
1445 PRINTH#ES, PCIVICHRECLI3D S
1450 MHEXT
1455 FOR J=1 TOQ 2
1460 PRINTHS3, PECI);CHR$ (130,
1463 NEXT
14790 CLOSES
156 GOTO 108
2000 INPUT"THAME OF FILE HOLDING DRTA"F$
2139 INPUT"DISK PRIVE(E OR 12" DD¥
2132 INFUT"HOFK-BAR OR INSTROM DATACH OR ID“,AF
2133 IF A¥="H" THEM 2148
2154 IF AFOUIY THEM 2122
2135 GOTO 2157
2149 INPUT"CHL OR CH2 DATASL OR 20":C#
2145 IF C$="1" OR CH="2" THEMN 21580
2147 GOTO 2149
2158 RFE=ID$+": "+FE+CF
2155 5ATO 2158
2137 RF$=DD%+": "+F¥§
Z169 AF=RF3$+".5EQ,RERD"
217G OPEM 2.3,8,AF
2175 INPUTHE.CS
z120 INPUTHZ, MD
2163 LCLOSE 3
2187 FRINT“ATHERE ARE “"WD" DATA PTS IM THIS FILE"
2123 IMPUT"DATA TC EE LISTED FROM DATA PT NO",J
2ze8 IHPUT® TO BATA FT HO".I
2261 PRINT"D20eBILIST DATA ON -
2219 PRINT" a1, SCREEH"
2229 PRINT"2. LINE FRIHTER"
FREINT" Ae"
3 IHPLIT" RZELECT CODEE" N2
3 IF H3C1 OR H3>2 THEM 260
3 BH=HZ+2 :
OFEH DH+2,IH. 2
1F DH=3 THEN 23S0
FRINT#DH+2 . "2939533"
CPEH [H. DM, 1
IF C$="1" AMD CCE="C*" OF Cy="2" AMD CC3="T" THEM Z#="IHCIDEHT"
IF C#$="1*" AND CC#="T" OR C$="2" AHD CCs="C" THEH Z$="TRANSMITTER"
IF CC3{>v0" THEH 236
IMPUT" ACOMPRESSION OR TEMSILE DATACC OR TH"/LCH
IF CLg="C" OR CCF="T" THEHW 2352
GOTO 2353
3 IF DH<>2 THEM PRIMTH#DN.CHEEL(1edo" "Z%" EAFR DRTR FTS "J" TO"I;
%1 PRINTH#DH. CHRF (165" "F$ .
2 FEINT#DH
IF DH=2 THEM FRINT"TIDATA FT HO DATH YALUES"
IF DH=2 THEW 2375
FRIHTH#IM, CHR$Z 160 "DATA PT HO DATA “YALUES"




2379
2380
22508
3608
3065
30068
2007
2813
30248
3621
3030
3040
3854
3gs5
24970
3020
s =]x)
2052
3075
3140
3150
3152
3153
31354
3160
316z
21e2
3174
3204
3210
3215
fc Al
e o]

e
Y2t}

248
Jzse
3264
3ras
ecialy)
eicisH
a0z
3a02
a804d
3805
Jang
3867
3303
T3
3=l
3811
21z

314

GOSUB 10000

CLOSEDH+2

RETURH

REM DATA AHALYSIS SECTION

DAZ=1

GOSUR 3010

GOTO 3095

INPUT" TIISHAME OF FILE HOLDING DATA"F¥
IMPUT"DIZK DRIVELD OR 1);IDF

IF DD$O 8" AND DDFCO™1" THEN 3020
RF$=DD$+" : " +F$+CHRE(S1)
AS=RF&£+*, SEQ. READ"

OFENS. 8,2, As

INPUIT#E, 05

IHPUIT#S, SR LP, VI, V2, G1,G2.F,LS

INPUT#2. DS, £, YA. YR, DE. EM, VI, DT%, THE
LLOSES

RETURH ,
TP=SR+LE+Y] #2451 +G2+F +L3+[S+E+YA+YE+DE+EN
DN=2:GOSUE Fa3e

INPUT"DOES 5G1 AMP FHWERT SIGHALCY OR MY RE
IF A$="v" THEM Al=-1

IF A$="W" THEN Al=1

IF ASCO"Y" AND AFCO N THEH 3150
IHPUTPDOES 562 AMP INYERT SIGHAL(Y OR MRS
IF AF="%" THEH AZ=-1

IF Af="H" THEM AZ=1

IF RECO"Y" AND ARECO"H" THEH 3167

REM CALIBRATION FACTORS CALS -F1 &F2

H= CE-VFD AR

INPUT"CHY 56 FACTOR";F
Fl=(H+1) 12/ CH¥F¥G1D

H=CE=¥E) ™

INFUT"CHZ 56 FACTOR";F

Fa=(He1) 412/ (HEF$62)

KI=(F1¥1)/CE4255)

Ko=(F2#v21/(E#255)

CCE=MIDECFE, 3, 1)

Zg="2":IF CCH="T" THEM Zg="1"

FRINT"MNAFCHRHHEL *Z%£" DATA - TRAHSMITTED FULSE"
PRP=1:IF CCE="T" THEN PP=-1

IF Al=-1 AHD CC$="T" THEH PP=l

IF AZ=-1 AND CLH="C" THEM PP=-1

RF$=DD$+": "+F§+2%

AS=RFE+",SEQ, READ"

OFENZ, &,8. A%

IHPUITHS, %

INPLITHZ, . HD

CLOSE &

CHE="TRANS"

5RINT“E§THERE FRE "HD" DATA PT3 IN d'Fs
=1:I=H




3824
40249
4022
4825
4100
4110
4115
4117
4128
4125
4120
4132
4135
4140
4142
4143
4144
4145
4199
4129
4150
41461
4165
4290
420G
4297
42649
4265
4310
4215
S22
4325
4230
4335
4349
4345
4346
4247

343
4349
43383
4359
4269
4279
4371
4372
4373
$3I74
4z22
4389
4233
4304
4395

GOSUE 11aag

FRIMT"SSEARCHIMG FOR ZTART OF TRANHS PULSE™
=z0

GOSUE 14038

BT=E:FT=BT+FH

PRIHT"REMOYIHG LARGE YARIATIONS IN TREAMS PULSE"
FOR J=BT-zd TO FT+20

IF J=0 THEM 4123

IF AE(JX=0 0R AX(J>=255 THEH RX(I=RHI-1)
HEXT

FOR J=BT-29 TO FT+208

I[F J=0 THEM 41480

IF ABSCAXLI-AECT~10225 THEN AXCII={AXCT+LO+AKCI-10)/2

MERT

SOT0 4270

Lo=Rn(BT~-22

LI=AX({ET-21>

FOR J=PT-ZB TO FT+20

LO=RZCT)

AXCTY=CL2+L 1 +RECT I +RM I+ LI +AX(T+23 0/

Le=L1

Li=LG

HEMT

BY=E:FT=BT+FH

FEINT"DATA PTS "BT" TO "FT" MILL BE AMALYSED"

REM AYG OF 15 DATA PTS BEFORE TRANS FULSE
REM THIS WILL EE ZERO PT OF DATR

PRINT"®F INDING ERSELINE OF TRARNZ PULSE"
TP=G

FOR J=BT-15 TO B7-!

TE=TP+RZ(J>

HEXT

TP=TP/15

IF TP-INTC(TP)>=0.5 THEH TF=INT(TP)+1
TP=INT(TP)

FRIHT"MBASELIHME FOR CHAMHEL “Z%" TATA IS "TF
IHPUT"ALTER BASELINECY OR HX".A$

IF A$="H" THEN 43358

IF AEO™Y" THEM 4342

IMFUT"HEM BRSELIME VALUE“;TF

FOf J=BT-29 TO FT+20

FHCI»=RACII-TF

HEXT

FRINT"SAMALYSING TRAMSHMITTED PULSE DATA"
K=KZ: IF CC#="T" THEH RK=Kl
TP=EE# 10 1234DB12/ (05122

FOR J=ET TO FT

JI=J-BT

A=AZC T 4KK

S5CTI)=AKTP*FF

HEXT J

PRINT"*AHALYSIS COMPLETED"

GOZUE 128009 -




4337 Z$="1":IF CCH="T" THEM Z$="2"
4400 FRINTWO:CHANNEL 25" DATREMAERNNRRERAIINCITENT & REFLECTED PULSES®
4410 RF$=DDI+": “+F$+C$
4420 AS=RF $+,SEQ, READ"
4425 J=1:1=ND
4425 GOSUR 11000
4427 FRINT“SFINDING START OF INCID FULSE®
4423 CHS="IHCID" :PP=1:B=20
4422 IF CCE="T" THEN PP=-1
4430 IF A2=-1 AND CCH="T" THEN PP=l
4431 IF Al=-1 AND CC#="C" THEM FP=-1
4432 GOSUB 14938
4432 CHE="REFL" :PP=-1:B=F+PN+20
3434 IF CC3="T" THEM PP=i
4435 1F Rz=-1 AND CC$="T" THEN PP=-1
4436 IF Al=-1 AHD CC$="C" THEM PP=1
4432 PRINT"SF INDING START OF REFL PULSE"
4445 DOSUR 14030
4441 ER=B:FR=BR+PH
4442 RS=0
4444 REM FIND AYG OF 20 PTS AT END OF REFL PULSE
4445 FOR_J=FR TO FR+3
43946 AS=AS+ANCD)
4443 NEXT
4450 AS=AZ/20
4453 IF AS-INTCAS)>=0,S5 THEN AS=INTCAZ)+)
4455 AS=INTCAS)
4455 PRINT"MEAZELINE FOR CHRMMEL "Z$" DATR IS "AS
4457 IHPUT"ALTER BASELIMECY OR HD";R$
4453 IF A$="N" THEN 4470
4453 IF ASCO*Y" THEW 4457
4463 INPUT"HEM BRSELINE VALUE";AS
4479 ED=BR-ET
4475 PRINT"SREFLECTED PULSE STARTS "ER "MICROSECS AFTER TRANS FULZE"
4480 IF DECSED THEN 4556
4435 PRINT"STHIS DELAY SHOULD BE "DE" MICROSECS®
4437 INPUT"EDO YOU WANT TO MODIFY START OF REFL PULSECY OR H>";AS$
4483 IF A$="N" THEN 4556
4483 IF ATCO"Y" THEN 4487
4420 PRINT"EMODIFYING START OF REFLECTED PULSE"
4432 JJ=9
4493 TP=DE-ED
. 4433 FOR J<BR TO FR
4589 IF RZCIIRNCI+TRY THEN 4507
4505 J=FR:GUTO 4518
4507 JJ=JJ+1
4519 HEXT
4512 FOR J=ER+JJ-1 TO ER STEP -1
4513 ACIHTRY=RARCD
4514 MEX
4520 BR=BR+TP :FR=FR+TP
432% PRINT"SREFL PULSE NOW STARTS AT “BR
4526 PRINT"S  1.E."DE “MICROSECS AFTER TRAHS FULSE"




4535
452356
4337
4333
4340
4342
4344
4548
4543
4550
43551
4352
43353
455:
435S
3358
4307
4553
4553
4561
4382
45673
ATES
4365
40588
4367
4562
4563
43748

4572

4573
4578
4577
4579
4525
4520
4cag
4620
3825
4£36
4635
4640
464]
4651
4c6d
4636
47EE
4763
47a4
491
3215
3320
4321

INPUT"EDG ¥YOU WANT TO SEE MODIFIED REFL PULSECY OR H)“:Af$
IF R$="N" THEH 4357

IF R3>"Y" THEH 4535

RB=ER

FOR J=BR TO FR

PRIHT ARHCJID

JJ=J-RB

IF JJCZ0 THEN 4555

RB=J

IHPUT"MORECY OR H)"; A%

IF A#="4Y" THEHM 4555

IF A$CO"H” THEH 4550

J=FR

GOTQ 4357

HEXT

GOSUE 17060

FOR J=ER-28 TO FR+Z0

R Iy=AZCT 3 -AS

NEXT

FPRINT"MITART CORRECTION OF REFL PULSE = "AX(ER)
FRINTYEEHD CORRECTION OF REFL PULSE ="RNX(FR)
INPUT"DO QU WANT TO CHAMGE THESE YALUESCY OR HY";As
IF Af="M" THEH 4589

IF REC™Y" THEH 4563

IHFUT"3TART CORRECTION";ES

IHPUT"EHD CORRELTION;EE

GOTO 4572

EZ=R{(BR)

EE=RMN(FR)

FRIMT"MZORFRECTING REFL PULSE BASELINE"
FOR JJ=ER TO FR

J=JJ-BF

AL Ty=ANL I - (CES-EEX#(PN+ER-IT)/FNI+EE )
HEXT

PRINT"SRMALYSIHG REFLECTED PULSE DATA"
FEM CRLCULATE STRAIN IN SAMPLE

TF=8

MR=ER$1E-5

J=1:]=HD

FY=Z#CO#% 1GO0/LS

KR=K1:1F CC¥="T" THEN KK=K2

FOR JJ=ER TO FR

J=JJ~BR

A=RZC T Y#KK

TP=TF+A#MR

ESCID=TP#FY#FP

HEXT JJ

FRINT"PAMALYSIS COMPLETED”

GOSUE 12000

REM CALC TRUE STRESS,STRAIN.STRAIN RATE
PP=-1:1F CC#="T" THEM PF=1
PRINT*TCALCULATING TRUE STREZSES & STRAIHS
FOR J=0 TO 130:ET(J)=0:5T<Jr=0:HEYT




4oz
4538
4948
4350
4955
43&0
4962
4765
497G
4372
4974
4973
4376
3977
4978
4973
4239
4283
4325
4287
150a
4983
4290
4531
4352
4225
3227
4923
qa23
Saas
591G
Suz0
5824
SG37
Sa40
S04t
5042
S045
S048
38947
S94:3
SE45
3950
SO50
75 v
Sasg
Saoz
5435
ea7
S
S1ou
5126

S0

FOR J=8 TO PH

ETCID=PP#LOG( 1 +PP#ES{T )

STLJI=5SC{JI#CL+PPFESCI))

IF J=80 OR H1=3 THEH 43¢0

TR(I>=CETC(II-ET(I-1)>/MR

HEXT

FRINT"MCALCULATIONS COMPLETED"

GOSUB 12200

INPUT"IDD ¥YOU WANT TO STORE TRUE STRESS/STRAIM RESULTS ON DISK(Y OR
IF A¥="H" THEN 18%

IF ASOMY" THEW 4370

FRINT"®ANY PREYIOUS REZULTS FROM DATA FILE “Ft* WILL BE ERASED"
IMPUT"BCONTINUE WITH TRAMSFER TO DISK(Y OR HY':RASf
IF AF¥="H" THEM 162

IF AFOOMY" THEM 4976

WEE="@"+D0F+"  "+FE+CHRS(S2>+", SEQLWRITE"

OPENZ2. 3.3, WF$

PEINT"®SHITCH OFF GRAFM FLOTTER®

GOSUB 12060

PRIMNT"MTRAMSFERRING RESULYZ TO DISK"

FOR J=0 70 FH

PEINTH#S. STCIY;CHRF (132

PRINT#3,ETCIN, CHRECL3);

PRINT#2, TRCOID S CHREC13S;

HEXT

ClOsES

FH=138

GOZUR 12065

GOTO 102

REM RESULTS

PRINT " A nbBRRESUILTS"

FPRINT"®a®i. TRUE STRESS/STRAIN®

PRIMT"“2, ENGINEERIHG STRESS~STRATH"

FRINT"&Mas. RETURM TO HOFK BAR MENU"

INPUT" SIRISELECT CODE":H)

IF H1<1 OR Hi>3 THEHM 3916

iF Mi=3 THEM RETURH

IF N1=1 THEN GOSUB 55049

IF DRr=1 THEH 3054

FRINT"ERROR - DARTA HOT YET RHALYSEDY

GOSUE 12090

RETURN

PRINT" AR ®OOLTRANSFER RESULTS TG ~"
FRINT"falfli. SCREER"

PRINT"2. LINE FRINTER"

IMPUT" REIIRSELECT CODES™; I

IFf DHIL OR DH>2 THEM 5654

OH=DH+2

L=l :R$=RIGHT$ F$.2) 'E3=LEFT¥.R%$. 1)

IF RE="2" OR RIGHTE#(FT,1>="3" OR RIGHTS(FE.1>="g" THEHW 5128
IMFUT"SMENTER MICROSEC IMTERVYAL FOR RESULTS TAELE“:L
OFEN IM+2.IM. 2

FRE="3033,93 239353, 333~ 593,953 33353, 933-" |

..........

Mo A



SI6
370
SIPS
L icls)
9392
3355
SoR0
Solo
STl

=
5522

S524
5325
9539
S0
S350
5551
552
S553
5554
5555
SSED
SSra
So30
S530
S
9610
5620
[s]sic]
6055

FRINTHDM+2,FF¥

OFEN DH.DH, 1

PRINTH#DH, CHRF(1EBD "FILENAME = “F¥

FRIMTHDN:PRINTH#DRH: FRINTH#IH

IF Hi=}{ THENT13$="] TRUE STRESS/STRAIM RESULTS"

IF NHi=2 THEM Tig="11 ENGINEERING STRESS/5TRAIH RESULTS"

? PRINTRIM, T1#

PRINT#DH

IF Hi=1 THEM S3Z5

PRINTHDH. CHR$(168)"  TIME STRESS STRAIN"
PRINTHDH. CHRECIED) " -5"

PRINTHIM. CHR$(160)" (16 SEC) CHPAD (A
GOTO 5345

FRINTH#DN. CHE$C 166"  TIME STRESS STRAIM  STRAIM RATE"
PRIMNTH#DH, CHREC1EG Y™ -5"

PRIMNTH#IH. CHR$(1E632"¢10  SEL) CHER> L9 (ASED Y
PRIMT#IH

T=0

FOR J=5 TO PH STEP L

IF J28 AND 3T(J)=0 AHD ET{I)=0 THEH 5365

IF Hl=1 THEN PRINTH#DN.T,ST(J2/LES.ET(I) %100, TR(ID
IF Mi=2 THEM FRINTH#DM.T,33(I>/1ES.ES{J)#100

IF RE="H" THEH 5323

T=7+L

HEXT

IF DH=4 THEH 5354

GOSUE 12000

CLOZE DM

CLOZEDN+2

GOTO S619

IMPUT"DO ¥OU WANT RESULTS FROM DISK FILECY OR H)",A$
IF AF="M" THEH RETURH

IF ALY THEM SS09

FRINT"&SZSHMITCH OFF GRAFH FLOTTER"

COSUR 12064

Dril=1

INFUT"FILEHAME" ;F$

IHPUT"DISE DRIVELD QR 1>";0ODF

IF OD$> @ AMD DRFCOV 1" THEH 5546

FT$=CHR$(52)

THPUT"SHMGOTHED REZLLTSCY OF HYUA$

IF AF="4%" THEH FT#=CHRF{SZ>

IHPUT"RYERAGED FESLLTSCY OR HY“;Af

IF AF="Y" THEM FT$=CHR$(S54)
REF=DDE+" " +F§+F T+, SEQ, READ"

OFEHZ, 8. 5.RF¥

FOR J=0 TO FH

INFUTHE, STOJY, ETCT 2, TRCID

HEXT

CLOSER

RETURH

Z4=1

FEINT"LOADIMG GRAPH FLOTTIHG PROGRAM




LORD"GRAPHS", &

REM LIST OF PARAMETERS EMTERED FROM THE KEYBOARD
PRINT"J#FPARAMETERS EMTERED FROM KEYBOARD™
INPUT“®LIST PRRAMETERS OH SCREEM OR FRINTER (S OR P)";A$
IF Af="5" THEM DN=3

IF A$="P" THEN DH=4

IF_A$="3" ORK A$="P" THEM 7@23

GOTO 7603

GOSUB 3616

OPEM DN, BH

0 PRINT#DN, "TPARAMETERS ENTERED FROM KEYBOARD"
PRINTHDM, " — = mmmm e e "

FEINTHRDH, "DATE = "DT$
PRINTHDH, "TIME = "TH$
FRINTH#DH, “FILENAME = "F%
FRINTH#DH, "SAMFPLING RATE = "SR" MICROSELCS™
PRIMT#IH, "PROJECTILE LEMGTH = "LP" CH"
PRINTRDN, "YOLTS FULL SCRLE.CH1 = "Vi
a0 PRINTHIN, “YOLTS FULL SCALE.CHZ = "¥yZ
3 PRINTH#DM."GAIN OF 2G1 AMPLIFIER = “Gi
FRINTEDN. "GRIN OF SGz AMFLIFIER = "G2
28 PRIMTH#IH, "STRAIN GRUGE FRCTOR = “F
Foase PRINTHDH, "SRMFLE LEHGTH = “L5" MM
A PRINT#DM. "SARMFLE DIAMETER = “D3" MH"
2 FRINTRDH, "FOMER SUPFLY “YOLTAGE = "E
PRIMTHIN, "YOLTS ACROSS SG1 = "VA
PRINT#DH, "¥OLTS ACROSS 5GZ = "WVEB
FEINTHIN, "ELASTIC MODULLS = "EM" GFR"
3 PRIMT#DM, "DELAY BETWEEM FULSES = "DE " MICROZECS"
FRINT#OH, "WELOCITY OF IMPACT = "WI" MP3"

CLOZE DM
IF DH=4 THEHW RETURHM
b GOSUR 12000
200 RETURH

3 REM COMPAREE SG & FROJ YEL READIMGE

S PRINT"I"

& IHPUTDC YO KHOW DIGITAL SIZES OF BOTH CHAMMELS 1 & 2 PULSESCY OF HY";AS
47 IF AF="Yv" THEN 2020

2 IF AS{O"HY THEN G006
3 PRIMT"RETURH TO HOPE EBAR DIRECTORY & LIST DATA
3 GOSUE 126480
RETUEH

IHFUT"POLER SUFPLY YOLTAGE",E
INFUT"STRAIN GAUGE FRCTOR":F
IHPUT"GAIN OF 261 AMFLIFIER":Gi
IHPUT"GAIN OF 3G2 AMFLIFIER";GZ
IHPUT"YOLTS ACROSS SG1":YA
IHPUT"YOLTS ACROSS 2G2"; Y
IHFUT*YALTS FULL SCALE.CHI";w!

6T IHPUT"WOLTS FULL SCALE.CH2":vZ
Z8cE IHPUTYFROJECTILE DEHSITYCRGALU MM FD
8867 [HPUT"PROJECTILE WAVE YELOCITYC(MAS»",PC




2870
a07s
216u
3105
3119
8113
8130
g132
8133
8149
8142
8145
2150
8164
St
3092
063
el
/5] <T
Sa37
[ap0s3
614G
023
2109
3200
223
9310
32

9400
10000
10505
19€as
10619
18611
18615
16620
196235
18628
18626
16635
10640
1876
19756
11848
11601
11enz
11004
1146465
1141@
11645
11929
11652
11980
11865

IHPUT"DIGITAL S1ZE OF S5G1 PULSE“;PA
INPUT"DIGEITAL SIZE OF SGZ PULSE";PB
HR=CE-VAX YA
HE=(E~YE)-YR
SA=CHA+1 Y ECHA+1 ) #Y 1EPA/ (HAFFHE#G1 #2350
SE=(ME+1 2K(HB+1 y&Y2HP B/ (ME#F $E¥G2¥233)
PRINT"STRAIN FROM STRAIHM GAUGES 1 = "SA®10Q"X%"
FRINT'STRAIN FROM STRAIH GAUGES 2 = "SE410G"4"
YS=SARER¥ 1AL A/ME+ 1/ (PD#PC) )
PRINT"FROJECTILE VEL FROM STRAIM GAUGES t ="%3"METRES PER :EC"
YS=SB#EB¥1013% (1. MI+1/(PD4PC)
FRINT"PROJECTILE VEL FROM 3TRRIN GAUGES 2 ="Y3"METRES PER SEC™
COSUE 12008

RETURH

HI=K=J+1

FRINT"®SWITCH OFF GRAPH FLOTTER"
GOSUE 12889
PRINT"ATRAHSFERRING DATA FRCOM PET TO DISK®
Co=g
FOR I=] TO K:CS=CE+RA(I) NEXT
PRINT#3.C5; CHR¥(13>;
FRINT#3.MD; CHREC(13):
FOR I=} TO K
FRINTH#2,A%CI); CHRF(12)
HEST
CLOSES
PRINT "fITRAMSFER COMPLETED"
GOZUB 12600
EETURHM

GOZUE 11023

HH=C(DH-2) 43

FOR K=J TO 1 STEP HH

PEIMTHIM,. K

FRIHT#IH, CHR$(1600" "3

FOR L=0 TO HH-2

PRIMTH#IM, AX(K+L D

HEXT L

PRINTH#DH, RZC(K+L)

HEXT K

IF D=4 THEM 10700

GOSUE 12000

CLOSE DN

RETURM

OFENE. 2.8, A%

PRINT"®QEWITCH OFF GRAPH FLOTTER"

GOSUE 12000

IF H3=1 THEH 11610

PRIMNT"MTRAHSFERRING DATA FROM DISK YO PET"
IHFUTH2,C5

TP=8

INPUTH#3,HD

FOR K=0 TQ HDI-1

INPUTH#3 ., AZCK)

TP=TP+RX K>




11078 HEX

11959 CLOSE 8

11831 IF C2=TP THEH 118323

11882 PRINT"FCHECKSUM ERRORE"CS, TP

11652 IHPUT"DBO Y0OU WARHT TO READ DATA RGARIN":D#
11024 IF DFE="¥" THEN 110G0¢

14935 IF DECO"H" THEMN 11633

11936 PRINT"MCOMTINULING WITH ERROMEOUS DATAR"
11958 IF HZz=1 THEH 11090

11983 PRINT"NTRANSFER COMPLETED"

11020 FETURN

12099 FRIHNT"A:PMBRHIT SPACE BAR TO COWTIHUE"
12610 GET C#:1F C¥CO" " THEHN 1281@

12028 RETURH

14609 FEM LOAD TRANSIENMT RECORDER PROGRAM
14085 PRINT"LOADING TRAWSIENT RECORDER SUOFTHRRE"
14097 MKE=]

14018 LOAD" TR-RUTO-CTRL". &

140728 REM FIND STRRT OF FULSE

146321 TP=0:JJ=0

14822 FOR J=B TO 1 STEP 19

14034 IF (AXCID=RECT-1)2%PFP<1 THEN 14032
13035 B=I-20:7J=1I

14038 HEXT

140329 TP=3:JJ=0 ]

14048 FOR J=B TO I

14045 IF AXCII¥PPOARNC(TI+1Y$FP THEH 14108
14050 IF RAX(I =RH:CE+1Y AMD TP=0 THEM 14100
14855 IF AZCI =AXCT+1 THEH 14650

14066 TP=TF+1

14885 IF TP<4 THEH 14118

13673 B=J-3-J1

14030 J=1:G0T0 14110

14095 JI=JJ+1

140622 IF JJ>Z THEH (4184

14095 GOTO 1411A

14198 TP=0:1J=2

14110 HEXT

14129 REM MAHUARL CHECK OF STRART OF PULSE
14128 PRIMT"A"CHS" PULSE STARTS AT'".E

14140 IHPUT"REDO Y0U WAHT TO CHECKC(Y OR HY";A$
14150 IF AL="H"GOTD 14232

14158 IF AsS"Y" GOTO 14140

14165 J=R:IF J{I18 THEH 14260

14176 FOR J=B~-1G TO B+10

14150 PREINT J,ARZ{(DH

14198 HEXT J

14260 THFUTTDO YOU WAHT TO CHANGE FREDICTED START YALLUECY OR HO“;Af
14216 IF Ar="H" GOTO 1428

14220 IF RECOMY" GOTO 14200

14239 PRIMT"AFFROH STRRT OF “"CHE"™ PULZE".
14225 [MFUT B

14245 FOFE J=B-18 TO E+i&



14220 FRINT J.AX(3)

14266 HEXT J

14265 INPUTDQ Y0U WANT TO ENTER APPROX START AGAIHCY OR HX“;A%

14270 IF AF="Y" THEN 142320 )

14275 1IF A$<O"H" THEH 142635

1428@ IMPUT"ENTER EXRCT STARTING VALUE": B

14282 RETURH

150%3 PRIMT"3DREBPRRICAVERAGEDR RESULTS"

15610 FRINT"MAMTHIS ROUTIHE CAM BE USED TO AYERAGE 2 OR MORE RESULTS FILEZS"
15038 PRINTYALTERHATIYELY THE AYG OF RESULTS FILES CAH EE INFUT FROM KEYEOARD®
15035 PRINT"TG BPE STORED OM DItK®

15837 DRX=|

15648 IMPUT"RFROM KEYBOARRDC(Y OR N> R¥

15056 IF AF="Y" THEM 15569

15050 IF AFC>UH" THEH 15640

15108 PRINT"IR0RPRIRUTOMATIC RESULTS AVERAGING™

17110 PRINT"EMOT YET AYAILARLE"

0 GOEUR 1zooe

i RETURH

15509 THPUT"RESLLTS FILEHBME".(F¥

15916 INPUT"DISK DRIVECO OR 1>";D0D¥

15528 MFE=0DF+" " +FF+CHR$ T4+, SEQ, WRITE"

15530 IMFUT"HOMW MAMY DATA PT3C1-13@)":ND

15544 IF HD>130 THEW 15530

15559 PRIMT"EHTER COQRDS OF STRESS(MPAY & STRAIHCGD"
133680 FOR J=1 TO HI

19553 PRIMT"COORDS OF PT MO“J:

15570 IHPUT STCIDL,ETCT)

13520 ST{J2=CT(II#1EE

15531 ETCIX=ET(J) 180

12582 TR(J2=9

15530 HERT

15g0m OPEMS. 8.3, WFE

15695 PRINT"MEWITCH OFF GRAPH FLOTTER"

15606 GLSUB 12a00

15618 PRIHT"ATRAMSFERRING RESILTS TO DIZK®

17628 FOR J=1 TO HE

15620 PRINT#E, 3T CHREC13),

15640 PRIMTHE,ETCIICHRE(132;

15650 FRIMTH#Z, TRCIISCHRE(13);

15660 HEXT

iSe7a CLOSES

15630 RETURH

16318 LOAD"ROUND-3TR-RATES", 8

17086 REM SMOOTHING REFL DATA

17005 PRINT*EREMOVIMNG LARGE VYARIATIONS IN REFLECTED FULSE"
17015 FOR J=ER-20 TO FR+25

17015 IF AXCI)=255 OR AX(JY=0 THEH AX(JI=AZ{I-1D
lrezg HEXT

17025 FOR J=BR-20 TO FR+Z0

17638 IF ABRSCAZCIY-RACI-100218 THEH AXCII=CRACI+II+AHCI-10)072
17035 HEXT

17048 RETURH

$3000 FEM INSTROH DATA IHMFUT & AHALYSIS -
12002 FOR J=0TO0130:55¢J =0 ES(J)=0HEXT



12903 DAX=1

12018 INPUT"TDATA FROM KEYBORRD OR DISK(K OR D)“;KD3
12013 IF KD$="K" THEM 18835

13820 IF KDs(>"D" THEN 18019

18821 INPUT“DATA FILENRME",F%

136822 INPUT"DISK DRIYE(S OR 1)>";DD$

18023 IF DD3<>"8" AND DD$<O>"1" THEN 18022

18024 RF$=DD$+":"+F5

18025 A$=RF$+", SEQ, READ"

18622 GOSUR 11009

18020 GOTD 15200

12635 INPUT“NO OF DATR PTS(I~138";ND

18837 IF HD{=138 THEN 18940

12038 PRINT"TOD MANY DRTH PTS"

18039 GOTO 18033

12048 PRINT"EENTER X.¥S.vMC IN MM (EG 100,80,18)

12841 PRINT" WHERE ¥ = LOAD"
12042 PRINT" Y2 = CHART DISPLACEMEMT WHEH SFECIMEN TESTED"
13043 PRINT" YMC = CHART LISFLACEMEMT FOR MACHINE COMPLIAMCE"

lgndd PRINT"8BN. B, EACH SMALL DIYISION SHOULD BE COMSIDERED RS 2 min*
1€045 PRINT'HEMCE MAX LOAD = 208 MH" PRIHT
12048 FOR J=1 TO ND
5 FRINT"COORDS OF PT HO"J;
INPUT S8¢J5,ES(J).MC
ESCI)=£3{13-MC
HEXT
IHPUT"STORE DATA COH DISH(Y GF N> ;AT
IF Af="H" THEN 18230
1803 IF AFCY" THEM 126395
12100 INFUT"MATERIAL TESTED":MMF
12105 INPUT“COMPRESSIVE OR TEHNSILE":CCS
12116 IMFUT"TEST TEMPCE.G. Qzo)™; TiE
12115 INPUT"ANMEALIHG TEMPCE.G. 3193".AHS
12129 IHPUT"AFFROZ MAX STRAIHCEYCE.G. 300" MSE
12125 INPUT"IDENTITY LETTERZE.G. A>"; Ik
18130 ME=LEFTH(MME. 20
18135 CCs=LEFT${CC¥. 1)
18140 FE=ME+CCE+THMEHANE+ 05" +M5 5+ 2"+ ILF
- 134z CEgsvin
18145 PRINT"WTEST DATA FILEMAME IS Z"F%
1215 IHPUT"RDISK DRIYE(G COR LD, DD$
12155 IF DD4C"6" AMD DD$L»"1" THEM 12156
12160 J=1{
18165 FOR 1=} TG ND
13170 AX(2HI-1)=35C1#14
13179 RACZ¥ID=EZ(1)¥10
12177 KEXT
12120 K=ND#2
18121 HFF=DDs+" :"+F§+", SEQ, WRITE"
12182 OPEM3Z.&,8.HF$
12185 GOSLIR 5000
16120 6070 18270




18200 HD=HD- 2

{088 FOR J=0 TO HWD-1

18205 38{=AL2¢ /10

13219 ES(ID=RI(ZET+1), .4

12215 HEXT

18233 INPUT"RCROSS HEAE SPEEDCHMATMIN) ", S:
15225 IHPUT"CHART SPEET<HMAMIMY™;3C
18280 IHPUT"FULL SCALE LOADCKGM";LK
18305 LM=20a

18318 JKPUT"SAMPLE GRLIGE LEHGTHIMM» LS
18315 IHPUT"SAMFLE DIAMETERCHMO™.D3

18320 Cl=LK~/LM:C2=5X,3C

18325 AR={o*D312>/4

18327 FRINT"RCALCULATING EXT(MM> ¥ LOAD(KG) FOR ZPECIMEM"
18328 FOR J=0 TO HND-1

18335 S5(Ir=330T04 11

13346 ESCID=ES{T2#C2

13345 HEXT

133732 PRINTYMCALCULATING ENG. STRES: ¥ STRAIN®
122e0 FOR JI=0 7O HD-1

128385 S3(J0=33C 1042, Bl410 AR

18358 ES(IO=E5{ LS

1833% NEXT -

18490 IF KD$="K" THEM FH=HD/Z

12405 CCF=HMIDF(FF.3.1)

18418 GOTO 4316

280945 REM END OF PROGRAM



APPENDIX B

GRAPHS Software

10 REM GRAPHS - YERSION 24-03-34 15,00 20 REM MAX YALUES OF X&Y ZUE 4050
20 REM MAX YALUES OF X&Y SUB_ 4000

20 REM CALC AKES LIMITS SUR Sogu

43 REM DRAW & LABEL AKES SUR 000

59 REM COMWERT X DATA SUB 7o00

&8 PEM CONVERT ¥ DATA SUE 200

78 REM DRAW GRAFH(E) SUR Sa0g

g8 REM RERD SG DATAH SUR 10090

85 PH=120 :

29 IF Zh=1 THEM 166

25 DIM 2501200, ESC1300 3T 1380 ETA128), TROLHD
198 IF GX=1 THEM Zzaa

130 DIM XO1Sad, Y150

158 Gi=

1608 S1$#="3TRESS" :32%="(MFA"

161 E1£="STRAIN" 'EZ$=" (K" ‘E3F="3TRAIN GRAUGE DATH":E+¥="STRAIH RATE"
162 ESE="(/SECO"

163 T1$="TIME" :TZ#="{MICROZECSH"

200 5YS 94036

210 PRINT"IGRAPH FLOTTER ACTIVATELR"

310 5=3: 152,58

320 R=1:1R0O. R

330 Rp=2Zr0=20

F32 PRINT"ORIGIN AT X = *¥0 "Mm AHDC Y = “¥YD" MR
IMFUT“CHAHGE THESE COCRDSCY OR MHX".A%

IF AE="H" THEH 400

IF As{>"Y" THEH 3%

FHPUT"HEM ORIGIN COORDIOX, ¥ RO, Y0

408 FRIMT Tellsd®DIdDIRECTORY OF GRAFH3"

$50 PRINT™®ell, STRESS Y. STRAIN

780 PRINT"Z, STRESS Y. TIME"

S8 PRIHT™Z. STRAIN Y. TIME"®

€0 PRINT"4, STREAIM RATE Y. TIME®

7A0 PRIMT"S. STEAIM GAUGE LATA Y, TIME®

710 FRINT"6. ERR STERIM Y. TIME"

G000 PRINT"?. IHCIDEMT FULSZE ¥. TIME™

210 FRINT"3. REFLECTED PULZE . TIME"

220 PRINT"S, TRAWSMITTED PULZE Y. TIME"

220 PRINT"1G. HOPK EAR PMEMHUY

530 PRINT"FERZELECT CODE"

S0 INPUT NHE

978 IF HMH<I OR HMEZ10 THEM 554

985 LHE=HMX

923 OH HHE GUSUB 2206, 2300, 2408, 2386, 2000, 2203, 3000, 3100, 3203, 25000
1608 IF HHX=5 OR HHX=5 THEN Yo=1405

2400 IF PO=145 THEN GOZUE 14600

Zaia IHPUT DO Y'CU WANHT TO DRAY ASESSY OR HM U ARE
2a11 IF AXE="¥" OR HAF="H" THEH 2013

2612 GOTO 2610

2013 THPUTUDO YOU WAMT 70 LABEL AKES{Y OFR MX";LBf
2814 IF LEs#="%" (OF LE#="H" THEN ZD1&

2015 GOTO 2013

2916 IHPUT"DO YOU WANT 7O FRIMNT TETLESY OR HX":FTF

03 Ly O3
Cod ik (o 0sd
[ YL I S )




2017 IF PT#="N" THEH 2168
2013 IF PT$"Y" THEH 26816
2015 [NPUT"STITLE"; TT#
2169 GOSUE 4620

2110 GO3UB S680

2138 GOSUR Voo

2140 GOSUR 2004

2163 GOSUE 5000

2168 GOSUE 5704

2168 GOSUB 8535

2170 GOSUE 2094

2171 IF Yd>1a5 THEN 400
2172 Y0=20:G0SUE 16800
2173 GOTQ 2109

2198 GATO 480

FEM EHG STRESS V STRHIN
Y GOZLE 12109

IF A#="T" THEH 2é0Q
IF A$LO"EY THEH 2209
IF DRX=0 THEN 13000
GOZUE 11600

IF Af="Y" 0Or AF="H" THEM 2Z21&
GO0TO 2212

FOR J=8 TO PH

CIYAER

P THEH XCJD=ECC T #1004
IF AE="H" THEN XK{J,=E2{J)x¢108
HEXT

Y1E=5i%

HZE=TlE

: His=El¥

o HZ¥=EZ$

RETUREH

RETURH

IF DRZ=0 THEW 132040
FETURH
PRINT“BODDIMNRZTRAIN PULSES IH SHPE"
EEM ENG STRESS % TINME
GOSUR 12160

IF Af="T" THEH 2700
IF ASCP7E" THEM 223Gt
IF DRx=( THEM 132860

3 FOR J=0 T0 FH
¥(JI=SS5CI/1ER

®Iy=J

HEXT .

Y1§=51%

Y2E=52F

Hif=T1¥

H2¥=T2¥

352 RETURH

FEEM EMG STRAIN ¥ TIME
GOSUE 12100




2402 IF A$="T" THEM 2248

2402 IF A$CO"E" THEH 2401

2404 IF DAx=0 THEM 13900

2406 GOSUE 11084

2498 IF AF="%" OR A$="H" THEH 2415

2419 GOTO 2436

2415 FOR J=2 TO FH

2423 IF Af="%" THEW Y(I)=EC(]i#ibn

2425 IF AF="H" THEH YC(J)=ES{JI#168

2429 X(I>=J

2440 MEXT

2444 ViF=El¥

2446 YIE=E2§

2443 H1$=Tl¥

2450 H2E=T2f

2452 PETUFH

ZE00 PEM TRUE STRESS ¥ STRATH

2eH1 GOSUE 11080

2E02 IF As="%¥" THEH 2639

ZEQT IF AFCOUH" THEHM 2601

ZE84 IF DAXN=0 THEH 13000

2618 FOR J=0 70 PH

2615 W1 =ET(I)/1Ee

2620 X(DH=ET(I>+160

2625 HEXT

2628 00TO 2644

2630 GOSUE 15600 THFUT A%

2631 IF R3C"Y" AMD AICOUH" THEM £634

2632 IF R¥="H" THEH 2524

263% GO3UR 14860 :GOTO 2837

2634 IF DRX=0 THEH 13000

2625 IF RF¥=1 THEM FRINT“AFLOFTING RESULTS FROM JI"FF

2637 FOR J=3 TO PH

ZE38 Y(I)=8T(I)/1EE

2637 KCDSETIN#109

2540 HEHT

2644 WiE=51%

2646 YWoi=5z3

2642 H1$=El$

2658 H2¥=EZ¢

2652 RETURH

Zrof REM TRUE STRESS ¥ TIME

2¥a1 GosUB 11600

2762 IF AF="Y" OR A¥="H" THEN Z7o4
) 2703 GO0TO 2701

2vG4 IF Af="N" AMD DARZ=G THEHW 135000

2785 IF AF="H" THEM 2735

2766 GOIUE 15000: INFUT A%

2707 IF AFO Y AND ATRCO"HY THEMW 27es

2703 IF AF="H" AHD DAX=0 THEN 13000

Zves IF AFs"H" AND DARX=0 THEH 2714

2719 IF R¥="y" THEH 2713




2711 PRIMT"PLOTTING RESULTS FROM W'F¥
2712 G0TO 2714

2713 GOTUR 14000

vid4 FOR J=Q TO PH

2F13 Wi=sTdI A lER

2raf Kinh=J

avas MEXT

2730 GOTO 2744

2735 FOR J=0 TO PH

2748 Y(IX=STCI»ALER

2741 X(Jy=17

Zvd2 MEXT

2744 Y13=312

274E WIFE=3IZF

2748 HIE=T1s

7SA Hze=TZ¥

27¥5Z RETURM

2e98 REM TRUE STRAIN % TIME

2881 GOSUE 110Ea

0z IF AF="Y" OR As="H" THEM 2304
2863 GO0TO 23501

2504 IF A¥="H" AND DAn=Q THEN 12009
2805 GOSUER 150408: INFUT A%

2886 iF A$<CE™rt AND ARCO"H" THEM 2885
2837 IF AF="H" ARHD DRX=0 THEH 13000
2208 IF A#="H" ARMD DAX=80 THEM 2333
2283 IF AfF="Y" THEHW 2g11l

25108 PRINT"PLOTTING RESULTS FROM Q"Ff:GOTO 2312
2811 GOZUR 140009

2212 FOR J=0 TO PH

2615 Y(ID=ET(I> #1004

2828 X(Iy=J

2225 HEX

2229 0OTO 2844

2233 FOR J=0 TO PH

2840 w(IX=ET{I#1ca

2241 X(h=J

2842 HEXT

2844 W1s=El3

2545 Y2E=EZ¥

2248 Hi#=Ti¥

2650 H2¥=Tz%

2852 RETURM

2308 REM TRUE STRAIM RATE ¥ TIME
229 GOZUB 15609 INFUT AF

2543 IF ASCOYHY AND Af<O"Y" THEH 2302
334 IF AF="H" AND DAx=0 THEH 132000
2705 IF A%="N" AMD DAX=5 THEN Z310
2906 IF A$="Y¥" THEHW 2203

2367 PRIMTYPLOTTING RESULTS FROM J°F3
2285 G0To 22140

o33 GOIUB 14600

2319 FOR J=0 TG PH

25828 Y(I=TR(JI?




2930
2349
=744
2245
2943
2951
2952
jedalsls]
3010
3g2a
3028
3346
3054
2064
31a9
3114
320
3136
3144
3158
3160

peyslc]
3z19
322p
3235
3248
2250
3260
4028
4001
002
4004
4805
4018
4a1s
4020
4030
4040
3050
4060
R apeds]
4970
410693
4110
4120
bl alald]
Sanz
SOe4
SOGS
Soin

®(I=J

HEXT

Y1s=E4F

Y2ESEDTF

H1%$=T1#$

H2$=T25

RETUREH

FEM IMCIDEHT PULSE
Y1E="THCIDENT PULZE"
WEE=EZE

H1¥=Ti$

H2$=TZ2%

GOSUR 16500

RETURH

FEM REFLECTED PUILSE
VI$="REFLECTED PULSE"
VIE=EZE

Hi$=Ti%

HZE=T2%

COsUE {6000

RETURH

REM TRAWSMITTED PULZE
Y1E="TRANSMITTED PULZE"
YoE=EZS

H1#=T13%

HEs=TZ$

GOZUE 15000

RETURH

REM FIHD MAXINMUM VYALLIES

IHPUT"MORE THAM | GRAFH USING SAME AKESCY OR HI“":FM$

IF PME="H" THEN 48186

IF PM#="¥*" THEM 4026

COTO 4301 .

FRINT"&F IMDIHG MAX YALUES"
TY=Y{1 0 TA=KL 2

FOR I=9 TO FM

IF ¥(JIOTY THEH TY=¥(J)

IF ¥eCJ05TH THENW TX=HLJ)

HEXT

RETURH

FRINT"MAX YALUE OF "Y1g+V2%;

IMFUT TY

PRINT*IMAX YALUE OF "H1F+HZE;

INPUT T

FETURH

REM CALC AYES LIMITS

IHPUTHLENGTH OF % AXISC1SG OR 208 MM ";AY:
IF AYHCH1E8 AMD AYHCS200 THEH Soa3
PEINTYACALCULATING AXES LINMITS™
REM % AXIS

O OH HHX GOSUE 5108, SI00,5159, 5200, 52505220, 515

FEM « AXIS
RETURH



StG0 REM MAX VYRLUE OF STRESS O Y AKIS
05 IF TY2>1500¥AYRA120 THEH Tr=13

IF 4 1549 AHD T

IF 128 AHp T

IF wALSE ARHD TYO=

IF TYS7SHAYEA (5D RHD Tva=i3

IF TYC=TS¥AYIS192 THEW Tv=TSéA

FETURH

A VALUE OF STRAIN O Y RIS
AL THEH T'-‘=1=H+Fn.f.." 54
AHE TYI=vSAAYHSLSD THEH Trsrsemr
AND T e S5 THEM Tr=30eRys.
AYE1SE THEH Tre

=0 THEH T

THEH T
t THEH T

:"7.1.-1

{50 AlD T
..’E“ﬂ AHD T Ay
%153 THEN TY=d.A7s

& THE'I T""
L THEH T'/'=7
IF TYS LS0+8 s W THEH Tv'=
3 IF T'T' =1 S0FAY 1

D S SR

3
FETf I
FEM ERR STRAIM i Y AsIS
Y=L TOEATHSL D0

= r!HD

i AHD Ti<

F1.S OAMD T
3.79 AHD T

.2 HAHD T&

1‘:‘- AL TE
.15% THEH

P MIGEN T RN T

FEH TI!.H OH X REIS
TH=1Sa
FETLIFH
PEM TIME OH ® AXI
IF TRZ2000 THEH T

IF THH1SER AND Tl

DATA Gt




S450, IF TR>7V50 ARHD TRXC=1500 THEH T¥=1520
G435 IF THC{=FI0 THEH T¥=/30

5440 RETURH

&003 REM DRAW & LABEL RAXES

BOOZ IF AXF="Y" THEN 6823

A0S FRINT"XPLACE PAFER WITH THE FOLLOWIHG AXES OH GRAFH FLOTTER"
ga0s PRINTYENMERTICAL AXIS - "Vis"2BEBAMAR VALUE - “TY!VZIS
5837 PRINTYEHORIZONTAL AXIS - "HI$“rERBERMAX “YALUE — “TiiH2¥
ean3 MA, X3, va

€013 PRIMT"AFEH HOW AT ORIGIH" ’
&1 FRINT"MMOVE “SET ZERQO” COMTROLS TQ CORRESFOMD™
&012 GOSUE 12000

6022 RETURM

GOZ5 PRINTVAMDRAMING ARKES"

fuZe FEM ZIZE OF Y AXIS = 150 M
&027 PEM ZIHXE OF ¥ AXIS = 1546 Ml
ERZ2 REM (B.3)= (¥=Z5,Y=20>

c0z% FEM STEF SIZER

BOZE DX=TH/15:IY=TY 19

6835 Il=14

5036 JF HHX=5 OR MHH=& THEH 11=%5
£349 IMA. HO, Y0

E3en HL=9:YL=2

020 H=E i Y=Ya

6035 REM ¥ R¥IS

AGZ3 FOR J=1 TO 13

&100 DR, X, Y

6105 VTIR.KL.YL:'DR.ELY

6120 H=¥X+id *

HEXT

REM %2 ARIS - AT EMD OF X AMIS
HL=-2:'7L=0

FOR J=1 TO 154AYAA/154

TOA. Y. Y

tDE AL YL

DAL KLY

Y=Y+11

HE=T

0 REM X2 AMIS — AT EHD OF Y AHIS

3 HL=0:YL=-2

B FOR J=1 TO 15

DA K.Y

'R, XL YL

tOA. H.Y

40 M=H-10

HEXT

0 REM Y AHIS

HL=2:vL=43

FOR J=i TO 1S¥AYHA1560

DAL MY TDR WL L PRAL ML

r=Y-11

HEXT

: IR, Z2.Y8




6520
E535
55368
6332
6&533
6345
£550

Sa8
£959
6358
6561
&E563
B6SES
565
£3567
E£362
o7
6o

6520
e}
€E09
&519
E520
E£210
ER2Z
EE45
5847
pE43
£c49
52540
&S 1
6552
6ES2
6654
£E5S
[=%=

6LV
6652
6653
EEED
658
G570
£5580
V03
6701
702
BrazZ
&riad
6715
[k
&702
6702
6711

RETURH :

IF HM:F>4 AND HHAECT AMD Z=2 THEH 6643
IF PT#="H" THEH 63245

H=MO+SS=LEMCTTH) /2 1 ¥=22%

MR, X, Y IFR,TT#

IF PHM3="%" THEH &553

IF Ff="" THEM IMPUT"FILEMAME";F¥

TE$=MIDECF$.,4,23)  TE$=TEF+" L"

H=MO+22:9=195: 'MA, ¥, ¥ IFR, TE¥

ANE=MIDEF$. 7, 2 tAHNE=ANE+" 7

K=RO+42:4'=198" IMR. X, ¥ IPR. ANS

W= =185 IMAL .Y IPRLFS

IF LBz="H" AHD NHX<7 THEH RETURH
If MMY=5 0OR HMX=g& THEN 6545

B=HE+S PO+ 1 208AYHAS 150

IF HHM>6 AND LBF="H" THEH Y=YO+135
MA K YRR VLE

IF LE$="H" THEH RETURH

s

IMAL XY IPRLYES

H=Ha+105:Y="rd+19

MR- HK,Y: IFRGHLE

Y=YE+S

VMR, WY IPRH2F

IF HMICS THEH RETLIRH

K=XO+5  r="r0+aS  THA. K.Y

IF HHX=5 THEH £&55

IF 2=1 THEM A$#="IHCIDEMT EAR STRHIH"
IF 2=2 THEH Af="TRAHSMITTER EAR STRAIH"
PR, AT

H=HO+G Y=Y04+€0

AF=EZS

IMAL X, Y IFR.AE

COTO GA50

FR.EZE

r=YEHE0 TR KLY

IF 2=1 THEH AT="<¢{INCIDEHT SAR)"
IF Z=2 THEH AE="(TRAMSHMITTER EBAR™
IFR, RS

A=FE0+105 Y=Y0+10

MR, MY PR TLE

WS THAL KLY IPRLTZS

RETURM

REM LABELLIKRG RXEZ

IF LEF="H" THEH €260
=0+ 150 Y=50

Yo=-5

TMAL .Y

FOR J=21% TO § STEP-Z

HO=J#¥TH#/1%

K=0

I=H0

IF 1419 THEW €719




3 K=K+l

I1=1/10
COTO €711

3 HO=-K-2

MR, ¥CL YT
R¥=5TRE(HO
IFR. A%

A 4=X-20

AL, H

HEXT

H=x MR K.Y
HO=-2 IMR, ¥, Y0

HO=0: AF=5TR¥ (MDY IFR.A¥

0 HC=-6:%T=-1.5
2 I1=13:IF HHX=5 OR MHi=5 THEM 1I=53

T HO=J#T'A (15

N0 - =0 | SOPRTHS 158
IF LE£="H" THEN RETURH

> IF HH¥=5 OR HHi=5 THEM Y=YO+TI4RvR-s150

MR, XY

FOR J={S#AY% 190 TO 1 STEP -2
s 1500

IF NHZ=& THEH NO=HO-T'Y#23/735
IF HO=IHT(HO> THEH 227
Hl=—18:GOTD 55490

K=0

I=H0

IF 1<1fn THEM €332

{=K+1

I=1/18

7 GOTO 22321
3 HHEME -2

MR, ¥E.YC

1 RE=STRECHDD

tFR.A¥
IF J=1 THEW &Z%7

222 Y=Y-1 142

£360
sl LS]
7aes
TOET
oa3g
rliey
7150
7209
708
74a8
7953
sl
Fona
eisteis)
2005

MR, K.Y

MERT

RETURH

REM COMVERT X DATA
PRINT"OCOHVERTING < DATR"
I=15a

IF HMX=S OR HHX=6 THEM 7469
FOR J=9 T FH

XCI=K IIHI/TR+HD

MEXT

FETURH

FOR J=0 TO 126
HOTp= T 0k ATH+HD

HEXT

RETUERH

REM COHYERT % DATH
PRINT"ACOHYERTING ¥ LATA"




IF HHH=5 OR HH:=5 THEM 32288
I=150%AYHA138
FOR J=0 TO PH
YISO L/TY+Y
@ MHEXT
RETURH

[=TS#AY: 150

218 FOR 1= 0 TG 15

G503
861t
o5l
SE1Z
ecis
2E15
SEIQ
8634
2540
SE5a
8r a9

L

s

AT T D O

A R e

g0 g D D L
Dl e DR Y O

1Y e =

Ry ]

A LD D ) S LD S D G D LD

Wi Ta=s .r>t+r1f'T'r'+'s'E1

HE=T .
IF HMH=% THEH RETURH
YS=0

FOR J=1 TO 18

If'$='Tl5+'T' ( "I)
HEST

RE=D =V )

DF=H “,1+ 'L‘ t r.:
FOR J=0 TO 150
YJr=YCF0+0F
HESRT

RETURM

3 REM DRAK GRAFHSI
THPUT " COMTIHUOULS CURVE OR IHDIYIDURL FTS(C OR POMAF

IF R$F="C" THEH JB40S

IF AP THEH 5061

GOTO 3705

FRINT"MEMITCH GREAFH FLOTTER S0H"
GRIUE 12ana

FRINT"AFPLOTTING GRAPH"

MA, RCEN YA

IF HMx=5 OR HHH=& THEH %Ez20

FOR J={ TO FH

IF S¢Jx=XH0 AHD Y{To=sYo THEH FEEA
IF HCT32Epe158 0R YOTRLYE+Z00 THEM !
IF ¥<J2=g THEH 2420

Y Th=@ .

VDR HCTN T

HEXT

GOTD 2008

FoRrR J={ TO 153

(RIS A0 DI R ]

HEXT

GOTO 2300

FRINT"®ZMITCH GRAFH FLOTTER &OH"
OOSDE 12000

PRIMNT"SFLOTTIHG GRAFH"

3 FOR J=8 TO FH

IF H{JasEB+158 QR YOIMYA+ZET THEH
H TP L N S ;
tPD: LR
HEXT

H

=Lkl

J=FH




3932 FOR J=0TOFH

92305 K(Fr=8:Y(d=R:55(J)=0:E5{ =0

9308 STCIX=0"ET(JI=0: TR{J =0

303 HEXT

2210 RETURH

1aaGn REM READ DATA OM DISK FILELS)
o3t IF Y9=18% THEH Z=1

1opog IF Yadl>185 THEW 2=2

18003 IF Z<5-1 THEM 184392

19945 PRINT"IY

100318 THPUT"FILENAME" :F¥

12022 IMPUT"DISK DRIYECG QR {>";D0D%
16021 IF DDEC"G"AND DD$C" 1" THEM 10020
18022 PRINTYMRENITCH GFF GRAFH PLOTTER®
19823 60SUE 126800

10325 CHE=DD$+"  "+FF+CHRECSL )+, SEQ. RERD"
“:‘Ue__a OFEH S,8,2.0%

IHPUT#2 . LS, SRLLF.VEL V2G5 G20 F LS
IHPUTHS. DS, E. YR.VB

CLOSES

CEF=DDE+" " +F FHCHRE 3¢ < ﬂ+_.+" SEf, RERD"
108035 FRINTYSTRAHNSFERRING 5.6, DATA TO FET™
foo4a OPEN 2.2.2.CF

PGRSH IMPUTH#3, 03 H

10655 KsIMT(NALS8)

16470 FOR J=2 TD 154

10620 FOR I=1 T2 K

10830 THRUTHS, X

P00 YOI)=0x

1ALIQ HEXT 1 .

139120 HERT J

10122 IF HHX<»E THEN 16150

10122 IF K120 AHD K230 THEN 14144

10134 H=CE-YA)/YA

10135 KI=(Fi$VL) A CE$2T50

10126 H={E-YE)/YE

10127 KE=(F2¥Y20 CE¥ITS)

16146 FOR J=0 TO 150

19147 IF Z=1 THEH Y{Jo=Yo0TIo#K1#100

19142 IF Z=2 THEM Y(Jr="P{Jr#l2¢100

18132 HEXT

153159 FOR J=0 T3 13540

19150 X JI)=SR¥T#k

13178 HEXT

10130 CLOSES

152003 FETURR

11098 REM THRUT"ELASTIC MODULUE rUPPEfTED STEALH YRLUESCY OF HI“:IAT
11850 AF="y"

11190 RETURH

12200 FRINT"ABRPRHIT SFACE EAR TO COMTINUE®
12010 GET CF:IF C&O" Y THEN 12014

12020 ZETLRH

ZEe9 IQPUT"TRUE OF ERGIHEEFRIRG STRESZ/STRAINGT OF EX".AF
ic RETURH

4 PFIHT" EFFUF - DATA HOT AHALYSED!

fI'ITl:. 41'11'1

)

Bl



14000 REM IMPUT RESULTS FROM DIZK

4910 INPUT"F ILENRHE" ; F¥
14011 FTI=CHRECS2)

14012 IHPUT"FILTERED RESULTCY OR M)*;R$
14613 IF AF="¥" THEH FT#=CHRECSE

14014 IF A$<3"0" AND A$CI"N" THEN 14012
14015 IHPUT*RYERAGE OF RESULTSCY OR H)*A3
14016 IF AE="y" THEN FT$=CHRE{54)

14017 IF RECO"™Y" AND ASCHPH® THEM 14015
14020 INPUTUDISK DRIVECS OR 1> DDF

14030 IF DD$<O 0" AND OSSO 1" THEW 14029
14040 RF$=ID4+": "+FT+FTF+", SER, READ"
14058 OPEME. 3.3 RFE

1430 FOR J=0 TG FH

14670 IHFUTHE, ST, ETCIY, TR(T)

14080 HEXT
13325 RFi=1
CLOSES
RETURH
300 PRINTVIO WOU WAMT TG TRAMSFER RESULTS FROM DISK FILE

RETIIRH
REM TRTA TO FLOT INCID,REFL OR TRANS FULSE
O THFUT " F ILEHANE" : F¥
5 INFUT aDISK DRIVECD OF 139104

IF BDS<H"0" AND IDS<h>"1" THEM 18820
RF §=DIE+" : * bF+CHRS (51 )+", SEQ, RERD"

OFENE. 8.3, FF$
IHFLT#E, C5, SR.LP. Y1 W2 61, 62 F LS
INFLT S, D3, E. YR, VE

(FiEF#51 )
”B) MWE
!+1‘T’f|H*F+ﬂEJ
2ACE¥Z2SS

IH2Y S CES2ES)
I=1:IF HHX=2 THEH I=Z2
S0 RFE= DD3+"="+FI*fHF$f4 i+ oM, LER.RERDR"
OFEHE, 5.8, RFE
IF PM¥E="H" THEN 16176
BI=0:ER=0:ET=0

4=7 THEMW IHFUT"START ADDREESS OF IHCID FLLIZE";
2 THEW IHFUT"SYART ADDRESS OF REFL FULS ";EE
3 THEH IHFUT"STAET RIDRESS OF TRAHS FULSEV.E
IF HHAE=Y THEN E=FI

2 THEM E=LF

=3 THEH E=ET
FPIHT"UJ WITCH OFF GRAFH FPLOTTER™
15137 GOSUE 12000
16200 PRINT"OTRANSFEREING DIATA TO PET”
& IMPLITH3.CS.H
o FOR I=0 TO B-1

Ty
[l

i
1
1
1
H
1
1
i
t
i

3
EiE
gl
&7
53
o139
Gl
a13
s15
L

TR £ G P DA e B
—
5

o IHPUTHE . DX
HEXT

TO FET":




G FOR J=B TO B+FN
JI=I-B

INPUTHS. DX
B (TIx=DE ’
IF 1J=8 THEH YF="v{J.J)
WCIIa =Y (I -Y
IF HHE=7 THEH ¥(IJ)=Y(JI)HK]14100
IF HHZ=3 THEH YW{JJo=Y(IJ)#HI¥15H0
IF HMH=5 THEM W(JIJd==YC(JIJ)#K1#100
HEXT
CLOZEZ
FOR J=b TO FH
wlJa=J
163220 HEXT
18330 RETURH
ZS09% REM EMD OF GRAPH PLOTTING ROUTIHE
1K1
3 PRINTYSLOADING HOPK EBAR FROGEAM®
3 LOAL"HOFK-BAR" . &




APPENDIX C

TR-AUTO-CTRL Software

S0 REM TRAMZIEMT RECORDER COMTROL SOFTHARE

fao IF 24=1 GOTO 140

110 DIMAXKC4036>

1249 H2=4

130 @=1024%H2

120 F=1

160 GOSUE 630

170 A=10

175 IF ZH=1 AND H1=2 GOTO 279

177 2X=a

120 FEM$+#DISP. MEHU & SELECTED CODE #%¥

122 GOZLUE 2419

ZO0 FEMFFESF R FEEEERERERRES S EH

210 REM# TAKE RECORD 2650 ¥

220 REM# TRAMSFER DATA 2740 #

220 FEM# STATIC PLOT 2850 ¥

248 REM¥ ROLLIMG PLOT 210 #

ZE@ REM¥ RE.+T/FER DATA 2240 #
*
*
¥
7%}

=60 REM¥ DEMICE CLEAR Gz *®
: FEM# HOPKINZCH EAR 250010 &
REMEFHERPFFEFEEFHHRE

Sa L 210, 2540, 520, 3195, Song

o8 CGH ML GOSUER 2650, 2749, 2 S00G
200 GOTO 190

210 REMF#4IREOLLING PLOT#E¥%4#

20 G1=INTORAZ22) PREINT"": PRIMTYA ROLLIHG FLOT I
2% FRINTFRINTYCOMFACTIOH FRCTORC 1 -",@1:"3:";
240 THPUT NS .

S0 [F HS«<=0 OR HI>QI THEH 3z9

35E Y=R-1

370 H=0

50 FRIMT"O" ¢ PRINTVS":TABCI2D

330 B1=0

400 FOR I=i TO ¥ STEP HMS

418 SYSLPEEKCS2I¥ZSE+12RT

478 B=IMT (LRI D$ (200723500 +E.°2)

430 GOSUE Sed

442 GET A IF AF=" * THEN 460

450 MEXT 1

460 GOT0D =40

478 1F B1>BZ THEN S0

420 FOR J=1 TO BE2-P1

490 PRINT A 0"

Soa HEXT J

910 RETURHK

SZ% FOR J=1 TO EBI-EZ

330 PRINT"I N,

40 HEXT J

28 RETURH

IF E>132 THEM EB=19%

FEINTUH", : B2=24-INT(R/G)

IF Ei<> B2 THEH CQOSUE 470

PEINT MIDECLE, (TAHDE #1132 .

@EH FRINT LEFTHF(IRSE, S4-INHTC(RAZD O HIDSCLE, (FRHDED+] - 135
1=E2

TN Cnon o
e 00
B R A AR

o




20 RETURM

20 $=63: IF PEEK(S3>>64 THEHN 5=127

40 POKE 93,8

S8 POKE 5z2.%

GE0 CTRE= " alalal el e T T e S LS = e
670 AH{O0)=0

20 RESTORE

€20 FORI=226T01020

vea READA

719 FOKEI.R

720 HEXTI

730 FORI=PEEK(S3)#236+55 TO FEEK(S3)#Z56+203
740 READA

759 POKELLA

760 HEXTI

773 POKES3435, 255

TS0 FPOKESS425, 60

70 POKETI427. 60

206 FOKES2405, €0

219 RETUFRM

o0 GOSUB10£0:GOSUBL 230 : COSURL 128 GOSUELG5A

220 RETURH
Z4d REMEFEEREESHEFERSFEERAEERPTEFH
£50 REM# MAIM GP-IB ROUTIMES *
260 REM¥ ¥
REM# SQURCE HARISHAKE 1490 ¥
REM# ACCEFTOR HAHDSHAKE 1220 #
REM# ADDRESS TO TALK 13368 *
REM# ADDRESS TO LISTEN 1080 %
FEM# URTRLK 1035 +
FEM® UHLISTEN 1{20 %
FENM# L
FE!#
FEM#
REM#
FEM# SERIAL FOLL
FEN¢ FFE & FFC
REM#& FARALLEL POLL
REM® BUFFER CUT
FEM* EUFFER IH [
REM#F 4 4¥ FEFEFPEFRESEF R E
FOKESZE, A+ES
SRSl
RETLIREN
FOMESZE, A+32
EN T
EETURH
FOKEDRZE, 55
RN )
FETURH
FOXESZZE, 52
LS4

FETURH

ET 1153 %
CL 1200 ¥
DC 1226 ¥
TL 1250 #
+
#
#
¥
¥

DT DS D D

NRUE T T R E i R |

L

D0

B s SHI O

A

e R R Y R R |

15T
PR R T

= T D T

FR P e e v Sw R R VLY e N N I A )
O o
w0
2

—
]

S 3P
E I DO

el P
= s =




1154
1160
1170
11268
1193
1206
1219
122

123

1240
1250
1260
12709
1289
1236
1308
1219
122

1226
1340
1259
izZe0
1370
1ze0
12E)
14a4a
1414
142

1420
1443
1450
1460
1470
1420
1490
1520
1516
1520
1520
15449
1555
1565
1570
1520
15363
16013
1510
1620
1636
1649
1650
1620

187y

GOSURLas0
POKEBZE6.,3

Y34

COSUB1 120

RETURH

FOKESZA, 20

SY'353224

RETURM

SOEUER16e8
PORESZEG., 4

SYS2924

COSURL129

RETURH

GOSUB1Q:ED
FOKERZE. 1

Y5394

GOSUBL {28

RETURH

SOTUR]LS3A

375 PEEK(S3)#256+56
RETURHM

GOSUE 1390

IY35 PEEK{SI)#255+23
RETHRH

REM

BE=PEEK <442 + 206 FPEEK(4T0+7-
FOKEL . 295AHDE
ParEz, IMT(BA256E)
B=0} ‘REM HO. EYTES TO EE TRANSFERRED
5=255 AHD B:B=INT(B/25%}
IF 5433 THEH E=E+!1
POKE 2%4.5

FOKE 2532

RETURH

POKE 225.B

SYD g2Z7

FETURH

3735 283
B=PEEX(BZED
RETURH

POKE 526,832

SYS D43

FOKE 326,2

Y3 P43

POKE Z2Z&,RA+64

3 264

SY5 282

S=PEEK {BZ62

FOKE 328,25

NS 242

GOSUE 1930

FETUFRH

FOKE 226,A+32




1680 S¥5S 543

162¢ POKE 826.5

17a3 3¥Y3 343 .

1716 POKE 826,104+35

17283 3¥YS 943

1738 GOSUE 1120

1748 RETURM

1750 POXE 594083,52

1760 S35=FEEK(S3456)

1770 POKE 59456.230

1788 3=255-PEEK(G3424)

1720 POKE S52489,¢60

1500 POKE 59456.255 AMD 53

18619 RETURH

15220 DRTA 8, fef, 128, 173, 64. 232
2328 DATA 41. 65, 201, €3%. 244, 42
1848 DATA 173, 52, 3, 73, 295, 141

1258 DATA 34. 232, 32, 222, 3, +4

1250 DATA 64, 232. 80, 242, €9, S2
1570 DATA 141, 35, 232, 32, 232, 3

1280 DATA 173, 64, 232, 74, 144, 247
1g%g DATA 163, 6B, 141t. 33, 232, 163

1535 DATR 253. 141, 34, 232, 160, A
{310 DATA 132, 1SA. 26, 173, &4, 232
1928 DATR 9, 2, 141, &4. 232, 32
1953 BATA 232, 3, 44, &4, 232, 48
12423 DATR 242, 173, 64, 232, 44. 35
1950 PATA 141, €4, 232, 173, 32, 232
19¢a DATAR V3. 2S5, 141, 5&. 3. 173
1370 DRTA 16, 232, 41, &4, V3, 64
1280 DATA 133, 158, 169, 62, 141. 53
1270 DATA 232, 322, Z332. 3. 44. &4
2amo DATA 232, 16, 248, 163, o2, (41
2919 DATA 33, 232. 26, 173, 64, &32
2620 DATA 41, 251, 141, €4, =232 3
2933 DATA 2, 141. &4, 23z, 1€3, 60
2040 DATA 141, 33, 232, 78, S5, 2
2034 BATAR 32, 175, 3, 162. 52, 141

2960 DATA 33, 232, 173, 64, 41
2076 DATR 2532, 141, 64, 232. ¥, 255
2020 DATA 141, 34, 232, 173, &4, 232

2020 DATA 3, 4, 141, &4, Z3I. 3%

2180 DATR 22, 175, 3, Ve, 217, 3

2113 DATA 172, 13, 23z, 201, 2353. 202
DATA &, 104, 164, 1&%, 2. 133

DATA (5@, 96,230, ,203,2

g DATR 228,226

o DATA 126.1£0,0.152,145,1, 32,245, 3

2 DATA 32.115, 3,173, 58,35.145.1

O DRTA 22, 245,3, 198,254, 208,233, 158
DATA 285,20%.220.83,26,0.03.0

DATA ©

2200 DATA 32,246.2,166.0,177.1,141




DATA S5,3.32,52,3,32. 296, 3

DATA 133, 254, 208, 236, 158, 255, 208

DATA 232,26.0 .0,00.0.00.0

DATA 8.06,0.0,8

3 DATA 162,128, 133,002,163

3 DATA 009, 133,001, 162,032

DATA 1608,033.177.031, 072

DATA 133,145,001, 194,170

DATA 136,014,245, 169. 6840

DATH 924, 101,091, 133,001

DRTA 144,002,226.082, 162

28 DATA 232,197,001, 208,224,025

DATA 1£3,123,133,802. 162

40 DATA 994,135,961

DATR 160,032, 177,001, 200

IATA 145,001,138, 135, 018

1 LATAR 247,200, 169, 832, 145,001, 162,040

DATA 624,191,531, 133,091

1 DATA 144, 882,230,002, 162

O DATA 232.197,001.202, 222, 056

F-R I t;T L] :Jll

PRINT TREC1G>;"d DLAlG SERIES &

36 PRINT TRECI42;"d MENL &":FRINT

GOsilE 2508

COSUR 2530:GOSUR 2550

SOZUE 297V0:GOSUE 2530:00SUEZE10:GOSUE 26206
3 PRINT:PRINT "d ZELECT CODZ &

20 PRINT

3 IF 25=1 GOTO 243G

IHFUT HI

G IFHI<B ORHiZ3 THEM 2410

RETURH

PEIMT:PRINT"1" TABC(ZO"TAKE RECORDINWG™

EETURH

1 PRINT"2" TABCZHTRANSFER DRTA TO PET"

3 REVIRM

8 FRINT "3"TRECZOMSTRATIC FLOT"

& RETURH

3 PRIMT "4"TARECZM"ROLLERG FLOT®

o RETURH

FRINT "S"TABCZ)"RECORD+TRANSFER DATA™

RETURM

FRIMT "&"TAEZ)"DEVICE CLEAR®

RETIIEN

FRINT "T"TREZZ3>"HOFK ERRE COMFREESSICH TEST FROG"

545 RETURH
9 FRINT"I

GOSUE 2516

FRIHT " $F b b4 b6 HEEE"

2628 GOIUBR 1234: GOSUE 1154

2634 FRIMT:FRINT "RECORDER ARMED"

Z7a9 GOSUB 155@: IFCS AND &42=0 THEH ZFag

2719 PREIMT:FRINT "END OF RECORDING"




E RSN ]
010
029
ZRZ0
3840
26350
I0ED
74
2080
RS0
3 Eas

2110

FOR i=1 TO 1660 ‘HEXT I

+ RETURM
¢ PRINT"I"

IF Z¥=1 THEM 2770
COSUR 2520

3 PRINT " #F$E 00 EEEEEF EF SR E b "
¢ IF ZX=1 THEN GO3UE 2129

IF =01 THEH GDSUEB 3835
GOZUE 1930
GOSUE 1330
GOZUE 1520
GOSUR 10343

3 PRINT"TRANSFER COMPLETED”

FOR I=1 TQ 1999 :HEXT I

GOZUE 1220

IF Z2H=0 GGTO 2337

FEINT"PLOADING HOFKIHZOH EBAR SOFTWRRE"
LORD"HOFK-EARR" . 2

FETURH

GOSUBR Z850:0OT0 2740

FRINT"J": PRINT“A STATIC PLOT o
FRINT:PRIMT

3 FRINT "STARTING ADDRESI(MI -";Qi"):v;

THFUT H4
IF M4< B OR N4>Q THEN 2250

Cl=IHTCQ32) 0 PRINT:PRINT "CONMFACTION FECTOR(E=";31;">:";

IHPUT M

4 IF HSC(=0 OR HIZG1 THEH 2500
FEINT" T
3 He=H4:PRINT"S°;TAB(33): :E1=)

Fop I=1 TG 49
SYS{PEEK(SII¥ITE+IZE)

3 IF H42=Q THEH 2800

B2INT L CRMCHY I #(200-25550+1°2)

GRDEUR 568 ¢ H4=MN4+HS

HEXT I

FRINT"SFIRST ADDRESS":ME: "™ LRST ADDRESS";H4-NT
GOSUE 3140

RETLRH

PRIMT" "

GRIUE 2556

PEINT “#4##REEFPEF R0 FEEEF 60"

RETURH

FRINT :PRINT

PRIMT"SELECT MEMORY 1 OF 2 ":FRINT:PRINT
FRINT"Q HIT SFACE EAR TO LOHTIHUE "
GET T#: IF T#L{>" " THEW 3119

3 FRINT*ATRANSFERRING DATA FROM TRAMS REC TO FET"

FRINT :RETURH
PRINT"S" :PRINTTAE(33;

TR At e
Z1e FRINTUEN 1"
31070 CETT#-IF T#>" " THEH 32170



3189 RETURH .
3130 REM¥HOPKINSCH BAR PROGRAM¥
3135 Z¥=1
2127 PRINT"RLOADING HOPKIMSOH BAR SOFTHARE"
3208 LOAD"HOFK-BAR", 8
So0a GOSUE 1060
21ag SOSUE 1260
g2 GOSUE 1490
2288 GOSUE 1120
Z3e0 FOR I=1 TO 1088 HEXT I
oo GUSUB 12326
geEe FETURH







