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SCOPE AND CONTENTS:

The mechanical behaviour and the microstruptural

changes preceeding fatigue fracture have been investigated

in ferrous systems sUbjected to controlled cyclic straining.

Attention has been focussed on three basic aspects of the

fatigue process:

(1) The Bausc~inge~ Effect and the.Polarisation of

Plastic Flow in Single- and Two-Phase Iron-Based
I .

AllOys: the investigation involved the study of the, .

influence of dislocation distribution on the magnitude

of the Bauschinge~ ef£ect, ann the study of the
\

Bauschinger ~ffect in tW~hase materialS <as a

function of Doth forward strain and vo~ume fract~on
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of particles. The results are, interpreted ,in terms

of some of the currently available theories for the

deformation in plastically inhomogeneous m~terials.

(2) Fatigue Softe~ing ~n S~ngle-Phase Low-Carbon

Iron: the investigation involved the ~tudy of the

microstructura~ changes occurrinq ~n prestrained

specimens during cyclic softening, and the influence
-' ,

of initial dislocation arrangement on the ra~e and
'h

extent of fatigue softening. Simple models were

developed to rationali~e the kinetics of fatigue

softening.

(3) Instability of Pla~~ic' Flow in Quenched-Aged
"

Armco Iron: the investigation involved the study of

the 'influence of various particle dispersions on the
,

stability of plastic flow in fatigue, and the,
, ~ !

detailed~microstructural features developing in

fatfgue which lead to' the 'localization of plastic

flow and onset of fatigue cracks. The problem of

in~tab~lity has been rationalized, macroscopically,
'. .

in terms of the mechanidal equation of state, and

microscopically, in t~rms of the deta'iled structure

of the localized regions.
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Structural changes were monitored by Transmission
. " .

Electron Mi~roscopy and,ancillary techniques in brder to
! J '

provide a detailed characterisation of the fatigue state.
t

.'

,1

I..

..

(iv)
•

\
J
\'

, 'r



ACKNOWLEDGEMENTS

The author is sincerely grateful to Dr. J. D. Embury

for his pa~ient advice and guidance throughout the course of

th~JPresent wor~.

__ . \._ / I

The au~or wishes to thank Dr. L. M. Brown (C~mbridge

univers~~~or valuable discussions and-advice.

~o Mr. C. ~. sarg~nt and other members of the

research ~roup, the ,author would like to o{fer'his thanks

for us~fUl discussions.

The author would further wish to acknowledge the

as~ittance of Mr. F. ~mith with the electron op~ical

fa~ilities, and to thank Ms. E: Long for rapidly and

accurately typing the manuscript, and Mr. D. Ho~gson for
# ..

,,
The author appreciates the work done on the

') ,
micrographs by Mr. T.· Bryner.

'!

Financial support from the American Iron and Steel

Institute is gratefully acknowledged ..

. .....

\

,

(v)

)
. 1. ,,~,l1 .
, l'
. I



)

TABLE OF CONTENTS

CHAPTER
. ,
I

(,

INTRODUCTION

(a) The Bauschinger effect and the polar
isation of plastic flow

PAGl:::

1 l
I

(b) Fatigue softening in single-phase
low-carbon iron 3

te) Instability of plastic flow in
fatigue . 4

Q.

(vi)

I.
• I

6

7

7

9

9

9 .

10

11 \.

19

2-4

28,
2.8

32,-

and Work-Hardening

Two-Phase Alloys

Single-Phas~

Physical and Thepretical Aspects of
the B,.E.

(2.1)

(3.1) Mate~ials and Testing Procedure

(3.2) Measurements and Variables
Inves tigations

(2.2) Factors Influencing the B.E~

(2.3) Methods of Measuring the B.E.

SECTION (3) ~ EXPERIMENTAL DETAILS

(2.1.1) ~ack Stresses in
. ~etals I

(2.1.2)~a~k Stresses in
. . Cr

(2.1.3) BaUschingAEf£ec~

II THE BAUSCHINGER EFFECT AND THE POLARISATI9N

OF, PLAS1rc FLOW

SECTION (1)

il.li Objectives

SECTIdt (2)



CHAPTER

TABLE OF CONTENTS r continued

PAGE

(3.2.1) The Bauschinger effect parameter

(3.2.2) Method of measuring oR and 00

SECTION (4) - EXPERIMENTAL RESULTS

(4.1) B.E. in Single-Phase Armco Iron and
Niobium

(4.2) Effect of Second-Phase Particles on
the B.E. in Steels

SECTION (5) - DISCUSSION OF RESULTS

32

34

37

37

41

46

(S.l) Summary of Exp,erirnental Results 46

(5.2) The BEP in Single-Phase bcc Materials 47

III

(5.3) The BEP in Steels Containing Strong
Particles ~~

(5.4) Sfirnmary an~ con~l~S

FATIGUE SOFTENING IN LOW-CARBON IRON

SECTION (1) - OJECTlVES

SECTION (2) - LITERATURe REVIEW

52

58

60
,

61

65

(2.1) Effect of Deformation Temperature on
Dislocation Distribution 65

(2.2) Effect of Dynamic Strain Ageing 69

(2.3) Cyclic Strain Softening

(2.4) Cyclic Saturation Behaviour

(~. 5) Factor .Inf luencing the Cyclic
Saturation State

SECTION (3) - EXPERIMENTAL RESULTS

(3.1) Introduction

(vii)

71

75

79

83

83



CHAPTER

TABLE OF CONTENTS - continued,
PAGE

(3.2) Material preparation ~4

(3.1) Mechanical Testing 88

(3.3.1) Tensile testing 88

(3.3.2) Fatigue testing 90

(3.4) Transmission Electron Microscopy 94

(3.5) Laue Back-Reflection X-ray Photographs 96

(3.6) Thermal Recovery 96

.,

SECTION (4) - EXPERIMENTAL RESULTS

(4.1) Introduction

(4.2) Overall Response

(4.3). Detailed Microstructural Changes

97

97

98

100

(4.3.1) Microstructural changes during
softening 100

(4.3.2) The substructure at saturation 106

(4.4) Effect of Initi~l Dislocation
Arrangements on the Kinetics of
Cycli~ Softening 114

(4.4.l) Initial dislocation arrangements 114

(4.4.2) Kinetics of cyclic softening 118

(4.5) Xhermal Recovery of Fatigued Structure 126

(4.5.1) Thermal recovery of prestrained
specimens 131

(4.5.2) Th~rmal recovery of fatigued specimens 133

SECTION (5) - DISCUSSION OF RESULTS 14~

(5.1) Summary of Experimental Results

" (viii)

~

142



(ix)

SECTION (3) - EXPERIMENTAL RESULTS

(3.1) Initial Microstructure

144 ,

147

15'6

159

160

164

167

167 \.

169

181

193

198

198

200.
204 '<-<207

209

217

,
218 ~

; \ ij
I \.
I , '1

222
J
1

U
I

PAGE

Kinetics of Fatigue Softening

Summary and Conclusions

( 5 • 3)

( 5. 4)

SECTION (4) - DISCUSSION OF RESULTS

(4.1) Summary of Experimental Results

(4.4.1) Mechanistic views on particle
dissolution

(4.4) Microstructural Aspects of Instability

SECTION (1) - OBJECTIVES

SECTION (2) - EXPERIMENTAL DETAILS

(3.3) Microstructures After Fatigue

(4.4.2) Influence of second-phase particles
on cyclic softening

(4.3.1) Adiabatic heating effect

(4.3.2) Development of instabllity and
localizatiqn of strain rate

(3.2) Overall ~~chanical Response

(3.4) Comparison of Fatigue Data and
Tensile Properties

(4.2) Nature of Localized Flow in Fatigue

(4.3) The Mechanical Equation of State

IV STABI~lTY OF PLASTIC FLOW IN FATIGUE

TABLE OF CONTENTS - continued
( "

CHAPTER \ \
\

", \
<Z.2) t, General Characteristics of the

-/ iFatigue Softening Process in
I Decarburised Iron

)



CHAPTER

TABLE OF CONTENTS - continued

PAGt;

(4.4.3) Particle coarsening under concurrent
deformation 226

(4.5) Influence of Particle-Dissolutlon on
Macroscopic Behaviour 230

(4.6) Summary .C234

v CONCLUSIONS 237

APPENDIX /

A CYCLIC BEHAVIOUR IN QUENCH-TEMPERED VANADIUM

STEEL 246

B SATURATION AND SUBSEQUENT HARDENING IN

POLYCRYSTALS SUBJECTED TO CYCLIC STRAINING 255

(B.l) Relat~onship Between Saturation
Stress and Cell Size 255

\

(B.2) Subsequent Hardening in Decarbur1sed
Iron 257

REFERENCES

(x)

269



CHAPTER I

INTRODUCTION

Structural components are often subject to forces

WhlCh are time dependent and vary in amplitude with time.

Progressive failure can occur under the actlon of such ~}

alter-nating or fluctuating stresses at a stress level well

below that required for failure under static loading

conditions. Such failures are usually termed fatigue

failures.

The occurrence and prevention of fatigue failures

are of great importance in modern transportation, structural

.and power generation equipment. In the past two decades much

effort has been devoted to the development of techniques to

improve the ability to predict fatigue life and failure

stresses based on the use of cUMulative damage theories, on

the utilisation of the methods of linear elastic fracture

mechanics and by the recognition of the statlstical nature of

fatigue failure; (for example, Frost ano Dugdale 1958, Johnson

1964, Rice 1967, Tetelman and McEvily 1967 - for a brief

review, see Barnby 1972).

These studies have led to improvements both in design

from the viewpoint of ameliorating stress concentration

effects and from the viewpoint ot material selection.

However, to date, the unrlerstanding of the detailed mechanism

1
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of fatigue failure does not enable us to understand the

detailed processes of microstructural changes, associated

with crack initiation and growth, in a quantitative manner.

The problem of fatigue is'obviously a very broad and

complex one, involving mUlt1dlsciplinary studies in the

areas of design and stress analysis as well as materials

beha~iour~ In the present study attention has been focussed

on the microstructural>~spects,of.fatigue in so~e relatlvely

simple bcc structures. This approach was chosen both in the

ho~e that the study would~prove applicable to the behaviour

of more complex materials, such as a variety of structural
-- \

steels, and that it would yield a more quantified vie~ of the )

microstructural aspects of r fatigue.
\

~ The study has been concerned predominantly with the

microstructural changes preceeding fracture and thus

attention has been focussed on three areas.

\
(a) The Bauschinger effect and~the polarisation of plastic flow

The purpose of this investigation is to utilize the

concept of the Bauschinger effect to study the

accumulation of dislocations both in slngle-phase and two

phase iron-based alloys. Such a study helps to pre~ict the

ext~nt to which the structure is polarised with respect to'
",

the sense of deformation.•
I!,
<
\.
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The investigatio~ has two aspects: the study of

the influence of dislocation distribution on the magnitude

of the Bauschinger effect, and the study of the Bauschinger

effect in two-phase materials as a function of plast~c strain

and volume fraction of second-phase particles.

The results are interpreted in terms of some of the

currently available theories for the deformation in

plastically inhomogeneous materials.

(b) Fatigue softening in single-phase low-carbon iron

An attempt is made, to characterize from a

microstructural viewpoint the changes occurring in

prestrained specimens of low carbon iron durinq cyclic

softening and, to delineate the microstructural features

which control the~;rate and extent of fatigue softening. The

investigation involves ~detailed study of the different
'-

structures developed by uniaxial and cyclic deformation.

Structural changes were monitored by transmission

electron microscopy and ancillary techniques in order to

provide a detailed character~sation of the fatigued state.
, ..

Simple models were developed, in an attempt to

rationali~e the kinetics of fatigue sof~ening.

,
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(c) Instability of plastic flow in fatigue

It is well established that local instabilities must

arise from the nature of the microstructure at the onset of

plastic strain localization. Thus, an important aspect of

this investigation is to delineate the characteristic

microstruct9ral features developed in fatigue which lead to

the condition where the work hardening characteristics of

the material are unable to prevent localization and thus the

onset of fatigue cracks.

The study was performed on low-carbon iron containing

various dispersions of iron carbides. The experiments were

designed to examine the influence of second-phase particles, .

on the dislocation accumulation and to delineate the

stability of both the particle distribution and the

dislocation structure during cyclic deformation.

\

The above three areas of study constitute the main

contribution of this thesis to the understanding of the

fatigue process, and can be correlated as follows: the role

of microstru~ture in the fatigue process is in part

concerned with the stability of the mic~ostructure and the

tendency to fatigue softening. This aspect is considered in

both areas dealing with the Bauschinger effect and the

fatigue softening.


































































































































































































































































































































































































































































































































































