THE INFLUENCE OF TEXTURE ON TIE FATIGUE

BEHAVIOUR OF COPPER

by

Michael Anthony ‘Burke, M.A.(Cantab.), M.S.

A Thesis submitted for the
degree of Doctor of Phil-

osophy in the University
of Sheffield,

December 1980




To my parents...



ACKNOWLEDGEMENTS

SUMMARY

1.0 - INTRODUCTION

2.0

TABLE OF CONTENTS

L) L) LIRS .e Y . .. . .. .o

LITERATURE REVIEW .. .. 0 vo ve ot ee oo

2.1

2.2

2.3

2.4

2.5

Introduction .. .. .. ¢ . ee ee a0 e

Fatigue

Parameters te  ee e se  ee  ee  ae

2.2.1
2.2.2
2.2.3
2.2.4

Fatigue

S-N Data .. .. .. .. ... e es e
Cycl&c Response Data .. .. .. .. ..
Phenomeno}ogical Aspects .. .. <. ..
Quantitative Aspects of Crack Propagation

of f.c.c., Single Crystals e e e

2.3.1
2.3.2
2.3.3
2.3.4

Fatigue

S-N Data .. .. .. ¢ o e e e
Cyclic Response .. .. +4 o oo
Phenomenological Aspects .. .. ..
Quantitative Aspects of Crack Growth ..

of b.c.c. Single Crystals e ae e

2.4.1
2.4.2
2.4.3

Summary

S-NData .. .. vh eh ee e e e
Cyclic Response ... .. .. ..
Phenomenological Aspects .. ..

of Fatigue of Cubic Single Crystals

2.5.1
2.5.2
2.5.3

2.5.4

S-NData .. +0 4o a4 ee e ee as
Cyclic Response .. .. .. .. .. ..
Phenomenological Aspects .. .. .. ..

Quantitative Aspects of Crack Growth ..

12

20
20
23
26
30
30
30
31

32



3.0

2.6 Fatigue Behaviour of Textured Polycrystals .. ..

2.6.1 Interaction Between Textures and Fatigue
in Cubic Metals e e e e

2.6.2 Influence of Texture on Fatigue Life of
Cubic Metals e ee ee ee e

2.6.3 Phenomenological Aspects in Cubic Metals
2.6.4 Quantitative Aspects in Cubic Metals

2.6.5 Fatigue Anisotropy of Hexagonal Poly-
crystals ch e ee e es ee e

EXPERIMENTAL METHODS .. +4v  vo  vr  ve  eu  n

3.1 Introduction.. .. .. ... v ce e ..

3.2 Material Preparation e ee ee e

3.2.1 Thin Sheet .. .. .. .vv v ..

3.2.2 Plate. .. v tfv th ee ee un
3.2.3 Rod .. vt vr it eh eh ee ee e

3.3 Texture Measurement .. .. v oo o2 oo

3.3.1 Introduction e ae ee we ee e
3.3.2 Specimen Fabrication sa s
3.3.2.1 Thin Sheet e e e
3.3.2.2 Plate .. ..

3.3.2.3 Rod

3.3.3 Specimen Preparation e ee  ee ae e
3.3.4 Data Acquisition IR T P
3.4  Preliminary Experiments v e e e e e

3.5 Mechanical Testing

3.5.1 Strain Life Testing ..
. 3.5.1.1 Specimen Preparation .. .. ..
3.5.1.2 Fatigue Testing e e ee e
3.5.1.3 Elastic Modulus Measurement
3.5.2 Crack.Propagation Teéting e e

3.5.2.1 Specimen Preparation .. .. ..

32

34
35

39

40
45
45
45
46
46
47
48
48
49
50
50
51
52
52
53
54
54
54

55

57

57



4.0

3.6

3.5.2.2 Crack Propagation Testing

Observations

3.6.1

3.6.2

Optical Techniques ..

Scanning Electron Microscopy

DATA MANAGEMENT ..

4.1

4.2

4.3

4.4

Introduction .

Strain Life v s e e
4,2.1 Parametric Approach e we e
4,.2,2 Computer Program .. .. .. ..

4.2.3

Precision of Parameters

Crack Propagation

4,3.1 Analysis pf Data e ee e
4.3.2 Computer Program .. .. «o o4 s
4.3.3 Precision of Crack Propagation Data
Texture Analysis e e se se e ee s
4.4.1 Analysis e e ae es  ee e
4.4.2 Pole Figures er ee se e as es
4.4,3 Crystallite Orientation Distribution
Function
4.4.3.1 Estimation of Errors in
the c.o0.d.f. o ee e
4.4.4 Description of Textures by the c.o.d.f.
4,4.5 Application of the c.o.d.f. to Cyclic
Properties e e e we e e
4.4.5.1 Mechanical Property
Predictions .
4,4,5.2 Elastic Modulus Prediction
4.4.5.3 Yield Stress Anisotropy
Prediction ce e e
4,4.6 Application of the c.o0.d.f. to Texture

Development e e e e e

4.4.6.1 Quantitative Assessment of
Texture Development ., ..

58

58

58

58

49

59

59

59

62

63

63

63

64

65

67

67

67

68

69

71

72

72

73

74

74



5.0 RESULTS ..

6.0

4.4.6.2 Simulation of Texture
Development ..

4.4.7 Texture Data Management

5.1 Microstructural Characterisation .. .. ..
5.1.1 Metallographic Observations
5.1.2 Texture Data
5.1.2.1 Thin Sheet Material ..
5.1.2.2 Plate Material .. .. .. ..
5.1.2.3 Rod Material e ee e e
5.1.3 Mechanical Property Reductions
5.2 Elastic Modulus Measurements
5.3 Preliminary Experiments
5.3.1 Fractographic Observations
5.3.2 Preliminary Conclusions
5.4 Cyclic Stress-Strain Investigation
5.5 Fatigue Crack Propagation Investigation .. ..
5.6  Scanning Electron Microscopy Observation
5.6.1 Strain-Life Specimens ..
5.6.1.1 Specimen Sides .. .. .. ..
5.6.1.2  Fracture Surfaces ..
5.6.2 Crack Propagation Specimens .. .. ..
5.7 Texture Development During Fatigue .o
5.7.1 Simulation i ee es es e ee e
5.7.2 Experimental Measurement of Texture
Development During Fatigue
DISCUSSION .. v vt v th we o oo us
6.1 Preliminary Experiments T
6.2 Strain-Life .. .. .. . .0 e ee ee e
6.3 The Development of Texture During Fatigue .
6.4 Fatigue Tracture .. .. .. v¢ vt oe ee o

74
76
77
77
77
77
77
78
79
79
80
81
82
84
85
87
89
89
89
90
92
93

93

93

95

96

99

117

121



7.0  SUMMARY, CONCLUSTONS "AND 'SUGGESTIONS FOR FURTHER WORK

7.1  Summary and Conclusions

7.2  Suggestions for Further Work ..

REFERENCES
APPENDICES

FIGURES

AUXILIARY FIGURES (relate to Appendices)

LIST OF MATERIAL CODES (fold out)

132

132

135



ACKNOWLEDGEMENTS

This thesis is original, except where due reference has been made,
and pertains to work carried out between October, 1977 and August, 1978
in the Department of Metallurgy and Materials Science, University of
Cambridge, and between September, 1978 and December, 1980 at the Depart-
ment of Metallurgy, University of Sheffield and at G.K.N. Group Tech-
nology Centre, Wolverhampton. I should like to thank Professor R. W. K.
Honeycombe, Professor G. W. Greenwood and Dr. P. Watson for permission
to use laboratory facilities at the afore mentioned establishments,
respectively.

I should like to express my sincere thanks to my supervisor,
Professor G. J. Davies, for his helpful advice and encouragement through-
Out the duration of this project and for his rufhless eradication of the
Split infinitive from the manuscript of this thesis. I am also
indebted to Dr. R. M. Bateman for his aid with the computing techniques
involved in this work. Valuable technical assistance was rendered by
Mr. V. Kumar of G.K.N. Group Technological Centre and helpful discussions
with the staff of G.K.N., especially, Dr. P. E. Irving and Dr. P. Watson.
Thanks are also due to MissLindahmchin.who typed the manuscript.

Finally, I am profoundly grateful to my wife, Grace, for her

affectionate support throughout the course of this study.

. Michael Anthony Burke
. Sheffield1980



"SUMMARY

This investigation attempts to assess the effect of preferred
ICTYStallographic orientation on the fatigue properties of a cubic
metal. Quantitative texture analysis is performed using the crystal-
lite orientation distribution function (c.o.d.f.) which enables quan-
titative predictions of mechanical properties to be made from texture
Mmeasurements. Copper has been chosen as a model material since its
single crystal properties exhibit values which are typical of cubic
metals and also since the effects of thermomechanical processing are
reasonably well d;cumented.

The fatigue properties are evaluated by producing textured
Plates of different texture types and severities and machining speci-
mens at specific orientations to the rolling direction of the plate.
Fibre textures are also investigated by evaluating the fatigue.
PTOPerties’parallel to the long axis of thermomechanically processed
rod. Smooth sided cylindrical specimens were tested under fully
reversed strain amplitude control to generate strain-life and cyclic
Stress-strain data. These data were analysed using the parametric
approach of Morrow to develop a set of éharacteristic material para-
meters. Similarly, fatigue crack propagation studies were conducted
on single edge notch specimens machined at specific angles from
textured plate. Testing under constant ioad amplitude control pro-
duced data in the form of crack length vs. number of cycles which was
analysed to produce crack propagation rate vs. stress intensity
amplitude data which may be parametrically expressed by the constants

C and m in the Paris equation.



It is shown that the anisotropy of fatigue behaviour may be pre-
dicted from texture measurements. The cyclic stress-strain data
display anisotropy which is related to the type and severity of the
texture. As the texture severity increases, the fatigue data displays
greater anisotropy. The anisotropy of fatigue life data is shown to
be a function of the product Ao Ae per cycle which is directly depend-
ent on the cyclic stress strain curve. The anisotropy of fatigue
crack data has been shown to be a function of the ability Qf the
texture to influence the crack orientation and hence the crack opening

mode. It has been shown that this effect may be predicted from

texture data by considering the plastic strain ratio "R".



CHAPTER 1

Introduction

Fatigue failure is not only the most common single cause of mater-
ial failure but also, in conjunction with corrosion effects, failure
under repeated loading accounts for the vast majority of engineering
failures. Given the importance of such a failure mechanism surprisingly
few data are available with regard to the effect of material anisotropy
upon fatigue. This thesis examines the effect of one form of mechanical
anisotropy, that due to preferred crystallographic orientation, or
Crystallographic texture as it is widely known, upon the fatigue failure
of a single phase f.c.c. metal.

Although it is well known that thermomechanical processing induces
preferred orientation effects commercially processed materials are
frequently regarded as possessingmechanical isotropy. It has been rec-
ognised that many of the problems encountered during the forming pro-
Ceésses of metals may be due to the influence of texture. In hexagonal
metals the severe anisotropy has been shown to influence the fatigue
Properties of numerous metals and allofs. However, due to the greater
isotropy of f.c.c. metals, the influence of crystallographic texture on
the cyclic properties has not been widely investigated.

The aims of this investigation havé been to examine the effects of
texture on the fatigue properties of éopper and by employing a quantit-
ative technique for the determination of texture data to assess the
Quantitative predictability of the anisotropy so induced. The quantit-

ative method of texture analysis employed makes use of the crystallite

Orientation distribution function (c.o0.d.f.), which, when combined with
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suitable models of the deformation mode may be used to predict the mechan-
ical properties. This technique has become weli established in recent
years and consequently, only a brief description of the application of
the technique is presented in Chapter 4.

Similarly, the nature of the fatigue failure process is well known
and only a brief summary of the relevant factors is presented at the
beginning of Chapter 2. The remainder of Chapter 2 presents a literature
survey of the influence of crystallographic orientation upon the fatigue
of metals. The effects are reviewed for cubic metals in both single
Crystal and polycrystal form and for polycrystalline hexagonal metals.

The fatigue properties are assessed using the cyclic stress-strain
analysis and standard techniques of crack propagation measurements. The
Cyclic stress-strain analysis technique considers that the resistance
of amaterial to cyclic deformation may be characterised by a set of
Mmaterial parameters which are not independent but are, in fact, related
by the relationship between the cyclic stress amplitude and the cyclic
Strain amplitude developed by the loading conditions. Hence,‘endurance
data is collected in the form of fatigue life as atfunction of the
applied constant strain amplitude while monitoring the stress amplitﬁde
developed under such conditions. The fatfgue crack propagation data were
Collected by standard optical measurements under constant load cycling.
The experimental details are described in Chapter 3 and the analyses
e€mployed for the two techniques are outlined in Chapter 4.

Chapter 5 presents the experimental results. The results of the
texture analysis are compared in Chapter 6 and the effect of crystallo-
graphic orientation upon the localised failure process and the macro-
Parametric characterisation of the cycli; properties is discussed. That

Section of Chapter 6 which considers the influence of texture on the



fatigue resistance also critically examines the cyclic stress-strain
approach and its applicability to the quantitative inVestigation of
influences such as texture. The findings of the investigation and the
conclusions to be drawn from them are summarised in Chapter 7, which
also includes suggestions for further work.

Three Appendices are provided which respectively reproduce the
‘text of the cyclic stress-strain analysis program, outline the mathemat-
ical deviation of the c.o.d.f. from pole figure‘data and describe the

influence of anisotropy on the fatigue properties of a C-Mn steel.
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CHAPTER 2

Literature Review

2.1 Introduction

In engineering applications it is clearly established that a
knowledge of fatigue behaviour is of paramount importance.  In consider-
ing fatigue behaviour, it is normal to assume that metals and alloys
are i;otropic. This is despite the fact that it is well-established
that, after processing to semi-finished or finished form, cubic metals
Possess texture (preferred ogientation) and that the existence of text-
ure normally leads to anisotropy of elastic and plastic properties.
Initially, a brief summary of the various fatigue parameters of interest
is presented. This is followed by an examination of data relating to
the fatigue behaviour of f.c.c. and b.c.c. single crystals respectively.
Attention is then turned totekturedcubic polycrystals.

The intention throughout is to highlight the ihportant ways in
which metals and alloys can exhibit anisotropic behaviour under fatiéue
loading conditions.and to indicate the extent to which assumptions of

isotropy must be qualified.

2.2 Fatigue Parameters

The general nature of the fatigue failure process has been des-
cribed frequently and for detailed accounts the reader is referred to a
number of previous review articles(l-s). Since fatigue failure in

metals and alloys normally involves the same processes, it is convenient,

in order to examine the effects of crystallographic preferred orentation



in fatigue, to examine previous results by classifying them into four

broad groups, namely,

(i) S-N data
(ii) Cyclic response data

(iii) Phenomenological data relating to fatigue
failure, and

(iv) Quantitative data concerning crack propa-
gation,

2.2.1 S-N Data

The simplest determination of the fatigue response of a material
can be obtained by perfo;ming tests during which a cyclic amplitude
pParameter is maintained at a constant value for the duration of the test.
The results from a series of such tests are presented in the form of a
Plot of the amplitude of the controlling parameter against the number
of cycles to failure. Because many data were collected under conditions
of constant stress amplitude testing, such plots are usually known as

S-N curves, although the controlling parameter may also be strain,

Stress or strain intensity factor, etc.

2.2.2 Cyclic Response Data

Depending‘on the initial state of york hardening a pure metal or
single phase alloy may cyclically harden or soften, before stabilising
to produce a "saturation' response in which the cyclic strain produced
is a function of the applied cyclic stress amplitude. In many materials
this cyclic response is unique and unaffected by prior mechanical
Processing, although some alloys do exhibit a cyclic stress-strain

(6)

response which is history dependant . Many two-phase alloys do not,

however, exhibit a '"saturation' stage dufing fatigue, exhibiting
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either continual softening or an initial hardening followed by gradual
softening prior to failure.
The cyclic response of a material can be conveniently specified

(7).

by its cyclic stress-strain curve This curve shows the correspond-
ing stress and strain amplitudes during the "saturation' stage. Clearly
the determination of this curve is time-consuming (many specimens are
needed to produce one curve) and limited to materials which exhibit a
saturation stage. In the absence of a saturation stage the problem may
be handled by defining the cyclic stress-strain curve as the cyclic
response after a given fraction of the life. A more practicable solut-

(7)

ion to both problems is to produce curves by methods" ‘such as the

incremental step test or the multiple step test from which complete
curves may be produced from a small number of specimens(g).
Anisotropy of cyclic properties should, therefore, be apparent in

changes in either the cyclic stress-strain curve or the rate of cyclic

work hardening as a function of orientation.

2.2.3  Phenomenological Aspects of Fatigue Failure

Metallographic observations of fatigue failures indicate that pfior
to crack nucleation considerable modification of surface topography
Occurs and that fatigue crack propagation occurs in a step-wise manner
with a step associated with each cycle(s). Crack nucleation occurs at
‘Persistent slip bands or at ;ell(s?, grain(g)or twin(lo)boundaries
which may become '"persistent'. At these sites topographic development
results from the local irreversibility of slip giving rise to inhomo-
geneities, The intrusions or notches which develop from these inhomo-

geneities become preferred sites for crack nucleation. It should be

€xpected that crack nucleation from persistent slip bands should display



greater cystallographic anisotropy, in a manner consistent with slip
symmetry, than nucleation from other sites and, therefore, it may be
anticipated that surface feature development would be orientatioq_
dependent.

Fatigue fracture surfaces are often characterised by stiations
thch are '"tidemarks'", delineating the position of the crack front at
the end of each cycle(s). Striations are most prominent at high rates
Qf crack propagation at 90° to the stress axis. Observation of fracture
surfaces can, therefore, show the position of the crack front and the
local direction of propagation during any cycle and thus reveal the
influence of cystallographic effects.

2.2.4 Quantitative Aspects of Crack Propagation

The resistance of a material to fatigue crack propagation may be
regarded, in a similar manner to monotonic toughness, as a property
specific to that material. Although a more accurate description would
correlate crack advance per cycle with specified values of the applied
stress amplitude and the crack length, it is usual to correlate the
crack advance rate with the amplitude of the applied stress intensity
factor AK. Crack propagation data may, therefore, be conveniently
Tepresented by plotting da/dN vs AK on logarithmic co-ordinates, where
da/dN is the rate of crack extension per cycle. The similarity of form
of da/dN - AK plots for many materials (Figure 1) has led to the develop-
ment of a number of mathematical descriptions of fatigue crack propagat-
ion rates. While recognising that other descriptions do exist, the

(11)

simplest description of crack propagation rates is that due to Paris



where C and m are constants for a given material.

Hence, anisotropic fatigue properties should be displayed in terms
of either C or m in the Paris equation. Other possible influence§ of
anisotropy could control the range over which the Paris equation is
Operative i.e. by the influence on the threshold value of the stress
intensity factor at one extreme and on the initiation of monotonic
tearing at the other although no data are available to examine the

effect of orientation on these properties.

2.3  Fatigue Behaviour of f.c.c. Single Crystals

2.3.1  S-N Data for f.c.c. Single Crystals

The simplest method of assessing fatigue properties is comparison
of the number of cycles to failure at a given stress (or strain) level.
The possible effect of orientation on the fatigue properties of single
Crystals should be revealed by this simple comparison. Unfortunately,
very few data exist.

Broom and Ham(lz)attempted to assess orientation effects by fat-
iguing single crystals of copper of two orientations at similar stresses
(Figure 2). Crystal A, oriented such that the applied stress axis lay
well within the easy glide region of the stereographic triangle, failed
after 4.9 x 10° cycles at a shear stress of + 3.39 kg mm~? (as resolved
onto the primary slip plane). Crystal B, oriented so that the stress
axis lay on the <001> - <111> symmetry line of the stereographic
triangle, failed after 5.2 x 10° cycles at * 3.46 kg mm~2. Thus, while
the erystals can be considered as weakly anisotropic in fatigue, in a
similar way to their monotonic properties, it is surprising that the

effect of possible duplex slip is so small.
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On the other hand the experiments of Honeycombe and Roberts(ls) with
single crystals of aluminium showed that large differences in life could
be obtained from differently oriented crystals fatigued at the same shear
stress as can be seen in Figure 3. Crystals of soft orientations, i.e.
those deforming by easy glide, had much shorter fatigue lives than those
C'1‘)’stals which lay with their stress axes near the <001> - <111> boundary
of the stereographic triangle. These results were explained in terms of
the cyclic hardening behaviour. (This is discussed in detail in the
next section). It may be important to notice that these tests were
stress controlled and, therefore, the cyclic plastic strain experienced
by the crystals of the soft orientations was always greater thén that
experienced by the crystals of the hard orientations.

Kettunen(14’15)has produced an S-N curve for fatigued copper single
crystals by relating the resolved shear stress to number of cycles to
failure, as shown in Figure 4. The experimental points appear to lie
Close to the curve for all orientations. It was observed that crystals
which had orientations (and stress axes) close to boundaries of the
Stereographic triangle tended to have slightly shorter lives and at
stresses relatively close to the endurance limit. More recently,
Laird(é)has confirmed this view by observing that the fatigue limit of
copper single crystals occurs at a shear stress of 28.4 MNwm 2 (2.90
kgmm~?) below which level the cyclic strain can be accommodated without

the formation of persistent slip bands (P.S.B.'s).

2.3.2  The Cyclic Response of f.c.c. Single Crystals

The first stage of the cyclic response in f.c.c. metals is the
establishment of a stable stress-strain relation, occurring over the first

tens of percent of life, in a manner similar to work hardening in monotonic
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deformation. This cyclic work hardening can be a function of orientation.
The work of Patterson and Kemsley(17’18)demonstrated the anisotropic
cyclic hardening of copper single crystals. The cyclic hardening rate
. under constant plastic strain amplitude cycling was found to be more
rapid for crystals oriented so that the strain axis was close to the
€100:>— <111 > boundary of the stereographic triangle (Figure 5). It is
interesting to note that a crystal lying near the <110 >strain axis did
not display a very rapid hardening rate thus exhibiting the same behaviour
as a corresponding crystal tested in simple tension. These results were
subsequently confirmed by the work of Wadsworth(lg)who showed that
Crystals oriented for multiple slip showed a higher cyclic work hardening
rate than those oriented-for single slip.
Similar results were obtained in stress controlled cyclic testing

of aluminium single crystals by Roberts and Honeycombe(ls). By monitor-
ing the strain width of the cyclic hysteresis loop during the life of

the fatigue test, they observed an anisotropy of fatigue hardening
(Figure 3) similar to that found in copper by Patterson. The orientations
Which produced the most rapid cyclic hardening were close to the <100> -
<111> boundary., The orientation dependence of the hardening rate could
2lso be correlated with the fatigue 1ife behaviour. Under stress con-
trol it was found that crystals of hard orientations exhibited greater
lives than crystals of soft orientations tested under similar conditions.
More recently, Sastry et al(zo)showed that fatigue hardening in silver
single crystals is orientation dependent. In this investigation tests
were conducted under constant shear strain amplitude on two sets of
c¢rystals, the orientations of the crystals and the results are shown

in Figure 6. Crystals of orientation B ;how higher hardening rates at

the same shear strain amplitude than crystals of orientation A (for
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example, compare crystals A4 and B2). This is in agreement with previous
work. Orientation B is closer to the <100> - <111> boundary, and
electron microscopy indicated that for this orientation deformation
produces a greater forest dislocation density to which can be attributed
fhe more rapid hardening rate. It was also noted that, not only was the
éaturation stress different in crystals of different orientation fatigued
with the same shear strain amplitude, but also that the dislocation sub-
structures developed at saturation in these crystals were also different.
Despite these differences, the cyclic stress-strain curve of silver was
Plotted as being in@ependenﬁ of orientation (Figure 7).

Following the evidence of Laird and Feltner(21)that there are many
similarities between monotonic and cyclic deformation, Bhat and Laird(zz)
have suggested that the cyclic stress-strain curve is independent of
orientation and should be expressed in terms of shear stress and shear
strain on the primary slip plane. They postulated that the cyclic

stress-strain curve is composed of three portions (Figure 8),

(a) a region below which P.S.B.'s cannot form;

(b)  an intermediate plateau where the séturation stress
is independent of applied strain during which stage
the reversible plastic strain is carried by the
P.S.B.'s (which require a stress of 28.4MA koperate),

and (c) a region where the saturation stress increases with
the applied shear strain in which the whole of the
specimen has the structure of a persistent slip band
and the cell size within the P.S.B. can adjust to

accommodate the applied strain.

The postulate that fatigue deformation and damage in the critical stages

(b) and -(c) are confined to persistent slip bands which lie parallel to
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the primary slip plane was also applied to polycrystalline behaviour.
Assuming a random aggregate, the longitudinal stress and strain data

were converted to shear stress - shear strain data by assuming a Taylor

factor of 3.06, i.e.,

_ Ac
at = 356
Ayp = 3.06 Aep

Data for both polycrystals and single crystals(23’24)

were then plotted
together and Bhat and Laird, in the light of the results shown in

Figure 8 concluded that the agreement between polycrystalline and single
€rystal cyclic shear stress - shear strain cufves was quite good. In a
similar manner Kettunen(14)compared the S-N data of single crystal and
Polycrystal copper expressing the fatigue life as a function of the
‘shear stress on {111} - <101> slip systems. Although the agreement

. between the two sets of data was not as good as was previously obtained

(15 . .
)for b.c.c. iron (see also Section 4) the correlation was regarded as

Teasonably satisfactory.

2.3.3 Phenomenological Aspects of the Nucleation and Growth of Fatigue

Cracks in f.c.c. Single Crystals

Metallographic evidence concerning the crystallographic effects in
the fatigue of f.c.c. single crystals has been obtained from studies of
the topographic development of the sides of smoothly polished crystals
and of the appearance of fracture surfaces. The nucleation of fatigue
cracks has been associated with intrusion/extrusion pairs(zs)found at
P.S.B.'s (Figure 9). Specifically, it has been proposed that Stage I

fatigue cracks develop, by growth along the primary slip plane, from the
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intrusions adjacent to extrusions which are easily visible either optic-
ally or by scanning electron microscopy.

The importance of cross slip in the slip band extrusion process was
established by Avery, Miller and Backofen(26). They fatigued siﬁgle
crystals of two orientations, both being oriented for single slip.
Crystals of orientation A had a Schmid factor of 0.21 on the cross slip
system while crystals of orientation B had a cross slip Schmid factor of only
0.026. By an electropolishing-and-taper sectioning technique it was
shown that the slip band extrusion rate, after the crystal had cyclic-
ally hardened, was a function of the shear stress on the cross slip
system (Figure 10).'

The development of P.S.B.'s has been shown to be associated with a
specific dislocation substructure in which the reversible cyclic strain
is accommodated. The nucleation of fatigue cracks results from slip
band-free surface interaction and the occurrence of non-reversed slip.
While strain can be macroscopically reversed it is extremely unlikely
that the slip occurring on each slip plane in each half cycle will be
exactly reversed during the next half cycle. The role of cross slip in
reducing reversibility of slip can be correlated with the superior
Tesistance to slip banddevelopment(27)of planar slip materials over wavy
élip materials, The differences in surface-developed features in single
Crystals of copper and copper-aluminium single crystals (wavy slip v.
planar slip) are given in Table 1(28).

The tendency for cross slip to induce more rapid crack pgcleation
at P.S.B.'s has also been observed in single crystals. The early work of

(18)

Patterson(17)and Kemsley and Patterson showed that crystals oriented
for easy glide displayed, after cyclic straining, a fine homogeneous

distribution of slip lines while crystals oriented so that the axis of
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cyclic strain lay near [111] developed slip bands in which the slip was.
coarser (Figure 11). The regions between the clustered slip bands were
almost free of dislocation activity, an observation also noted by.
WOOdS(ZS). Although slip markings were predominantly due to slié on
the primary system faint cross-slip markings were found on the surfaces
of crystals strained in directions near [111].

(13)

The work of Roberts and Honeycombe on aluminium single crystals
supports the work on slip band development in copper. The development
of slip markings on the surface of aluminium single crystals does not
appear as pronounced as in copper but the slip markings were of the
Primary slip system: Although the slip markings developed during the
early stages may have contained some cross slip markings, these could
be obliterated during the test. Certainly, subsequent electropolishing
and testing showed that the slip markings produced later in life were
due to slip on the primary slip system. The role of cross-slip in the
nucleation of fatigue cracks in f.c.c. single crystals is to promote
a more rapid development of the fatigue crack by reducing the micro-
scopically reversed slip at the crystal surface.

| Kemsley and Patterson(s)attempted to extend their observations
concerning the early stages of fatigue to cover crack propagation by
ﬁostulating that the processes occurring at the crack tip are the same as
‘those at a free surface, accelerated by the stress raising effect of the
notch. This approach must be a considerable simplification since the
interaction between slip bands and smooth specimen sides produces crack-
ing on a primary slip plane which is inclined to the tensile axis and
near to the plane of maximum shear stress, while crack propagation from

4

a notch frequently occurs at 90° to the tensile axis. Lair has

suggested that Stage I and Stage II crack propagation mechanisms are
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variations of the same process, with the change in opening mode being
controlled by the relative amplitudes of thé tensile and shear components
of the crack tip stress field.

Since Stage I crack propagation is usually slow, very little
@etallographic evidence is available to describe the effect of orientat-
ion on the process. However, if Stage I propagation is, as Laird(s)
Suggests, a variation of the Stage II '"sliding-off" model, then the
ideas postulated concerning Stage II propagation should be applicable

also to Stage I. Indeed, McEvily and Boettner(zg)

noted that ostensibly
flat crack propagation in their aluminium single crystals could occur
‘aé the crack path alternated between two {111} fracture planes.

The results of McEvily and Boettner showed slip band markings con-
sistent with cross slip occurring in intersecting bands at the crack
tip to produce increments of crack propagation. This idea has been
extended by'Neumann(So’Sl) to describe Stage II propagation in terms of
strain bursts along intersecting slip bands at the crack tip. This view
1s consistent with the plastic bluntM7 mechanism postuléted by Laird
and Smith(sz) which also involves shear in banas at the crack tip at
45° to the plane of crack propagation. Clearly both models involve the
concept that Stage IT propagation occurs via intersecting cross slip
Processes at an angle to the crack plane.

Neumanncsl) has recently published a systematic analysis of the
effect of crack plane orientation on the fracture surface appearance of
fatigued copper single crystals. By tesfing notched samples in 4-point
bending the crack plane and crack propagation direction should be clearly
defined. It was observed that the only crack planes which gave macro-

scopically flat fracture surfaces were the {100} planes. Propagation on

these planes in either the <100> direction, (notch root parallel to the
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<010>), or the <110> direction, (notch root parallel to the <110> direct-
ion), was found to give flat fracture surfaces with reasonably straight
crack front striations (Figure 12). According to the coarse slip model,
fatigue crack propagation occurs by slip in alternating coarse béﬁds at
‘the crack tip to cause separation. The crack front should therefore be
determined by the intersection of {111} planes, i.e., the microscopic
crack front should be aligned along a <110> direction. For a crack to
have a macroscopically straight front therefore it should consist of
segments of two different <110> directions. Neumann observed that crack
Propagation in the <100> direction produces striations that are macro-
scopically parallel'to <010> but consist of small segments parallel to
the <110> directions (seq Figure 13). Similar results were also obtained
by Donch and Haasen(ss) for copper single crystals.

Stage I propagation is often described as crystallographic crack
Propagation since it produces faceted fracture surfaces which can be
shown to be approximately aligned with the {111} primary slip plane.
Leverant and Ge11(34) showed that the mode of propagation .in cube

~oriented nickel superalloy single crystals is a function of the strain
rate and temperature of testing. Other work(zs) on Ni-based superalloy
single crystals tested at 30° to the <100> concluded that strain was
dccommodated in bands parallel to the primary slip plane and that prop-
agation occurs due to the tensile stress at the crack tip.

The role of orientatién in Stage I propagation has also been

investigated in aluminium alloy single erstals(36)

(38)

, copper cobalt

a110y(37) and copper single crystals (36)

Nageswararao and Gerold
showed that smoother fracture surfaces were obtained when propagation
occurred in the <101> direction on the {111} plane. Propagation in other

directions, induced by notching produced‘rougher fracture surfaces. The
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influence of cross slip in Stage I propagation was emphasised by Meyer,
Gerold and Wilhelm(37) who noted that propagation in slip bands is a
thermally activated process, requiring an activation energy similar to
that necessary for cross slip. The facets obtained on the Stage 1 fract-
ure surfaces of copper single crystals(38) were found to be within * 6°
of the {111} primary slip plane. Propagation along the {111} plane was
attributed to cyclic softening process requiring to and fro motion in

the slip bands ahead of the crack tip.

2.3.4 Quantitative Aspects of Fatigue Crack Growth in f.c.c. Single

Crystals

Although very little evidence exists with regard to the quantitative
effect of orientation on'the fatigue of f.c.c. single crystals, the
metallographic evidence discussed in Section 2.3.3 suggests that crack
propagation should be accelerated by increasing cross-slip. The experi-
mental evidence, however, does not completely confirm this and the
situation is somewhat confused. A major problem in analyging fatigue
crack propagation data arises from the statistical aspect of the
failure process(sg), such that statistical Variétions in propagation
rates may obscure orientation effects.

McEvily and Boettner(zg) correlated Stage I crack growth rates with
the orientation dependence of cyclic hafdening rates. Tension-compression
testing of aluminium single crystals showed that crystals oriented so
that the stress axis lay near the <100>-<111> boundary of the stereo-
graphic triangle had faster propagation ;ates than crystals of soft
orientations. The growth rate in one crystal with the stress axis lying
5° away from the <100>-<111> boundary was an order of magnitude greater

than in a crystal which had the stress axis over 10° away from the

<100>-<111> boundary.
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It has been postulated that crack growth at intermediate growth

rates should follow the Paris(ll) equation:

da _ con®

Orientation effects in single crystals should therefore cause variations
in the parameters C or m. Donch and Haasen(33) analysed Stage I growth
in copper single crystals of two orientations in this manner (Figure 14).
Orientation E produces deformation by single slip while crystals of
orientation D deform by duplex slip. The authors quote values of the
ekponent in the Paris equation as 3.8 for E-oriented crystals and 4.5
for crystals oriented for’ duplex slip from their results.

Crack propagation in notched copper sihgle crystals deformed at
Toom temperature and liquid nitrogen temperature was also examined by
Ishii and Weertman(40). Their data showed that crystals having the
same shear stress on the primary slip plane could display different
rates of crack propagation as a function of the stress on fhe secondary
slip systems (Figure 15). Analysing the crack‘propagation data in terms
of the Paris equation, where the stress intensity range, AK, was calculated
from the applied tensile load, showed that the exponent m varied from
3.5 to 6 as a function of orientation at room temperature but was a con-
Stant at liquid nitrogen temperature. The value of C was found to vary
with respect to orientation at both temperatures. The larger m values
were found in crystals oriented near the <100>-<111> boundary which
agrees with the results of McEvily and Boettner(zg).

Similar variations were not observed in single crystals of copper-

aluminium, a planar slip material. The reduction in the orientation



- 19 -

effect by a decrease in stacking fault energy or by a decrease in
temperature can be explained in terms of changes in the ease of cross

slip. Ishii and Weertman(4o)

noted that the crack propagation rate was
dependent on the shear stress on the cross slip plane. The variation of
C is a little more difficult to explain. It would seem at first that

the orientation effects could influence C through its dependence on the

elastic modulus, E. Weertman(41) has suggested

C = (———2L ¢ o2B)7}

waever, as Ishii and Weertman note, the temperature dependence of the
elastic moduli is negligible and therefore the same variation of C should
be observed at room temperature as at liquid nitrogen temperature. The
Teality is that C is more strongly dependent on orientation at the

lower temperature.

The data of Santer and Fine(42) on single crystals of Al-3.6wt%Cu
alloy suggest that crack propagation rates are independenf of orientat-
ion. They did note, however, that crystals of'Orientations near <111>
tensile axis required an order of magnitude longer to produce a crack

of length 0.15 mm from a starter notch than crystals of softer orientat-
ions,

Yeske and Weertmancss’ 43)

analysed crystallographic crack propa-
gation in copper single crystals. Stage I crack propagation, they con-
cluded, is only weakly dependent on oriehtation (Figure 16). ‘They stated
that the reproducibility of propagation rates in crystals of a given
orientation was quite good with the data from each orientation being

confined within a small scatter band. It would appear, therefore, that

although Stage I growth in copper single crystals is orientation-
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dependent it is not as strongly dependent as was suggested by Ishii and

Weertman(4o),

2.4  Fatigue of b.c.c. Single Crystals

Slip of dislocation in body centred cubic crystals is similar to
slip in face centred single crystals. Before discussing the fatigue of
b.c.c. single crystals it is necessary however, to draw attention to two

prominent differences between slip in the two types of structures.

(i) In b.c.c. crystals, slip is not confined solely
to the closest-packed planes as it is in f.c.c.

crystals.

(ii) 1In b.c.c. crystals, there exists the possibility
of asymmetric slip, such that for a given crystal
orientation, slip of screw dislocations may occur
on one plane in tension but on a different one if
the crystal is under compression along the same

(46)

axis

Despite the relative ease of cross slip in b.c.c. crystals, a
greater degree of anisotropy is exhibited in fatigue in comparison with
f.c.c. single crystals. The major anisotropic effect is, therefore,
caused by asymmetric slip and not, as in the case of f.c.c. crystals,

by the confinement of slip to close-packed planes.

2.4.1 S-N Data for b.c.c. Single Crystals

In early experiments on fatigue of iron (.006%C) crystals in bend-

ing fatigue, Hempe1(44) found little effect of orientation upon the
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S-N curve. He plotted the macroscopic fatigue bending stress against
the number of cycles to failure and suggested that the experimental data
could be represented by a single curve (Figure 17). It was pointed out,
however, that since slip in b.c.c. crystals is not confined to cidsest—
Packed planes the applied stress should be resolved onto the operative
{112}, {101} or {213} slip plane with a <111> slip direction. If this
was done for the crystals which were used, it was found that for the
Same applied bending stress the shear stress resolved onto the operative
slip plane would be the same to within 10%. Hempel's data have been
reanalysed by Kettunen(ls) and presented in terms of the resolved shear
stress amplitude of the operating pencil glide or {101} slip systen,
(Figure 18). Also shown in this Figure are the S-N curves for poly-
Crystalline material (with the shear stress determined from the applied
- Stress using the appropriate Taylor factor) which seem to agree quite
closely with the single crystal data. Kettunen concluded that the
fatigue behaviour of b.c.c. -iron and f.c.c. - copper single crystals is

very similar. Such a comparison may be misleading for two reasons:

(a) As already cited, only a limited range of orientation
factor is involved in relating the macroscopic bending
stress to the resolved shear stress. No data come
from orientations of the stress axis near <110> where
the Schmid factor is only 60% of that for the crystals

tested.

(b) The purity of Hempel's crystals is not directly speci-
fied but the polycrystalline iron prior to strain
annealing contained 480 ppm oxygen plus other inter-

stitial solutes. Nine(45) has recently shown that the



- 22 -

impurity content of b.c.c. Niobium single crystals is
important in determining the slip characteristics in
fatigue. In particular, oxygen was found to have the
ability to inhibit asymmetry of slip and to produce

persistent slip bands at the surface, similar to the

P.S.B.'s observed on fatigued copper crystals.

Therefore, the results of Hempel must be treated with caution with
regard to the orientation effects in the fatigue of b.c.c. single cryst-

als. Work on single crystals of iron(46’ 47, 50) (48) and

, molybdenum
niobium(44’ 49, 50, 51), has demonstrated the effect of asymmetric slip
in the fatigue of b.c.c. metals. Mughrabi and Wuthrich(SI) suggested
that the fatigue limit of iron single crystals may be ascribed to the
to-and-fro motion of edge dislocations at low stresses. Increasing

the stress range should produce motion of screw dislocations which

would lead to asymmetric slip and failure.

Nine( >) proposed that the sole cause of anisotropic fatigue
Pr0pertie§ in b.c.c. crystals is the asymmetry of slip in this structure,
since the greater ease of cross slip in b.c.c. crystals should render
them relatively more isotropic than f.c.c. single crystals. Asymmetric
slip produces rapid development of localised fatigue damage and hence
accelerates failure. Asymmetry of slip occurs when crystals are orien-
ted such that the resolved shear stress on the operative slip plane is
far greater than on any other slip plane. The asymmetry derives from
the asymmetry in the critical resolved shear stress necessary for screw
dislocation glide on the various systems. The relationship between the

Critical resolved shear stress was described as:

<111>(112) (soft direction) € <111>(C11) < <111>(112) (hard direction)
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The degree of asymmetry of slip displayed by a single crystal in
fatigue can be correlated with a decrease in fatigue life. Nine(46’47)
showed that crystals of iron fatigued in torsion display asymmetric slip
behaviour if the stress axis is near <123> but not if the stress axis is
near <112>. The corresponding fatigue lives at a surface shear strain
of £ 0.002 were 3.0 x 10° for the specimen deforming by asymmetric slip
and 3.7 x 10° for the <112> oriented crystal deforming with symmetric
slip. This applied strain is only slightly greater than the lowest
strain which was found to cause fatigue failure (¢ 0.0018).

Results from fatigue tests of iron, molybdenum and niobium single
QrYStaIS(SO’Sl) have shown that accelerated failure occurs due to rapid
localised damage and that large unreversed strains (v 1) may be produced
prior to crack nucleatio;. This process of accelerated nucleation may
be inhibited by suppressing asymmetric slip. In niobium, it was found
(45) that asymmetry of slip could be suppressed by the concentration
of interstitial solute elements and that the resulting surface deformat-
ion (Figure {9) resembled the persistent slip band features found on
the surface of fatigued copper crystals. The S-N data from Nine's
work are reproduced in Figure 20. It is immediately obvious that while
no distinct S-N curve can be drawn through any set of points the data

can be divided into two quite separate distributions with the crystals

which had deformed by asymmetric slip consistently show poorer fatigue

lives.

2.4.2  The Cyclic Response of b.c.c. Single Crystals

The effect of asymmetric slip upon cyclic hardening has also been

(51) (48) (50)

investigated in iron molybdenum and niobium single crystals.

Mughrabi and Wuthrich(SI) examined the éyclic stress-strain curve of
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iron single crystals and recorded a three-part curve (Figure 21). A
small amount of cyclic plastic strain may be accommodated by the to-and-
fro motion of edge dislocations in the same plane. At intermediate
levels of cyclic plastic strain, slip over greater distances is réduired.
This results in the immobilisation of edge dislocations by dislocation
reactions, a greater dependence on the motion of screw dislocations
and the necessity for an increased rate of dislocation multiplication.
This behaviour is reflected in the cyclic stress-strain curve by a
large increase in the rate of cyclic work hardening and in an increasing
asymmetry of slip. In Figure 21(b) the way in which the degree of slip
asymmetry is dependeﬁt upon the applied cyclic plastic strain is shown.
The measure of asymmetry }s derived from the changes in cross-sectional
shape which develop when crystals of originally circular cross-section
are fatigued. In the region of higher applied strain the cyclic hard-
ening rate levels off, even though the degree of slip asymmetry is
quite high, it no longer increases with the applied cyclic strain range.
Mughrabi and Wuthrich(SI) described the deformation mechanism in
region C as irreversible cyclic macrostrain, It was suggested that
Tegion A, described as quasi reversible microstrain, describes fatigue
deformation below the fatigue limit. The transition from region A to
region B should, therefore, define the fatigue limit. This agrees with
the work of Nine(45) who found that fatigue failures in iron single
Crystals did not occur if the applied surface shear (in torsion) was
below *+ 0.0018.

Etemand and Guiu(48) performed cyclic hardening experiments
between constant total strain limits on molybdenum single crystals of
two orientations with <100> and <110> tensile axes, respectively.

Their results showed that flow stress asymmetry existed in crystals
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oriented in either direction whenever cyclic plastic straining occurred.
The cyclic stress-strain curves which were derived from the saturation
values of the stress-strain hysteresis loop, are shown in Figure 22.
At lower plastic strain amplitudes the hardening rates of crystaié of
both orientations were very similar but at stresses greater than
300 M¥m-2? crystals of the<lOOsorientation exhibited a work hardening
rate which was significantly greater than that of <110> oriented
Crystals. It is at this stress that the monotonic deformation curve
exhibits a proportional limit. As the cyclic plastic strain amplitude
increased the asymmetry of the saturation stress also increased, with
-he crystals of <100> orientation showing a greater effect than those
of <110> orientation. It should be remembered, however, that the
Schmid factor for the <110> stress axis orientation is approximately
60% of that for <100> stress axis orientation. Dﬁe to the coincidence
of the monotonic proportional limit, the cyclic stress level at which
rapid cyclic hardening begins and the appearance of saturation stress
asymmetry it may be concluded that the asymmetric cyclic behaviour of
molybdenum singie crystals is very similar to that described by
Mughrabi and Wuthrich(SI) for iron single crystals.

Doner et a1(49) investigated the cyclic hardening response of
niobium single crystals of three orientations, (Figure 23). They

Suggested that a unique cyclic stress strain curve exists for niobium

of the form

where the stresses are resolved onto the {101} <111> slip systems since
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metallographic evidence indicated that the crystals deformed by these

(45,51) 14 it is

Systems only. This is in contrast to other results
Possible that the purity of the crystals was such as to inhibit asymmetric
deformation. It should be noted, however, that this does not maké the
fatigue properties independent of orientation since, in a similar manner

' to the behaviour of f.c.c. crystals, the restriction of slip to well
defined crystallographic planes renders the fatigue properties anisotropic
in a manner consistent with the symmetry of the cubic system. Despite

the symmetrical slip observed in this investigation, the hardening rate
of the niobium crystals was reported to be lower than that in copper
Crystals and this was attributed to the ease of cross slip of screw dis-
locations in the b.c.c. structure.

2.4.3 Phenomenological Aspects of the Nucleation and Growth of Fatigue

Cracks in b.c.c. Single Crystals

The most easily identifiable difference between f.c.c. crystals and
b.c.c. crystals in fatigue is the shape change induced in the cross

section of b.c.c. crystals oriented for asymmetric slip. Such shape changes

(46,51,52) . (46)

have been observed in iron, niobium and molybdenﬁm
showed that iron single crystals oriented along {123} and fatigued in tors-
ion exhibited heavy localised deformation at two positions, 180° apart over
the cross section of the crystal. The éffect of such asymmetric slip

has been explained in the work of Mughrabi and Wuthrich(SI)and Neumann(sz)
for iron and niobium, respectively. Mughrabi and Wuthrich showed that

as long as asymmetric deformation is occ;rring the degree of eilipticity
increases with each reversal, the positions of the major and minor axes

of the ellipses are determined by the projection of the Burgers Vector

of the screw dislocations on to the cross section of the crystal.

The change in shape of the crystals, as a function of
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accumulated plastic strain is shown in Figure 24. At larger strain
amplitudes the crystals also deformed into an S-shape, a feature obser-

(52)

ved by Neumann after push-pull cycling of niobium single crystals.
This effect is due to the interaction of asymmetric slip and the'éon—

Straints can only be relieved by deformation on systems other than the
one activated by the cyclic stress(SI).

The movement of material during fatigue of b.c.c. single crystals
has been observed by Nine(45) using a technique which employed fiducial
marks parallel to the long axis of crystals fatigued in torsion.

Figure 24 shows the motion of material around the circumference of
torsional fatigue specimens as a function of azimuthal angles. The
positions of asymmetric slip can be determined by plotting the relative
resolved shear stress for the possible slip systems as a function of
the azimuthal angle about the crystal. When this was done it was found
that the heavy asymmetric slip lines were located at positions corres-
ponding to the maxima of the relative resolved shear stresses. The
number and positions of such maxima are functions of the orientation of
the crystals. For the torsional fatigue experiments of Nine(so) it was
Teported that crystals, oriented near the <123> axis displayed two very
strong azimuthals, crystals oriented near the <110> display four, some-
what weaker azimuthals, while crystals oriented near <112> showed no
signs of asymmetric slip.

The large localised strains accumulated during asymmetric slip
Provide sites suitable for fatigue crack nucleation. The slip marking
of crystals oriented along <001> have been reported(so’ss) to be much
less severe and less localised than those on the surface of a crystal

oriented along <123>. The rapid development of slip markings due to

asymmetric slip accelerates fatigue crack nucleation and is reflected
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in the shorter fatigue lives of crystals which deform by asymmetric slip.

Mughrabi and Wuthrich(SI) pointed out the possible technological
significance of accelerated nucleation due to asymmetric slip in poly-
crystals. In the interior of a polycrystal the deformation undergbne
by any given grain is determined by the applied stress or strain state
and the requirements of stress/strain compatibility across grain
boundaries. However, at the specimen surface, these constraints are
relaxed and significant surface rumpling can occur. In polycrystalline
a-iron after fatigue, micro-cracks were found to nucleate at grain
boundaries. The strain rate dependence of the susceptibility to grain
boundary cracking suégests that it is related to the asymmetric prop-
erties of b.c.c. metals.

It is always difficult to extend the evidence from work on pure
single crystals to polycrystalline materials of technological importance.
It will certainly be important to determine if asymmetric slip plays a
role in the fatigue cracking of technologically useful b.c.c. metals.
Nine(45) and Doner et al(so) fatigued niobium single crystals which
did not show asymmetric slip and both found the surface markings to be
similar to those found on copper crystals, giving rise to fatigue crack
nucleation in persistent slip bands. It is possible, therefore, that
asymmetric slip would be suppressed in less pure b.c.c. metals and
hence produce a weaker orientation dependence of fatigue properties
than observed in pure single crystals.

Very little evidence exists in relation to fatigue crack_growth
in b.c.c. single crystals. Recently it was demonstrated(54) that
fatigue cracks in Fe-3%Si grew in accordance with the '"coarse-slip"

(31)

mechanism. Previously, it had been shown that this mechanism

Operated during fatigue of copper single crystals. The conditions
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required to produce flat fracture surfaces with straight crack fronts
are not as severe in Fe-3%Si as in copper and it is postulated that a
number of configurations are possible. In the later work however,
another feature of fatigue fracture that is not observed in f.c.c.
metals was observed, fatigue cracks in Fe-3%Si were found to propagate
at larger crack opening displacements by a cyclic cleavage mechanism,
which produces {100} brittle facets on the fracture surface.

Rieux, Driver and Rieu(ss) using a technique similar to that of
Neumann, have examined the rate of crack propagation in single crystals
of austenitic and ferritic stainless steel single crystals. By testing
the crystals in 3—point load controlled bending they were able to con-
trol the macroscopic fracFure plane and the macroscopic direction of
crack propagation. In accordance with the results of Neumann(SI) it

was found that macroscopically flat fracture surfaces were obtained for

{100} fracture planes in the austenitic alloy. However, it was also

noted that flat fractures could be obtained by fatigue crack propagat-

ion on {100} planes in the <011> direction and also on {110}<111> and

{112}<110>, combinations of crack plane and direction of propagation

which according to the 'sliding-off' theory of Neumann, should not
Produce macroscopically flat fractures. It was also noted that in

both the f.c.c. and the b.c.c. crystals the orientations which produced
the most rapid crackxpropagation also developed macroscopically flat
fracture surfaces. Rieux et al consider that the process of fatigue
crack growth is due to the accommodation of strain at the crack tip by
shear in two bands which are inclined to the stress axis. The theory

is similar to that of Neumann ekcept that the strain is accommodated not
by slip on single planes but ky multiple slip in narrow bands. Analysis

of the slip processes in the two bands in terms of the allowable slip
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modes seem to produce reasonable agreement between the crack orientations
which should produce plane strain conditions at the crack tip and those
orientations which were observed to produce macroscopically flat

fracture surfaces.

2.5 Summary of Fatigue of Cubic Single Crystals

2.5.1 S-N Data

Although it is not possible to quantify the effect of.crystal
orientation upon S-N curves it is clear that the stress amplitude life
relationship is orientation dependent for both face centred and body
centred cubic metals. In b.c.c. crystals asymmetric slip produces more
rapid failure whileZ?Tc.c: single crystals and b.c.c. crystals in which
asymmetric slip is inhibited, S-N relationships are exhibited which can
be reduced as a first approximation to an S-N curve in which the stress
parameter is the resolved shear stress amplitude on the primary slip
Plane. 1In a similar manner the fatigue limit of metal single crystals

of both structures has been shown to be orientation dependent.

2.5.2  The Cyclic Response of Cubic Single Crystals

The rates of cyclic hardening in cubic single crystals have been
shown to be orientation dependent. The cyclic work hardening rate of
b.c.c. single crystals in which asymmetric slip is possible can be
correlated with the degree of asymmetry'of slip. In face centred
Structures the cyclic work hardening rate increases with slip.activity
On secondary slip systems and cystals oriented with the stress axis
near to the <100>-<111> boundary harden more rapidly than those crystals

oriented initially for easy glide. The amplitude of the resolved shear
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Stress at saturation appears to be a function of the applied shear strain
amplitude only for f.c.c. crystals. For b.c.c. crystals the possibility
of asymmetric slip produces an orientation dependence of the saturation
shear stress amplitude, and hence, also of the cyclic shear stress-
strain curve. Since most of the data pertaining to the cyclic response
of single crystals have been obtained using orientations which deform
~initially in single slip the effect of multiple slip on the cyclic
Stress-strain curves of single crystals and polycrystals is difficulttaaﬁzqa&
Although such comparisons have been made it would be better possibly to
compare the cyclic stress-strain curves of polycrystals of different
textures and to produce the cyclic shear stress-shear strain curves
using the appropriate Taylor factors. These may be calculated directly

from texture measurements(56).

2.5.3  Phenomenological Aspects of Nucleation and Growth of Fatigue

Cracks in Cubic Single Crystals

The nucleation of fatigue cracks in cubic single crystals is
accelerated by local irreversibility of plastic strain, this produces
@ notch-peak topography of a form which can provide'sites for fatigue
crack initiation. In some orientations of b.c.c. single crystals
highly localised surface damage is rapidly accumulated as a result of
asymmetric slip. In f.c.c. single crystals fatigue cracks nucleate
in persistent slip bands at free surfaces and more rapid nucleation occurs
with increasing amounts of cross élip. The rate of development of a
notch-peak topography within a slip band has been shown to be orientat-
ion dependent in that surface damage accumulates more rapidly as the
shear stress on the cross slip system increases.

Metallographic evidence indicates that fatigue crack propagation in

cubic single crystals is a crystallographically-controlled process.
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Stage I crack propagation occurs along slip bands, which in f.c.c.
Crystals form parallel to the <111> primary slip planes. Stage II

crack propagation in cubic single crystals appear to be satisfactorily
described by the "plastic-blunting'" or "coarse-slip'" models which

require the activation of two intersecting slip systems at the crack tip.
The influence of crystallographic orientation on Stage II fatigue crack
Propagation in single crystals is highlighted by the stringent conditions
Tequired to produce macroscopically flat fracture surfaces and straight
crack fronts in single crystals of copper and iron-silicen. The
appearance of facets on fatigue fracture surfaces has been recognised

as a product of crystal orientation although such facets may not

necessarily be produced by a true cleavage mechanism.

2.5.4  Quantitative Aspects of Fatigue Crack Growth in Cubic Single

Crystals

Due to the lack of available data to correlate fatigue crack growth
Tates with crystal orientation in b.c.c. single crystals the fqllowing
remarks apply to crack growth in f.c.c. single crystals. Stage I
fatigue crack growth rates are more rapid in singlevcrystals in which
the stress axis lies close to the <100>-<111> boundary of the stereo-
graphic triangle. This is reflected in the value of the 'm" parameter
in the Paris equation. It has been’§u§gested, however, that although
fatigue crack propagation rates in f.c.c. single crystals are orientat-

ion dependent, this dependence is rather weak.

2.6  Fatigue Behaviour of Textured Polycrystals

2.6.1 The Interaction of Texture and Fatigue in Cubic Metals

Very little attention has been paid to the effects of preferred
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orientation (crystallographic texture) on t he behaviour of cubic poly-
Crystals under cyclic loading. It is usual to analyse polycrystalline
Properties in terms of a random aggregate of crystals. While this
approach has met with some success, it must be recognised that thermo-
Mechanical processing can induce significant anisotropy due to the

(56). Bhat and Laird(zz) analysed polycrystal-

deVelopmenf of textures
line data in terms of the resolved shear stress and shear strain by
using a Taylor factor of 3.06 and showed that the cyclic stress-strain
Curve which they obtained agreed quite well with the curve obtained
from a single crystal orienteg for slip on one system only. It is
obvious, therefore, that if the Taylor factor M is not an isotropic
Property, which will be the case for textured materials, the macro-
‘'Scopic cyclic stress strain curve (applied longitudinal stress -
longitudinal strain) will be determined by the relative orientation of
the stress-strain axes to the principal comﬁonents of the texture.

Some reports have indicated that, in a manner analagous to metal
working, not only does texture affect the bulk properties in fatigué
but that the fatigue process itself may induce some degfée of preferred

Orientation(57’58)

, (it has also been reported that the development of
texture could be used to monitor fatigue damage although this approach
does not appear to be very successful(sg)). Hayashi and Suzuki(57)
Monitored texture changes in polycrystalline copper under fully reversed
loading and concluded that fatigue tends to randomise the texture. 1In
Contrast Inakozu and Yamamoto(ss).found that under torsional fatigue

the most stable orientations were {110}<111> and that grains of other
Orientations tended to rotate towards {110}<111>, They suggested that
the endurance limit was controlled by the texture with the stable

: . . . . : . 58
Orientation resulting in a higher endurance limit. Inakazu and Yamamoto( )
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correlated the instability of texture with the more rapid crack nucleat-
ion in those specimens by postulating that grain rotations require
increasing components of cross slip, which,once activated, produce the
topography required for crack nucleation.

There exists, therefore, confusion with regard to the development
of texture.during fatigue of f.c.c. metals. The work of Hayashi and
SUZuki(57) can be criticised on several points, despite the apparent
agreement between their experimental data and theoretical calculations.
Axisymmetric textures were assumed and on this basis texture measure-
Ments were made on composite §pecimens cut at 45° to the axis of the
fatigue spécimén. The pole figures shown for initial material do not
entirely support this view. The computed and experimental textures were
Compared after 10, 50 and 100 cycles at 0.7% strain. These are quite
Small fractions of life at this strain and are probably not sufficient
to allow the detection of the development of a particular preferred
Orientation. However, it would be possible to observe material rotating
away from an unstable orientation. Thus it is possible that the random-

(58)

isation observed by Hayashi and Suzuki is the flow of material
towards more stable orientations. It is obvious that many more data

are needed to clarify the development of preferred orientation during

fatigue.

2.6.2  The Effect of Texture on the Fatigue Lives of Cubic Metals

A most comprehensive investigation of textured effects was reported
by LeMay and Nair(6o’61’62). Three f.c.c. materials were tested,
Namely, aluminium-2.5%magnesium, tough pitch copper and super pure

aluminium, in fully reversed bending. By cutting specimens parallel to

either the rolling direction or the transverse direction of the sheet
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Specimens were tested which were identical in all aspects save orientat-
lon. Typical results are shown in Figure 25. The cold rolled sheet
materials displayed {110}<112> textures, the annealed aluminium alloy
exhibited a random tekture while annealing of the copper produced
‘{100}<001> ("cube'" texture). The transverse proportions of the cold
rolled material are seen to be consistently better than these in the
rolling direction, while the S-N curves for the annealed materials are
found to be coincident. On the basis of these findings, LeMay and Nair
Postulated that the effect was due to texture and not some form of
microstructural inhomogeneity. While it is probable that this is
Correct it 'is important to point out that these experiments did not rule
out effects of microstructural anisotropy arising from variations in
8rain shape. In the cold rolled specimens the structures at 0° and 90°
differ, not only in texture, but also in grain size (intercept parallel
to the stress axis), in the annealed materials the structures are

identical in terms of texture and grain size intercept.

2.6.3  Phenomenological Aspects of Fatigue Failure in Textured Cubic

Materials

The work of Nair and LeMay established that the modes of crack
initiation and propagation are determined by the crystallographic text-
ure. In cold rolled materials, cracks initiated by the link up of
Many surface micro cracks, presumably along substructure cell boundaries
as described by the "H-mechanism" of Wood(s). In the annealed cube-
texture copper crack nucleation occurred'by the development of pérsist-
€nt slip bands in the randomly-textured alloy surface damage consisted
of both types, the "H-mechanism' being more prominent at higher stress

levels(61). It was also found that the mode of crack propagation can be
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influenced by texture, in particular the transition from Stage I to
Stage II propagation., This is presumably due to the constraints imposed
on the crack tip stress field by the texture. Thus in cube textured
Specimens tested along the cube directions shear is easily accommodated
on the {111} planes and,hence,Stage I crack growth is preferred to
Stage II gfowth. This is, of course, an oversimplification of the
Problem as in even very severe textures only a small fraction of the
Material is suitably oriented, (e.g. for a very severe cube-texture
copper less than 25% of material is oriented within 10° of‘the'{OOI}
<100> orientation(ﬁs)). It does, however, indicate the mechanism by
which preferred orientation may control crack initiation.

Nair and LeMay came to the apparently erroneous conclusion that
‘texture affects the fatigue behaviour of f.c.c. metals by its influence
On ductility. They proposed that the mechanism of fatigue crack
Propagation contains "a ductile component...and a brittle fracture
ComPonent"(62). They suggested that the orientation of each grain with
Tespect to the stress axis encourages one mode or the other. Grains
Oriented to promote shear fail by cyclic slip while grains of other
Orientations may adopt a tensile cracking mode. It was also pointed
Out, however, that textural influences could be greater than the
effect of stress magnitude, which suggests that the constraints imposed
by preferred orientation serve to modify the conditions imposed by the
applied stresses,possibly on a scale greater than the grain size. .
(Such a modification of the cyclic plastic zone at a crack tip has been
Observed in a titanium alloy by Tchorzewski and Hutchinson(64)).

While it may not be possible to consider crack propagation in terms
Of localised events, the nucleation and very early growth of fatigue

Cracks have been correlated with the orientation of individual grains.
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Amell and Teer(65), using an X-ray microbeam technique, showed that
topographic development at surface grains was consistent with the slip
Systems that would be activated in a single crystal of that orientation
under the same applied stress, except in grains in which the stress axis
lay near the <100>-<110> boundary of the triangle. Then the secondary
slip Systeﬁ which was activated appeared to be the conjugate rather than
the critical slip plane. It was noted that cracks could be initiated
In grains of almost any orientation (nucleation is difficult near <111>),
but that microcracks which nucleate in grains oriented for multiple slip
do not propagate due to the greater ability of these grains to harden.
The more rapid propagation of cracks nucleated in grains oriented such
that the stress axis lies in the cehtre of the stereographic triangle
Suggests that these grains are effectively fatigued under higher strain
amplitudes than those grains of harder orientations.

Nair and LeMay observed that the fracture surfaces of cube-
Oriented specimens were featureless in comparison to the fracture
Surfaces of specimens in which propagation occurred by Stage II propégat-
lon. This is consistent with the usual lack of features 6n the fracture
Surfaces of Stage I failures. Indeed Laird(3) has commented that it is
Precisely this lack of evidence that makes analysis of stage I failure
SO speculative. It is recognised that Stage I failure occurs on slip
Planes, probably by a variation of the sliding-off mechanism. However,
the appearances of a crystallographically faceted fracture surface does
Mot necessarily imply failure in the Stage I mode. Flat crystgllographic
facets have been observed on fatigue fracture surfaces of aged aluminium

(66) (67)

alloys. Etch pitting and X-ray diffraction techniques confirm

that the facets are parallel to the {100} crystal planes. Forsyth

6 .
et al( 6) in 1962 suggested that crack propagation occurred by a
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mechanism which involved two competing processes, producing a zone of
ductile fracture and a zone of brittle cleavage within each fatigue
Striation. Garrett and Knott(67) found facets on the fatigue fracture
surface of another aluminium alloy. Although their micro-diffraction
data indicated that the facets were produced by a fracture mechanism
which involved very little plastic deformation, crack propagation by
Cleavage was discounted on the basis of environmental effects. It was
Postulated that cube-oriented facets are produced under conditions of
restricted slip, requiring dislocation interactions on two intersect-

ing {111} planes at the crack tip to produce a crack advance on a {100}

-

Plane,
Similar crystallographically dependent mechanism have been shown

(68)

1o operate in b.c.c. materials. Fukui et al observed that fatigue
¢rack propagation in iron-3% silicon tended to occur on {110} or {100}
Planes. Crack propagation which is initially inclined to these planes
tended to produce a curved surface so that the crack plane bent around
until it became parallel to the crystallographically specified plane.
Because of this tendency the striation pattern was somewhat complex but
the striation direction was identified as being parallel to the line of
intersection of the macroscopic fracture plane and the {110} or {100}
Planes, It was not possible to ascribe any particular mechanism to
this crystallographic mode of failure bﬁt it was suggested that the
Phenomenon could be generally accounted for by a modified version of

(69)

the sliding-off mechanism. Richards who also investigated the

L 4
fatigue of iron-silicon, found that the fracture surface topography
Was a function of the orientation of the stress axis with respect to
the texture. Using sheet specimens, Richards noted that flat, 90°

fracture was obtained only in specimens parallel to the <001> components

0f the Goss-textured material and that fatigue striation spacing could



vary widely from grain to grain. (The grain size of the Fe3%Si was

Teported as 3.85 mm.).

2.6.4 Quantitative Aspects of Fatigue Crack Propagation in Textured

Cubic Metals

(68)

The fractographic observations of Richards mentioned in the
Previous section, suggest that crack propagation rates in iron-silicon
Mmay be texturally controlled. The crack propagation dataare reproduced
in Figure 26. Correlating the experimental data to a Paris type
€quation Richards noted that the m parameter varied between 2.4 and 4.6
although this variation canno£ be systématically correlated with the
texture, ,

Slip line studies indicated that flat fracture surfaces were pro-
duced under conditions of plane strain. The ability of the texture to
linit the in-plane deformation, for certain orientations of the stress
axis, produces slant crack growth. Growth of fatigue cracks oriented at
an acute angle to both the through thickness direction and the stress
axis require slip in the through-thickness direction and produce crack

(70). It

OPening displacements that are not parallel to the stress axis
has been shown that mixed-mode opening results in more rapid crack
Propagation(7l), although the data of Richards do not agree with this
Simplification, i.e. flat, 90° fractureg were produced by fatiguing
Specimens at 0° to the rolling direction and yet these specimens
displayed the highest crack propagation rates. Similar effects have
also been observed in thin copper sheet fatigued in cyclic teﬁsion(72),

it is clear that fatigue crack growth in cubic metals, at least in thin

Sheet, can be significantly affected by texture.
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2.6.5 Fatigue Anisotropy in Hexagonal Polycrystals

The anisotropy of mechanical properties which result from the
Preferred crystallographic orientation in hexagonal metals is much more
marked than that in cubic metals and has been much more widely noted.
The anisotropy of hexagonal metals derives from the restriction of
slip to the basal plane. The activatioﬁ of slip on other planes is
often difficult and twinning is often preferred as a secondary mode of
deformation. The presence of such severe mechanical anisotropy in the
single crystal properties causes thermomechanical processing to induce
€xceptionally sharp textures in polycrystalline samples and thus, in
turn, to produce severe mechanical anisotropy. Although the investi-
gation reported in this thesis is goncerned with the influence of
.texture on the fatigue properties of a cubic metal the available data
Pertaining to the influence of texture in hexagonal metals will be
Teviewed in order to emphasize that the combination of anisotropic
single crystal properties and the existence of crystallographic

Preferred orientation in polycrystals does lead to anisotropic fatigue

Properties in polycrystalline materials,

2.6.5.1 Zinc

Extruded zinc rod shows an unconventionally flat S-N curve(73).
The fibre texture which exists after extrusion ({0001} fibre with
‘{1010} lying in the transverse direction) is thought to contribute to
this by encouraging the twinning mode of deformation. Surface-twin

boundaries facilitate fatigue crack nucleation, and this results in

€arly nucleation and thus accelerated failures at lower stress.

2.6.5.2  Titanium Alloys

Accelerated fatigue crack nucleation associated with surface twins
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has also been reported in Ti-4A1-4V(74). Figure 27 is taken from this

work and it clearly shows the inferior properties of specimens taken
from the transverse directions of rolled plate as compared with speci-
Mmens taken from the longitudinal direction. The reported texture data
indicate that the stress imposed on the longitudinal specimens would
suppress tﬁin formation while testing specimens parallel to the plate
direction would encourage deformation by twinning. The reported surface
Observations confirmed the view that surface twins accelerate fatigue
crack nucleation since in the specimens oriented to suppress twinning
fatigue crack nucleation occu?red by the development of intrusions in
Persistent slip bands while crack nucleation in the other group of
Specimens resulted from twin-matrix interactions.

Fatigue crack propagation has also been shown to be influenced by
texture in Ti-6A1-4V(75). Single edge notch specimens were produced
from a cold rolled and annealed plate (of almost single crystal texture).
The specimens were machined such that the crack plane normal and the
direction of crack growth were parallel to two of the three axes of
the plate and were sufficiently large to produce conditions of plane
Strain at the crack front. Crack propagation was monitored during load-

(11)

Controlled testing and the results fitted to equations of the form

da

m
N C(4K)

BOWen(76) found that the data were composed of two subsets, one set of
Orientations were characterised by m = 2.5, the m value of the other
Orientations was about 4.1.

The orientations which exhibited thg lower m value produced

Symmetrical slip conditions at the crack front while satisfying the

Shoiily
L LLaVEo
LionarY
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Plane strain conditions. In the specimens of the other orientations,
Plane strain boundary conditions and a symmetrical slip process at

the crack front were incompatible. This difference in behaviour is
also revealed in the fracture surfaces. Failures in tests giving rise
to low m values had fracture surfaces which showed uniform stiations
while the fracture surfaces of the high m value specimens had a very
irregular topography. Crack propagation resulting in a low m value

has been associated with a pure fatigue mode of propagation, controlled
by the reversible olastic strain at the crack tip, while a higher m
.Value has been associated witp non-crystallographic crack advance,
incorporating some degree of monotonic failure such as ductile

(76);

.

tearing
The effect of the relative orientation of the cyclic stress axis
to the axes of textured Ti-6A1-4V plate was clearly demonstrated by
Tchorzewski and Hutchinson(64). They demonstrated that the fatigue
Crack path is not determined by the applied stress alone but the
influence of texture may cause the crack to deviate from the plane‘
With is normal to the applied stress axis. Significant deviation of
the crack plane was found to occur in specimens in which the notch
front was parallel to the plane of the original sheet and the initial
directions of crack propagation more inclined at 22.5°, 45° and 67.5°
to the rolling direction. For the {11§O}<1100> texture found in this
Material symmetrical slip conditions are not produced at the crack tip
in specimens of those orientations. To explain the behaviour, a
Model was developed which was based on Neumann's "sliding-off" model
(30) of fatigue crack propagation. For the three orientations, which
Produce crack deviation from the plane of maximum normal stress, slip

in direction at * 45° to the stress axis cannot be accommodated by
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identical processes. Sliding-off in one direction is easy, requiring
Predominantly basal slip, while slip in the other plane of maximum shear
Stress requires more difficult <c + a>-type slip. The asymmetry of

slip at the crack tip was confirmed by mapping the crack tip plastic
Strain field using the technique of selected area chanelling patterns

to demonstrafe that the crack deviation is towards the direction of

easier slip.

2.6.5.3 Zircalloy

The deleterious effect of twinning upon the rate of fatigue
Crack propagation has also been observed in textured zircalloy(77’78).
The re;ults of this investigation suggested that accelerated rates of
fatigue crack propagation occurred by the production of twins in the
Crack tip plastic zone during the compression half of the cycle and
Cracking of the twin interface during the following tensile half cycle.
It was also noted that fatigue crack initiation was influenced by the
Crystallographic orientation of surface grains. Swaged rod, which had
developed a fibre texture, had a uniform distribution about the
Circumference of cracks which had formed at the intersection of {1010}
Slip planes. However, cracking in specimens machined from plate
Material was characterised by the orientation of the surface relative
to the axes of the plate, since the thermomechanical treatment had
Produced a texture in which the basal poles were clustered about the
normal direction of the plate. Thus, the orientation of graips with
Tespect to the surface normal is very different in the two orientations
where the surface normals correspond to two of the axes of the plate.

(In this investigation, specimens were machined to the form of round,

hoUr-glass shaped specimens with the long axis parallel to the original
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transverse direction of the textured plate). For orientations away
from the original plate normal, cracking was reported to occur at the
intersection of slip planes, in a similar manner to the process in the
Swaged material. However, when the surface normal was parallel to a
high density of (0002) poles cracking occurred at 90° to the stress
axis(77).

The anisotropy of fatigue properties of zircalloy also produces a

(78) 1t

Cyclic stress-strain response which is orientation dependent
was found that the cyclic stress-strain response varied with the
Positioning of the diametral extensometer about the minimum circumfer-
€nce of the hour-glass specimens. Strain controlled testing showed
that the diametral strain amplitude parallel to the original rolling
direction of rolled and annealed plate material was much greater than
the diametral strain amplitude parallel to the original plate normal
at the same normal stress amplitude. Since the plate normal coincided
With a high density of basal poles strain in this direction would

have to be accommodated by non-basal slip or twinning and therefore the

diametral strain in this direction is smaller than at other orientations.
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CHAPTER 3

Experimental Methods

3.1  Introduction

The experimental methods employed were already well established
techniques in the fields of text&re research and fatigue research.
The procedures used in the preparation of material were based on well
documented behaviour of copper with regard to thermomechanical pro-
CeSSing(79’80’81). The texture analysis utilised x-ray goniometry
and computer manipulation of the data to generate the crystallite
Orientation distribution function. The fatigue properties were charac-
terised by constant amplitude-life and fatigue crack propagation experi-
Ments using specimens machined at specific orientations to the specimen

reference areas. The datawere supplemented by optical and scanning

€lectron microscopical observations.

3.2 Material Preparation

The aim of the material preparation was to produce a range of text-
ure in copper without the introduction of extraneous factors, e.g.,
all annealing was performed in vacuum in order to minimise the deleter-
ious effect of oxygen upon the mechanical properties. It is also
difficult to vary texture severity whilé maintaining constancy of grain
Size and shape. However, since the monotonic mechanical properties

(82)

of copper are only weakly dependent upon grain size the grain size
and shape were the two factors which were allowed to vary at the same

time as the texture.
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The material was prepared in three different forms: for a prelim-
inary series of experiments a thin sheet displaying a very strong cube
texture was produced, while the specimens for strain-life testing were
Produced from thermomechanically processed plate and fibre textured rod.

The Processing details and the relevant material codes are as follows:

3.2.1  Thin Sheet
MBCUB: was prepared from 95% cold rolled OFHC copper sheet.
150 mm x 300 mm x 0.6 mm specimens were annealed in a vacuum furnace at

.

1020K for 4 hours.

3.2.2  Plate

All plate material was produced by thermomechanically processing
50 mm x 300 mm x 460 mm blocks of electolytically pure copper supplied
by Enfield Rolling Mills. The chemical analysis of the mate;ial is
given in Table 2. In order to induce textures the blocks we?e rolled
Individually in a 200 ton Robertson Mill equipped with 250 mm diameter
Tolls. During rolling the rolls were well lubricated with oil to provide
Conditions of minimum friction. The reduction was performed increment-
ally in order to encourage homogeneity of deformation and the reduction
Per pass was limited to 5% of the plate thickness before that pass.

ITI180: Reduced from 50 mm to 25 mm thickness on the Robertson
Mili, subsequently reduced to 9.5.mm thickness by rolling on a liille
60 ton mill and equipped with 170 mm diameter rolls. Rolling was per-
formed under low friction conditions and the reduction per pass was less

than 5%,

NUJIG: Reduced from 50 mm to 9.5 mm thickness on the Robertson

mili,
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CROCP: Cold rolled 88% on the Robertson mill.
G8585: Cold rolled as for III80, subsequently annealed ina vacuum

furnace at 625K for 6 hours.

In order to facilitate reference to the material codes a summary of the
Material codes and processing conditions is provided as a fold-out in-

side the back cover.

———

3.2.3 Rod

The preparation of fibre textured rod was based largely on the work

(83). In the latter

of Dillamore and Roberts(79)and Freda and Cullity
Paper it was reported that the end texture after cold drawing was heavily
dependent on the starting texture. Thus, in order to produce variations
in the fibre textures two castings were made from identical melts of
99.5% pure copper (chemical analysis shown in Table 2). Both melts were
Vertically cast as 76 mm diameter ingots, about 300 mm in léngth.
Casting A was solidified in a mould comprising a moulded sand base and

@ copper chill vertical wall. The mould for casting B consisted of a
COpper chill base and moulded sand wall. The moulds are shown in

Figure 28. since the'texture of cold drawn copper has been reported as
@ duplex <100> + <111> fibre and the primary dendrites in copper form
along <100> jt was intended that the variation in casting procedure
should promote or discourage the formation of the <100> fibre texture
Component on subsequent deformation. Subsequently both castings were
Mechanically cleaned and warm extruded (800K) to 15 mm diameter rod in
@ Fielding 1000 tonne vertical extrusion press. Sections of the rod

Were drawn through a series of dies at room temperature using a powered

Cold drawing bench. The rod was well lubricated to minimise friction
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effects and the series of die diameters in order of use was: 16.8 mm,
15.7 mm, 14.7 mm, 13.6 mm, 12.7 mm, 11.9 mm, 11.3 mm, 10.7 mm, 10.2 mm,
9.65 mm and 9.1 mm. After cold drawing the ends of the rod were
discarded due to the inhomogeneous nature of the deformation in those
Tegions. Subsequently portions of the rods were cut into short lengths

and annealed as rough machined fatigue specimens in vacuum for 10%s at

770K.  Four materials were therefore prepared in the form of textured
Tod. The relevant material codes and processing parameters are:
FAREN - Cast A extruded and‘cold drawn as described above.
FBREN - Cast B extruded and cold drawn as described above.
A3500 - Drawn as FAREN, subsequent anneal in vacuum for
3 hours at 770K.
B3500 - Drawn as FBREN, subsequent anneal in vacuum for
3 hours at 770K.
\
N.B,

Prior to annealing all cold worked materials were chemically
€tched in order to remove the surface layer of inhomogeneous deformat-

10n and thus prevent the development of texture inhomogeneity on anneal-

ing,
—
3.3 Texture Measurement

3.3.1 1Introduction

In order to produce quaﬂtitafive x-ray texture measurements it is
imperative that complete pole figures are determined. The most commonly
Used reflection technique, the Schultz method(84), collects intensity
data for a set of reflecting planes along an angular spiral track which

is centred on the specimen rolling plane normal. While this method has
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an advantage in that absorption corrections are not required within 65°
of the spiral centre, since within this range the correction for
absorption .is exactly compensated by the change in volume of the dif-
fracting material, it is not possible to determine the complete, and
hence quantitative, pole figure by this method. In order to determine
Complete pole figures the basic Schultz technique must be supplemented
either by superimposing the results of both back reflection and trans-
mission techniques from speciméns parallel to the rolling plane or by
utiliSing specimens in which the plane normal lies at the centre qf a

85
Quadrant of the pole figure, as described by Lopata and Kula( )and

Meiera£86)‘ Since the transmission-reflection technique requires the

COmparison of data in the region in which the inaccuracy of both

techniques is increasing, this method is deemed inaccurate and the tech-

(85) (86)

Niques of Lopata and Kula and Meieran were employed.

3.3.2  Specimen Fabrication

The computer programmes (see Section 4.2.1) which were used to
analyse the x-ray data are based on a spiral which is centred at equal
angles to the rolling direction, the transverse direction and the
Tolling plane normal. In order to produce such specimens the composite
SPecimen technique which was based on that of Elias and Heckler(ss)
was employed. In employing this technique it is important to recognise
that the texture which ié measured‘is an average value within the
Volume of the material from which the specimen is constructed, in par-
ticUlar, this method involves 'through-thickness' averaging which is
Tequired in the prediction of mechanical properties. Also, since the
thermomechanical procedures employed in the'processing of cubic metals

tend to produce textures which display (at least) orthotropic symmetry,

it is possible to produce an average composite specimen by stacking the

-~
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Components of the composite specimen in the manner described by Morris
(89)2 While such a technique was employed for the quantitative assess-
Ment of texture partial pole figures employing specimens parallel to
the rolling plane (or fibre axis) were also produced in order to verify
the assumption of orthotropic symmetry. This assumption was not found
to be invalid for the materials used.

The importance of accuracy in specimen production required that

different methods were used to produce composite specimens from thin

Sheet, plate and rod respectively.

3.3.2.1  Thin Sheet

The composite specimen was produced by cutting strips at 45° to the
Tolling direction using a powered guillotine. The specimens were
chemically etched, stacked and bonded using Araldite. The bonded block
was Subsequently sliced at an angle of 54.7° to the through thickness
direction to produce the required face. The procedure is described in
Figure 29 which is reproduced from reference 89 , the method itself is

eSSentially that described by Elias and Heckler(ss).

3.3.2.2 Plate

While thin sheet may be conveniently cut at the angle of 45°
Tequired by the method of ref.88it is impossible to employ the same
Procedure for thicker material, also sectioning at 45° using a powered
Saw was not found to be sufficiently accurate. Therefore, composite
SPecimens were produced by cutting strips at 90° to the rolling direct-
ion, Stacking these in the manner illustrated in Figure 30 in order to
average along the rolling direction. The required slice was then cut
from the bonded block by a powered cut off wheel by holding the block in

a . .
SPecially designed jig which is shown in Figure 31,
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3.2.2.3 Rod

Although texture inhomogeneity in the sheet and plate materials
was found to be insignificant, preliminary work indicated that consid-
erable texture inhomogeneity existed in cold drawn materials. It is
Obvious therefore, that the specimen for x-ray work must be fabricated
from a volume of material which corresponds to that employed in the
fatigue investigation, i.e., the central 4 mm diameter of rod. Speci-
Mment production was therefore more complex in this situation.

The cold drawn rods were cut into 50 mm lengths which were mach-
ined and mechanically polished on a lathe to 5 mm diameter. The defor-
med layer was removed by chemical etching to reduce the diameter to 4 mm.
The rods were stacked in a close-packed arrangement and bonded using an
®POXy resin to form a block of 25 mm square cross-section. Slices were
cut from the block using a powered cut-off wheel and the jig shown in
Figure 31,

Texture specimens corresponding to FAREN and FBREN were prepared
as described above. The specimens required for A3500 and B3500 were
Prepared from surplus slices from the blocks of cold drawn material.
The slices were mechanically polished on both faces and lightly etched,
as a compromise between removing the deformed layer and preserving the
Eeometric face. The slices were than onnealed in vacuum for 10%s at
770 K. on annealing, the slices broke up due to the decomposition of
the €poxy resin and consequently refabrication of the slices was
necessary. The rods were cleaned in chloroform to remove organic prod-
ucts, lightly etched in dilute nitic acid to remove any possible oxide
layer, The rods were arranged in a close-packed array with the required

face Parallel to a firm flat substrate. The block was consolidated by

Setting in 'Metaserv Cold-Mount'. It is considered that the similarity
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of annealing practice between the texture specimens and the fatigue
Specimens is desirable, at the expense of possible introduction of

€rrors. due to the laborious fabrication technique.

3.2.2.4  Fatigue Specimen

In order to investigate the possibility of texture development as
@ result of strain cycling a composite texture specimen was fabricated
from a fatigue specimen of material G8585 which was subjected to 5320
Cycles at total strain range of 0.0037, which corresponds to between
30 to 80% of life at this strain amplitude. Elliptical slices were cut
from the gauge length of the specimen using a carbide slitting wheel,
the chuck which held the specimen was machined to align the specimen
Correctly. The individual slices were arranged on a steel backing

Plate and cemented into position.

3.2.3 Specimen Preparation

After slicing, the specimens were mounted on a steel backing plate
andInGChanicall)'polished to a 1 ym finish., The polished faces were
Chemically polished in a solution of

100 cc Orthophosphoric Acid

100 cc Glacial Acetic Acid
100 cc Nitric Acid

at 341K to 345K, to remove the deformed layer due to mechanical abrasion.
After chemical polishing the specimens exhibited a bright scratch-free

Surface,

3.2.4  Dpata Acquisition

{111}, {200} and {220} quadrant pole figures were measured using a
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Siemens Texture goniometer of the type described by Neff(go), in which
the specimen is rotated about an axis normal to its surface and also
about an axis which is coplanar with the incident and diffracted beams.
The incident radiation was produced by a copper target operated at 40 KV
and 16 mA and was filtered by a nickel foil to remove the kB component
thus leaving the ka components with wavelengths of about 1.539 x 107 ¥m.
The data sampling technique was similar to that described by Heckler et
a1(91), consisting of continuous counting and outputting the accumulated
count at 5 second intervals onto paper tape. By initially orienting

the specimen so that the rolling place normal, or in the case of rod the
fibre axis, lies in the plane of the goniometer circle (see Figure 32)
and the specimen plane normal is inclined at 60° to the plane contain-
ing the incident and diffracted beam the orientation of the reflecting
Plane normals follows the spiral path indicated in Figure ‘33, the points
On the spiral indicate the measuring points.

The Bragg reflection position was located by setting the specimen
incident beanm angle at the approximate angle and scanning the detector
about the approximate 268 value until the maximum count rate was obtained.
During the setting up process the receiving slit on the detector was
Teduced to 2 mm in order to locate exactly the Bragg condition, the slit
was, however, widened to 6 mm during data acquisition in order to ensure
that the whole of the peak was included. Background counts were obtained
immediately after each pole figure measurement by moving the counter
tube away from the Bragg condition and counting for 50 seconds in that

Positjon,

3.3 Preliminary Experiments

30 mm wide strips were cut from the sheet material MBCUB with the
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long axis of the strips inclined at 0°, 45° or 90° to the rolling
direction. The specimens were placed in a template-jig and filed to
shape (Figure 34). The specimens were longitudinally polished to 600
8Tit and then chemically polished in orthophosphoric/acetic/nitric acid
solution to a bright shiny‘finish. Constant load-amplitude/life tests
were conducted in an Amsler-Vibraphore electro-mechanical resonance
Machine. In each case the load amplitude was adjusted so that the
applied stress amplitude was 30.5 mPa. Tests were conducted in tension-
tension with the minimum load as close to zero as possible. Failure

%as considered to be the complete separation of the specimen into two

halvyes,

3.4 Mechanical Testing

The fatigue response of the various materials was assessed by two
S€ts of experiménts, namely constant strain amplitude/life tests and
fatigue crack propagation tests,

3.41 Strain-Life Testing .

5.4.1.1 Specimen Preparation

The materials utilised for the strain-life test series were II1I80,
G8585, FAREN, FBREN, A3500 and B3500.

Three sets of specimens were prepared from the plate material III8O.
ReCtangular cross-section specimen blanks were cut from the p}ate in
three Orientations such that the long axis of the blank lay in the roll-
ing Plane and inclined to the rolling plane by 0°, 45° or 90°. The
throUgh thickness direction was marked on one end of each blank prior to

machining to the form of "F.G.6" standard fatigue samples (Figure 35).
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Two sets of specimens were produced from plate material G8585,
oriented at 45° and 90° to the rolling direction respectively, in a
Similar manner to those produced from ITISO.

F.G.-6 specimens were directly machined from rod material FAREN and
FBREN. As noted in Section 3.2.3, the specimens for materials A3500
and B3500 were rough machined from the corresponding rods of cold worked
Mmaterial, prior to annealing and then given a final light machine after
annealing,

After machining the gauge lengths of the specimens were longitudin-
ally polished to 600 grit using a powered longitudinal polishing appara-
tus. The specimen gauge lengths were finally electropolished using the
apparatus shown in Figure 36 in a solution of

350 cc Glacial Acetic Acid
75 gm Chromic Oxide
15 cc Distilled Water

The polishing conditions were found to be very variable but the
best polish was obtained at 15V and an initial current of 0.2 A, although
this decreased during polishing. About 0.2 mm was removed from the
gauge length diameter in one hour. The diameters of the specimen gauge

lengths were measured using a travelling microscope.

3.4.1.2 Fatigue Testing

The specimens were tested in a 25 KNMTS closed loop servo-hydraulic
testing machine under constant strain amplitude control about.zero mean
Stress. The strain was measured by a clip gauge extensometer and the
€ontrol signal was generated as a variable amplitude sine wave. The
load was measured by a tension-compression load cell mounted in series

With the specimen. Non-slipping contact between the extensometer knife
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edges and the specimen was assured by wrapping tHe relevant portions of
the gauge length in a thin band of adhesive tape. This is shown in
Figure 37. Woods metal grips were employed to eliminate cross-over
error at zero stress and to prevent the application of lateral stresses
by the gripping system.

The tests were continuously monitored by an oscilloscope which
Was connected to the output of the load cell, data were also recorded
inteI‘mittently in the form of load-strain hysteresis loopsvon an x-y
Tecorder. The intervals at which the loops were recorded were adjusted
S0 that the penultimate loop had been taken at not less than half the
Rumber of cycles at which the final loop was taken. Although tests
were run at frequencies between 0.5 and 25 Hz, the loops were always
Tecorded at 0.1 H; due to the mechanical limitations of the recording
System. The testing machine was equipped with an automatic counter and
also a failyre detection mechanism which was set to detect separation of
the specimen into two halves.

The monotonic mechanical properties for each set of specimens were
also determined by performing tension tests on at least two specimens

from each set using the closed loop machine.

3.4.1.3 Elastic Modulus Measurement

The elastic modulus is an important parameter in analysing the
€¥elic response of materials. In order to ensure greater accuracy in
the determination of the Youngs Modulus.E this was measured by a separ-
ate series of experiments. The technique adopted was the acoustic

(92)

Tesonance method described by Northcliffe and Roberts . The apparatus

1S shown in Figure 38. The sine wave oscillator excites the drive

transducer which causes the specimen to be vibrated. The receiving
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transducer detects the energy transmitted along the bar, by observing
the output of this transducer the resonance position may be noted and
the exact frequency is measured by a digital counter. The relationship

between the resonant frequency, specimen dimensions and elastic modulus

iS_given by Chalmers and Quarrell(gs).
F t d
£i = xi ( )() s (30D
where = F(t.d.) ='4n;§ for thin strip

where t is the thickness of the strip in the plane of bending and

= 22.37, 61.67, 120.8, 200, 208.6, 417
for i =1 to 6.

In equation (3.1),

I = length of bar

t = thickness of bar
E = Elastic modulus
P

- density of material.

0 was subsequently measured by a flotation method. The parameter X is
dimensonless and the units of equation (3.1) conform to the S.I. conven-

tion.

-3.4.2  Crack Propagation Testing

3.4.2.1 Specimen Preparation

Three materials were employed namely NUJIG, CROCP and ANNCP. Single

edge notch specimens (see Figure 39) were machlned from the materials in

two orientations, with the long axis of the specimen at 45° or 90° to
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the rolling direction (Figure 40). After machining the specimens were
mechanically polished to 1 um finish and then electropolished in the
Chromic/Acetic acid solution described in Section 3.4.1.1 using the

apparatus shown in Figure 41 to produce a bright mirror-like finish.

3.4.2.2 Crack Propagation Testing

Fatigue crack propagation tests were conducted in tension-tension
in an Amsler Vibraphore under constant load amplitude conditions. Crack
Propagation was monitored by observing the progress of the crack trace
across the broad face of the specimen using a travelling microscope
equipped with a graduated eyepiece. The crack length was measured at
intervals of 5 or 10 x 103 cycles. It was also found necessary to

Measure the crack length on both faces of the specimen due to non-uniform

crack growth.

3.5 Observation Procedures

3.5.1 Optical Techniques

Standard metallographic techniques were employed to characterize
grain size and shape of all the materials prior to mechanical testing.
Low power optical microscopy was also employed in the preliminary

Observation of fractured specimens.

3.5.2 Scanning Electron Microscopy

After mechanical testing, the fracture surfaces and the slip mark-
ings on the sides of the specimens were observed at magnifications up

to 20000 x in a Philips PSEM 500 scanning electron microscope equipped

With a motorised goniometer stage.



CHAPTER 4

Data Management

4.1  Introduction

The data from the fatigue testing procedures and the texture measure-
Ments were analysed using three sets of computer programmes which are

described in the relevant sections below.

4,2 Strain-Life Data

4,2.1 Parametric Method

This approach to strain amplitude-life testing has been described
Comprehensively by Mitche11(94) and Dabell et 31(95) and is based on the
Suggestion by Morrow(7)that the cyclic response of a material may be
Specified by a set of constants which may be regarded as cyclic material

Parameters, It has found considerable application as a design criterion

dgainst fatigue failure(94’95). Effectively, the approach ignores the

Telative proportions of saturation response, crack nucleation and short
€rack propagation and considers only the life up to where a specific
amount of fatigue damage has been accumulated, i.e. until a standard

Size fatigue specimen has separated into two portions. (The applicability
°f such a criterion to fatigue design aﬁd component testing is obvious,
in that such a fatigue life corresponds to the development of a detect-
able flaw). While this criterion may lack a certain stringency in that
the separate stages of deformation are not considered in isolation it

does, however, avoid the problem of delineating the various stages, i.e.
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when does an intrusion withinaslip band cease to be a notch and become a
short crack?

The data are obtained from the strain amplitude tests in the form of,
Stress-strain hysteresis loops (Figure 42), applied strain amplitude and
the number of reversals to failure. The cyclic stress-strain data which
are required are those which are developed by the fatigue process and
also relate the cyclic stress-strain behaviour as most of the fatigue
damage is accumulated. The data were therefore taken from the loops
recorded during the saturation stage and the parameters embloyed in the

analysis are therefore:

the applied strain amplitude
A . . . .
252 the plastic strain amplitude at saturation

49 the stress amplitude observed at saturation L
under the applied strain range

2Nf  the number of reversals to failure

E the elastic modulus in the direction of
testing.

The "cyclic stress-strain' approach considers that the fatigue ’
Tesistance of a material is determined by the relationship between the

Cyclic strain amplitude and the corresponding cyclic stress amplitude,

i 53 . 94) -
IN a similar manner to the monotonic stress-strain curve( ). The
€yclic stress-strain response is described by
1/
b, (hogym' . fe., Moo LT e (421)

2E 2K1

Where the relationships between elastic and plastic 'stresses and strains
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a - . .
re similar to those which describe monotonic behaviour. The parameters
Kl 1 . .
and n} are the cyclic stiffness constant and the cyclic hardening
exponent respectively.
The strain-life data may also be analysed parametrically. In 1910,

B - (96) .
asquin noted that the fatigue life of materials under high cycle

fatigue conditions followed the relation

Ao -b
5 = constx (Nf) T ieeen (4.2)

Simi e 97,98 .
ilarly, the Coffln-Manson( ’ )relatlon described fatigue life in the

low cycle fatigue regime,

Ae -C
—7£2 - comst«(Ng) e (4.3)

The cyclic stress-strain approach considers that fatigue life is

d ; . .
etermined by the applied strain level and the material response. The

Telats . . .
ationship between fatigue 1ife and the imposed strain amplitude is

b .
ased on the Coffin-Manson and Basquin laws by apportioning damage

be . . .
tween the elastic and plastilc strain components,

et _ Ae Ae - of! -b
-.2__ = __ER + __ZS = Qfl(ZNf) + _E£(2Nf) ..... (4.4)

whe . '
re the parameters are defined as,

egt cyclic fracture strain
of! cyclic fracture stress
c Coffin-Manson exponent

b Basquin Exponent
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2Ng is defined as the number of reversals to failure, i.e. twice
the number of cycles to failure. The parameters efl, ofl, c and b are
Not independent but are related by the parameters n! and K!'. It is

€asily shown that

o|a

ce...(4.5)

O¢
and K!' = ——— (4.6)

~
™
Hh
-
~—
=]
—

4.2.2  Computer Progranm

In order to analyse the strain amplitude-life data in terms of the
Parameters described above, a computer programme was written. The text
of the program is given in Appendix I. The data inputted to the pro-
gram describes a series of strain-life tests, detailing for each tesf
the applied total strain amplitude, the plastic strain amﬁlitude at
Saturation, the corresponding stress amplitude and the number of rever-
Sals to failure. The first three parameters are illustrated in
Figure 42, The elastic modulus, determined by the resonance method,
is inputted as a separate parameter.

The computer program is based on a least-squares regression fit to
€quations (4.1) and (4.4) by transferring the data to logarithmic axes.
Since the six parameters are not independent a comparison is possible
between the results of the cyclic stress-strain analysis and the strain-
life analysis. The program was run on an IBM 370 computer at the Univer-
Sity of Cambridge computer laboratory. The data wiz storgd on disc file
Which was automatically accessed bY(the pjogram.Thc matcrial parameters were
Outputted as printed parameters and the regression lines were calculated.
The use Qf computers in this manner facilitates the further manipulation .

of the data e.g. representation of the fatigue life as a function of
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(99)
the parameter vAc AL E as suggested by Watson and Rebbeck .

4.2,3  precision of Material Parameters

The precision of the parameters calculated by the computer program
relies on the precision of the measurements from the hysteresis loops,
the inherently statistical nature of the process of fatigue failure(sg)
and the assumption that the relationship between the stress and strain
amplitudes and the fatigue 1ife may be described by equations (4.1) and
(4.4). A lack of precision in fhe data became evident when calculations
of the elastic modulus were performed on the loop data. The subject
of errors will be discussed more fully in later sections (Chapters 5
and 6), however, the computer program was written to accommodate the
diSCrepancies. The program analyses the data by two methods. At first
the Program calculates the elastic strain amplitude by subtacting
the plastic strain amplitude from the imposed strain amplitude while
the second time through the program calculates the elastic.strain
amplitude as the quotient of the stress amplitude and the elastic modulus
s calculated from the resonance method. No attempt was made to
“Mploy a mean elastic modulus since this approach inevitably leads to
the Calculation, for some data points, of elastic strains which are
larger than the imposed strain amplitude.

4.3 Crack Propagation

4.3.1 Analysis of Crack Propagation Data

The crack propagation data were obtained as a table of crack
lengty measurements (a), as a function of the number of cycles (N), at
Constant load amplitude AP. As noted in'Chapter 2, fatigue crack

8rowth is5 often described as a function of the applied stress intensity
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(100)

at the crack tip. The simplest relation is that suggested by Paris

4.3,2 Computer Program

The crack propagation data were analysed using the computer

(101)

Program written by Davenport This program is based on the spline

(102)

Curve fitting procedure descrihed by McCartney and Cooper The
a2 v N data a}e fitted to a polynomical of L-th degree, incorporating
N number of splines. Having the data in the form of a mathematical
function permits differentiation of the expression at each data point.
The Program also employs the compliance functions described by Walker
and Mayclos)to calculate the value of AK the cyclic stress intensity
from the applied load amplitude, the mean load and the crack length.
Thus, tabulated data of crack propagation rate as a function of applicd
Stress intensity amplitude are obtained. |

The computer program was run on the ICL 1906S computer at the
UniVersity of Sheffield computing service. Library graph plotting

TOutines were employed to present the data and the calculated points

in four plots:

(a) normalised crack length vs normalised number of cycles.
(b) crack propagation rate vs normalised crack length.
() 1log (93) vs log AK.

dN

(d) recalculated normalised crack length - number of cycles

data from plot (c).

The Program also calculates the values of ¢ and m in equation (4.7) using



- 65 -

a8 least squares regression method.

4.3.3. Precision of Crack Propagation Data

The mefhod of spline fitting is a very powerful analytic tool in
that it permits a series of data points to be very closely followed by
the curve fitting routine. The graph plotting facility permits the
data to be reviewed and the "fitted" parameters to be compared with
the raw data in order that the'optimum values of N and L, the number
of splines and the degree of the polynomial, may be chosen. Although
it may appeér that the largest possible values of N and L should be
chosen, the precision of the technique is hampered by the precision,
Or otherwise, of the experimental data i.e. at large values of N and L
the curves tend to follow the scatter in the experimental data(104).
Thus, the usefulness of the analytical program was, in general, limited
by the empirical data and the values of N and L were normally limited
t0 2 and 4 respectively.

The major source of errors in the crack propagation experiments
is associated with the crack length measurements, although it is
Tecognised that some degree of error is implicit in the load cell
Output from the testing machine. In fact, the method of measuring crack
Erowth gives rise to two sets of errors. The first set of errors result
from attempting to measure the line trace using an optical technique
aNd merely reflect the uncertainty of the method. The second set of
®TTors occur due to the necessity of relating the crack trace to the
through thickness crack profile.

The relationship between the crack trace and the crack front
Profile is not simple and it has been shown that crack growth is
decEIerated by a free surface. Thus, the crack front in the interior

°f the épecimen is consequently advanced with regard to the crack trace
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on the free surface(los).

It is expected, however, that since the

Crack front should maintain a uniform profile, the error introduced
by this assumption would affect only the crack position and not the
crack propagation rate. The error should, therefore, be acceptable.

A more serious source of error occurs when crack growth does not
Occur uniformly on both faces in a direction normal to the stress axis.
This particular problem was experienced with specimens taken from
Certain orientations. The crack plane traces which developed on the
broad faces of the SEN specimen were found to be rotated from the
Notch root direction, on one face the rotation was in a clockwise
Sénse and in an anti-clockwise direction on the other face. The
lengths of the inclined traces were also found, in general, to be
Unequal. In order to utilise the computer programs and also to
Permit comparison with other data, the crack length was calculated by
Measuring the projected crack length in the notch direction on each
face ang calculating the arithmetic mean. This procedure introduces two
further sources of error. Firstly, the use of the mean projected
€rack length is difficult to justify when the compliance factors for
the calibration are calculated for uniform crack fronts. Secondly,
the stress intensity calculated by the program is, of course, Ky, the
4PPropriate value for mode I opening. It should be recognised that
for such a complex crack front the crack opening mode also comprises
®lements of mode II and mode ITI opening (Figure 43 ). Consequently,
1t must be recognised that the main source of inaccuracy in this pro-
Cedure is the use of AK1 to describe crack propagation under conditions
Which do not produce mode I opening., However, the purpose of the crack
PYopagation measurcments was not to generate values of AK; for copper

(lndeed, due to the gross plasticity which occurs during deformation
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of copper the relevance of K, which is based on linear elastic fract-
ure mechanics, is questionable) but to compare and contrast the rates

of crack propagation in textured copper specimens of different orien-
tations. Since the development of non-plane strain conditions at the
crack front is a direct consequence of preferred crystallographic
Orientation it is felt that, despite the inaccuracies of this procedure,

the method of comparison may be regarded as valid for this situation.

4.4 Texture Analysis

4.4.1  Analysis
Analysis and manipulation of the texture data was performed on
an IBM 370 1165 computer using the programs described by Kallend(BO)

Which had been modified and transcribed into PL/1 versions by Morris(sg).

4.4.2  pole Figures

The pole figure intensities recorded on paper tape were transformed
by Computer onto a polar grid, the value at each point on the polar
grid being calculated by linear interpolation between the corresponding
four nearest data points on the spiral grid. Intensities were thus
obtained, normalised over the whole pole figure in order to produce
Values relative to random, at 5° intervals circumferentially and rad-
tally from the centre of the pole figure. The uncorrected intensity
data were employed since it had been shown previously that corrections
for defocussing effects were unnecessary for angles less than 65° from
the centre of the spira1(87).

The pole figures were plotted on a computer controlled plotter,

Using contouring facilities in order to produce convenient contour

Intervays,
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4.4.3 The Crystallite Orientation Distribution Function

Although pole figures have been used by many authors to describe
the results of texture research, this form of presentation of data is
incomplete since a pole figure describes the distribution of a set of
Crystallographic plane normals with respect to the sample axes but
does not specify the relative orientations, with respect to the sample
axes, of the directions which lie in the plane. A more complete and
Quantitative description is possible by using the crystallite orientat-

-

ion distribution function (c.o.d.f.). The method was developed

(107)

independently by Bunge(106)and Roe and has since become a well

€stablished technique of texture research(los). Detailed analyses of

(80,106,107) so the function will be

the technique are available
described only briefly in this section. An outline of the mathematical
analysis which describes the relation between the pole figure data and
the c.o0.d.f. is presented in Appendix II.

The c.0.d.f. describes the probability of a unit volume crystal-
lite having an orientation, specified by the Euler angles ¥,8 and ¢,
With respect to a set of reference axes. The convention adopted is

that proposed by Roe(log).

The angles y 6 and ¢ are defined for a
given crystallite orientation by the rotations required in order to
align the principal axes of the crystallite with the set of physical
aXes, in texture research the reference axes are generally the rolling
and transverse directions and the rolling plane normal in plate mater-
1a], The rotations are described in Figure 44. The rotation§ ® and V¥
lign the crystallite z-axis and the rolling plane normal while the
angle ¢ specifies the rotation about this axes.

As described in Appendix II, the c.o.d.f. is generated as a series

®XPansion with coefficients Winn, in a manner analogous to the synthesis

0 s . . .
fa furiction of one variable by the use of a Fourier series, as
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® +L +L . .
w (6Yp) = I T T W 7 (g)e'm‘”e‘m‘i’ ..... (4.§3)
Lmn Lmn
L=0 m=-L n=-L

where £ = cos 6 and ZLmn is a generalisation of the associated

Legendre function.
In practice, the series must be truncated and in this investigation
the series was tuncated at the twentieth order, i.e.
20 +L +L

_ -in¢ -~iny
w (6yYp) = §=O é:-L i:-L wLmn ZLmn(E)e e C eeeen (4.9

At this level the errors due to truncation and experimental imprecision

are of the same order(so).

4.4,4.1 Estimation of Errors in the c.o.d.f.

Having generated the c.o0.d.f. from pole figure data it is import-
ant to assess the accuracy of the information. Inaccuracy of tﬁe c.o.d.f.
May result from truncation errors or from experimcntél errors. Experi-
Mental errors may result from sources such as misalignment of the slices
during fabrication of the block, imprecise cutting and polishing of the
Slice and misalignment of the specimen in the goniometer circle at the
Start of the cycle. A further source of experimental error is the
Stability of the x-ray source (which was measured as a standard
deviation of 0.5% over a typical period of a pole-figure run).

Due to the symmetry conditions of the cubic system, it can be
Shown that in principle, the W coefficients may be determined out to
the 22nd order from two independent pole figures. The use of three
Pole figures allows an estimation of the experimental erro”§ The
Coefficients are determined by a least squares regression technique
s described by Kallend(so). The residuals, which effectively represent

the difference between the measurcd pole figure and the pole figures
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which would be calculated from the c.o.d.f. are emploved to evaluate
the errors involved in the set of empirical data.

The representation of both pole figure data and the c.o.d.f. by
finite series introduces truncation errors. The truncation errors in
the pole figure date are easily estimated since both the complete
function and the truncated functions are avilable. This is not so
in the case of the c.0.d.f. The truncation error in the c.o.d.f. was
estimated using the method described by Kallend(8o)which involves
€xtrapolation of the series coefficients from the calculated values.

4.4.4.2 pescription of Textures by the c.o.d.f.

The W-coefficients, once generated, may be employed to calculate
the c.o.d.f. by equation (4.9). For a material of the cubic system
and a texture which exhibits orthotropic symmetry, all distinct orien-

tations are contained within the range

T
0<11)<7
T
0<¢(§
0 < 8 < tan-l(——l——q b <
cos ¢’ =

-1 1
0 € 6 <€ tan (m), ¢ >

S EREIE

The c.o.d.f. is presented, therefore, as a contoured function in con-

Stant ¢ sections of Euler space in the range:

o
/A
@
N
(ST R STE B ST
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(

Davies et al 11O)have published charts of the relevant cections
of Euler space, which correspond to planes which are located in the
vicinity .of a high density of low index orientations, (Figure 45). The
charts relate positions in Euler space, i.e. {, 6, ¢, to ideal
Crystallographic orientations (hkl) rolling plane, [uvw] rolling
direction. Thus, the maxima and minima of the c.o.d.f. may be related
to ideal crystallographic orientations.

Although the c.o.d.f. is a complete description of the texture it
is more useful to be able to describe textures in a shorter form. To

achieve this the maxima of the c.o.d.f. may be described in terms of

the maximum function height and the position with particular reference

to the chart of ideal orientations. A further parameter which describes
the severity of the texture is the standard deviation of the function
from uniformity. This has been designated the texture severity para-
meter by Kallendcso)who has shown that it is readily calculated from

the coefficients

20 L L 1

t.s.p. = 272 (€ T I q

WoW ) ver..(4.10)
L=1 m=-L n=-L Lm0 Lmn

4.4.5 Application of the c.o.d.f. to Cyclic Properties

Because the c.o0.d.f. is a complete.quantitative description of
the crystallographic texture, its application is much broader than
Merely describing textures. Two épplications have been employed in
the present work, namely the prediction of mechanical anisotropy based
On preferred orientation and the development of preferred orientation

under cyclic straining.
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4.4.5.1 Prediction of Mechanical Properties

The prediction of material anisotropy has been described by

Kallend and Davies(lll). As shown in Appendix II, the calculations

are based on the orthogonality relationship of spherical harmonics(llz).

The anisotropic property of a single crystal g(y6¢) may be developed
as a series of spherical harmonics with coefficients GLmn" For a
Crystal array described by the c.o.d.f. w(y04) the averagz value of

the property in the direction ¢ =0, ¢ = 0, 6 = O is given by

© +L L
g = 4m? % ; LG W . (4.11)
L=0 m=-L n=-L 0

In order to calculate the value of this property at angles of a, R and
Y, with respect to the reference axes, which are used to generate the
W coefficients, those axes are rotated by a, B and Y. The new W
Coefficients are related to the old set by

-ipa -imy

L
Wl = (2?3 W Z
2L+1 p=-L Lpn~Lpm

(cosB)e

In considering anisotropy in the plane of flat material, equations

(4.11) and (4.12) reduce to

gla) = 4m* L I z G, W oS N0 .....(4.13)

4.4,5.1.1 Prediction of Elastic Modulus

The calculations of average elastic moduli were performed using

(113).

the program written by Kallend and modified by Bateman The upper

(114)

bound solution, due to Voigt , determines the elastic stiffness by

Considering that all the grains are subject to the same strain. The
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(115)

lower bound solution, due to Reuss , effectively averages the
elastic complience as the model assumes that all grains are subject
to the same stress. Hill(116)has postulated that the arithmetic mean

of the Voigt and Reuss averages should more clearly approximate the

behaviour of weakly textured materials.

4.4.5.1.2 Prediction of Yield Stress Anisotropy

The yield stress aniso%ropy was determined in order to correlate
texture with the cyclic yield stress, defined as the 0.2% offset stress
in the cyclic stress-strain curve. It has been reported(zz)that the
Cyclic stress-strain curves of single and polycrystalline copper may
be compared by using the Taylor factor. The use of the Taylor factor
implies that the deformation conforms to the premises of the model of
Ta}'lor(117)-Bishop and Hi11 (118 e Taylor model assumes that all
grains behave as if they were subjected to the same strain as that
which is applied macroscopically and is an upper bound solution, in
contrast, the Sachs(llg)model implies stress continuity and is a lower
bound solution. Assuming that the same mode of deformation occurs in
4 given material, regardless of the direction of cyclic straining,
the anisotropy of cycle plasticity may be predicted using the Taylor
Or Sachs theories.

The upper bound solution was determined using the method of
Kallend(so)which employs the methqd of Taylor and Bishop and Hill,

(120)

incorporating the criterion of Hosford and Backofen In this

analysis the value of m (the Taylor factor) is determined for a given
incremental strain (den) as a function of the contraction ration, r,

Where,

r = —R el (4.18)
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and R = %2 (4.15)

dess
The r-value which produces the minimum value of the Taylor factor is
considered to be operative. Thus, not only is the Taylor factor
Calculated but the expected ratio of the width strain to the thickness
Strain is determined. The lower bound solution is determined by the

Premise that slip in each grain is governed by Schmids Law(121).

-

4.4.6  Application of the c.o.d.f. to Texture Development

4.4.6.1 Quantitative Assessment of Texture Development

The method of spherical harmonics facilitates the study of texture
development. In particular, it enables the identification of depleted
and augmented regions of Euler space. The difference between two-
textures is obtained by subtraction of the two c.o0.d.fi's. If the two
functions are obtained in the form of spherical harmonics, the corres-
Ponding W-coefficients may be subtracted to produce a set of W-

Coefficients which represent the difference function, i.e.,

Aon = Yomn ™ Vomn

The difference may be plotted in the same manner as the c.o.d.f.
With regions of positive intensity corresponding to supplemented
Orientations and regions of negative intensity corresponding to
depleted regions. This technique was employed to study the texture

Changes in material C8585.

4.4.6.2 Simulation of Texture Deformation

Although fatigue deformation is often considered to occur without
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(17)

the production of lattice rotation it has been suggested that

texture development may occur during cyclic loading and indeed that
this phenomenon may be used to monitor the accumulation of fatigue

(59)

damage ! The c.o.d.f. facilitates the study of tekture development

and stability. Computer simulations of texture development under

monotonic loading have been reported by Kallend and Davies(lzz) and

(123)

van Houtte Fatigue deformation was simulated using the method

described by Kallend(so). ’

Discrete crystal orientations were generated to represent a
desired c.o.d.f. Approximately 1000 crystals were generated for each
texture as it was found that this number produced an unambiguous match
with experimentally measured c.o.d.f.'s. The technique of Kallend
employs an incremental strain tensor to describe the macroscopic
deformation. The lattice rotations caused by strain cycling were
Calculated using a modification of the strain tensor such that the

Initial strain increment was +e;; /2, the second strain increment -eg;

and the third increment was +ep . Subsequent increments were achieved

by

— - n |
Be = ( 1) en

Using values of 0.25 and 0.0025 for enn simulations were performed for
375 cycles in steps of 75 cycles.

The simulations thus model constant amplitude strain cycling
Parallel to the rolling direction. The lattice rotations were calcul-
ated according to the maximum work principle of Bishop and Hill(124)
assuming {111}<110> slip systems as described in Reference (122).

Texture simulations were performed using six different sets of crystal

Orientations. These are described in Table 3.
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4.4.7 Texture Data Management

The data management system is summarised in Figure 46.
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CHAPTER 5

Results

5.1 Microstructural Characterisation

-

5.1.1 Metallographic Observations

Standard polishing and etching procedures were employed to character-
ise the grain structure of the materials. All the materials were obser-
vVed to consist of single phase material together with small oxide par-
ticles.which were occasionally observed in the rod material. While the
Plate material was observed to contain some oxide, the particles were
Somewhat more prevalent in the rod material. It was also noticed that
the thin sheet material contained a dispersion of oxide.

The grain sizes were measured by the linear intercept method. The
cold folled materials were observed to consist of elongated grains, while
the annealed materials consisted of a fine equiaxed grain structure. The
thin sheet material displayed a somewhat coarser grain size than the
Plate or rod materials. The results are presented in Table 4. (In the
Case of the elongated grain structures, the diameter which is presented

is that normal to the axis of elongation).

5.1.2 Texture Data

5.1.2.1 Thin Sheet Material

The texture of the thin sheet material, code MBCUB, is shown in

Figure 47. The texture consists of a severe cube orientation, {100}[001],
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of height 54 times random. The severity parameter of 5.47 also reflect%
the very high degree of crystallographic texture in this material.
Although the maximum function height is large, and the severity parameter
is also great, integration of the c.o.d.f. shows that only 25 to 40 %

of the material volume is oriented within 10° of the cube position. The
imprecision of this measurement is caused by the large truncation errors
involved when dealing with sharp textures. This material, despite the
imprecision of the texture data, was chosen for preliminary work

because of the high severity of the texture.

5.1.2,2  Plate Material

The c.o0.d.f. plots for materials III80, G8585, NUJIG and CRCOP
are shown in Figures 48 to 51 respectively. These textures are much
less severe than that used for the preliminary experiments and are con-
Sidered to be more typical of the textures to be found. in commercially
Processed cubic metals. A consequence of the lower severity of the
textures is a reduction in the truncation error of the c.o.d.f,, thus
the c.o0.d.f. tends to describe the low severity textures more
dCcurately than it does the higher severity textures. The five mater-
ials a1] display a shear-type texture with {100}<011> as the major com-
Ponent, This is, however, not the texture component which is usually
Teported to develop after homogeneous heavy rolling reductions, and,
is thought to be a consequence of rolling thick material on comparat-

ively smal1 diameter rolls(lzs).

It is, however, a useful component
to develop for the programme of fatigue studies since the existence of
this componentshould encourage a similarity of properties in the 0°

and 90° directions. It should be noted that the major component, while

haVing a large influence on the mechanical properties does not totally
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determine them. Thus, a complete description of the texture, i.e. the'.
€.0.d.f. is required for the prediction of anisotropy rather than "single
Crystal' type calculations which only employ the major component of the
texture (such as prediction for the materials used would conclude that

the 0° and 90° orientations were identical).

5.1.2.3 Rod Material

In analysing the texture data of the rod material, the co-ordinate
System of the rod was aligned in the goniometer such that fhe long axis
of the rod corresponded to the dérection which is conventionally
aligned with the rolling plane normal in plate materials. While this
Convertion may seem somewhat incongruous, in that the axis of elongation
of the rod is aligned with the axis of compression of the rolled mater-
ial, the c.o.d.f. plots, as employed, display the expedient property
that fibre textures parallel to the normal direction are shown as
Straight lines in the constant sections of euler space. The c.o.d.f.
Plots in Figures 52 to 65 correspond to materials FAREN, FBREN, B3500
and A3500, respectively. It should be noted that the cold worked
Materials, FAREN and FBREN display a predominant <111> fibre texture
although FBREN shows a significant (3.0x random) <100> fibre component.
The annealed materials display a duplex <100> + <111> fibre texture
With the stronger component being the <100> fibre in each case.

The c.0.d.f. data are summarised in Table 5.

5.1.3  Mechanical Property Predictions

The plastic property predictions based on the Taylor-Bishop and
Hill model are presented in Table 6. The yield stress is expressed in
terms of Taylor units, i.e. referred to the shear stress required to

Cause slip on the primary slip plane. While the calculation is internally
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consistent, i.e. the yield stress in a given direction may be compared
to that in another direction within the same material, it does not
take into account the effect of other parameters such as grain size or
dislocation density. Thus, difficulty may be experienced in relating
the Taylor factors for different materials, e.g. materials in either
the cold worked or the annealed condition.

Also included in the plastic property predictions in Table 6 is
the variation of the r-value (the plastic strain ratio). The r-value
is the ratio of the incremental yidth and thickness strains at

(126)

Yielding i.e.

d€22

dess

for deformation under a uniaﬁial tensile stress d1p.

The directions of the strain axes are conveniently specified by
the stress axis of the specimen and by considering the strain in the
thI‘Ough thickness direction of the sheet to be €33. The strain €25 is
then in the direction which is mutually orthogonal to the other two axes.
The necessity to consider the effect of plastic strain ratio was shown
by Lee(77’78)who used diametral extensometry during strain controlled
fatigue testing of zircalloy. The plastic strain ratio may also be
®Xpected to influence crack propagation(69).
The elastic properties shown in Table 6 are calculated according

to the methods of Reuss(lls), Voigt(114) and 11111135 described in

Section 4.4.5.1.1.

5.2 Elastic Modulus Measurements

The data measured in order to calculate the Young's modulus of the
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materials employed in the investigation are given in Table 7. The Youﬂés
modulus in the long direction of the strip is calculated for each reson-
ance of the strip by solving equation (3.1), employing the relevant
coefficient. Only those resonances which were clearly distinguishable
and repeatable were employed. The arithmetic mean of the moduli
Calculated for each resonance is taken to be the Youngs modulus in the
Specified material and direction.

The moduli determined'by this method may be compared with the
moduli calculated from tekture measurements and the modulus measured
during a tension test. In particular, the modulus, as determined by
this latter technique is employed in analysing fatigue data of soft
Materials, in which it may be impractical to determine the Young's
Modulus by a tensile test method.

5.3 Preliminary Experiments

The results of fatigue testing at a constant stress amplitude of
* 30.5 MPa are given in Table 8. The data are the averages of measure-
Ments from five specimens of each orientation. Since the sheet speci-
Mmens were initially in the annealed condition, it was necessary to
increase the stress amplitude on starting the test from zero up to
30.5 Mpa, However, because this procedure occupied only the first few
hundred cycles, it is not expected to have a significant effect upon
the fatigue lives recorded. As denoted in Table 8, the data from O°
and 90° specimens fell within the same scatter band and thus the reported
life is the average of ten specimens. The specimens taken from the 45°
Orientation displayed a greater fatigue life under the stress cycling
conditions which were imposed, i.e. 6.1 x 10° vs. 1.43 x 10° cycles for

the other group of data. Since failure was defined as the total
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separation of the specimen the orientation dependence of the life
measured under these conditions reflects the orientation dependence of

both the nucleation and the propagation stages.

5.3.1  Fractographic Observations of Thin Sheet Material

In all cases the fatigue cracks initiated at one edge of the broad
face of the specimen and, during the later stages of the fatigue test,
were observed to propagate'across the broad face of the specimen. 1In a
Similar manner to the grouping of the stress-life data, it was observed
that fatigue crack growth, in the 0° and 90° oriented specimens, occurred
in a direction at 90° to the stress axis while the 45° oriented speci-
Mens displayed growth at an angle of about 60° to the stress axis (Fig-
ure 56). It should be noted that the measurement of 60° was reprod-
ucible within #1°.This orientation is, therefore, significantly differ-
®nt from that predicted for tensile fracture by ductile shear in a
thin sheet of isotropic material. 1In that case, the angle betwecen the
trace of the fracture surface on the broad face and the stress axis is
Predicted to be 54.7°(127). Subsequent metallographic sectioning
Showed that the fracture in the 0° and 90° specimens occurred on a
Plane which was normal to the stress axis. The specimens oriented at
45° to the rolling direction displayed a more complex fracture surface
When through thickness sectioning was employed. Near the initiation
Site the fracture plane was oriented at about 30° to the through thick-
Ness direction, while at longer crack lengths the crack developed a
Complementary facet, inclined to the through thickness direction, by
about 30° in the opposite sense to the initial fracture plane (Figure

57). The measurcments of the orientations of the fatigue fracture

Surfaces are summarised in Table 8.
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Scanning electron microscopy also reveals the change of fracture
Plane in the 45° oriented specimens and the development of a "roof-top"
dppearance. Figure 58 is a stereo pair illustrating this feature. The
flat, macroscopically planar, fracture of the specimens oriented in the
Cube directions is illustrated in Figure 59. The most noticeable feat-
ure of such fracture surfaces is the chevron-type markings which appar-
ently indicate the macroscopic direction of propagation. Similar mark-
ings are evident in Figure 58, with the heads of the chevron markings
forming fhe "roof-top'" of the fracture surface. At highervmagnificat-
ions it is observed that the chevron markings are formed as the result
of localised fatigue crack growth occurring on four sets of planes,

This is conveniently revealed by stereo pair microscopy, as in Figure
60. At the higher magnification, it is possible to resolve the fine
Markings which are continuous across the line of intersection of the
two planes which form the chevron marking (Figure 61). These markings
are the familiar fatigue striations which are often repbrted on fatigue
fracture surfaces of ductile materials.

It is clear that while the striations lie at approximately 90° to
the direction of crack propagation some local deviation may occur
(Figure 60). High magnification fractographs of the specimens oriented
at 45° to the rolling direction are strikingly similar to those taken
from the cube orientations. It may, therefore, be suggested that on a
miCroscopic scale the mechanism of fatigue crack growth is the same over -
a1l the specimens. It would appear that the effect of texture is to
Teorient the direction of crack growth and thus to determine the macro-
Scopic fracture path. Although the chevron-type markings were observed
to be parallel to the <110> type directions of a single crystal aligned

With the cube component of texture, it was not possible to jdentify the
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fracture planes which form the chevrons with a crystallographic plane
since the fracture facets extend over several grains. Although the
Possibility exists that grains of a similar orientation may be contiguous,
thus producing a larger effective grain size, the extent of the chevron
markings, which lie across many grains over the width and thickness of

the specimen, precludes such a single crystal type effect. Thus, although
PSB cracking occurs on {111} planes, the facets shown in Figure 61 should
Not be associated with specific {111} planes. However, it is obvious

that the crack orientation is controlled by the crystallography of the

.

Major component.

5.3.2 Preliminary Conclusions from Thin Sheet Experiments

While the results of the preliminary experiments will be discussed
in detail in Chapter 6, in conjunction with the results of the cyclic
Stress-strain experiments and of the crack propagation tests, it is
Possible to draw a number of preliminary conclusions with regard to the

effect of texture on fatigue.

(1) 1In an equiaxed single phase material in which the only
source of anisotropy was a strong crystallographic
texture, the fatigue resistance in the direction at 45°
to the cube axes was significantly higher than in the 0°

and 90° directions.

(2) The macroscopic fatigue fracture path is influenced by
the texture, in particular, the development of flat
fracture surfaces is related to the relative through-
thickness yielding, specified By the r-value (see Table
6). A low r-value results in a macroscopically non-planar

fatigue fracture.
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(3) Crystallographic preferred orientation produces anis-
otropy of fatigue properties in copper in the absence
of other forms of anisotropy. The anisotropy may be

rationalised by the texture measurements.

5.4  Cyclic Stress-Strain Investigation

The results of the cyclic stress-strain/strain-life measurements
are presented in Tables 9 to 16. In order to avoid elongation of the
material codes, a shortened form will be employed to distinguish the
various orientations of.the spec}mens of the plate material. Thus,
18045 implies the 45° orientation from plate ITI80 and G8590 implies
the 90° orientation from plate G8585. The data were calculated from
the hysteresis loop which was recorded at the half-life. Premature
failures, which were associated with knife edge fretting etc., are noted,
but are not used in the strain life analysis. Examination of the raw
data reveals considerable variation of the elastic modulus as measured
from the hysteresis loops. This phenomenon is often encountered in
Cyclic stress-strain testing e.g., see Reference 127. 1In the present
Situation, this error arises from two sources. Firstly, the elastic
Mmodulus is calculated by dividing the stress amplitude by the differ-
€nce between the total strain amplitude and the strain width of the
hysteresis loop. The fractional error in the quotient is therefore
Controlled by the errors which occur during the subtraction of the two
larger quantities, this produces a small. quantity with an accompanying
1arge fractional error. The second form of error results from the
idealised treatment of the hysteresis loop in Figure 42. Figure 62
Shows a series of hysteresis loops recorded during a strain controlled

fatigue test, in comparison with Figure 42, two discrepancies may be
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noted. Firstly, the straight sides of the loop appear to curve before
Crossing the strain aiis; The second dissimilarity occurs at the loop
tips where the turning points do not appear as sharp reversals but are
rounded so that the makima of stress and strain do not occur at the

Same point. This phenomenon may be ascribed to stress relaxation effects

1(129). Near

combined with the application of a sinusoidal control signa
the reversal points the applied strain rate becomes increasingly small
and, thus, stress relaxation effects produce an anelastic component of
Strain. The effect of cycling ffequency and waveforms are shown in
Figure 62, The loops were recorded at two speeds and using both sin-
usoidal and triangular waveforms to drive the hydraulic ram. It is
obvious that the sharper loop is produced by fast cycling under a trian-
gular waveform and the most rounded loop by slower cycling using a
Sinusoidal control signal.

Despite such effects, it is normal(lso)practice to employ wareforms
in constant strain amplitude testing and the technique was consequently
€mployed in this investigation. Indeed, it appears that, in the present
work, the idealised loop shape is never attained and there is strong
®vidence to suggest that this phenomenon is not uncommon. High speed
digitising(ISI)of hysteresis loop data indicates that the problems
Outlined above occur at most frequencies employed in strain-life data
dcquisition. Effectively, therefore, three different strains should
be allowed for in the analysis, elastic,plastic and anelastic. However,
Since it is impossible for truly elastic deformation to produce damage
the anelasticity must be accounted for by the Basquin and Coffin-Manson
Telationships. The idealisation of Figure 42 is therefore considered
to be a reasonable approximation and the errors are accommodated by

ascribing the plastic strain to the strain width of the loop and the

€lastic ‘strain to the stress amplitude divided by the elastic modulus
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in the direction of testing. The elastic modulus is determined separat:.
€ly in a monotonic test or by a resonance method. The total strain
amplitude may be recalculated by adding the elastic and plastic compon-
ents. The difference between the recalculated value and the total strain
4S measured directly from the hysteresis loops is found to be small, an
€xample of such a set of data is given in Table 17.

Employment of this technique with the rejection of plastic strain
levels of unacceptable accutacy, typically a limit of 107" was set as
the lowest acceptable level of plastic strain amplitude, wés found to
be more consistent than other meéhods of analysis. (For example, one
technique which is used to analyse strain-life data averages the elastic
Mmoduli which are calculated from the loops, recalculates the elastic
Strain using the stress amplitude, and calculates the plastic strain
amplitude by subtraction. This may result in the calculation of a
Negative plastic strain amplitude!). It is also Suggested that since
the analysis is effectively founded on the empirical laws of Coffin(97)
and Basquin(96), the data which should be employed in the analysis are
those to which the relevant laws pertain, i.e. the plastic strain width
of the hysteresis loop and the stress amplitude of the hysteresis loop.

The computer program which was written on the basis of the above
analysis is reproduced in Appendix I. The material parameters which
Were calculated from the strain-life data are given in Table 18. The
Cyclic stress-strain curves for the materials are calculated from the
Material properties and are given in Figpres 63 to 70. The strain-life
Curves, including the elastic and plastic lines, are shown in Figures 71

to 73,

5.5 Fatigue Crack Propagation Investigation

The fatigue crack propagation data were analysed as described in
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Section 4.3. A typical series of graphs is presented in Figure 79. This
series shows a set of data that was considered to be well fitted by the
Programme and the values of L and N. The values of the constants C and
M are tabulated in Tables 19 and 20. The Tables also show the value of
AK7 (as suggested by Rieuk et 31(56)) which is the stress intensity
amplitude required to attain a growth rate of 10™! m/cycle.

In general, the cracks which were grown in the 45° oriented speci-
Mmens developed forms which showed traces which deviated by up to 20°
from the frace of the plane which was perpendicular to the stress axis.
While, in the material CROCP the ‘sense of the deviation was found to be
the same on each face, in the 45° specimens from NUJIG plate the sense
of rotation was found to be different on the two faces, i.e. on one face
the crack plane trace was rotated from the perpendicular plane towards
the top grip and on the opposite face the trace was rotated in the direct-
ion of the lower grip. In the case of material CROCP, it did not appear
that the crack plane trace tended to rotate so that probagation was
aligned along the long dimension of the grains.

The data appear to fall into two distinct subsets which are character-
ised by the value of the Paris law exponent m, one set has m of the order
Of 3.5, the other has a lower value of the order of 2.0. The lower
Value of m correlates very well with the materials which displayed a
Planar fracture. Since the values of C and m are somewhat inter-

dependent, a more exact correlation may be made with the value of AKs.

The orientations which exhibited slant crack growth also displayed the
higher values of AK,, i.e. a higher stress intensity amplitude is required
to enforce the specified rate of crack propagation. Thus the specimens
Which display planar crack growth (usually the cube oriented specimens)
®xhibit faster crack propagation under the same stress intensity

amplitude.



- 89 -

It is also evident that the data from the material of lower severity,

CROCP, exhibit greater variance than the data from NUJIG.

5.6  Scanning Electron Microscopy Observation

5.6.1 Strain-Life Specimens

5.6.1.1 Specimen Sides

Examination of the polished sides of the specimens showed profuse
slip markings, intrusion-eﬁtrusién pairs and occasionally, secondary
Cracks. The purpose of this part of the investigation was primarily to
identify the sites of crack nucleation. In all the specimens examined
the mode of crack nucleation was observed to be the same. Figure 80
shows a secondary crack which has not developed into a failure, the
Crack has developed from an intrusion in a highly localised band 65
deformation, i.e. a P.S.B. It was rarely possible to éxamine closely
the actual site of failure since post fracture damage tended to obscure
detail, it is, however, reasonable to assume that the mode of nucleation
of the cracks which did not propagate to failure is identical to that
of the cracks which result in failure.

On closer examination, it is apparent that the intrusion-extrusion
Pairs may result from a number of different slip configurations. The
different types of markings have been reported after fatigue of alumin-
(65)

lum The types of markings illustrated by Figure 81 corrgspond to

the markings categorised by Arnecll and Teer(65) as "single slip bands",
"intersecting slip bands", "herring-bone patterns" and '"severe surface
Tumpling", It was found that fatigue cracks were found to grow only
from the intrusion-extrusions which deveioped from long slip bands in

€rains which displayed only one set of parallel slip bands (Figure 82).
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Surface cracks were also observed in grains which displayed markings of-
the last three types described by Arnell and Teer but these, however
Severe,.were not observed to develop into propagating fatigue cracks.

The roles of grain boundaries and twin boundaries in the nucleation
of fatigue cracks are somewhat ill-defined. While there is no evidence
that fatigue cracks nucleate in twin or grain boundaries, it appears that
Such boundaries may help to establish an embryonic crack which has
formed within a P.S.B. Figure 83 shows a stereo pair in which the
fatigue érack has nucleated in a P.S,B. and grown to impinge upon the
twin boundary, the incompatabili%y of deformation is relieved by propa-
gation of the crack along the twin and grain boundaries. The stereo
Pair in Figure 83 clearly shows the large depth of the crack after it

has become established in the twin and grain boundaries.

5.6.1.2  Fracture Surfaces

The investigation of fracture surfaces of specimeﬁs which have been
Subjected to fully reversed strain cycling is complicated by artifacts
Caused by post fracture damage as the fracture surfaces impinge during
the compressive half cycles causing detail to be obscured. However,
despite the occurrence of "smearing' it was always possible to observe
areas which had suffered relatively little post fracture damage. All the

fraCture surfaces displayed three distinct zones;

(i) a zone near the nucleation site which was often feature-
less due to smearing by the cémpressive forces and inc-
lined at between 30° and 45° to the stress axis,

(ii) an intermediate zone on which features typical of fatigue
could be observed (this was frequently normal to the
stress axis, although slant fracture surfaces were also

obtained), and
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(iii) a region of ductile shear caused by monotonic fracture.

Figure 84 shows a low magnification S.E.M; micrograph in which nucleat-
ion has, in fact, occurred at three separate sites and the growing
Cracks have coalesced to produce a larger crack which has grown across
the cross section of the specimen.

The fracture surfaces near the initiation site correspond to the
Stage 1 growthcs)of the embryonic fatigue cracks. Very little detail
was observable in this regi;n. The fracture surfaces formed during
Stage IT growth, whether during planar or slant growth, were found to
exhibit two distinct types of features. All the annealed materials dis-
Played very marked fatigue striations and exhibited a very ductile
fracture surface. Figure 85 shows a typical set of fatigue striations
which were observed in a depressed region of the fracture surface,
Presumably protected from post fracture damage by the elevated regions
vhich surrounded it. (This also indicates that the smearing is not
Caused by mating of the surfaces immediately after the crack has passed -
but by damage when the crack has grown to a considerably longer length).

Similar ductile features were observed on the fracture surfaces of
Material ITI80 for the 0° and 90° orientations at all stress levels.
Figure 86 corresponds to propagation at high rate, large strain amplitude
and long crack length, and illustrates the exceptionally ductile nature
°f the fracture. The striations lie on small ledges which appear to be
Separated from each other by sheared surfaces. The striations can be
Séen to be continuous from one ledge to'anothcr so that the region which
Produces the peak of a striation on the ledge will develop a depression
O the shear surface.

The Stage II fracture regions in the other cold worked specimens

displaygd pronounced facet-like features, (shown in Figure 87) in
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contrast to the ductile appearance of the other specimens. The most
striking contrast is between corresponding specimens of III80 material
in the 0° or 90° orientations and the 45° orientation. The 45°
Oriented specimens display the facet-like features shown in Figure 87
in contrast to the ductile striations exhibited by the Oaad 900riented
Specimens (Figure 86). Closer ekamination of the cube oriented speci-
Mmens of ITI80 revealed facet-like features at locations close to the
Crack nucleation sites (Figure 88). It was also noted that the facet-
like feétures tended to be more prevalent at shorter crack lengths and
in sSpecimens subjected to lower'amplitude strain cycling.

The position of the sites of fatigue crack nucleation, and the sub-
Sequent direction of crack propagation were found to be unrelated to

the reference directions in the plate materials.

5.6.2 Crack Propagation Specimens

The fatigue cracks produced during the crack propégation experi-
Ments displayed surprisingly rough features. At very short crack
lengthS, presumably within the plastic zone of the starter notch, the
Cracks are reasonably planar (Figure 89). At longer crack lengths the
Crack morphology becomes less planar, exhibiting macroscopic peaks and
troughs,

The appearance of the fracture surfaces of all specimens are very
Similar when viewed at high magnification. Figure 90 shows a typical
Surface. The facet-like features appear. very similar to those noted
On the fracture surfaces of the strain-life specimens, the ductile
Striations which had been evident on the more ductile fracture surfaces
°f the strain-life specimens were, however, not observed. Although
®Xperiments were attempted using soft spécimens, these were not success-

ful in producing fatigue cracks without gross cross section yielding.
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It is also possible that well marked ductile striations were not
observed on the fracture surfaces of the crack propagation specimens
because‘the crack propagation rates were below those encountered during
the strain life testing, since in the crack propagation testing,the
tests were terminated before the crack reached 70% of the specimen

width.

5.7  Texture Development Puring Fatigue

5.7.1 Simulation

The results of the simulations based on the Taylor-Bishop and Hill
Mmodel of plastic deformation are given in Table 3 (together with the
Starting textures). The fatigue simulations tend to develop components
in the positions {100}<031> and {100}<013>, the relative strengths of
the components in each orientation are dependent on the prior '"deformat-
ion". Thus, the cube textured material tends to develép a much lower
Severity as the peak width at {101}<010> broadens towards {001}<031>.
Similarly, the shear texture, {100}<011> develops a much broader peak,
€nveloping the {100}<031> orientations, eventually developing small

Side peaks in those orientations.

5.7.2  Experimental Measurement of Texture Development During Fatigue

The texture which was measured from the specimen which had been
Subjected to 5300 cycles at * 0.0037 strain amplitude is showv in
Figure 91. This should be compared with the initial texture G8585
Which is shown in Figure 49. The most emphatic difference is that the
Peak height has fallen from 7.7x random to 4.7x random and similarly,

the severity has also decreased from 0.98 to 0.68. The quantitative
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nature of the c.o.d.f. and its formulation as a series expansion, permit
the difference function of two c.o:d.f.'s to be evaluated. Thus, the
relative changes in orientation may be evaluated between Figure 91 and
Figure 49. This difference function is plotted in Figure 92. It is
clear that while the orientations near {100}<011> have become depleted,
No specific orientations have been preferentially augmented.

The results of the texture measurements indicate, therefore, that
in contrast to the predictions of the simulations based on the theory
of Taylor and Bishop and Hill, the action of fatigue cycling is to

Tandomise the texture.
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CHAPTER 6
Discussion

The review of the literature has shown that the fatigue properties
of cubic single crystals are expected to be orientation dependent. By
ekpressing the cyclic stress-strain curves, in terms of the resolved
Shear stress and strain amplitudes, Laird(lsz)has shown that materials
deforming by wavy slip should be expected to display a unique cyclic
Stress strain curve. The anisotropy of cyclic behaviour is, therefore,
dependent upon the Taylor factor. Kettunen(l4)attempted to rationalise
the behaviour of single crystals and polycrystals using the Taylor
factor. Inherent in these approaches has been the premise that tﬁe poly-
€rystals which were employed for comparative purposes.Were free from
texture and exhibited a Taylor factor of 3.06 (which corresponds to a
Tandomly oriented aggregate of crystals).

The effect of orientation on the rate of crack nucleation in

(26)

Single crystals was demonstrated by Avery et al and a corresponding

dependence of the orientation dependence of the development of svrface

topography in polycrystals was noted by Arnell and Teer(65), i.e

8rains which developed long straight slip bands were oriented so that
the stress axis lay at the centre of the stereographic triangle. It
PPears that the rate of crack propagation in single crystals is also
inf]y, . . (38)

uenced by the crystal orientation . lowever, these data may
ot be directly relevant to the fatigue of polycrystals since crack
8rowth data has been correlated with the tendency towards multiple slip

(40 .
)and, in polycrystals, it would be expected that the constraints of
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neighbouring grains would promote polyslip in all grains.
The only data which have examined the effect of preferred orien-

(133). These

tation on cyclic properties are those of Nair and LeMay
workers correlated a difference in the fatigue properties in the trans-
verse and rolling directions of cold rolled plate with texture measure-
ments. It was also found that in materials which displayed either
"cube" or 'random' textures the two orthogonal orientations produce

Much more similar fatigue behaviour. Unfortunately, Nair and LeMay

were oniy able to correlate distinct differences in fatigué behaviour
‘With distinct differences in orientation, e.g. Nair considers that the
S-N data for the annealed copper polycrystals form a single curve (see
Figure 93). However, it could be argued that the orientations are not
identical but that the scatter bands of the two data-sets overlap.
Similarly; the use of incomplete pole figures is an inadequate descript-
ion of the texture. In particular, the presence of a strong cube text-
Ure component does not per-se mean that the 0° and 90; orientations

are texturally identical since the presence of mim or components will
affect the anisotropy of mechanical properties. Also, it is possible
that grain shape may affect the S-N curve. Because the only differences
that Nair and LeMay(Go)found in the fatigue data were in the cold worked
Specimen it has not been proved conclusively that the difference in
fatigue properties is attributable to texture since in one orientation
the long grain boundaries are parallel to the stress aXis while in

‘the other the boundaries are perpendicular to the stress axis.

6.1 Preliminary Experiments

In order to assess the possibility of textural effects in the
fatigue of copper it is necessary to remove any other causes of anis-

Otropy and also to ensure that the anisotropy due to texture is as



large as possible. Fortunately, cold rolled copper sheet may be
annealed to produce an equiaxed grain structure which exhibits a strong
Cube texture component, thus fulfilling the conditions of strong
Crystallographic anisotropy and weak microstructural anisotropy. The
texture data for the sheet material MBCUB indicate that the 0° and 90°
Orientations are texturally equivalent. This implies that the large
Cube component dominates the mechanical anisotropy and that no signifi-
cant minor components exist. (A situation which is probably untrue

for the material of Nair. Reference 133, Figure 5.4).

The data from the prelimin;ry experiments clearly show that under
Stress amplitude controlled conditions of high cycle fatigue the stress-
life data falls into two sets, the 0° and 90° specimens form one set at
3 lower 1ife while the 45° oriented specimens showed enhanced fatigue
Tesistance in that regime. Using the yield stress calculated for the

(117) 1118) thod it is

three orjentations by the Taylor -Bishop and Hil
found that the 0° and 90° orientations display similar yield stresses
¥hich are below the yield stress calculated for the 45° orientation.
Thus, the fatigue data at constant stress amplitude shows that the
Materials with the lower yield stress fail prematurely, i.e. the
fatigue data agrees qualitatively with the texture prediction.

On the basis of these results, it is not possible to discriminate
between the nucleation and propagation phases of fatigue crack growth.
HoweVer, since crack propagation at such a low stress level occupies
4 small fraction of life(z)it is clear that the nucleation of fatigue
Cracks js dependent on the texture and orientation. It appears that
texture also affects the fatigue crack propagation. The fracture
behaViOur will be more fully discussed in conjunction with the fatigue

Crack propagation data from series NUJ1G and CROCP but the results of

the fractographic observations on the thin shecet fractures do indicate
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the effect of texture. Although the high magnification views of the
fatigue fracture surfaces are very similar, the macroscopic topography
of the fracture surfaces depends on the orientation, the cube oriented
Specimens exhibit flat fractures and the 45° specimens have slant or
roof-top type fracture. It appears, therefore, that the micromechanism
of fatigue crack propagation is the same for all the specimens while
the macroscopic crack orientation is determined by the texture.

It is tempting to analyse the fracture in terms of crack propagat-
ion along {111} type planes as suggested by Laird®). Neumann (1)
Suggests that slip is controlled by slip on two {111}<110> systems pro-
ducing crack fronts aligned along <110> type directions. The macro-
Scopic fracture plane depends on the relative amounts of slip on the
Systems at the crack tip. This explanation is acceptable in the des-
Cription of crack propagation in single crystals but it should be °
Noted that the fractures produced in the fatigue of thin sheet display
chevron markings over distances which are larger than the grain size of
the material. Since the material is not a single crystal, approximately
Only 25% of the volume is oriented within 10° of the {001}<110> orien-
tation, such a rigorous crystallographic argument should not be
applied. However, this model, which has also been suggested by
pelloux(134), may be applied in a more generalised form. Rieu et 81(55)
Suggested that the slip occurs in "bands of shear" at the crack tip,
. 8S opposed to slip on a specific plane. The orientation of the bands
and the sense of the shears is prescribed, of course, by crystallographic
Considerations. If the manroscopic shearing behaviour is now considered
1t will be seen that the shear at the crack tip must be influenced
by texture.

In the case of the cube textured material, strain is easily

accommodated within the plane of the sheet if the stress axis lies at 0°
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or 90° to the rolling direction. Conversely, elongation at 45° to the -
rolling direction results in considerable through-thickness straining,
See R-value in Table 5. Since the crack propagation, in the case of
thin sheet, always began at the edge of one of the broad faces, crack
Propagation occurs to accommodate an elongation in the direction of

the stress axis. In the cube oriented specimens it appears that macro-
Scopic plane strain conditions are maintained at the crack tip.
Althoughllocal deviations occur, the effect of the notch and the con-
Straints imposed by the texture effectively produce macroscopic plane
Strain crack propagation, even in specimens of such thinness! Due,
however, to the low R-ratio of the 45° oriented specimens the shear

at the crack tip cannot be accommodated by plane strain and a slant
Mmode of fracture develops. Thus, the crack tip deformation is accommo-
dated by a.system of shears which do not lie in the plane of the sheet.
While considerable thinning of the specimen occurred at the crack tip
in the 45° specimens, it may not be totally correct to regard the
difference between the two fractures as simply plane stress vs plane
Strain. Because of the orientation of the fracture surface in relation
to the through thickness direction the fracture may contain some

degree of mode III opening. The effect of the crack angle on the rate
of crack propagation is not shown by these data but Rieu et a1(56)

Showed that planar fractures occurred at faster rates than propagation

which was not perpendicular to the stress axis.

6.2 Strain-Life

The strain-life/cyclic stress-strain approach considers that the
endurance of a material under fatigue conditions is determined by the
Mechanical response under cyclic loading; which can be described by

the cyclic stress-strain curve. This approach implies that for a given
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applied strain amplitude the material will develop a unique stress
amplitude. This description of the stable stress-strain response is
facilitated if materials exhibit the classical response of rapid harden-
ing or softening followed by a saturation stage which is terminated only
by fracture. The cyclic stress strain curve is determined by the
Saturation stress amplitudes as a function of the applied strain ampli-
tudes. However, many materials do not exhibit a true saturation stress,
but often display a continuéus slow softening. For example, Abel(lss)
has noted that the saturation apparently exhibited by single crystals
of copper is really producing softening at very slow rates (10’ per
Cycle). Since the lack of saturation is often more marked it is
imperative to define a comparative point at which to determine the
Stress andlstrain amplitudes. This point is often taken as the half
life (136) .

The use of the cyclic stress-strain curve from saturation values
Implies that the material structure attains a stability under the
€yclic conditions and it follows that the rate of accumulation of
fatigue damage is determined by the dislocation substructure. Feltner
and Laird(6’21)suggested that "wavy slip'" materials should display
Unique cyclic stress strain curves which would be independent of prior
Mechanical history. Conversely, materials which exhibited low stacking
fault energy were observed to display cyclic stress-strain responses
Which were dependent on mechanical history, i.e., the "saturation"
Stress at a given strain amplitude would be raised by pre-strain. The
Question of the uniqueness of the cyclic stress-strain behaviour of
wavy slip materials has recently been clarified by Laird et a1(137).
While the uniqueness of the cyclic stress strain curve of copper has

been widely accepted, the data of Tuler and Morrow(lss) is at variance

With this view, since they found that heavily cold worked material



- 101 -

displayed a cyclic saturation stress which was not uniquely determined
by the applied strain amplitude. The work of Feltner and Laird which
concluded that copper exhibited a unique cyclic stress-strain cycle
was limitéd to low levels of pre-strain ( v 20%). The data presented
by Laird et 31(138)shows that heavily cold worked copper displayed a
Cyclic stress strain curve which layconsiderably above the cyclic
Stress strain curve of annealed material. Similarly, Lukas and Klesnil
(139) reported that, while the cyclic stress-strain curves.of copper
in the annealed and 20% tensile pre-strained conditions coincided, the
Curves for 30% and 40% prestrained material were found at increased
" stress levels.

The cyclic stress-strain curves which are shown in Figures 63 to
70 show a similar demarcation, the cold worked materials display cyclic
Stress strain curves which rise considerably above the curves of the
dnnealed materials. A similar trend is observed in the strain-life
Curves. At high strain, the total strain-life curves lie within the
Same region, although the four curves which relate to the annealed
Material lie below three of the four curves for the cold worked mater-
ials, |

In the high cycle fatigue regime all the data pertaining to the
cold worked materials lie below the annealed copper data. The correlat-
ions between plastic strain amplitude and fatigue life do not appear to
discriminate between cold worked and annealed materials while the plots
of the’Basquin relationship show that the cold worked materials lie
above the annealed materials. (The plots of total strain amplitude vs
life, plastic strain amplitude vs life and elastic strain amplitude
Vs life are given in Figures 94-96).

The difference in fatigue lives of cold worked materials and

(140)

dnnealed materials was originally noted by Kemsley who compared
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the lives of annealed and cold worked copper specimens under constant
Stress amplitude cantilever bending. The cold work material produced
longer fatigue lives. Similarly the data presented by Nair (see Figure
25) show.that cold worked materials exhibit enhanced life in comparison
to the same material which is fatigued from an annealed state. It is
€xceptionally difficult to compare the fatigue life data with work that
has been published previously since the different methods of collecting
and presenting fatigue life data result in a profusion of S/N curves
from stress controlled tests, total strain-life curves and plastic
Strain life curves from tests petformed under different conditions of
Strain control. Additionally, while the use of cantilever bending
facilitates the gathering of S/N data, the stress levels calculated

for this type of deformation often ignore the strain hardening proper-

(141)has pointed out that this is a

ties of the specimen, Karjalainen
Common source of error which produces discrepancies between fatigﬁe
data measured by uniaxial cycling and those obtained b& bending. It
is, therefore, only possible, in comparing the present data to
PreViously published results, to remark that these results are of the
Same magnitude and follow similar trends to the data available in
Other publications.

The assessment of textural effects is facilitated by the method
of machining specimens from different orientations of the same plate,
thus maintaining constant all factors except crystallographic orientat-
ion. As mentioned above, it is also the intention to compare'the data
from annealed plate material with annealed fibre material and similarly
to compare data from cold worked specimens. However, the discussion

Will be facilitated by initially comparing only the data from speci-

Mmens taken from the same plate.



The texture of the cold rolled plate material is shown in Figure
48. This is not the texture which is usually reported for cold rolled
Copper and did not generate the cube texture component on subsequent
recrystéllisation. The data are, therefore, not directly comparable

With those of Nair(lss)and LeMay and Nair(éo).

The mechanical property
Predictions which are given in Table 6 indicate that the 0° and 90°
Orientations should be almost identical while the 45° orientation
should have different mechqnical properties. The strain amplitude-life
and cyclic stress-strain data fall into two groups, the 0° and 90°
Specimens produce one data-set while the 45° orientation produces data
which obviously belongs to a different set. The strain-life curves
Show that the 45° orientation produces a superior life at all strain
levels under constant strain amplitude cycling while the cyclic stress-
Strain curves indicate that for a given imposed level of strain the
Stress amplitude developed by the 45° orientation is lower than in

the 0°-90° specimens. This correlation, in which the material that
displays the stronger cyclic stress strain curve also displays the
Inferior life under strain cycling agrces both with the premises

of the cyclic stress strain method of fatigue analysis, and in partic-
ular, with the parametric approach which was employed. This follows
Since Morrow(7)has shown that in order for the constants in the life
®quation to be related to the cyclic stress-strain curve the
aCCumulation of fatigue damage must be related to the hysteresis work
involved during cycling. That is, if 0% and e% represent a point on
the cyc1ie stress strain curve they do so because damage accumulation
is determined by the area of the hysteresis loop. Since in this
im’estigation (and in most investigations into the cyclic properties
of Metals) the paramcters characterising’the cyclic stress strain

Curve agree when calculated either from strain-life or saturation stress
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and strain amplitude values it is to be ekpected that the material with -~
the lower stress-strain curve exhibits superior life under imposed

Strain controlled cycling. The converse, i.e. that the stronger material
exhibits the longer life, would be expected under stress controlled
Cycling. This was observed for the thin sheet material.

The agreement between the 0° and 90° orientations scems to indicate
that thgre is little effect of grain orientation on the fatigue proper-
ties and that the difference in the fatigue properties observed in the
45° oriented specimens is due to crystallographic texture. Since the
grain shape exhibited a ratio of about 20 (consistent with a rolling
reduction of 80%) it may be assumed that if copper exhibited a grain
size effect then the 0° and 90° orientations should be influenced by
the grain shape. The present results suggest that the cyclic proper-
ties of copper are not influenced by grain size, as proposed by
Laird(s), and agrees with the theoretical predictions of Thompson et
a1(82). The result is in agreement with the data of Bucci and Thomp-
SOn(142)wh0 demonstrated that fatigue crack growth in truly poly-
crystalline f.c.c. metals is not influenced by grain size and confirms
that Nair and LeMay(62)were correct in ascribing the difference in
fatigue properties of their cold worked materials to textural effects.

The elastic modulus measurements are in the ratio,

Eus

115
= = === = 95 .. 6.1
" 57 = 0.95 | (6.1)

while the predicted ratio of the Youngs moduli are all lower, of the
order of 0.82. The plastic property predictions agree quite well with
the ratio of the cyclic yield stress as defined by S!, the cyclic

stress amplitude produced by a cyclic plastic strain amplitude of 0.2%,



- 105 -

i.e. the ratio of the 45° data to the 0-90° data is 1.045 for the pre- -
dictions based on the Taylor-Bishop and Hill theory and 1.050 for the
values in Table 18. On this basis it appears possible to predict from
the texture measurements that the orientation which exhibits the higher
flow stress will display poorer fatigue resistance under conditions of
imposed strain cycling. In the case of material III80 the elastic
Properties bear a similar orientation dependence to the plastic proper-
ties and thus the orientation which is predicted by x-ray measurements
to be sdft is also able to accommodate the total strain amplitude at

2 lower stress amplitude. (It is emphasized that elastic and plastic
Properties do not have the same origin, the plastic properties depend
on the f.c.c. structure and the {111}<110> slip mode while the

elastic properties depend on the single crystal elastic constants

Ci1, ¢y and cy, which are material constants).

Because the cold rolled material developed a retqined shear
Component on recrystallisation at low temperature (at higher recrystal-
lisation temperatures the texture was almost totally random) the mech-
anical property predictions at 0° and 90° were identical and therefore
Specimens were taken from only the 45° and 90° orientations. Due to
the lower texture severity of G8585 the difference between the 90°
and 45° orientations is not as pronounced as in III80. Consequently,
the fatigue data are found to exhibit greater similarity than in the
Case of the cold worked material. The strain-life and cyclic stress-
Strain data follow the same trends as the data from the cold worked
Material. The 45° orientation shows superior life and a slightly
lowe cyclic stress strain curve compared to the 90° orientation. The
SCatter in these data, however, is greater than for the cold rolled
Plate, This is more obvious on the cyclic stress-strain curves than

In the strain-life plots. However, the coefficients of correlation
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show that the data can be fitted more aécurately by two distinct
Curves than by one set which includes all the data. It is obvious,
however, that the two sets of data are covered by the "factor of two"
Spread which is usually considered to be acceptable in fatigue data(sg).
Quantitatively the values of the elastic moduli, as measured, and the
2% cyclic yield stress calculated from the cyclic stress strain curves
are in reasonable agreement with the values calculated from the cylic

Stress strain curves are in reasonable agreement with the values cal-

Culated from the texture measurements.

Sis My
<1 ¢ T— = 0.98 : 0.970 ... (6.2)
Ss Mg

where § is the 2% offset stress amplitude and M is the corresponding

Predicted Taylor factor, while the elastic moduli appear to correlate

With the Reuss average i.e. the predicted values of 112GP, and 99.8GPj,
The cold worked rods show little difference in the predicted

®lastic moudli and yield stresses along the axis of the rod. Similarly,

the cyclic stress-strain curves which are developed by the strain life
data are very close together. Surprisingly, the strain-life curves
appear to diverge somewhat more than should be predicted from the cyclic
Stress strain curves. In particular, the curves for material FAREN lie
below the curves for FBREN on both plots. lowever, the cyclic stress-
Strain curves are calculated on the basis of the stress strain amplitudes
ad not on the n! and k! values derived from the strain-life data. It

Is Noticeable (see Table 18) that there is a greater discrepancy between
the p! and K! values calculated by the two methods for these sets of

data than for the other sets of data. The ratio of the cyclic yield

Stress s almost equivalent to the ratio of the calculated Taylor Factors,
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however, since this ratio is of the order of 1.005, any error is
certainly within the limits of experimental measurement.

Thg annealed fibre textured materials similarly displayed cyclic
Stress strain curves, which lie very close to each other. Again, the
texture measurements indicate that the mechanical properties should
be very similar. The predicted Taylor factors for A3500 and B3500 are
3.036 and 3.086respectively, a ratio of 0.983, which compares to the
Cyclic offset stress amplitudes of 156 and 159 MPa, a ratio of 0.981.
The strain-life data indicate that the material A3500 has a flatter
Curve than B3500, since the plas%ic strain-life lines are closely aligned.
The difference must be ascribed to the difference in the elastic strain-
life relation, A3500 displaying a much more horizontal curve. Compar-
ing the predicted values of the elastic modulus it is found that the
B3500 material shows a much lower elastic modulus than predicted by
the texture measurements. It is suspected, therefore, that these
discrepancies are related and that higher value of the'modulus for B3500
Would agree with the texture measurements and would agree more closely
With the hysteresis loop data, although measurement of the modulus was
€xceptionally difficult on the loops from the annealed rod material.

The effect of change in the modulus in this manner would be to produce
4 more horizontal line, primarily by reducing the contribution of the
€lastic strain in the low cycle region. However, since the data from
A3500 and B3500 are obviously very similar the results have been pre-
Sented as shown in order to illustrate how susceptible the strain-
life parameters are to the selection of constants. This effect is
important since it illustrates that techniques of analysis which
e€mploy the technique of averaging the elastic modulus do not minimise
€rrors but tend to propagate them. It sﬁould also be noted that the

correct modulus pertaining to a given set of specimens should always
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be measured since the variation of elastic modulus due to texture

can be significant (see Table 18) consequently, the use of an average
elastic modulus, e.g. from standard tables will influence the correlat-
ions in the cyclic stress strain analysis.

The effect of the incorrect choice of the elastic modulus is
shown in Table 18. The material code B35XX refers to the stress-strain,
Strain-life data of material B3500, analysed using an elastic modulus
of 122 GPa. (This value was calculated from the elastic modulus of
A3500 by assuming that the ratio of the elastic moduli of fhe two
Materials may be predicted by texture measurements). The cyclic stress-
Strain curve and the strain-life curves calculated for the parameters-
given in Table 18 are shown in Figures 97 and 98 respectively. These
data coincide with the data of A3500 more accurately than when the
data are analysed using the lower value of the elastic modulus. It
May be expected that since the annealed materials were exceptionaily
Soft the measurements of the elastic moduli may be in érror. Thus,
it is concluded that the difference in cyclic properties between A3500
and B3500 is not due to textural effects but is due to inaccuracy of
the stress-strain anaiysis.

Comparison between the plate materials and the rod material shows
that the elastic modulus predictions fo? all the materials are in
dgreement with the measured values, correlating more closely with the
Reuss average than with the Voigt or Hill values. The predicted
Values of the Taylor factor of the annealed materials are of the same
Order for both plate and rod materials. However, the cyclic étress-
Strain curves of the rod materials lie below the curves of the plate
Materials, Similarly, the strain-life curves for the rod material lie
below the strain-1ife curves for the plafe material. The difference in

the cyclic stress-strain parameters, however, is seen to be small.
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In particular, the parameters € ! and ¢ are very similar for A3500,

f
G8545 and G8590. The elastic strain-life parameters show less agree-
ment, which results in the rod materials displaying superior life in
the high cycle fatigue regime. It should be noted that data were not
Measured in this regime due to the impracticality of such an experi-
ment, A fatigue test which lasts for 5 x 10® cycles would take 27
days even at 100Hz which is the maximum cycling frequency of a servo-
hydraulic testing machine. - Life predictions using the cyclic stress-
Strain aﬁproach tend to be conservative in this regime since the
analysis ignores the possibility'of a fatigue limit. The cyclic
Stress-strain relationships, of course, reflect the greater stiffness
of the plate materials. Since the materials did not differ greatly

in grain size, and it appears from the cold worked material III8O

3hd reporté in the literature that grain size has no effect on fatigue
Properties, it is difficult to explain this discrepancy. The hystere-
Sis loop traces shown in Figure 99 show the same behaviour. The rod
Material shows a sharper yielding behaviour, i.e. the "turnover" is
Mmore pronounced, but the work hardening is lower. (The agreement
between the loop shape and the cyclic stress-strain curve has been

(143)

Noted by Morrow and Halford and has been employed as a rapid

teChnique in the assessment of the cyclic stress-strain curve(136)).

In the case of the cold worked materials, the cyclic stress-strain
Curves of the fibre textured materials lie above the cyclic stress-
Strain curves for the cold rolled plate specimens. This is predicted
by the Taylor factor, calculated from the texture measurements, but
is in contradiction to the data for the annealed materials. The fibre
textured materials also display lower fatigue life in the high cycle

Tegime. In this case, it appears, therefore, that the stronger

material‘displays the lower fatigue life.
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Bhat and Laird(zz)and Mughrabi(144)have shown that the cyclic
Stress-strain curves of single crystals and polycrystalline f.c.c.
metals may be compared by employing the Taylor factor to transform
the tensile stress and strain amplitudes to shear stress and strain
amplitudes. Furthermore, Laird(16)has shown that the fatigue limit of
Polycrystalline copper may be predicted from the value obtained from

single crystals oriented for single slip(16).

The use of the Taylor
factor in this manner may be criticised since the Taylor factor actually
relates fo deformation on more than one slip system. (Strictly, the
Taylor factor relates the macroécopic tensile stress to the arithmetic

(145)

Sum of the shear strains on the individual slip systems i.e.

$/y./ = Me Y. (6.3)
i 1

If the cyclic stress-strain data are analysed in the manner pro-
Posed by Bhat and Laird, the data fall into two sets which coincide
With the annealed and cold worked initial states respectively (Figure
100). For clarity, the data have been replotted on logarithmic
Co0-ordinates in Figures 101 and 102 for the annealed and cold worked
Materials respectively. The two sets of data analysed using a least

SQuares fit on logarithmic co-ordinates to the equation

11
AT = Kll(Ay)f ..... (6.4)

The Straight lines which are drawn on Figures 101 and 102 represent
the results of the regression analysis, which are also presented in

Table 21. The data for the individual sets of material were calculated
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from the longitudinal cyclic stress strain analyses reported in Table 18,

At - Ao
=5 /™ (6.5)
and Azp = M (égfg ..... (6.6)
if Ao v Bepnt 6.7)
i = = K (—%)
2 2
.. - A 1
similarly, (ézl = k¥ (—;{E)“ cees.(6.8)
therefore, n* =2 .. (6.9)
1
and M < (6.10)
y{1+n’)

Figure 101 shows that the cyclic stress-strain data of the annealed
Materials, when expressed in terms of shear stress and strain amplitudes
forms a reasonable single data set, although it is scen that the data
from material 68585 lie consistently above the data from the rod speci-
Mens. Since the metallographic analysis displayed little difference
between the two sets of material and spectrographic chemical analysis
¥as unable to detect any compositional differences between the two sets
of Mmaterials, it is not possible to ascribe this discrepancy to any
Particular source.

Figure 102 shows the correlation for the shear stress-shear strain
data for the cold worked materials. In this case, the fibre textured
Materials are seen to produce data sets which lie above the data from
the plate material. This difference must be due to the different amounts

°f ¢old work in the two sets of materials. As Laird(137)has shown, the
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Cyclic stress-strain curve of wavy slip materials is not independent
of prior cold work. The uniqueness of the cyclic stress-strain curve
is detgrmined by the ability of the imposed cyclic deformation to
Overwhelm the dislocation structure created by prior deformation and
to develop a sub-structure which is characterised only by the
amplitude of the cyclic deformation. The dislocation structures which

are usually found in fatigue, i.e. cells(6), walls(6), ladders(146) are

(16)

all low energy configurations and the initial dislocation structure
Must be reformed into such a structure during the rapid hardening/soft-
€ning stage of cycling. Winter(147)has described the microstructure
of fatigued copper single crystals in terms of the PSB structure which
Carries the plastic strain and a matrix structure of a higher plastic
Tesistance which consists of dislocation dense arrays of dislocation
dipoles and multipoles and is, therefore, a higher energy configurat-
lon. The metastable structure is preserved because, since the plastic
Strain is concentrated in the P.S.B.'s, the dislocation motion necessary
to Tearrange the dipoles and multipoles does not occur in the matrix
Structuyre,

The rapid hardening/softening stage is therefore, determined by
the prior cold work and the applied strain amplitude and achievement
°f a stable saturation stage is determined by the ability of the strain
amplitude to break down the cold worked dislocation structure. There-
fore, while the cold work in the rolled plate and the drawn rods is
4PProximately equivalent, the difference in prior cold work and the
deformation state (i.e. rolling vs drawing) producesdifferent sub-
Structures and hence, the cyclic shear stress-shear strain curves are

different. It should be noted, however, that the annecaled materials

€xhibit a higher degree of cyclic work hardening than the cold worked
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materials and it might be expected that at higher plastic strain ampli--
tudes, the cyclic stress-strain response would be similar for the
annealed and cold worked materials. (It has been suggested that cold
worked ﬁaterials would eventually attain a saturation state which is
determined by a history independent cyclic stress-strain curve if
fracture could be prevented(lsz)).

It appears therefore, that the textural dependence of the cyclic
Stress-strain response of coppper (and presumably of other wavy slip
f.c.c. métals) may be rationalised using the Taylor factor.to reduce
the longitudinal cyclic stress-strain curve to a resolved shear
Stress-shear strain curve. However, due to the discrepancies between
the different sets of data, it must be concluded that, while the
effect is detectable and may be predicted quantitatively within a given
aggregate, it is of secondary importance in comparison to effects such
as cold work. Also, the effect of fekture would be further abated in
the presence of microstructural anisotropy e.g. see Apﬁendix IIT for
the effect of MnS inclusions on the fatigue properties of textured
SAE 4161 C-Mn steel.

Kettunen(14)has similarly suggested that the Taylor factor may
be used to analyse S/N data and has shown that the S/N data for copper
Single crystals of various orientations.may be reduced to a single
Curve by plotting the resolved shear stress on the primary slip plane
against the number of cycles to failure. The same author also attempted
to compare the S/N curves of single crystal and polycrystalline iron
(see Figures 17 and 18). However, it is obvious that the predictions
and the data diverge at higher strains, wﬁich is the very region in
which the Taylor theory ought to be more applicable.

In order to relate single crystal pfoperties to the stress or

Strain life data of polycrystals, it is necessary to understand how
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fatigue failure occurs. Obviously, fatigue damage and hence crack
nucleation can only occur by the accumulation of locally non-reversed
Plastic strain(s). Unfortunately, microplasticity may occur under
nominally elastic conditions thus, the strain-amplitude-life curve is
analysed in terms of two components of the strain, elastic and plastic.
It should, therefore, be emphasized that truly elastic strain cannot
Cause fatigue failure and, indeed, anelastic strain should similarly
be reversible. The elastic strain life correlations must then relate
to micropiastic strain which may be non-reversed,

For all the specimens which were examined, fatigue failure
occurred in a similar manner. In particular, cracks were always
Obsérved to be associated with grains which showed a specific set of
Slip bands i.e. long parallel bands. Arnell and Teer(65)observed that
failures in fatigued aluminium were associated with grains which
showed similar markings. Employing x-ray microdiffraction they were
able to show that the grains which developed such markiﬁgs were oriented
S0 that the stress axis lay at the centre of the stereographic triangle.
The slip markings observed on the grains which were susceptible to
Ccracking were found to conform with these data using a trace analysis
technique. Thus, the failure process is dependent on the cyclic
deformation which is experienced by}a grain in the "soft" orientation
and the textural dependence of the fatigue process should be determined
by the relation between the macroscopic stresses and strains and the
Mmicroscopic stresses and strains.

The problem of relating a macroscopic stress-strain state to a
microscopic stress-strain state is very similar to the problem of crack
(148)

Nucleation at a notch, see Figure 103. Topper et al employed

Neubers(149)ru1e to relate the stress and strain at a notch root to



- 115 -
the macroscopically imposed stress state. Similarly, Smith et 31(149)
have suggested that mean stress effects may be accommodated by employv-
ing a single stress-strain function, omaXAe which governs the fatigue

of metals.

In a similar manner to the assumption that the fatigue of notched
bodies is controlled by the local stress-state it will be assumed that
the fatigue of polycrystals is governed by the stress state in a grain
of a soft orientation. Employing the function %;-%;

to describing the accumulation of fatigue damage in terms of the

(7)

is equivalent

hysteresis work which is absorbed'during a single cycle (Morrow
Points cut that this factor strictly pertains only to the plastic work
and the quantity should be multiplied by a shape factor which describes

the hysteresis loop). Using equations 6.5 and 6.6 it can be shown that
Ao Ae = AT AY L.l (6.11)

Again, this should strictly relate only to plastic work but it will be
used to describe the total work due to the uncertain nature of the
deformation in the nominally elastic region of the strain life curve.
The curves of the function AclAe/4 vs 2Nf are shown in Figures 104 to
107 for the data which were presented egrlier in Figures 63 to 78,
Because of equation 6,11, in plotting the product of the longitudinal
Stress and strain amplitudes, one is effectively plotting the local
Shear work i.e. ATAY against the fatigue life. If, therefore, the
Cyclic stress-strain response of the material can be expressed as a
Unique shear stress-shear strain curve, then the fatigue life data
Should be dependent upon a similar function of the local shear stress
and strain amplitudes providing, of course, that damage is always

aCcumulated in the same manner. Since fracture was always observed in
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the same type of grain, and it must be emphasised that in a truly
polycrystalline material, there will always be some grains which are
oriented favourably, it is reasonable to assume that the deformation
may be characterised by damage accumulation in the region in which
failure occurs. Figure 104 shows that by plotting the data in this
Mmanner, the two sets of data points fall almost on the same curve,
the solid lines which are shown on the diagram correspond to the pre-
Ae Ao

dicted value of the function’ 5 3 calculated from the materials

Parameters o% e% b and ¢ which were given in Table 18. Similarly,
‘ the data for the cold worked rods‘is presented in Figure 105 and the
values of the function for the annealed plate and rod materials are
Plotted in Figures.106 and 107 respectively. The data plotted for
material B3500 correspond to the analysis using the corrected value
of the elastic modulus as described earlier.

Comparison of the plots in Figures 104 to 107 with the total
Strain-life curves in Figures 71 to 78 show that the dafa for similar
Materials, i.e. of the same origin and of the same degree of cold
WOrk; have been reduced to a single data set irrespective of textural
differences. The differences between the different materials are
Still discernable, especially as a function of cold work. The cold
wWorked materials still display a greater endurance particularly in
the high cycle fatigue regime. Comparing the céld worked fibre'
texture data with the cold worked plate data i.e. Figure 105 vs Figure
104, shows that the data fall very close together and may be described
by a single curve. Although the data for the annealed materials falls
very closely together, it is obvious that there is a systcmatic
trend for the data for the plate material to lie above those for the

rod material. This is similar to the trend in the total strain life

Plots and should also be correlated with the shear stress amplitude-



shear strain amplitude curve shown in Figure 101 where the data from

the G8585 was found to lie consistently above that for the rod mater-

ials,

6.3 The Development of Texture During Fatigue

The development of texture during fatigue could influence the
Material response to the imposed cyclic deformation and it is therefore
imPOrtantito establish whether fatigue causes the development of a new
texture. The results of the simulations are clearly at odds with the
©xperimental evidence e.g. Table 3 vs Figure 92. The predictions of
the Tayior—Bishop and Hill theory state that fatigue should impose
@ texture of the type {001}<110> + {001}<310> while the experimental
data indicate that the influence of the cyclic deformation is to
Tandomise the texture.

Inakazu and Yamamoto(ss)showed that drawn aluminium wire exhibited
3 greater endurance in high cycle fatigue duc to the présence of
texture components lying between {110}<111> and {112}<11I>. It was
Suggested that the greater endurance of this material was duc to the
stability of these orientations under strain cycling. The texture
Measurements made in this investigation were made on specimens cut
from the surface of the fatigued rod. Figure 108 illustrates the
diffcrence between the textures generated by the present fatigue
Simulations and the stable orienta;ions suggested by Inakazu and
YamaTHOto. This is not in agreement with.the predictions using the
Present simulation technique. Using the present technique, the simulat-
lon of texture developed under torsional conditions would produce
texture components which are related to the {001}<310> and {001}<110>
texture components by a rotation of 45° about the normal direction for

A torsional axis parallel to the normal direction.
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The findings of the present experimental work agree with the con-
Clusions of Hayashi and Suzuki(57)that fully reversed cyclic deformat-
ion tends. to randomise the texture. These authors suggested that the
Tearrangement occurred during the rapid hardening stage of fatigue and
was accomplished by the formation of subgrains which are rotated with
respect to each other. The re-orientation could be accomplished by
the formation of a dislocation cell structure, equivalent to the P.S.B.
type of structure and Winter(ISI)has recently shown that the P.S.B.
Structure may be found in the interior grains in fatigued polycrystal-
line copper. The postulate that ;rystallographic re-orientation may
be accomplished by the formation of dislocation cells is in disagreement
With the findings of Laird et a1 (137 o suggested that the difference
between the cell structures of materials which were initially cold
~ worked or annealed was that only the annealed structures contained cell
- %alls which were balanced with respect to dislocations.qf opposite signs.
Such conclusions are based on transmission electron micfoscopy which
Shows little contrast across a fatigue dislocation cell boundary e.g.
See Figure 109 which is taken from reference 152. It is, however,
tlearly not possible to state that the imaging conditions across a cell
%all are identical and that the orientation of adjacent cells are,
therefore, identical. .If a small mis-match is permitted across a cell
boundary, the accumulated mis-match across a grain could be significant
. d therefore the randomisation could be accommodated by this process.

The major objection to the use of the Taylor-Bishop and Hill
PProach is therefore that it fails to predict the generation of texture
during fatigue. Recently, Rasmussen and Pederscn(153) have attempted
to describe the fatigue of polycrystalline f.c;c. metals by employing

@ SaChS-type approach. The basis of their approach is that within
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P.S.B.'s slip occurs on the primary slip system only. The persistent
Slip bands are considered to be lenticular platelets which are con-
Strained by the surrounding matrix region. This constraint develops

a back stress within the slip band which must be subtracted from the
Saturation stress of polycrystals in order to compare the cyclic shear
Stress-shear strain curve with that of single crystals. By employing
this technique, Rasmussen and Pedersen were able to show that the
Cyclic shear stress-shear strain curves of polycrystalline and single
Crystals of copper can be made to coincide by using the Sachs factor
Tather than the Taylor factor, i.é. for a random aggregate M = 2,24
Tather than 3.06. There is, however, in this work a small difference
between the cyclic shear stress-shear strain curve from the single
€rystals and the curve calculated on the basis of the Sachs model for
Polycrystals. Figure 110 is reproduced from reference 153, bearing in

mind that,

Ao = Ao/M and Ayp = MAep

It can be seen that the effect of increasing M is to lower the shear
Stress amplitude and to extend the region of the plateau. This plateau
in the cyclic stress strain curve has béen reported by Laird(16)and
Mughrabi(l43)using Taylor type calculations and has been attributed to
the Tegime in which the imposed cyclic plastic strain may be accommodated
ithin one or more P.S.B.'s which operate at a specific strain amplitude.
The Volume fraction of material which is occupied by the P.S.B. struct-
UTe varjes until the whole of the material is consumed by the P.S.B.

Structure, -



It appears, therefore, that a choice between the Sachs or Taylor
model cannot be made using the examination of the cyclic shear stress-
shear strain curves. In the present work the major criticism of the
Taylor model has been that it fails to predict the development of
texture during fatigue. However, the Sachs ﬁodel, involving slip on
Only one system, would predict that fatigue deformation should not
affect the texture. Witze1(154’ 155)has employed torsional fatigue
to study the development of texture under cyclic deformation. Using
very large cyclic strain amplitudes, 0,02 < %} < 0.16, Witﬁel concludes .
that torsional fatigue should devélop a {110}<110> to {112}<111>
described by Inakazu and Yamamoto(sg). It should be emphasised,
hoWever, that the strain amplitudes employed by Witzel are exception-
ally large (and there must always be some imprecision associated with
the measurements of mechanical properties when strain gradients exist
3Cross the gauge section of the specimen). The {110}<110> component
is also predicted to develop during monotonic torsionaltdeformation.
It is possible, therefore, that the large strain amplitude employed
by Witzel may produce texture development which is not typical of
fatigue at lower strain amplitudes.

Due to the nature of the cyclic hardening curves, it is suggested
that any textural changes should occur before saturation. During
SatUration, the dislocation structure remains stable and presumably
the slight softening observed by Abel(lss)occurs due to a sharpening
°f the dislocation structure but is not related to any major orientat-
lon changes. The development of a 3-D dislocation structure requires
that deformation occurs on more than one slip system. Thus, the
Model which is employed to predict the variation of yield stress as a
function of orientation should take this into account. It is most
Probable that the major cause of the difference between the predicted

texture development and the empirical measurement is that fatigue is



- 121 -

a localised process while the Taylor theory is based on the concept of
homogeneous deformation. Consequently, while a single grain may deform
in an apparently homogeneous manner, i.e. it maintains the same shape
and has an apparently uniform dislocation structure, the accumulation
of damage is localised e.g. the slip markings in Figure 82. Thus,
while the stress-strain relationship may be predicted by the Taylor
theory the rotations calculated by the theory may be invalid due to

the inhomogeneity of distribution of the damage.

6.4 Fatigue Fracture

The cyclic stress-strain experiments produce only limited informat-
lon relative to the fracture behaviour. Due to the small size of the
SPecimens fatigue crack propagation is very rapid because of the rapid
decrease of the met cross section. Fractography of the smooth sided
SPecimens revealed that the nucleation of the fatigue cracks was
Telated to grain orientation and was not related to the orientation of
the Specimen reference axes. As noted earlier, the fatigue cracks were
found to nucleate in grains which developed a specific type of slip
Pattern, 1In particular the cracking appears to be enhanced in the
Presence of twin and grain boundaries. These results are in agreement
With the results of Boettner et al(lo) who showed that twin boundaries
May be susceptible sites for fatigue crack nucleation. It has been
. Shown that in low stacking fault copper alloys that the formation of
an“ealing twins can subsequently influence the topographical develop-
"ent during fatigue. For example, the grain boundaries on which
tWinned grains impinge may be subjected to large strain incompatibilities
and are thus suitable sites for fatigue crack initiation(lsz). Kim and
Laird(156’157)have reported optical obser&ations including interferro-

“Melrve. measurements of grain boundary cracking of copper in high
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Strain fatigue. They state that during cyclic deformation, the grain
boundaries may exhibit large amounts of highly localised deformation
which is especially severe if the slip was directed towards the bound-
ary over a long distance. In order to perform their optical measure-
ments, however, Kim and Laird were constrained to use polycrystalline
Copper of large grain sizes. The observations reported in section 5.6.1.1
were conducted at higher magnification and it is probable that the
discrepancies between the present results and those of Kim and Laird
are due to the stress concentrating effects of grain and twin boundar-

ies being of more importance in the finer grained material used in this
investigation. It is also probable that the higher resolutions of a
Scanning electron microscope facilitates the observation of cracking
within the P.S.B. whereas optical microscopy is able only to detect
the large relative motion of the two sides of the grain boundary after
the embryonic crack has grown out of the slip band and along the grain
boundary.
To some extent these data and the results and Arnell and Teer(65)
dre at odds with the results of the single crystal work of Avery et al
(26), who showed that the slip band extrusion rate was related to the
shear stress on the cross slip system. There is also conflict with the

(17’18)who showed that the coarse slip

Tesults of Kemsley and Paterson
band development was associated with greater cross slip. Figure 81
shows that the simple slip pattern developed in the susceptible grains
is by no means the most severe damage and it is therefore wrong to
associate the general coarseness of topographical development with

)

easy crack nucleation. The work of Avery et al(26 may not be relevant
to the polycrystalline behaviour since in the case of single crystals
" deformation on more than one system is determined only by the crystal

orientation whereas in polycrystals the tendency to deform on more
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than one slip system is imposed by the requirements of strain compat-
ibility across grain boundaries.

The .appearance of the fracture surfaces of the specimens tested
under fully reversed strain cycling was complicated by the smearing
effects caused by the compressive deformations. The major features,
however, can be described by the appearance of ductile striations or
the facet-like features illustrated in Figure 87. The ductile striat-
ions were more prevalent in the annealed materials and in the cold
wWorked materials at higher loads. The facet-like features appear at

lower strain amplitudes and are usually found closer to the notch.

(61’62)noted similar behaviour and analysed the differ-

(5)

Nair and LeMay
€nce in fracture surface appearance in terms of Wood's'‘' ‘models of
fatigue failure. In particular, they suggested that the facets were
Produced by a limited ductility fracture mode which involved brittle
Crack propagation along dislocation cell boundaries (i.e. Woods
F-mechanism). However, Awatani et al(lss)have shown using T.E.M. that
fatigue cracks do not employ cell boundaries as preferential paths but
Propagate across the cells.

Facets have been reported in copper, at low crack propagation

Tates(lsg)and under ultrasonic fatigue(l60), in brass(16l)

fuy (162,163) (36,65,67)

, in alumin-
and in aluminium alloys The exact determination
of the crystallographic orientation of the facets is difficult due to
the very severe deformation produced by the propagation of the fatigue
Cracks. Etch pitting and electron‘channeling pattern observations

wWere unable to identify the crystallography of the facets found in this
investigation. Because of the degree of deformation at the fracture
Surface, it is incorrect to describe the facets as a brittle mode of

failure and it is probable that the facefs form due to crystallographic

constraints on the deformation at the crack tip. It is also highly
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Probable that this mode of failure is influenced by environmental effecté.

15 .
( 9). (164)have reported that similar facets which

Priddle and Walker
they found on the fatigue fracture surfaces of 316 stainless steel, were
most numerous when the reverse plastic zone at the crack tip was approx-
imately equal to the grain size. However, the x-ray measurements
suggested that the facets were parallel to {111}, which is in contra-

diction to the work of Garrett and knott (67) 1(66)3nq

(162)

, Forsyth et a
Koterazana and Shino on aluminium alloys who reported {100} fracture
facets. The latter authors rule out the possibility of brittle

Cleavage in the precipitation har&ened alloy by noting that the fracture
facets were found to consist of fine striations and slip lines when

(161)c1aim to have

examined at high magnification. Weber and Hertzberg
found facets of {111}, {110} and {100} types on the fracture surfaces
of 70/30 Erass fatigued at low crack growth rates.

In the present investigation, it has not been possjble to identify
the crystallographic orientation of the facets, although the presence
of the facets has been correlated with lower crack propagation rates.

.The facets were most prevalent on the fracture surfaces of the 45°
Specimens of III80. The influence of texture produces a low Taylor
factor for this orientation and encourages through thickness yielding
which is reflected by the high R-value (Table 6). Presumably, at low
Values of the stress intensity amplitude the softer material is more
easily able to accommodate the stress intensity at the crack tip by
Plastic flow and fracture occurs oﬁ a localised scale, producing the
faceted-type appearance which has been correlated with the restricted
Plastic zone size.

The major effect of texture on fatigue crack growth appears to be

the ability to reorient the crack growth'away from the direction which

is normal to the stress axis. Tables 19 and 20 show that the orientations
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which displayed slant type fractues were found to display significantly '
lower crack propagation rates when measured in the manner described i.e.
Projected onto the plane which is normal to the stress axis. In this
Case, the calculation of AKI is actually invalid since the analysis
should consider the stress field at the tip of the crack which is
Oblique to the stress axis. However, the use of "AK;" is not, in this
Case, meant to imply the mode I stress intensity amplitude but merely
a mathematical function of the crack length and the applied load (in
Particular it relates to the uncrgcked cross-section and the macro-
Scopically applied load).

The effect of specimen thickness on the fatigue crack propagation
has been reported by Ritchie et al(lés)and Heiser and Mortimer(166).
The fracture plane in both investigations was found to develop a slant
orientation i.e. at 45° to the through thickness direction, as the’
" thickness was reduced. The two sets of results are, however, contra-
dictory as regards the effect of specimen thickness on the rate of
fatigue crack propagation. Ritchie et al showed that at constant AK
the fatigue crack growth rate in thicker specimens is faster than in
thinner specimens, while Heiser and Mortimer found that the exponent
"m'" in the Paris equation increased as the thickness of the specimen
increased and concluded that the rate of fatigue crack propagation was
accelerated by plane strain conditions at the crack front. Garrett(167)
has suggested that the problem is not, however, simply a question of
"plane stress' vs. ''plane strain'" but of.the opening mode at Fhe crack
tip and that there is a difference in the macroscopic opening of the
Crack. It is frequently observed that due to a change in loading or

at a particular crack length the crack propagation changes from a planar

to a slant mode (or v.v.).
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Pook(169)has suggested that slant growth is favoured over planar
growth at specific regimes of AK although this is only a necessary but
M0t a sufficient condition for the tensile-to-shear transition. Pook
has also noted the effect of crystallographic texture in suppressing
Slant crack growth by inhibiting through thickness yielding. Schijve
(17O)has shown that the problem may be much more complex than a simple
dependence on the ability to develop plane strain crack propagation by
showing that internal fatigﬁe cracks which grow in vacuum develop a
Shear mode of failure while cracgs which grow in a more aggressive
environment do so in a tensile manner. However, SchijVél7o)did comment
that the slant fracture appeared to be related to the original axes of
the plate from which the specimens were taken and, thus, was probably
influenced to some degree by texture.

In the present investigation, the faster crack propagation rates

Were observed in specimens which developed macroscopically planar

fractures. Besides being in agreement with the results of Heiser and

(56) (31)

Mortimer these data correlate with the work of Rieu et al , Neumann
and Neumann et a1(54)who observed that crack propagation was faster when
Planar fracture surfaces were obtained. The correlations between crack
8rowth rates in flat and shear mode have been made under constant
1°ading conditions(16s-170)while the studies of the interaction of

Mixed mode opening have tended to study the effect of an increasing
Secondary component of stress on the crack propagation while maintain-
ing the primary constant, i.e. increasing AKII while maintaining AK,
c°nStant(171’172). - Under such conditions it has been shown that an
Increase in AK.. causes an increased rate of fatigue crack propagation

IT
(173)

Under constant AK;. Pook has demonstrated that the effect of propa-

8ation is primarily controlled by the residual mode I stress intensity

in mixed mode opening and lurd and Irving(174)have most recently shown
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that for a given absolute amplitude of the stress intensity crack propa;
gation under mode III is much slower than under mode I.

The present results, therefore, reflect the different modes of
Crack propagation as a function of texture. The stress intensity at
the tip of a slant crack contains components AKI, AKII and AKIII while
the stress intensity at the tip of a planar crack is effectively
dependent on AKI only. However, the mode I stress intensity in the
two cases is not the same. For the same loading conditions and the

same projected crack length the mode I opening stress intensity at the

tip of a slant crack is much less than at the tip of a flat crack(173).

i.e, AK; = KA sin28
da da
-—=) = =5)cos B
dN 1 dN abs

where B is the angle between the crack plane and the stress axis and

is the rate
(167)

dN)abs

of crack extension which occurs along the crack. Garrett

gﬁﬂl is the projected crack propagation rate while da
has also
shown that the frequently observed point of inflexion in crack propa-
gation curves as a function of applied AK is due to a tensile-to-shear
transition and is effectively caused by a reduction in the mode I stress
intensity amplitude associated with the reorientation of the crack.

(

More recently, Sih and Barthelemy l75)have used an energy density
Criterion of damage accumulation to show that under constant loading
conditions deviation of the crack orientation from the direction normal
to the stress axis, lying in the plane perpendicular to the stress axis,
should result in a decrease in the rate of crack propagation.

Despite the different macroscopic appearance of the fracture

surfaces of the crack propagation specimens the microscopic views of
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the fracture surfaces appeared very similar. Although the fracture
surfaces of the smooth sided specimens displayed greater differences
microscopically it should be emphasized that these were obtained at
much higher rates of propagation and presumably there is some influence
of monotonic deformation e.g., the shear features in Figure 86 which

(175).

link the regions of striations Under conditions of lower stress

intensity it appears that the microscopic modes of crack propagation
are very similar in thin shéet (Figure 61), fully reversed strain
controlled fatigue (Figure 87) and thick plate S.E.N. specimens (Figure
~90).

There is, however, a fundameﬁtal difference between the fractures
in the thin sheet and in the specimens machined from the thicker
Plate. In the thin sheet specimens the orientation which produces
slant growth is inclined at 45° to the rolling direction. The slant
fracture observed in the S.E.N. specimens also occurs in the 45°
Specimens yet the major components of the two textures, {001}<100> and
{001}<110> are related by a 45° rotation about the rolling plane
normal. Consequently, while the slant fracture in the sheet material
Occurs at the lowest value of the R-value, the slant fracture in the
thicker material occurs in the orientation which is predicted to develop
the higher R-value (see Table 6).

It is difficult to resolve the paradox of these two contradictory
_ textural effects and no firm explanation can be presented. However,
a tentative rationalisation may be advanced as follows. The difference
In the thin sheet behaviour is regarded primarily as due to plane
Stress conditions prevailing in the 45° specimen while plane strain
conditions prevail at the crack tip in the 0° and 90° orientations.
Table 6 shows that in the 0° and 90° orientations shear is easily

accommodated within the plane of the sheet thus the deformation at the
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crack tip (see Figure 111) may be confined to planar shears within the
bands as suggested by Laird(lo)Neumann(sl)and Rieu(ss), i.e. the bands
shown in Figure 111 contain only shears which lie in the plane of the
Crack tip thus the crack grows in the direction z if the shears are
€qual. This is probable since the slip direction in f.c.c. materials
1s <110> and the directions at 45° to the stress axis in the 0° and 90°
are parallel to the <110> directions of the major component of the
texture. In the 45° specimens in-plane yielding is suppressed accord-
ing to TaBle 5 and the predominant constraint is one of pléne stress.
At the tip of a crack nucleus the deformation is concentrated and a
Plane strain condition develops along a band which is inclined to the

(127). The crack is then constrained to develop along the

Stress axis
band. In the case of a fatigue crack it is probable that the stress
concentration produces the plane strain at the crack tip which causes
the propagatioﬁ of a small band of through thickness strain ahead ;f
the crack at the prescribed angle. The fatigue crack i; then constrained
to propagate along the band of reduced nett cross-section and the procesé
continues. For an isotropic solid the shear band formed in monotonic
Plane stress ductile fracture is formed at 54° to the stress axis. It
can be shown however, that this angle is a function of the anisotropy
of the material(127).

In the case of the thicker material, it is assumed that plane
Strain conditions prevail at the crack tip, due to the thickness of the
Mmaterial, for both orientations. for the 90° orientation, the shear
bands at the crack tip may be formed at about 45° to the rolling direct-
ion. Table 5 indicates that in this region, the R-ratio is large and
thus shear along the bands €5 as shown in Figure 111, is possible with

the suppression of deformation along the line of intersection of the

two bands. Therefore, the crack is able to propagate in plane strain
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(55)

in the manner described by Rieu et al and a planar fracture is pro-
duced which as has been noted earlier, tends to produce rapid crack
Propagation. In the case of the 45° specimens if the bands form at
about 45° to the tensile axis the r-value predictions of Table 5 suggest
that in-plane shears are suppressed at the expense of through thick-
ness shears, i.e. the shears g4} in Figure 111 are promoted. However,
due to the thickness of the specimen,the parts of the specimen,through
which the crack has already passed,constrain the crack tip to resist

the through thickness strain. The deformation at the crack tip méy,
therefore, be achieved by produci;g through thickness strains which

are in the opposite sense in each band. The shears at the crack tip
thus constitute a mixture of mode I and mode III, antiplane shear,
Opening. Presumably, under the influence of these shears, the crack
Teorients to produce a slant crack orientation. The complex set of
shears continue to operate as the crack reorients and the lower rate

of growth may be ascribed to the mixed mode of crack opening as postulated
by Garrett(167).

In summary, therefore, it appears that the influence of texture on
the fatigue crack morphology is different in thick and thin material.
In thin materials, cracks may propagate perpendicular to the through
thickness direction and the stress axis of the strains at the crack tip
€an be accommodated within the plane. If the texture tends to induce
through thickness strain, the controlling influence becomes the require-
ment of plane stress and propagation occurs by a process of through
thickness strains along a shear band which is inclined to the stress
axis. 1In this case, the strain along the direction of the shear band

is expected to be very small. In contrast, in the thicker material,

the fatigue cracks propagate by the action of shear bands at the crack
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tip but because of the thickness of the material in this case the
deformation should be parallel to the direction of the band in order to
attain flat crack growth. If the texture causes the tendency towards
through thickness deformation in the shear bands, the crack reorients
into a slant mode.

Due to the similarity of high magnification micrographs of the
different fatigue fracture surfaces examined in this investigation,
it must be concluded that texture has very little effect on the micro-
Scopic mode of failure. The influence of texture on crack propagation
' may be rationalised by considering the constraints imposed by the bulk
of the materaial upon the slip processes which may act at a given
site in the crack front. The requirements of the compatability of
Strain at the crack front should counteract the perhaps favourable
local crystallography to produce more uniform crack growth. Thus,.
‘€ven though one particular grain may be favourably oriented for crack
8rowth the crack front may not accelerate through that grain because
of the arresting effect of contiguous grains. Similarly the micro-
Scopic crack plane is probably determined not only by the local crystal-
lography, as proposed by Neumann(31)and Pelloux(134), but also by the
Orientation of the crack in surrounding grains. It would, therefore,
be wrong to sugéest that fatigue crack propagation must occur on
'{hkL} planes in a polycrystalline material under conditions of ductile

fatigue failure.
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CHAPTER 7

Summary, Conclusions and Suggestions for Further Work

7.1  Summary and Conclusions

1. The experimental results have shown that texture affects the
cyclic stress-strain response and the strain amplitude-life curve of

Copper tested in fatigue.

2. Within a given material the effect of preferred orientation
on the cyclic stress-strain relation may be predicted by texture
analysié. The magnitude of the texture influence is dependent upon
the severity of the texture and is much more important in copper than
grain size effects. This may, however, not be true for‘materials
which have been observed to exhibit grain size dependence of fatigue
Properties. It is also expected that the effect of texture may be of
Secondary importance in the presence of microstructural anisotropy

Such as elongated inclusions.

3. Although the Taylor theory wa§ found to predict the orientat-
ion dependence of the cyclic properties, it has been shown that the
development of texture as predicted by the Taylor theory does not agree
with the empirical measurements of textﬁre developments during fatigue.
It was found that in practice, fatigue tends to randomise the texture.
It has been suggested that the failure of the Taylor theory to predict
the generation of texture results from the inhomogeneous nature of

fatigue.deformation.
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4, It has been noted that in comparing the predictions of texture
with the fatigue behaviour, the errors involved in the fatigue analysis
are much greater than those involved in texture measurements. The
uncertainty in fatigue data results from the inherently slalistical nature
of the failure process so that small differences due to textural effects
may be obscured by the imprecision of the fatigue results.

5. ‘Although the use of the parametric expression of fatigue prop-

! and K! may be expected to reduce

erties in terms of Oé, 8%, b, ¢,.n
the errors involved in assessing texture effects it has been shown
that the cyclic stress-strain analysis is subject to serious errors
if care is not taken in ascribing the relevant portions of damage to
the elastic and plastic regimes respectively. In particular, this is
relevant since the texture influences the elastic modulus and this
Parameter is frequently employed to apportion the strain ranges. It

has been shown that the incorrect choice of the elastic modulus has a

significant effect on the cyclic stress-strain analysis.

6. It has been found that, within the same material, the orien-
tations which develop the greater resistance to constant strain cycling
Show a softer cyclic stress-strain curve and that the strength of the
Cyclic stress strain curves may be predicted on the basis of texture

Measurements.

7. It has been shown that the different cyclic stress-strain
Curves may be rationalised to a single cyclic shear stress shear strain
(A vs Ay) for materials with the same starting condition by using

the appropriate Taylor factor. The cyclic stress strain curve was not
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found to be independent of strain history although the harder mater-
ials exhibited a lower degree of cyclic work hardening than the softer
Ones. It is suggested that the cyclic stress-strain curve is deter-
mined by the ability of the applied strain amplitude to cause a break-
down of the prevailing dislocation structure and generate a dislocat-
ion structure which uniquely determines the cyclic stress-strain curve.
It is suspected that the history dependence or otherwise of the cyclic

Stress-strain curve is a function of the prior mechanical history and

the applied strain amplitude.

8. Examination of the slip markings on the sides of the speci-
Mens revealed that the slip line patterns were dependent upon the
Orientation of the grain. It was found that fatigue cracks did not
Nucleate in the grains which displayed the apparently most severe
Surface damage but in grains oriented primarily for single slip which
deVeloped long narrow parallel slip bands. Particularly prone to
Crack nucleation were regions where the long slip bands impinged on

twin and grain boundaries.

9. The strain amplitude-life data were reanalysed in terms of
the parameter AoAe v 2Nf and it was shown that this tends to produce
2 function which is independent of orientation. The independence of
this function has been rationalised by noting that fatigue failures
were always nucleated in grains of the same orientation. It is
Suggested that the function AcAe is identical to the function ATAY
Which are the shear stress and shear strain amplitudes respectively
In the weakest grain. Thus, it is effectively assumed that the fail-
Ure process is related to the damage accumulation in the weakest grain

beCause of the uniqueness of the shear cyclic stress-strain curve.



- 135 -

10. The effect of preferred orientation on fatigue crack
Propagation is to cause reorientation of the crack to promote strain
compatibility at the crack tip. When this induces a slant-type fract-

ure the rate of crack propagation is found to be reduced.

11. The criteria. for slant-type fracture were found to be
different in thin materials and thick materials. In thin materials,
slant fracture was found to occur when the texture was unable to con-
tain the strain within the plane'of the sheet. The slant-type fatigue
fracture in this case was considered to be due to the propagation of
the crack along a shear band which forms at an acute angle to the
Stress axis. In thick materials, the slant-type fracture forms because
the shear bands which form at the crack tip (and produce the increments
of crack growth) are constrained by the material thickness not to"
Produce thinning of the material while the textural influence tends
to promote through thickness yielding. In this case, the crack is
Observed to re-orient into a slant mode and to accommodate the shears

in the slip bands by employing a mixed mode of crack tip opening.

7.2 Suggestions for Further Work

It has been established that textural effects may influence
fatigue processes in a pure f.c.c. metal which deforms by wavy slip.
Before applying the results to more complex commercially applicable
Systems, it would be desirable to'investigate the effect of texture
on the fatigue properties of cubic metals which do not deform readily

on {111}<110> systems with easy cross slip.

1. Pure single phase f.c.c. metal of low stacking fault

" energy may be investigated since the restrictions of
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planar slip may produce a more severe dependence
upon crystallographic orientation.

" Single phase b.c.c. metals and alloys should be
investigated to determine whether the difference in
slip modes between b.c.c. and f.c.c. metals proves
significant in fatigue.

2. -Super pure materiai, e.g. Fe may be investigated to
determine the relevance,of symmetric slip, which
has been shown (see Chapter 2) to influence the
fatigue of single crystals, on the textural effects

in polycrystals of b.c.c. materials.

3. The influence of pencil glide deformation on the
anisotropy of fatigue properties may be different

from that of restricted glide.

The examination of textural anisotropyuf ve fatigue of commercially

applicable materials may require studies of,

4, Precipitation hardening alloys since these often
display precipitate morphologies which are orien-
tation dependent. Such an orientation dependence
may influence the single crystal anisotropy and
hence affect the textural influences on the fatigue

of polycrystals.

5. The relative effects of microstructural anisotropy

might be investigated. In a commercial steel,
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anisotropy may result from texture, phase distri-
bution and morphology, e.g., ferrite grain shape,

and the orientation of elongated inclusions.

The present investigation has also revealed the
very interesting interaction between specimen size

and texture upon the rate of fatigue crack propagat-

.ion. Further investigations into the effects of

stress state and texture on the mode of crack propa-
gation would appear to provide a promising area of

research.
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APFENDIX 1

FATIGUE:
PROCEDURE (PARMLIST) OPTIONS(MAIN); ]
/*THIS PROGRAM FITS A SET OF STRAIN-LIFE FATIGUE DATA TO THE #/
/+*HATERIAL PARAMETERS SIGMA”,EFSILON“,b,c,K’ N AS %/
/* IN THE RELATION, #/
/7¥EL/2=SIGMA“/E® (2NT ) kk=b + EPSILON“#(2NFP)#k=c */
/*USING A LEASTSQUARES FIT ON LOGARITHMIC STRAIGHT LINES,THE :#/
/* DATA IS INPUTTEDAS TOTAL-STRAIN,FLASTIC-STRAIN,STRESS AND #*/
/% # OF REVERSALS TOFAILURE, #/
/% The first time through the proaram uses the static elastic #/
/% elastic modulus and the stress amplitude to determine the #/
/% elastic strain amplitude,the second time it uses the #/
/% differenc between the total strain and the strain width of #/
/* the hysteresis loop as the elastic strain amplitude #/
DECLARE
PARMLIST CHAR(12) VAR,
BPARM(2) CHAR(4),
APARM CHAR(12),-
STATHOD FLOAT DECIMAL INITIAL(O),
ROUTE FIXED(1,0) INITIAL(O),
MODIFE(30) FLOAT DECIMAL INITIAL((50)0),
(NN, )
1,
Jy
N) FIXED(4,0) INITIAL(O),
(ELPSO, :
ELPSTF) FLOAT DECIMAL INITIAL(O),
( EFLSO,
FLST) FLOAT DECIMAL INITIAL(O),
BASEDATA(30,4)FLOAT DECIMAL INITIAL((300)0),
LOGDATA(50,4) FLOAT DECIMAL INITIAL{(300)0),
(RFLSO,
RPLST,
EPLST,
EPLSTP) FLOAT DECIMAL INITIAL(Q),
{ PLSCOUNT,
PLSREV,
SQPLST,
SOPLSREY,
PLSCROSS,
PSTST,
STRESS,
SOSTRESS)FLOAT DECIMAL INITIAL(O),
( ELSCOUNT,
ELST,
ELSREV,
SQELST,
SQELSREV,
ELSCROSS) FLOAT DECIMAL INITIAL(O),
MODL FIXED(2,0) INITIAL(O), ’
( MODULUS,
SQM0oD,
SIGNASQ,
SIGNA,
AVENOD) FLOAT DECIMAL(12) INITIAL(OQ),
(ALPHA,
LOGC,
EPSILONF,

00000010
00000020
00000030

- 00000040

00000050
00000040
00000070
00000030
00000090
00000100
00000110
00000120
00000130
00000140
00000150
00000140
00000170
00000180
00000190
00000200
00000210
00000220
00000230
00000240
00000250
00000240
00000270
00000280
00000290
00000300
00000310
00000320
00000330
00000340
00000330
00000350
00000370
00000380
00000390
00000400
00000410
00000420
00000430
00000440
000004350
00000440
00000470
00000480
00000490
00000500
00000510
00000520
00000530
00000540

00000540
00000570
00000580




nusé L

60
61
62
63
64
83
84
67
68
69
20
21
72
73
74
75
76
77
78
79
80
81
82
83
84
83
86
87
88

8y

?0
1A
92
93
94
93
96
97
98
9
100
101
102
103
104
105
106
107
108
109
110
1
112
13
114
115
114

PLASR) FLOAT DECIMAL INITIAL(O),
( BETA,
LOGB,
BASQUIN,
SIGNAEFF) FLOAT DECINAL INITIAL(O),
( ELASR,
ENPRINE,
KAYPRINE,
OFFSET) FLOAT DECINAL INITIAL(0),
( LOGK,
KPRINE,
NPRINE,
CYCLICR,
SPRINE) FLOAT DECINAL INITIAL(0),
TITLE CHARACTER(8);
DECLARE
UNLIST ENTRY EXT;
ON ENDFILE (FDATA)
60 TO START;
NN=0;
APARN=PARMLIST;
CALL UNLIST(APARM,”,,BPARN,N);
TITLE=BPARN(1);
STATHOD=BPARN(2) ;

" LAB:

NN=NN+1;

GET FILE(FDATA) LIST((BASEDATA(NN,I) DO I=1 TO 4));

GOTO LAB;
START:

NN=NN-1;

DO I=17T0 NNy T
BASEDATA(I,4)=5TATNOD;
BASEDATA(1,5)=BASEDATA(I,3)/BASEDATA(I,S);

/* N.B.USING STRESS AND ELASTIC MODULUS TO CALCULATE */

END;

/% ELASTIC STRAIN:+/
GO TO CALC;
AGAIN:

DO I=1 TO NN; ,
BASEDATA(1,5)=BASEDATA(I,1)-BASEDATA(I,2);
BASEDATA(I,6)=BASEDATA(I,3)/BASEDATA(I,5);

END;

CALC:

DO I=1 TO NN;

DO J=1 TO é&;
LOGDATA(1,J)=LOG(BASEDATA(I,J));

END; ' o

END;

PLSCOUNT=0;

PLST=0;

PLSREV=0

SQPLST=0;

SQPLSREV=0;

PLSCROSS=0,

PSTST=0;

STRESS=0;

SQSTRESS=0;

ELSCOUNT=0,

00000390
00000600
00000410
00000420
000004630
000004640
00000450
00000460
00000470
00000480
000004690
00000700
00000710
s 00000720
00000730
00000740
00000730
00000740
00000770
00000780
00000770
00000800
00000810
00000820
00000830
00000840
00000830
00000860
00000870
00000880

T TTTTTT00000890

00000900
00000910
00000920
00000930
00000940
00000930
00000940
00000970
00000980
00000990
00001000
00001010
00001020
00001030
00001040
00001050
00001040
00001070
00001080
00001090
00001100
00001110
00001120
00001130
00001140
00001150
00001140



117
118
19
120
121
122
123
124
125
124
127
128
129

130.

131
132
133
134
135
134
137
138
139
140

141

142
143
144
145
144
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
1435
166
167
1468
169
170
121
172
173
174

ELST=0;
ELSREV=0;
SOELST=0;
SOELSREV=0;
ELSCROSS=0;

PLASTIC:

DO N=1 TO NN;

IF BASEDATA(N,2)<E-03 THEN
GOTO ELASTIC;

PLSCOUNT=PLSCOUNT+1}
PLST=PLST+LOGDATA(N,2)}
PLSREV=PLSREV+LOGDATA(N,4);
SOPLST=SOPLST+LOGDATA(N,2)#+2;
SQPLSREV=SOPLSREVHLOGDATA (N, 4) #2423
PLSCROSS=PLSCROSS+LOGDATA(N,4)+LOGDATA(N,2);
PSTST=PSTST+LOGDATA(N,2)#LOGDATA(N,3);
STRESS=STRESS+LOGDATA(N,3);
SOSTRESS=5ASTRESS+LOGDATA(N, 3)#+2;

ELASTIC:

ELSCOUNT=ELSCOUNT+1;
ELST=ELST+LOGDATA(N,5);
ELSREV=ELSREV+LOGDATA(N,4) 3
SOELST=SOELST+LOGDATAIN, 5)442;
SOELSREV=SGELSREVALOGDATA(N, 4)#:42;
ELSCROSS=ELSCROSS+LOGDATA(N, 4)+LOGDATA(N,5)
END;
MDDULUS=0;
5aM0D=0;

YOUNGS 2

DO HODL=1 TO NN;
NODULUS=NODULUS+BASEDATA(MODL,4) ;
SONOD=5QMOD+BASEDATA (NODL , 6 )#+2;

END;

SIGMA=ABS ( (SAMOD-NODULUSH##2/NN)/ (NN-1)) 3

SIGMA=SORT(SIGMA);

AVEMOD=MODULUS/NN;
ALPHA=~(PLSCROSS~-PLST+PLSREV/PLSCOUNT) /(

SOPLSREV-PLSREV#:+2/PLSCOUNT) ;
LOGC=(PLSREV+PLSCROSS-PLST#SAGFLSREV) /(
PLSREV++2~FLSCOUNT+SQPLSREV) §
EPSILONF=EXP(LOGC);
BETA=- (ELSCROSS-ELST+ELSREV/ELSCOUNT) /¢
SQELSREV-ELSREV++2/ELSCOUNT) §
LOGB=(ELSREV+ELSCROSS-ELST#SQRELSREV)/(
ELSREV#++2-ELSCOUNT#SQELSREV) §
BASQUIN=EXP(LOGB);
BASQUIN=EXP(LOGB) ; ,
SIGNAEFF=BASQUIN+AVENOD;
ENPRIME=BETA/ALPHA; :
KAYPRIME=SIGMAEFF /EPSILONF #+ENPRINE;
OFFSET=KAYPRIME#(0.002)#++ENPRINE
RPLSO=(PLSCROSS~PLST+PLSREV/FLSCOUNT) ;

o

RPLST=PLSCOUNT:* SQRT(SGPLSREV/PLSCOUNT-(PLSREV/PLSCOUNT)#%2) 3

RPLST=RPLST+SQRT{SQPLST/PLSCOUNT-(PLST/PLSCOUNT)#42)

PLASR=RPLSO/RPLST;
ELPS0=(ELSCROSS~ELST+ELSREV/ELSCOUNT) ;

ELPSTP=ELSCOUNT*

_SGRT(SGELSREU/ELSCOUNT-(ELSREV/ELSCOUNT)**Z);

- 00001390

00001170
00001180
00001190
00001200
00001210
00001220
00001230
00001240
00001230
00001260
00001270
00001280
00001290
00001200
00001310
00001320
00001330
00001340
00001350
00001340
00001370
00001380

00001400
00001410
00001420
00001430
00001440
00001450
00001440
00001470
00001480
00001490

00001510
00001520
00001530
00001540
00001550
00001540
00001570
00001580
00001590
00001400
00001410
00001420
00001430
00001440
00001450
00001440
00001470
00001480
000014690
00001700
00001710
00001720
00001730



175
174
172
178
179
180
181
182
183
184
185
184
187

188,
189 -

190
191
192
193
194
195
196
197
198

199

200
201
202
203
204
205
204
207
208
209
210
211
212
213
214
215
214
217
218
219
220
221
222
223
224
225
226
227
228
229
230
23
232

ELPSTP=ELPSTP+SORT (SQELST/ELSCOUNT~(ELST/ELSCOUNT ) #:42);

00001740

ELASR=ELPSO/ELPSTP; 00001750
CycLic: 00001760
LOGK={(PSTST+PLST~STRESS+SOPLST)/ (PLST#42-S0PLST+PLSCOUNT); 00001770
KPRIME=EXP(LOGK); 00001780
NPRIME=(PSTST-STRESS+PLST/PLSCOUNT)/( 00001790
SAPLST~PLST#+2/PLSCOUNT) ; 00001800
SPRIME=KPRINE+0,002++NPRIME; 00001810
CYCLICR=(PSTST-STRESS+PLST/PLSCOUNT)/PLSCOUNT; 00001820
CYCLICR=CYCLICR/SORT(SQPLST/PLSCOUNT-(PLST/PLSCOUNT)#42); 00001830
CYCLICR=CYCLICR/ 00001840
SORT(SASTRESS/PLSCOUNT~(STRESS/FLSCOUNT)#42); 00001850
TABLE: 00001840
PUT PAGE; 00001870
~ PUT SKIP(4) EDIT(“FATIGUE DATA ANALYSIS FOR Z,TITLE)( —~ =~ 7006001880
COLUMN(10),A(28),A(8)); 00001890
IF ROUTE=0 THEN 00001900
PUT SKIP 00001910
EDIT( 00001920
“Fatique analysis employing static modulus and stress amplitude00001930

to calculate the elastic strain range’ 00001940
X 00001950
CoL(14) A(100)), 00001940
ELSE 00001970
PUT SK1P 00001980
EDIT( 00001990
“Fatigue analysis employing total strain and plasti strain to c00002000
alculate the elastic strain range’ 00002010
)¢ 00002020
COL(18),A(97)); 00002030
PUT SKIP(3) EDIT(“STRAIN-LIFE DATA“)(COLUMN(S3),A(18)); 00002040
PUT SKIP(2) EDIT(“CYCLIC PLASTIC PARAMETERS”){( 00002050
COLUMN(40),A(25)); 000020460
PUT SKIP EDIT(/COFFIN EXPONENT = “,ALPHA)( 00002070
COLUMN(30),A(18),E(14,4)); 00002080
PUT SKIP EDIT(“CYCLIC FRACTURE STRAIN = “,EPSILONF)( 00002090
COLUMN(30),A(25),E(14,4)); . 00002100
PUT SKIP EDIT(“CORRELATION COEFFICIENT RP = “,PLASR)( 00002110
COLUMN(30),A(29),E(14,4)); 00002120
PUT SKIP(2) EDIT(’CYCLIC ELASTIC PARAMETERS X 00002130
COLUMN(40),A(25)); 00002140
PUT SKIP EDIT(’BASOUIN EXPONENT = “,BETA)( 00002150
COLUMN(30),A(19),E(14,4)); : 00002140
PUT SKIP EDIT(“CYCLIC FRACTURE STRESS = *,SIGMAEFF)( 00002170
COLUNN(30),A(25),E(14,4)); 00002180
PUT SKIP EDIT(“CORRELATION COEFFICIENT RE = “,ELASR)( 00002190
COLUMN(30),A(29),E(14,4)); 00002200
PUT SKIP 00002210
EDIT(“MEAN ELASTIC MODULUS = “,AVEMOD,”STANDARD DEVIATION = 00002220
SIGNA) (COLUNN(30),A(23),E(14,6),A(21),E(14,48)); 00002230
PUT SKIP 00002240
EDIT(“CYCLIC STRESS-STRAIN PARAMETERS FROM STRAIN-LIFE DATA“)( 00002250
COLUNN(40),A(53)); 00002260
PUT SKIP EDIT(’CYCLIC STIFFNESS CONSTANT = “,KAYPRINME)( 00002270
COLUMN(30),A(28),E(14,4)),; 00002280
PUT SK1P EDIT( CYCLJC HARDENINF EXPONENT = “,NPRINE)( 00002290
COLUMN(30),A(28),E(14,4)); 00002300
00002310

PUT SKIP EDIT(’O.ZZ OFFSET STRESS = “,0FFSET)(




233
24
235
23¢
237
238
239
240
24
242
43
244

s
244
2y
2
249
250
251
252
253
254
255
254
257
259
259
260
261
262

263

244
265
244
267
248
249
270
271

COLUMN(30),A(21) ,E(14,4));
PUT SKIP(3) EDIT(’CYCLIC STRESS-STRAIN ANALYSIS*)(
COLUMN(50),4(29));

PUT SKIP(2) EDIT(‘CYCLIC STIFFNESS CONSTANT = /,KPRIME)(
COLUNN(30),A(26) ,EC14,8));

PUT SKIP EDIT(-CYCLIC HARDENING EXPONENT = ,ENPRIME)(
COLUMN(30),A(28) ,E(14,4)); R
PUT SKIP EDIT(<0.2% OFFSET STRESS = *,SPRINE)(
COLUNN(30),4(28) ,E(14,4))

PUT SKIP EDIT(’CORRELATION COEFFICIENT RC = /,CYCLICR)(
COLUNN(30),A(29) ,E(14,6));

J*END2/

DO I= 1 7O NNj
MODIFE(1)= BASEDATA(I,2)+BASEDATA(I,5);

END;

PUT SKIP(3) EDIT(“DATA DEVELOPED BY THIS CALCULATION’){

COL(31), A(34));

PUT SKIP

EDIT(“Tatal strain’,’Plastic strain’,“Stress’,’Reversals to”,

“Elastic strain”,“Elastic”,”Corrected strain’)(

COL(1),AC12),C0L(17), A(14),C0L(35),A(4),C0L(52),A(12),C0L(48),

A(14),00L(86),A(7), COL(104),A(16));
PUT SKIP

EDIT( Amplitude’,“Amplitude’, Anplitude’, Failure’, “Amplitude’,

“Modulus”,“Amplitude)(

COL(4),A(9),C0L(20),A(9),C0L(37),A(9),C0L(5S), A{(7),COL(71),

A(9), COL(88),A(7),C0LI110),A(9));
DO 1= 1 TO NN;
PUT SKIP

EDIT(BASEDATA(1,1),BASEDATA(1,2),BASEDATA(I,3),BASEDATA(T,4),

BASEDATA(I,5),BASEDATA(I,S),MODIFECI) ) (

COL(1),E(14,6),C0L(17) ,E(14,8), COL(35),E(14,4),C0L(52),
E(14,4),C0L(48),E(14,4),C0L(864),E(14,4),C0L(104), E(14,4));

END;

ROUTE=ROUTE+1;

IF ROUTE =1 THEN
60 TO AGAIN;

FINISH:
END FATIGUE;

00002320
00002330
00002340
00002350
00002340
00002370
00002380
00002390
00002400
00002410
00002420
00002430
00002440
00002450
00002440
00002470
00002480
00002490
00002500
00002510
00002520
00002530
00002540
00002550
00002560
00002570
00002580
000025%0
00002400
00002610
000024620
00002630
00002440
00002450
00002440
000024670
00002480
00002690
00002700



. APPENDIX II

The Mathematical Rélationship Between the c.o.d.f. and

" The Pole Distribution

The data are measured as a set of data points q(Z ,n) describing
the orientation distribution of the pole i as a function of the polar
a i - .

nd azimuthal angles, cos !Z and n , with respect to the sample

axes. These data may be described by a series expansion

' _ oy i L -imn
e =1 T g ) e

3 ™M

=0

i
Where QLm are the series coefficients and P! are the associated legendre

L

Polynomials.

The coefficients Qim may be determined due to the orthogonality

°f legendre polynomials i.e.,

+1

Pl @.P . (D) d@) =

—
HON

-1

hence,

2m ¢+1

i - m -imn

QLm = 5 j ] q (Cn)Pp (g)e dzdn
0] -1

The crystallite orientation distribution function, c.o.d.f., also may



be expressed as a series of spherical harmonics,

L L

wpge) = T W 2. (8)e
L=0 m=-L n=-L Lmn Lmn

-inwe—in¢

where ZLmn is a generalisation of the associated legendre function and

wLmn are the series coefficients.
The relationship between the c.o.d.f. and the qi(gn) and thus
between the coefficients Qim and W, 1is obtained by setting a temporary

co-ordinate system x'y'z' such that the z' axis coincides with the

i-plane normal. Thus,

P' = n and
g =z
which produces:
2m
q; (zn) = j W' (cnd')dg
0

where W' (P'£'¢') is the c.o.d.f. with respect to the temporary co-ordinate

system. Expanding Q3 and W'

> L i .m imn e L ' -imn _-ind’
I I QP (e = y £ r Ww_z (Z)e € d¢!
[=0 m=-1 LM L L=0 m=-L n=-L Lmn“Lmn
0
integrating,

> Lo i o & imn

T . Q. P (B)e =28 2w . Z . (C)e

L=0 m=-L Lm Lm L=0 m=-L LmO Lm0



now Si i =
nce PY(8) = Zp,4(0)
by comparison,
i '
QLm = WLmO
The relationship between the coefficients wimn and the coefficients

W an is related by the legendre addition theorem:

+] .

L . .
3 P -ipd;
1" W n PL(cos @i)e

w! 2
=—LLp

tmn = L3I

This statement represents, for a given value of L, a set of linear
simultaneous equations with 2L + 1 unknowns. However, crystal and
specimen symmetry restrict the,values of Qim and wLmn' For cubic

Crystal symmetry and orthotropic specimen symmetry:

. i
i
(i) QLm and wLmn are real

(ii) When L =2 W =@ =0

Lmn m

L # 2K W= Q. =0

m # 2K wLmn= QLm =0

n # 2K Woo=Q =0
(111) WL n = WLm = le’?ﬂl = ‘LI?I;I
) Q= Qp
v) For fixed values of L and m the wLmn values are linearly related.
Thus,

i - 2T o+1 m
Qn = 77 ]o ]_1 q; (Zn) Py (T)cos mn dg dn



© L L
WbEd) = T I r o w_ Z (E)cos(mb+nd)
120 m=-L n=-L Lmn Lmn

and the set of simultaneous equations becomes

+L

_ 2 % P b
T T D M (08 Op)-costety)

i
Q
L + L L

m

This set of equations, taken together with the conditions i) to v) may

now be solved. The wLmn coefficients may be determined up to the 22nd

Order by measuring two complete pole figures.



'APPENDIX ITI

Cyclic Stress-Strain/Strain-Life Properties of SAE 4161

Specimens were taken in the 90° and the 45° orientations from a
Tolled plate of SAE-4161 steel (0.9% Cr 1% Mn). After rough machining
the fatigue specimens were quenched and tempered prior to final machin-
ing ang polishing of the gauge length. The specimens were tested in
the same manner as described earlier for the copper specimens and the
texture.measurements were made on specimens cut from the rolled plate
"hich were heat treated with the specimen blanks.

The c.o.d.f. is shown in Figure A3-1. The cyclic stress-strain

Curves for the two orientations are shown in Figure A3-2, along with

the monotonic curves for the two orientations. Figure A3-3 shows the

Strain-life data with the curves which were produced by the parametric

dnalysis.
The c.o0.d.f. shows that the material is textured only very Qeakly,

Severity parameter = 0.11 and the max:fn ht = 1.3. The mechanical

Properties predicted on this basis show a very slight degree of

anisotropy. The predictions are confirmed by the cyclic and monotonic

Stress strain curves shown in Figure A3-2. (The monotonic curves have

been drawn while ignoring the yield points since the yield point effects
Were found to be only small pertubations on the curve and the cyclic

Stress-strain curves do not display this phenomenon thus complicating

Comparisons between the two sets of data). The comparison between the

Cyclic and monotinic data shows the necessity to design on the basis of

fatigue data rather than monotonic since considerable plastic strain




May be produced by cyclic loading well below the monotonic yield point.

The strain-life data, however, shows a considerable degree of
anisotropy. Figure A3-3 shows that the cyclic anisotropy is most
markEd in the range 10% <2Nf <10°. This range of life corresponds to
Strain amplitudes between 5 x 10°% and 1 x 1072, a range of strain
aMplitudes over which the cyclic stress strain responses of the two
Orientations are very similar.

The anisotropy is, therefore, caused by an effect other than
Preferred crystallographic orientation. Examination of the fracture
Surfaces revealed a further manifestation of the anisotropy of the
fatigue Properties. Macroscopic examination of the fractures showed
that a3 specimens developed planar fractures bﬁt, whereas in the 90°
Specimens the fracture plane was normal to the stress axis, the fracture
Plane in the 45° specimens was ;teeply inclined to the stress axis.

By Comparing the fracture surface orientation with the reference mark-
Ings on the specimens the fracture surfaces were, in all cases found

to coincide with the transverse plane of the rolled plate. (Figure
A3-4), Scanning electron microscopy of the fracture surfaces showed
that the fracture was composed of ductile areas separgted by regions
Which contained elongated inclusions e.g., Figure A3-5. Energy dis-
ﬁErsion X-ray analysis facilitated element mapping and Figure A3-6 shows
that the inclusion contains a high concentration of manganese. It is,
therefore, concluded that the inclusions are the well-known type II

Mng stringers which have been reported to have a deleterious influence

al, a2
On the mechanical properties of steels” * ~°.

It is difficult to ascribe a definite role to the MnS inclusions

in accelerating the failure of the smooth sided fatigue specimens.

The inclusions may influence both nucleation and propagation of fatigue

Cracks, indeed the absence of fatigue markings arounq the inclusions




may indicate that decohesion has occurred during the rolling processes
designed to induce texture. Whether or not decohesion occurs prior to
fatigue the region around the inclusion is subject to the stress con-
Centrating effect of the inclusion/void, the fracture path appears to
be constrained to follow the alignment of the inclusions which are
known to align pérallel to the rolling directional. In the case of the
90° specimens it is expected that the stress concentrating effect of
the inclusions would produce accelerated fatigue fracture in the usual
°Tientation, normal to tﬁe stress aXis. In the case of the 45° specim-
®ns the fatigue crack is constrained to propagate at 45° to the stress
axis and the mode I stress intensity amplitude AKI is consequently
reduced as compared to the case in which the inclusions lie perpendicular

(167)

to the stress axis (Of course, in the case which actually

Pertains the rate of propagatign for slant proﬁagation is greater than
for yo° propagation with the inclusions atv45° to the stress axis).

The anisotropy in strain-life behaviour may therefore be
ascribed to the stress concentrating effects of_aligned inclusions.
The fatigue anisotropy was found to correlate with the monotonic
fracture behaviour in which the 90° specimens exhibited a 15% reduction
in area while the R.A. for the 45° specimens was 30%; The fatigue data
Shows that in the regime 10% < 2Ng < 10%‘the 45° specimens display a
increase in life of the order of a factor of five. Therefore, although
the cyclic stress-strain response is adequately predicted by the text-
ure data, the anisotropy of fracture behaviour, for both monotonic
and cyclic deformation, is controlled by microstructural anisofropy
in the form of elongated inclusions. Although, in this investigation,
the teXture which was induced in the steel was very weak, it is
€xpected that, since the anisotropy due to the inclusions is so

Pronounced, even if very strong textures could be induced the fracture



behaviour would still be dominated by the inclusion content and

morphology.

Auxiliary Reférences:

al Baker, T.J. and Charles, J.A., "Effect of Second Phase Particles
on the Mechanical Properties of Steel", Proc. ISI/BISRA Conf.

March 1971, ISI (1971).

a2 Kiessling, "The Effect of Sulphide Inclusions on the Mechanical

Properties of Steel", p.187.
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TABLE 1

- Comparison of the persistent slip band markings on copper and copper—aluminium<4).

* Copper Copper - 5 atomic 7%
: aluminium :

Distribution of Grouped bands, which are Fairly uniform distribution; in
persistent " separated by regions some regions -there are groups
slip bands _ of inactive surface ' .. of persistent slip bands with

' : : small regions of inactive
. . surface between the groups.
' This effect is not as prominent
as in copper.

Length of slip Mostly over 2004m, though Mostly 50 to 200#m long, some
lines on (541) some are shorter, shorter segments.
surface - particularly in the :

- irregularly shaped bands

Length of slip Generally considerably g ' Generally 100 to 400/m long,
line on (111) greater than 200/m but many considerably |
surface ' - shorter segments in banded

regions.,

Directions of ' " Delineate trace of primary Delineate trace of primary
persistent : slip plane , - slip plane. -

~slip bands. : '

Direction of Often delineate trace of . For the crystals studied ( 52, 54)
bands of primary slip plane, but S very few‘bands present, the
persistent : some bands have orien- - orientations of the bands
slip bands - tations which do not : present being close to that of
C v -~ correspond to simple : the primary s}ip plane, though

crystallographic there is no'Smele crystal-
directions ' - lographic direction associated

- with them.




TABLE 2
CONCENTRATION (%)

ELEMENT - CAST A CAST B PLATE
P £.005 £.005 <.001
Sb £.02 £.02 <.001
Pb <.01 <.01 <.005
As <.02 <.02 <.001
81 <.02 <.02 £.001
Bi £.02 £.02 <.001
Mn <.02 £.02 <.001
Be £.02 £.02 £.001
Sn <.02 £,02 ~  £.001
Se £.02 <.02 <.001
cd <.02 <.02 <.001
n £.02 <.02 £.001
A3 <.02 <.02 <.001
Ni (.02 £.02 £.001
Ca .02 <.02 <.001
Fe <.02 <.02 <,001
Al <.02 <.02 <.001
In £.02 <.02 <.001

0 .00045 .00045 00005



Table 3

Changes in Texture Parameters during Simulated Fatigue

After Simulation

~

Before Sinulation

Tcxture Maximun

* tines random

*% a random texture has a zero value

Texture Principal Maximum Principal Texture -
Type texture * function severity texture _function severity
component(s) height* parameter** components heightx* parametexr**
(a) strong 54.0 5.47 {100}<001> 31.0 3.78
"~ {100}<001> . o :
) weak 5.0 0.48 {1c0}<001> 9.2 1,34
{100}<001> +{100}<013>*,
{c) retained 8.6 1.69 retained - 10.1 2.44
rolling tube rolling tube
{110}<112>- +{100}<013>
{112}<111>
: e
(a) mixed retained 6.4 1,57 mixed retained 8.3 1.80
roiling + cube. ’ rolling + cube
_ + {100}<013>
(e) - {100}<011> 7.7 0.98 {100}<011> + 12.4 1.76
{100}<013> no
(£) random 1.5 0.33 {100}<011> + 5.5 0.91
, {100}<013> '



TABLE 4
GRAIN SIZE MEASUREMENTS

ELEMENT GRAIN SIZE GRAIN SHAPE
( n.)
11180 S5+ Elongated in
rolling dirn.
FAREN 4 Elongated along
: rod axis
FBREN 4k Elongated along
© vod axis
68583 184 Equiaxed
A3300 194 Equiaved
- B3300 138 Equiaxed
MBCUB 140¢ Equiaxed

# mneasured on the section nornal to the longe
dinension of the grain structure,assunin
"pancake” grain shap

# Assuming equiaxed grain shape

$ Neasured on the plane parallel to therollin
plane,assuning equiaxed grain shape

TAELE 5
TEXTURE DATA
MATERIAL  MAJOR  MAXIHUN SEVERITY
. COMPONENT Fa. Ht.
HBCUB 100 €001>  54.0
11180 100 <011>
63585 100 <011>
©ONUJIG - 100 <011>
CROCP 100 <011>
FAREN  <111>FIBRE
FBREN  <111>FIBRE+

-, OO
[

QO N0

NUNoNID N

: <100>FIBRE .

B3500 <100>F IBRE+ . 0.90
<111>F1BRE .28

A3500 <111>F1BRE+ . 0.85

N =
NWHLANWDONWD2N
L]
WO = O WNTTUNON

[4 ]

<100>FIBRE



TABLE 6
MECHANICAL PROFERTY FREDICTIONS

MATERIAL ANGLE  YIELD R-VALUE ELASTIC MODULUS .

T0 R.D. STRESS REUSS VOIGT HILL

0 3.013 0.244 117 152 135

11180 45 2.884 0.467 93 124 108
90 -- . 3.010 - 1.157 114 150 132

. .- 0 J3.025 0.443 110 145 127
- 68585 45 2.997 0.76% . 102 137 119
20 3.089 0.564 112 1483 130

0 2,899 0.032 83 11 98

MBCUB 45 J.001 0.007 115 150 133
%0 2.993 0.614 - 920 120 105

PN . . . N

0 - 3.185 0.716 122 157 140

NUJIG 45 2.984 0.88 929 133 1148
g0 2.922 0.245 108 144 126

0 3.154 0.446 128 181 144

CrRocp 45 2,925 1.200 95 126 110
90 2.973 0.116 117 152 135

FAREN- TT 3.219 1.309 135 148 - 151
FBREN T7 3.233 1.209 133 145 149
B3500 T 3.085 0.702 115 1M 133

" AJ500 TT 3.034 0.937 111 147~ 130



KATERIAL

CODE

11180

68583

NBCUB

FAREN
FBREN
AJ500
B3500

ANGLE
10 R.D.
20
435
90
43

0

90
45

0

TT
1T
1T
TT

TABLE 7
RESONANCE DETERMINATION OF ELASTIC MODULUS
SPECIMEN DIMNS

t
()
4.82E-3
4.75E-3

4.63E~3

3.08E-3
3.84E-3
9.52E-4
6.00E-4
4.44E-4
7.92E-4
7.71E-4
1.84E-3
1.21E-3

1
()

RESONANT FREQUENCIES

ELASTIC NMODULUS
E11 Pa

?.49E-2 2099 3419 50159 18044 24379 1.27 1.86 1.17 0.99

1.17E-1
?.06E-2
1.258-1
?.27E-2
8.77e-2
8.47E-2
8.42E-2
1.23E-1
1.24E-1
1.35E~1
1.10E~1

1224 3445 7078

1713 5137

679 1589 3976 6591
1839,4577 13822

230 552 1109 1839
327 1677 2751 44463 -
183,949 971 1230 140)
187 544 1087 1787

189 432 559 1724

1.043 1.226 1.193
«783 1,16

1.00 1.134,1.18 1.18
1.43 1.17 1.02 :
84 .44 .67 .67 .48
1.29 1.16 1.14 1.35
«78 .93 .73 .80

1.2 1.42 1.37 1.33
1.14 .78 .81 1.19

311 877 1794 2904 4354 4081.97 1.01 1.11 1,07

349 1021 2039 3380 5007

1.04 1.18 1.22 1.23

AVERAGE
(GPa)
120
114
107
110
121
69
124
81
133
97
103
118



TAELE 8
THIN SHEET FATIGUE DATA

ORIENTATION CYCLES TO FAILURE
: (E+4 cyclas)

0 AND 90 1.43£0.14 '
45 b.1% 3.0 g

ANGLE BETWEEN TRACE
OF FRACTURE PLANE
AND STRESS AXIS

BROAD FACE THIN FACE
§0° 90°
s1:1° 64+ 5°



TABLE 9

MECHANICAL PROFERTIES FOR 18045
HONOTOMNIC DATA
ELASTIC MOIULUS=108.5CFa
YIELD STRENGTH=328.0iPa.
U.T.5.=2340.0MPa
CYCLIC DATA
STRAIN FATIGUE STRESS FLAS.STRN. ELASTIC
AHPLITUDE LIFE AMFLITUDE AMPFLITUDE MODULUS
(REVS) (MPa) (GPa)

0.00940 2000 217.0 0.00780 135.4
0.00443 7740 197.0 0.00300 120.8
0.00275 128240 191.0 0.000%97 107.3
©0.00194 358000 178.0 0.00030 108.3
" 0.00170 1582800 158.0 0.00030 112.8

TAELE 10

’ \

MECHANICAL FROPERTIES FOR 18000
HONOTONIC DATA
ELASTIC MOIULUS=121.4CFa
YIELD STRENGTH=335.0MPa.
U.T.5.=350.0MFa
CYCLIC DATA
STRAIN FATIGUE ©  STRESS FLAS.STRN. ELASTIC
AMPLITUDE LIFE ANFLITUDE AMPLITUDE NODULUS

(REVS) (MPa) (GPa)
0.00482 5650 215.0 0.00313 127.2
0.00281 29700 205.0 0.00113 122.0
0.00187 173100 175.0 0.00043 121.5
0.00138 1074400 179.0 0.00019 150.4

MECHANICAL FRODFPERTIES FOR 18090

HONDTONIC DATA

ELASTIC MOUULUS=111.9GFa

YIELD STRENGTH=312.0MFa.

U.T.5.=349.08Pa

CYCLIC DATA

STRAIN FATIGUE STRESS FLAS.STRN. ELASTIC
AMPLITUDE LIFE AMFLITUDE AMPLITUDE MODULUS

(REVS) (MPa) (GFa)

0.00188 172200 181.0 0.00050 141.4
0.00113 8147400 147.0 0.00003 133.6 -
0.004%90 4178 209.0 0.00310 116.1
0.00950 1580 239.0 0.00790 149.3



TABLE 11

MECHANICAL FROFERTIES FOR GB545
HONOTONIC DATA
ELASTIC MODULUS=103.5GFa °
YIELD STRENGTH=131.3MPa.
U.T.5.=268.0MFa
CYCLIC DATA
STRAIN FATIGUE STRESS PLAS.STRN. ELASTIC
AMPLITUDE LIFE AMFLITUDE ANPLITUDE HMODULUS
(REVS) (MPa) (GPa)

0.00253 38200 150.0 0.00120 1114
0.00250 38200 140.0 0.00125 112.0
0.00844 720 208.0 0.00625 94.9
0.00500 3780 - 187.0 0.00330 110.0
0.00383 18500 135.0 0.00183 77.3
0.00169 249720 1246.0 0.00040 115.5
0.00120 3744480 95.4 0.00014 90.0
0.01000 700 208.0 0.00750 83.2
0.00387 10200 168.0 0.00225 103.7

. \

TABLE 12

MECHANICAL FROFPERTIES FOR 68590
HONOTONIC DATA

ELASTIC MODULUS=110.0GFa

YIELD STRENGTH=119.2iFa.

U.T.S5.=272,0MPa '

CYCLIC DATA '

STRAIN FATIGUE STRESS PLAS.STRN. ELASTIC

ANPLITUDE LIFE ANPLITUDE AMFLITUDE MODULUS
(REVS) (HPa) (GFa)

0.01000 390 228.0 0.00810 120.0
0.00510 3740 183.0 0.00325 98.9
0.00243 60080 149.0 0.00125 107.9
0.00126 J2960 111.0 0.00030 113.4
0.00350 2340 184.0 0.00212 134.7
0.00250 88000 158.0 0.00120 121.5
0.00200 120860 133.0 0.00082 112.7
0.00146 450000 100.0 0.00028 84.7



TABLE 13

MECHANICAL FROPERTIES FOR FAREN
HONOTONIC DATA
ELASTIC MODULUS=124.7CGPa
YIELD STRENGTH=251.1MPa.
U.T.5,=290.0MFa
CYCLIC DATA
STRAIN FATIGUE STRESS PLAS.STRN. ELASTIC
AHPLITUDE LIFE AMPLITUDE AMPLITUDE MODULUS
{REVS) {(MFa) {(GPa)

0.00805 1872 2729 0.004603 134.4
0.010046 1334 283.0 0.00775 122.5
0.00205 4200 232.0 0.000746 = 179.8
0.00503 4280 239.0 0.00331 138.9
0.00404 7998 2446.0 0.00213 128.7
0.00099 4300000 118.0 0.00001 120.4
0.00200 87800 225.0 0.00002 113.4
0.00151 345000 181.0 0.00011 129.2
0.00303 17758 271.0 0.00103 1346.8

TABLE 14

NECHANICAL FROFERTIES FOR FBREN
HONOTONIC DATA ' '
ELASTIC MODULUS=1
YIELD STRENGTH=25
U.T.5.=310.0MPa
CYCLIC DATA
STRAIN FATIGUE STRESS PLAS.STRN. ELASTIC
ANPLITUDE LIFE AMPLITUDE  AMFLITUDE MODULUS
(REVS) (HPa) (GPa)

.0GPa
2MPa.

25
L4
Je

0.01000 1284 288.0 . 0.00740 120.0
0.01240 248 332.8 0.00938 118.0
0.00740 2102 267.0 0.00344 134.2
0.00497 6544 251.0 0.00247 100.4
0.00305 43560 229.0 0.00122 12541
0.00250 80200 225.90 0.00083 134.7
0.00219 92340 218.0 0.00042 138.8
0.00819 832 298.0 .  0.00581 125.2
0.00395 14140 234.0 0.00210 126.4
0.00200 129140 229.0 0.00027 132.3



TABLE 13

MECHANICAL FROPERTIES FOR A3500
NONOTONIC DATA
ELASTIC MODULUS=113.2GPa
YIELD STRENGTH=154.4MPa.
U.T.5.=247.08Pa
CYCLIC DATA
STRAIN FATIGUE STRESS PLAS.STRN. ELASTIC
AMPLITUDE LIFE AMFLITUDE AMPLITUDE MODULUS
(REVS) (MPa) (GPa)

0.00200 87490 126.0 0.00082  .113.5
0.00149 227800 135.0 0.00037 120.5
0.003505 3220 163.0 0.00350 104.4
0.00375 = 4356 165.0 0.00230 113.7
0.00502 1400 1469.0 0.00359 118.1
0.00300 113946 154.0 0.00164 114.7
0.00247 28420 151.0 0.00114 115.2
0.00097 415340 113.0 0.00019 147.4

TABLE 16

MECHANICAL FROPERTIES FOR B3500
MONOTONIC DATA
ELASTIC MODULUS=111.206Pa
YICLD STRENGTH=1357.0HPa.
U.T.5.=252.0MPa
CYCLIC DATA
STRAIN FATIGUE STRESS PLAS.STRN. ELASTIC
AMPLITUDE LIFE AMFLITUDE ANPLITUDE MNODULUS
(REVS) (MPa) (GPz)

0.00197 . 32500 134.0 0.00083 117.5
0.00300 - 12600 159.0 0.00165 117.7
0.00400 4190 180.0 0.00431 106.5
0.00700 1442 184.0 0.00331 108.8
0.00900 1258 185.0 0.00712 98.4
0.00400 46500 165.0 0.00236 100.46

0.00500 4044 170.0 0.00348 111.8
0.002353 12800 145.0 0.00124 114.1
0.00093 1111200 926.8 0.00019 127.3

0.00146 327640 122.0 0.00049 = 125.7



FATIGUE DATA ANALYSIS FOR

Total strain

Amplitude
2.550000E-03
2.50000¢.~-03
8.43I7799E~03
4.999999E-03
3.850000E-03
1.690000E-03
1.200000E-03

?.999998E-03
3.8700030-03

TABLE 17

568545

Fatigue analysis employing static modulus and stress amplitude to calculate the elastic strain range

Plastic strain

"BASOQUIN EXPONENT =

STRAIN-LIFE DATA
. CYCLIC PLASTIC PARAMETERS
COFFIN EXPONENT =  4.445437E-01
CYCLIC FRACTURE STRAIN =  1,328072E-01
CORRELATION COEFFICIENT RP = -9,974143E-01
CYCLIC ELASTIC PARAMETERS
?.117228E-02 :
CYCLIC FRACTURE STRESS =  3.834185E+02
CORRELATION COEFFICIENT RE = -9.948147E-01
MEAN ELASTIC NODULUS = «200000E+C4STANDARD DEVIATION =
CYCLIC STRESS-STRAIN PARAMETERS

3.498371E+01
FROM STRAIN-LIFE DATA

CYCLIC STIFFNESS CONSTANT =  5.800849E+02
CYCLIC HARDENING EXPONENT =  2.041008E-01
0.2% OFFSET STRESS =  1.421448E+02

CYCLIC STRESS-STRAIN ANALYSIS
CYCLIC STIFFNESS CONSTANT  5.745171E+02
CYCLIC KARDENING EXPONENT =  2,050918E-01
0.2% OFFSET .ETRESS = 1.621425E+02

CORRELATION COEFFICIENT RC = 9,924557E-01
DATA DEVELOPED BY THIS CALCULATION :
Elastic

Anplitude

"~ 1.200000E~03

1.250000E~03
6.2499968E-03

3.300000E-03

1.850000E-03
S.999999E-04

1.4C85200-04 .

7.499997E-03
2.250000E-03

1.496970E-03

Stress Reversals to Elastic strain

Anplitude Failure Anplitude Nodulus

1.5G0000E+02 3.820000E+04 1.515151E-03 9.900000E+04
1.400C00E+02 3.82000CC+04 1.414141E-03 9.900000E+04
2,08476(7402 7.200CCCE402 2,101010E-03 9.900000E+04
1.87G000E+02 3.780000E+03 1.838889E-03 - 9.900000E+04
1.550000E+02 1.850000E+04 1.545454F-03 - 9.900000E+04
1.240000E+02 2.497200E+05 1.272727e-03 9.900000E+04
9.539979E+4C1 J.744480E+04 ?.438382E-04 9.900000E+04
4. UB0000E+02 7.0050302402 2.101010E-03 - 9.900000E+04
1.430000E+402 1.020000E+04 9.900000E+04

Corrected strain

Amplitude
2,715151E-03
2,664141E-03
8.351004E-03
5,188884E~03
3.415656E-03

" 1,872727E-03

1,103434E-03
9.601004E-03
3,946967E-03



TABLE 18

MATERIALS PARANETERS FROM STRAIN-LIFE ANDCYCLIC STRESS-STRAIN DATA

HATERIAL STRAIN-LIFE PARAMETER STRESS-STRAIN PARAMETERS ELASTIC
PLASTIC ELASTIC STRAIN-LIFEANALYSIS CYCLIC STRESS-STRAIN ANALYSISMODULUS
{ -C r R 4 -b r K h S K - n S r
(HPa) {NPa) {¥Pa) (MPa) {NPa) {GPa)
G8548 132 445 997 383 L0912 .995 5830 .2041 142 577 2051 142 993 99.
685%0 124 439 260 370 0845 .934 852 .237 147 739,193 149 .983 - 112
A3592 135 .473 782 272 0618 .951 334 124 157 339 .130 134 912 118
B3500 213 504 379 - 505 125  .973 737 181 198 477  ,248 155 766 103
180435 327 510 978 295 L0409 .948 322 .0758 194 312 -,0803 193 917 115
18090 488  .574 997 327 0474 970 334 0825 207 J44  ,0825 207 972 121
FAREN 234 .810 .980 597 .104  .971 8534 .12V 241 529 .128 241 978 133
FBREN .181 677 .981 540 0875 .980 744 .133 245 544  .1834 2446 938 124
B3ISXX 213 504 979 348 ,0922 .978 483  .181 199 479  .183 155 .986 122

K
0.304
0.074
2.372
1.049
12,6
4.43

TABLE 19
FATIGUE CRACK DATA FOR NUJIG
- SPECIMEN NODE M c
- 90.2 FLAT  1.67 7.2E-10
70.3 FLAT  1.41 3.9E-9
90.4 FLAT  3.03 7.3E-13
70.4 FLAT 2.07 8.7E-11
45.2 SLANT - 3.34 1.0E-14
45.3 SL T 2.78 1.4E-12
J3.31 1.2E-13

45.5  SLANT

7.63



?0.1
90.2
90.3
45.1
45.2
45.3
45.4

MATERIAL

FAREN
FBREN
A3500
B3500
GB8590
68545
18090
18043

TABLE

20

FATIGUE CRACK BATA FOR CROCP
SPECIMEN HNODE

FLAT
FLAT
FLAT
SLANT
SLANT
SLANT
SLANT

TAYLOR
FACTOR

3.219
3.233
3.034
3.986
3.089
2 .997
3.010
2.884

COLD UDRKED

ANNEALED

™ C
1.91 3.3E-7
"4,42 4.4F-10
3.48 2.90E-9
4.35 3.84E-9
2.41 4.81E-8

3.12 5.93-9
3.33 4.96-9
TABLE 21
K" nll
(MPa)
121 1215
124 .1548
26 .1308
117 . 2482
193 .1927
150 2248
92 22075
88 1951
150 134
127 175

K
0.538
3.62

«978
.738
.9219
986
.983
«993
» 772
917

.95

Sll
(NPa)

76.4
74.5
51.4
50.2
54.7
54.1
67.6
71.8

63.2
42.4



Figures




AK

Eiéggg_i. General form of the dependence of the rate of

fatizue crack propagation upon the applied stress
intensity. The dotted line indicates the regim:2
in which the relation da/dN = C( AK)™ may be applied.



Fi ’ . X \
\£&219~g. The orientations of the stress axes in the crystals
employed by Broom and Ham (ref. 12).
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Crystal Fatigue Shear Stress,  Cycles to Fanure
g mm?
348 + 700 §0.300
7B + 680 426.000
ioB .+ 700 185.000
298 : . 114,000
248 “ 293,000
25B . v 637.000
288 - 323,000
268 . >2 - 10
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ASH .
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Figure 3. The cyclic hardening response of aluminium singie

crystals fatigued at a cyclic shear stress = ,
*700gm mm~2. The orientation of Fhe ten31¥e axes
with respect to the crystal axes is shown in the.
inset. The accompanying table indicates the

differences in fatigue life (taken from ref. 13).
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EEEEZE_£‘ The S/N curve of copper single crystals expressed
by Kettunen (ref. 14) in terms of the shear stress

amplitude on the primary slip system.
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5 The anisotropic cyclic hardening of copper single
crystals as dezmonstrated by Patterson (ref. 1?;.
The inset figures show the relative stress axis -
crystal orientations.  The plots show the maximum
resolved shear stresses, in tension and compression,

as the cyclic hardening occurs.
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The data of Sastry et al, illustrating the anisotropy
of cyclic hardening of silver single crystals (ref. 20).
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Figure 7. The cyclic stress-strain curves of silver{———) and .

copper (~---- ) single crystals. Taken from Sastry
et al (ref. 20).
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crystals and polycrystals expressed by Bhat and Laird
(ref. 22) in terms of the shear stress amplitude and
the shear strain amplitude.



ji-Rure 9. The development of intrusion/extrusion pairs within
the PSB’s in fatigued copper.



am

fjl~-Ure 10. From ref. 26. The difference in extrusion rate of
copper single crystals as a function of the shear
stress on the cross-slip system. Both crystals
were Tatigue hardened, electropolished and then
given 50 additional cycles. The extrusions are
5 shown by taper sectioning (ref. 26).



Figure 11. The _differences in slip line pattern developed in
fatigue copper single crystal. Crystal A oriented
for easy glide. Crystal B oriented so that the
cyclic stress axis lay close to (ref. 17).



figure 12.

(ft)

Optical micrographs of the fTatigue fracture surfaces
of notched copper single crystals from the work of
Neumann (ref. 31). Crack propagation is from top

to bottom. The white markings indicate crack rest
lines every 400 cycles due to the programmed Iloading
employed. The difference 1in crack front orientation
is caused by the orientations of the crystals with
respect to the stress axes and crack fronts.



figure 13 e SEM Fractographs of fatigue fracture surfaces of
copper single crystals from ref. 31, which indicate
that the Ilocal direction of crack propagation is always

perpendicular to <011> directions.
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fﬁgUre 14. The crack propagation data of Donch and Haasen for
copper single crystals. The inset shows the

crystal-stress axis orientations. (ref. 33).
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Fioure 15. The crack propagation data of Ishii and Weeyxtmann
for copper single crystals. The inset shows tha
crystal-stress axis orientations. (ref. 40).
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Figure 17. The S/N data of iron single crystals. Orientation
- of crystals shown in inset, from Hempel ref. 44.
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Fisrure 13 The deta of fig. 17 as reanalysed by Kettunen (ref. 15).




Figure 19. The lenticular shaped markings due to asymmetric
cyclic slip in torsionally fatigued niobium single

crystals as reported by Nine ref. 45.
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Figure 29 The stacking sequence used to ensure averaging of the
quadrant pole figure during the fatrication of composite samples

from thin sheet material.
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Figure 31 Plan drawing of alignment jig employed to slice the blocks produced

by the bonding process described in figure 30.
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Figure 32 Schematic diagram of the starting position of the texture
specimen in the goniometer circle.This position corresponds to the
beginning of the spiral in fig.33.
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Figure 33 The spiral path traced by the
diffracting plane normal during data
acquisition.The crosses indicate the

data sampling points.
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Figure 34 The thin sheet fatigue specimens produced by filing in a template jig.
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Figure 36 The electropolishing apparatus used for
FG-6 specimens.




Figure 37 FG-6 specimens after electropolishing.The
upper specimen shows the finish required.The lower
specimen shows the strips of tape used to ensure non
sliding contact.
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Figure 39.Dimensions of single edoe notch (SFN) specimen
employed in crack propagation experiments.



Figure 40
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Figure 41 The electropolishing apparatus used
for SEN specimens.
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Figure 42 Schematic representation

A4

of a stress-strain hysteresis loop
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Figure 43 Schematic representation of modesl,ll

and III opening of a crack,together with a schematic
diagram of the complex crack orientation observed

in some specimens. .



NORMAL DIRECTION

42,2

y-x

TRANSVERSE
: DIRECT{ON
b/j—d ) T
,.XI/
X

Figure 44 The set of Fuler angles used in the c.o.d.f.



TEXTURE RESEARCH GROUP

\’ e
o0 _ 0
20 30 4050 6070 80 SC
M o s o e _80 ¢ 0 __% 20 30 40 50 60 70 80 90 o

i TGRS My A8 M ARSI R A m??&ﬂ%“??ﬂﬁ
3o P T of ! 1 103201 Lo

080l iy 22 (;%123]11 3] 1613 (3%0) 1i2) (i) el
. _ _ 9 20% d

% 2i0) f211H 4323 j132]] {012) [17o] 20ptol )
310[35“ 13221 1223) 23] 4 2ok 1233) . _ 1122)

¢ l 1221 “la3 “'2 b3 {0Z3) (230} 03y e )
(o 32)(1233)  [P5 { aob 11201 w02
\ 1 = — - &
so . 232 0331 11Z0) 132) (oT) _ 40 tor 1
25 3 [133) [130] 72
230) 12 S%%i30 1 5 3 £ o
80 o | N H121) N 10321 ! 071 _ 2] 3
MR N i = 1 60p 31 031 -

L8 2 121 fam @R |3 13 1031 o 60-10’101 - A
‘ S 3218 - s
o) - (051 ]J 704070] N iy 70h. P (i3] "

815 ° Lo = = @ = b ol & 3|
S ¢ = 8 8 - o 0 5 3
. 5 5] = sofS ea1g4® °f Bl [ 2 S0k b =

i _ _ S - = - - IR = . -
Tyl | oror IS, ‘5| | [otolidio) (ot 1301 ol o o 150, 02208 ool JEo B m
= 901 it n 1 N .”‘30 9 A L ll 1 M L ) L [‘%0’ 211207,
0
0 .
'\~§2,_0_:w 40 50 60
. a 7? 8'0100'9]0 . Oio 1? 20 3,0 _4'0 50 G'O 70 8'0 90 [ 1'0 20 30 40 50 60 M 80 %0

ol 5101 1332} ] o2l s {001 f230] ) "o,

2 7 oti230) [zay ot3) wp'2%) (T3]
= n22] T b4 -

1230} 0i2) 4 zdﬁfml oz 132 2= it30] 073
aiiZo) 3 1023 gk “ i l 8
133y a0 n3o} , ; m3j [on] _ S
N { _- = N
40130 o 8 ((:g";’]] 7 ] 30-0 ) g ]
"~ | _ N (112§ [010 =

%o (032} TR B Lk B R - 2 B ! ]

oo, 1331 ] 50} (132) S g &
N ) . = | 333 = 233) 7] 50 o ~

M5 & 8 & : g (i @52f  fi fi30) i ]

e e 2 2 33 60_{1301 B A . R so"ﬁol ! =

o (@ 12T Wiy Bt il S oy s 527 B 33 2 §

90%0' $=317 s o go 230! °=450 = (33 50, o=t 30 331 32y
o X __ L g S e — = - e = . P -
S 1230 30 1S R (770 o fong 2| poy |2 18 2 110) S °

M o ol BP SrU 53 =5 B 32 3Z0) 15
- %0 1 E15 ool ., B pPlgE 8
)
10 20 30 40 _50_ 60 70 80 90 o ‘
{ 10

I o o e B T e P

[ - j ol _ 'IOTB)I j Jo101 10311 1021) " J032) Jory 1023k 072)1073; (001
- {073} -

al _ o — 133) (17 1

9 - hioim t o = 30 13 i52) 113310231 Ky 7o
(0% 032} g s &) 4 20039 ] 1= )

3 i 8 ool B . g izop {1 3| T me
5 sl & 4 w3 2l 3 £ 73 kPt e

0S &l e - 3 el 2 eSS B N C ogm P
; o B 5 3T 73 (1 (373} 7

5 lﬁo; 3 & 1213 wLﬁ}o, _ . 40£ 30][_35‘ @ L M} 373 _1_3]I203_

s fizy 332 | @7y [iZo} {i) (373 o) f 35 72) _
20} (i) b SO 3237 1 sofF 221 o

80l{T30) (230} (3325 = 73 o2

2 1 soF (312) P 2 2
_ " b3 5 1 57 i 1

Toh{Tioy B33 . 1z fio} (7 (2 @ o o A Zoy
C 32 b o7 ! 7 (31 g gl 8 & ] g

l%01 o (321) %0 . e 5 &l slef 8 88l 8 o

) =634 1 sl gxt16° {1 eofE s=00° g
o — = =y

%y, {7l 20)  [To1 (370 (201 {30 1301|3057 7001 [ 001 fi o

i o i S i A 90 Il " n N " " } " ‘0.‘[310‘ 9 'w‘pmipw' ’Oql 1010”1109'1100“ ‘ﬁoo}

Figure 45 The index chart of i'd ai i i
the c.o.d.f. (refllo). eal orientations for



paper tape input
Q Q_ from diffractometer

EIM ULATIONS

|

CRYSTAL
ARRAY

-

L INT

integrate
abodt ideal
orientations

N

INTERP
interpolate
data onto
polar grid
y
FIGS
X DATA I
DISC ‘1 plot pole
FILE figures
ANALYSIS RECON
reconstitute
A pole figure
data
CODF PLASTIC
calculate predict plastic
&plot c,od.t properiies

Figure 46 Diagramatical summary of texture analysis

management system.



"~/
AN/t
@,

4 'l L i 1
:ﬁjl L] T T T

. 3 ﬁ

1 +—t = —— 1 ’
+ 4 </
E £\> 13 ¢ F
(5| P __

- L od
A\ ]
4 /\\ 4
- \\ ﬁ

d = 33.7 P = 45 ¢ = 56.3

° + g ;\\

% = 63.4 ¢ = 71.5 6 = 80

Figure 47 C.o.d.f. plot of MBCUB.Contour interval
10x random.Max.Fn.Ht. 54x.Severity 5.47. -



\\ y,
- \
= O
!
/
/
A
Iy
N N\
\
]
¢ = 33.7
Attt
(
\
\
\
|
¢ = 63.4

Figure 48 C.o0.d.f. plot of III80.Contour interval
lx random.Max.Fn.Ht.7.7x.Severity 0.98.



Figure 49 C.o.d.f. plot of G8585.Contour interval
0.5x random.Max.Fn.Ht. 4.0.Severity 0.52.
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Figure 50 C.o0.d.f. plot of NUJIG.Contour interval
0.87.
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Figure 51 C.0.d4.f. plot of CROCP.Contour interval
0.5x random.Max.Fn.Ht.2.9x.Severity 0.72.
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Figure 52 C.o.d.f. plot of FAREN.Contour interval
2x random.Max.Fn.Ht.1ll.3x.Severity 1.68.
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Figure 53 C.o0.d.f. plot of FBREN.Contour interval
2x random.Max.Fn.Ht. 14.3x.Severity 1.97
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Figure 56 Low magnification optical micrographs.
#)Crack orientation in a 45 specimenof MBCUB
b)Crack orientation in a 90 specimen of MBCUB



figure 57 Low magnification optical micrograph of
through-thickness section of 45 specimen of MBC.UB.



Figure 58 Stereopair SEM micrograph of fatigue fracture surface of a 45 specimen
of MBCUB.



Figure 59 SEM micrograph of typical fTatigue fracture
surface in a 90 specimen of MBCUB .Magnification 200x.



Figure 60 Stereopair SEM micrograph of “chevron®™ markings showing crack
propagation on two different planes_Magnification 200x.



Figure 61 SEM micrograph showing that striations are
continuous across "chevron®™ markings.Magnification 1000x.



a b C

Figure 62 The effect of waveform and frequency on the shape of the

stress-strain hysteresis loop.(a) Sine-wave,0.1Hz. (b) Sine-wave,lHz, -

{c) Triangular—wave,O.le.
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Figure 63 Cyclic stress- straln
curve for 18045 :
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Figure 64 Cyclic stress-strain curve
for 1I8090.
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Figure 65 Cyclic stress-strain curve
for G8545.
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Figure 66 Cyclic stress-strain curve
for G8590.
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Figure 67 Cyclic stress-strain curve
for FAREN.
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Figure 68 Cyclic stress-strain curve
for FBREN.
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Figure 70 Cyclic stress-strain curve
for B3500.
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Figure 71 Strain-life curves for I8045
Total@® Plastica Elastice
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Figure 72 Strain-life curves for
Totale@ Plastica Elastica

"I8000 and I8090
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Figqure 74 Strain-life curves for G8590
Total® Plastica Elastics







Fiqure 75 Strain-life curves for FAREN
Total® Elasticms Plastica







Figure 76 Strain-life curves for FBREN
Total® Plastica Elastice
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Figure 77 Strain-life curves for A3500
Totalg Plastica Elasticwms
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Fiqure 78 Strain-1life curves for B3500
Totale@ Plastica Elasticems
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Figure 79 Sample data from crack pronagation analysis
showing a set of data considered to be well fitted
by the computer program,




Figure 80 Secondary crack on the smooth side of

208ylindrical specimen.SEM micrograph magnification
X -



Figure 81 The fTour different types of surface markings observed on the sides of
fatigued copper polycrystals.SEM micrographs,magnification 500x.



Figure 82 SEM micrograph of grain which displays long,
parallel slip markings.magnification 800x.



Figure 83 Stereopair SEM micrograph showing the formation of a fatigue crack near
a twin-grain boundary intersection.Magnification [10000x.



Figure 84 SEM micrograph of a fatigue fracture.The
angular appearance of the surface is due to crack

nucleation at two sites._Magnification 15x.

Figure 85 SEM micrograDh of fatigue fracture of
annealed copper tested In tension-comoression.The
ductile striations have been preserved in the

depressions in the surface._Magnification 500x.



Figure 86 SEM micrograph of the fracture surface of
a specimen of 18090 showing the “ductile®™ appearance
of the surface._Magnification 500x.

Figure 87 SEM micrograph of the fracture surface of
a specimen of 18045 showing “facets®"_Magnification 500x.



Figure 88 SEM micrograph of the fracture surface of
a specimen of 18090 close to site of nucléation.
Magnification 150x.

Figure 89 SEM micrograph of the fracture surface of
an SEN specimen.Magnification 100x.



Figure 90 SEM micrograph of the fatigue fracture
region iIn a specimen of NUJIG 90 orientation.

Magnification 800x.



Figure 91 C.o.d.f. plot of material G8545 after
5300 cycles at Ae/2 = .0037. Contour interval -
0.5x random.Max.Fn.Ht. 4.7.Severity 0.68,




=

Figure 92 The c.o.d. difference function plot
between fig.91 and fig.49.Contour interval
0.5x random.Max.Fn.Ht. 3.1l.Severity 0.57



Figure 93 The S/N data of Mair and Le May
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Figure 95 Summary of the plastic strain
-life data developed in this investigation.
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Figure 97 The cyclic stress-strain
curve for B35XX.
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Figure 98 The strain-life curves for B35XX
Totale@ Plastic & Elastics
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Figure 100 The shear cyclic
stress-strain data for all
materials employed in this
investigation.N.B.linear axes
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Figure 101 Cyclic shear stress-shear strain
data for annealed materials.
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Figure 102 Cyclic shear stress-shear strain
for cold worked materials.
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Figure 103 The analogy between a 'soft' grain in a
polycrystal and the notch region in a continuum.
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Figure 105 Fatique-life data for cold-worked rod material.Curves
calculated from theparameters in table 18.
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Figure 106 Fatigque-life data for G8585.Curves calculated from
the parameters in table 18.
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Figure 107 Fatique -life data for annealed rod material.Curves
calculated from the parameters in table 18.
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Figure 108 C.o0.d.f. plot showing the texture components
which have been reported to develop during fatique.

present work,uniaxial. // Inakazu and Yamamoto,
low amplitude torsion. \\\Witzel,high amplitude torsion.



Figure 109 Dislocation cell structure observed
after high strain fTatigue of a copper-base alloy
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Figure 110 The cyclic shear stress-strain data

of Rasmussen and Pedersen (ref.153).The curve
for the single crystal data is taken from the

work of Mughrabi (ref.24).
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Figure 111 Representation of the ductile propmagationof a
fatigue crack by the formation of bands of shear at the
crack tip.
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Auxiliary Figures
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Figure A3-1 C.o.d.f. plot of material SAE-4161(Q T).
Contour interval 0.1.Max. Fn.lt.=1.3x random,severity=0.11
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A3-2 Stress-strain

curves for SAE-4161(0 T).
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Figure A3-3 Strain-life data for SAE-4161(0 T).
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Figure A3-4 Schematic representation of the fracture morphology in SAE-4161(0 T).




Figure A3-5 Scanning electron micrograph of fracture surface
of SAE-4161(0 T),showing elongated inclusion_.Magnification 900x.



Secondary electrons X-ray map Mn. X-ray map Fe.

Figure A3-6 SEM fractography of SAE-4161 with X-ray element mapping
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III80

G8585

NUJIG

CROCP

FAREN .

FBREN
A3500

B3500

Material Codes

Thin sheet,cube texture,0,45 and 90 specimen
constant load amplitude tests, P s used for

Thick plate,shear texture,0,45 and‘90 orientations used
for strain-life tests as I18000,I8045,and I8090.Cold rolled.

Thick

plate,retained shear texture,45 and 90 orientations

used for strain-life tests as G8545 and G8590.Annealed.

Thick
crack

Thick
crack

Fibre
Fibre
Fibre

Fibre

plate,thear texture,45 and 90 orientations -
propagation tests.Cold rolled. used for

plate,shear texture,45 and 90 orientations used for
propagation tests.Cold rolled.

textured rod,cold drawn from cast A.-
textured rod,cold drawn from cast B.
textured rod,FAREN+3 hours at 770K

textured rod,FBREN+ 3 hours at 770K.



