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STRESS-STRAIN PROPERTIES AND MICRO-STRUCTURAL CHANGE IN
METAL DEFORMED AT STRAIN RATES OF UPTO 105 PER SECOND

M. M. Haque

ABSTRACT

A ballistic test equipment has been designed, constructed 
and commissioned to facilitate firing of cylindrical 
projectiles at speeds varying from 30 to 300 m/s on to 
small cylindrical test specimen placed on to a rigid 
anvil. Compressed air was used to propel the projectile 
the speed of which before impact was measured using laser- 
beam interruption device. An IMACON high speed camera 
was used to continuously record the deformation-time 
history of the specimen and these records were then used 
to obtain the prevailing force, strain, stress and strain 
rate histories during the entire deformation process.
The stress-strain curves over large strain ranges were 
obtained from tests carried out on specimen statically 
pre-strained to different levels. The effect of strain 
rate history on the pre-strained specimen was found to be 
negligibly small and hence ignored. The temperature rise 
during highspeed deformation and material inertia were 
assumed to have mutually cancelling effect on the deduced 
stress values. The effect of friction was found to be 
significant and appropriate corrections were introduced 
to account for this effect.
Following the above procedure, the stress-strain 
characteristics of structural steel (En-8) at strain rates 
of up to 105 per second at -30°C, room temperature 
and at 235°C have been established. The structural 
steel has shown a strong strain rate sensitivity within 
the strain rate range of about 103 to about 105 per 
second. Comparative studies showed that copper was more 
strain rate sensitive than aluminium and steel used in 
the present investigation.
.There were no marked differences observed in the micro
structures of the structural steel specimen deformed 
quasi-statically and dynamically at -30°C, room 
temperature and at 235 C. There was also no distinguish
able micro-structural change observed in the structure 
of aluminium specimen deformed at low and high strain 
rates but mechanical twinning was observed in the micro
structure of copper specimens deformed at high strain 
rates.
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CHAPTER 1

INTRODUCTION

1.1 Importance of Stress-Strain Data at High 
Strain Rates

Data on the mechanical behaviour of metals at very 
high strain rates are required for a variety of reasons. 
From the theoretical stand point, there is a need to 
study the rate-controlled mechanism for plastic flow 
which, in many materials has been found to change when 
the strain rate exceeds about 10** per second' (1). From 
the practical stand point, strain rates of this order, 
and above are encountered in many real engineering 
situations and applications. The broad band of practical 
topics are in the field of the following:

(i) Spalling, fracture, elastic wave propagation, 
cracking and deformation in the field of demolition,

(ii) High energy rate metal forming processes,
(iii) Dynamic metal powder compaction.

1.1.1 Blast load resistance and demolition of 
structures:

Materials are often subjected to rapidly applied loading 
when used as construction material in certain structures 
which may undergo high intensity impulsive or shock 
loading. Due to rapid unloading and the reflection of 
compressive stress-waves from a free surface, scabs or
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spalls may be formed in hard concrete or steel which may 
acquire speeds of the order of 100 m/s (2), and hence be 
lethal. Also fracture due to unloading - even more than 
loading in a (composite) concrete building structure may 
lead to large scale dynamic, catastrophic "knock on" 
collapse.

The demand in recent years for large ana relatively 
cheaper building structures has promoted the development 
of several new varieties of design and the imaginative 
structural use of concrete which may be reinforced, pre
stressed or. post-tensioned, with steel bar. This has 
given rise to buildings with a considerable sophistication 
in the structural design. The ability of these buildings 
to withstand blast loading effect require to be assessed 
which in turn requires high strain rate data. The 
demolition of such buildings at the end of their useful 
life is also a complex operation. The non-critical 
severing or removal of only some stressed elements in 
some of these modern, large and continuous structures may 
well lead to disastrous dynamic collapse. Demolition 
work therefore, must be approached with great caution; 
straightforward demolition, for example, by swinging a 
heavy steel ball, will often be quite inadequate for 
these modern structures whether it be accompanied by the 
use of explosives and drilling or not.

For demolition of other structures such as railway 
bridges, factory chimneys and the removal of foundations
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and buildings shot-hole charges tend to be used (3).In the 
breaking up of heavy plant such as acid pots, retorts 
and boilers etc. by concussion charges and the cutting 
of concrete, steel and wood etc. "lay on" charges are 
usually employed. However, from an engineering point of 
view, this has important design aspects for a variety 
of structures which may go shock loading.

1.1.2 Forming of metals:

The principal use which metal processing engineers 
have for conventional strain rate data is to facilitate 
predictive calculations for tool pressures or loads 
developed in causing a certain operation or process to 
take place. In structural applications, small plastic 
strains in metals, beams or frames and the like, would 
be of interest whereas in the case of metal forming, 
large plastic strains are involved. But in both kinds of 
applications, interest in mechanics.of fracture and 
stress-wave or shock effects is always present. The 
structural engineer very occasionally meets with cleavage 
fracture and elastic waves, but the manufacturing engineer 
may come across ductile fracture processes, problems of 
tensile instability (especially in sheet metal) and 
plastic waves or plastic shock fronts during forming. It 
has been recognised that strain rate as well as tempera
ture affect many materials properties, including those 
governing the fracture initiation. The rate effect can 
be due to either mechanical (inertia) or metallurgical



reasons such as ageing and change of failure modes (4). 
Strain rate has greater effect on the flow stress in hot 
working range and relatively smaller effect in cold 
working range, this applies especially when large strains 
are imposed. The choice of appropriate strain rate is 
also important in superplastic metal forming processes.
The amount of plastic flow in this case is usually very 
high. Interest in impressing a super-alloy composite (5) 
arises from the need to use new materials for turbine 
discs and the like, so that they can operate successfully 
in advanced high temperature turbo-plant. It is important
to know the strain rates and temperatures in order to
avoid excessive damage in the forming of such materials.

1.1.3 Dynamic compaction of metal powders:

In recent years, metal powders have been prepared and 
made commercially available on a large scale, for 
conversion into engineering components directly by means 
of quasistatic compaction processes. Powder metallurgical 
fabrication techniques have been developed because (a) for 
some components and materials, established forming methods 
are unsuitable, e.g. there are difficulties with 
refractory metals in melting and cutting; (b) savings 
on material wastage or in machining costs are possible and
worthwhile, e.g. with many iron-based klloys; and (c)
they afford greater control of structure, e.g. grain size 
and component distributions are more homogenous.

However, dynamic compaction appears to have
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originated in about the 1950’s in the belief that 
compact properties such as uniform density, improved 
green strength and lower ejection forces from dies and 
containers, as well as increased production rates, could 
be secured by this means. Uniaxial and isodynamic 
compaction systems are found to be most suitable * 
arrangements for industry. Ballistic and explosive 
uniaxial compaction presses are said to operate at strain 
rates of upto 102 to 103 per second respectively (6). 
Magnetic and explosive isodynamic compaction systems have 
been tried but details of press design and product 
properties are not available. Therefore, fundamental 
informations about the stress-strain properties of metal 
powders at high strain rates are necessary to secure 
better compaction systems.

1.2 Review of Previous Works and Deficiencies

As early as the 1930’s and probably earlier, 
investigators (7-9) attempted to measure the effects of 
deformation rate upon the resultant mechanical properties 
of the deformed metals. Since then, however, there has 
been significant developments in forming processes 
involving high strain rates at large values of strains. 
Electro-magnetic, explosive-hydraulic and some of the 
conventional forming processes are said to generate 
strain rates of upto 105 per second (10). The conventional 
tensile and compression tests are normally made at 
strain rates between 10“ 3 and 10” 1 per second. In



contrast, many forming and machining processes are said 
to be carried out at strain rates in the range 103 to 106 
per second or even higher (11). Although tensile and 
compression tests have been performed successfully at 
strain rates upto 103 per second, but difficulties are 
encountered with these methods in making the necessary 
measurements in the extremely limited time during which 
the applied load acts.

/' A review of recent literature shows that since the 
introduction of split Hopkinson pressure bar by Koisky (12), 
considerable efforts by various investigators (13-15) 
have been directed to evaluate the stress-strain 
characteristics of metals at high rates of strain, 
usually between 10I+ and 103 per second. In this respect, 
various high speed impact apparatus and associated 
techniques have been devised to affect and record the 
deformation-time and load-time histories. Flat ended 
mild steel projectiles as test specimens fired against a 
rigid anvil enabled others (16,17) to derive the yield 
stress from known impact velocity and the final shape of 
the projectile. However, recent experimental efforts 
consisted of uniaxial compression using specially designed 
drop hammer (14,18) and ballistic tests (15) on strong 
material. Holzer and Brown (14) tried to obtain the 
deformation-time history using fibre optics non-contacting 
transducer which required elaborate computation for inter
polation purpose while the use of high speed camera in 
framing mode in conjunction with separate optical system
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by Gorham (15) involved tedious measurement on each 
frame. In addition, with the fast loading rates and 
limited test durations that are encountered in such 
situations, frequency dispersions of the stress pulse in 
the load:'measuring system is significant. Consequently, 
converting these raw data by various mathematical .and 
computer manipulations, into useable form introduces the 
possibility of incurring errors of unknown degree. 
Furthermore, the variation of strain rate during 
deformation was not properly accounted for in the process
ing of the data and in the presentation of results.

/
/

/ However, a review of previous works (13 - 23) also
shows that the material inertia (19), stress wave 
propagation (20), highly localised temperature effect 
(13,14), adiabatic shear bands (21,22) and the bulk 
effects (23) appear to have caused many conflicting 
observations and contradictory conclusions.

On the basis of the information available in the 
upto-date literature, it appears that there is no definite 
mechanism of predicting macro-deformation and failure 
modes of engineering components at high strain rates. 
Therefore, analysis of the forming and cutting processes 
and prediction of structural collapse and catastrophic 
failure, require more data and better understanding of the 
material behaviour at high strain rates. To analyse these 
processes effectively, the corresponding stress-strain 
properties must be known but unfortunately, at the present

-7-



time very little reliable published information is 
available. However, a consideration of the past works 
suggest that an attempt, employing new experimental 
technique as well as the displacement-time measuring 
equipments, is necessary. These were the main 
motivating factors behind the present study to explore 
further investigation on the subject.

1.3 Selection of Test Materials:

For the present investigation, three different 
materials were chosen, (i) structural steel (En-8),

/ (ii) aluminium and (iii) copper. Aluminium and copper
// have been selected arbitrarily to conduct experiments at 
room temperature only. However, the En-8 steel has been 
selected because of the following applications:

The En-8 steel resembles one of the important 
varieties of steels, which is subjected to stresses in 
machine parts. This type of medium carbon steel is also 
used for both the construction and transportation 
industries for making components which are directly or 
indirectly subjected to dynamic loading. The main 

— advantage of this steel is that it enables people to 
build lighter but relatively high strength structures 
while retaining the highly desirable properties of easy 
workability and adaptability. The structural steel 
is also easily available in plate, slab, bar and rod 
forms in the hot rolled conditions. Furthermore, a uniform 
strength over a range of section thickness is provided by



varying the amount of carbon, manganese and silicon 
contents and it does not necessarily include the alloying 
elements such as chromium, vanadium etc.

1.4 Aim and Plan of the Present Project

The present research project has been undertaken with 
the following aims of investigation:

To (a) develop a suitable testing technique and 
method of processing the displacement-time data for 
establishing the stress-strain properties of metals and
/
/alloys at strain rates of upto 105 per second,

/ 'j
/ (b) establish the stress-strain characteristics

of structural steel, aluminium and copper at these high 
rates of strain at room temperature,

(c) establish the stress-strain characteristics 
of structural steel at sub-zero and at warm temperatures, 
and compare with those at room temperature,

(d) study micro-structural changes corresponding 
to these high strain rate deformations, and finally

(e) compare the results with the existing data 
available in the literature.

In order to achieve the above objectives, it was 
necessary to design and develop a dynamic compression test 
rig capable of firing projectiles to impact on to the 
specimen directly. Therefore, the basic experimental
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technique used in this study involved firing of a 
cylindrical projectile on to small disc shaped specimen 
placed on a rigid anvil. Compressed air was used to 
propel the projectile and as of interest the load-time 
history was also measured by using a high frequency piezo
electric load-cell and pressure bar arrangement. This 
measured load-time history was not used for actual 
derivations of the final results. In order to facilitate 
recording of deformation-time history, a high speed image 
converter (IMACON) type camera was used which is capable 
of recording the event at a framing rate of upto 106 
frames per second and a.lso in a continuous streak mode.

-10-



CHAPTER 2

DESIGN, DEVELOPMENT AND COMMISSIONING OF THE
EXPERIMENTAL RIG

j

2.1 Introduction

A schematic diagram of the experimental rig with its 
other accessories is shown in Fig. 1, whilst Fig. 2 
shows a photograph of the experimental set-up. The test 
rig mainly consisted of (a) Load-Cell and Anvil Unit,
(b) Barrel and Loading Throat Unit and (c) 2-Way Ball 
Valve and Reservoir Unit. For convenience, assembly 
drawing of the experimental rig was grouped into three 
sections. Details of each sub-assembly drav/ing are shown 
by line diagrams in Figs. 3 to 5 and the sectional 
drawing of the individual components are shown in Figs.
6 to 10 inclusive, all dimensions being in millimetre.
The fundamental design calculations are shown in 
Appendix A to E.

2.2 Load-Cell and Anvil Unit

A schematic diagram of this section in assembled 
condition is shown in Fig. 3. This unit is composed of 
8 individual components listed as follows: (i) Base plate, 
(ii) Back-up anvil, (iii) Holder plate, (iv) Pressure bar, 
(v) Middle anvil, (vi) Load-cell, (vii) Top anvil and 
(viii) Cover plate. The detail line diagrams of these 
parts are shown in Figs. 6 a,nd 7.
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A robust cylindrical alloy steel (En-32) bar was 
used as the main pressure bar or anvil column. The top 
end of which is recessed to incorporate a 80 kHz piezo
electric load-cell and the top and middle anvil pieces 
which are made of tool steel (FMP-338). All the anvil 
pieces including the pressure bar were hardened by special 
heat treatment. The load cell is placed in between the 
middle and top anvil pieces. These parts are held in 
place by means of the top cover plate and a holder plate 
which in turn is fastened to the base plate at the bottom 
end of the pressure bar. The whole arrangement was put 
under 2 kN of compressive pre-load and securely attached 
to the base plate. The base plate is a rectangular 
solid En-12 steel plate having a central recess for the 
insertion of the back-up anvil, which is also fixed onto 
the reinforced concrete foundation of the test rig. All 
the mating surfaces of the assembly were machined and 
ground to a mirror finish.

2.3 Barrel and Loading Throat Unit

Assembled drawing of this section in line diagram 
is shown in Fig. 4. This unit is composed of 8 individual 
components listed as follows: (i) Extension barrel,
(ii) Surge suppressor cap, (iii) Coupling sleeve,
(iv) Loading throat, (v) Split cover, (vi) Sliding collar, 
(vii) Collar nut and (viii) Projectile gripper mechanism. 
The detailed line diagrams of these parts are shown in 
Fig. 8.

-12-



The extension barrel is made of En-16 steel at one 
end of which is attached a surge suppressor cap. The 
suppressor also permits the laser beam to pass through it. 
The other end of the extension barrel is connected to the 
loading throat (primary barrel) by means of a threaded 
and knurled coupling sleeve. The loading throat is made 
of En-32 alloy steel and its top end is fixed to the air 
release valve nut. There is a cut-out segment of the 
primary barrel through which the projectile can be loaded 
and pushed upwards inside the projectile gripper mechanism. 
A close fitting split cover made of En-32 alloy steel is 
used to close the cut-out segment, and a sliding collar 
and nut is used to firmly hold the assembly in place, 
thus preventing escape of the high pressure air upon 
release of the valve.

The projectile gripper mechanism consists of three 
grab screw and spring operated smooth pins (hardened 
En-32 alloy steel) incorporated at the upper end of the 
loading throat. The projectile holding pressure may thus 
easily be adjusted to suit projectiles of different 
masses. The coupling sleeve provides two holes in order 
to fix stop pins used to prevent the collar nut from 
sliding down.

2.4 2-Way Ball Valve and Reservoir Unit

The line diagram of this section in assembled 
condition is shown in Fig. 5 and those of the individual

-13-



parts are shown in Figs. 9 and 10. The two main 
components are (a) the high pressure reservoir unit and 
(b) a 2-way ball valve. The ball valve of 1" B.S.P.
(Part No: 012-25-34) specification is suitable for 
operation at pressures of upto 4700 psi at temperatures 
in between -30°C to +100°C, and is manually operated by 
turning a handle through 90°. This valve is firmly fixed 
to the bottom end of the pressure chamber by means of the 
valve nut. Copper gasket is used to make the assembly 
leak proof. The pressure chamber and valve assembly 
is rigidly secured to the frame of the rig by means of the 
holder plates specially designed for this purpose. The 
top end of the pressure chamber was made with appropriate 
connection facilities to the high pressure (2000 psi) air 
cylinder.

2.5 Construction of the Experimental Rig

Once the iiidividual components .were made, they were 
then assembled together and fixed to the frame of the 
rig.

This frame was made of welded and bolted mild steel 
angles and is 2 metres high overall and about half a metre 
square in plan area. Two platforms were provided, each 
on the opposite side of the rig in order to fix the laser 
beam generator and receiver. A small safety chamber was 
built using wire mesh material and perspex sheet to 
contain the projectile and the deformed specimen after



impact. Two Xenon flash units were placed outside this 
safety chamber. The front wall of the chamber was made 
with 20 mm thick armour glass plate. This was necessary 
to focus the specimen as well as to prevent any possible 
damage to the camera by the deformed specimen. The back 
wall can be easily opened and closed in order to p-lace 
the specimen onto the anvil as well as to remove the 
specimen and the projectile after each test.

The entire rig with its frame was erected on a cubical 
reinforced concrete foundation built over the cemented 
floor.

2.6 Commissioning and Synchronization of the 
Experimental Set-up

Commissioning of the testing rig was carried out by 
conducting initial tests in order to standardise and 
calibrate the facilities for (a) firing of the projectile 
onto the compression test specimen, -(b) recording the 
load-time history using 80 kHz piezo-electric load cell 
and pressure bar arrangement, (c) measuring the initial 
impact speed and (d) recording the deformation-time 
history using high speed image converter (IMACON) camera.

2.6.1 Firing of the projectile

For trial operation, a number of projectiles were 
made from tool steel. These were fired at different 
speeds onto the specimens prepared from mild steel. The 
rig was found to be satisfactory for firing the projectile
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in order to deform the specimen upto 80% reduction in 
height. This facilitated selection of the appropriate 
size of the projectile and specimens to be used in proper 
testing programmes.

2.6.1.1 Calibration of pressure transducer: .

The pressurised air reservoir was fitted with a 
pressure transducer which was connected to a Roband 
Digital Voltmeter through a Direct Reading Transducer 
Meter (Type C-52). A Budenberg Gauge Tester was used to 
calibrate the system and the results are given in Table 1, 
in terms of pressure and voltage reading.

2.6.1.2 Calibration of projectile speed:

Projectiles of different masses were fired at 
different air pressures and the corresponding speeds 
were measured. Fig. 11 shows a calibration chart where 
the broken line demonstrates how to arrive at an indicated 
voltage and hence the chamber air pressure corresponding 
to a desired projectile speed of 200 m/s. This
calibration chart is used as a rough guide and the actual

/

impact speed is obtained from the photographic record in 
a manner discussed later in Chapter 3.

2.6.2 Recording the Load-Time History

The initial arrangement for direct load measurement 
consisted of a composite pressure bar contained in a 
tubular chamber and a high frequency piezo-electric load
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cell (80 kHz) which could be located at different 
positions along the length of the pressure bar. The 
load-time traces obtained from similar tests with the 
load-cell at different positions along the composite 
pressure bar are shown in Fig. 12. It is evident that 
the load-time trace is affected if the position of the 
load cell is changed. However, all of these measured 
loads produced stress values even lower than those 
obtained from static tests. Subsequently, it was decided 
that the measured load would not be used to calculate 
the stress values but for reference only.

In order to check the repeatability of the load-time 
histoiy and that of the projectile speed, a projectile 
was fired at the same air-pressure to obtain a desired 
speed of 132 m/s for a given set of experiments. Fig. 13 
shows the repeatability of load-time traces during impact 
whereas Fig. 14 shows the repeatability of the elapsed 
time:covered by the projectile (19.07 mm long) before 
impact.

2.6.3 Calibration of Speed Measuring Technique /
Iby Laser Beam

In order to assess the accuracy of speed measurement 
* by laser beam, first a thin rigid disc (15 cm dia.) of 
aluminium was firmly attached to a motor whose r.p.m. was 
controlled by a Servo Motor Controller (Type MC-43). A 
small hole (3 mm dia.) was made at a known radius from the
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centre of the disc to allow the laser beam to pass through. 
A photo-cell unit of response time of 5 ns was positioned 
to receive the beam through the hole in the disc. A 
schematic diagram is shown in Fig. 15. The photo-cell 
unit was connected to a pre-calibrated storage 
oscilloscope. As soon as the motor was run at a known 
r.p.m, the beam remained obstructed intermittently by the 
disc and the photo-cell unit received signal only when 
the beam passed through the hole after each revolution. 
Instantaneously, the photo-cell unit transferred the 
signal to the oscilloscope screen. The elapsed time 
during which the beam was obstructed by the solid disc 
was recorded on the oscilloscope screen. From the known 
distance covered and the elapsed time, it was possible to 
calculate the speed of the disc. Now, comparison was 
made with this calculated speed and the actual speed of 
the motor as precisely regulated by the speed controller, 
which showed only 3% variation.

2.6.4 Recording Deformation-Time History

2.6.4.1 Positioning of the laser and photo-cell,- —  - I
units: '

In order to obtain a useful photographic record, it 
*was necessary to synchronise the camera and the flashing 
of the flash units with the impact. The flashing time 
was controlled by the Trigger Delay Generator (TDG) unit 
and this timing was again dependent on the height of the
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laser beam from the top of the test specimen as well as 
on the speed of the projectile. In order to maintain a 
constant beam height throughout the experiment, it was 
therefore, necessary to fix the laser and the photo-cell 
units at a certain position. The beam was positioned at 
a height of about 35 mm from the top of the specimen and 
the flash units were then attached to the frame one at 
opposite side of it as shown in Fig. 1.

2.6.4.2 Delay timing and selection of lens 
aperture:

Once the beam height was fixed, it was possible to 
determine the expected time of impact and accordingly the 
delay time was adjusted using the TDG unit. When the 
beam is cut off by the high speed projectile, the TDG 
unit starts counting and the Xenon flash lamp flashes 
just after the pre-selected delay period. As soon as the 
event becomes luminous, a photo-cell detector triggers the 
camera to record the sequence of deformation.

Since it was not possible to control the intensity of 
light produced by the Xenon flash lamps, the aperture disc 
opening of the camera was chosen and adjusted by trial 
and error method, at position mark 16, which gave a better 
picture. A typical photograph is shown in Fig. 16. This 
same aperture position was used throughout the rest of the 
experiments.



2.6.4.3 Modification of the optical extension tube:

Fig. 16(a) shows the sequence of pictures taken by 
the IMACON camera in framing mode. As the field of view 
was too wide to show important details of the events, it 
was therefore necessary to magnify the field of view such 
that the test specimen becomes more prominent. In order 
to achieve this, the optical extension tube of the camera 
was replaced by another 250 mm long tube which was designed 
and made at the Polytechnic from duralumin. Black matt 
paint was then sprayed over its surface to match with the 
original part of the camera. After attaching the optical 
extension tube, it was possible to obtain magnified 
framing sequences (about 2£ times of the original) as 
shown in Fig. 16(b).



CHAPTER 3

EXPERIMENTAL TECHNIQUE AND PREPARATION OF THE
PROJECTILES AND BALLISTIC TEST SPECIMENS

3.1 Introduction

A series of experiments were carried out in order to 
standardise the testing procedure to obtain accurate 
results using the experimental set-up described in the 
previous chapter. For each experiment, attempts were made 
to maintain identical conditions in order to compare the 
results for establishing most appropriate test procedures. 
Details of the experimental procedure are described in 
the following sub-sections.

3•2 Preparation of the Projectiles

For the projectile, tool steel (type FMP-338) was 
chosen, since this material has very high strength and 
high resistance to impact. Furthermore, it was heat- 
treated to induce desired hardness and was found to be 
about 800 Hv 30. The composition of this material is 
shown in Table 2(a).

The projectile was machined to a diameter of 9.52 - 
.001 mm to fit closely within the loading throat.

The length of the projectile was made about 19.00 mm.
It was finely ground and polished resulting in a 
mirror finish surface. Using this projectile, it was
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only possible to obtain stress-strain results corres
ponding to strain rates ranging from about 1 x 10L* to 
about 2.5 x 104 per second. In order to obtain results 
corresponding to strain rates in excess of about 
2.5 x lO4 sec” 1 some lighter projectiles were 
subsequently made from the same material. The projectile 
was made lighter by .drilling a 5 mm diameter blind hole 
into it as shown in Fig. 17. Using this lighter projectile 
results corresponding to strain rates of upto about 
4 x 104 sec” 1 were obtained. In order to carry out 
comparatively low strain rate experiments, between
7 x 103 sec"1 and 1 x 104 sec"1, 30 mm long projectiles 
were used. A threaded hook was screwed on the top of the 
projectile to facilitate its upward lifting by a string 
through the hole of the extension barrel. This extra 
arrangement was necessary because of the shorter length 
(22 mm) of the cut-out segment in the primary barrel.

In order to obtain stress-strain results in excess 
of 4 x 10^ sec-1, it was necessary to use a different 
loading throat - extension barrel unit which facilitated
8 mm diameter projectiles. Furthermore, it was made 
lighter by drilling a 5 mm diameter blind hole into it. 
Using this smaller projectile, it was possible to obtain 
stress-strain results at strain rates of upto about
1 x 105 per second.

3.3 Preparation of the Ballistic Test Specimens

The ballistic test specimens were prepared from
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structural steel (En-8), aluminium and copper. The 
compositions of these metals and alloy are shown in 
Table 2. All the specimens in the present work were 
machined from as-received 15 mm round bar. In order to 
avoid barrelling or buckling, all the compression test 
specimens were made to a length to diameter ratio *of 
less than one for both dynamic and quasi-static tests.
The specimen surface was finely ground and the end faces 
were made as flat and parallel as possible.

For making specimens from pre-strained material, 
small samples of 15 mm diameter and 14 mm long were cut 
from the as-received 15 mm round bar. These were quasi- 
statically compressed to different strain levels using a 
50 Ton Universal Machine and a sub-press fitted with a 
dial gauge. During pre-straining, graphite in grease was 
used as lubricant to minimise friction at the specimen- 
platen interface and thus induce deformation more 
uniformly throughout the specimen. After each 10% of 
strain, the test was interrupted and the interfaces were 
cleaned and relubricated. Ballistic test specimens of 
different sizes were then prepared out of these 
compressed samples. For carrying out comparatively low 
strain rate (7 x 103 sec-1) tests, specimens of 6.5 mm 
diameter and 6.00 mm long were used whereas, for medium 
high strain rate (2 x 10lf sec-1) tests and very high 
strain rate (in excess of 4 x 101} sec-1) tests, specimens 
of 7.00 mm diameter and 3.00 mm long and 6.50 mm diameter 
and 1.65 mm long were used, respectively. The dimensions



of each specimen were measured individually by a micro
meter and the specimens wereput in separate envelopes 
having appropriate notes for identification. Before a 
dynamic test was conducted, the contacting faces of the 
specimen, the anvil and the projectile were cleaned with 
acetone.

3.4 Operational Techniques of the Camera

For recording the deformation history of any 
specimen the following steps were undertaken.

After positioning the test specimen on to the anvil,
I

the camera v/as directed towards it and aligned by ! 
switching to the focus mode. For focussing purpose, 
some lighting was necessary. Two desk lamps were used 
to provide adequate illumination of the specimen. At this 
stage, if the capping shutter was opened, the image could 
be viewed on the output screen. The fine focussing was 
carried out with a magnifier inside the viewing hood and 
adjusting the lens focus by means of a remote control.
The cross point graticule was then inserted into the 
left slot of the Imacon tube. It was necessary to locate 
the exact position, where the operating streak optics 
needed to be placed. After fixing the position, the cross 

‘point graticule was removed and a streak optic with a slit 
opening of 100 micron was placed. A pre-calibrated slow 
streak unit (SS/CV type) was used and the streak speed 
was selected at 1 micro-second per 2.00 millimetre of the
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sweep. After fitting the streak optic, the camera was 
switched to operate mode. By turning the lens aperture 
disc, it was set at position marked 16 which was found to 
give a better-quality picture.. The film backing unit was 
then loaded with high speed polaroid film (type 47) and 
pushed upto the appropriate position for recording the 
deformation-time history. During these steps, it was 
essential to take the following operational safety 
precautions in order to obtain better and consistent 
results from the IMACON high speed camera.
I
j

(a) It was noticed during the operation of the cam
era that about 2 minutes delay was necessary after 
switching the camera from focus to operate mode, other
wise a square shape white shade (fog) was observed on the 
photographic trace of the polaroid film. It is believed 
that with a static image in focus mode, the phosphor 
(photo luminescent) of the image tube stores the image 
for a while. In normal incident light, this is not 
visible but is bright enough to cause an image on the film 
when a picture is taken. After being in focus mode for a 
considerable time, it is advisable to leave the camera in 
operate mode for a few minutes to allow the image to 
disappear.

(b) When the plug-in units (either framing or streak) 
operate at a very high voltage, the capacitors within 
these units retain the charge even after being dis
connected. It was therefore necessary to discharge this



voltage into a conducting medium. This was usually 
achieved by placing the pins of the plug-in units on a 
flat conductive surface.

(c) Before each re-loading of the polaroid film, 
it is essential to clea.n-up the rollers of the film 
backing unit with a soft cloth to remove any dirt or 
chemical from the previous film which may damage the 
subsequent film.

3.5 Technique for Recording Time-Deformation History
/

/ The framing photography as shown in Fig. 16 was
/ found to be inadequate to give a continuous record of the 

interaction between the projectile and the specimen. 
Furthermore, measurements on each frame, in order to 
construct the strain history of a specimen, were found to 
be tedious and sometimes unreliable due to the change in 
detum betweeen the frames. Many accurate measurements of 
deformation in one axis over a very short time are 
possible by operating the camera in streak mode. The 
line diagram shown in Fig. 18(a) describes the principle 
of streak photography. A detailed time-deformation 
history can be obtained with this arrangement. The camera 
looks through a 0.1 mm wide slit perpendicular to the 
projectile-specimen contact faces and records the event 
of the projectile impacting on to the specimen and 
deforming it. The result is an accurate and continuous 
record of time-displacement history of the projectile and 
strain history of the specimen as both the projectile and
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the anvil are considered to be rigid. The rigidity of 
the anvil was confirmed by investigating streak 
photographs under travelling microscope which revealed 
no measurable deviation of the anvil top face during 
compression of the specimen. A clear band and continuous 
picture of the projectile-specimen contact interfa-ce is 
shown in Fig. 18(b). Hence, framing unit was replaced 
by streak unit to carry out the main experiments. The 
framing mode of photography was used to study the mode of
overall deformation of the specimen during high strain
/

/rate experiments.

3.6 Calibration of Streak Unit

The streak mode unit of the IMACON camera was 
accurately calibrated before the dynamic test programme 
was started. This was done by first feeding pulses of 
mark/space ratio of 1:10 from a pulse generator (type 
TSA 628) into a storage oscilloscope to obtain time/ 
distance values. The streak optic of the camera was then 
carefully masked to provide an aperture opening of about 
100 micron in diameter. The pulse generator was then 
connected to the input terminal of the camera. The 
storage oscilloscope was left connected to the pulse 
generator so that the input pulses to the camera could be 
monitored. The camera was operated in streak mode, the 
switching action being affected by the cutting of the 
laser beam. This produced a streak photograph of the 
input pulses. By comparing the time/distance values of



the input pulses to those measured from the photograph, 
the actual operating speed of a streak unit was determined. 
This actual streak speed was then used to measure the 
time-displacement data from the photograph obtained 
during dynamic tests. Throughout the test programme, 
the strekk speed was checked several times using t*he same 
procedure and the necessary correction, if any, was made 
accordingly.

3.7 Loading, Firing and Recording Procedure

Once the camera was set to take pictures and the 
2-way ball valve was in closed position, the projectile 
was then put inside the loading throat through the 
entrance slot and pushed up into the gripper mechanism 
and kept in suspension. The slot opening was then closed 
with the split cover and the sliding collar was slid over 
and clamped using the coilar-nut as shown in Fig. 4. The 
valve of the compressed air cylinder was then opened 
slowly and kept open until the reservoir air pressure 
reached the predetermined level as indicated by the 
pressure transducer meter attached to it.

The whole system i.e. the charge amplifier, the 
oscilloscope, the flash and the TDG units were then reset 
and it was made sure that the laser beam was in correct 
position. The whole set-up was then ready to receive 
signals. Checking was done once again prior to firing 
which was achieved by pressing down the handle of the 
valve. In the course of its travel through the barrel at
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a very high velocity, the projectile cut off the laser 
beam before impacting onto the specimen and deforming it 
within a few micro-seconds.

As soon as the beam was cut off by the projectile 
the whole system responded instantaneously. The camera 
recorded the events for about 35 micro-seconds of 
duration. The film holder was then pushed down and the 
film was pulled out of the camera after a delay of about 
20 seconds and the developing solution was applied on to 
the picture.

3.8 Other Electronic Instrumentations for Recording
i

(a) Charge amplifier: A Kiag Swiss 5001 type charge 
amplifier was used for amplifying the load signal from the 
piezo-electric load cell of maximum capacity of 60 kN.

(b) Oscilloscope: A Philips PM 3310 type (0-60 MHz)
/oscilloscope was used for recording the load-time history. 

As soon as the projectile struck the specimen, the load 
produced due to impact was transmitted through the load 
cell to the oscilloscope. On the oscilloscope screen, 
the analog signal represented the magnitude of the load 
in the Y-axis and that of the deformation time in the X- 
axis. The recorded trace was then transferred via the 
X-Y recorder onto the graph using a suitable scale. The 
speed of the projectile just before impact was also 
obtained from the recordings on the oscilloscope of the 
interception of the laser beam.
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(c) Recorder: A Bryans (26000 series, model A4)
portable X-Y recorder was used for plotting the load-time 
curves and the elapsed time recordings during which the 
beam was obstructed by the projectile.

3.9 Reading under Travelling Microscope

The photograph obtained from the IMACON camera 
represents the time-deformation history of the specimen 
and also the time-displacernent history of the projectile. 
The time (t) in the horizontal and the displacement (d) 
in the vertical directions were calibrated with respect 
to the operating streak speed and the magnifying factor 
respectively. Since the streak speed was known, there
fore, it was possible to determine the displacement 
covered in a given time period. The photograph was firmly 
attached to the platform of the travelling microscope and 
it was aligned with the horizontal vernier before taking 
any measurement. On the photographic trace, the straight 
part represents the zone of free flight just before 
impact. The slope of this straight part was used to 
determine the speed of the projectile before impact. 
Starting from the specimen-projectile contact point 
(t = 0, d = 0), the displacement co-ordinates were measured 
at every micro-second interval. It was necessary to 
establish the magnifying factor for each and every set of 
tests and analyse the photographic record accordingly.
The magnifying factor was obtained by dividing the height
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of the specimen in the photograph, by the actual original 
height of the specimen. All the displacements from the 
photograph were then divided by the magnifying factor to 
obtain actual displacements.

3.10 Selection of Curve Fitting Equation
Table 3 shows a comparative chart of the displacement- 

time values calculated using different mathematical 
expressions for 0% pre-strained specimen. In order to 
obtain the values of the unknown constants of these 
equations which give closest fit of the displacement data 
to those measured experimentally, an iterative computer 
program was necessary.

Fig. 19 shows the values obtained by equation No: 4 
i.e. Y = Cit + C21n are the closest- to the measured values 
compared to those obtained according to curves 1, 2 and 3. 
For this curve, the value of 'n should be greater than 2 
but for low total deformation good matching becomes 
difficult for V  greater than 2 . Therefore, finally a fourth 
order polynomial equation of the following form 
Y = Cit + C2t2 + C31-3 + C^t4 was chosen.

The experimental displacement-time data were then used 
to feed directly into'a desk-top computer and the following 
calculations were carried out by using a computer program.

Velocity of compression at time t, V-j- =
Force on the specimen at time t, F+ = Mass of

dVtprojectile X
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I •£Stress on the specimen at time t, o-̂ “ where,
A-j; is the cross-sectional area of the specimen at 
time t,

Strain of the specimen at time t, et = -̂n^1o/̂ 1t̂  where,
hQ and ĥ. are the original height a.nd. the height at
time ’t' of the specimen respectively, and

VtStrain rate at time t, = “

Following the above calculations, the stress-strain 
results obtained by using equations (4) and (5) are shown 
in Fig. 2 0. It shows that, although the displacement-time 
data given by equations (4) and (5) were very close to 
those obtained experimentally, as shown in Fig. 19, the 
stress-strain results calculated based on them differ 
considerably. However, for the present study the equation 
No. 5, has been selected and the reasons for this already 
described above.

3.11 Construction of the Stress-Strain Curves

3.11.1 Initial Approach:

The original aim was to derive the strain-time, 
velocity time, strain rate-time and area-time values from 
the photographic record. The corresponding force-time 
traces obtained from the load cell would then be used in 
conjunction with the area-time values to calculate the 
stress-time values for a known strain rate which remains 
fairly constant during the initial part of the total 
deformation-time history.
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The measured force—time trace for a typical test is
shown in Fig. 21, indicating severe distortion, 
attenuation and phase-shift, especially during the first 
few vital microseconds. It is envisaged that the following 
possible factors might affect the recorded load-time 
history during high speed deformation.

(a) Effect of stress wave: When one end of a long
bar is impacted by means of a rigid striker, a longitudinal 
stress wave is generated at the point of impact which 
propagates through the bar. In the present study, when 
the projectile struck the specimen, the load produced due 
to impact was recorded using a load-cell and was stored 
in a storage oscilloscope, the signal being transmitted 
through a charge amplifier to the oscilloscope and 
displayed on to the screen. It is thought that the 
stress waves reflected from the projectile caused the 
distortions and may be explained by considering the 
propagation of stress wave through the projectile soon 
after impact.

The speed of the elastic stress wave, Ce = /E/p" for 
steel was found to be about 5.167 mm/ys, using 
E = 210 x 10s N/m2 and p = 7.862 x 103 Kg/m3. Immediately 
after impact, a compressive stress wave will travel through 
the 19 mm long steel projectile which is subsequently 
reflected from its free surface as a tensile stress wave. 
This tensile stress is an unloading wave and thus the 
reflected tensile wave will have a reducing effect on the
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incident compressive wave. Let 'L' by the length of the 
projectile. At the end of the time ’t' = 2L/Ce, therefore 
a slightly reduced compressive force will be experienced 
at the projectile-specimen interface. The calculated 
time 11T in the present case was found to be about 7.5 ys 
using L = 19 mm and Ce = 5.167 mm/ys. Hence, the magnitude 
of the force after this period would be affected and the 
recorded force-time history shown in Fig. 21 clearly 
demonstrates this effect. It is also noticeable from 
this figure that the fluctuation is repeated several times 
after each 7.5 ys interval making a hump on the force
time trace. The stress wave space-time diagram may be 
constructed as shown in Fig. 22, Only the first stage of 
stress wave propagation is shown in this figure, since 
after this stage, the stress wave propagation becomes 
even more complex.

(b) Effect of size of the top anvil and position 
of the load cell: In order to establish the

effect of the length of the anvil piece and the position 
of the load cell on the recorded load-time trace, several 
experiments were carried out by altering the position of 
the load cell and the length of the top part of the 
pressure ba,r. Fig. 12 shows that there was no real 
consistency in the results, although the overall pattern of 
the load-time traces was the same.

Furthermore, the projectile strikes a specimen of 
different dimensions and material which is placed upon an
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anvil of different dimensions and material. It is believed 
that these dimensional and material differences would also 
have some attenuation effect on the recorded force-time 
history.

(c) Effect of inherent response characteristics of 
the recording devices: The inherent response

characteristics of the charge amplifier and the storage 
oscilloscope may also affect the recorded load-time trace. 
It was observed during the calibration of the oscilloscope 
that when a monitor square shaped signal was fed into it, 
the output signal was found to be somewhat distorted.

Therefore, all the aforesaid factors were either 
directly or indirectly affecting the true force-time tra.ce 
during the high speed deformation and these tra.ces could 
not be used to deduce the stress values. Indeed the 
stress values calculated using this measured force values 
were found to be lower than those obtained from the quasi
static test as shown in Fig. 2-3. The technique was, 
therefore, abandoned and an alternative method of obtaining 
the force-time histories was sought and developed.

3.11.2 Alternative arrangements

Subsequently, alterations were made to the anvil and 
pressure bar assembly, replacing the composite pressure 
bar system with a massive rigid block (hardened alloy 
tool steel, En-32). The load cell and the smaller top 
anvil were also incorporated so that the load-time
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histories could still be recorded despite their distorted 
shapes, for the purpose of comparison only. After 
spending a considerable length of time and effort to 
rectify the situation, it was finally decided that the 
force-time histories should be deduced from the photo
graphic record of the displacement-time histories of the 
projectile (i.e. deformation-time histories of the 
specimen).

Assuming.the projectile and anvil to be rigid, the 
deceleration-time curve of the projectile was deduced 
from displacement-time records. Knowing the mass of the 
projectile, the force-time histories were established from 
Newton’s Second Law of Motion. Fig. 24 shows a comparison 
of the force-time histories derived from the displacement
time curve and measured force using the load cell 
incorporated in the rigid anvil. It is clear from this 
figure that the new arrangement of the load cell has 
reduced the phase shift and distortions to the measured 
load-time history and also has shifted the position of 
the maximum load towards the left-hand side, i.e. towards 
early stages of deformation. It also indicates that the 
maximum load obtained from the computer calculations (on 
the basis of the photographic records of the displacement
time histories) is comparable to that measured experimen
tally with load cell.
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3.11.3 Technique of the construction of dynamic
stress-strain curves:

Once the force-time histories have been obtained, 
these were then used to obtain the stress-time values.
Fig. 25 shows a typical stress-time and strain rate-time 
histories corresponding to a single test in which the 
acceptable part of the curve is clearly marked. It is 
noticed that from a single test, only a limited amount 
of results could be said to correspond to the same strain 
rate. Therefore, in order to complete the stress-strain 
diagram over a wide range of strain values, the tests on 
a number of pre-strained specimens are necessary.

Fig. 26 illustrates how a complete stress-strain 
curve is achieved from the results of tests carried out 
on a number of specimens each pre-strained quasi- 
statically to different strain levels before testing.
The dynamic stress-strain values thus obtained for various 
pre-strained specimens were then used to plot for a 
constant strain rate starting at the appropriate pre
strain values on the same scale as that of the stress- 
strain curve for quasi-static comp?? ess ion test. The 
maximum acceptable stress values for strain rates within 
about - 10% of the initial strain rate for each curve 
were then used to construct the complete dynamic stress- 
strain curve over large strain values (Fig. 26).



3.11.4 Effect of total deformation:

The effect of large total deformation on a single 
test is neglected in the present technique, because of 
the following reasons:

(a) It has been observed that for large total, 
deformation, the displacement-time curve appears almost 
to be a straight line (Fig. 27) because of very high 
energy of the projectile and comparatively low resistance 
and hence lower deceleration of the projectile. Hence, it 
becomes difficult to accurately determine the profile of 
the displacement-time curve especially during its initial 
stages due to the limitation of how accurately the photo
graphic records could be analysed under the microscope.
But with lower total deformation, it becomes easier to 
determine the profile much more accurately since the 
deceleration is comparatively higher.

(b) It has also been observed that for large total 
deformation, the strain rate increases considerably 
immediately after intact and decreases at a later stage
of deformation as shown in Fig. 28(a). In such cases, the 
material is deformed at a faster rate than the velocity 
drop of the projectile. Therefore, the strain rate which 
is a function of the ratio of current velocity of the 
projectile to current height of the specimen, does not 
remain constant. An important aspect of the technique 
under consideration is that only the data within reasonably



constant strain rate is accepted.

(c) Fig. 28(b) shows the stress-strain curves where 
the effect of total deformation on a single test is clari
fied.. When the deformation is larger, accurate determina
tion of the displacement-time curve which, as explained 
earlier, is used to calculate the force becomes difficult. 
As a result, the calculated force and hence the stress 
values are found to be very much underestimated during the 
initial stages of deformation. This underestimation, how
ever, becomes rectified as the total deformation is 
reduced. A number of tests were carried out at various 
total deformation levels (described in results section) 
but with the same initial strain rate. It was observed 
that for tests in which the total deformation is less than 
about 20 percent, the underestimation disappears and 
produces almost the same stress-strain curve. This pattern 
starts to change as soon as the total deformation becomes 
higher than about 30 percent. All the tests were there
fore carried out such that the total deformation was less 
than 30 percent.

3.12 Arrangement for Conducting Tests at Sub-zero 
and at Warm Temperatures

3.12.1 Arrangement for low temperature tests

Before proceeding to conduct any test at low temperature, 
arrangements were made to reduce the temperature of the 
specimen as well as the top anvil and the pressure bar.



The pressure bar was covered with a suitable fibre glass 
insulating jacket leaving about 20 mm circumferential gap 
which was filled with dry ice produced by passing gaseous 
carbon dioxide. This arrangement is shown schematically 
in Pig. 29. As the anvil was in direct contact with the 
pressure bar, it also cooled down along with the bar.

The temperature of the anvil was measured by a single 
strand (36 swg) PTFE insulated Cu/Constantan (type T) 
thermocouple connected to a Comark electronic (type 1621) 
thermometer. After about an hour, the anvil temperature 
reached about 10°C and remained steady. The evaporated 
carbon dioxide ice (CARDICE) was replenished intermittently 
to make up the loss. In addition, the aerosol freezer 
(type BS 3914) was sprayed on the anvil to reduce the 
temperature of 10°C down to -40°C.

A fine hole was drilled upto the centre of a specimen 
and the thermocouple tip was inserted into the centre of 
the specimen. The gap around the tip was filled with 
thermally conductive interface compound (Thermopath 167). 
Finally, the entrance of the hole was closed with non- 
conductive silicon rubber (Silastic) so that the thermo
couple can measure only the temperature within the body of 
the specimen. This arrangement is shown in Fig. 30. The 
specimen was dipped in liquid nitrogen and kept inside a 
thormofiask. After a few minutes the specimen 
reached a temperature of about -70°C. The specimen was



brought out and immediately placed onto the anvil which 
was previously cooled. Furthermore, the ’insitu* cooling 
was continued by spraying aerosol freezer to lower the 
temperature down to -40°C. The rise in temperature with 
time inside and at the surface of the specimen was recorded. 
This procedure was rejDeated several times and the .average 
time versus temperature rise is shown in Fig. 30.

This set of experiments was designed to simulate the 
ballistic test situation and it was noted that the time
taken from the moment the ’insitu' cooling by aerosol
/

freezer was stopped to the completion of the ballistic
/ test varied between 15 to 30 seconds. This interval is

/ termed as "Test Regime" in Fig. 30 which indicates that 
the test temperature should be at -30°C (i 5°C).

The specimens for quasi-static tests were also 
cooled in liquid nitrogen down to ~70°C and the platens 
of the sub-press were cooled by spraying aerosol freezer 
to reduce the temperature down to -40°C. Then the 
specimen was brought out of the flask and placed in 
between the platens. While the specimen was being 
compressed slowly, the spraying with aerosol freezer was 
continued on the specimen-platen interface to maintain a 
constant temperature of about -30°C.

3.12.2 Arrangement for high temperature tests:

The top anvil was heated up by Oxy-acetylene flame 
in such a way that the anvil temperature did not exceed
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350°C. As soon as the flame was removed, the temperature 
decreased and reached to about 250°C within half a minute 
and remained steady for a minute. In order to protect the 
armour glass plate and perspex flash window of the safety 
chamber from heat, a semi-circular steel sheet (5 mm thick) 
with a fire brick (35 mm) barrier was placed' in front of 
the flame. The specimens for high temperature tests were 
heated to about 400°C for one hour in a muffle furnace 
placed near the experimental rig. The specimen was then 
brought out of the furnace and placed onto the pre-heated 
anvil within 10 seconds. The ballistic tests were

/
/

/performed within 30 to 50 seconds. The arrangement for 
/ temperature measurement is shown in Fig. 31. This is an 

average result of several tests carried out before doing 
any scheduled experiment. The thermocouple tip was 
introduced into the 1mm diameter hole drilled upto the 
centre of the specimen. The inside temperature was 
recorded to about 250°C within 20 seconds of removal of 
the specimen from the furnace. This temperature remained 
steady for a minute as shown in Fig. 31. The temperature 
at the surface of the specimen v/as also measured which 

_„showed about 15°C lower than the inside temperature. 
Therefore, the test temperature at which the dynamic 
compression tests were conducted should be about 235°C 
(± 5°C).

Quasi-static tests were also carried out in a similar 
way as the dynamic tests were performed. The platens of



the sub-press were heated up by the EPI gas flame while 
the specimen was being heated in the muffle furnace.
As soon as the flame was removed, the specimen was 
placed in between the platens and compressed slowly. At 
the same time, the specimen and platens were both kept hot 
by intermittent application of the flame to maintain a 
constant temperature of about 235°C throughout the 
experiment.

3.13 Metallography

Metallographie samples were prepared from as-received 
material as well as from the specimens deformed botli 
quasi-statically and dynamically. These were polished 
in the usual manner and then the steel, aluminium and 
copper specimens were etched in 2% Nital solution, 0.5%
HF acid solution (freshly made) and alcoholic ferric 
chloride solution (100 cc alcohol, 5 cc HC1 and 3 grns 
anhydrous ferric chloride) respectively. The etching time 
for steel and copper was about 30 - 40 seconds, whereas 
for aluminium repeated etching and polishing was necessary 
to reveal the structure. The micro-structures were examined 
by optical microscopy to observe the structural difference 
at different magnifications. A Universal microscope and 
a Zeiss Ultraphot were used for this micro-examination and 
for photographically recording the representative structures. 
A Vickers projection microscope was used for counting the 
number of grains in the micro-structures of the specimens.



CHAPTER 4

RESULTS OF THE EXPERIMENTS

4.1 Introduction

Following the experimental procedure described in the 
previous chapter, the results are divided into two parts. 
The first part deals with preliminary tests carried out 
to standardise some of the experimental techniques used 
in the main investigation. The second part comprises the 
results obtained from the main experiments and deals mainly 
with the stress-strain characteristics of structural steel, 
aluminium and copper at high strain rate (103 ^ 105 sec’”1) 
and at low strain rate (quasi-static) as well as with the 
photomicrographs which show the structures of the 
specimens deformed at these strain rates.

4.2 Results of the Preliminary Tests

In the preliminary tests, the effects of the 
following were investigated to establish the experimental 
technique and the method of processing the results:

(a,) Effect of strain rate history
(b) Effect of total deformation
(c) Effect of specimen geometry, and
(d) Effect of friction.

4.2.1 Effect of strain rate history:

The first set of the preliminary experiments were



carried out to compare the stress strain curves as well 
as to see any differences due to pre-straining as affected 
by different strain rates. A series of tests were 
conducted in order to assess this effect and the summarissd 
results are shown in Tables 4 to 8 and graphically 
presented in Figs. 32 to 3S.

The first set of tests for this series were 
conducted on a number of similar specimens, each being 
tested in either dynaraic-static-dynamic (DSD) or static- 
dynamic-static (SDS) sequences. Fig. 32 shows results 
obtained from a typical test carried out on a specimen 
in DSD sequence. Curve No. 1 in this figure was obtained 
from the dynamic compression of the specimen at an initial 
strain rate of 1.9 x 10  ̂ sec"1 to about 15 percent strain. 
The solid part of the curve represents results at 
constant strain rate and the dashed part of the curve 
represents decreasing strain rate results. The specimen 
was then compressed quasi-statically to about 31 percent 
strain giving curve No. 2, Finally, it was compressed 
dynamically at an initial strain rate of 2.1 x 102 sec-1 
to a total of about 40 percent strain giving a curve No. 3. 
Curve No. 4 was obtained by compressing a single specimen 
quasi-statically upto about 45 percent strain. It is 
evident that the stress-strain curve from this test 
corresponds very closely to curve No. 2 which was obtained 
from a dynamically pre-strained specimen.

The results shown in Fig. 33 correspond to a specimen



subjected to compression tests in SD8 sequence. The 
specimen was initially compressed quasi-statically upto a 
strain level of 15 percent, the result from which is shown 
in curve No. 1. The specimen was then dynamically 
compressed to a total strain level of 31 percent, at an 
initial strain rate of 1.9 x 10^ sec-1. The resuTt of this 
dynamic compression is shown by curve No. 2, the part of 
the curve in solid line representing results a/fc constant 
strain rate. Finally, the same specimen was compressed 
quasi-statically to a total strain level of about 40 per
cent, the result of which is shown by curve No. 3. A 
separate but similar specimen was then compressed quasi- 
statically upto a total strain level of 40 percent and the 
results of this test are shown by curve No. 4. It was 
found that the quasi-statically obtained stress-strain 
curves for both specimens correspond very closely, 
indicating that the variable strain rate deformation of 
the first specimen did not influence the stress-strain 
property given by curves numbered 1, 3 and 4.

Fig. 32 and 33, when superimposed, facilitated 
construction of two stress-strain curves over the total 
strain range of about 45 percent, one at strain rate of 
about 2 x 104 sec-1 and the other corresponding to quasi
static compression rate as illustrated in Fig. 34. These 
resulting two curves are shown separately in Fig. 35 for 
better clarity.

The second set of tests for this series were carried



out with dissimilar specimens pre-strained (i) quasi- 
statically, (ii) dynamically with different and 
variable strain rates and (iii) dynamically at constant 
strain rate. , In the last ca.se, hardened alloy tool steel 
rings were used to limit the reduction in height during 
deformation. All these pre-strained specimens were then 
subjected to dynamic tests carried out at the same 
constant strain rate. The stress values for different 
strains within acceptable range of constant strain rate 
for these tests were found to be almost the same as given 
in Tables 6 to 8 and diagrammatically shown in Figs. 36 
to 39.

Fig. 36 shows a number of stress-strain curves 
obtained from dynamic compression tests at an initial 
strain rate of about 1.8 x 104 s”1 carried out on quasi- 
statically pre-strained specimens. From these curves 
the complete stress-strain curve is obtained over a total 
strain range of about 40 percent which correspond to an 
initial strain rate of about 1.8 x lO4 sec” 1. Similarly, 
two other complete stress-strain curves were constructed 
over total strain range of about 40 percent and at initial 
strain rate of about 1.8 x 10H sec”1 but from tests 
carried out on specimens pre-strained dynamically at 
variable and constant strain rates as shown in Figs. 37 
and 38, respectively.

These final stress-strain diagrams at strain rates 
of about 1.8 x 10l} sec”1 have been superimposed in Fig. 39



from which it is evident that very little difference is 
observed in the derived stress strain curves inspite of 
different modes of pre-straining of the specimens. In the 
same figure a quasi-statically obtained stress-strain 
curve is also shown for comparison.

4.2.2 Effect of total deformation:

The second set of the preliminary trials were carried 
out to establish the acceptable level of total deformation
for which the displacement-time histories could be

/

determined accurately enough to obtain the stress-strain
/curves corresponding to the same initial strain rate. In
/ '' order to achieve this, the projectiles of different masses 
were fired on the dimensionally similar specimens of the 
same material and with the same initial speed. The 
results of this set of experiments are summarised in Table 9 
and graphically shown in Figs. 40 to 43.

Fig. 40 shows the displacement-time curves of three 
projectiles having masses of 6.4, 8.3 and 10.2 gms, 
respectively fired onto dimensionally similar specimens of 
the same material at initial impact velocity of 62 m/s. 
These displacement curves, when analysed in the manner 
described previously, produced strain-time, force-time and 
strain rate-time curves as shown in Figs. 41 and 42.

It was observed that, as the mass of the projectile 
increased, the total deformation was also increased. How
ever, for each test the range of constant strain rate was
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considered to be within 10% of the initial strain rate 
and the strain rate fell out of this range after only 
about 2.3, 3.2 and 3.8 micro-seconds from the start of 
deformation. ’ Therefore, in the present investigation, 
the first five micro-seconds was considered as a vitally 
important stage of total deformation sequence. Hence, 
the displacement-time, strain-time and strain rate-time 
histories are presented for this period only in the 
results of the main investigation.

It can be seen from Fig. 42(a) in the force-time 
histories that slight discrepancy arises at the moment of 
impact. This is because of the variation of the projectile 
speed and hence variation of the acceleration, since the 
force is calculated as mass of the projectile multiplied 
by its instantaneous acceleration. It can be seen from 
Table 9 (top value of the 2nd column) that the impact 
speed for 6.4 gms projectile was found to be 61.293 m/s 
whereas for 10.2 gms projectile, it was found to be 
61.647 m/s.

It is also noticeable from Fig. 43 that the stress 
Values upto the level of constant strain rate were found 
as O] = 1.455 kN/mm2, o 2 = 1.496 kN/mrn2 and 03 = 1.505 kN/nn? 
for 11.93%, 14.79% and 17.13% total deformation, 
respectively. The maximum variation of stress values 
was found to be about 3% which could be considered to be 
within the limit of the experimental error. Therefore, it 
is evident from this finding that for the extent of total



deformation (about 20%), the stress-strain curves obtained 
using projectiles of different masses corresponding to the 
same initial strain rate do not show any marked difference. 
It was shown in Section 3.11.4 that, if the total 
deformation imparted to the specimen is in excess of about 
30%, then the results cannot be deduced accurately and 
underestimation of the stress during the early part of. 
strain becomes evident (see Fig. 28).

4.2.3 Effect of specimen geometry:

The third set of the preliminary experiments were 
conducted to select the appropriate size of the specimens

/

/ to be used in the main investigation. In order to carry 
out this set of experiments, the same projectile was 
fired with the same initial speed onto the specimens of 
different aspect ratios (height/diameter). The 
deformation-time history was recorded by means of framing 
mode of photography to study the overall deformation 
sequence. Figs. 44(a) and (b) shows series of high speed 
photographs of two specimens taken at a framing rate of
500,000 frames per second, the a.spect ratio being more 
than unity for both specimens. Careful inspection of 
these photographs would show that slight barrelling occurs 
towards the end of the deformation, but no barrelling 
effect is evident during the initial stages of deformation 
which is of interest in this study. Similar tests were 
carried out with specimens having aspect ratio less than 
unity. The photographic records of the deformation of
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these specimens taken at 500,000 frames per second are 
shown in Figs. 45(a) and (b). From these photographs 
also, it is evident that during the initial period of 
deformation of interest in this study, there is no 
noticeable localised uneven deformation in the specimen.
For the proper test programmes, however, specimens- of 
aspect ratio less than one were used in order to reduce 
the chance of any non-cylindrical deformation.

4.2.4 Effect of friction:

I The final set of the preliminary tests were carried 
' out to .estimate the effect of friction on the stress- 
strain properties of structural steel obtained from tests 
carried out under dry condition and thus to determine the 
frictionless stress-strain curves. A major source of 
error in dynamic unia.xial compression tests is the 
frictional restraint at the ends of the specimen. In the 
present investiga/tion, an attempt has been made to quantify 
the effect of this frictional restraint. All the dynamic 
tests have been performed without using any lubricant and 
hence, friction correction was necessary for the dynamic 
tests. The results from the dry dynamic tests were 
converted to those under frictionless condition in the 
following way. From reference (26), the compressive flow 
stress using lubrication may be expressed as



where, o s = quasi-static compressive flow stress using
lubricant,

Y = frictionless flow stress of specimen material, 
y = coefficient of friction, 
r = current specimen radius, 
h = current specimen height.

During a test, the current radius ’ r' corresponding to 
the current height *h * was found using volume constancy.
A number of experiments were carried out quasi-statically 
under dry and lubricated conditions with the same aspect 
ratio (height/diameter) as that used for the dynamic

/

j tests. The results from the quasi-static compression 
tests listed in Table 10 are the average of three 
experiments.

Now, taking the coefficient of friction for graphite 
mixed with grease as 0.01 (Ref. 27) and using stress 
values from quasi-static test carried out with this 
lubricant, the frictionless flow stress, Y, can be 
calculated from equation 1, for different strains and

Figs. 46 and 47, respectively. The coefficient of 
friction, during dry quasi-static test was then found
from equation (2):

where as^ , r and h have the same meaning as before but

hence different values of from curves (1) and (2) in

(3)

refer to curves (3) and (4) in Figs. 46 and 47 for the
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quasi-static tests carried out under dry condition at 
room and high temperatures, respectively.

Finally, the dynamic frictionless flow stress, crp, 
was deduced from equation (3):

where, qpp, r and h now refer to curves (5) and (6) in 
Figs. 46 and 47 for the dynamic tests carried out under 
dry condition at room and high temperatures, respectively. 
The results obtained following the above procedures are 
presented in Figs. 46 and 47 by solid curves (7) and (8) 
respectively. —

This friction correction technique was applied to all 
the experiments carried out under dry condition and hence 
the stress-strain curves obtained from the main investiga
tion represent results under frictionless test condition.

It was observed during the quasi-static tests in the 
present investigation that the stress values at -30°C were 
lower than those obtained at 22°C and 235°C. The only 
reason found during several experiments was that of the 
formation of ice dew on the specimen surface at -30°C 
because of condensation which acted as an active lubricant. 
During high speed impact test, it was also revealed that 
the condensed particles melted and jettisoned out during 
impact. Therefore, no friction correction was applied to 
the results of the tests conducted at -30°C. Hence, the

(3)
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results presented in Fig. 48 and in the main investiga
tion for -30°C are those obtained directly from the tests 
without any friction correction.

4.3 Results from the Main Test Programme

In the main test programme, experiments were carried 
out to determine the stress-strain characteristics of 
structural steel at various strain rates and at room 
temperature (22°C), sub-zero temperature (-30°C) and 
high temperature (235°C). Similar experiments were also 
carried out with aluminium and copper but conducted only 
at room temperature. The detailed results a.re described 
in the following sub-sections:

4.3.1 Stress-strain characteristics of structural 
steel :

The following experiments were conducted at room 
temperature at constant strain rates of (a) 7.32 x 103 
sec"1, (b) 1.86 x 10lf sec"1, (c) 4.94 x 101* sec"1 and 
(d) 8.75 x 10^ sec"1. The detailed results of these 
tests given in Tables 11 to 15 and graphically presented 
in Figs. 49 to 54 inclusive.

Three sets of experiments were conducted at -30°C 
and at constant strain rates of (a) *1.83 x 101* sec"1,
(b) 4.89 x 101* sec"1 and (c) 8.65 x 104 sec"1. Results 
of these experiments are given in Tables 16 to 19 and 
graphically shown in Figs. 55 to 58 inclusive.



The detailed results of the high temperature tests 
are given in Tables 20 to 23 and graphically presented 
in Figs. 59 to 62. In this case, it was not possible to 
obtain results of the tests conducted above strain rate of

5

about 6 x 10'+ sec"1 because of the higher total 
deformation (more than 30%) imparted onto the specimen.
As explained previously, the total deformation in excess 
of 30 percent produces almost linear displacement-time 
curve, making it increasingly difficult to accurately 
detect the change of its slope with time which is necess
ary for the calculation of force and hence the stress 
values.

However, different values of strain rate were 
obtained by changing impact speed of the projectile while 
the total strain imposed on a specimen was kept to about 
30% by using projectiles of different masses. The 
details of the specimen dimensions and the masses of 
different projectiles are mentioned in the tables for 
different test conditions.

Figs. 49, 55 and 59 show the displacement-time curves 
obtained during deformation at various strain rates for 
0% pre-strained material tested at room temperature, -30°C 
and 235°C respectively. When these curves were analysed 
in the manner described previously, the initial part of 
the stress-strain curves shown in Figs. 51, 56 and 60 were 
obtained. In order to complete the stress-strain curves 
upto about 45 to 50 percent strain level as shown in those



figures, similar displacement-time curves for 20% and 40% 
pre-strained samples needed to be analysed in the same 
manner. The quasi-static stress-strain curves of 
structural steel obtained at different temperatures are 
also presented with those obtained from the dynamic tests 
for comparison only. It can be seen from Figs. 51, 56 
and 60 that, as the strain rate increased, the stress 
values at different strains also increased.

Fig. 50 shows the strain-time histories derived 
from the displacement-time histories of Fig. 49 
corresponding to initial strain rates varying from 
7.68 x 1 03 sec"1 to 9.00 x 101* sec- 1 . The corresponding 
strain rate-time histories are shown in Fig. 52 in which 
the range of constant strain rate (- 10% of the initial 
strain rate) is marked off for each test. For example, 
for initial strain rate of 5.16 x 10^ sec"1, only the 
data contained within the range of 5.16 x 104 sec-1 and 
4.64 x 101* sec""1 were used for constructing the relevant 
stress-strain curve. This figure also shows the extents 
of strain values within this constant strain rate range 
for different initial strain rates. It was found that the 
strain rate remained constant upto 14.75% strain, i.e. 
about 46% of total deformation for high initial strain 
rate (9 x 10*1 sec"1) experiments whereas the strain rate 
remained constant upto 1.85% strain i.e. 40% of total 
deformation for comparatively low strain rate (7 x 103 
sec"1) experiments carried out at room temperature.



A similar trend was also observed for the experiments 
conducted at -30°C and at 235°C except that at -30°C the 
total deformation was lesser and at 235°C, the total 
deformation was greater than the room temperature tests, 
as can be seen from Fig. 63, a typical displacement-time 
graph obtained during deformation at strain rate of about 
1.8 x 10  ̂ per second.

The variation of flow stress with strain rate for 
strain values of 5 to 40 percent are shown in Figs. 53,
57 and 61 whilst the variation of the ratio of dynamic 
to quasi-static stress with strain rate for strain valuesii
of 5 to 40 percent are shown in Figs. 54, 58 and 62 
respectively for room temperature, -30°C and 235°C. It is 
evident that for higher strain levels the effect of strain 
rates on the stress ratio decreases for all the experiments 
conducted at different temperatures.

//
Few more experiments were also carried out at 0°C and

at 100°C which shewed that there was no significant
difference in total deformation due to impact when
compared with the tests carried out at room temperature
(22°C) and also that it was not possible, even under the 
travelling microscope, to distinguish displacement-time 
.curves from the ones obtained for the tests at room 
temperature. Hence, the results of these sets of 
experiments were not processed.
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4.3.2 Stress-strain characteristics of aluminium 
and copper:

The following three sets of experiments were 
conducted at room temperature and at constant strain 
rates of (a) 6.7 x 103 sec"1, (b) 1.04 x 10** sec"1 and
(c) 3.3 x 10^ sec-1 for both aluminium and copper. The 
experiments using stra.in rates higher than 3.3 x 10^ sec"1 
were not conducted because of higher total deformation 
(more than 30%) in both cases. The results of the 
experiments are summarised in Tables 24 to 33 and 
graphically presented in Figs. 64 to 75 inclusive.

Figs. 64 and 70 show the displacement-time curves 
obtained during deformation at various strain rates for 
aluminium and copper, respectively for 0% pre-strained 
material. When these curves were analysed in the manner 
described previously, they produced strain-time and 
strain rate-time histories as shown in Figs. 65 and 67 
for aluminium and Figs. 71 and 73 for copper, respectively. 
In order to complete the stress-strain curves upto about 
50% strain from the dynamic tests as shown in Figs. 66 
and 72 for aluminium and copper, respectively, the 
displacement-time curves for 20% and 40% pre-strained 
specimens were also needed to be analysed.

It can be seen from Figs. 67 and 73 that at low 
strain rate tests, the range of constant strain rate 
continued upto 2.2% and 2.4% strain for aluminium and 
copper, respectively. At high strain rate tests, this
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range remained constant upto 10.90% and 11.10% strain 
for aluminium and copper, respectively.

It can be seen from Figs. 68 and 74 that the higher 
stress values were obtained at higher rates of strain for 
aluminium and copper, respectively. Figs. 69 and 75 show 
the variation of the ratio of dynamic to quasi-static 
stress at different strains for aluminium and copper, 
respectively. It is noticeable from these figures that 
this ratio was decreased at higher strains for aluminium 
as well as for copper.

4.3.3 Proposed constitutive equation:

In order to represent the derived stress-strain 
properties at strain rates between 103 to 105 per second, 
an attempt has been made to develop a suitable constitu
tive equation of all the three materials tested at room 
temperature. Thus a strain rate sensitivity equation of 
the following form had to be proposed (Appendix F) : ,

not qaD =  & £  (1 + B f 3) .............. (4)

where f = ln(e/eo),
e = prevailing strain rate,

eq = constant at 1 per second,
e = natural strain,
B = constant,
A = material constant,
n = material strain hardening index,

= dynamic flow stress, 
f . 25

a = e
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The value of 1 A* was derived from the quasi-static 
stress-strain curve for each material at natural strain = 
1. The constant ' n* was determined by trial and error 
attempt until a close fit of the quasi-static curve was 
obtained. The value of the constant ' B ’ was determined 
again by trial and error using the stress values at 
strain rates ranging from 103 to 105 per second. All 
these values for different materials are listed in~
Table 34.

Applying the values of the constants to equation (4), 
the stress values for structural steel were calculated 
in the manner described in Appendix F for different 
strains and strain rates. These values are shown in 
Table 35 and graphically presented in Fig. 76 by the 
broken curves where the solid curves represent actual res
ults determined experimentally. It can be seen that the 
experimental curves and the curves obtained by using the 
proposed equation are very close at strain rates between 
about 103 to 105 per second. The variation of the stress 
values using proposed flow rule with those obtained

/

experimentally at various strains (upto 40%) and strain 
rates (^ 103 to ̂  105/s), was found to be about 3 to 4%.

Similarly, the stress-strain results obtained for 
aluminium and copper using the derived constitutive 
equation are shown in Tables 36 and 37 and the stress- 
strain curves are presented in Figs. 77 and 78, respecti
vely. It can be seen from these tables and figures that
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the stress values obtained on the basis of the proposed 
equation correspond closely with those obtained 
experimentally within the strain rates of about 
6.7 x 103 to 3.3 x 1 0 per second for strains of upto 40%.

4.4 Micro-examination of Structures

In order to investigate the effect of different 
temperatures on the stress-strain characteristics of 
structural steel, steel samples were deformed at -30°C, 
room temperature and at 235°C, both dynamically and 
quasi-statically. The effect of different testing 
temperatures on the micro-structures of deformed steel ;
was also studied. The stress strain characteristics of 
aluminium and copper were investigated only at room 
temperature and hence the micro-structures were also 
examined for these metals after deforming at room \

temperature. Since the main investigation was carried i
out at different strain rates using a total deformation 
within 30%, the samples for metallographic examination 
were also deformed to this same extent.

4.4.1 Micro-examination of structural steel:

Fig. 79 shows the normal micro-structure of the 
as-received En-S steel, whereas Figs. 80 to 83 show the 
micrographs of the samples deformed at different 
temperatures using different strain rates. It can be seen 
from Fig. 79 that the structure consists of a uniform 
distribution of ferrite (white) and pearlite (dark) with
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a more or less uniform grain size. When this material 
was deformed, either quasi-statically or dynamically, the 
grains were slightly deformed and this effect was found 
to be enhanced with the total deformation. This was 
confirmed by counting the number of grains in the micro
structures of the deformed and undeformed specimens by 
Vickers projection microscope.

4.4.2 Micro-examination of aluminium and copper:

Fig. 84(a) shows the microstructures of as-received 
aluminium, whereas Figs. 84(b) and (c) show the structures 
of the samples deformed quasi-statically and dynamically, 
respectively. Figs. 84(a) to (c) are all from longitudinal 
sections and show the elongated grains and a uniform 
dispersion of particles (dark dots) which may be particles 
of insoluble phases such as FeAl3 and Al-Mn-Si. Some flow 
lines and sub-grains are also seen in the structures of 
the deformed samples.

Fig. 85(a) shows the structure of as-received high 
purity copper (99.99%), whereas Fig. 85(b) shows the 
structure of the quasi-statically deformed copper specimen 
It can be seen that the structures consist of equiaxed 
grains with some twinned regions together with particles 
of cuprous oxide (dark dots). Figs. 86(a) and (b) show 
the structures of copper specimens deformdd at strain 
rates of 6.6 x 103 sec""1 and 3.3 x 10,} sec"”1, 
respectively. Both structures show mechanical twinning



within the grains together with the original annealed 
twinned grains of copper as well as a few particles of 
cuprous oxide (dark dots). Mechanical twinning was also 
observed in the longitudinal section of copper specimen 
deformed at these high strain rates.

4.5 Error Analysis

Errors, however small they may be, always occur owing to 
the inaccuracies involved during a test on which the final 
results depend. Estimation of probable error is therefore 
necessary before results can be considered with some 
degree of confidence.

' ■ H

(a) Error due to the assumption of rigid anvil 
and projectile

t

Experiments were carried out on the basis of the assumption
fthat the projectile and the top anvil are rigid. These 

were made from alloy steel (P.M.P.-338) a,nd were heat- 
treated which gave rise to a hardness number of about 
800 Hv 30. This is about four times higher than that for 
the steel (En-8) and about eight times higher than those 
for aluminium and copper used in the present study 
(Table 2), It should, therefore, be reasonable to assume 
that during the experiment there would not be any localised 
permanent indentation of the anvil and the projectile. 
Furthermore, it has been observed after repeating the high 
strain rate experiments several times that there was no 
visible permanent indentation mark on either the anvil
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or the projectile. Extensive study of the photographic 
trace under a travelling microscope also revealed no 
measurable deviation of the anvil face/even after 
repeated tests. Error due the elastic deformation of the 
projectile may be ignored since the specimen and the 
projectile were of comparable diameters and the readings 
were measured with reference to the interface. It was 
estimated by means of average elastic stress calculations 
that there may be elastic depression of the anvil piece of 
about 0.0075 mm at maximum load, the error due to 
neglecting this elastic depression would be about 3 per
cent .

(b) Error due to the assumption of cylindrical
deformation
- i * ■ ■ ■ » ■ i —  ■ ■ f

In the present study, it was also assumed that the plane 
sections of the specimen remain plane especially during 
initial stages of total deformation sequence. Some 
justification of this assumption can be found from Figs.
44 and 45, from which it is evident that there is no non- 
cylindrical unevenness noticed when the aspect ratio is 
less than unity. Furthermore, in the present study only 
the data under constant strain rate were considered in 
presenting the final results. It was found that the strain 
rate remained fairly constant upto a strain range of about 
2 to 15% for 3.5 to 1 micro-seconds depending on the strain 
rates (103 to 10s per second) induced during impact.
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(c) Error in processing the photographic record:

Results presented in this report are based on the experi
mental displacement-time curve obtained during high speed 
deformation. In measuring these displacement-time data 
from the recorded photographic trace under the travelling 
microscope (which has an accuracy of about - 0.0001 mm), 
there would be some human error. Estimation of such error 
was done by repeating the reading several times under 
travelling microscope from the same photographic trace 
and the maximum variation was found to be about 2.7% on the 
deduced stress-strain results.

(d) Error due to ignoring the effect of specimen mass: 

Another source of error could be that in calculatingt

the force acting on the specimen during a deformation, only *' 
the mass of the projectile and its instantaneous decelera- ■: 
tion were considered and that the effect of the mass of the 
specimen was ignored. In the present study, it was assumed 
that since the force at the projectile-specimen interface 
is required and hence it should be calculated based on only 
the projectile mass and its instantaneous deceleration. 
However, if the force acting on the anvil is to be 
considered, then the effect of mass of the specimen should 
be included in calculating the force. Thus there would be 
some discrepancy between the force calculated at the top 
of the specimen and that at the top of the anvil. In the 
present study the force at the projectile-specimen inter
face will depend on the deceleration of the projectile
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which in turn will be determined by the strength of the 
specimen material. The initial speed of the projectile 
immediately after impact will, of course, be affected by 
the mass of the specimen.

Considering all the above possible sources of error 
in the present study, the estimated overall error of about 
i 5% could occur in the final results, which is believed 
to be within the limit of any experimental tolerances.
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CHAPTER 5

DISCUSSION OF THE RESULTS

5 .1 Introduction

The theme of the present work was mainly confined to 
develop a suitable technique and method of recording ..and 
processing experimental data to determine the stress- 
strain properties of metals and alloys at different 
temperatures and at strain rates of upto 105 sec- 1 . In 
order to establish and assess the various aspects of the 

/technique, a number of preliminary trial tests were carried; 
out. Results from these preliminary tests greatly helped 
to optimise the test conditions to be used in the main 
investigation. Further investigations were carried out 
to study the micro-structural changes corresponding to 
these high strain rate deformations. All these aspects 
are discussed in the following sub-sections.

5.2 Effect of Strain Rate History

The dynamic stress-strain curves were constructed on 
the basis of the assumption that the strain rate 
sensitivity of the materials under consideration is 
insensitive to strain rate history. This assumption was 
verified for steel at room temperature shown in Fig. 34 
which shows stress-strain curves constructed from speci
mens pre-strained at different strain rates. The comparison 
of these results from both high-low and low-high strain 
rate modes of test sequences showed, for the present test



material CEn-8 steel), that the effect of strain rate 
history on uniaxial stress-strain characteristics was 
negligible. Similar results were obtained by 
Barraclough (28) and Wilson et al (29) during torsion 
and shear jump tests respectively. Their low and high 
strain rate modes of test sequence on steel showed" 
insensitivity to strain rate history.

On the other hand, Smith (30) and Nicholas (31) 
showed strain rate history effect was pronounced in steel. 
No explanation for this effect, however, has been given 
'in the literature by them. The strain rate history 
effect was also investigated by Campbell and Duby (32).
In their study, the static reloading in compression of 
dynamically pre-strained specimen of mild steel was 
investigated. It was found that the stress required to 
produce a given amount of plastic strain was less for the 
specimen pre-strained dynamically than for those pre- 
strained statically.

In an attempt to put some more light on the aforesaid 
contradictory conclusions, another set of experiments were 
carried out during the present investigation. Results of 
this set of dynamic compression tests were systematically 
presented in Fig. 39. It can be seen that the stress- 
strain curves constructed after joining the points from 
different specimens pre-strained either quasi-statically 
or dynamically at constant or variable strain rates, were 
found to be almost the same. This finding suggests that



the strain hardening due to pre-straining is independent 
of the strain rate history. Thus, the present method 
of obtaining the stress-strain curve for a constant 
strain rate over large strain values should be considered 
as quite satisfactory.

5.3 Effect of Pre-straining

It has been observed in the present investigation 
that the total deformation was smaller and the stress 
values were greater for pre-strained specimens deformed 
at the same projectile speed. This is easily under-

/
/ standable since the material becomes work-hardened due to

/'

pre-straining. This work-hardening effect is reflected 
on the deformation-time recording and hence the force
time histories of the material. It can be seen from 
Table 11 that the stress value for 0% pre-strained (i.e. 
as-received) steel is 1.185 kN/mm2 whereas for 20% and 40% 
pre-strained material, stresses are found to be about 
1.34 kN/irnn2 and 1.41 kN/mm2, respectively for almost the 
same strain increment of about 1.5 percent at strain 
rate of 7 x 103 sec- 1 . This is in accordance with the 

"results obtained by Campbell (33) who used 0%, 7.5%, 21% 
and 28% pre-strained mild steel samples and found higher 
stress values for different levels of pre-straining. The 
effect of pre-straining was also investigated by Ohlson 
(34) on crack initiation under dynamic loading conditions 
who mentioned that work-hardening increased the yield 
stress of the material and hence the degree of tri-axialitv
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of the stress state as compared with that under non-work- 
hardening plane stress conditions. Brown and Watson (35) 
have shown substantial increase in stress value due to 
torsional pre-straining (twisted to 1/8 revolution) on 
0.51% C steel bar at same strain rate.

In the present investigation, it was noticed that 
for 0% pre-strained material the range of constant strain 
rate from the same test was longer, whereas for 20% and 
40% pre-strained material the .range of constant strain 
rate was found to be comparatively shorter. This suggests 
that the higher the pre-straining, i.e. harder the 

j material, the shorter is the range of constant strain rate 
for a given speed of the projectile.

5.4 Effect of Specimen Geometry

In the present technique, different values of 
strain rate were obtained by changing the impact speed 
of the projectile and also by reducing the height of the 
specimen. In each ca.se, the total reduction on the 
specimen was kept under 30% by using projectiles of 
lighter masses. A number of investigators (14, 36-39)

' obtained scattered results when different strain rates 
were achieved by reducing the specimen height. Because 
of these non-conclusive results, the overall deformation 
sequence was extensively studied in the preliminary 
experiments of the present investigation. The results 
from these tests are shown in Eigs. 44 and 45. It is
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evident from these figures that no barrelling was observed 
during deformation when the aspect ratio -(.height/diameter) 
was less than unity but some barrelling did appear when 
the aspect ratio was more than one, but only after 10 
micro-seconds after the onset of the deformation.

In the present investigation, the deformation-time 
histories corresponding to the first 7 micro-seconds were 
considered and the aspect ratio was kept always under 
unity. In addition, only the data under constant strain 
rate was accepted. The range of constant strain rate 
varied between 1.5 to 4.0 micro-seconds depending on the 
strain rate and total deformation imposed on the specimen 
during impact. Therefore, the present observation advo
cates that, as long as the aspect ratio is kept under 
unity and the total reduction imposed on the specimen is 
kept within 30%, there should not be any discrepancy in 
the results of the tests at high strain rates. Further
more, any slight discrepancy-of results will also be 
diminished if correction for the frictional effect is 
carried out. All stress-strain results determined from 
the present investigation are those obtained after 
correcting for frictional effect. One explanation for the 
scatter in results reported elsewhere might be the fact 
that they used mean strain rate (.36, 37) for stress 
calculation at different strain rates imposing total 
strain in excess of 60% on the specimen in a single impact 
(14, 38, 39).
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5.5 Effect of Radial Inertia

Further considerations in high strain rate tests must 
be made regarding radial inertia and prevailing friction.

produce deformation in an infinitesimal specimen is less 
than that measured, because part of the axial stress goes 
to produce radial kinetic energy in the specimen. To 
assess the inertia effect during the fast compression of 
a cylindrical billet, it is to be assumed (40) that 
frictional resistance at the billet-platen interfaces is 
absent and the deformation is homogeneous. Furthermore, 
the effects of stress wave propagation are considered to 
be insignificant implying that the speed of compression is 
in the range of 10 to 300 m/s (40).

The axial force, F, exerted on a cylindrical specimen 
by the platens may be expressed (40) by the following 
equation:

where, r = current radius of the specimen,
h = current height of the specimen,
Y = current yield stress,
P = density of the material,
V = constant velocity of upper platen.

The inertia effect on the axial force required to 
achieve fast compression of the cylindrical specimen is

Kolsky (12) showed that the actual stress necessary to
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expressed by the second term on the right hand side of
the above equation which is characterised by the dimension-

V 2less parameter, P “y“-

Applying the above analysis to the present study, 
the contribution due to inertia effect to the total force 
was found to be between 0.08 to 9.7% (Appendix G) 
corresponding to the strain rates of 103 to 105 sec” 1, 
respectively for deformation at constant strain rates.
This is in accordance with the results obtained by Maiden 
(41). He found that the inertia contribution to the actual 
measured stress was about 10% and considered as negligible 
effect for his experiments at strain rates of upto 
10H sec” 1. In the present study, no correction was made 
for the inertia effect since any stress raising effect 
should more or less be cancelled out by the stress 
diminishing effect due to localised temperature rise 
during deformation (see section 5.7).

Samanta (42) mentioned that for consta.nt strain rate
experiments, the contribution from the radial inertial
stress would be minimum for the specimen dimensions

-satisfying ^  - 2.3 and not ^  - 1.0 as found by Davies and
Hunter (20). Lindholm (43) used specimen dimensions of
^  - 2.3, whereas Maiden (41) used radius to height ratio
about 0.375 for their high strain rate experiments. In
the present study, for lower strain rate (7.3 x 103 sec” 1) 

rexperiments, ^  was about 0.5, whereas for comparatively 
higher strain rate (9 x 10** sec”1) experiments, it was
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about 2. Therefore, from the above discussion, it is 
reasonable to claim that the specimen dimensions used in 
the present investigation were quite satisfactory.

5 .6 Effect of Friction

Frictional contribution during dynamic and static 
uniaxial compression tests under dry condition is 
generally considered to be significant and for large 
deformations, a major source of error is the possibility 
of frictional constraint at the top and bottom ends of 
the specimen. In the present case of high speed 
compression, the exact nature of frictional behaviour 
was diffcult to assess due to complex mechanism with which 
the topography of the contacting surfaces changed as the 
deformation continued. From the available information,'.
(44, 45), it is however, reasonable to assume that during 
the initial stages of deformation with which, the present 
study is specifically concerned, the frictional 
mechanisms remained almost similar in all the tests.

Following the procedure described in section 4.2.4, 
the average coefficient of friction was found to be about 
0.14 and 0.15 at room temperature and 235°C, respectively, 
over a strain of 40% (Appendix II) using specimen of - 1.35. 
Similar observations were made by Samanta (37), who found 
that the coefficient of friction was about 0.145 for 40% 
reduction of a specimen of ^ = 1. These values are quite 
low as compared to 0.3 quoted by Rowe (46) from the work
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of Male (47), who used specimen having £ = 0.375 andh
compressed the specimens by 44% reduction in height.

5.7 Temperature Rise during Deformation 
>

All the results presented in this report, were 
obtained from the experiments conducted at specifi*ed test 
temperature giving rise to maximum strain of about 14.75% 
within the range of the constant strain rate. An 
implicit assumption made in the present study is that the 
temperature within the specimen during deformation to this 
strain level did not change appreciably from the initial 
test temperature. In other words., the tests could be 
described to have taken place isothermally and the 
resultant characteristics are truly temperature 
independent. Some justification of this assumption can 
be found in reference (14).

An approximate estimation of the adiabatic 
temperature rise was made on the basis of the approximately 
known friction conditions. A number of solutions have 
been suggested by Mohitpour (48) and La,hoti (49) for the 
temperature distribution in axisymmetric compression but 
their results are in disagreement. In particular, the 
temperature rise at the specimen-die interfaces was shown 
to increase with increasing friction in one instance (48) 
and to decrease with increasing friction in the other (49). 
Also, the temperature rise within the deforming specimen 
was found to be much less than at the interface in one 
case (48), and much greater in the other (49).
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In view of this diagreeement, in the present study 
the temperature rise, ’AT1 was calculated by considering 
the plastic work done only Cl4}. Thus the temperature 
rise may be given by the following equation:

0.865 /1S iAT = ---^—  ads ......................(1)
pS Jo

where, p is the density of steel taken as 7862 Kg/m3, £ f  
is the final strain, a is the true stress and e is the 
true strain. The factor 0.865 is the portion of the work 
of deformation converted to heat energy for steel as 
evaluated by Farren and Taylor (50). The specific heat 
’S ’, is calculated from the following equation, given by 
ref. (51):

S(J/Kg°K) = 420 + 0.504T ......... .... (2)

where, T (°C) is taken as the starting test temperature.

The maximum temperature rise in the present case was 
found to be about 62°K (Appendix I) corresponding to a 
strain rate of ^ 105 sec""1 for 14.75% strain tested at
room temperature. Samanta (37) found the maximum values

/

of rise in temperature to be between 60°C and 70°C for 
constructional steel at mean strain rate of 4.3 x 102 sec-1 
and thought it to be modest. In a high-speed tensile test 
of pure iron, an instantaneous temperature rise of about 
50°C, due to the conversion of the work of deformation was 
observed by Nadai and Manjoine (52) at strain rates of 
upto about 103 sec""1 . However, Muller (53) found the
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maximum temperature rise to be 24°C for iron tested at room 
temperature at strain rate of 10M sec"1 , at a true strain 
of about 15% and that the corresponding stress correction 
for this was only 0.05 kN/mm2 . Similar results were also 
obtained by Holzer and Brown (14). No correction due to 
the effect of temperature rise in the present case- has 
therefore been made on the basis of the assumption that 
the temperature rise and inertia have mutually cancelling 
effect on the deduced stress values (see section 5.5).

5 .8 Comparison of Dynamic and Static Stress-Strain 
Characteristic of En-8 Steel at Different 
Temperatures

5.8.1 Quasi-static stress-strain characteristics:

The stress-strain characteristics of structural steel 
at low rates of strain were extensively studied in the 
present investigation at temperatures of -30°C, 22°C and 
at 235°C. During the tests conducted under dry condition, 
it was found that the stress values at -30°C were lower 
than those obtained at room temperature and at 235°C. The 
reason (as explained before in section 4.2.4) was that the 
tests at -30°C were not conducted truly under dry condition 
due to the formation of ice dew on the surface of the 
specimen and hence the frictional constraint between the 
specimen surface and platens was virtually nil. However, 
the quasi-static stress values at 235°C were observed 
lower than those results obtained by Samanta (37) and



Eleiche (.54), who all find higher stresses at 200°C for 
low carbon (0.1 - 0.125% C) steel. It is reported (37) 
that the ductility is very low for low-carbon steel, 
between temperature range of 100 to 300°C. This low 
ductility range is known as the "blue-brittle range" and 
is characterised by an increase in strength and by. the 
presence of serrated (jerky flow) stress-strain curves 
(37, 54) during quasi-static tests. Conard (55) also 
mentions that for low-carbon steels, the yield-point 
phenomena, work-hardening characteristics and ductility 
are all markedly affected by temperature. From the above 
discussion, therefore, it appears that the presence of 
impurities, especially the carbon content in the En-8 
steel (0.41% C) did not bring about the so-called "blue 
brittleness" and hence the observation of the lower stress 
values at 235°C than those obtained at room temperature.

Furthermore, "blue brittleness" is a dynamic strain 
ageing effect due to the diffusion of interstitial carbon 
and nitrogen atoms to dislocations during straining at 
moderate (100-300°C) temperatures. It is a phenomenon 
associated with ferrite, and thus might be expected more 
obvious in low carbon steel than in the En-8 steel studied 
here. Also, with a very rapid strain rate, the diffusion 
of carbon and nitrogen atoms is not rapid enough for them 
to migrate to the moving dislocations during the test, as 
these dislocations are moving at very high speeds. Hence, 
it is not surprising that the higher carbon content steel



(En-8) did not show "blue brittleness".

5.8.2 Dynamic' stress-strain characteristics

From the dynamic tests, it was found that for a given 
strain rate the stress value at -30°C was higher and at 
235°C was lower than that at room temperature at any 
strain level. Because, the rate of work-hardening 
during deformation has increased as the temperature 
was reduced from 235°C to -30°C. Similar comparative 
studies were performed by Costin et al (56), who 
systematically investigated the effect of temperature 
on the stress-strain properties of 0.26% carbon steel I 
under dynamic torsional loading at temperatures between 
-157°C to 107°C at strain rate of about 103 per second 
and observed a positive work-hardening rate at all 
temperatures and maximum stress values at -157°C and
minimum at 107°C. Hockett and Zukas (57) also investi-

/gated the effect of temperature on stress-strain / 
properties of iron and found higher stresses at 22°C and 
comparatively lower values at 180°C at strain rate of 
about 102 per second. Their findings are in accordance 
with the results obtained in the present study.

5.8.3 Strain rate sensitivity:

The stress-strain characteristics of structural 
steel at various strain rates and at temperatures between 
-30°C and 235°C showed that the stress values obtained by 
dynamic tests were about 1 .8-2 .5 times higher than those
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obtained quasi-staticallv at a strain of about 10%. It 
was also observed that the strain rate sensitivity 
decreased with the increase in strain. In order to 
compare the strain rate sensitivity of the steel under 
consideration with those reported elsewhere, results 
obtained in the present study have been shown with* others 
in Fig. 87. It can be seen that the dynamic stress values 
obtained in the present study are higher than those 
reported by Hashmi (10), Oxley (11), Gorham (15) and 
Woodward (38) but lower than those reported by Symonds 
(58, 59) and Dowling et al (60) at room temperature.

It should be mentioned here that Gorham (15) used 
work-hardened high strength tungsten alloy which could be 
less sensitive to high strain rate than the medium carbon 
steel used in the present study. Furthermore, he 
deformed the specimen upto a strain level of 30% in about 
8 micro-seconds at strain rate of about 4 x lO4 sec” 1 . 
Gorham (15) employed framing mode of photography to record 
the strain-time history of the specimen during deformation, 
which was found to be inadequate to obtain a continuous 
record of the interaction between the projectile and 
the specimen. In addition, the variation of strain rate 
during deformation was not accounted for in the processing 
of the experimental data and hence obtaining the results.

However, other investigators (33, 52, 60-65), pointed 
out that the yield or the flow stress, a, of steel is 
considerably affected by the strain rate, and the stresses



at high strain rates ( i  ~  102 ^ 103 sec-1) become 2 to 4 
times larger than those at low strain rates (e = 10”1* ^
10-2 sec"1). A very rapid increase in flow stress above a 
critical strain rate of about 103 sec"1, at room 
temperature was reported by Dowling et al (60) in mild 
steel and Nagata. et al (63) in low carbon iron. Campbell 
(33) found the rate sensitivity of mild steel to increase 
markedly at strain rates exceeding about 5 x 103 sec"1 at 
temperatures in the range of 20°C to 440°C.

However, when the dynamic to static flow stress ratio 
/is considered as a measure of strain rate sensitivity,

/i
j then it can be concluded that the 0.41% carbon steel under
I

present test condition is highly strain rate sensitive. 
Comparative studies were also made by Campbell (61) and 
Tanaka (64, 66) in low carbon and medium carbon steel, who f 
all found strong strain rate sensitivity in steel at strain 1 
rate of about 103 sec-1 and at temperatures between 20°C 
and -30°C.

5.9 Comparison of Dynamic and Static Stress-Strain 
Characteristics of Aluminium and Copper

Results of the quasi-static and dynamic tests showed 
that the low purity aluminium (97.5%, supplied at fully 
heat-treated condition) was stronger than the high purity 
copper (99.99%). This is because aluminium used in the 
present investigation contained numerous impurity elements 
(composition shown in Table 2) which made it harder. It
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has been reported elsewhere (67-70) that strength as well 
as hardness of aluminium decrease with increase purity. 
Hardness for both the metals was also measured in the 
as-received condition and the comparative studies in 
Table 2 showed that aluminium used in this study was 
harder than copper. *

However, the dynamic flow stress was always higher 
than the quasi-static one showing strain rate dependence 
at any strain value for both aluminium and copper.
Similar observations were made by Lindholm (43),

/ Samanta (42), Dowling et al (60) and Senseny et al (71), 
who all found higher stresses for high strain rate tests 
than those obtained from quasi-static tests at any strain 
value in each case. Experiments conducted by Yoshida (72) 
and Carden et al (73) with aluminium and by 
Sundararajan (74) with copper also showed that an incu-ease 
in the rate of strain raised the dynamic flow stress.
Wulf (75) observed a marked increase in the flow stress 
for strain rates in excess of about 103 per second, 
followed by a change to a lower rate of increase at 
strain rates above 104 per second for both aluminium and 
copper. It was again reported elsewhere (76) that the 
data was too scattered to establish a definite trend.

However, during the present investigation, a strong 
strain rate sensitivity was observed for both the metals 
at any strain level employing strain rates from 6.7 x 103 
to 3.3 x 10Lf sec"1. Figs. 88 and 89 show the comparison



of the ratio of dynamic to quasi-static stress with 
various strain rates for aluminium and copper, respectively 
between the values obtained by the present study and 
those reported by others (77-80). It can be seen that 
the ratio of dynamic to quasi-static stress was found to 
be about 1.9 to 2.3 for aluminium and 2.C to 2.5 for 
copper at the above strain rate range over a strain of 
about 10%. This ratio was slightly decreased for higher 
strain values. Similar linear dependence of the flow 
stress was observed by Dowling et al (60) at strain rates 
of upto 10,+ per seqond for both metals.

It was also noticed during the present study that the 
ratio of dynamic to quasi-static stress was always higher 
for copper than aluminium for any value of strain, although 
the stress value at any strain and strain rate was found 
to be higher for aluminium than those for copper. The 
probable reason might be the purity of copper as it has 
been reported elsewhere (74, 81) that pure metals which 
are softer than metals containing impurity elements and 
alloying additions, exhibit the highest strain rate 
sensitivity. Similar conclusion could also be drawn from 
the work of Davies and Hunter (20), who found the ratio 
of dynamic to static yield point for mild steel to be 
about 2.6, whereas for dead soft iron it was about 3.6 
at room temperature at strain rates of upto 101* per second.



5.10 Me t' all o gr aph i c S til'd i e s

5.10.1 For En-8 steel:

The overall features of the micrographs as shown in
Figs. 80 to 83 did not show any marked changes of the 
structure of steel specimen whether the material was 
deformed at h i g h  strain rates (103 - 105 sec” 1) or at low
strain rate (quasi-static). During metallographic
examination, the longitudinal sections were also seen 
under the microscope but no distinguishable difference 
was observed in the micro-structures of the specimens 
deformed either quasi-statically or dynamically. It was 
also observed that the deformation effect was slightly 
masked by "banding" of the ferrite and this was especially 
noticeable when the extent of total deformation was 
larger. It was anticipated that theie might be some 
mechanical twins or Newmann bands in the ferritic 
structure of the structural steel specimen compressed at 
high strain rates. This is because metals that do not 
twin by conventional deformation at ambient temperature 
can often be made to twin by shock loading (82). It could 

- be that the initiation of twinning in En-8 steel during 
impact was affected by the presence of alloying elements 
and inclusions, despite its high strain rate sensitivity.

However, among the several factors involved to cause 
twinning in metals, the effect of pulse duration during 
impact was systematically investigated by Champion and



Rohde (83) for an austenitic steel. They found twins at 
pulse durations of 2 ps, while no twinning was present at 
0.065 ps. Stone et al (.84) found an increase in twin 
density as the pulse duration was increased from 0.5 ps 
to 1.0 ps, in both the low carbon (0.04% C) steel and 
Armco magnetic ingot iron. Rohde (85) observed twinning 
in shock loaded commercially pure iron but did not 
observe it at lowrer stresses, employing strain rates of 
3 x 10“H to 105 sec-1 over a temperature range of 
-197°C to 300°C. Hockett and Zukas (57) observed twins 
in annealed iron which was compressed at the strain rate 
of 1.2 x l'O2 per second .at 140°C. They also mentioned 
that twinning occurred in the early stages of deformation 
and was essentially complete at a true strain of 0.1 (10% 
reduction).

In the present study, the total deformation time 
varied between 7 ps to 20 ps depending on the strain 
rates (105 to 103 sec-1) used during impa.ct. There is no 
sign of twinning in the structures (Fig. 81) of the 
specimens which were compressed at different temperatures 
to 10% reduction using strain rate of 103 sec"1. No twins 
were also observed in the structures (Figs. 82 and 83) of 
the specimens compressed at strain rates of either 
10“ sec-1 or 105 sec"*.

Other investigators (.53, 57, 83-87) however, used 
either pure iron or low carbon (0.04% C) steel which were 
tough and highly strain rate sensitive (74, 81) compared



to the steel used in the present investigation. It may 
therefore be possible that the inherent impurities present 
in the En-8 steel might be one of the factors preventing 
deformation twin formation in the deformed samples. Murr 
et al (88) shows that thoria particles in TD-Ni or in 
TD-NiCr prevents the formation of twins in the shook loaded 
alloy. Leslie (81) also recommends for further study the 
effect of inclusions on the formation of twinning in a 
shock loaded metal structure. Orava (89) shows that the 
limiting carbon content above which mild steels will be 
unlikely to twin at strain rates of 102 to 10** sec-1 is 
0.2%.

From the foregoing discussion, it appears that there 
is a threshold time (57, 83, 84), stress (57, 85, 90, 91) 
and some critical temperature (57, 86) for the initiation 
of twinning. It also appears that the inherent 
inclusion (88) or carbon content (89) in the alloy 
affects or at least inhibits the initiation of twinning 
during deformation process. On the basis of these 
observations, it is perhaps not surprising that no 
deformation twins were observed in the En-8 steel which 
contained 0.41%C and fairly numerous non-metallic 
inclusions.

5.10.2 For aluminium and copper:

It can be seen from Figs. 84(b) and (c) that the 
grains were more distorted in the structure of the shocked 
aluminium than those of the quasti-statically deformed
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specimen. On the other hand, the flow lines in the 
structure of the specimen deformed dynamically showed 
weaker contrast than those in the structure of the 
specimen deformed at a low strain rate. It is however, 
difficult to distinguish clearly the strain rate effect 
on the patterns. Similar observations were made by 
Yoshida and Nagata (72), who deformed high purity (99.99%) 
aluminium at room temperature using strain rates of 
upto I0,f sec- 1 . Dhere et al (92) found no noticeable 
change in the texture of shock loaded commercial purity 
aluminium, while conventional deformation induced 
significant changes. Therefore, from the above 
discussion and from the findings in the present work, 
it can be concluded that any distinguishable structural 
change or twinning is not induced in aluminium during 
deformation at high strain rates.

It has been reported elsewhere (81, 93-97) that 
mechanical twins can be generated in copper by shock 
loading. During metallographic examination in the 
present investigation, twins were indeed found in the 
structure of the high purity copper specimen deformed at 
high strain rates, as shown in Figs. 86(a) and (b). It 
can be seen that, as the strain rate was increased from 
6.6 x 103 to 3.3 x 10** sec-1, more severe twinning was 
observed in the structure. This suggests that high 
strain rate deformation favours mechanical twinning in 
the high purity copper.
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CHAPTER 6

CONCLUSIONS

In the present investigation, the following 
conclusions have been drawn from the experiments 
conducted under quasi-static and dynamic constant strain 
rates over a strain range of upto about 50 percent.

(i) A high strain rate compression test rig has 
been designed, constructed and commissioned 
to enable testing materials at strain rates 
of 103 to 105 per second.

(ii) A suitable testing technique and method of 
processing the data have been developed.

(iii) The high speed streak photographic technique 
has been found to have the unique ability of 
recording strain-time history of a test 
material with a high degree of sensitivity.

(iv) It has been found that the strain-hardening in 
steel was essentially independent of strain 
rate history.

(v) A method has been established following which 
the stress-strain characteristics of any 
metallic material could be obtained for a 
constant strain rate over a wide range of 
strain value.
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(vi)

(vii)

(viii)

(ix)

Cx)

Cxi)

It has been shown that the specimen geometry 
during impact test did not affect the 
results (after friction correction) as long 
as the height to diameter ratio was kept under 
unity and the total strain imposed on the 
specimen was less than 30 percent.

The stress-strain characteristics of structural 
steel at strain rates of upto 105 per second 
at -30°C, room temperature and at 235°C have 
been established.

Structural steel has shown a strong strain 
rate sensitivity within the strain rate 
range of about 103 to about 105 sec- 1 , which 
decreased with the increase in strain at any 
temperature between -30°C to 235°C.

Like structural steel, both the aluminium and 
copper have shown a strong strain rate 
sensitivity within the strain rate range of 
about 103 to about 10lf sec-1 at room 
temperature.

Comparative studies showed that copper was 
more strain rate sensitive than aluminium and 
steel used in the present investigation.

A constitutive equation has been proposed 
for the steel, aluminium and copper used in



the present study incorporating the effects
of work-hardening and strain rate
sensitivity of the material.
>

(xii) There were no marked differences observed in 
the micro-structures of the structural steel 
specimen deformed quasi-statically and 
dynamically at -30°C, room temperature and 
at 235°C.

(xiii) It is believed that the initiation of twinning 
during impact could be affected by the presence 
of alloying elements and inclusions in the 
En-8 steel; and the higher the alloying 
elements and the more the inclusion content, 
the less is the possibility of mechanical 
twinning.

(xiv) There was no distinguishable micro-
structural changes observed in the structure 
of aluminium specimen deformed at low and 
high strain rates.

(xv) Mechanical twinning was found in the micro
structure of the high purity copper specimen 
deformed at high strain rates and this 
increased with increasing strain rate.
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Table 1, Calibration chart of air pressure versus voltmeter reading.

Budenberg gauge tester 
reading (psi)

1 Roband digital voltmeter 
reading (volts)

10 0*003
20 0*006
50 0*015
100 0*034
150 0*050
200 0*068
250 0*085
300 0*101
350 0*118
400 0.134
450 0*152
500 0*169
600 0*202
700 0.236
800 0*270
900 0*303
1000 0*340
1200 0*404
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Table 2, Chemical composition and comparative hardness of different 
materials used in the present study#

Material specification and Chemical composition (wt 7.)

a b c d
Tool steel Structural steel Aluminium Copper
(F.M.P.-338) (En-8) (BS 1474- (BS 1433-

HE 30 TF) C 101)
•

C - 2.05 C - 0.41 Mn - 0.55
Mn - 0.40 Mn - 0.78 Si - 1.02
Si - 0.30 Si - 0.26 Cr - 0.006 High
Cr - 13.00 P - 0.018 Ni - 0.001 purity
Fe - Rem. Ni - 0.13 Fe - 0.30 copper

Mo - 0.02 Cu - 0.01 (99.99)
A1 - 0.012 Mg - 0.55
Fe - Rem. Zn - 0.03

A1 - Rem.

Hardness No. (Hv 30)

800 (after 214 112 104
heat treatment)
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Table 10, Results of the quasi-static tests carried out at different 
temperatures on structural steel under dry and lubricated 
condition.

jattptMiUWfrwuiBMii rn

Stress , (T I kN /mm  ̂  )

Strain^E Room temperature
0-3 0 C

023 5 c

(In ho/hj-)
D ry Lubricated Dry Lubricated

.020 .5116 .4325 .4212 .5101 .4241

.040 ‘.6615 .5823 .5815 .6175 .5625

.062 .7900 .6519 .6875 .6920 .6312

.084 .8025 .701,5 .7221 .7605 .6700

.106 .8415 .7250 .7925 .8145 .6906

.130 .8613 .7362 .8025 .8312 .7150

.162 .8910 .7602 .8381 .8602 • 73 56__.__

. 198 .9025 .7715 .8625 .8805 .7475I|
KNOJC\J• .9113 .7792 .87 25 .8879 .7575

.259 .9255 .7835 .877 5 .9013 .7685

.287 .9407 .7932 .8850 .9127 .7745

• —k .9519 .8006 .8956 .9216 .7850
.356 .9 660 .8110 .9125 -9325 .7910
.400 .9725 .8205 .9300

I 
;

! • ! VO I ! I Ui 
I

.8100
.446 .9853 .8356 .9425 ..9768 .8212
.494 .9910 .8415 .9523 .9925 .8300
.544'

' - 
1.1036 | .8580 .- .9650 1.0657 ! .8415- __ ____4
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Table 15 Stress and stress ratio at different strains and at various 
strain rates for structural steel at room temperature.

9
Strain rate
£ ( I t )  •’

ht

j  S t r a i n ^  
(In no/hj.)

St ress,  0'

| (kN/mm2 )

Ratio of dynarnicj  
to quasi-stat ic ! 
s t ress  (Op /Cfs ]

0.05 0.61
0.10___ 0.72.

Quasi—sta t i  c 0.20 0.78
0.50 0.80
0.40 0.82
0.05 1 .24 2.03

7.32 x 10 /s 0.10 1 .31 1 .8.2
0.20 1 .34 1.71
0.30 1.36 ' 1.70
0.40 iIijo!I• : 1 .70 j
0.05 1.51 2.47
0.10 1.54 2.13

1.86 x 104/s 0.20 1 .57 2.01
- 0.30 1.59 1.98

0.40 1 .61 1.96
0.-05 1 .64 2.68
0.10 1 .67 2.32

4.94 x 104/s 0.20 1.70 2.18
0.30 1 .73 2.16
0.40 1.77 2.15
0.05 1.66 2.72
0.10 • 1.75_____ 2.43

8.75 x .1O4/e 0.20 1 .82 2.33
0.30 1 .86 2..32

------------- 0.40 — T3i5r“ 1.90 2.51 J
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Table 19j Stress end Stress ratio at different strains and at various 
strain rates for structural steel at -30° C.

! Strain rate
E (IL) ’ hf

Sf ra i n£ 
(In ho/h|)

Stress,  O'

( k N / m m 2 )

I..,,. ..........
Ratio of dynamic 
to quasi-static 
s t ress (Cf0 /0's )

0.05 0.68
0.10 0.79

Quasi—stat  ic 0.20 0.87
0.50___ 0.90
0.40 0.93
0.05 1 .68 2.47

1.83 x 104/s 0.10___ 1 .74 2.20
0.20 !CM CO • ; 2.09
0.30 1.86 2.06

0.40 I °
I

2.04
0.05 1.83 2.69

4.89 x 104/s 0.10 1.87____ 2.37___
0.20 1.94 2.23
0.30 1.98 __2.20______ ___
0c40 2.04 2.19
0.05 __ 1 .87 2.75

8,65 x 10V s 0.10 1 .97 2.49
0.20 _2.07_____ 2.38_______ _

_0..30____ 2.14_____ 2.37
0.40 2.20 2.36
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Table 23, Stress and atress ratio at different strains and at various 
strain rates for structural steel at 235° C.

Stra in  rate
e d )

hf

S fra i  nE 
(In ho/hf)

!
is t re s s , CTf
|( kN/mm2 )

Ratio of dynamic 
to quasi-static 
s t re s s (CT0'/crs )

0.05 __ 0.58_____
J0.10___ 0.68

Q uas i-s ts tic 0.20 0.75 '

0.30 0.78
0.40 0.81

I0.05 | 1.16 2.00

7.2 x 1 C?/s 0.10 I
1.17 1.72.

0.20 1.19 1.59
0.30 1.24 1 .58
0.40 1 .29 1 .58
0.05 1 .39 2.40

1 .84 X 104/s _0._1_0___ J.42____ 2.08___ ______
0.20 1 .45 iN

V
cr».

0.30 1.48 1.89
0.40 1.50 1.85
0.05___ 1.54 __ 2.65

5.85 x 104/s 0.10 • iC
h p 2.35

0.20 1 .64____ 2.19
0.30 1.68 2.15
0.40 . 1 .71 2.11__, ___
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Table 24, Results of the quasi-static tests carried out at room 
temperature on as-received aluminium under dry and 
lubricated condition.

S t r a i n ,  £ 

( In h0 /h j . )

----------------  ------- ------ |
S f r e s s ; Cf = F f /A j-  

( k N /  m m 2 )

Dry Lubri cai*ed

0.0093 0.2305 0.2200’

0.0140 0.2415 0.2365
0.0219 0.2600 0.2500

0.0315 0.2895 0.2755

0.0508 " 0.3225 0.3100

0.0723 0.3450 0.3325
0.1062 0.3695 0..3560

0.1324 0.3767 0.3648

0.1685 0.3825 0.3712

0.2059 0.3914 0.3724

0.2447 0.3951 0.3742

0.2851 0.4024 0.3765
0.3272 0.4079 0.3774 '
0.3712 0.4138 0.3816

0.4171 0.4220 0.3847
0.4654 0.4308 0.3866

0.5160 0.4417 0.3885

0.5694 0.4560 0.3930

0.6257 | 0.4721 | 0.3975
-129



Ta
bl
e 

25,
 
De
ta
il
ed
 
re
su
lt
s 

of 
the
 

ex
pe
ri
me
nt
 

ca
rr
ie
d 

out
 
at 

£« 
6*7

 
x 

10 
/s 

on 
al
um
in
iu
m 

at 
roo

m 
te
mp
er
at
ur
e

KN ON W  rl
^  KN ON C**
CD CO UN H• • • •
v o  vO v p  vO

kn i> m  n  inn  kn vd d  oCO vo OJ CD KN* • «vo ia in
CO

CO ITS ON ON
VO KN O V  inO  r-4 rH CVJCVJ CVJ CVJ CVJ

vo r-i 
CVJ KN O O

in

k n  n  o w  H
c— in  i n  v o  o n
cvj in  t* -  cd cD

cD c—  in vo rl v fl ^  in m  vd h*
ON
ONCVJ

^  vo m
O  CVJ vo CVJ 
KN CVJ • «
KN KN

in
KN ON O  KN KNO  KN ^  

KN KN KN

O O O  vO KN I T  
CVJ CO

m  in d  
r - -  on  vf co co

o  in in knKN vo cvj CVJ

ONON

inCO ON rH tm  o n

ON
in inCMCVJin cvj

in in-P  a)

£2 «h CVJ

.a

-130-

co
nt
in
ue
d



Ta
bl
e 

25 
co
nt

in
ua

ti
on

■H ■ t-* vo
ON C\l OO  in os4 * *£̂) UN ^

rH

o  od ^  a) vfl
O  VO NA OS LTA
O  O  (H  H  CNJTf ^  Tf

3 -H CNJ O -P I

irt m  m) O00 ON O  CN) in t*4 ON ON

iA  in m  r— vo os cvj
rH CNJ

co

cmh -p o ) © td o•* !> H  H  H H  0 ®
OS

OS

rH O  0
d , ,£J O >  °8 £ -P

in in

-131-



Ta
bl
e 

26,
 
De
ta
il
ed
 
re
su
lt
s 

of 
the

 
ex
pe
ri
me
nt
 
ca
rr
ie
d 

out
 
at 

£= 
1*0
 
x 

10 
/s 

on 
al
um
in
iu
m 

at 
roo

m 
te
mp
er
at
ur
e

U +>
rH

M  (A ofl ^
OJ KN C-* O
IA  ON H
o  o n  a) co

c—  r-* k n
ON ON CO.

CO
KN ^  ON 

<3 «H H  O  ONH M  «N HO O O 0 . 0
t" * CM 
O  ON

CMCM
rH

in kn vd uN 
O  VO KN CM VO C—  CO CO

H  ONo
ON O

CM

rH

S o
UN *»C'* # t— On o  o

VO CM vO vo 
KN O  VO CM « * • •
00 KN VO ONr-H rH rH CM

ON
CM

[*— vO f* O
ITN C“?

in  UN UN 
C-1 KN CM 
CM VO ON 
CM CM CM

O  O  UN O
rH O  C— O
ON KN VO O
rH CNJ CM KN

UN
rH O  
UN O

ON

KN
ON

ONUN
UN

UN
CMr-1 o  o

rt . o>  cJJ J3 -p
ONUNUN

UN O  C— O • •UN
CM

-132-

co
nt
in
ue
d



Ta
bl
e 

26 
co
nt
in

ua
ti

on
-p o co o

vfl m  ja eg fo in oCO Vd w  vo o  o o  on
KN CX) 
ON LTNa)ex)

pH

CO '**»
OJ £

O  O  rH rH O  H  CM KN ^

A O..LTV .

.a-*- ® ON

o m  in LrtrH ON NO <0O  in on ̂  coO  O  rH H  CM CM C\)
inin o

ON

KN CM

in O o
^  ^  in

-P oi O 0;o -p ■£? W

133



Ta
bl
e 

27,
 
De
ta
il
ed
 
re
su
lt
s 

of 
the

 
ex
pe
ri
me
nt
 

ca
rr
ie
d 

out
 
at 

c 
« 

3*3
 
x 

10 
/s 

on 
al
um
in
iu
m 

at 
roo

m 
te
mp
er
at
ur
e.

o

.g| s
8 2 HP  o ^CO o

^  d NA , p
81 g ■ 3CM r> O• O Or NA

. to cO ^  p  cvj M d
p? 5 ‘o 
rA ° &

Op  03 
p  o

•9 <  H3 . a* ■ M 
u % ^■p . «CO ,<jJ

ON rH in P  O  O  CT\ CM cn Is- C\i r̂* rH OS O  O  NA NA NA NA NA H  CO UA « » • • • •  KA KA KA fA CVl CM

LA O  ^  UA ^CVJ NA f-». 00- OX O  C"1 f*“ UA vO tH NA NA CVJ O  ^  » • • • • •  NA NA NA NA CVl CVJ

& £
m tfP H  CO ̂

t**8 NA UA CM Q  NA t-*8 OA OS VO O  NA vO OA CVJ UAO  o  O  rH |H • • • • •

O  UA OS M3 00 O. O  NA VO CO C~» ^  O  NA vo O) CVl UA CVJ CVJ cvj cvj NA NA • • • • • •

b $ '"A3 H  CM . O P  d 0) -rl O H M M P  O >>.
t> i) o M ,’h; m p -h y Ap tn M o W» CO cd «H O

a
4

s
SJ•

b  ^-CM

” S£ S
NA 00 rH t-8 OS vO OA t"1 OS CO NA VO 00 CO C** * • • • •

NV h* N* H  CVl CO NA o  H  VO NA C*— OA OA t̂4 * » • • •

^ P l  Sc£•*J> [P ̂  •g* h  g  goj a 
h |  — jcxj a  
pc, n > n

t“» OS H  CVJ CVJ rH CVl rH M3 CO vO H  CVJ CO O  
4 4 • * •O  rH f= co VOH  CVJ CVJ CVJ CVJ

CO CVJ O  H  h  rH O  CVJ UA CVJ NA NA CVJ rH • * • • . *H  CVJ CO OA UA r—i CVJ CVJ CVJ CVJ

© dO Wc d * rHPlPo rf•H 0«  e

O  LTA UA O  O  UA O  GO CVJ C~* O  US VO o  OOS OAE'-VOCVJ CO'J O  rH CVl NA ^  ^  UA * « « • • • ♦

in UA O  uS O  o: UArH in VO O  Q  KA o  OA OA UA CVJ cq NA O  rH CVJ NA -Cj- UA « . • • • * •

f ,^ ^  j O  rl W  NV ■'3* UA VO t>- O H  CVJ NA UA VP

O  'vj -p « .!>) O *H„jNH p  o o  (!) cd oft J> rH rH rHH 0) O O  P  H >OCH O rH!-3 O PrO O 
O H10 P r> Pi<d h o e ^ >p -H W rH O  O Ncd ,& o c* fc* «3 p

CT\
S *<s

i •“ *NA H ua M CO OA00 ^  NA NA vo ■<3* voOA VO CVJ • OA ♦ CVJ f-8 cvj OS • OA C— | VO

UA _H  OA
S  Hq

%  * HUA KH  CVJ UA vo O  LTVC\j C"- UA OS■d- H  • O  H  
• NA • rH C— CO H  OA i 1 Ĉ*
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Table 28, Stress and stress ratio at different strains and at various 
strain rates for aluminium at room temperature.

t

Strain rate 
£ 01) "

Strai n£ 
| (In'h o /hj.)

Stress, Cf 
(kN/mm2.)

Ratio of dyna mic I 
to quasi-static | 
stress !CJfp /&$ ] j

0.05 0.3100
i

0.10 0.3550
Quasi-stati c 0.20 0.3700

0.30 0.3770
0.40 0.3840
0.05 0.6450 2.08

■- 0.10 0.6700 1 .88
6.7 x 103/s 0.20 0.6890 1 .86

0.30 0.7015 1 .86
0.40 0.7155 1 .86
0.05 0.7130 2.30
0.10 0.7350 2.07

1.04 x 104/s 0.20 0.7490 2.02
0.30 0.7635 2.02
0.40 0.7790 2.02
0.05 0.7850 2.53
0.10 0.8160 2.30

3.25 x 104/s 0.20 0.8210 2.22
0.30 0.8290 2.20
0.40 0.8325 2.17
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Table 29, Results of the quasi-static tests carried out at room 
temperature on as-received copper under dry and 
lubricated condition.

S t r a i n ,  £ 

( In h0 / h  j . )

0.0093

S t r e s s , #  = F f / A [  
( k N /  m m 2 )

Dry

0.2100

Lubri cat ed

■ wi iiwi anil i mil nmnitTi mwmft w-narTnn-T̂ 

0.200 0

0.0140 0.2265 0.2.180

0.0219 0.2400 0.2300

0.0315 ' 0.2645 0.2550

0.0476 0.2900 0.2715

0.0723 0.3125 0.3015

0.0976 0.3200 0.3025

0.1324 0.3220 0.3104
0.1685 0.3232 0.3125

0.2059 0.3288 0.3165

0.2447 0.3341 0.3180

0.2851 0.3363 0.3200

0.3272 0.3405 0.3255
0.3712 . 0.3455 0.3289
0.4171 0.3486 0.3321

0.4654 0.3544 0.3358

0-51 60 0.3614 0.3396

0-5690 0.3677 0.3413

0.-6257 j 0.3762 0.3435
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Table 33, Stress and stress ratio at different strains and at 
various strain rates for copper at room temperature#

j Stra in  rate
E (J±)

' ht

I S t ra  i n& 
{(Iri ho/hj-)
I

Stress, O'

! k N /m m 2 )

Ratio of dynamic 
to quasi-static 
s tress (0*D /(Ts )

Quasi --stat i c

0.05 0.2715
0.10 0.3025
0.20 0.3165
0.50 0.3240
0.40 0.3315

.X

6.7 x 103/s

" i i

0.05 0.5750 2.11
0.10 0.6050 2.00

!

oCM•O 0.6315 2.00
0.30 0.6500 2.00
0.40 0.6600 2.00

1.04 x 104/s

■ 0.05 0.6250 2.30
0.10 0.6400 __2.1T______

2.11o • rv> o 0.6675
0.30 0.6900 2.11
0.40 0.7025 2.11

3.3 x 104/s

0.05 0.7150 2.63
0.10 0.7575 2.50

o . (Y> O 0o778q___
0.7910___
0.8000

2.45
0.30 2.44
0.40 2.41
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Table 34, Values of the constants for the derived constitutive 
equation for different material under investigation.

Material
Constants

A
(kN/mm^)

n B

Structural steel 
<En - 8)

; 1*00 ; 0*18 5*85 x 10"4

Aluminium 0*50 0*20 6*50 x 10“4

Copper 0.45 0*22 7*00 x 10"4
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Table 35, Comparison of the dynamic stress values obtained by 
using the proposed equation with those obtained 
experimentally at room temperature at various 
strains and strain rates for structural steel.

Strain rate Strain
Dynamic stress (kN/mm^)

Experimental Equation (4)

•05 1*26 1*28

7*32 x 103/s •;20 1*34 1*34
•40 1*40 1*37

•05 1*66 1*70

8*75 x 104/s •20 1*82 1-78

• 40 1*90 1*82
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Table 36, Comparison of the dynamic stress values obtained by using 
proposed equation with those obtained experimentally at 
room temperature at various strains and strain rates for 
aluminium.

Strain rate Strain ,
Dynamic stress (kN/mm^)

Experimental • Equation (4)

•05 ' -6450 ..... : •'6481 ......

6*70 x 103/s oCM• •6890 : *6812

•40 - •7155 : *6981
•05 •7850 : *7835

3-25 x lO^/s •20 • 8210 " : -8205
- •40 : •8325 : *8396
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Table 37, Comparison of the dynamic stress values obtained by using
proposed equation with those obtained experimentally at room 
temperature at various strains and strain rates for copper.

Strain rate • Strain
Dynamic stress (kN/mm^)

Experimental : Equation (4)

• 05 •5750 : •5908

6*70 x 10*Vs • to o •6315 •6239

• 40 •6600 : •6412

•05 •7150 : •7210

3*30 x 10^/s •20 - *7780 : •7585

• 40 •8000 : •7780

j
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1 Concrete base
•

11 Charge amplif ier
2 Pressure bar 12 Pressure transducer meter
3 Middle anvil 13 Digital voltmeter
4 Load cell 14 Oscilloscope
5 Flash 15 X-Y recorder
6 Laser 16 Trigger delay generator
7 Specimen 17 High speed (IMACON) camera
8 Rig frame 18 Photo cell
9 Compressed a i r  cyl inder 19 Top anvil

10 Cylinder valve
ff n  111 III ■!!■! ■!!■ —11 !■  Ill II M III 1 H i l l  WmilllMI lllll

20 Pressure transducer

Fig.l Schematic diagram of the experimental apparatus# 
-149-

i



Fig.2 Photograph of the experimental set-up.
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' Middle anvil 
—Pressure bar

t— -

Back-up anvil
Stud  ____
Stud vasher. (

>tud nut 
holder 
plate

Base plate

Fig,3 Line diagram of load cell and anvil unit in assembled condition.
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Loading*

5Po 2-way ba.ll valve
'Gripper pin 
Spring 
Grub 
screw

Split
cover

Stop pin

/throat/ Pr\1 1 r»vCollar 
nut

Sliding
collar

Primary
barrel

Coupling

Extension

suppressor
cap

Fig,4 Line diagram of barrel and loading 
unit in assembled condition.
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To compressed air cylinder

Cu-gasket .

crewnutHandle i
i LLiyii

■Mil 1U

Cap head alien 
type screw 
Top cover 

j'Groove for 
"1 o-seal 

-| -j^ixing 
.angle

Reservoir body

Bottom cover

;Valve 
holder 
plate

[f ijn  Stud washer

f i f e
_st)Can head screw 

xx2-wav call valve ^ /̂"Valve Holder plat*
Valve nut 
Stud nut 

 Stud

l = Q J I U
To loading fthroat

Fig.5 Line diagram of valve and reservoir unit in assembled condition.
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Fig.11 Showing air - gun calibration chart. 
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Fig.13 Showing repeatability of the load-time traces during impact 
by same projectile of 19*07 mm length.
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Fig.14 Showing repeatability of elapsed time during which the 
beam remains obstructed by 19.07 mm long projectile.
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(b)

Fig.16 Showing the sequence of events taken by the IMACON camera 
with framing mode (a) initial and (b) magnified.
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Fig,17 Line diagrams of projectiles of different masses
(dimensions are in mm), (a) 10.20 gms, (b) 16.40 gms,
(c) 5.20 gms, (d) 3 gms, (e) 8 gms and (f) 4.60 gms.
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Fig.18 Showing the principle of streak photography 
(a) line diagram and (b) actual record.
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Fig.19 Showing the comparison of displacement-time data obtained 
by different curve fitting equations with those obtained 
experimentally during deformation.
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Fig,20 Showing comparison of stress-strain curves obtained 
by two equations (before friction correction).
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Fig.21 Showing the load-time (measured) with composite pressure 
bar arrangement.
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1 - Compressive wave through projectile.
2 - Ref lected tensile unloading wave through projectile, 

specimen and top anvi l.

3-Incident compressive wave through specimen, top 
anvil, load cell and anvil pieces.

4-Minor reflected waves through specimen.

Fig,22 Shewing a typical stress vzavc space-time diagram.
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Fig,23 Showing the comparison of stress-strain curves using measured 
load-time history during impact test with those obtained 
quasi-statically.(before friction correction).
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Fig#24 Showing comparison of load-time histories derived from 
(a) photographic record and (b) measured using load cell 
with new pressure bar arrangement.
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Fig,25 Showing (a) stress-time and (b). strain rate-time 
histories for a single test.
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Fig.26 Illustrating construction of dynamic stress-strain curve 
for constant strain rate from the results of different 
pre-strained specimens.
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Fig.27 Showing the effect of total deformation on displacement-time 
curves for a single test.
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Fig,28 Showing the effect of total deformation on (a) strain rate - 
time and (b) stress-strain curves for a single test.
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Fig.29 Showing cooling arrangement for pressure bar and top anvil.
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Fig.30 Shewing time versus temperature rise curves during impact 
tests at sub-zero temperature.
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Fig.31 Showing time versus temperature fall curves during impact 
tests at warm temperature.
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Fig.32 Stress-strain characteristics of structural steel from 
D-S-D test sequence on a single specimen.

-180-



S
TR

E
S

S
, 

C
H

k
N

/W
)

3-0 r

Mode of tes t=  static-dynamic- static

1-5

ynamic\

(T) Quasi-

0
•4 •5• 2

STRAIN ,E (In ho /h j- )

. Fig,33 Stress-strain characteristics of structural steel from 
S-D-S test sequence on a single specimen,
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Fig.34 Stress-strain characteristics of structural steel from 

D-S-D and S-D-S testing sequences on two dimensionally 
similar specimens.
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Fig.35 Showing the stress-strain characteristics of structural 
steel obtained from two dimensionally similar specimens 
deformed in D-S-D and S-D-S testing sequences.
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Fig.36 Construction of stress-strain curves for structural steel 
from .quasi-statically pre-strained specimens.
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Fig,37 Construction of stress-strain curves for structural steel 
from dynamically pre-strained specimens.
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Fig.38 Construction of stress-strain curves for structural steel 
from dynamically pre-strained specimens deformed at 
constant strain rate.
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Fig,39 Showing the effect of strain rate history on the stress-strain 
characteristics of structural steel;
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Fig.AO Showing the displacement-time curves of structural steel 
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deformation. *
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Fig.41 Showing strain-time histories due to different total 
deformation impact test.
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Fig.42 Showing the effect of total deformation on (a) force-time 
and (b) strain rate-time histories during impact test.
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Fig.43 Showing the effect of total deformation on the stress- 
strain characteristics of structural steel.
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(a)

Fig.44 Showing the sequence of events with time during deformation, 
2 jus/frame, projectile speed = 100 m/s, specimen dimensions: 
(a) diameter = 4*00 mm, height = 6*00 mm ie aspect ratio 
1*50 and (b) diameter = 4*00 mm, height = 5*00 ie aspect 
ratio 1*25.
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Fig.45 Showing the sequence of events with time during deformation, 
2 jis/frame, projectile speed = 100 m/s, specimen dimensions: 
(a) diameter = 4*00 mm, height = 4*00 mm ie aspect ratio 
1*00 and (b) diameter = 4*00 mm, height = 3*00 mm ie 
aspect ratio,0*75.
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Fig#46 Stress-strain characteristics of structural steel under dry 
and frictionless condition for the specimen deformed at 
room temperature#
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Fig.47 Stress-strain characteristics of structural steel under dry
and frictionless condition for the specimen deformed at 235°C.
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Fig.48 Showing the stress-strain characteristics of structural steel 
deformed at -30° C«
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Fig,49 Showing displacement-time histories of structural steel deformed 
at different initial strain rates at room temperature.
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Fig*50 Showing strain-time histories of structural steel deformed at 
. different initial strain rates at room temperature*
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Fig.51 Stress-strain characteristics of structural steel deformed at 
different strain rates at room temperature.
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Fig,52 Showing strain rate-time histories of structural steel deformed 
at different initial strain rates at room temperature.
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Fig.53 Showing variation of stress with strain rate at different 
strains at room temperature for structural steel.
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Fig.54 Showing variation of stress ratio with strain rate at different 
strains at room temperature for structural steel.

- 202-



•44

•40

•36

•32

•28

24

•20

•1 6

12

08

04

0

T I  ME ; H u s )

wing displacement-time histories of structural steel deforme 
different initial strain rates at -30° C.

-203-
!



Dyna mic £=8^65X10^/
F = L . RQX10 Vs.2-0

E = 1- 83X10 /s

w
L-LJ
CC

0 •1 •2 •3 •4 •5
STRAIN,£( ln  h o /h t )

Fig.56 Stress-strain characteristics of structural steel deformed at 
different strain rates at -30° C.
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Fig.57 Showing variation of stress with strain rate at different 
strains at -30° C for structural steel.
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Fig*58 Showing variation of stress ratio with strain rate at different 
strains at -30° C for structural steel.
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Fig.59 Showing displacement-time histories of structural steel deformed 
at various strain rates at 235° C.
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Fig.60 Stress-strain characteristics of structural steel deformed at 
different strain rates at 235° C.
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Fig*61 Showing variation of stress with strain rate at different 
strains at 235° C for structural steel.
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Fig*62 Showing variation of stress ratio with strain rsi;s at 
different strains at 235° C for structural steel*
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Fig.63 Showing displacement-time curves for structural steel deformed at
strain rate of about 1*8 x 10^/s at different temperatures.
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Fig#64 Showing displacement-time histories of as-received aluminium 
deformed at various initial strain rates at room temperature,
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Fig.65 Showing strain-time histories of as-received aluminium deformed 
at various strain rates at room temperature.
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Fig.66 Showing stress-strain characteristics of as-received aluminium 
deformed at various strain rates at room temperature.
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Fig.67 Showing strain rate-time histories of as-received aluminium
during deformation at various strain rates at room temperature.
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Fig,68 Showing variation of stress with strain rate at different strains 
at room temperature for aluminium.
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Fig.69 Showing variation of stress ratio with strain rate at' 
different strains at room temperature for aluminium.
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Fig.70 Showing displacement-time histories of as-received copper 
deformed at various strain rates at room temperature.
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Fig.71 Showing strain-time histories of as-received copper deformed at 
various strain rates at room temperature.
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}j Fig.72 Stress-strain characteristics of as-received copper deformed
• at various strain rates at room temperature.
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Fig,73 Showing strain rate-time histories of as-received copper during 
deformation at various strain rates at room temperature.
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Fig,74 Showing variation of stress with strain rate at different 
strains at room temperature for copper.
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Fig.75 Showing variation of stress ratio with strain rate at 
different strains at room temperature for copper.
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Fig.76 Showing comparison of the dynamic stress-strain curves obtained
by using proposed equation with those obtained experimentally
at room temperature for structural steel.
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Fig.77 Showing comparison of the dynamic stress-strain curves obtained
by using proposed equation with those obtained experimentally
at room temperature for aluminium.
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Fig.78 Showing comparison of the dynamic stress-strain curves obtained
by using proposed equation with those obtained experimentally
at room temperature for copper.
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Fig.79 Normal micro-structure of as-received En-8 steel, 
showing ferrite (white) and pearlite (black), 
T-section, X 200.
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(a)

(c) 

Fig.80 Showing structure of En-8 steel, deformed quasi-statically at
(a) 22°C, (b) -30°C and (c) 235°C, total reduction about 207o,
T-section, X 200.
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( a )

( c )

Fig.81 Showing structure of En-8 steel, deformed dynamically
( £= 7 x 103/s) at (a) 220C, (b) -30°C and (c) 235°C,
total reduction about 10 70, T-section, X 200.
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(a)

(b)

(c)

Fig.82 Showing structure of En-8 steel, deformed dynamically
(£ =  2 x 104/s) at (a) 22°G, (b) -30°C and (c) 235°C,
total reduction about 20%, T-section, X 200.
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Fig.83 Showing structure of En-8 steel, deformed dynamically
( 105/s) at (a) 22° C and (b) -30° C, total
reduction about 30 %, T-section, X 200.
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Fig.84 Showing structure of (a) as-received aluminium, (b) quasi- 
statically deformed and (c) dynamically ( £= 3*3 x 10^/s) 
deformed, total reduction for (b) and (c) about 22 7„, 
L-section, X 50.
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(a)

(b)

Fig.85 Structure of (a) as-received copper a m  
deformed specimen, total reduction aboi 
grains, twinned grains and dispersion < 
particles (dark dots), T-section, X 20(

uasi-statically 
showing equiaxed 

ous oxide
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(a)

(b)

3Fig.86 Structure of as-received copper deformed at (a) £ =6*7 x 10 /s 
and (b) £=3»3 x 10 /s, total reduction about 24 7,, showing
mechanical twins in both structures, T-section, X 200.
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Fig*87 Showing the comparison of strain rate sensitivity of steel
determined in the present study and those reported elsewhere.
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APPENDIX-A
The following fundamental calculations on the basis 

of which the design data were accepted to prepare the rig 
components.

Energy equations:
p Pi = Initial pressure of air,

P 2 = Final pressure of air,
Vi = Initial volume of air,
V 2 ~ Final volume of air = Vi + Ve 

where,
Ve = Expanded volume ie volume of 

the barrel (primary barrel + 
extension barrel).

PiV2 = P 2V2 = Constant, C = RT = PV, therefore P = ^

Work done, W =
rv

vi
P dv = v2 ĉ d v  = C

V l

'V2d

vi
r  = c ln ¥V V i

= P 2Vi ln V- + vel
V = PiVi ln 1 + V,

1J

In accelerating a mass, m of the projectile from 
rest to a velocity, v the energy supplied = \ mv 2 , now 
using work-energy principle, it can be written as follows

PiVi ln |1 +
l J = \ mv2

or P* = I mv2
Vi ln 1 + Vel Cl)

V1J
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Assumed dimensions of the reservoir and the barrel
(a) Assumed volume of the reservoir, Vi = —■ d2l where,4 r r

dr = diameter of the reservoir = 76 mm, 
lr = length of the reservoir = 100 mm.

Therefore, Vi = ^  (76)2 x 100 (mm)3 Vg

or Vj - 442000 (mm)3 = 4.42 x 10”"4

(b) Assumed volume of the barrel, V̂ , = —  ^b^b w ^ere,

d^ -- diameter of the barrel = 10 mm, 
lb = length of the barrel = 1000 mm.

Therefore, V]-, = Ve = (10)2 x 1000 (mm)3,
or, assumed expanded volume, Ve = 7.85 x 10”"5 m 3

(c) Assumed volume of the projectile, Vp = ~  ^p^p w ^ere»

dp = dia,meter of the projectile - 9.5 mm, 
lp = length of the projectile = 19 mm.

Therefore, Vp = (9.5)2 x 19 (mm)3
or Vp = 1347 (mm)3 - 1.35 x 10~6 m 3

Mass, m of the projectile = p x Vp where, 
p = 7.8 x 103 Kg/m3

Therefore, m = 7.8 x 103 x 1.35 x 10~6 Kg - 10“2 Kg

(d) Assumed velocity, v of the projectile = 400 m/s
Therefore, Energy supplied - £ mv2 = £ x 10“2 x (400)2

= 8 x 102J

Now required reservoir pressure, Pj can be calculated 
from equation (1):
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Pi   2_jhv pasca^
1 + eVi ln

V l J

Therefore, P : = pa

8 x 102
or 7.226 x lCT5 x 6.9 x 103 psl

r= 1605 psi

This pressure has been counter checked by Newton’s
/

Second Law of Motion: Force, F = Mass, m x Acceleration, a;
/'

/ Acceleration, ’a ’ can be calculated from the following
r

equation: Cassuming constant acceleration throughout)

v2 = u2 + 2as where,
v = final velocity of the projectile = 400 rn/s 
u = initial velocity = 0 
s = distance = 1 m

Therefore, acceleration ’a ’ = ((400)2/2)m/sec2 = 8 x 104
m/sec2

Hence, F = ma * 8 x 102 N

Therefore, reservoir pressure ’Pi' = F/A where,

A = cross-sectional area of the barrel = d24 b
—  ~  x 102 x 10"5 m 2

Therefore, Pj = 10.2 x 10s pa = 1478 psi and hence the 
previous one is acceptable.

Assuming expanded volume constant throughout all the
A-iii



following calculations, the available air pressure is again 
checked with varying V} as shown in the following table.

Ve
V1

Vi (m3)
y

V1 m  [1 + yfJ
P _ .. 1 mv2 Pi (psi)1 V  ̂ P 

V 1 ln 1 + ~I 1J
0.1 7.85 x  10"^ 7.482 x  10"5 1.02 x  107 1'. 478x10 3

0.2 3.93 x  10“ 4 7.156 X 10~5 1.118 x  107 1.620x103

0.3 2.62 x  10“ 4 6.865 x  10“ 5 1.165 x  107 1.688x103

Therefore, it is clear from above table that the 
assumed volume of the reservoir (about 4 x 10~** m 3) would 
be acceptable for the required air pressure (ie for 1600 
psi).

APPENDIX-B

Design of thick walled close ended pressure vessel: 
Clavarinors equation (for ductile material):

Wall thickness, t = -g-
S t , +  ( 1  -  2 y )  p j[

St, - (1 + y) p ± -  1 . . . ( 2)

where, d^ = internal diameter in inch = 3” (assuming), 
S-f.' = permissible working stress in tension, psi, 
y = Poisson’s ratio = 0.3 and 

p^ = internal pressure = 2000 psi

^utFor En-16 steel, S t, = iSf-e-ty fI5t5~r

where, cr ^ = allowable ultimate tensile stress = 45 tsi 
and taking factor of safety 3, comes
about 15 tsi ie about 30 x 103 psi.



Therefore, from equation (2), the wall thickness 1t ’ comes 
out about 0.090345 inch ie about 2.3 mm.

Birnie's equation for open cylinders
)

d.
Wall thickness, t =

fS+> + (1 - y) p.
St , - (1 *5* y) -  1 ...(3)

According to this equation, the wall thickness comes 
about 2.686 mm.

/ APPENDIX-C
/
/ Design of End Covers:

The thickness of the curved ends is given by the 
following equation, taken from ref (24):

Thickness, t = p R2 + C ;
4ct'C .(4)

jo in t

hi,R,
where, R = radius of the reservoir 

= 38 mm = 38 x 10~3 m.
C = mean curvature of the end cover 

= 7 mm = 7 x 10_ 3 m. 
p = internal pressure = 2000 psi 

= 2000 x 6.9 x 103 N/m2. 
at* = allowable tensile stress of the end

material and for En-16 steel, it is taken 
about 30 x 103 psi 

= 30 x 103 x 6.9 x 103 N/m2

Therefore, thickness of the end cover comes about 
3.55 mm.
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APPENDIX-D 
Design of Reservoir Bolts:

For 2000 psi air tight joints, bolts of diameter 
less than are not suitable as they yield on initial
tightening. For a gas tight joint, a tightening load of 
about (16000 x D)lb is usually required (25) where] D is 
the nominal bolt diameter. Therefore, initial tightening 
stress,

= Initial load 
i Hoot area

The stressing area (ie root area) of the 
bolt,
Ar = -j (dr)2 where, dr = root diameter

d
HI-

|dr_

= 84.66 mm2 
= 0.1313 in2 .

= D - 2d where,
D

D = nomina.1 diameter = 12 mm.
d = depth of thread = 0.8088 mm

Therefore, = 57,604.5 psi.

For high pressure air tight joint, high quality bolt 
material is to be selected. Therefore, SAE-2320 or 
..Equivalent En-22 nickel steel (hardened and oil quenched 
condition) was chosen, which gives the following stress 
value:

Ultimate tensile stress, cr = 110,000 psi 
Tensile yield stress, o t = 85,000 psi

Now subtracting the initial tightening stress from 
yield stress, it will give the available stress for gas
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!load.

Hence, available stress, o -  o - a .a y 1

= (85,000 - 57,604) psi 
= 27,396 psi

Here taking factor of safety as 2, the available load 
capacity per bolt over the stressing area, Fa 

= Aj. x cra/2 
= 0.1313 x 27,396/2 
= 1797.5 lb

Total gas load on the end cover plate, F^
= |  (76/25.4)z x 2000 lb

= 14,062.64 lb

Therefore, No. of bolts required: N = F^./Fa
= 14,062.64/1797.5 
= 8 (approximately)

The probable stress in each bolt is given by the following 
equation, taken from ref. (25):

KFt
_  = a i + m ;  .......

where K, = gasket factor = 0.75 for soft gasket. 

Therefore, probable stress, a

= 57’604 + I T C T ^  psi
= 67651 psi which is about 80% of the yield stress 

and therefore, should be satisfactory.
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Hence, reservoir bolt should be of the following 
specifications:

Bolt size: M 12 x 1.75 
N o . of bolts: 8
Material: SAE-2320*or En-22 (hardened and oil quenched).

According to American Institute of Steel Construction, 
safe working stress, aw of a steel column whose 1/k < 120 
is given by: ...

= 119 - 0.0034 (1/k)2 and 
max. safe load, P c = aw x A where,

APPENDIX-E

Design of Pressure Column:

1 = length of the column
= 300 mm = 0.3 m

k - radius of gyration w.r.t. an axis
(here X X)

= /Ixx/A where, Ixx = second moment of
area

X 7rr4/4 where, r = radius of the column
- 24 mm and 

A = cross-sectional
area of the column

X = 1810 x 10“6 m2

Therefore, k = /lxx/A =/



Hence, 1/k ~ 300 mm/12 mm = 25 

Safe working stress, o'w = 119 - 0.0034 x (25)2 = 119 - 2.125

Therefore, maximum safe load, Pc
= 116.875 x 103 kN/m2 x (1810 x 10"6)m2 = 211.5 kN

Hence, the column should be safe to withstand maximum 
load upto 211.5 kN.

In formulating the constitutive equation for the 
results obtained in this study, a number of equations were 
attempted. The following are typical examples of these:

The stress-strain curves obtained using equations (1) 
to (3) did not fit closely with the experimental results 
due to the fact that the strain hardening index ' n T was 
also found to be influenced by strain rate. Hence the 
equation (4) was finally attempted which accommodated

116.875 MPa = 116.875 x 103 kN/m2

APPENDIX-F

(1)

(2)

(3)

aD = Aena (1 + B f 3) ................
o. 25

where, a = e and f = In (e/ec)

(4)



variation of the index ' n ? and gave closer results with 
those obtained experimentally.

Hence, when e = 7.32 x 103/s, (putting-eo = const.1/s) 
then, ln (7.32 x 103) = ln 7.32 + 3 ln 10 = 1.99 +

6.9 = 8.89
i.e. f = 8.89 and f 3 = 703.

Similarly, when e = 8.75 x 10H/s, then
ln (8.75 x 1 0 " )  = 11.37, i.e. f = 11.37 and f 3 = 1470.

.The values of the constants A, n and B for structural
steel were found to be as follows:

A = 1 kN/mm2, n = 0.18, B = 5.85 x 10“4

Now, putting these values to the equation (4), the
• * ~dynamic stress value at e = 7.32 x 10 per second and at

e = .05 was calculated as follows:
.25

aD “
, „ v 18 e-<8 '89>1 x (.05) x
(1.+ 5.85 x 10"H x 703) kN/mm;

(.05)'032 x (1 + 0.411255)1 kN/mm2 

= (0.9085 x 1.411255) kN/mm2
- 1.28 kN/mm2 and when e = .40, the dynamic stress 

was found to be 1.37 kN/mm2.

Similarly, when e = 8.75 x l04/s, the dynamic stress 
values were found to be as follows:

ap = 1.70 kN/mm2, when e =  .05 
op ~ 1.82 kN/mm2, when e = .40.



APPEND!X-G 

Total force, F = 7ir2Y + 7rr2YI
3 . y 2  f p l ^where, I = -jg- p -y- ]^| , a dimens ion less parameter

Inertia contribution to the total force, F can be 
calculated as

iTr2YI I
nr2Y (1 + I) 1 + I

Value of I for strain rate of about 7.3 x 103 sec" 
at 2% strain (upto acceptable range of constant strain 
rate) was calculated as:

V = 45 m/s, therefore, V 2 = 2025 m 2/s2
Y = 1.2 kN/mm2 = 1200 N/mm2 = 1200 x 106 N/m2 
Since, IN = Kg. m/s2
Therefore, Y = 1200 x 106 Kg/s?ra 
Density, p = 7.862 x 103 Kg/m3 
Initial radius of the specimen = 3.25 mm 
Initial height of the specimen = 6.00 mm

^oStrain, e = ln -g“ = 0.02 where, h = current height 
of the specimen.

mu -p ti . 02 . , , .02Therefore, ^  = e re hc = h x e

Therefore, current height of the specimen, 
h = hQ x e~*02 = 6.0 x e~'02 = 5.881192 mm.

Volume, VQ = 7rr2 x hQ = ir.r2 x h
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Therefore, r = \ j - ^--   = \J ^ = 3.28266irm

5.88119 0.31154

1 = ll X C 7.862 x
1 x s2m x VrTXV' J. V77&11200 x ldGICgV /

x (7.862 x 103 Kg/m3) x (2025 m 2/s2)

x (.31154)

= 0.000775

Therefore, Inertia effect comes out about 0.0007744 
ie about 0.08%.

For strain rate of about 9 x 104 per second, the 
strain upto acceptable range of constant strain rate = 
14.75%.

Initial radius of the specimen = 3.25 mm
Initial height of the specimen = 1.65 mm
Current height at 14.75% strain found about 1.4237 mm

and current radius found about 3.4987 mm.

V = 148 m/s
Y = 1.8 kN/mm2 = 1800 x 106 Kg/ms2

Therefore, value of I found to be about 0.1076 which
gave the value of about 0.097 ie 9.7%.

Therefore, inertial effect found to be about 9.7%.
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APPENDIX-H

The coefficient of friction, y^, during dry quasi
static test was found by:

t ' \cr .._ S Q  - 1
Y

/  f - f  Where, Y = og / i , 2  r
3 h

Initial radius of the specimen = 3.50 mm
Initial height of the specimen = 3.00 mm
Current height of the specimen at strain of 40% found

to be about 2.0109mnandthat of the radius found to be about 
4.2749 mm.

Therefore, the ratio of current radius to current 
height = 2.1258. Hence, the frictionless flow stress, Y, 
at room temperature was calculated as follows:

o = 0.8205 kN/mm2 s 1
y = 0.01

Y = 0.8205/ 1 * |  x 0.01 x 2.1258 = 0.809 kN/mm2

asD “ 0 .9725 kN/mm2 at room temperature and therefore 
y_. at room temperature was found to be about 0.14.D

o.- Similarly, value of Y at 235 C was calculated to be
about 0.7986 kN/mm2 when a =  0.8100 kN/mm2 .s

cr^ = 0.9635 kN/mm2 at 235°C and hence, y^, at 235°C 
was found to be about 0.15.
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APPENDIX-I
Temperature rise during deformation was calculated 

using following equation:

Area, A. under the true stress - true strain curve, 
was calculated for strain rate of about 105 per second, 
in the following way:

The stress value corresponding to 14.75% strain (ie 
upto acceptable range of constant strain rate) was found 
to be about 1.80 kN/mm2 . This corresponds to an area of 
3050 mm2 under the shaded curve, A.

Therefore, 0.2 kN/mm2 x 0.1475 (true strain) = 
0.0295 kN/mm2 represents about 10 x 37 ie 370 mm2 in the 
shaded curve.

Since, 370 mm2 represents 0.0295 kN/mm2
1 mm2 represents 0.0295 kN/mm2/370

Specific heat, ’S', was calculated from the 
following equation:

S(J/Kg°K) = 420 + 0.504T where, T in °C.
At room temperature ie at 22°C, the specific heat was 

found to be about 431.088 J/Kg°K.

~ P. x ^ where, A =PS ade

3050 mm2 represents 0.0295 x 3050

= 0.2431 kN/mm2

Therefore A = 0.2431 kN/mm2 = 0.2431 x 103 N/mm2 
= 0.2431 x 109 N/m2



p = 7862 Kg/m3

A„ _ 6.865 x 0.2431 x 109 N/ro2
41 ■“ (7862 Kg/m3) x ('431.080 J/kg^-K)

= 62 (Nm/J)°K
= 62°K, since J = Nm

A = 3050mmz

O

37 Omm
CSJ -J

•1475 = 37 mm
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