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ABSTRACT

HIGH STRAIN RATE PROPERTIES

OF STRUCTURAL ALUMINIUM

T N M Al-Haddid

A number of theories and techniques have been used in the past to
determine the stress-strain relatjonship of metals and alloys at high
strain rates of up to 2.2 x 10 per second; some of these were
approximate whilst others required expensive equipment. In the
present study three aluminium alloys, HE15, HE30TF and DTD5044 have
been investigated due to their importance in the aircraft, motor and
construction industries. En-8 steel was also investigated for the
purpose of comparison.

A simple new approach using high velocity compression testing in con-
junction with a finite-difference numerical technique was adopted,
developed, used and modified to suit different situations. Incremen-
tal compression tests were conducted on the materials to obtain the
quasi-static stress-strain properties and used in the high strain
rate (dynamic) deformation theoretical analysis and calculations.
The final dimensions of the dynamically deformed specimens (diameter
and height) obtained experimentally were plotted against impact
velocity. These parameters were also predicted theoretically for
given values of material constants and compared with the experimental
ones. The material constants were then varied in a systematic manner
to obtain the optimum agreement between theoretical and experimental
results.

The temperature rise during deformation, specimen size and deform-
ation history were investigated and found to alter the material
constants and therefore affect the flow stress. However the radial
inertia contribution to the flow stress was investigated and found
negligible. Friction was investigated and its effect was minimised
by using tallow-graphite lubricant, which proved to be adequate and
effective.

The new approach caters for material inertia, strain hardening,
strain rate sensitivity, friction and temperature rise during deform-
ation. This technique provides a simple, inexpensive method of
obtaining the stress-strain characteristics of materials at high
strain rates without sacrificing accuracy.

iii



CONTENTS

Acknowledgements
Declaration
Abstract
Contents

Index to Figures
Index to Plates
Index to Tables

Nomenclature

Chapter 1 - Introduction
1.1 Importance of Stress-Strain Data at High Strain Rates
Impact Loading of Structures

1.1
.1.2 Powder Metallurgy
.1.3 Forming of Metals

(SR R

1.2 Selection of Materials
1.3 Review of Previous Work

1.3.1 Effect of Specimen Size
1.3.2 Effect of Radial Inertia
1.3.3 Microstructural Changes
1.3.4 Friction and Lubricant
1.3.5 Techniques and Equipment
1.3.6 Effect of Temperature

1.4 Plan and Aim of the Present Work

Chapter 2 - Experimental Equipment, Preparation of
Test Specimens and Test Procedure

2.1 Introduction
2.2 Detailed Description of Ballistic Rig

1 Reservoir Unit and Two-Way Ball Valve

2 Barrel and Loading Throat

3 Anvil Unit

.4 Frame of the Rig

5 The Laser Unit

6 Transient Recorder and Oscilloscope Unit
7 Transducer Unit

iv

ii

iii

iv

ix

xviii

xix

w N

10
11
12
18

20

23

24

24
24
26
27
27
28
29



CONTENTS (cont)

2.3 Preparation of Test Specimen

3.1 Introduction

3.2 Materials Composition

.3.3 Materials Hardness

3.4 Preparation of Test Specimens

3.5 Preparation of Tool Steel Projectiles
for Phase Two Tests

2.4 Calibration of Test Equipment

.4.1 Calibration of Pressure Transducer
.4.2 Air Pressure - Impact Velocity Calibration

2.5 Experimental Procedure

2.5.1 Introduction

2.5.2 Setting the Test Equipment and Loading the
Projectile

2.5.3 Lubrication

2.5.4 Firing the Projectile and Recording the

Impact Velocity

Chapter 3 - Numerical Technique
3.1 Introduction

3.2 Numerical Technique for Computer Simulation of
Deformation

3.3 Temperature Rise during Deformation

3.4 Friction during Deformation

3.5 Radial Inertia during Deformation

3.6 Specimen Geometry

3.7 Plastic Wave Propagation during Deformation

3.8 Lumped Mass Model

Chapter 4 - Phase One Experimental Results
4.1 Introduction

4.2 Quasi-Static Tests

4.3 High Velocity Impact (Dynamic) Tests

4.4 Determination of the Material Constants

29
29
30
30
31
32
33

33
33

34

34

35
36

37

47

50

54

55

57

59

60

60

67

67

69

70



CONTENTS (cont)

4.5 Construction and Characteristics of the Stress-Strain
Curves at High Strain Rates

4.6 Profiles of the Deformed Projectiles

4.7 Summary

Chapter 5 - Phase Two Experimental Results

5.1 Introduction

5.2 High Velocity (Dynamic) Impact Tests

5.3 Final Dimension Measurements

5.4 Determination of Material Strain Rate Sensitivity Constants

5.5 Stress-Strain Characteristics at High Strain Rates

5.6 Ring Test

5.7 Summary

Chapter 6 - The Effect of Temperature Rise and Strain
History on Deformation

6.1 Introduction

6.2 Quasi-Static Compression Tests at Elevated Temperatures

6.2.1 Description of Equipment

6.2.2 Calibration of Thermocouples and Furnace
6.2.3 Quasi-Static Test Procedure

6.2.4 Test Results

6.3 Construction of General Constitutive Equations

1 Introduction
2 Construction of Stress, Strain and Temperature
Dependent Constitutive Equations

6.3.
6.3.

6.4 Modified Results Catering for Radial Inertia and
Temperature Rise during Deformation

6.4.1 Modified Ballistic Compression of Small Billets
(Phase Two) Test Results

.2 Temperature Rise and Impact Velocity

.3 Modified Projectiles (Phase One) Test Results

4 Ballistic Compression Test Results of Different

Billet Sizes

6.4.5 Strain History Tests

vi

71

72

74

112

113

115

115

118

119

121

le61l
162
162
164
165
166
166
166

167

169

170
171
172

173
173



CONTENTS (cont)

Chapter 7 - Discussion of Results

7.1 Introduction

7.2 Quasi-Static Stress-Strain Characteristics

7

7

7.

7.

.3

.4

8

9

Dynamic Stress-Strain Characteristics

Temperature Rise during Deformation

Radial Inertia Effect

Friction Effect

Specimen Geometry

Deformation History

Strain Rate Sensitivity

7.10 Comparison between Phases One, Two and Three

Chapter 8 - Conclusions and Suggestions for Future Work

8.1 Conclusions

8.2 Suggestions for Further Work

References

Bibliography

Appendices

I

II

IT

Iv

VI

I

Listing of Computer Software which Simulates the
Deformation in Phase One

Listing of Computer Software which Simulates the
Deformation in Phase Two

PHASE ONE :

PHASE ONE :

PHASE TWO :

PHASE TWO :

Sample of the Temperature Rise Calculation
within the Specimen during Deformation

Sample of the Radial Inertia Effect
Calculation

Sample of the Temperature Rise Calculation
within the Specimen during Deformation

Sample of the Radial Inertia Effect
Calculation

vii

244

244

246

249

251

254

256

258

260

263

266

268

270

276

Al

AS

Al9

A21

A23

A24



CONTENTS (cont) Page

VII PHASE ONE AND TWO : Sample of the Coefficient of
Friction Calculation A26

VIII Paper presented at the International Conference on
Computational Plasticity, Models, Software and
Dpplication held at Barcelona, Spain, 6th-10th
April, 1987. A27

IX Calculation of total force in the fictitious link

materials A55

viii



INDEX TO FIGURES

Chapter 2

2.1 Experimental Ballistic Rig and Accessories

2.2 RAccessories Circuit Diagram

2.3 Anvil Unit, Barrel and Laser

2.4 Variation of Impact Velocity with Pressure

Chapter 3

3.1 Inertia Forces acting on Element and Lumped Parameter
Model

3.2 Projectile Actual Configuration and Equivalent
Lumped Masses

3.3 True Stress-Natural Strain Curve, Linear Lines
Elements

3.4 HE15, Numerical Technique Results with Various
Number of Elements

3.5 HE15, Numerical Technique Results with Various
Number of Elements

Chapter 4

4.1 HE15, Dry and Lubricated Quasi-Static Compressive
Stress-Strain Curves at Room Temperature

4.2 HE30TF, Dry and Lubricated Quasi-Static Compressive
Stress-Strain Curves at Room Temperature

4.3 DTD5044, Dry and Lubricated Quasi-Static Compressive
Stress-Strain Curves at Room Temperature

4.4 En-8, Dry and Lubricated Quasi-Static Compressive
Stress-Strain Curves at Room Temperature

4.5 HE15 Tests, Average Final Diameter Against Impact
Velocity Curve

4.6 HEl5 Tests, Average Final Height Against Impact
Velocity Curve

4.7 HE30TF Tests, Average Final Diameter Against Impact
Velocity Curve

4.8 HE30TF Tests, Average Final Height Against Impact

Velocity Curve

ix

38
39
40

41

62

63

64

65

66

75

76

17

78

79

80

81

82



INDEX TO FIGURES (cont)

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

DTD5044 Tests, Average Final Diameter Against Impact
Velocity Curve

DTD5044 Tests, Average Final Height Against Impact
Velocity Curve

HE15, Variation of Final Diameter with Impact
Velocity for Various P and D Combinations

HE15, Variation of Final Height with Impact
Velocity for Various P and D Combinations

HE30TF, Variations of Final Diameter with Impact
Velocity for Various P and D Combinations

HE30TF, Variation of Final Height with Impact
Velocity for Various P and D Combinations

DTD5044, Variation of Final Diameter with Impact
Velocity for Various P and D Combinations

DTD5044, Variation of Final Height with Impact
Velocity for Various P and D Combinations

HE15, Quasi-Static and Dynamic Stress-Strain
Curves at Higher Strain Rates

HE30TF, Quasi-Static and Dynamic Stress-Strain
Curves at Higher Strain Rates

DTD5044, Quasi-Static and Dynamic Stress-Strain
Curves at Higher Strain Rates

Variation of Stress Ratio gith Strain Rate:
HE15, Strain Rate 2.5 x 107 - 1.25 x 10  per second

Variation of Stress Ratio wigh Strain Rate:
HE30TF, Strain Rate 2.5 x 107 - 1.25 x 10  per second

Variation of Stress Ratio witg Strain Rate;
DTD5044, Strain Rate 2.5 x 10 - 1.25 x 10  per second

Theoretical Variation of Stress with Strain Rate
at Different Strains for HE15

Theoretical Variation of Stress with Strain Rate
at Different Strains for HE30TF

Theoretical Variation of Stress with Strain Rate
at Different Strains for DTD5044

Experimental and Theoretical Predicted Profile of HE15
Projectile, Deformed at 100 m/s Impact Velocity

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100



INDEX TO FIGURES (cont)

4.27

4.28

4.29

4.30

4.31

4.32

4.33

Experimental and Theoretical Predicted
Projectile, Deformed at 200 m/s Impact

Experimental and Theoretical Predicted
Projectile, Deformed at 250 m/s Impact

Experimental and Theoretical Predicted
Projectile, Deformed at 100 m/s Impact

Experimental and Theoretical Predicted
Projectile, Deformed at 200 m/s Impact

Experimental and Theoretical Predicted
Projectile, Deformed at 250 m/s Impact

Experimental and Theoretical Predicted

Profile of
Velocity

Profile of
Velocity

Profile of
Velocity

Profile of
Velocity

Profile of
Velocity

Profile of

Projectile, Deformed at 50 m/s Impact Velocity

Experimental and Theoretical Predicted
Projectile, Deformed at 100 m/s Impact

Profile of
Velocity

Profile of

HE15

HE15

HE30TF

HE30TF

HE3O0TF

DTD5044

DTD5044

DTD5044

4.34 Experimental and Theoretical Predicted
Projectile, Deformed at 200 m/s Impact Velocity

Chapter 5

5.1 Anvil, Shooting Barrel and Measuring Arrangement

5.2 HE1l5 Tests, Average Final Diameter Against Impact
Velocity Curve

5.3 HEl5 Tests, Average Final Height Against Impact
Velocity Curve

5.4 HE30TF Tests, Average Final Diameter Against Impact
Velocity Curve

5.5 HE30TF Tests, Average Final Height Against Impact
Velocity Curve

5.6 DTD5044 Tests, Average Final Diameter Against Impact
Velocity Curve

5.7 DTD5044 Tests, Average Final Height Against Impact
Velocity Curve

5.8 En-8 Tests, Average Final Diameter Against Impact
Velocity Curve

5.9 En-8 Tests, Average Final Height Against Impact

Velocity Curve

xi

101

102

103

104

105

106

107

108

122

123

124

125

126

127

128

129

130



INDEX TO FIGURES (cont)

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

5.26

5.27

HE15, Variation of Final Diameters with Initial
Ones at Different Impact Velocities

HE15, Variation of Final Heights with Initial
Ones at Different Impact Velocities

HE30TF, Variation of Final Diameters with Initial
Ones at Different Impact Velocities

HE30TF, Variation of Final Heights with Initial
Ones at Different Impact Velocities

DTD5044, Variation of Final Diameters with Initial
Ones at Different Impact ‘Velocities

DTD5044, Variation of Final Heights with Initial
Ones at Different Impact Velocities

HE15, Variation of Final Diameter with Impact
Velocity for Various P and D Combinations

HE15, Variation of Final Height with Impact
Velocity for Various P and D Combinations

HE30TF, Variation of Final Diameter with Impact
Velocity for Various P and D Combinations

HE30TF, Variation of Final Height with Impact
Velocity for Various P and D Combinations

DTD5044, Variation of Final Diameter with Impact
Velocity for Various P and D Combinations

DTD5044, Variation of Final Height with Impact
Velocity for Various P and D Combinations

En-8, Variation of Final Diameter with Impact
Velocity for Various P and D Combinations

En-8, Variation of Final Height with Impact
Velocity for Various P and D Combinations

HE15, Quasi-Static and Dynamic Stress-Strain
Curves at Higher Strain Rates

HE30TF, Quasi-Static and Dynamic Stress-Strain
Curves at Higher Strain Rates

DTD5044, Quasi-Static and Dynamic Stress—étrain
Curves at Higher Strain Rates

En-8, Quasi-Static and Dynamic Stress-Strain
Curves at Higher Strain Rates

xii

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148



- INDEX TO FIGURES (cont)

5.28

Theoretical Variation of
at Different Strains for

Theoretical Variation of
at Different Strains for

Theoretical Variation of
at Different Strains for

Theoretical Variation of
at Different Strains for

Stress with Strain Rate
HE15

Stress with Strain Rate
HE30TF

Stress with Strain Rate
DTD5044

Stress with Strain Rate
En-8

5.32 Variation of Stress Ratio wigh Strain Rati for HE15
at Strain §ates (1) 2.5 x 107 - 1.25 x 10" and
(2) 4 x 107 - 1.6 X 10" per second

5.33 Variation of Stress Ratio wigh Strain Rati for HE30TF
at Strain §ates (1) 2.5 x 107 - 1.25 x 10" and
(2) 4 x 100 - 1.6 x 10" per second

5.34 Variation of Stress Ratio w%th Strain the for DTD5044
at Strain Rates of 2.5 x 10” - 1.6 x 10  per second

5.35 Variation of Stress Ratio_with Strain Rate for En-8
at Strain Rates of 6 x 10° - 2.2 x 10 per second
Chapter 6

6.1 Experimental Set-Up of Furnace, Thermocouples and
Billet in Between Platens

6.2 En-47 Steel Platens Dimensions

6.3 Furnace Calibration Chart and Zones Settings at
Different Temperature Ranges

6.4 Quasi-Static Compression Stress-Strain Curves
at Different Temperature for HE15 Alloy

6.5 Quasi-Static Compression Stress-Strain Curves
at Different Temperature for HE30TF Alloy

6.6 Quasi-Static Compression Stress-Strain Curves
at Different Temperature for DTD5044 Alloy

6.7 Quasi-Static Compression Stress-Strain Curves
at Different Temperature for En-8 Steel

6.8 HE1l5, Variation of Final Diameter with Impact
Velocity for Various P and D Combinations

6.9 HE1l5, Variation of Final Height with Impact
Velocity for Various P and D Combinations

xiii

149

150

151

152

153

154

155

156

175

176

177

178

179

180

181

182

183



INDEX TO FIGURES (cont)

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

6.20

6.21

6.22

6.23

6.24

6.25

6.26

HE30TF, Variation of Final Diameter with Impact
Velocity for Various P and D Combinations

HE30TF, Variation of Final Height with Impact
Velocity for Various P and D Combinations

DTD5044, Variation of Final Diameter with Impact
Velocity for Various P and D Combinations

DTD5044, Variation of Final Height with Impact
Velocity for Various P and D Combinations

En-8, Variation of Final Diameter with Impact
Velocity for Various P and D Combinations

En-8, Variation of Final Height with Impact
Velocity for Various P and D Combinations

HE15, Quasi-Static and Dynamic Stress-Strain
Curves at High Strain Rates

HE30TF, Quasi-Static and Dynamic Stress-Strain
Curves at High Strain Rates

DTD5044, Quasi-Static and Dynamic Stress-Strain
Curves at High Strain Rates

En-8, Quasi-Static and Dynamic Stress-Strain
Curves at High Strain Rates

Variation of Stress Ratio wigh Strain Rati for HE15
at Strain §ates (1) 2.2 x 107 -~ 1.25 x 10" and
(2) 4 x 107 - 1.6 x 10" per second

Variation of Stress Ratio wigh Strain Rats for HE30TF
at Strain Rate§ (1) 2.5 x &0 - 1.25 x 10" and
(2 & 3) 4 x 107 - 1.6 x 10" per second

Variation of Stress Ratio wigh Strain Ratﬁ for DTD5044
at Strain gates (1) 2.2 x 107 - 1.25 x 10" and
(2) 4 x 107 - 1.6 x 10 per second

Variation of Stress Ratio with_Strain Rate, for En-8
at Strain Rates (1 & 2) 6 x 10° - 2.2 x 10" per second

Comparison of Stress Ratio against Strain Rate Curves
with Similar Work Done by Others

Comparison of Stress Ratio against Strain Rate Curves
with Similar Work Done by Others

Temperature Rise Variation with the Number of
Elements at Various Deformation Levels

xiv

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200



INDEX TO FIGURES (cont)

6.27

6.28

6.29

6.30

6.31

6.32

6.33

6.34

6.35

6.36

6.37

6.38

6.39

6.40

6.41

6.42

6.43

6.44

Temperature Rise within Specimen against Impact
Velocity during Deformation

HE15, Variation of Final Diameter with Impact Velocity
at Various P and D Combinations and Different Conditions

HE15, Variation of Final Height with Impact Velocity
at Various P and D Combinations and Different Conditions

HE30TF, Variation of Final Diameter with Impact Velocity
at Various P and D Combinations and Different Conditions

HE30TF, Variation of Final Height with Impact Velocity
at Various P and D Combinations and Different Conditions

DTD5044, Variation of Final Diameter with Impact Velocity
at Various P and D Combinations and Different Conditions

DTD5044, Variation of Final Height with Impact Velocity
at Various P and D Combinations and Different Conditions

HE15, Variation of Final Diameter with Impact
Velocity at Different Conditions

HE15, Variation of Final Height with Impact
Velocity -at Different Conditions

HE15, Variation of Final Diameter with Impact
Velocity at Different Conditions

HE15, Variation of Final Height with Impact
Velocity at Different Conditions

HE15, Variation of Final Diameter with Impact
Velocity at Different Conditions

HE15, Variation of Final Height with Impact
Velocity at Different Conditions

HE15, Variation of Final Diameter with Impact
Velocity at Different Conditions

HE15, Variation of Final Height with Impact
Velocity at Different Conditions

HE30TF,Variation of Final Diameter with Impact
Velocity at Different Conditions

HE30TF, Variation of Final Height with Impact
Velocity at Different Conditions

HE30TF,Variation of Final Diameter with Impact
Velocity at Different Conditions

Xv

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218



INDEX TO FIGURES (cont)

6.45

6.46

6.47

6.48

6.49

6.50

6.51

6.52

6.53

6.54

6.55

6.56

6.57

6.58

6.59

6.60

6.61

6.62

HE30TF, Variation of Final Height with Impact
Velocity at Different Conditions

HE30TF,Variation of Final Diameter with Impact
Velocity at Different Conditions

HE30TF, Variation of Final Height with Impact
Velocity at Different Conditions

HE30TF,Variation of Final Diameter with Impact
Velocity at Different Conditions

HE30TF, Variation of Final Height with Impact

Velocity

DTD5044,
Velocity

DTD5044,
Velocity

DTD5044,
Velocity

DTD5044,
Velocity

DTD5044,
Velocity

DTD5044,
Velocity

DTD5044,
Velocity

DTD5044,
Velocity

at Different

Variation of
at Different

Variation of
at Different

Variation of
at Different

Variation of
at Different

Variation of
at Different

Variation of
at Different

Variation of
at Different

Variation of
at Different

Conditions

Final Diameter with Impact
Conditions

Final Height with Impact
Conditions

Final Diameter with Impact
Conditions

Final Height with Impact
Conditions

Final Diameter with Impact
Conditions

Final Height with Impact
Conditions

Final Diameter with Impact
Conditions

Final Height with Impact
Conditions

Variation of Final Diameter with Impact Velocity
for Pre-Strained HE15

Variation of Final Height with Impact Velocity
for Pre-Strained HE15

Variation of Final Diameter with Impact Velocity
for Pre-Strained HE30TF

Variation of Final Height with Impact Velocity
for Pre-Strained HE30TF

Variation of Final Diameter with Impact Velocity
for Pre-Strained DTD5044

xvi

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236



INDEX TO FIGURES (cont)

6.63 Variation of Final Height with Impact Velocity
for Pre-Strained DTD5044

6.64 Variation of Final Diameter with Impact Velocity
for Pre-Strained En-8

6.65 Variation of Final Height with Impact Velocity
for Pre-Strained En-8
Fig [AIII.1]

Theoretical Profile of Deformed Projectile and
the True Stress-Natural Strain Curve

Fig [AIX]

True stress-natural strain curve of link fictitious
materials

xvii

2317

238

239

A20

A55



INDEX TO PLATES Page

Chapter 2
2.1 Experimental Set-Up 42
2.2 HE15 Rig Test Specimen 43
Chapter 4
4.1 Aluminium Alloy Projectile Impinging onto

a Rigid Anvil 109
4.2 Deformed Projectiles at Different Impact Velocities 110
Chapter 5
5.1 Tool Steel Projectile Impacting onto a Small Billet

Placed onto a Rigid Anvil 157
5.2 HE15, Deformed Billets at Different Velocities 158
Chapter 6
6.1 Mayes Press and Cooling Water Pump 240
6.2 Mayes Press and Furnace Control Panel 241
6.3 Digital Voltmeter and X-Y Plotter T 242

6.4 Furnace Zones, Compression Platens, Thermocouples
and Billet Arrangement 243

xviii



INDEX TO TABLES

Chapter 2

2.1 Materials Chemical Composition

2.2 Materials Vickers Hardness Numbers

2.3 Calibration Chart of Air Pressure Versus
Voltmeter Readings

Chapter 4

4.1 Temperature Rise, Radial Inertia Effects and
Coefficients of Friction for the Three Aluminium
Alloys

Chapter 5

5.1 Temperature Rise, Radial Inertia and Coefficient
of Friction Effect

5.2 Ring Test Results

xXix

44

45

46

111

159

160




As

Do

Ho

-T + I

-T -1

Subscripts

i

NOMENCLATURE

Link length in lumped parameter m9§§l<
Cross-sectional area 7

Material strain-rate constant (per second)
Axial force

Diameter to height ratio of the link
Velocity during time St

Frictional constant

Material strain-rate constant

Time increment

Displacement

Strain

Density

Stress

Strain Rate

Initial Diameter

Initial Height

Temperature rise within.specimen during deformation
Radial Inertia

Theoretical analysis including the effect of temperature
rise and radial inertia

Theoretical analysis including the temperature rise
effect, excluding radial inertia

Theoretical analysis excluding the temperature rise,
including radial inertia

Theoretical analysis excluding both temperature rise and
radial inertia effects

The mass number and the number of the proceeding link
Instant of time

Initial or static values

XX



Superscripts

(.) Single differentiation with respect to time

(..) Double differentiation with respect to time

xxi



CHAPTER ONE

1.0 Introduction

1.1 Importance of Stress-Strain Data at High Strain Rates

The mechanical properties of materials at high strain rates are
of interest from two main points of view. The design engineeer
who wishes to use the material under conditions where these may
khave to withstand sudden impact or shock loading needs to know
their mechanical properties under the appropriate conditions.
It is also of interest to the material scientist to know the
variations of the stress-strain properties with loading rate,
since it is related‘to the relaxation proceés taking place on

the microscopic scale.

The design engineer, who is concerned with structures that are
likely to be subjected to impact, is interested in material
-properties and how static properties are altered under dynamic
loading conditions. Such data is used to predict the changes in
the material plastic flow characteristics under high rates of
strain and to cater for them in éppropriate situations. The
space age has increased the interest in high strain rates
associ;ted with impact problems or the hyper velocity impact
range because of the concern for the protection of space
vehicles against possible damage due to impact with foreign
bodies. The aluminium industry responded to the requirements of
the aerospace industry (1-4) for higher toughness, high strength
alloys by producing new breeds of alloys, such as Al-Cu and

Al-Zn, with superplasticity to accommodate formability by making



the grain size of such alloys smaller. Special structural
problems may arise especially in the nuclear industry where
radiation influences materials on the atomic scale. Large
changes in static as well as dynamic plastic behaviour may take
place due to continuous exposure to nuclear radiation which may
create design problems in structures where failure can have most

serious consequences.

Some of the main processes and areas involving high strain rates
are as follows:

(1) Impact loading of structures

(ii) Powder metallurgy

(iii) Forming of metals.

1.1.1 Impact Loading of Structures

Materials used in the construction industry are often
subjected to rapidly applied loading in certain struc-
tures and may undergo high intensity shock loading. . The
demand in recent years for large and relatively cheap
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 a considerable sophistication in the

mechanics of structural design.

The assessment of the ability of these buildings and
structures to withstand blast loading effects requires
high strain rate data. 1In order to use the optimum

material for reinforcing, accurate material properties
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need to be known at both static and dynamic (impact)
loading to provide adequate protection from collapse or
excessive damage. The strain rate in such impact or
impulsive loading situations can reach 104 per second.
Demolishing these structures and buildings at the end of
their useful life for salvaging purposes is a complex
operation. The removal of some stressed elements in
modern, large and continuous structures may lead to
disastrous dynamic collapse. Many demolition techniques
are in use for different purposes (such as blast explo-
sive loading and lay on charges for cutting reinforced
concrete structures) which involve high strain rates of

up to 106 per second.

Finally the construction industry in general and the
structural design engineer in particular require informa-
tion on the behaviour of materials, in terms of stress-
strain characteristics at low and high strain rates to
achieve thei; targets of shock resistance and easy

demolition when it is needed.

Powder Metallurgy

The volume of metal powder now used industrially is
increasing at a great rate. In recent vyears, metal
powders have been prepared and made commercially avail-
able on a large scale for conversion into engineering
components directly by means of quasi-static compaction
processes involving low strain rates. However, the
dynamic compaction of metal powders by means of ballistic
and explosive processes may involve strain rates of 102

and 103 per second respectively.



The dynamic compaction results in uniform material
density and an increase in production rate. Therefore,
fundamental information about the stress-strain charac-
teristics of metal powders at high strain rates are

necessary to secure better compaction systems.

1.1.3 Forming of Metals

Metal processing engineers are usually concerned with
stress-strain data, to facilitate predictive calculations
for tool pressures or loads developed in causing a
certain operation or processes to take place. In the
manufacturing industry the process design engineers who
are concerned with large plastic strains at high rates of
strains are interested in metal behaviour over a wide
range of temperatures, where as in structures such as
beams or frames the design engineers are usually don-

cerned with small elastic-plastic strains.

It has been recognised that strain rate as well as temperature
affect many material properties. The rate effect can be due to
either mechanical (inertia) or metallurgical reasons such as
ageing and change of failure modes. Strain rate has greater
effect on the flow stress in the hot working range and
relatively smaller effect in the cold working range; this

applies especially when large strains are imposed.

In metal forming the loads to be applied to preform an operation
depends upon the strength of the material being processed and
the influence of strain rate on the strength. Many processes in
metal forming such as drop and high-energy-rate forging involve

high strain rates. High-energy-rate forging is a high strain
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rate process which leads to faster forging cycles. The higher
forging speed means larger energy requirements per unit volume
due to high strain rate effects which can be very significant at

higher temperatures.

High strain rates can also occur in dynamic punching, impact
extrusion, high speed rolling and drawing, where strain rates up
to 104 per second may be encountered. In machining processes
strain rates of 106 per second may be experienced. In some of
these processes the effect of strain rate on the yield stress
may be counteracted to some extent by the influence of

temperature rise.

In the present study, ballistic compression tests were carried
out on three aluminium alloys and a structural steel. The
dynamic stress-strain properties of these alloys and steel at
room temperature and at strain rates of up to 2.2 x 104 per

second were determined by a new technique.

This technique takes into account the effects of radial inertia
and temperature rise during deformation. The technique is
relatively inexpensive and simple but efficient for determining

high strain rate properties of materials.

Selection of Materials

In the present study three high strength aluminium alloys were
chosen for their structural application for general use,
especially in the aircraft industry. Structural steel was also
chosen and tested in phase two of the present investigation for
the purpose of comparison with other techniques used by other

researchers.



The materials investigated in the present study were as follows:
(1) HE15 (Aluminium)

(ii) HE30TF (Aluminium)

(iii) DTD5044 (Aluminium)

(iv) En-8 (Mild Steel)

HE15 is an Al-Cu-Si aluminium alloy with a copper content of
3.87%. This type of alloy is used in aircraft parts for its
strength, very good machinability and fair corrosion resistance.
It is a heat treatable alloy which is used also in rivets and
bolts because of its slow ageing and high fracture toughness.
At temperatures below room temperature its strength and hardness

increases, while at high temperatures its impact resistance and

notch toughness increases (1, 3).

HE30TF is an Al-Si-Mg aluminium alloy, with a silicon content of
1.4%. This type of aluminium alloy is used in general struc-
tures, road vehicles, rail roads, tubing and pipes carrying
water, oil and petrol. It has a medium to high strength, good
extrudability and when tempered good formability. It is a heat

treatable alloy with good corrosion and creep resistance (1, 3).

DTD5044 is an Al-Zn-Mg aluminium alloy, with a zinc content of
5.4%. This alloy is extensively used in aircraft and other
structures requiring high strength to weight ratios. Because of
its fair to poor corrosion resistance, sheets of this alloy are
often clad with other corrosion resistance materials (3, 4). It
is also a heat treatable alloy and its machinability increases
at below room temperature. Its strength and impact resistance

increases as the temperature increases.

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, with 0.41% carbon, is also used in both the
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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 the
construction of lighter but relatively high strength structures
while retaining the highly desirable properties of easy work-
ability. To the design engineer in the space technology, motor,
aircraft and construction industries, requirements for lighter
but stronger materials have become important and therefore,
stress-strain data for such materials under static and dynamic

loading conditions is essential.

Review of Previous Work

As early as the 1930s and possibly even earlier, many
researchers have been investigating the behaviour and properties
of metals undergoing deformation. High strain rate, its
influence and importance in many manufacturing processes such as
forging, punching, extrusion, rolling and machining was of
interest to many. Pugh and Watkins (5) investigated the effects
of strain rate within the range of 3.5 x 102 to 103 per second
in the drop-forging of aluminium and copper. They reported that
the percentage reduction seemed to decrease slightly with
increasing strain rate. Dowling et al (6) investigated the
dynamic punching of aluminium, copper and mild steel and the
response of these materials to strain rates varying from 10-3 to
4 x 104 per second. They reported that at strain rates
approaching lO4 per second all three ductile materials showed a
drop in load at the start of yielding, as a direct consequence
of the increased rate-sensitivity shown by all materials at the

highest loading rates.



Green et al (7) investigated material properties, including
strain rate effects related to aluminium and steel sheet metal
forming. Their tests were conducted at strain rates of up to
102 per second using a forming press. They concluded that the
flow stress was very sensitive to strain rate while strain
hardening showed only a slight change during forming. Oxley and
Stevenson (9) determined the stress-strain properties of a low
carbon steel at very high strain fates using machining tests.
They conducted their tests over a strain rate range of 103 to
105 per second, suggesting that accurate stress-strain data at

high strain rates can be obtained by their method.

Christopherson et al (10) investigated the effect of high strain
rate in the strip-rolling of aluminium, copper and steel.
Strain rates of up to 2 x 102 per second were reached using a
rolling mill to carry out their tests. Ignoring friction, they
reported that the flow stress and hardness of only the mild
steel were affected by strain rate. Bittans and Whitton (11)
reviewed the work of others in the field of high strain rate
with particular reference to the stress-strain characteristics
of materials in different manufacturing processes. They
reported in their review that strain rates ranging from 103 to
105 per second can be experienced in metal cutting, wire drawing

and dynamic blanking.

1.3.1 Effect of Specimen Size

Many researchers have investigated the effect of specimen
size and the corresponding effect on stress-strain
behaviour at different strain rates. Gunasekera et al

(12) conducted compression tests wunder lubricated



conditions on steel cylindrical specimens at low strain
rates of 2.2 x 10-3 per second. They reported that large
aspect ratio test specimens (height/diameter) are
desirable and kept their aspect ratio at 1.5 to avoid
buckling and barrelling. Kramer (13) investigated the
effect of specimen diameter on the flow stress of poly-
crystalline aluminium. He conducted his tests at a
strain rate of 1.66 x 10_5 per second using an Instron
tensile machine, reporting that the flow stress changes
with specimen diameter. This change was associated with
the surface layer stress, but it was not clear to him why
the yield stress changed with specimen diameter. Haque
(14) kept the aspect ratio of his test specimens less

than unity to avoid buckling and barrelling.

Hauser (15) investigated the stress-strain relationship
of aluminium at high strain rates. He conducted
compression and tension tests using the split Hopkinson
bar at strain rates of up to 104 per second. He reported
that if the test specimen is small enough, the transit
time for the elastic wavé is too short, so equilibrium
throughout the specimen is rapidly established and
plastic deformation takes place uniformly within the

specimen.

Effect of Radial Inertia

Many researchers have investigated radial inertia effects
on the stress-strain characteristics of materials at high
strain rate. Dharan and Hauser (16) determined the

stress-strain relationship of aluminium at strain rates
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up to 1.2 x 105 per second. They used a split Hopkinson
bar to conduct compression tests on cylindrical specimens
with aspect ratios of 1.0 and 0.5. They reported that
during high velocity compression, in addition to the
axial particle velocity, radial and tangential particle
velocities exists. These velocities may achieve high
values requiring high compressive stresses in three
directions. The hydrostatic part of the stress tensor
is therefore high and due to this fact they corrected
their data. Holzer and Brown (17) investigated the
behaviour of steel in compression at strain rates ranging
from 10_3 to 104 per second. Their tests were conducted
on a hydraulic testing machine and a drop forge to obtain

3 to lO2 and 102

strain rates of 10 to 104 per second
respectively. They reported that if the radial inertia
effect is significant it will lead to a much larger
separation between the stress-strain curves for the high
strain rate region than for the low one and this was not
observed. Haque (14) also investigated this effect, and

then ignored it using the argument that radial inertia

and temperature effects will cancel each other.

Microstructural Changes

The change in the microstructure of materials has been
investigated by many researchers. Their investigations
have considered the effects of fine graining and grain

orientation on deformation at low and high strain rates.

H J McQueen and J E Hockett (18) conducted compression

tests on aluminium using a cam plastometer at strain

10
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rates up to 2.2 x 104 per second. They reported that the
flow stress increases as the subgrain size decreases at
elevated temperatures. They also added that during hot
working, aluminium deforms by a mechanism of dynamic
recovery which tends to inhibit subsequent recrystallisa-
tion. Lloyd (19) examined fine grained aluminium alloy
(AfL-6wt-%N) in tension and torsion at low strain rates.
He reported that the initial yield stress is dependent on
grain size, and that the latter is an important factor
which affects work hardeniﬁg at large strains and

stresses.

Friction and Lubricant

Friction effects during deformation are of interest to
many researchers. Friction 1is one of the important
factors which may cause errors in static and dynamic
compression testing of materials. The unsuitable
lubricant will lead to high friction which will cause

barrelling and inaccurate stress-strain data.

Osakada (20) investigated theoretically the mechanism of
lubricant trapping in compression at low strain rates.
He reported that this mechanism depends on the thickness
of the 1lubricant film, speed of compression and the
radius of billet undergoing test. Male and Cockcroft
(21) developed a technique for studying the coefficient
of friction between rigid tools and plastically deforming
metals at elevated temperatures. Their technique only
involved the measurement of the change in geometry of a

flat ring after compression and not the mechanical

11
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properties of the metal. It is applicable over a wide
range of testing conditions with respect to temperature,
amount of deformation, rate of deformation and lubricant.
They conducted their compression tests by means of a
drop-hammer giving an average strain rate of 1.2 x 103
per second on a variety of metals such as aluminium,
copper, brass and mild steel. They indicated that at low
strain rates the coefficient of friction (u) increased as
the amount of deformation increased. However, at inter-
mediate and high strain rates, p was not affected by
moderate amounts of deformation. Only when a large

amount of deformation was imposed at intermediate and

high strain rates did the coefficient of friction increase.

Techniques and Equipment

Many investigations have been carried out on the dynamic
deformation of metals. These investigations have
involved different techniques and equipment. Clark (24)
in his work dealt principally with the results of tension
tests on sixteen metals and alloys most of which are
employed extensively in aircraft construction. He
discussed work done by many researchers employing
different methods and testing equipment. Duffy (25) has
also done the same in his report reviewing work done by
others on the dynamic plastic deformation of metals and
alloys. However, Eleiche's (26) report was involved with
a literature survey of the combined effect of strain rate
and elevated temperatures on the mechanical properties of

metals. Ripperger (27) investigated the plastic

12



behaviour of aluminium, copper and iron at strain rates
of up to 104 per second using a split Hopkinson bar. He
reported that for aluminium and copper the dynamic yield
stress is very sensitive to strain rate. His assertion
was based on the fact that these metals sustain stresses
considerably higher than the stress which could be
associated with corresponding strains under static

loading conditions.

Lengyel and Mohitpour (29) conducted incremental
compression tests on aluminium using a high-energy-rate
forging machine at strain rates of up to 103 per second.
Comparisons were made between the results of stress-
strain data which were obtained incrementally and those
obtained under continuously applied 1loads to large
deformations. They reported that much more accurate

stress-strain data can be obtained by their method.

However, others have used the split Hopkinson bar
extensively in their investigations of stress-strain
characteristics at high strain rates. In some cases it
has been modified to suit specific purposes and different
accessory equipment has been connected to it for record-

ing loads during deformation.

Yoshida and Nagata (30) investigated annealed poly-
crystalline aluminium using the split Hopkinson bar at
strain rates ranging from 102 to 8 x 103 per second.
They reported that the dynamic stress-strain curve for

aluminium is parabolic (similar to the static one). They

13



also indicated that the dynamic flow stress is always
higher than the static one showing strain rate depend-
ence. Bell (32) determined in his investigation the
approximate dynamic stress-strain data for aluminium at
strain rates ranging from 1 to 104 per second. He used
the split Hopkinson pressure bar to conduct his tests
assuming in advance that the uniform stress and strain
distribution of the dquasi-static measurements apply
during impact. Meanwhile, Lindholm and Yeakley (33)
conducted compression tests on high purity single crystal
and polycrystalline aluminium at strain rates up to 5 x
102 per second, using the split Hopkinson bar. They
compared the dynamic behaviour of the two metals
regarding strain rate dependency, indicating that
impurities in aluminium lead to a reduction in rate
sensitivity as evidenced by an increase in activation
volume. Lindholm (34) in his investigation showed that
strain gauges connected to the split Hopkinson pressure
bar provided a method of measuring loads during deform-
ation. He managed to simultaneously record strain
against time, strain rate against time, stress against
time and stress against strain. Wingrove (35), Wulf and
Richardson (36) used a modified split Hopkinson bar with
coaxial capacitors to determine the dynamic stress-strain
relationship at strain rates of up to 105 per second.
Maiden and Green (37) conducted compressive strain rate
tests on six selected materials, including two aluminium
alloys, at strain rates ranging from 10-3 to 104 per

second. They used the split Hopkinson apparatus to

14



conduct their tests, reporting that both aluminium alloys
(7075-T6 and 6061-T6) have been found to be insensitive

to strain rate, at least up to 103 per second.

As early as 1947, Taylor (38) and Wiffens (39) looked
extensively into ballistic compression to investigate
material behaviour and dynamic yield strength at high
strain rates. Taylor's (38) work was mainly theoretical
analysis. Subsequently, he conducted tests to support
his analysis by using flat ended transparent cylinders
made from cast blocks of paraffin wax. The cylinders
were projected by means of a catapult at a rigid anvil.
He used the momentum equation, ignoring the radial
inertia effect, so that the stress can be considered
constant over any cross-section. Wiffens (39) followed
in Taylor's (38) steps using the same approach theory.
He conducted his tests on steel, copper and lead in the
same manner as Taylor's (38), looking as well at the
effect of pre-straining on the stress-strain character-
istics. He reported that an increase in the dynamic
strength of mild steel can be obtained by pre-straining
either in tension or in compression. He also established
equations relating stress ratio (dynamic strength/static

strength) to the static strength of steel and duralumin.

Other researchers have investigated the stress-strain
relationship with particular réference to dynamic yield
strength. Hawkyard et al (40) obtained the mean dynamic
yvield strengths for copper and mild steel from strain

measurements of "mushroomed" ends of flat ended

15



projectiles, impinged against a rigid anvil. They
conducted their tests using air pressure to propel mild
steel projectiles through a gun designed with a long
barrel for these purposes. They carried out the tests at
temperatures ranging from 20-700°C approaching a mean
strain rate of 5 x 103 per second. The analysis they
adopted for determining the mean dynamic stress equated
the kinetic energy at impact with plastic work done.
They reported that a "double frustum" was observed in
tests conducted on annealed materials, suggesting that a
suitable theory would include strain hardening from which
it might be possible to deduce the actual form of the
dynamic stress-strain curve. Finally they added that
their method provides only a mean yield stress, averaged

over a wide strain range.

Later on, Hawkyard (41) introduced strain hardening into
the theory proposed in reference (40). He conducted his
tests on mild steel and copper at elevated temperatures
in the same manner as in his previous work with others
(40). He reported that his new analysis appeared to
predict with reasonable accuracy the profiles of projec-
tiles after impact, thus providing better mean dynamic
yvield stress data. He suggested that the only remaining
possibility of improvement was to introduce radial
inertia forces into the theory. Finally he indicated
that the use of the energy equilibrium equation across
the plastic wave gives a closer overall approximation to
actual conditions than does the momentum equation

proposed by Taylor (38).
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Balendra and Travis (42) investigated the '"double-
frustum" phenomenon in the mushrooming of cylindrical
aluminium high velocity projectiles when impacted at
strain rates up to 5.3 x 103 per second onto a rigid
anvil. They explained that this phenomenon was due to
the effects of a very high radial velocity imparted to

the front face upon impact.

Others have investigated stress-strain characteristics at
high strain rates by means of high speed ballistic tests.
Ghosh (43) conducted his tests on copper, brass,
aluminium alloy and mild steel billets. The billets were
subjected to repeated dynamic compression at ambient
temperature by a drop-hammer at strain rates of up to 2.0
.
X 102 per second. He stated that the discrepancies
between the predicted and experimental data of reduction

in height were due to the number of impacts involved,

temperature rise and friction during deformation.

The work of Hutchins and O'Brien (44) involved impacting
copper cylindrical projectiles against a rigid anvil at
strain rates of up to 5 x 103 per second. The reduction
in 1length after impact was then analysed in three
different ways to provide the mean dynamic yield stress
for copper. They reported that a theory which takes
account of elastic strains in the projectiles provided
the best agreement with the data at low strain rates,
while theories which assume rigid-plastic behaviour give

good agreement at higher velocities.

Gorham (45) used a modified Hopkinson bar system in which

the projectile bar strikes the specimen directly, thus
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achieving high strain rates of up to 105 per second. He
used a high speed camera incorporating a novel optical
system to accurately record the strain distribution along
the specimen during the test. This was also done by
Haque and Hashmi (46). They reported that the strain
rate sensitivity for En-8 structural steel increases with
the increase in strain rate over the temperature range
-30 to 235°C. Hashmi and Thompson (47) suggested a
numerical technique which enabled them to predict the
final shape of projectiles after impact and the distri-
bution of strain taking into account strain rate and
strain hardening effects. Subsequently, the same
technique was applied by Hashmi (48) on mild steel
projectiles at room temperature and at strain rates of up
to 105 per second. He used charges in a gun designed for
this purpose to propel the projectiles, introducing
material inertia in the technique proposed in (47) to

obtain the material constants.

Effect of Temperature

Since the 1960s and possibly earlier, considerable effort
has been devoted towards relating the effect of temper-
ature change to metal deformation. Lahoti and Altan (50)
used a numerical method to predict the temperature
distribution in axisymmetric compression and torsion.
They also devoted part of their work to the effects of
friction, temperature and strain rate upon metal flow and

temperature rise during torsion and compression.
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Hockett (51) investigated the effect of strain, strain
rate and temperature on the flow stress of aluminium. He
conducted his tests using a cam-plastometer, achieving
strain rates ranging from 10_3 to 102 per second. He

reported that the increase in flow stress with increase

in strain rate is greatest at the highest temperature.

Baraya et al (52) dynamically .compressed circular
cylindrical billets of super-pure aluminium with differ-
ent height/diameter ratios at temperatures ranging from
20 to 500°C. They conducted their tests using a drop-
hammer and tallow-graphite as lubricant, investigating
the temperature rise during deformation within the test
specimen. Their work, based on the mean strain rate and
the mean dynamic stress, reported that the percentage
reduction in height obtained at a given temperature is a
function of the deformation energy. This would be true

provided that the impacting mass remains constant.

Samanta (54) investigated the dynamic deformation of
aluminium and copper at elevated temperatures to
determine their strain rate sensitivity. He used a
modified Hopkinson bar to conduct his tests at strain
rates of up to 2.2 x 103 per second. He reported that
for aluminium the dislocation density decreases with
increasing temperature. Chiddister and Malvern (55) also
investigated aluminium during compression-impact tests at
elevated temperatures of up to 550°C. They also used a
split Hopkinson pressure bar to obtain the stress-strain

strain rate relationship over a strain rate range of
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3.0 x 102 to 2.0 x lO3 per second and reported that the

strain rate sensitivity for aluminium was found to
increase with temperature. However, the stress-strain
curves were not obtained over a sufficiently large range
of strain to determine the dependency of rate sensitivity

on the level of strains.

Meanwhile, Dean and Sturges (56) investigated steel using
compression tests at strain rates of up to 2.5 x 103 per
second and elevated temperatures ranging from 600-1200°C.
They reported that the strain rate sensitivity increases
with increasing test temperature and the flow stress
increases either with reduction in temperature or
increase in strain rate. Finally, Alder and Phillips
(57) loocked into the effect of strain rate and temper-
ature on the resistance to deformation of aluminium,
copper and steel in compression. They conducted their
tests using a plastometer at strain rates ranging from
1-40 per second at various sub-zero and elevated temper-
atures. They reported that the power law ¢ = ooé]1 ’
where O is the stress, O, is stress at unit strain and

fis the strain rate, fits the stress-strain curves
fairly well. They also indicated that the power index

(n) increases with temperature and at higher temperatures

increases with strain.

1.4 Plan and Aim of the Present Work

The present investigation, consisting of three phases, was

scheduled according to the following plan of work.
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(a)

(b)

Phase One:

To conduct incremental compression tests on the three
aluminium alloys and the structural steel in order to
obtain their quasi-static stress-strain characteristics.
To carry out ballistic tests, by firing cylindrical

projectiles made from one of the three aluminium alloys

onto a flat rigid anvil; the projectile velocity being

measured just before impact. The final diameters at the
impact ends and the heights of the deformed projectiles
to be measured.

To predict theoretically the maximum final diameters and
heights of the projectiles in conjunction with the quasi-
static stress-strain properties, a chosen strain rate
sensitivity equation, and a finite-difference numerical
technique. The material constants of the strain rate
sensitivity equation to be given arbitrary magnitudes.

To compare the experimental and theoretical curves of
final diameter and height against impact velocity.

To improve the correlation between the theoretical and
experimental results by systematically varying the
magnitudes of the constants of the chosen strain rate
sensitivity equation.

To ascertain the values of the constants for which
agreement is the closest.

Repeat steps 2 to 6 for the other two aluminium alloys.

Phase Two:
To undertake ballistic tests by firing cylindrical
projectiles made of FMP-338 tool steel onto a small

billet made from one of the aluminium alloys.
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2, Repeat steps 2 to 6 as in phase one of the present work.
3. Repeat steps 1 to 2 in this phase for the other two

aluminium alloys and also for the structural steel.

(c) Phase Three:

Due to the detection of a temperature rise within the
test specimens in phase two during the dynamic deforma-
tion, an additional test programme was undertaken. This
programme consists of the following:

1. To carry out incremental compression tests on the three
aluminium alloys and the structural steel at elevated
temperatures of up to 250°C in order to obtain the quasi-
static stress-strain curves.

2, To formulate a temperature dependent quasi-static
constitutive equation for each material.

3. To modify the numerical technique and software to cater
for the temperature rise and radial inertia effects.

4, To repeat steps 2 to 6 as in phase one for each of the

four materials undergoing the investigation.

Finally, the principal aim of the present work is to develop a
simple technique to determine the stress-strain characteristics
of any metal and alloy at high strain rates taking into account
the strain-hardening, temperature rise, friction and radial
inertia effects during dynamic deformations and to compare the
results with those obtained using more sophisticated and

expensive equipment.
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CHAPTER TWO

Experimental Equipment, Preparation of Test Specimens and Test

Procedure

Introduction

All the impact tests were carried out using a ballistic test rig
originally designed and commissioned by Haque M M (14) and used
by Haque M M et al (46), for determining the high strain rate
behaviour of steel at sub-zero, room and elevated temperatures.
In their work the rig was used in conjunction with a high speed
IMACON camera operating at framing rates of up to one million

per second to photographically record the deformation history.

In the present study, the same rig was used for the dynamic
compression of small cylindrical billets but without making use
of the high speed camera. The ballistic compression rig and its
accessories are shown schematically in figure 2.1; whilst plate

No 2.1 shows a photograph of the experimental set up.

The main items as indicated in figure 2.1 are as follows:
(i)' Reservoir unit (17) and two-way ball valve (16)
(ii) Barrel (18) and Loading throat unit (19)

(iii) Rig frame (8).

The accessories consist of the following:
(i) Laser unit (7) and photocell (10)
(ii) Transient recorder (20) and oscilloscope (14)

(iii) Transdﬁcer unit (12).

The circuit diagram of accessories is shown in figure 2.2.
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2.2 Detailed Description of the Ballistic Rig

2.2.1 Reservoir Unit and Two-Way Ball Valve

2.

2.2

The main components of this section are:
(i) The high pressure reservoir

(ii) Two-way ball valve.

The top end of the pressure reservoir was connected by a
flexible reinforced rubber hose to a compressed air
cylinder which can provide the reservoir with a pressure
of up to 2000 psi (13.78 MN/m2). It was also fitted with
a pressure transducer to monitor the pressure in the

reservoir.

The bottom end of the reservoir is firmly fixed to the
two-way ball valve by means of the valve nut. A copper
gasket is used between the two components to make the
assembly leak proof. The 1 inch BSP two-way ball valve
(part No. 012-25-34) was suitable for operation at
pressures of up to 4700 psi (32.383 MN/m2) and at temper-
atures between =30 and 100°C. The valve is manually
operated by turning its handle through 90°. The pressure
reservoir and two-way ball valve section is rigidly fixed

to the main frame of the rig.

Barrel and Loading Throat

This section of the ballistic rig, shown in figure 2.1,
consists of the following parts: extension barrel, surge
suppressor, coupling sleeve, loading unit, split cover,
sliding collar, collar nut and projectile gripper

mechanism.
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The extension barrel is made of En-16 steel with 0.3-0.4%
carbon content. It has a high tensile strength, good
shock resistance properties and is easily machined when
heat treated. It is used in gun parts, high tensile
bolts and nuts and is suitable for low temperature

applications.

The suppressor cap is attached to the end of the exten-
sion barrel to minimise noise. A wire mesh safety
chamber around the anvil area provides additional protec-
tion from rebounding projectiles. The suppressor cap has
vertical slots to permit the laser beam to pass through,

normal to the line of travel of the projectile.

The other end of the extension barrel is attached to the
loading throat by a threaded coupling sleeve. The
loading throat is made from En-32 steel. This steel has
0.15% maximum carbon content and is extremely hard and
wear resistant when suitably heat treated. It also has
high strength and good resistance to shock. A cut-out
segment in the loading throat allows the projectile to be
inserted 'and pushed up and held by the gripping
mechanism. A close fitting cover of En-32 steel is used
to cover the cut-out segment, which in turn is held
firmly to the assembly using a sliding collar and nut.
The projectile gripper mechanism consists of three grip
screws which can be adjusted to hold the projectile in
position, thus preventing it from sliding down the

barrel.
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The coupling sleeve 1is provided with a stop pin to

prevent the collar nut from sliding down. The barrel is

attached by a circular bracket to the frame of the rig so

that it remains positioned perpendicularly.

Anvil Unit

This section consists of the following parts as shown
schematically in figure 2.3:

(i) Base plate

(ii) Back-up anvil

(iii) Holder plate

(iv) | Robust support column

(v) Top anvil

(vi) Cover plate.

The support column or anvil column was made from a
cylindrical alloy steel En-32 bar. The top anvil unit is
made of tool steel FMP-338. The support column and the
top anvil were heat treated to 970°C, o0il quenched and
tempered to 800 HV. These parts are held in place by the
cover plate at the top and a holder plate, which is
fastened to thg base plate, at the bottom end of the

support column.

The base plate is made of a rectangular solid En-12 steel
plate which has 0.3-0.45% carbon content, with medium
tensile strength and good impact properties. It is
centrally recessed for the insertion of the back-up anvil
and is also fixed by means of bolts onto the reinforced

concrete foundation of the test rig.
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2.2.4

2.2.5

Frame of the Rig

The frame is made of welded and bolted milé steel angles.
It is two metres in height and about half a metre square
in base area and is shown in plate No 2.1. A small
safety chamber was built wusing wire mesh and thick
perspex sheet to contain the projectile or the specimen
after impact. Two opposite sides of the wire mesh
chamber have small circular holes in them to allow the
laser beam to pass through from the laser unit to the
photo cell detector. The front panel can be easily
opened and closed to gain access to the anvil as well as
to remove the deformed projectiles (phase one) or billets
(phase two) after impact. The steel frame is erected on

a cubical reinforced concrete foundation unit.

The Laser Unit

The laser unit used was made by Spectra Physics (model
155, serial No 30996). It is operated from a 230 AC
supply and is fitted with a beam attenuator. The laser
unit is fixed to an adjustable stand which in turn is
positioned on a table. The adjustable stand allowed the
unit to be moved up and down vertically. The laser unit
was then positioned at one side of the rig as shown in

figure 2.1 and in plate No 2.1.

The beam passes through the circular holes in the wire
mesh surrounding the safety chamber and suppressor cap to
the photocell detector which is firmly fixed to the frame
of the rig by means of screws. The photocell detector

(sensor) 1is connected to a signal receptor unit which in
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turn is connected to a transient recorder and oscillo-
scope unit as shown in figure 2.2. As the projectile
passes through the suppressor cap, it cuts the laser beam
and a change in voltage at the photocell detector is
registered by the receptor unit, which amplifies and
converts the signal into an electrical output. The out-
put voltage is then passed onto the transient recorder

and displayed on the oscilloscope screen.

Transient Recorder and Oscilloscope Unit

The transient recorder, made by Data Laboratories (model
DL905), records the change in signal received from the
photocell and charge amplifier units as the projectile
passes through the laser beam. The change in signal is
then amplified and transmitted to the transient recorder
where it is amplified again and converted to digital data

by an analog to digital convertor.

The digital data are then stored in a buffer store which
can be recalled when needed. The main advantage of such
a recorder is that the output digital data can be
displayed on the oscilloscope screen at much slower

speeds than the input signal.

The oscilloscope used was made by Telequipment Ltd (type
D65, serial No 1035). The width of the approximately
rectangular signal displayed on the oscilloscope screen
gives the time elapsed for the projectile to pass through

the laser beam.
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2.2.7 Transducer Unit

This unit was used to control the air pressure and
consists of the following three parts:

(i) Pressure transducer

(ii) Pressure transducer meter

(iii) Roband electric digital voltmeter.

The pressure transducer is of the differential inductive
type, made by S E Labs (Eng) Ltd (Model No D59472000,
Serial No 68722) and is fitted to the pressure reservoir.
This facilitated a direct and accurate reading of the
pressure. The pressure transducer is connected to a
direct reading transducer meter, made by Sangams Weston
Control Ltd (Type C52 and Serial No 05928/38), which has
been calibrated by a dual range dead weight pressure
gauge tester. The transducer was connected to an
electronic digital voltmeter, made by Roband Electronics
Limited - England (Serial No A04416) to obtain an output

reading of pressure in psi directly.

2.3 Preparation of Test Specimens

2.3.1 Introduction

The materials which have been investigated in the present
study are HE15, HE30TF, DTD5044 aluminium alloys and En-8

structural steel.

Tests were only conducted on the three aluminium alloys,
in the initial stage (phase one) of the present work.
However in the main part of the investigation (phase two)

En-8 structural steel was introduced in addition to the
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2.3.3

three aluminium alloys mentioned previously. All

materials have been tested as received from suppliers.

Materials Composition

Chemical composition tests were carried out on all
materials involved in this study to find out the percent-
age weight of the alloying elements. These alloying
elements affect the materials behaviour and character-
istics regarding strength, strain-hardening and stress-

strain relationship at different strain rates.

Table 2.1 shows the chemical composition of the three
aluminium alloys together with the FMP-338 and En-8
steels. Heat treated FMP-338 tool steel projectiles were
used to deform small billets in phase two of the present

study.

Materials Hardness

A Vickers pyramid hardness testing machine was used to
obtain the hardness of HE15, HE30TF, DTD5044 aluminium

alloys and FMP-338, En-8 steels.

Hardness tests were conducted on all materials as
received and after being machined to size, except the
FMP-338 tool steel. This was heat treated to 970°C, oil
quenched and tempered to 150°C then tested. The object-
ive lens of the hardness testing machine was kept at 2/3"
in all tests conducted. Table 2.2 shows the average

hardness numbers of these materials.
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2.3.4 Preparation of Test Specimens

(a) Phase One (Cylindrical projectiles fired onto a
rigid anvil)

In the early stages of the research, ballistic test
specimens were made of HE15, HE30TF and DTD5044 aluminium
alloys. The specimen size was chosen to be 20mm in
length and 9.52mm in diameter, in order to suit the
firing device. Accuracy in length of the test specimen
was important for correct impact velocity readings.
Diametral accuracy was essential for close fit of the
projectiles in the barrel; this prevented air from
passing through the gap between the projectile and the

barrel inside surface.

HE30TF and HE15 aluminium alloy specimens were machined
to size from as received round bars, size 12.7mm and
15.87mm in diameter respectively. The DTD5044 specimens
were machined from a rectangular cross-sectional bar 76mm
X 50mm obtained from British Aerospace PLC, Aircraft

Group, Weybridge Division.

Using such projectile dimensions it was possible to
obtain strain rates ranging from 2.5 x 103 to 1.25 x 104
per second. The cylindrical ballistic test specimens
were finely ground to obtain a smooth flight through the
barrel, and the flat ends surfaces were polished result-

ing in a mirror finish to achieve uniform deformation

across the diameter and to minimise friction.
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2.3.5

(b) Phase Two (Tool steel projectiles fired onto small
billets)
In this phase of the investigation the specimen size was
kept to S5mm in length and 5.2mm in diameter in order to
obtain strain rates of the order of 104 per second.
Other dimensions were introduced later on for the three
aluminium alloys in order to investigate radial inertia
and size effects during deformation. The aspect ratio
(length/diameter) was kept less than unity to avoid

buckling and undesirable barrelling during deformation.

En-8 test specimens, 5mm in length and 5.2mm in diameter
were machined to size from as received 25.4mm diameter
round bars. All test specimens in this phase, including
the FMP-338 tool steel projectiles, were finely"ground
and the ends polished resulting in surfaces as flat as
possible in order to achieve homogenous deformation.
Using such test specimens it was possible to achieve
3

strain rates ranging from 4 x 107 to 2.2 x 104 per

second.

Preparation of Tool Steel Projectiles for Phase Two Tests

The FMP-338 tool steel projectile dimensions were 19mm in
length and 9.52mm in diameter and were initially machined
to size from as received 76.2mm diameter round bars. The
projectiles were then heat treated at a temperature of
970°C, o0il quenched and tempered at a temperature of
150°C to increase the strength. The chemical composition
and hardness of the projectile matgrial are shown in
tables 2.1 and 2.2 re;pectively. ‘Mass of FMP-338 tool
steel projectile is 10.2 grams. |
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The FMP-338 projectiles were machined to size to fit
accurately in the loading throat of the test rig and all
finely ground. Their flat surface were polished to a
mirror £finish. Other dimensions for the tool steel
projectiles were considered to achieve higher impact
velocities and consequently higher strain rates.
However, it was not possible to use impact velocities
higher than about 110m/s for the aluminium alloys and
En-8 steel respectively, due to severe compression,
fracture and noticeable barrelling. Thus all these tests

were conducted with only one sized projectile.

2.4 Calibration of Test Equipment

2.4.1 Calibration of Pressure Transducer

2.4.

2

The pressure transducer was calibrated using a dual range
dead weight pressure gauge tester (Budenberg Gauge
Tester). This tester uses hydraulic o0il and ratio
weights. Equal amounts of oil are pumped to the output
end of the equipment whére the pressure transducer is
connected and to the other end where a piston carries the
weight. Pumping was continued until the weights were
rotating freely on the piston. The voltage reading

corresponding to the pressure applied was noted.

Table 2.3 shows the pressures with their corresponding

voltages for the pressure transducer.

Air Pressure - Impact Velocity Calibration

The ballistic rig was used to obtain air pressure-impact

velocity calibration charts for FMP-338, HE1l5, HE30TF
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and DTD5044 projectiles as shown in figure 2.4. This
chart facilitates easy readings of the air pressure
corresponding to a required impact velocity for initial
guide only. The calibration chart was constructed from
experiments carried out using the standard test procedure
detailed in section 2.5. After selecting a certain air
pressure (using the Roband Voltmeter) the projectile was

fired and the velocity noted.

2.5 Experimental Procedure

2.5.1 Introduction

A number of preliminary tests were carried out involving

full use of the exﬁerimental rig in order to obtain

(1) Calibration of test equipment

(ii) Impact velocity and air pressure relationship

(iii) Laser tests involving velocity readings correspon-
ding to each aluminium alloy and tool steel

projectile.

Several quasi-static compression tests were carried out
using different lubricants such as oil, petroleum jelly
and tallow-graphite (8/1 weight) to decide which of these
lubricants was most suitable. These quasi-static com-
pression tests were carried out at different compression
speeds in the quasi-static range in order to gather
information regarding stress-strain and strain rate

characteristics.

These experiments have been conducted to establish and
maintain an appropriate test procedure in order to obtain

as similar conditions as possible in all tests.
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2.5.2

Setting the Test Equipment and Loading the Projectiles

Before setting the equipment the whole rig was checked
for horizontal levelling by means of a spirit 1level.
Small steel wedges were used to make adjustments, these
wedges were pushed and hammered in under the concrete
base at different positions until the rig was level, thus
ensuring a perpendicular impact between the projectiles

and anvil or test specimens.

Setting the test equipment before loading was essential
due to the fact that once the air reservoir was full, it
was dangerous to load the projectile or pre-test the
equipment. The triggering device on the transient
recorder and the oscilloscope were set in conjunction
with the charge amplifier which was connected to the
photo-cell. The laser beam unit was checked to ensure
that it was fully operational and that nothing was
obstructing the path of its beam while passing through
the suppressor cap to the photo-cell. A circuit opera-
tional check was then performed by obstructing the laser
beam path and monitoring whether or not the other items

of equipment were in operational mode.

After re-setting the equipment the projectile (aluminium
alloy in phase one, FMP-338 tool steel in phase two) was
placed inside the loading throat through the entrance
slot and pushed up into the grip mechanism to be kept in
suspension ready for firing to take place. The slot was
then closed with the split cover and the collar slid over

and clamped using the collar nut. The valve of the

35



2.5.3

compressed air cylinder was opened slowly, filling the
air reservoir to the predetermined level as indicated by
the pressure transducer meter and the Roband digital

voltmeter.

Lubrication

It was essential to use a lubricant in order to reduce as
much as possible the frictional effect during the deform-
ation of the aluminium alloy projectiles impinging onto
the rigid anvil or the heat treated tool steel ones

impinging onto the small cylindrical billets.

It was decided not to lubricate the flat surface of the
projectile so as to avoid accumulation of debris inside
the barrel. For the tests in phase one, the anvil
surface alone was lubricated, by spreading a thin film of
tallow-graphite. However, in phase two where FMP-338
tool steel projectiles were fired onto small cylindrical
billets made of the three aluminium alloys and En-8
steel, the anvil and both flat surfaces of the test
specimens were lubricated, égain by spreading a thin film

of tallow-graphite.

Ring-compression tests were carried out at low (quasi-
static) and high strain rates. Tests were conducted on
HE1S5 rings with 1.7mm, 5.2mm inside and outside diameters
respectiveiy. This method has a particular advantage
when applied to the study of friction at elevated temper-
atures or high strain rates. No direct measurement of

force was required, and no yield strength values were
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needed, hence the major difficulties of compression test-
ing at high temperatures or strain rates were eliminated.
Plate No 2.2 shows ring specimens of HE1l5 aluminium alloy
which have been deformed statically and dynamically using

tallow-graphite 8/1 weight as lubricant.

Firing the Projectile and Recording the Impact Velocity

Once the whole system was ready, the triggering device
on, the transient recorder and the oscilloscope checked
and set on and the laser unit in its correct position

with the beam unobstructed, the projectile was fired.

Firing of the projectile was activated by turning the
two-way ball valve handle through 90°. This allowed air
to escape from the air reservoir through a convergent-
divergent nozzle to propel the projectile down the
barrel. 1In the course of its travel through the barrel
at high velocity, the projectile passes through the laser
beam, cutting off its path and the resulting signal is

recorded.

This signal represents the elapsed time for the projec-
tile to clear the laser beam. Knowing the length of the
projectile and the elapsed time, the impact velocity was

calculated and noted.
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Fig [2.1] Experimental Ballistic Rig and Accessories
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Plate No [2.1] Experimental Set-Up
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Material Chemical Composition (wt%)

Tool Steel Structural HE15 HE30TF DTD5044
FMP-338 Steel En-8 20MTF BS1474
C -2.05 C -0.41 Si-0.794 Si-1.4 S8i~0.4
Mn-0.40 Mn-0.78 Fe-0.271 Fe-0.18 Fe-0.15
S$i-0.30 Si-0.26 Mn-0.360 Mn-0.2 Mn-0.31
Cr-13.00 Ni-0.13 Zn-0.060 Zn-0.07 Zn-5.4
Fe-Rem Mo-0.02 Cu-3.870 Cu-0.07 Cu-0.45
Al-0.012 Mg-0.05 Mg-0.56 Mg-2.22
Fe-Rem Ni-0.02 Ni-0.01 Ni-0.02
Ti<0.2 Ti<0.2 Ti<c0.2
Li<0.002 Li<0.002 Li<0.002
Al - REM AL - REM AL - REM
Table [2.1] Materials Chemical Compositions
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Material Hardness No

FMP-338 | 800HV  30Kg

En-8 210.2HV 30Kg
HE15 137.7HV 20Kg
HE30TF 109.0HV 20Kg

DTD5044 179.1HV 20Kg

Objective lens = 2/3" for all tests

Table [2.2] Materials Vickers Hardness Nos.
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Budenberg Gauge Tester | Roband Digital Voltmeter
Reading psi volts
100 0.101
150 0.151
200 0.202
250 0.252
300 0.302
350 0.352
400 0.403
450 0.453
500 0.503
550 0.553
600 0.604
650 0.654
700 0.703
750 0.754
800 0.803
850 0.853
900 0.902
950 0.951
1000 1.001

Table [2.3] Calibration chart of air pressure versus
voltmeter readings
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3.0

3.1

CHAPTER THREE

Numerical Technique

Introduction

Materials strain rate behaviour is significant over a very wide

12 to 10-5 per second are generally

range. Low strain rates 10~
associated with creep whilst the range between 10-4 to 10_2 per
second is known as the quasi-static range. Both of these ranges

are of great interest +to design engineers and material

scientists.

The next range is very important as far as metal deformation and
structural loading are concerned and is called the dynamic or
high strain rate range. 1In this range inertia effects become
important and the temperature rises in the specimen during
deformation must be cénsidered. High strain rates of 10 to 105
per second are associated with mechanical loading from a moving
mass or a chemical explosion. Any deformation analysis in this

region must include strain rate as well as strain hardening and

frictional effects.

Many experimental techniques have been proposed by researchers
to determine stress-strain characteristics of materials at
strain rates in excess of 10 per second during deformation.
These purely experimental techniques become more sophisticated

and expensive as strain rates increase.

This is one of the reasons for considering combined experimental
and analytical techniques to determine stress-strain relation-

ships at high strain rates. Taylor (38), conducted tests which

47



involved impinging flat-ended projectiles onto a rigid target to
determine the dynamic yield stress. He wused the momentum
equation in his analytical work, assuming that radial inertia
effects were negligible so that the stress can be considered
constant over any cross-section along the projectile. He
reported that the dynamic yield stress estimated by his

technique was underestimated.

Wiffins (39) used the same technique as Taylor (38) to determine
the dynamic stress of various metallic materials such as steel,
duralumin, copper and lead. He investigated the effect of pre-
straining the materials before testing, reporting that the
technique was inaccurate at low and high impact velocities. The
strain rate employed during his tests could not be measured, and

was estimated, thus creating errors in his data.

Later, Hawkyard et al (40) also used a combined experimental and
analytical technique. They deduced the mean dynamic yield
‘strength of copper and mild steel from strain measurements on
the "mushroomed" ends of flat ended projectiles after impact
onto a flat rigid anvil. Their analytical work involved equat-
ing the kinetic energy at impact with the plastic work to give a
mean dynamic yield strength. The assumptions of homogeneous
deformation and the conversion of kinetic energy to plastic
work, togethef with the neglect of shearing between adjacent
sections in the projectile, inevitably introduced inaccuracy in

their results.

However, Hawkyard (41) presented a new technique which basically

employed a similar approach to Taylor's (38) but instead applied
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an energy equilibrium equation across the plastic boundary. The
outcome of this new technique was the ability to predict more
accurately than others the deformation profile of the projec-
tiles after impact. It was suggested that the inclusion of the
radial inertia forces 1in the analysis would improve the

predictions.

Subsequently Hashmi and Thompson (47) introduced a new experi-
mental and theoretical technique to predict the profiles of
projectiles after impact for given stress-strain relationships
at high strain rates. 1In their work they replaced the projec-
tile with a lumped parameter model which consisted of a number
of concentrated masses, connected to each other by massless
links. The equation of motion was then applied to each
individual mass and a solution for the dynamic behaviour was
obtained using a numerical technique, taking into account the

strain hardening and strain rate effects.

Later, Hashmi (48) incorporated into the technique previously
outlined in reference (47) the effects of material inertia and
strain rate sensitivity. The outcome of this work was the
ability to establish the strain rate dependent constitutive

equation of materials at very high strain rates.

In the present study the technique developed over the years by
Hashmi (48) was modified to incorporate the effects of temper-
ature rise and radial inertia and used in conjunction with

experimental data.
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3.2 Numerical Technique for Computer Simulation of Deformations

Although numerous strain-rate laws have been proposed there
appears to be no universally accepted law. With reference to
the quasi-static stress-strain properties and in order to
demonstrate the capability of the lumped parameter model
approach to incorporate the effects of strain rate on
deformation, the constitutive equation of the form below were
used by Hashmi and Thompson (47 ):

ogd = 0s [1 + 3.1

/€/,1/P
( ) ) ]
where 0d and Os are the dynamic and static flow stresses
respectively, and D and P are constants of strain-rate sensi-
tivity. This equation was chosen because of its simplicity and

the availability of relevant data.

The equation maintains the overall shape of the static stress-

strain curve, but shifts it vertically with strain rate and also

assumes that the effect of strain rate is independent of strain.

The finite-difference numerical technique was used to predict

the strain and strain rate at any point along the length of the

cylindrical test specimen being dynamically deformed and also to
predict the final profile of specimen for given values of P and

D. The technique assumes the following:

(i) The projectile (phase one) or billet (phase two) consists
of a number of lines of concentrated masses connected to
each other by massless links which have the same strength
properties as the material (projectile or billet) under-

going deformation.
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(ii) Uniform axial strain occurs in each individual link. For
a projectile impinging onto a rigid anvil the axial strain
varies slightly across the diameter from the axis to the
surface (of the projectile) in the regionvnear the anvil.
Therefore accuracy will not be high in estimates relating
to the lateral spread of the links in the mushroomed
region close to the anvil.

(iii) The radial expansion of each connecting link is governed
by the condition of volume constancy and there is no

resistance to expansion from the neighbouring links.

However, in phase two, where tool steel projectiles are impacted
onto small cylindrical billets, the deformation is homogeneous,
ie.shearing does not take place between layers in the specimen.
Temperature rise during deformation was also introduced to

govern the stress during deformation.

The general equation for an element soon after it strikes the
anvil can be derived by considering the internal and inertia

forces acting on the element as in figure 3.la and is given by

SN - mu = 0 3.2
as

where m is the mass per unit length.

Figure 3.1b shows forces between the masses and links of the
lumped parameter model for a number of elemental lengths of the
specimen. Figure 3.2a shows the specimen and its actual con-
figuration just before deformation. 1Its equivalent lumped mass

model is shown in figure 3.2b.
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The finite-difference equation for the elemental length is given

by

- N, . - AS m.u, .
o i,

Ni + 1,3 i,3 =0 3.3
Equation 3.3 applies to all the elemental lengths along the

specimen and gives the instantaneous value of wu, for any

i,j+1

instant in time tj+1 when coupled with the following relation-

ship between the acceleration and displacement in finite-
difference notation.

3. s (0t)2 4+ 24 L. o= ous s 3.4
uy,y (00) Yi,5 0 U4,3-1

The time increment 8t is defined by

91,541 7

8§t = tj+1 - tj 3.5

The change in length of the element G(AS)i 341 of the 1link

occuring during the time interval §t is

§(AS). =A

i, j+1 - AS

51,941 7 854, 3
where

BS;i 541 T Ui, 541 T Yie1,§41 3.6
The increment of 1link length is then used to calculate the
increment in strain given by dei = G(As)i,j+lﬂksi,j+1
The strain rate is then given by éi = 5gi/(§: and the total

in i i P =g, . * s saqe

strain is obtained as €l,j+l El,j 681,]+1
Once the strain and strain rate in any link are known the stress
is determined using the appropriate constitutive equation given
by

Oj?,j"’l =f,e, T) 3.7
In order to incorporate elastic-plastic stress into the calcula-
tion the material of each link is assumed to be made up of a
number of elastic perfectly plastic materials. The yield stress

of each of these materials is given by the product of the

elastic modulus and the corresponding plastic strain levels of
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the polygonal stress-strain diagram illustrated in figure 3.3.
This idealisation permits stress computations and unloading

following an elastic path. See Appendix IX.

The yield stresses of the constituent material are thus given by
oy; = €, El’ oY, = €, }E:1 and oy3 = €3E1
The cross-sectional areas of each of the constituent materials

are given by

A, = A(E; - E,)/E,
A, = A(E, - Ej)/E,
A, =A(E; - E)/E,

where A is the cross-sectional area of the link. The stress in
the link is then simply given by

o; = (I-\lcy1 + Aoy, t A30y3)/A 3.8
The value of Oi’j+1 is then modified to take into account the

effect of friction and material inertia by use of the following

equation which was der ived from basic plasticity theory (71).

om, =0_.[1 + mgR + 3 v2R2] 3.9
i i MR + 3_ PVERS
6 64 Oi

for the links immediately in contact with the anvil or the

projectile, and

om, =0,[1+3_ QV2RY] 3.10
64 Ui '

For all other elements, where v 1is the constant velocity of
deformation of the link during the time §t, R is the diameter to

height ratio for the link and m is_the friction factor which

£

may vary from 0 to 1 depending on the frictional condition at

the interface.

For low friction operation where mf::-o equation 3.10 may be

used for all 1links. The axial force Ni 541 in the link i is
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then given by
= Cm.
Ni,j+l Ai,j+1' mi,j+l 3.11
At the end of each time interval $t, the diameter of each link
is calculated from the known cross-sectional area and the
instantaneous profile of the projectile is obtained by joining

the mid-diametral points of all links. The cycle of computation

described is then repeated until plastic deformation ceases.

The constitutive equation 3.7 was based on the quasi-static
stress-strain curves, and the strain rate sensitivity relation-
ship given by equation 3.1. BAppendices 1 and 1l contain the
software for the finite-difference numerical technique employed

in phase one and two respectively of the present work.

Temperature Rise during Deformation

During plastic deformation the energy consumed is transformed
largely into heat while only a small proportion of that energy

is used up in distorting the crystal structure of the material.

Temperature rises in a material during the deformation process
affect material behaviour in two ways, (i) the change in flow
stress with temperature at constant strain rate, and (ii) the
change in strain rate with the temperature at constant stress.
In reference (48) the heat generation during plastic deformation
of the test specimen was ignored and the initial specimen
temperature was taken to be the test temperature. The lack of
correction for temperature changes during a test may lead to
errors in estimating the flow stress of certain materials (eg
aluminium and its alloys) undergoing deformation, especially in

high strain rate tests involving 1large strains, where heat
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3.4

transfer is reduced and temperature rise is considerable.
Following the work by Holzer and Brown (17 ) the temperature rise
AT has been calculated assuming that adiabatic conditions exist
during high speed homogeneous deformation. Thus,

§f0d€ 3.12

0

AT = 2
Ps

where Ef is the final strain, ¢ the true stress, € the true
strain, p the density and s is the mean specific heat (although
s increases with temperature, the increase is very small and

negligible). The factor Z is the portion of the work of

deformation appearing as heat.

Bishop ( 58) reported that the values of Z for aluminium alloys
and steel were 0.955 and 0.865 respectively. A sample of this
calculation is shown in Appendices 111 & vI, for HE15 aluminium
alloy. Due to these temperature rises in the test specimen
during deformation, its effect has been investigated thoroughly

and introduced in the technique as discussed in Chapter Seven.

Friction during Deformation

Frictional effects are of importance both from the practiéal and
theoretical point of view in all mechanical-working operations
where the stock material is deformed in contact with rigid tools
or dies. 1In many metal forming processes, lubricant is trapped
between the tool and the work-piece and this reduces friction

and often prevents seizure.

The coefficient of friction and the surface conditions of the
deformed specimens or work-pieces are affected by the viscosity
of lubricants, the speed of deformation and the size of the

work-piece. It is widely accepted that hydrodynamic effects
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play an important role in trapping lubricant, by squeezing a
film of the lubricant between the tool and the work-piece.
However, in slow speed compression the elastic deformation of
the tool may have important effects not only on the shape of the

end surface but also on the process of lubricant trapping.

In the cold working of metal, especially in the aluminium
industry, lubrication is essential. For example in the case of
cold rolling a high reduction per pass is desirable in order to
reduce the number of passes needed for a given total reduction
in thickness. An excessive reduction per pass is likely to
affect the surface finish of the material owing to a local
breakdown of the lubricant. A good lubricant will not break
down easily and will therefore permit a high reduction per pass

without affecting the surface finish.

In the present study, although lubricant (tallow-graphite) has
been used during tests to minimise the friction effect, it is
useful to show the extent of such an effect under dry conditions
ie, without using tallow-graphite. The following analysis was
reported and adopted by Haque ( 14) to correct his results since
he conducted his tests under dry conditions. The analysis is
also used in this investigation to show the extent of this

effect and how the lubricant used minimises it.

The compressive flow stress using lubricant may be expressed as

] 3.13

=l 121

where
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3.

5

Os = quasi-static compressive flow stress using lubricant

Y = frictionless flow stress of specimen materials

r = current specimen radius (projectile mushroomed end in phase
one and current radius of billet in phase two)

h = current specimen height

g = coefficient of friction.

During a test the current wvalue of r corresponding to a current
height h was found using the volume of constancy. Tests were
carried out quasi-statically for this purpose under dry aﬁd
lubricated conditions with all specimens having the same aspect
ratio (height/diameter). Now taking the coefficient of friction
for graphite mixed with grease as 0.01 as reported by Watts and
Ford (39 ), and using stress values from the quasi-static test, Y
the frictionless flow stress can be calculated; hence the
coefficient of friction My under dry quasi-static test can be
found from equation 3.13 as

mp = [osD - 1]/2 ¢ 3.14
Y 3h

where OsD is the quasi-static flow stress under dry conditions
and r and h are as defined earlier. Typical calculations of
this effect are shown in Appendix V1l for phases one and two of

the present investigation.

Radial Inertia during Deformation

One of the main problems encountered when experimentally invest-
igating the mechanical behaviour of materials at high strain
rates is associated with inertia effects. As the rate of load-
ing is increased, the acceleration of any moving parts of the
straining apparatus and the specimen material begins to require

forces comparable with these necessary to deform the specimen.
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It is often impossible to separate these inertia effects from
the effects due to the physical properties of the material under
investigation and at the highest rates of loading the inertia of
the specimen itself will result in a non-uniform distribution of
stress along its length. When a specimen (projectile or short
cylindrical billet) is subjected to a fast (dynamic) compression
between rigid platens, inertia forces would be present and the
plastic yielding might be affected. The force, energy and power
requirements are therefore different from those which may be
predicted by the quasi-static test. Slater (60) repofted that
for velocities in excess of about 300 m/s elastic and plastic
stress waves may be propagated which are able to travel up and
down the specimen several times during the compression process.
It can therefore be anticipated that the magnitudes of the axial
force which may be detected at upper and lower platens will be

different.

The analysis developed by Slater (60) was used in the present
work in order to assess the inertia effect during the dynamic
impact of projectiles and deformation of small cylindrical
billets. It will be assumed that frictional resistance at
interfaces is absent due to the use of lubricant and the deform-
ation is homogeneous. Furthermore, the effects of stress wave
propagation are considered to be insignificant because the impact
velocities of the tests conducted in this study are in the range
of 20-250 m/s. The axial force F, exerted on the cylindrical
projectile or small billets is given by

F=m2Y[l+3 pVv2 r?2] 3.15
16 'Y h .

where
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3.

r = current radius of specimen

h = current height of specimen

Y = current yield stress

P = density of the materials

V = impact velocity

Typical calculations of this effect are shown in AppendicesIV

and VI,for phases one and two of the present investigation.

Specimen Geometry

There is no definitive theory for the influence of specimen
geometry on deformation. However, much information is available
from researchers who have carried out work in this field invest-
igating specimen length and diameter during static and dynamic

compression tests.

Stress~-strain properties can be obtained from specimens of
different aspect ratios (h/d) undergoing compression tests
assuming that the effect of friction is small. However, to
achieve a good approximation to homogeneous deformation, large
aspect ratios are desirable to minimise the effect of any
frictional forces at the specimen-platen interface. However,
large aspect ratios cause buckling during compression and to
avoid this, aspect ratios should be as near to unity as
possible. Small aspect ratios mean large diameters and
consequently high friction unless a very efficient lubricant is
used. For the tests specimens in phase two (small cylindrical
billets) the aspect ratio was kept less than one and was main-
tained at 0.961 throughout the tests whilst friction effects

were minimised using a lubricant.
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3.7

3.8

Other sizes of billets (with aspect ratios less than one) were
tested for the purpose of investigating the radial inertia and

specimen size effect during deformation.

Plastic Wave Propagation during Deformation

Plastic wave propagation during impact deformation is of great
interest to those who are involved in measuring loads during
deformation processes.  Many theories have been proposed
resulting from experimental investigations carried out in this

field.

However, in this study, no load was measured and consequently
used in determining the strain rate sensitivity and hence stress
wave propagation did not affect the results obtained by the

present investigation.

Lumped Mass Model

In the present study the specimen was represented by a lumped
mass model. The number of mass points was assumed to be ten
throughout the work as shown in figure 3.2b. This was found to
be sufficiently large without making excessive demands on

computing time.

In order to verify the accuracy of the analysis, different
numbers of mass points were considered. There was no indication
that this affected results significantly though. This effect is
shown in figures 3.4 and 3.5, taking HE1l5 aluminium alloy as

example and using 10, 15, 20 elements during deformation.

It was convenient for computational purposes to consider the

stress-strain properties of materials to be represented by a
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number of connected linear lines as shown in figure 3.3; thus
the 1lubricated gquasi-static stress-strain curves of the
materials were assumed to consist of four straight line segments
from which stress and strain input data of the finite-difference

numerical technique were extracted.
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CHAPTER FOUR

4.0 Phase One Experimental Results

4.1 Introduction

This experimental section of the present work, which is referred
to as phase one, involves firing projectiles made of the three
aluminium alloys HE15, HE30TF and DTD5044 onto a rigid anvil, as

shown in Plate No 2, at different impact wvelocities.

Following the experimental procedure described in Chapter Two of
the present work, the experimental results were processed in the
following order:

(i) Quasi-static compression tests carried out on the three
aluminium alloys and En-8 structural steel. The tests
were conducted at a low constant strain rate of 3.70 x
10_3 per second.

(ii) High velocity impact (dynamic) tests, which were carried
out on the three aluminium alloy materials in a cylind-
rical projectile form at high strain rates varying
between 2.5 x 10“ to 1.25 x 10° per second(maximum);

(iii) Construction of the stress-strain curves at high strain
rates.

(v) Profiles of the deformed projectiles.

All the experimental work done in this phase was under lubri-

cated conditions at room temperature, catering for radial

inertia effect in the finite-difference numerical technique.

4.2 Quasi-Static Tests

The results of the quasi-static compression tests of the three

aluminium alloys and En-8 steel are presented in figures 4.1 to
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4.4. The figures show the true stress-natural strain curves of

the four materials involved in the present work.

The construction of these curves was involved with plane comp-
ression tests of solid circular cylinders at a slow constant
velocity of 0.5mm per minute. During each test on the circular
cylinders the diameter increased from the initial wvalue Do to
the current value D. Similarly the height was reduced from an .
initial wvalue Ho to the current value H. The fractional
reduction R is given by

R=Ho-H=1- H

Ho ‘ES
H = (1-R)
Ho
The compressive natural strain is €= lnHo = ln[ 1 1° Since
H 1-R
the stress o= F and the current area A is not known, it is
A

possible to determine this area from the volume (v) which is
constant. The compressive true stress at a current height and

load can be calculated from the equation = FH. This enabled

v
the determination of true stresses and their corresponding

natural strains so that the curves shown in figures [4.1-4.4]

could be constructed.

The trends of the quasi-static true stress-natural strain curves
were parabolic in form and the effect of the lubricant usage can
be observed from the difference between the dry and lubricated
flow stresses. The En-8 steel showed the highest strength of
the materials involved. However, DTD5044 showed a higher

strength than the other two aluminium alloys HE15 and HE30TF.

68



High Velocity Impact (Dynamic) Tests

The high velocity impact tests were conducted to obtain the
stress-strain characteristics of the three aluminium alloys at
high strain rates. The impact velocities varied between 50 and
250 m/s achieving strain rates of 2.5 x 103 to 1.25 x 104 per

second for each alloy. Plate No 3 shows deformed specimens of

each aluminium alloy at different impact velocities.

For each test the final diameter (Df) and final height (Hf) of
the deformed mushroom shaped specimen was measured. After
impact each deformed specimen was numbered, placed in a small
envelope and labelled with its corresponding test number and
impact velocity. The final diameter and height of the deformed
specimens were measured by a Digimatic Micrometer. This equip-
ment is a high precision electronic measuring micrometer which
can store many readings in its memory. The micrometer has a
facility which can provide the maximum, minimum and average of

the readings stored in its memory.

Fifteen random readings around the circumference of the deformed‘
projectile were taken at the maximum diameter, which has been in
contact with the rigid anvil. The average of these readings was
noted. A similar approach was adopted for the final height
measurement and so the curves of Df and Hf against impact
velocity were constructed. Figures 4.5 to 4.10 show several
selected test results plotted on the same graph in order to
determine the scatter of the results and the trend of the

curves. The average curves for the three aluminium alloys were

represented by the continuous lines shown in these figures.
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4.4

Determination of the Material Constants

With reference to the quasi-static stress-strain properties of
the three aluminium alloys, a strain rate sensitivity equation
of the form ‘
oD =0s[l + (‘/%./')l/p]

which has previously been suggested in references (47-48) was
adopted. This equation does not cater for any change in the
overall shape of the stress-strain curves for wvarious strain
rates and also assumes that the effect of strain rate is
independent of strain. When the above equation is incorporated
into the numerical technique for analysing the deformation of
projectiles, it enables the final diameters, final heights and
other parameters such as strain rates and sfrains to be deter-
mined at different intervals during deformation for a given
impact velocity and material constants P and D. Arbitrary
values of P and D parameters have been assigned and the final
radius at the projectile-anvil interface together with the final
height have been predicted theoretically for various impact

velocities.

These predicted results (broken 1lines) were then plotted
together with the experimental ones (solid lines) against impact
velocity as shown in figures 4.11 to 4.16. The combination of P
and D values was then modified in order to get the theoretically
predicted curves to converge towards the experimental ones.
When the theoretically predicted curves were as close a fit as
possible to the experimental ones, the P and D values were taken
to be the material constants. A considerable computational
exercise was undertaken to achieve the degree of match shown in

the figures.
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4.5

The chosen best fit values of P and D for the three aluminium
alloys were as follows:
Material P D
HE15 35 100
HE30TF 25 100

DTD5044 15 100

Finally it is worth mentioning that these values have been
chosen on the basis of closest match between the theoretically
predicted and the experimental curves for both final diameter
and final height against impact velocity.

Construction and Characteristics of the Stress-Strain Curves at
High Strain Rates

When the material constants P and D were established for each of
the three aluminium alloys, the stress-strain curves for each of
the aluminium alloys under consideration were determined for
strain rates ranging from 2.5 x 103 to 1.25 x 104 per second
Figures 4.17 to 4.19. The figures also contain the quasi-
static curves for comparison. The high strain rate curves were
obtained simply by using the proposed strain rate sensitivity
equation 3.1 in conjunction with the static stress-strain curve
and the values of P and D established earlier on in this
chapter. The main aspect of this strain rate sensitivity equa-
tion is that it does not allow any change in the overall shape
of the quasi-static stress-strain curve but does allow its
position to shift depending on the strain rate. The stress
radio 0D/ Os (dynamic stress/static stress) against strain rate
curves were established by simply rearranging the strain rate

[+ &Py,

sensitivity equation. Thus stress ratio gD =
Os
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4.6

Figures [4.20-4.22] show the variation of the stress ratio with
strain rate for each material. It was found that these varia-
tions were as follows for a strain rate range between 2.5 x lO3

to 1.25 x lO4 per second.

Material Stress Ratio Range

HE15 2.096 to 2.148
HE30TF 2.137 to 2.247
DTD5044 2.239 to 2.245

From the theoretical output data, true stress-strain rate varia-
tions were established. Figures 4.23 to 4.25 present these
curves at strain rates varying from 2.5 x 103 to 1.25 x 104 per

second and strains of 0.047-0.431.

Profiles of the Deformed Projectiles

After deformation, the final profile of the mushroom shaped
projectiles were plotted. Typical deformed shapes are shown in
Figures 4.26 to 4.34 at different selected impact velocities for

the three aluminium alloys.

The main purpose of plotting the profiles after impact is to
show the difference between the experimentally measured and the
theoretically estimated profiles corresponding to the P and D
values established in Section 4.4 for each material. The
measurement of the profiles has been conducted using a Higler
Universal Projector (shadowgraph) machine. This equipment
enabled the shadow of the projectile to be enlarged 15 times so
that the measurement of diameter at equal spacings and their
corresponding heights could be obtained accurately. 1In this

case measurements were taken at locations lmm apart and the
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profiles were plotted at different velocities. The dotted and
continuous lines represent the theoretically estimated and the
experimentally measured profiles respectively. The impact
velocities were chosen to show the strength of the three
aluminium alloys, indicated by the degree of deformation at

various strain rates.

Finally, values of temperature rise, radial inertia and co-
efficients of friction during deformation in this phase for the
three aluminium alloys were obtained and displayed in Table 4.1.

Typical calculations are presented in Appendices I, IV and VII.
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4.7

Summary

Results of the experimental work done in phase one of the

present study were presented in this chapter. The results high-

light the following:

1

The quasi-static stress-strain characteristics of the
three aluminium alloys, HE15, HE30TF, DTD5044 and En-8
steel, showing the effect of lubricant in reducing the
stress during deformation.

High velocity impact (Dynamic) test results showing‘the
true stress-natural strain characteristics of the three
aluminium alloys under investigation at strain rates
varying between 2.5 x 103 to 1.25 x 104 per second.
Material constants P and D in the strain rate sensitivity

/E/)l/p]

equation oD =0os[1 + (73- were obtained for each of

the aluminium alloys by matching the experimental results
and the theoretically estimated ones obtained by the
finite-difference numerical technique.

The variation of stress ratio with strain rate was
demonstrated.

The deformation in this phase was found to be inhomog-
eneous and localised at the interface of the projectile-

anvil section of the projectile.
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Fig [4.23] Theoretical variation of stress with strain rate
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impact velocity
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Fig [4.27] Experimental and theoretically predicted profile
©of HE15 projectile, deformed at 200 m/s impact
velocity
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velocity
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profile of HE30TF projectile, deformed at
200 m/s impact velocity

104




HE30TF

el —_ EXPERIMENTAL
= ----THEORE TICAL
§§ IMPACT VELOCITY=250m/s
[ W |
I
+20
+16
7—12
48
3 L
|
; B
=56 4 2 74 T

== RADIUS mm -
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Fig [4.33] Experimental and Theoretically predicted
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100 m/s impact velocity
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Materials HE15 HE30TF DTD5044

Maximum Temperature Rise °C 101.0 72.88 102.27
50 m/s | 0.008 0.018 0.007
Radial Inertia | _ _ _ d__ _ _J_ _____L____4d
Effect %
250 m/s | 0.329 0.6 0.28

Coefficient of Friction Under
Dry Conditions 0.0622 0.055 0.0432

Table [4.1] Temperature Rise, Radial Inertia Effects
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and coefficients of friction for the three
aluminium alloys



CHAPTER FIVE

5.0 Phase Two Experimental Results

5.1 Introduction

Phase one test results, presented in Chapter Four, show that
when aluminium alloy projectiles were impinged onto a rigid
anvil, the deformation, characterised by the mushroom shaped
deformed projectiles shown in figures 4.26 to 4.34, was inhomo-
geneous and localised. Only the first few elements of the
projectiles which were in contact with the rigid anvil were
deformed significantly whilst the rest were hardly deformed.
Lubrication problems arose from the fact that only the rigid
anvil surface was lubricated, thus affecting the temperature

rise within the projectiles during deformation.

Due to these observations, a new method of testing was devised
and adopted in the second phase of the study. The objectives of
the new method were to obtain

(1) Homogeneous deformation.

(ii) Better and more effective lubrication conditions.

(iii) Uniform strain rates.

This was achieved by impacting heat treated FMP-338 tool steel
projectiles onto small cylindrical billets made of HE15, HE30TF
and DTD5044 aluminium alloys as shown in figure 5.1 and in Plate
No 5.1. En-8 structural steel specimens were tested in the same

manner at this stage of the study.

Homogeneous deformation was achieved by deforming the whole

specimen in the absence of barrelling and buckling as shown in
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Plate No 5.2 where deformed samples of HE1l5 are shown. Lubricant
(Tallow-graphite 8/1 weight) was used extensively and effec-
tively by lubricating the anvil surface and both sides of the
billet, thus minimising the effect of friction. Higher strain
rates were difficult to achieve when testing aluminium alloys as
the small test billets fractured at strain rates exceeding 2 x

104 per second.

The experimental procedure used in the second phase of the study
was described in Chapter Two. The results from the phase two
tests were grouped as follows:

(i) High velocity (Dynamic) tests, which were carried out on
small aluminium alloy and En-8 steel billets at high
strain rates.

(ii) Final dimension measurements.

(iii) Determination of material constants.

(iv) Stress-strain characteristics at high strain rate.

(v) Ring Test.

All experimental work in this phase was performed under lubri-
cated conditions at room temperature, catering for radial

inertia effect in the finite~difference technique.

High Velocity (Dynamic) Impact Tests

This section contains the main body of the experimental results
from phase two of the study. The tests involved impacting heat
treated tool steel FMP-338 projectiles onto small billets made
from HE15, HE30TF, DTD5044 aluminium alloys and En-8 structural

steel.

The dimensions of these billets are 5.2mm initial diameter (d4)

and 5mm initial height (h) with an aspect ratio, h/d, less than
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unity. Other billet sizes were tested in order to investigate
the effect of specimen size. This will be discussed later in
Chapter Six. A series of experimental tests were conducted
involving more than 200 specimens for each material undergoing
investigation. The results for each material are shown in
figures 5.2 to 5.9. These results show the variation of final

diameter (Df) and final height (Hf) with impact velocity.

It is evident from these figures that the final diameter (Df)
tends to increase gradually with impact velocity, while the
final height (Hf) decreases heavily with impact wvelocity. The
figures also show the degree of wvariation between nominally
identical tests for each material. The solid curves shown in
figures 5.2 to 5.9 represents the mean of all the experimental
points over the range of impact velocities. By varying the
impact velocity of the FMP-338 tool steel projectiles, different
strain rates were achieved. For the three aluminium alloys, the
impact velocities were varied between 20 and 80 m/s, achieving
strain rates of 4 x 103 to 1.6 x 104 per second. For the En-8
structural steel impact velocities between 30 and 110 m/s were
used which produced strain rates of 6 x 103 to 2.2 x 104 per

second.

However, as mentioned earlier, other billet sizes made from the
aluminium alloys were tested, all with aspect ratios less than
unity. Their initial diameters were 6.2, 7.2 and 7.7mm while
their initial heights were 6.0, 7.0 and 7.5mm respectively.
Larger sizes were considered but found to be unsuitable because
of the projectile diameter of 9.52mm, while smaller sizes were

considered as well but excessive compression and resulting
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5.4

fracture proved to be a problem at high strain rates. Figures
5.10 to 5.15 show the variation of final diameter and height
against their initial values at constant impact wvelocity. For
each aluminium alloy, curves for three impact velocities are
presented. The figures also indicate the extent of deformation

and size effect under high strain rate compression.

Final Dimension Measurements

It was found that, provided sufficient lubricant was used in
high speed compression, the billet deformed with negligible

barrelling and homogeneous deformation was obtained.

However, in a number of specimens the deformation gave rise to
minor undulations on the curved surface thus causing some diffi-
culty, especially when measuring the diameter of deformed
aluminium alloy billets. This was due to (a) grain growth when
subjecting aluminium alloy materials to high strain rate
deformation and (b) lubricant expansion across the flat surfaces
of the billets was not as quick as the expansion of the

materials thus causing friction and a rise in temperature.

In all cases a Digimatic Micrometer described in Section 4.3 was

used to obtain the diameter and height measurements. An average

vof fifteen readings were taken for each billet before and after

impact.

Determination of Material Strain Rate Sensitivity Constants

With reference to the quasi-statically determined stress-strain
properties, a strain rate sensitivity equation of the form

oD = os[1 + (/&/,1/P,
D

proposed and applied in Chapter Four, has also been used for
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this phase of the investigation. It should be noted that this
equation does not cater for any change in the overall shape of
the stress-strain curve for various strain rates and also

assumes that the effect of strain rate is independent of strain.

The above equation was then incorporated into the numerical
technique for analysing the deformation of the billets. The
technique provides predictions of final diameter and height for
given impact velocities and known values of strain rate sensiti-

vity constants P and D.

In Chapter Four it was shown that for phase one tests, the
deformation was inhomogeneous and localised at the projectile-
anvil interface. In this phase of the study, the billets were
deformed approximately homogeneously under good lubrication
condition resulting in a virtually uniform diameter along the

length of the deformed specimen.

As a first step in the derivation P and D, arbitrary values of
these parameters were assigned and final diameters and heights
were predicted theoretically for various impact velocities.
These results were then plotted against impact velocity and
compared with those obtained experimentally. The experimentally
obtained curves are the mean of a series of results presented in
the previous section in Figures 5.2 to 5.9. The values of P and
D were then systematically modified in order to get the theor-
etically predicted curves to converge towards their respective

experimental ones as shown in Figures 5.16 to 5.23.

The values of P and D which produced the closest fit between the

two sets of curves were then taken to be the material strain-
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sensitivity constants. A selection of theoretical curves and
the corresponding experimental ones can be seen in Figures 5.16
to 5.23. It can be seen from these figures that by increasing
the value of D the curves of final diameter against impact
velocity are shifted upwards whilst the 1linear relationship

between final height and impact velocity are moved downwards.

Many combinations of P and D values were used for each material.
The selected values shown in Figures 5.16 to 5.23 were presented
to show the scope of such a computational exercise. The dashed
lines are the theoretically predicted curves while the solid

lines represent thevcurves obtained experimentally.

The accepted best fit constants for the materials investigated
are tabulated as follows:
Material P D
HE15 35 75000
HE30TF 25 30000
DTD5044 15 100

En-8 7.5 80

It is essential to state that these values of P and D give the
best compromise match between the experimental and theoretical
results for £final diameter and final height against impact
velocity curves. A better fit cannot be achieved for say the
final diameter curve without worsening the fit for the final
height curve. The match could have been improved marginally by
undertaking an extensive computational exercise but this was

considered unnecessary.
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5.5

Stress-Strain Characteristic at High Strain Rates

Having determined the strain rate sensitivity constants P and D
for each material under test and knowing the corresponding
quasi-static stress-strain curve, the stress-strain curves at

higher strain rates (dynamic) can be obtained.

This was achieved by using the proposed strain rate sensitivity
equation

/€/..1/P
=]

oD =0s[1 +
Figures 5.24 to 5.27 show the dynamic stress-strain curves at
different strain rates together with the respective quasi-static
curves for the four materials under investigation. Strain rates
between 4 x 103 and 1.6 x 104 per second were achieved when
testing the small cylindrical aluminium alloy billets. However,
when testing the structural steel En-8 in the same manner strain

3 and 2.2 X 104 per second were achieved.

rates between 6 x 10
Only three values of strain rate have been shown for each
material in figures 5.24 to 5.27. The figures show that there
is little change in the general shape of the stress-strain
curves. The main feature in using the proposed strain rate

sensitivity equation is that it only moves the curves higher as

the strain rate increases. The figures also show the effect of

~ strain rate on the true stress.

Stress-strain rate curves were obtained theoretically at con-
stant strain values varying between 0.016 and 0.250 and are
shown in figures 5.28 to 5.31, for the aluminium alloys and En-8
steel. The stress ratio 0 D/0s against strain rate cufves are
shown in figures 5.32 to 5.35. These figures show that different

degrees of rate sensitivity are obtained for HE15 and HE30TF
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5.6

when the two separate experimental methods are used. However,
for DTD5044 no difference is suggested (this is by far the

strongest of the three alloys).

Finally Table 5.1 shows the temperature rise, radial inertia
effect and coefficient of friction under dry conditions during
deformation. A typical calculation of these effects is shown in

Appendices V, VI and VII respectively.

Ring Test

Tallow-graphite (8/1 by weight) was used as the lubricant
throughout the present study. Although it has been recommended
and used by other researchers, it was essential to justify its

use and hence the ring test was carried out.

The specimens were prepared by drilling a small hole axiélly,
through the billets; HE15 aluminium alloy was used as an
example to verify friction at low and high strain rates. The
billets were lubricated and tested statically and dynamically
using the Mayes press and the ballistic rig respectively. Under
frictionless conditions the inside diameter of a drilled billet
should increase in the same manner as a solid cylindrical
specimen under deformation and may be calculated using the
constant volume relationship. Comparison between this calcul-
ated inside diameter and that obtained experimentally gives a

very good indication of the level of friction present.

A number of deformed drilled billets are shown in Plate No 2.2.
Average results of several samples deformed in static and
dynamic compression are shown in Table 5.2. It can be seen that

although the degree of deformation for static and dynamic tests
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differs, the percentage difference between the theoretical and
experimental inside diameters are approximately the same. Both
percentage>difference values indicate a low level of friction
during static and dynamic compression tests thus indicating the

suitability of the lubricant used.
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5.7

Summary

Results of the experimental work performed in phase two of the

study are presented in this Chapter; the results highlight the

following:

1 Homogeneous deformation at high strain rates.

2 High velocity impact (dynamic) tests were conducted to
obtain the true stress-natural strain characteristics of
the three aluminium alloys and En-8 steel at strain rates
varying between 4 x lO3 to 1.6 x 104 per second and 6 x
103 to 2.2 x 104 éer second respectively.

3 Material constants P and D were obtained for the four
materials:

Material P D
HE15 35 75000
HE30TF 25 30000
DTD5044 15 100
En-8 7.5 80

4 The variation of the stress ratio with strain rate was
demonstrated.

5 The justification of the use of tallow-graphite (8/1 by
weight) as a lubricant was demonstrated by means of the
ring test at low and high strain rates.

6 Results of temperature rise, radial inertia and co-

efficient of friction (under dry dynamic conditions) were

obtained.
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