Table of Contents

Title Page
Title Page
Abstract i
Abstrak iv
Declaration vi
Acknowledgements Vil
Table of Contents viii
List of Figures Xi
List of Tables XV
Chapter
1. Introduction 1
1.1. General 1
1.2. Research Objectives 3
1.3. Outline of Research 3
2. Literature Review 6
2.1. Superplasticity 6
2.1.1. History of Superplasticity 7
2.1.2. Characteristics of Superplasticity 8
2.1.2.1.  High Strain Rate Sensitivity 8

2.1.2.2.  Fine Grain Size 11

viii



2.1.2.3. Temperature

2.1.3. Mechanism of Superplasticity

2.1.4. Application of Superplasticity
2.2. Boronizing

2.2.1. Mechanism of Boronizing

2.2.2. Pack Boronizing

2.2.3. Superplastic Boronizing
2.3. Boronizing Substrate

2.3.1. Duplex Stainless Steel

2.3.2. Superplastic Duplex Stainless Steel

3. Experimental Procedure

3.1. Substrate Material

3.2. Material Preparation

3.3. Design Boronizing Crucible

3.4. Superplastic Boronizing Process

3.5. Characterization Methods
3.5.1. Optical Microscope
3.5.2. Scanning Electron Microscopy
3.5.3. Microhardness Test

3.5.4. X-ray Diffraction

4. Results and Discussions

4.1. Substrate Material

12

12

17

21

23

24

27

29

29

31

34

34

35

36

37

40

40

41

43

44

45

45



4.2. Superplastic Boronizing
4.2.1. XRD Analysis
4.2.2. Flow Stress Behaviour
4.2.3. Microstructure of Boronized Layer
4.2.4. Hardness Profile
4.2.5. Activation Energy Analysis

4.2.6. Powder Consumption

5. Conclusions and Recommendations

5.1. Conclusions

5.2. Recommendations

References

48

49

50

52

56

59

62

64

64

65

66



Figure

2.1

2.2

2.3

2.4

2.5

2.6

2.7

List of Figures

Caption Page

A demonstration of superplasticity in Cu-Al alloy with 8000%

elongation 7

Stain rate sensitivity exponent versus strain rate 10
Stress versus strain rate with superplastic behavior 11
Grain boundaries sliding 13

Evolution of microstructure during (a) superplastic and (b) plastic

deformation 14

Basic accommodation mechanisms of superplasticity (a) diffusional
accommodation (b) accommodation by dislocation motion (c)
dislocation motion inside the mantle results in the grain rotation

(d) combined model with elements of dislocation and diffusional

accommodation 16

Superplastic forming (a) SPF process (b) Tool for a Landrover front

part 19

xi



2.8

2.9

2.10

2.11

2.12

2.13

2.14

3.1

3.2

3.3

3.4

Superplastic diffusion bonding and superplastic forming (SDB/SF)

(a) SDB/SPF process steps (b) SDB/SPF formed component

Schematic diagram of powder pack boronizing

The boride layer formation mechanism during conventional boronizing

(@) nucleation (b) and (c) growth

The boride layer formation mechanism during SPB

Microstructure of DSS

Fe-Cr-Ni phase diagram

Microstructure of fine grain DSS

Schematic diagram of thermo-mechanical treatment process of DSS

Sample preparation

Schematic diagram of boronizing crucible

Schematic diagram of experimental apparatus

20

25

28

28

30

31

33

35

35

37

38

Xii



3.5

3.6

3.7

3.8

3.9

4.1

4.2

4.3

4.4

4.5

Illustration of boronizing experiment

Optical microscope with image analyzer system

Scanning electron microscope

Microhardness tester

XRD machine

SEM image of microstructure of the coarse DSS

DSS microstructure after solution treated at 1573 K for 1 hour, water

quenched and cold rolled up to 75%. (a) SEM image, (b) Optical

micrograph

Side view of specimen before (left) and after (right) SPB at

compressive strain of 0.2 at temperature 1223 K

Microstructure of a specimen after compression for 0.6 strains at

1223 K at 2x10™* s strain rate.

The XRD patterns of DSS before and after boronizing

39

41

42

43

44

46

47

48

49

50

xiii



4.6

4.7

4.8

4.9

4.10

411

4.12

4.13

4.14

Stress strain relation of specimens at 0.4 strains

Cross section images of SPB specimens at three different temperatures.

(0.4 strains); (a) T1=1223 K, (b) T, = 1273 K, (c) T3=1323 K

Cross section images of SPB specimens at two different

strain under 1273 K. (a) strain = 0.2, (b) strain = 0.6

The variation of boronized layer thickness with boronizing time

and temperature for superplastically boronized DSS

Hardness gradient of cross-sectioned specimens deformed at strain 0.2

Surface hardness profiles

Microhardness profile measured on sectioned surface of

superplastically boronized DSS for 2000 seconds at 1323 K

Square of boronized layer thickness versus boronizing time

Natural logarithm of boron growth rate (In K) m?s™ versus reciprocal

boronizing temperature (T™) s for superplastically boronized DSS

o1

54

55

56

57

58

58

60

62

Xiv



Table

3.1

3.2

4.1

4.2

List of Tables

Caption

Chemical composition of DSS

Experimental conditions for SPB study

Boronized layer thickness and surface hardness for SPB with a strain

rate of 2 x 10™ s, at various temperatures and strains

Boronizing powder amount in conventional and superplastic

boronizing of DSS

Page

34

39

55

63

XV



