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GLOSSARY

This glossary contains only those terms not defined in the text.

da/an crack extension per cycle
c constant for a given material
m constant for a given material
P constant for a given material
gp plastic strain

Ep cumulative plastic strain
cum
fr; saturation shear stress
Axb plastic shear strain

C11, C12, C44 elastic coefficients

Sll' 812, 844 elastic compliances
E Young's modulus of elasticity
/o density
t thickness of material in plane of bending
L length
xi constant (x1 = 22.37, x2 = 61.64, x3 = 120.8, etc)
fi resonant frequency at X
n strain hardening exponent
n' cyclic hardening exponent
Afe
2 elastic strain amplitude at saturation
—Q%E- plastic strain amplitude at saturation
A€
2 total strain amplitude of saturation
S!' cyclic yield stress

K' cyclic hardening exponent



SUMMARY

This investigation attempts to assess the effect of preferred
crystallographic orientation on the fatigue properties of mild steel.
Quantitative texture analysis has been performed, using the crystallite
orientation distribution function (c.o.d.f.) so that mechanical
properties could be quantitatively predicted.

The fatique properties are evaluated by producing textured piates
of different texture types and severities and machining specimens at
specific orientations to the rolling direction of the plate. Smooth,
flat specimens were tested under fully reversed strain amplitude
control to generate strain-life and cyclic stress-strain data. The
data was analysed using the parametric approach of Morrow to determine
a set of characteristic material parameters. Also, fatigue crack
propagation studies were conducted on single edge notch plate speci-
mens machined at specific angles from the rolling direction of textured
plate. Data in the form of crack length vs number of cycles
(produced under constant load amplitude control) was analysed to
produce crack propagation rate vs stress intensity amplitude data.
which may be parametrically expressed by the Paris constants C and
m.

The anisotropy of fatigue behaviour may be predicted from texture
measurements, and the cyclic stress-strain data display anisotropy
which is related to the type and severity of the texture. The fatigue
data display increasing anisotropy as texture severity increases, until
a point after which grain size effects become dominant. The anisotropy
of fatigue life data is shown to be a function of the product AQ A€
per cycle which is directly dependent on the cyclic stress-strain

curve.
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CHAPTER 1

Introduction

Fracture by the progressive growth of fatique cracks under
repeated loading, i.e. fatigue, must now be considered, in conjunction
with corrosion effects, as the principal cause of in-service failures
of engineering structures and components. Now it is normal to consider
engineering materials to be isotropic, and typical values of properties,
such as yield stress and elastic modulus, are therefore usually presented
in lists of reference data., In practice, however, isotropy is rare,
and, after forming, most metallic solids are predominantly anisotropic
insomuch as they exhibit differences of properties in different direc-
tions. Although severe anisotropy in hexagonal metals has been recognized
as an influential factor in fatigue, little evidence is available that
similar investigations have been carried out on either b.c.c. or f.c.c.
materials, which both normally display greater degrees of isotropy.

Anisotropy arises from either

(a) crystallographic anisotropy where the crystal grains in a
polycrystalline aggregate are arranged in a non-random manner
to give a preferred crystallographic orientation or,

(b) microstructural anisotropy, where there is a substantial
variation in grain size and shape, and the microstructural
constituents are arranged in a non-random way.

Although engineers usually require isotropic materials, it is
becoming obvious that controlled anisotropy can be advantageous, e.g.
for improved formability, for directional strength. It has been rec-
ognized that many of the problems encountered during forming may be

due to texture, e.g. earing.



This work examines the effect of crystallographic anisotropy
(texture) on the fatique failure of low carbon steel, and the quan-
titative predictability of any induced anisotropy in the materials
employed has been assessed by using a quantitative technique for the
determination of texture data. Such a method of texture analysis
utilizes the crystallite orientation distribution function (c.o.d.f.)
which may be used, in conjunction with suitable deformation models,
to predict the mechanical properties. A description of the applic-
ation is given in Chapter 3.

Chapter 2 opens with a brief resumé of the fatigue failure
process, before continuing to present a literature survey of the
influence of texture on the fatigue properties of metals. The effects
on cubic metals in both monocrystal and polycrystal form are reported.

Fatigue properties were assessed by using the cyclic stress-strain
analysis reported in Chapter 5, and standard techniques of crack prop-
agation measurements were analysed as described in Chapter 5. The
cyclic stress-strain analysis considers that the cyclic deformation
resistance of a material may be defined by a set of interdependent
material parameters, related by the relationship between the cyclic
stress and cyclic strain amplitudes generated by the loading conditions.
Therefore fatigue data is collected in the form of a strain amplitude-
life curve, and the coincident stress amplitudes are also recorded.
Fatigue crack propagation specimens were cycled under constant load,
and the crack lengths were recorded by optical measurements. The
experimental details are given in Chapter 4.

The experimental results are given in Chapter 6. Chapter 7
presents the discussion, which compares the findings of the texture
analysis from each material, and the éffect of texture on the parametric

characterisation of the cyclic properties, and on the localised failure



process, is discussed. There is a critical examination of the applic-
ability of the cyclic stress-strain approach to the quantitative
investigation of factors affecting fatigue properties.

Conclusions and suggestions for further work are given in
Chapter 8.

Two appendices give the mathematical derivation of the c.o.d.f.
from pole figure data, and the cyclic stress-strain analysis computer

program.



CHAPTER 2

Literature Review

2.1 Introduction

When considering fatigue behaviour, it is normal practice to
assume that metals and alloys are isotropic, despite the fact that
cubic metals possess, to a greater or lesser degree, some form of
preferred orientation (texture) which leads to anisotropic elastic
and plastic properties.

In this chapter, the various fatigue parameters are presented
and discussed briefly. The relevant data concerning body-centred
cubic (b.c.c.) and face-centred cubic (f.c.c.) single crystals
is examined, before turning to textured cubic polycrystals.

The various methods by which metals and alloys can exhibit
anisotropic behaviour when undergoing fatigue are highlighted, and
the extent to which assumptions of isotropy must be qualified are

indicated.

2.2 Fatigue Parameters

(1-4)

Various review articles give detailed accounts of the
fatique process. Fatigue failure in metals and alloys normally
involves the same processes. To examine the effects of crystall-
ographic preferred orientation in fatigue, it is therefore in
order to examine the results by clarifying them into four groups,
i.e.

S-N data.

Cyclic response data.

Phenomenological data referring to fatigue failure.

Quantitative data concerning crack propagation.



2.2.1 S-N Data

The S-N (stress-life) curve provides the simplest method of
describing the fatigue response of a material(s). Parameters other
than stress may be used to measure the response of a material under-
going fatigue. For example, strain-life curves or stress intensity
factor-life curves may be plotted. In each case, the parameter is
maintained at constant amplitude for the duration of tﬁe test, annd

the results are presented in the form of a plot of the controlling

parameter amplitude against the number of reversals to failure.

2.2.2 Cyclic Response Data

Metals are metastable under application of cyclic loads, and
their stress-strain response can be drastically affected due to
repeated plastic strains. Depending on the initial state, and it's
test condition, a metal may cyclically harden, soften, remain stable,
or display variable behaviour, before stabilising to produce a
'saturation' response where the cyclic strain produced is proportional

to the applied cyclic stress amplitude.

2.2.2.1 Cyclic Hardening and Softening

Determination of constant amplitude fatigue lives of specimens
is customarily performed under conditions of controlled stress or
controlled strain. In actual engineering structures, stress-strain
gradients do exist, and there will usually be a certain degree of
structural constraint of the material at critical locations. Such a
condition is analagous to strain control(s). Therefore, it is
more advantageous to characterize material response under completely

constrained, or strain cycling conditions(6), By plotting the stress



amplitude against reversals from controlled strain test results,
cyclic strain hardening and softening can be observed (Figure 1).
Some metals are cyclically stable, in which case‘their monotonic
stress-strain behaviour adequately describes their cyclic response.
In materials which harden or soften, the steady state condition is
usually achieved in about 20%-40% of the total fatigue life. 1In
many materials, this cyclic response is unique, and unaffected by
prior mechanical processing, although some alloys do exhibit a
cyclic stress-strain response which is history dependent(7). Many
two-phase alloys, however, do not exhibit a saturation stage
during fatigue, but show either continual softening or initial

hardening immediately followed by gradual softening prior to

failure.

2.2.2.2 The Cyclic Stress-Strain Curve

The cyclic behaviour of materials is best described in terms

(5' 8] 9) (Figure 2) - Such a curve

of a stress-strain hysteresis loop
shows the corresponding stress and strain amplitudes during the sat-
uration stage. For completely reverged strain controlled conditions
with zero mean stress, the total width of the loop, or total strain
range, is A€, and the total height of the loop, or total stress range,
isAo~ . 1In order to construct a cyclic stress-strain curve, the tips
of the stabilized hysteresis loops from comparison specimen tests
at various controlled strain amplitudes are connected as shown in
Figure 3.

The cyclic stress-strain curve can be compared directly to the

monotonic or tensile stress-strain curve to assess quantitatively

cyclically-induced changes in mechanical behaviour (Figure 4).



Determination of this curve is time consuming, and such a
curve requires many specimens. Further, the method is limited to
those materials which exhibit a saturation stage. 1In the absence
of a saturation stage, the problem may be approached by defining
the cyclic stress-strain curve as the cyclic response after a
given fraction of the life. Suggested solutions to the problem
are the multiple step test, and the incremental step test(e' 10).
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 Behaviour

Metallo graphic observations of fatigue failures indicate that,
prior to crack nucleation, considerable modification of surface
topography takes place and that fatigue crack propagation occurs in

a single step-wise manner with a step associated with each cycle(lo).

(11) has shown that a metal deforms under cyclic strain by

Gough
slip on the same atomic planes and in the same crystallographic
directions as in unidirectional strain. 1In unidirectional deform-
ation, slip is usually widespread throughout all the grains, but,
in fatigue, some grains will show slip lines while others will
exhibit no evidence of slip. Slip lines are generally formed (in
bands) during the first few thousand cycles of stress. Successive
cycles produce additional slip bands, but the number of slip bands
is not directly proportional to the number of stress cycles. Cracks
are usually found to occur in the regions of heavy deformation
parallel to what was originally a slip band. Slip bands have been
observed at stresses below the fatigue limit of ferrous materials(lz)

Therefore, the occurrence of slip during fatigue does not in itself

mean that a crack will form.



Crack nucleation occurs at persistent slip bands (p.s.b.'s)

(4)’ grain(14) (15)

or at cell or twin boundaries which may become
'persistent'. Local irreversibility of slip leads to inhomogene-
ities, resulting in topographical development at these sites,

The intrusions which develop from such inhomogeneities become
preferred sites for crack nucleation. These p.s.b.'s are embryonic
fatigue cracks, since they open into wide cracks on the application
of small tensile strains. Once formed, fatigue cracks tend to
propagate initially along slip planes, although they may later

take a direction normal to the maximum applied tensile stress.
Ordinarily, fatigue crack propagation is transgranular(lz).

It can be expected that crack nucleation from p.s.b.'s should
display greater crystallographic anisotropy, in a manner consistent
with slip symmetry, rather than nucleation from other sites, and
therefore it may be anticipated that surface feature development
would be orientation dependent.

Fatigue fracture surfaces are often characterised by striations
known as 'beachmarks' or 'tidemarks', indicating the position of
the crack front at the end of each cycle(lo).

Striations are most prominent at high rates of crack propagation
at 90° to the stress axis. The position of the crack front can,
therefore, be shown by observation of such surfaces. The local

direction of propagation during any cycle can also be recognized,

and thus reveal the influence of crystallographic effects.

2.2.4 Quantitative Aspects of Crack Propagation

Material resistance to fatigue crack propagation may be regarded

as a specific material property. 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

represented by plotting da/dN against AK on log co-ordinates.
Several mathematical descriptions of fatigue crack propagation

(16,17,18)

rates have resulted from the similarity of form of such

plots (Figure 5). The description due to Paris(16) is the simplest,
i.e.

da _ m '

& - Cux ceee (1)

Anisotropic fatigue properties should, therefore, be displayed

in terms of variations in C and/or m in the Paris equation.

2.3 Fatigue of b.c.c. Single Crystals

Dislocation slip in b.c.c. crystals is similar to slip in
f.c.c. crystals. However, it should be noted that there are two
significant differences between slip in b.c.c. and slip in f.c.c.
structures

(2a) 1In b.c.c. crystals, slip is not confined solely to

the closest packed planes as in f.c.c. crystals, and
(b) The possibility of asymmetric slip occurs in b.c.c.

crystals, due to the fact that slip of screw dislo-

cations may occur on one plane in tension, but on a

different plane in compression if the same stress
(19)

axis is used

Fatigue behaviour in b.c.c. crystals displays greater

20
anisotropy( ) than in f.c.c. crystals, even though cross-slip

21
is relatively easy( ). Therefore, asymmetric slip is the fundamental

20 ,
anisotropic effect( ), and not the confinement of slip to close

packed planes, as in the case of f.c.c. crystals.



2.3.1 S-N Data of b.c.c. Single Crystals
(22)

In bending fatigue tests, Hempel found little effect of
orientation in 0.006%C iron crystals on the S-N curve. After
plotting the macroscopic fatigue bending stress against the number
of cycles to failure, he postulated that the data could be repres-
ented by a simple curve (Figure 6). However, since slip in b.c.c.
crystals is not confined to the closest packed planes, the applied
stress should be resolved onto the operative §11Q, {112} or
{123}  slip plane with a common {111) slip direction. There are
48 slip systems, but since the planes are not so close-packed as
in the f.c.c. structure, higher shearing stresses are usually

(22) gata

required to produce slip. Kettuner(lnge—analysed Hempel's
and presented them in terms of the resolved shear stress amplitude
of the operating pencil glide or {111 slip system (Figure 7).
Displayed in the same figure are the S-N curves for polycrystalline

(85)

material (after using the appropriate Taylor factor* to calcu-

late the equivalent shear stress from the applied shear stress).
The data are very similar to the single crystal data. Kettunen(23)
concluded that the fatigue behaviour of b.c.c. iron and f.c.c.
copper single crystals is similar.

However, when the applied stress (for the crystals which were
used in Hempel's experiments) was resolved with a {111) direction
onto the operative §11Q , {112} or {12® slip planes, it was found
that for the same bending stress the shear stress resolved onto the
operative slip plane would be the same to within 10%. Therefore,
only a limited range of orientation factor is involved in relating

the macroscopic bending stress to the resolved shear stress. There

is no data from orientations of the stress axis near {110) where

* See section 2.6.4.1



the Schmid factor is only 60% of that for the crystals tested.

Further, Nine(24) has shown that the impurity content of b.c.c.

niobium single crystals should be considered when determining
fatigue slip characteristics. 1In particular, oxygen was found
to inhibit the asymmetry of slip, and to produce p.s.b.'s at

the surface, similar to those observed on fatigued copper cry-

(22)

stals. Hempel's polycrystalline iron prior to strain annealing

contained 480 ppm oxygen, plus other interstitial solutes.

ne(19'26'27), Etemad(zs), Hempel(zz), ner(zg),

(30)

Ni Do

Mughrabi and Wuthrich have all demonstrated the effect of
asymmetric slip on the fatigue behaviour of iron, molybdenum and

niobium. Mughrabi and Wuthrich(3o)

suggest that the fatigue limit
of iron single crystals is due to see-saw motion of edge disloca-
tions at low stresses. Screw dislocations are produced when the
 stress range is increased, and this leads to asymmetric slip and
ultimate failure.

Nine(24) argued that, since the greater ease of cross slip in
b.c.c. crystals should render them relatively more isotropic than
f.c.c. crystals, the anisotropy of fatigue properties in b.c.c.
crystals must be due solely to asymmetric slip. Asymmetric slip
occurs when crystals are oriented such that the resolved shear stress
on the operative slip plane is significantly greater than on any
other slip plane. Asymmetric slip derives from the asymmetry in
the critical resolved shear stress necessary for screw dislocation

ine(19'26) showed that the degree

glide on the various systems. N
of asymmetry of slip displayed by a single crystal in fatigue can
be correlated with a decrease in fatigue life. He showed that iron
crystals fatiqued in torsion display asymmetric slip behaviour if
(123) is near the stress axis, but do not display similar properties

if the stress axis is near {112).



Tests on iron, molybdenum and niobium single crystals(27' 30)

exhibit the fact that rapid localised damage leads to accelerated
failure, and large unreversed strains may be a forerunner to crack
nucleation. This accelerated nucleation may be inhibited by

suppressing asymmetric slip. 1In niobium(24)

, for example, asymmetric
slip can be suppressed by the concentration of interstitial solute
elements. The resulting surface deformation resembles the p.s.b.'s

found on the surface of fatigued copper crystals.

2.3.2 Cyclic Response Data of b.c.c. Single Crystals

3
During tests on «#-jiron single crystals in torsion, Nine( 1

concluded that the observed slip planes differed for forward and
reverse shear formations. Simlar effects of slip plane asymmetry

(30) and also on niobium(33'34) single

have been observed on &-iron
crystals in push-pull fatigque experiments at constant:AE?. In these
cases, asymmetric slip manifested itself mainly in shape changes
of the originally round cross sections which were found to become
increasingly elliptical during cyclic hardening.

Mughrabi et a1(32) carried out similar tests on &« -iron mono-
and polycrystals. Figure 8 displays the development of the shape
changes (in terms of the ratio d max/d min of the major to minor

(32)

axis " in decarburised &-iron single crystals. For similar

values of £ , the shape changes are small at low £€ , and
cum ‘ P 3

increase considerably with increasing AEP up to AE 5 «x 107",

] p

Beyond this amplitude, the dependence on AEF’becomes negligible.

Because the asymmetric slip which is responsible for the shape

changes is a result of the non-equivalence of forward and reverse

glide of the screw dislocations, Figure 8 demonstrates the fact

that the screw dislocations perform only small displacements in

the range of cyclic microstrains of some 10-4, but glide more



extensively asAEp approaches values characteristic of cyclic
3

macrostrains (5 x 10" ).

Mughrabi et a1(32) describes the cyclic Ov E‘p curve of

decarburized oA-iron single crystals as having three distinct

sections (Figure 9). 1In the region of higher applied stress,

(35,36)

but very low AEP (€2 x 10-4),0:' increases sharply This

increase is not associated with the cyclic hardening but is due

to the growing effective stress o:'as the screw dislocations

begin to move (324330 Up to AEp 510_3, a small plateau is observed.

In comparison, f.c.c. single crystals have a relatively extended

1ateau(37) , which is due to p.s.b.'s, but the shorter plateau
p

which is evident in this case is a result of the impeded cyclic

hardening due to the limited glide of the screw dislocations(37) .

Above AE A5 x 10-4, cyclic hardening is enhanced by increasing
p

glide of screw dislocations and enforced secondary slip which

lead to a cell structure(38). At all values of AEp >2 x 10-3,

the effective saturation stress component O;* is significantly

greater than O:G' . This behaviour is consistent with conclusions

3
(32)

drawn by Mughrabi et al , from asymmetric slip. Mughrabi and

(30) describe region A as quasi-reversible microstrain,

Wuthrich
and region C as irreversible cyclic macrostrain. The transition
from A to B should therefore define the.fatigue limit.

Doner et al(29) investigated fatigue hardening in niobium
single crystals. Figure 10 shows the fatigue hardening curves for
single crystals oriented for single (S) and multible (M) slip, The
{1013 {111) slip system is the most active in the multiple slip
orientation. Both S and M oriented specimens yield cyclic data

which correlates well with the cyclic stress-strain curve equation(s) .

7: = k(A_ZIfL)" ceeee. (2)



n is found to lie within the range of values (0.1 - 0.2) reported

for most metals(s). Agrawal and Stephens(41)

supply data which
suggest that the cyclic stress-strain curve of polycrystalline
niobium differs only slightly from that of single crystals of
niobium.

Etemad and Guiu (28) reported on the asymmetry of the flow
stress in molybdenum single crystals of different axial orient-
ations. A range of constant total strain limits was used. They
demonstrated that whenever any plastic strain occurs, then asymmetry
of slip is also present. Two crystal orientations were investig-
ated, <100> and (110) . At high strains, the shape of the cyclic
stress-strain curve resembles more that of the unidirectional stress-
strain curves. At stresses greater than 300 MPa, the <100> crystals
exhibited a significantly higher cyclic hardening rate. As the
cyclic plastic strain AEp increases, so does 0" tong—0 comp * the
asymmetry of the saturation stress, with a greater asymmetry in
the {100) crystals than in the {110) crystals at the same strain.
Because these data were accumulated while the specimens were in a
saturated and reversible state, any influence of variations in
dislocation substructure and hardening rates is eliminated.

The initiation of plastic deformation (micro-yielding) must
be independent of crystal orientation, due to the fact that the
asymmetry appears at about the same stress level for both of the

crystal orientations. Therefore, the plastic anisotropy cannot be

readily related to the intrinsic lattice friction nor to the

asymmetry of slip.

2.3.3 Phenomenological Aspects of Fatigue Cracks in b.c.c. Single
Crystals

Single crystals of b.c.c. metals are seen to exhibit asymmetric

deformation when fatigued torsionally or axially, even when undergoing
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net zero strain. This property results from the asymmetric prop-
erties of the b.c.c. structure(44). For asymmetric deformation to
occur, dislocations must move on different index slip planes, depending
on the sense of the shear stress and cross-slip between slip
planes as the stress reverses. Asymmetric deformation leads to
large rapid local deformation, and therefore provides convenient
sites for crack nucleation and subsequent propagation more quickly
than in f.c.c. metals.

Nine(lg) demonstrated that iron single crystals, oriented
along €1233 and fatigued in torsion, exhibited heavily
localised deformation at two positions 180° apart over the crystal

cross-section. Mughrabi and Wuthrich(32)

have explained such an
effect of asymmetric slip. The shape changes observed in a specimen
of circular cross-section are presented in Figure 117 i.e., as the
absolute value of plastic deformation is increased, so is the degree
of ellipticity of the specimen cross-section. (Ellipticity is
given as d(@)/d, (@), where 4, is the original diameter).

Neumann(33) observed a similar effect in push-pull testing of
niobium single crystal specimens. The asymmetric deformation
manifested itself by forming an S-shaped gauge length in the
specimen, and twisting the central region of the gauge length about
the specimen axis. This is due to cyclic deformation by slip with
a common slip vector bp on one glide plane in tension and on another
in compression being equivalent to slip along bp on the plane
containing bp and the specimen axis. Figure 12 illustrates how
such a deformation, represented by the shearing of parallel lamellae,
changes the shape of an unde formed specimeﬁ.of square cross-section.

Nine(27) has observed the movement of material during torsional
fatigue of b.c.c. single crystals. The movement of material in only

one crystallographic direction under net zero torsional strain was

observed in single crystals of iron, niobium and molybdenum.



Fiducial lines: were lightly scribed at equal azimuthal intervals,
parallel to the gauge length, around each sample. The displace-
ment of these lines then clearly demonstrated the degree and
direction of surface deformation. The active slip systems were
identified by measuring the angle of slip lines to the fiducial
marks. The fiducial marks reveal 'peaks' of high asymmetric
movement. The relative resolved shear stress at the peaks can
be determined after identifying the active slip planes present at
these peaks. When the relative resolved shear stress is plotted
as a function of azimuthal angl® about the crystal (Figure 13) the
common positions of asymmetric slip can be determined. Nine(27)
carried out this analysis, and.found that positions corresponding
to the maxima of the relative resolved shear stresses corresponded
to the locations of the pronounced asymmetric slip lines. The
number and position of such maxima are functions of the orientation
of the single crystal under examination. Strong asymmetric deform-
ation occurs at two azimuthal positions for iron single crystals
near the {123Y axial orientation, and at four azimuthal positions
near the (011 orientation. The (1127 orientation displays no
evidence of asymmetric slip.

In iron, slip systems were generally found to act in pairs
during fatigue. Three different slip systems were identified: {biﬁ
111y, 413 11>, and §23 (111>(3”. The orientation depend-
ence of slip planes was found to be a function not only of the
resolved shear stress on each slip system but also the critical
shear stress,'r;, necessary to move dislocations in a given dir-
ection on each slip plane.

The large localized strains which are accumulated during

asymmetric slip provide ideal sites for fatigue crack nucleation.



Single crystals oriented along {123 appear to display more severe
and more localized slip markings than crystals oriented along (011)(27).
The severe asymmetry provides a ratchet mechanism, which produces
higher accumulated deformation for a given number of cycles than is
apparent in f.c.c. single crystals(zs). Asymmetric deformation
further increases the speed of local deformation because the asymmetric
slip is ordered, concentrating most of the deformation into narrow
bands which move in only one direction. These compounding effects
lead to very rapid local accumulation of fatigue damage.

The effect of these shape changes in single crystals may point
to detrimental effects on the fatique life of polycrystals(32).
Shape changes of individual grains, due to grain boundary conditiong,
are suppressed in the interior of the polycrystal. Therefore,
interior grain boundary cracking may not, after all, be due to incom-
patibility of shape changes. However, conditions at the surface are
entirely different. Restrictions are much less severe, and consid-
erable surface roughening (deformation) due to grain shape changes
can occur. During experiments on & -iron polycrystals, Mughrabi and
Wuthrich(Bo) observed th;t grain boundaries were the origin of
fatique microcracks. The experiments demonstrate that the degree
of grain boundary fatigue cracking is a direct consequence of the
cyclic strain rate.

There is little evidence which exists concerning fatigue crack

(45,46) has shown that

growth in b.c.c. single crystals. Neumann
fatigue cracks in Fe-3%Si grow by a ‘'coarse-slip' mechanism. This
mechanism is also concluded to occur in the fatigue of copper single
crystals. Flat fracture surfaces and straight crack fronts were a
common feature in the Fe-3%5i samples, relative to the copper crystals,

possibly due to the fact that a number of configuarations are possible.

Of more significance, however, is the fact that the fatigue cracks in



Fe-3%S1i were found to propagate at larger crack opening displacements
by a cyclic cleavage mechanism.
Crack propagation rates of austenitic and ferritic stainless

steel single crystals have been examined by Rieux et al(47). Similarly

to Neumann(45), they found that macroscopically flat fracture surfaces
were obtained for {100} fracture planes in the austenitic specimens.
However, contrary to Neumann's observations, flat fractures were
obtained by propagating fatigue cracks on {100} planes in the {o11)
direction, and also on §10} {111) and §113 (110> . In both
b.c.c. and f.c.c. crystals, the macroscopically flattest surfaces
were produced in the orientations with the greatest propagation

(47)

velocity. Rieux et al postulate 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.
Neumann argues similarly, except that the strain is accommodated

by multiple slip in narrow bands, and not by slip on single planes,

2.3.4 The Effect of Impurities on the Slip Behaviour of b,c.c.
Single Crystals

Nine(24) investigated the effect of impurities on the slip

behaviour of niobium single crystals. Bowen et al(42)

argue that
substitutional impurities promote §123] slip in niobium.
Although asymmetric slip in niobium 