University of Pretoria etd, Kasonde M (2006)

Contents

CHAPTER 1. INTRODUCTION. ..
1 1. Industrial objective. ...

1.2. Project aim and methodology

2.1 Industrial background ... .. ... .. e
2.2 Scientific backgrotwnd . ... ... ..o e
2 2 1. Ballistic material ...

B = —

W Lh W W

2.2.2 Stress waves in sollds e 8
2.2 3. Material behaviour at hlgh stzam Iates L1l
2.2.4. Ballistic performance. ... et e s 12
2 2.5, Fracture prediction undel thh Velocr[y Iocahsed 1mpact TR e 14
2.2.6. Shock induced transitions and transformations .. . .15
2.2.7 Role of material properties.. . . 16
2.2.8. Prediction of the marten31te sta.tt tempel ature M and the Dnvmg Force AGHM

for the martensitic transformation. . e 17
2.2.9. Kinetics of the martensitic transfmmatlon .23

2.2.10. Crystallogtaphy and morphology of maltensne genelal con31derat10ns and

definition of martensite . . S v 24

2.3. Tempered martensite and 1ts mechamcal plopeltles v 35
2.3.1 Effect of Carbon additions... I
2.3.2 Effect of Sulphur and Ma:nganese content e 36
23 3. Effect of' alloying elements .. o 38
2.3.4. Ageing of Iron — Carbon maztensﬁe at room tempelatme v 39
2.3.5. Low temperature tempering of Martensite .. v 39
2.4, Mechanical pIOpGItleS of tempered ma:(tensnw steeIs : .42
2.5 The variations of microstructure with tempenng temper atuIe and hold tlme .44
2.6. Diffraction patterns of iron carbides ... N v
2.7. Tensile plopextles e 54
2.8. Multiple Ieglessmn as sequentlal sxmple xegxessmn T
CHAPTER 3. EXPERIMENTAL TECHNIQUES .. .o v oo e 56
31, Hypothesm e 56
3.1.1. Howto unprove the Haldenablhty and the Haldness .. 56

3.1 2. How to improve the Toughness of the martensite. ...

56

3.1.3. How to improve the resistance to Shock and to Spalling .. ... . oo 56
3.1.4. How to improve the Tensile Strength et v D6
3 2. Alloy design ... : v o 57
3.3. The Heat treatment demgn v 38
3 4. Experimental Variables . .. 59

3.5. Plate manufacturing . ... .. oo v e e e e o
.62

63

3.6. Mechanical testing ..
3.6.1 Hardness measmement

3.6.2. The tensile strength and elongatlon

3.6.3. The Charpy V-notch Impact energy . ... .. oo oo o
.. 67

.. 67

3 6.4, Fracture analysis . .. e o s o 28 s a1 e e 11 an 3 o
3.6.5. Microstructure analy31s

3.6.6. lransformation swface relief.. .. ... ..
.70

3.7. Martensite start temperatutes ...

3 8. Ballistic teSHIG. . .. o o s o et e

62

65
66

69

70




University of Pretoria etd, Kasonde M (2006)

Contents

3.7. Martensite start temPeratiires .. ... .o e s e e
3.8.1. Specifications for the test. . ... ... it v ot et e e
3.8 2. Analysis after ballistic testing ... ... oo i

3.8. Ballistic testing.. ... ... ..

70

70
70




University of Pretoria etd, Kasonde M (2006)

Contents

CHAPTER 4. RESULTS AND DISCUSSION ... ...

e 12

4.1. Preliminary results on the steels A and B cutrently in production in South Africa as

well as two imported steels Cand D .o o v e s
4.1 lOb]ectlve
e T2
e T2
.13

4.1.2. Methodology .
4.1 3 Results. .

Table (4 1.1). Ilansfoxmatlon tempelatmes measuxed by dﬂatometnc analy31s

4 2. Proposed design for an advanced RB600 armow plate ..o oo oivie
4.3 Optimisation of the mechanical properties. ... oo s e i
4.3.1. The optimisation ploblem
... 89
e 89
s 90
4 3 6. I'racture analysis after the Charpy 1mpact a.nd the tensﬂe tests e 116
125

4.3 2 The chemical composition .

433, The heat tieatment cycle ...
4.3.4 Variation of the mechamcal ploper’aes

4.3 4.1 Mechanical properties of Steel E .

4.3.7. Martensite start temperatures of the atmour steels .

4.4 Results of the ballistic testing (Fitst S€1ies) . ... v oo s
v 132
v 135

.. 136

4.4 1, Ballistic repott. .. .

4 4.2, Compatison w1th the balhstlc petfmmance spemﬁcatlons

4.4.3. Differences in the microstiuctures between steels B, F, G, H andI

4 4 4. Differences in microstructure between steels E, F, G, H in the tempered

condition before ballistic teStNG ... ... v oo s ot e e

72
72

87
38
88

132

141




University of Pretoria etd, Kasonde M (2006)

CHAPTIER 5 IMPROVEMENT IN THE BALLISTIC PERFORMANCE .. . ... ... ... 146
5.1 Approach methodology ... ..t i s e e 146
5 2. Ballstic TPOIt. .. ..o s i oot i e e e 14T
5.3 The Ballistic Parameters . ... . ..ot v oot s s ee e e 149

5.3. The fracture mechanism due to the high strain rate dwring ballistic testing of plates of
steels Pthroughto W oo o e e e 0 1577

5.4. Morphology of the martensite and mier ostructures of the steels P through to W that
were tested ballistically . . ... o e e e 159

5.5, General OBSEIVALION .. oo v o oo ottt et e e e 169




University of Pretoria etd, Kasonde M (2006)

Contents

CHAPTER 6. CHARACTERISATION O THE MARTENSITIC TRANSFORMATION IN

6.1. Background .. . - TSR URUROTIURPR o |
_6.1.1 Theoties of the maxtensmc tlansfoxmanon et e e L]
6.1 2. Tetragonality of martensite ., it o 172
6.1 3. Techniques used in chalactensmg the maltensmc tIansformatlon e 173

6.2. Characterisation methodology ... v e VT3
6.3. Characteristics of the martensite f01mat1on in the armour steels st n e 173
6.3 1. Crystallographic characteristics.. 173

6.3.2. Quantitative analysis of the smface 1ehef by means Of Atom Porce Mlcmscopyl 80




University of Pretoria etd, Kasonde M (2006)

CHAPIER 7. REQUIREMENTS FOR ADVANCED PERFORMANCE ARMOUR STEELS

CHAPTER 8 CONCLUSION. ... e s 200




