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SYNOPSIS

Fatigue crack propagation has been observed in commercial
aluminium alloys. Comparable data was obtained for a
variety of crack and specimen geometries and over a range
of crack lengths for a given alloy. Where crack
propagation only was of interest the initiation event has
been excluded. Small fatigue cracks were injected into

the body of the specimen by growing a fatigue crack
through a fin of material projecting from the specimen.
By this method the crack size is controlled. A modified
D.C. potential drop method was used to monitor the growth
of small cracks. By switching the D.C. current and
taking synchronized readings of both polarity it has been
shown possible to measure fatigue cracks from 0.12mm for
the materials and specimen design within this programme.
Crack growth from radial crack lengths greater than 0.6mm
have been shown to give conventional crack propagation
rates as deduced by the principle of similitude from crack
propagation rates for longer crack lengths.

Fatigue crack initiation and propagation has been observed
from blunt notches. Prior overloads and notch plasticity
have been investigated regarding the effect on subsequent
crack initiation and growth. Both initiation and growth
were found to be retarded. Retarded crack growth was
described through use of the elastic stress intensity
parameter.Al<n.

Fatigue fracture surface analysis has been conducted for
cracks emanating from free surfaces and from blunt and

spark-machined notches. A number of fatigue features
have been identified together with a 'quasi-cleavage'
feature. This has been seen for a range of crack lengths

and is prominent when the ,fatigue stress intensity
amplitude is less than 10MNm .

Key words - Aluminium alloys, fatigue, crack geometry,
algorithm, pulsed D.C.
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1. INTRODUCTION

The insidious nature of fatigue results in structures,
loaded well within the macroscopic elastic limits. failing
under conditions of dynamic loading. A brittle fracture
type 1is generally observed, even for materials of a
ductile nature, often after a considerable period of
service. In an attempt to understand the Physical
processes occurring during fatigue, a position of greater

" confidence is sought in predicting component integrity.

To understand the phenomenological processes,
investigations have been conducted at ©basically two
levels. These can be identified with regard to scale.
In the microscopic investigation of fatigue the principles
of physics and metallurgy are applied to observations in
the scale 10 °m to 10 °m. In the macroscopic
investigation of fatigue the principles of mechanics and
structures are applied to observations in the scale

107 % to 10%m. The latter is regarded as the
engineering category of failure analysis. For a
comprehensive understanding of fatigue, both approaches
need to be incorporated into a model. In this way it
will be possible to improve the prediction of failure, in
a given material, and the design of materials with
increased fatigue resistance. The microscopic aspects of
fatigue mechanisms have been reviewed by a number of

(1.2.3) ang 4 multistage model is proposed

investigators
to account for the processes occurring. The initiation
of fatigue processes involves the formation of persistant

slip bands by local cyclic plastic deformation. Slip

.



band intrusion and extrusion has been observad[4] and is

followed by Stage 1 fatigue crack davelopmenttsl. In

this stage the crack grows by slip band extension along a
plane of high shear stress. Once a crack forms, the
stresses at the crack tip dominate crack growth. The
local maximum shear stresses are now much greater than the
resolved shear components of the

directly applied stresses, consequently the crack growth
mechanism changes. Further growth is normal to the
applied tensile 1load and is referred to as stage 1II
fatigue crack growthtsl. Crack growth continues until

catastrophic failure in which the now reduced load-bearing

section size is incapable of supporting the applied load.

1.1 Initiation and Stage I Fatigue Crack Growth

Fatigue cracks can be initiated in a number of ways but
they are usually nucleated at a free surface. Locally
repeated slip on planes favourably orientated results in
the formation of slip bands on a previously featureless
surfacets]. Once the slip band traces can no longer be
erased by polishing they are referred to as 'persisteéent
slip bands’. Since their appearance at 4.2 K is much
the same as at ambient temperatures this suggests that
they result from the motion of dislocations rather than
the accumulation of point defect5[7}. This 1is
consistent with the high dislocation density associated
with the slip bands. Hence the accumulation of fine

(8)

of the order 10-6m leads to

(4)

reverse slip movements
the formation of intrusions and extrusions and these

are promoted by the incidence of cross-slip. The

-



intrusion acts as a stress concentrator at the tip of
which there is a dislocation source. Further advance
into the material occurs along the primary slip planes
involved in creation of the slip band. By inclusion of
both processes as a single stage[SJ the problem of
defining the crack size at initiation is disregarded. A
crack length is chosen to define crack initiation and is
usually a function of the measurement precision. Crack

propagation is then deduced from this defined crack size.

At larger cyclic strains microcrack formation results from
slip steps at grain boundaries on the specimen

(2]. Alternatively there may be stress

surface
concentrations within the topography giving sites for
fatigue crack initiation. Subsurface crack initiation
results from discontinuities within the material and can

normally be attributed to nucleation from an internal free

surface.

The effect of metallurgical variables and their influence
on initiation has been discussed[1]. By limiting the
slip path length from a reduced grain size a beneficial
effect might be expected. Propagation of a crack across
a grain boundary may encounter an unfavourably oriented
grain. The evidence is less convincing. Alloying
additions have varying effects. When stress levels are
high, fatigue cracks initiate along slip bands that are
not associated with intermetallic particles. At low
stress levels the converse may apply and this |is

attributed to the 1local stress concentration at the
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particletg].

1.2 Fatigue Crack Propagation - Stage II

As the Stage 1 crack extends, further growth along the
active slip plane becomes unfavourable. The propagation
enters Stage II crack growth where further cracking lies
normal to the direction of tensile stress. The

characteristic feature of Stage II cracking is the

identification of numerous parallel ridges upon the

(10)

opposing fracture surfaces. Extensive research has

shown that these striations are locally perpendicular to
the direction of crack propagation and identify the
progressive movement of the fatigue crack. At low stress
amplitudes it is found that each striation represents an
increment of fatigue crack growth produced in a single
load cycle(11}. Striation spacing may therefore be
related to the macroscopic growth rate. This
relationship is normally found Fcr.a restricted range of

crack growth rate and is shown to be a function of the

stress intensity parameter. Two striation types have
been identified[12) and are referred to as either
ductile or brittle striations. DQuctile striations are

found 1lying on irregular non-crystallographic plateaux.
Brittle striations are found 1lying on fan-shaped
crystallographic facets and exhibit ‘'river markings'

running in the direction of crack propagation.

Generally, striations are more distinctive in face-
centred-cubic materials, aluminium for example, owing to

. the greater number of active slip planes available. Slip



lines parallel to striations have often been misteken for

additional striae.

1.2.1 Fatigue Crack Propagation Theories

Since the striations are connected to the mechanism of

crack propagetion(11l, Laird and Smith(13}

developed
what 1is referred to as the plastic blunting model of
fatigue crack growth. This model (Figure 1a) involves
the opening, advance, and blunting of the crack tip during
the loading portion of the fatigue cycle and the re-
sharpening of the crack during un-loading. In the
loading stage the new fracture surface is created by
plastic shearing processes involving a widening of the
slip bands at the crack-tip, producing a blunt geometry.
The crack extends during this process. On unloading the
sharp tip is re-established by compressing the extended
material. This results in the deformation marking, or
striation, on the fracturs surfac;*as the crack closes.
There appears to be no correlation between the subsurface
dislocation arrangements and these striations[14l. The
resharpened crack has now completed the fatigue cycle so

that the repetition of this blunting and re-sharpening

process is the basic aspect of Stage II growth.

Cracks were also abserved(13] with @& 1leading notch.
(15)

Plastic blunting in terms of slip processes have

been used to explain this finding (Figure 1b). The
material is regarded as a perfectly plastic solid so that
slip results in a 'sliding-off' as the crack opens and

extends. On reversing the load the slip in the zones is



reversed so that as the crack face closes the new surface
is folded producing the double notch. The mechanism will
result in a number of fine slip steps apparent on the
fracture surface within the large step produced by the

single stress cycle.

Criticisms of these crack blunting models include; the
models were for pure metals and alloys, they were
developed from observations at high crack growth rates
and, a view is expressed, that reversed plastic flow will

result in a sharp singly notched crack tip(16}.

1.3 Crystallographic Fatigue Crack Propagation - Stage II

Most work has been concerned with the description of non-
crystallographic Stage II crack propagation(13’14].
Renewed interest in Stage I fatigue crack growth arises as
attention has been drawn from Stage II fatigue cracks
which appeared to grow along a preférred crystallographic
plane. The effect is prominent in the face-centred-
cubic structures where well defined crystallographic
facets are produced upon the fracture surface. The
shape, size and distribution of these features vary, and
when conjugate crystallographic planes exert influence a

'lamellae’ structure is aaan(121.

A mechanism of fatigue crack growth by discontinuous

(17 proposed crack advance upon a favoured

cleavage
cleavage plane during the tensile cycle until the crack-
tip is blunted by plastic flow. Uncertainty regarding a

. cleavage plane for an aluminium alloy arises since it is



not observed. Cleavage fracture in aluminium single
crystals has been observed in a highly embrittling
environment such that the 1local cohesive strength is
reduced below that of the local shear strength.
Estimates of cleavage strength normally involve Young's
modulus, normal to the plane of interest, and the surface
energy of that plane. Since Aluminium is the most
isotropic of the face-centred-cubic metals, estimates of
surface energies for (111) and (100) planes are
conflicting. The difference regarding cleavage is likely

to be small.

The orientation of individual facets for an aluminium
alloy were measured by X-ray diffraction technique[1al.
A range of microstructures were examined and all showed
faceting within 10° of (100) planes. This plane had
been previously identified with the formation of brittle

[121. The effect was deduced as a surface

striations
phenomenon and a model of restricted dislocation slip was

proposed to explain the result.

Recent work on the two thousand and séuen thousand series
aluminium alloys has identified two morphologically
distinguishable modes of crack axtensiun(1gl. When the
maximum stress intensity is less than 10 mvm 32 the
fracture surface is mainly crystallographic and exhibits
striations. As the stress intensity increases this
'roof-top' fracture topography is broken up by regions of
dimple fracture typical of microvoid coalescence. It was

proposed that the fracture surface results from three



micromechanisms acting Uumthar, namely; ductile tearing,
plastic crack-tip blunting, and cleavage of
anvirnnm;ntally embrittled material. A structure of
uniformly spaced low and high dislocation banding was

shown spacially related to the fatigue striations in

support of this claimtzo}.
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Figure 1. Fatigue Crack Propagation Theories.



2. DESIGN FOR FATIGUE FAILURE

Fatigue is essentially a two stage process, the initiation
and subsequent propagation of a fatigue crack. The time
spent in either stage will determine the success of the
fatigue analysis developed to predict the total effect
leading to failure. The ability to predict both of these
stages will depend upon the 1level of sophistication
adopted. This in turn will determine the versatility to

a variety of geometries and states of stress.

When initiation and propegation are both significant
proportions of the fatigue 1life a problem exists in
defining the crack size at initiation. If the theory of
fatigue was completely understood the distinction between
initistion and propagation would not be entirely
arbitrary. 0One choice of size at initiation is based on
the minimum resolution of the detection equipment. As
progress in detection of flaws is continued then this
initiation size will be defined at progressively earlier
stages. This smaller crack size is more dependent upon
geometry, structure and history and will place further
demands on subsequent analysis concerned with the

propagation of this crack.

2.1 Nominal Stress and Stress Concentration

Factor Approaches

The most basic method of representing engineering fatigue
design data is an S-N curve where the nominal stress.S, is
* N 1:22
plotted against the logarithmic cycles to fa11ure(2 )

N. The stress is considered mainly elastic and data are

_10-



normally given for larger numbers of cycles (N » 105

cycles). Its main asset is that ths curve defines a
fatigue limit which, below this stress level, ¢, failure
within a specified number of cycles does not occur.
Figyre 2 shows such S-N data where a series of curves have
been presented demonstrating the effect of the mean stress
where R = o min/ omax. Effort to construct curves
independent of mean stress was used by Goodman(ZBJ.
The stress range is plotted against the mean stress as
shown in Figure 3 and this diagram can be constructed for
any fatigue strength at a given number of cycles. An
alternative method (24} of presenting the data is shown

in Figure 4 where the alternating stress is depicted and

allows the data to be expressed by the relationship,

ag
- _ (X
Ao = o, |1 (UU) | 2.1

mean stress

Q
]

ultimate tensile stress

a
n

(=]
u

fatigue limit for completely reversed loading

1 for linear relationship

x
n

Problems arise in relating data from specimens of varying

(25)

geometry and to data obtained from  smooth

specimens{zz).

In the production of S-N curves the stress range is kept

constant until the test is completed. Where stress levels

change, as may be the practical case, then account of

-11~



this can be estimated by wuse of a 1linear danmage
rule(26), Despite the data  indicating that the
percentage of 1life consumed at one overstress level
depends on the subsequent stress level, the linear damage
rulp assumas the life to be estimated by adding up the

percentage of life consumed by each overstress cycle.

Significant work has been done to relate cycles to failure
through the theoretical stress concentration Factor,Kt.
This can be computed from the theory of elasticity for
simple geomsetries or determined from photoelastic
measurements for more complicated structures. In
relating life through Ky the effectiveness of the notch
in decreasing the fatigue 1life can be overestimated.
Introduction of an effective stress concentration factor,
K¢ was required that such,

_ Fatigue strength of smootl specimen
f  Fatigue strength of notched specimen

which is dependent upon the material, size and shape of

structure, and the state of stress.

(27,28,29) were formulated

(30)

A variety of empirical terms

were

to relate K to KF and sensitivity factors

t
developed to determine notch effects.

In relating 1ife to failure of notched specimens in high

-12-



cycle fatigue results have been described by[31].

Ny = B[KtﬂSJ” 242

where B and n are constants
AS = stress amplitude
Ni = No. of cycles to indicate a crack.

(32) recognised the importance of the stress

Neuber
gradient and a distance, p*, termed the fictive length,
over which a stress gradient could not exist. He defined

a technical stress concentration factor Kn such that,

Ke=1

Ke = K, = 1+ e i 2.3
n- 1+(V/p*/p)
where p = notch root radius.
So that, ’
_ m
Ny = F (K AS) 2.4

where F and m are constants,and has been shown valid for

steels.

A relationship discovered by Basquin(BB)related the
number of cycles to failure, Ng, to the stress

anmplitude, AS/2, such that for reverse loading,

-13-



where o'p = fatigue strength coefficient. (The true
stress required to cause fracture on first

reversal).

and b = Basquinks exponent.

2.2 Nominal Strain Concepts

If all strain is essentially limited to the elastic
region, as is the case for high cycle fatigue then
equation 2.5 can be rewritten in terms of the elastic

strain amplitude, aee, such that

Ae (o g
e f b
5 = - (2N,) 2.5

where E = Elastic modulus.

For 1low cycle fatigue the plastic strain must be
considered for a stress-strain loop under controlled
constant strain cycling[34), Figure 5. The total strain
range, Ae, consists of an elastic strain component, Ae o,
and a plastic strain component, ﬁep , and the number of
cycles to reach a stable hysteresis loop will depend upan
material condition. By presenting data as a plot of
plastic strain range, be, , against cycles to failure then

the Manson-Coffin equaticn[35'35] describes the data in

the form,

-14~-



Ae
_Z.Fi . E-thmf)"

where E'F = fatigus ductility coefficient. (True
strain required to cause fracture on the
first reversal).

and c = fatigue ductility exponent.

For the total strain life, Ae/2, equations 2.6 and 2.7 can

be combined, so for completely reversed strain control,

Ae Ae (o]

]
as e p _ f b ) c
McdiFying(37} to account for the mean stress, S ., the

strain life part-uf equation 2.8 gives,

o' .-Sm
5 = erplan)® « —f—an P 2.9

In low cycle fatigue the crack propagation may represent a
significant part of the total fatigue life. I"lanacm{381
established a correlation between cycles to initiation,

Ni’ and cycles to failurs, N{.

0.6
B - 2.10
Ny Ne 4.D[N¥J
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2.3 Local Strain Concept

In the local strain approach a given notch strain is
assumed to result in the same fatigue 1lifa. Fqual
fatigue demage will occur in notched or smooth specimens
if ‘they experisnce the same strain history.

(3glrule postulates that during plastic

Neuber's
deformation the geometric mean of the plastic stress and

plastic strain concentration factors remains equal to

Kt’ the theorastical stress concentration factor,
Ky = /KR, 2.11
Ao .
where Ko 5 , Plastic stress concentration factor.
and KE = %% , Plastic strain concentration factor.

In the case of fatigue, K. is replaced by K., so that
rewriting equation 2.11 for =elastic gross deformation

givas,

KFQS = YEAOAe 2,12

The left hand side of the equation becomes the criterion
for crack initiation at strain concentrators. Expressing

as,

-16-



- vEAGAE
KF = 2+13

then for a given material and Kt the right hand side.

raﬁio should remain constant whatever the value of Ni'

2.4 Fracture Mechanics

The approach adopted in dealing with the fracture analysis
of a given structure depends largely on the state of
stress and the extent of loading which will govern the
degree of plasticity. When loads are limited such that
the bulk strains are elastic then linear elastic fracture
mechanics, L.E.F.M., are applicable. The governing
factor dictating crack advance for L.E.F.M., is the stress
intensity factor, K, which characterises the stress
distribution ahead of a flaw. It is the stress intensity
parameter that enables crack-likepde?ects to be analysed

in terms of size and geometry for a given failure stress.

When deviations from linear elastic behaviour occur then
general yielding fracture mechanics concepts can be
applied. Two parameters to describe ductile fracture
include the critical value ©of crack-tip opening
displacement, C.0.D., and the critical value of a quasi-

strain energy release rate, JIC'

-17-



2.4.1 Linegar Elastic Fracture Mechanics

The development of the stress intensity factor to describe
the stress distribution ahead of a crack is the result of

(40,41)

progress from the Griffith theory. This 1is an

energy balance theory considering an eslastic crack of
length 2a within an infinite plate as shown in Figure 6.

The energy, U, of the system may be written as

U=U +U_+U 2.14

where u, = sBlastic energy of the uncracked plate

2.2

u = E§EE_ and represents the decrease in the

elastic energy caused by the crack.
U, = 2[2aTB]rapresanta the increase in the
elastic surface energy.

Yo = elastic surface energy of the material.
According to Griffith's criterion the crack will propagates
under constant stress, S, if an incremental increase in
crack length produces no change in the total energy of the
system. Equating the surface energy to the decrease in

elastic strain energy, gives,

Lad
dau _ . _d _ ma“S
T 0 5(46"{3 E ) 215

so that the failure stress is given by,

ZEYBi
Sg = ( = ) 2.16

(42)

Orowan suggested a modification to equation 2.16 to

=



account for plastic deformation wupon the fracture
surfaces by inclusion of the term Yo For metal the

plastic work, ¥y is normally two or thres orders of

p »
magnitude greatsr than Yg 80 that equation 2.16 becomes
2E(Y9 + pr i EYp i

8p * |—= | = (=5) 2417

(43) later proposed that fracture occurs at a

Irwin
stress corresponding to a critical value of the crack

extension force Gc so that

EG_ 3 .
Sp = (5 5.18
ma
rewriting gives,
2
g = 1ra§E— 2.19

The model for the stress distribution ahead of a crack
within a plate of elastic solid is shown by Figure 7.
The stress, g, can be computed for any distance, r, ahead

of the crack tip and for any angle, 6 , subtended from the

crack plane and is given by(48'4g]a
. 0 v 0. 36
o, * S[f%]£|0052[1 - SinySins-) | 2.20

For an orientation along the x-axis (6= 0) then,

o, = 3(29;]* 2,21

so that the local stress is dependent on the product of

the nominal stress and the square root of the half flaw

—19-— L



length. This relationship was termed the stress
intensity factor K, and for the general case can be

defined as,

K = Sy/na 2,22

so that equation 2.20 becomes,
K
g, & — 8 . @i Bas, 30
X ﬁ[CUS‘i(l Sln281ﬂ—2—)] 2.23

By combining equations 2.19 and 2.20 the two parameters,
crack extension force, G ,and the stress intensity K, are

related,

K= /T 2,24

where E' = Young's Modulus for plane stress, E.
and = E/[l-uz}for plane strain.

where y = Poisson’'s ratio.

2.4.2 Crack Opening Displacement

4
Independently, both Cnttralll45) and WBllS( 6)

developed an expression for the amount of crack opening,
characteristic of the crack tip region, prior to crack
extension, The concept was based on accommodating a
specific size of plastic zone at the crack tip for a given

(45) gstablished the

displacement. Cottrell
relationship for plane stress tension below general yield,

0., such that,
y

=)



§ = zwal r, 2,25

where Ty = plastic zone radius

and 6 = C.0.0.

Equation 2.25 demonstrates that the failure mode is
dependent on structure size. If the critical C.0.D. is
reached before the plastic zone traverses the opposite
boundary then a brittle appearing fracture prevails.
Consequently a parameter is defined that characterises
crack extension under defined conditions both before and
after general yield. It does not define instablility as
would a KIC value as this will be governed by energstic
cqnsiderations. Hence it is possible to determine a
critical value of C.0.D., on small laboratory specimens
which may fail well after general yield and relate this to
the failure of a large structure which may fracture before

general yield.

2.4.3 The J-Integral

An alternative approach developed by Ricet4?] is the

determination of an energy term which expresses the change

in potential energy when the crack extends an amount da.

For an elastic body then the strain energy density, W, is

given by (Figure 8a),

. e=g’
W = Strain Energy J g.e 2.26

Unit Volume Snp ode = 2
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Considering changes in traction at the defect surface, and
displacement, then it is possible to represent the change

in potential energy as a volume integral,

-du =.fAv We'dv 2.27

If a notch is now considered in a two dimensional stress
field (Figure 8cland to have a surface denoted by I} then

for an extension, da, and for constant crack shape,

Av = dadxldx3 220
where X1s X and X are the three directions and da = dxz.

Using equation 2.27 and for U = U/unit thickness in the

X, direction, then

3 A
-dU'=J we'dxlda 2.29
AA
or
du’ J
- - = We "dx 2.30
da It 1

This represents a path independent line integral around
the notch tip and is more generally defined around a curve

surrounding the notch, so that the J-integral is given by,

an
J = W dx, - T=— dS 2,31
J;[ 1 3Xo ]

-7 -



whers S = arc length, and

T = traction vector on T according to an outward
unit vector, n

JIB will represent the critical wvalue for crack

extension but has no physical basis as did Kig or

aic.
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3. LINEAR ELASTIC FRACTURE MECHANICS

3.1 The Stress Intensity Factor

For a crack within a body then the relative crack surface
displacements are depicted in Figure 9. Typically the
general case can be described by superimposition of three
modes but Mode I is technically the most important in
fatigue. For this case and considering an elastic body
containing a crack as represented by Figure 7 then by

(46,48)

analysis the stress distribution can be described

by

g, = Svg% Cos% (1 + SingSin%?) 3.1

o, = S/—za—r Cos-g- (1 - Sin-gSin% 3.2

-
n

S/L Cos$ sin§ Cos3 3.3

o. =1,. =1, =0 for plane stress
o. =v(o, + 0,) and

T = 0. =0 for plane strain

where Vv = Poisson's ratio.
and S = Nominal stress.
a = crack length.
r = distance ahead of crack tip.
® = The angle subtended from the crack plans.
o = local stress.

Tt = shear stress.

=i



Since the stress gradient along the crack plane 1is
characterised by the stress intensity factor, K, tha

stress function may be written in the general form,

g, .
1J y2mr

Fij[B] 3.4

and is represented by two subscripts, the first of which
indicates the direction of the outward facing normal to
the appropriate face of an imaginary cube, the second
indicates the direction of the particular component of

force.

Equation 3.4 shows that the macroscopic geometry of a
component in which the crack exists will not affect the
distribution of the stress at the crack tip. This is
important since for a given structure at failure stress,
Sg» we can define a material cgnstant Kic such that
equation 3.4 gives us,

K * SF/F% 3.5
c

IC

where a, = critical crack length at failure stress.

In the above the stress distribution is along the x axis,
when 0 = 0, and the crack tip radius, r, is taken to fall
to zero. On approaching the crack tip the stresses tend
to infinity so confined plasticity must be considered.
Deviation from the infinite body approach can be allowed
for by application of front, back and side face correction

factors. In addition the crack geometry can be accounted
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for by incorporation of an elliptic correction factor for

crack shape.

3.2 Thickness and Size Effects

The fracture toughness, KIC' represents the minimum
value under a given state of stress. This state of
stress is plane strain in which maximum constraint is
achieved at the crack tip region. This is a consequence
of the Poisson effect of elastically straining the body
bulk in the Uy direction creating a third principal
stress such that g, = n (oy + Ux]' For plastic
deformation the requirement of constant volume sets

v = 0.5. Lateral constraint 1is achieved by the
elastically stressed material around the crack tip plastic

zone and a component of hydrostatic tension raises the

local flow stress.

A reducfng structure thickness leads to a relaxing of the
third principal stress, g, . As plane stress is
approached the maximum shear stress increases as the local
yield stress reduces. Plastic deformation, visualised as
slip, is a result of shear stresses. Increased
plasticity gives an increased toughness and will be
particularly important at changes in section where

K-calibration can become uncartain[qql.

=29



3.3 The Crack Tip Plastic Zone Size

The stress intensification at the crack tip results in a
small zone of plastically deformed material which

[SUJtD the equations of

determines a finite stress limit
3.1, 3.2 and 3.3. It is this microstructural damage that
consumes most of the energy during fracture and if the
material is assumed to be elastic - perfectly plastic,
then this region may be mapped out using a simplified
version of the stress field equations. For plane stress
the plastic zone radius, rycan be simply estimated by

equating | (o to the yield.stress in the stress field

ij
equation of 3.4 so that,

I‘y -T [a——] 3.6

The formation of this plastic zone will result in some
redistribution of the stress and strain in the elastic
region and an extension of the elastic-plastic boundary.
This is required to maintain the load caepacity of the
elastic region and is shown in Figure 10. The elestic
plastic boundary is increased a distance to 2ryand the
elastic distribution is unchanged but displaced along the

crack plane.

For plane strain the Tresea or Von Mices criteria shows

that Uy will increase with constraint,

o =0, +0 S

(51)

This was qualified by Irwin who used a constraint
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factor so that an effective yield stress is given by,

- /273
oy = Y2/2 04

equation 3.6 then becomes,

1 K ,2
I‘y = m[o—y-;) 3.8

The formation of this zone increasas crack tip
displacements and reduces the stiffness of the structure.
The correction for the crack 1length gives rise to the
notional <crack length, (a + ry). and provided the
yielding is small scale then linear slastic theory remains

valid.

A modeltSZJtu account for cyclic 1loading at the crack
tip uses twice the yield stress itn its estimation of Ty
This gives a reverse plastic zone size one quarter the

size of the monotonic plastic zone.

The size and shape of plastic zones in fatigue loading
control the extent of plasticity prior to crack extension
and the techniques used for their measurement have been

raviewad(Sa].

3.4 Propagation of a Fatigue Crack

Fatigue crack growth is represented in terms of crack
growth increment per 1load cycls, da/dN , versus the
stress intensity range at the crack tip, Ak. This data

is presented as a log-log plot and & typical result is
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shown in Figure 11 where three distinct regions are
identified. Region I is termed the threshold region
where the growth rate approximates to zero. This enables
the definition of a threshold stress intensity, A KTH’
below which no crack propagation is observed or may be

=10 (54)

based on a growth rate of 10 m/cycle

Region I1 approximates to a linear relationship and may be

described by the Paris Law'22),

22 = AaK)" 3.9

where A and n are constants and are determined
experimentally.

(56)

It was proposed that region II could be regarded as

Stage II in Forsyth's modellS?l.

Region III cannot be treated using linear elastic fracture
mechanics because extensive plastic deformation at the
crack tip is occurring. The accelerated growth rate is
attributed to the superposition of a ductile tear
mechanism on tothe crack extension mechanism.

(58)

Experimental data has shown the exponent in equation

3.9 to vary from 2 to 4 with exceptionstsg]ranging up to
7 Claims regarding the mid-region state its
(57)

independence of microstructure but the threshold
region is strongly affected when examined in air and under

constant amplitude fatigue.
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Though the Paris Law describes the mid-region crack growth

it is depeéndent on the stress ratio, R. Forman
al proposed the following law to account for the mean

stress,

da BAK"
" KT - Rl - &K 3.10

where B and n are material constants,
KC = critical stress intensity.

(81) and both

A similar equation was developed by Walker
show that the fatigue crack growth at the threshold region
is strongly influenced by the mean stress. It has been

shown(EZ’EBJ

that the threshold stress intensity may
vary by a factor of 2 to 4 for R increasing from zero to

0.9.

Using data represented by Figure 11 it is possible to
apply crack growth prediction by correlation. This method
implies equal growth rates at equal stress intensity
amplitudes provided the stress ratio and other
environmental variables are within close approximation.
The method is satisfactory for constant amplitude fatigue
where the material at the plastic zone and geometry at the
crack tip do not undergo transient behaviour. Figure 12
demonstrates the argument. The cyclic strain-hardening
within the two equally sized plastic zones will only be
similar if the growth in the preceding cycles occurred
with the same growth rate. This requires equal da/dN

values in previous cycles implying that the derivative,

=33



' d(S3) /aN 3.11

should be equal, so that using the Paris Law,
d(22)/aes (ar)98KL 3.12
dN da ’

for similar strain hardening dAK/da should be similar but
as shown by Figure 12 equal K-values and equal d&K/da are
incompatible. Results from constant amplitude loading
tests do not reveal any noticeable effect of dAK/da so

that its finding remains an empirical observation.

3.5 Crack Closure Phenomenon

When mode I loading is applied to a sharp crack, the tip
will blunt to a semicircular notch of radius p . The
monotonic stress distribution for this case is shown in
Figure 13. In region I at the blunt crack tip the
material is fully plastic and would be treated by the

(64]. The maximum extent of this

theory of plasticity
region being 3.8 p and o = 2.57 Oyg * where 2.57 is the
maximum triaxiality factor. Region II is an elastic
plastic region and can be treated by fracture mechanics
incorporating the equivalent elastic crack length in the
stress intensity solution. Region III is fully elastic
and the stress distribution follows the Irwin-Williams

stress function. Similarly for the reversed plastic zone

whersupon the stress increment to cause yielding in the
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reverse direction may be assumed twice the yield stress
during uploading. In fatipue crack growth the plastic
zone is moving with the crack tip and is also increasing
in size as the stress intensity increases. The monotonic
plastic deformation is left in the wake of the crack such
that during unloading the fracture surfaces are pressed
together owing to this plastic deformation. Rasidual
compressive stresses are transmitted through the crack by
the elongation in the Y diractinn(BSJ. During a cycle
in fatigue the crack will be partly or fully closed until
the closure stress, UCL,iS exceeded. This leads to the
definition of a effective stress range, Ao .. , which is

the stress that will contribute to crack extension.

Ao = F13

eff - “max T~ 9cL

Similarly the crack growth rate can be related to an

effective stress intensity range, ﬂKB Its use in

ff'
describing propagation for variable amplitude fatigue has

(65,66)

been demonstrated but conflicting data has

subsequently resulted[57'68J.

The closure effect is noted for both predominantly plane

(69) (70)

strain and plane stress conditions and

environmentally assisted closure has been observed by

oxide formation on the fracturse surfaces of staala[71].
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4. FATIGUE AT REGIONS OF STRESS CONCENTRATION

Geometrical discontinuities inherent within a pgiven
structure can 1lend themselves as sites for eventual

(72,73)

fatigue failure. Previous investigations have

attempted to model the behaviour of such geometries by
studying a variety of notchsed specimens and in turn relate
this information to that gathered on un-notched specimens.
The success of the various nominal stress, stress
concentration factor, and strength reduction factor

approaches have largely been unsatisfactory in relating

time to failure. Their failing to do so has been
discussed in Section 2.1. As a consequence a variety of
(74,75)

notch sensitivity
(28,76)

strain concentration factors
factors and mathematical mixtures of these factors

were pursued.

The result of these attempts tg predict the fatigue
strength of structural components has proved invaluable
but the major failing of these approaches is that they are
based upon bulk parameters. Thay fail to distinguish
between the various regimes of fatigue whether this be
fatigue crack initiation or at a stage in crack
propagation. For accurate lifing of any component or
structure an approach of greater sophistication is
required and this approach must characterise these stages

in fatigus.

4.1 Local Strain Approach

Several elastic-plastic finite glement

£27.,789,79)

analyses have been conducted to determine
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notch strains. The results shown in Figure 14 infer a
reasonably unique relationship between the notch strain,

€, and the elastic notch stress, KtS for a given
geometry. Also shown is the notch strain curve obtained
Fro@ Neuber's ruleiag]. If the gross deformation
remains elastic then the local stress and strain, o and g,

can be described by,

& 4.1
KtS Eoe

where E = Young's modulus.
Kt = Elastic stress concentration factor.

S = Nominal stress.
If the stress strain curve is unchanged, i.e., material
and state of stress at the notch, then equation 4.1 shows
a unique Kts versus notch strain curve for all
geometries and Kt values. Discrepancies(77)From this
relationship occur. For the fatigua case equation 2.12

applies and can be evaluated in either of two ways.

Rearranging equation 2.12 gives,

AeAo = Constant 4.2

and will apply for constant loading cycles. Using this
Neuber simulation, transient effects in the local stress

and strain are allowed for.

Alternatively the Manson-Coffin curve and the cyclic
stress strain curve for a given material make it possible
to establish a correlation between the number of

initiation cycles, N;, and the wvalue of the criterion
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JEAoAe as sesn in accordance with Figure 15.

4.2 Fracture Mechanics Approach

The development of fracture mechanics offers considerable
promise in the analysis of fatigue crack initiation,
propagation and failure from regions of localised stress.

The technique has met some varied success when used bayond
the theoretical limitations inherent from its conception.
When localised stress results in large plastic deformation
within an elastic stress field then the behaviour is
deviating from the envisaged linear elastic analysis.
Although the structure may, as a whole, be under stress
control the zone of deformation will be strain controlled.
It follows that elastic solutions to notch problems need
to be re-evaluated to account for the presence of stress
concentration, crack tip plasticity and for the stress
state. The stress ccncantratium factor approaches and
their derivative strain concentration factors are
unsatisfactory since they do not admit to the presence of

a crack.

4.2.1 Initiation of Fatigue Cracks within Regions

of Stress Concentration

The application of the stress intensity parameter, K, to

(80)

fatigue crack initiation from sharp notches and

(811821 has been demﬂnstpatado

latter from blunt notches
Data has been presented as the number of cycles to
initiation, Ni‘ versus the stress intensity amplitude
divided by the square root of the notch radius, AK/Vp .

In this description AK 1is calculated for a crack
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length equal tn the notch root depth.

In the use of this parameter to describe fatigue crack

initiation the reader should not be mislead into thinking

.

an entirely new concept has been applied. Instead,
fracture mechanics analysis is in effect being used to
estimate Kt values. This can be seen by considering a

notch within an elastic body where the maximumn stress
(83,84)

located at the notch root is given approximately
by,
= 2K _
Tnaw ™ 7§§ = SK, 4.3
hence
K, = 2K 4.4
synr

where r = distance ahead of the notgh.

The presence of the notch can be seen by modification of
equations 3.1, 3.2 and 3.3 for the stress distribution

ahead of a crack, such that ;

K

_ 1 3 3
og_ = ————nI Cos 1 - Sln Sins B] -_—__T —9 4.5
* (2mr) Y [ (27r) Zr e

K
I p 3
+ — Cos=0 4,6
(2771) ir g

Q
n

K
I [:] . O3
y m COSZ [1 + Sln-z-Slnzﬁ

us PR Kty 5 .. 3
T B insCosxCoss0 =~ 5= Sin50 4.7
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Co-ordinates r, and ¢ are defined in Section 2.4.1 and

p is the notch root radius.

For a crack considered on its centre plane equations 3.1,
3.2 and 3.3 considered the stress singularity located at
the crack tip, here the second term in equations 4.5, 4.6
and 4.7 modifies the location of the stress singularity to
an axis p/2 behind the notch root so that stress becomes

finite at the notch root.

These equations 4.5,4.6 and 4.7 are considered exact when

(85) Ead

-p approaches zero. Finite element analysis
shown the relationship to be accurate to within 10% for
elliptical notch root radii up to 50mm minor radial length
when the major axis 1lies perpendicular to the stress
direction. They can be out by 33% for circular holes and

even larger errors occur for elliptical notches with the

major axis parallel to the stress direction.

The performance of the AK/vp parameter in predicting
initiation has been seen from previous wnrk(50’81’85)-
These results show the scatter bands converging on
increasing cycles to initiate a fatigue crack.

Cenerally the agreement was excellent above 10B cycles.

The divergence of data in the low cycle fatigue region can
be attributed to notch plasticity. The redistribution of
stress resulting from a plastic zone extending ahead of
the notch root is similar to that for a crack discussed in

Section 3.3, The analysis of the problem has also been
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approached in a similar manner.

(32Jdetermined a fictive length of material, p* ,

Neuber
over which the stresses are redistributed so that a
constant stress is given over this distance, represented
schematically in Figure 16. The load bearing capacity of

the ligament is unchanged so that the mean stress valus

taken along the fictive length 1is given by,

F Y * p*
o = %* : o,+- dy s o, =0, for normal 4.8
r stress.
Y = Yo = ideal comparison
stress,
2K V2
e — ZKJ% 4.9
Vp + cp*

where p = notch root radius.
c = constraint factor.

K = stress intensity.

If we are to equate the mean stress value, g ,over the

fictive length to the yield stress of the material.cys.
then,
& K.Svp
G=oq_ = 2K V2 i 5 4.10
y vp + cp* Yo + cp*
where K, = Elastic stress concentration factor.

Nominal Stress and for;
plane strain C = 3.0,

plane stress C = 2.5.
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therefore, KS 2

t
8 IGo) -1

From equation 4.11, no yielding occurs until KtS/ 9ys

4,11

> 1.0, and this yield zone will extend a distance p*.

The above procedure has been shown appropriate for small
scale yielding(an. It can be out by three times for
an edge notch in an infinite body at 80% of the limit

stress.

By applying a similar procedure to the stress distribution

(84)

developed by Creager and Paris the plastic zone

size,e,is given the fictitious notch stress KtS. from,

0 = r [(Ks/0,)%/3 - 1) 4.12

where r = notch root radius.

Plastic zone sizes from plane stress finite element

(89)

analysis yield reasonable agreement with equation

4 .12 which supports the validity of the estimates.

4.2.2 Propagation of Fatigue Cracks Within Regions

of Stress Concentration

For a short crack of length 1 emanating from a notch then
the stress intensity solution, Kg» is given by,

Kg = 1.12 K,S 7T 4,13

where a free surface correction factor of 1.12 has been

incorporated[gnl.

For long cracks the stress intensity solution, KL,is the
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same as for a single crack of total length 2a wheres,
a==>0C~+1

with C being the notch depth such that,

KL=-8/F5 4,15

These two solutions can be seen in Figure 17 together with

(1) for cracks

a numerical solution evaluated by Newman
growing from a circular hole. For increasing short crack
length the numerical solution is seen to follow

equation 4.13 until there is a transition in behaviour
controlled by the local notch stress to that of the bulk
stress. At the point of intersection of the long and
short crack limiting cases then the length effectively

represents the distance over which the local notch stress

field dominates the stress intensity solution.

For a finite width geometry then equation 4.15 becomes

K = YSv/ma 4,16
where Y 1is a function of a/w[gu,g1j and is commonly

referred to as the K-calibration. By definition the stress
intensity factor falls to zero at the tip of a blunt

notch. This is affected by the K-calibrations falling to

(82,93,94)

zero In contrast experimental work on fast

fracture uses an effective stress intensity factor which

is attributed to the notch(8%-98)-

(94)

Jergeus using a detailed finite element method and

.



curve fitting to physically significant variables such as
notch length, a, crack length, C, and notch root radius,p,
gave an adequate dascriﬁtinn over the range in C. The

equations used were,

K = 1,122 o/al 4.17
L=a [1- expl- 4(1+/%)C//5'p]+ c 4.18

where o = nominal stress, S.

By incorporating the slip band distance ahsad of the notch
then there arises a stress intensity solution which is
non-zero as the crack length falls to zaro(g7). This
being the model for a starter crack at the notch tip.

Equation 4.17 becomes,

K = Yov/L 4.19

for cracks beyond the influence of the notch stress field

then Y becomes YLFor the normal K-calibration. When

within the critical distance, then for monotonic loading,

C
YooY, [all - exp [- 401e/3)—] + c/tasp)]}  4.20
L P’ fap )
For the fatigue case equation 4.20 becomes,

Y = YL [ (a.tanh [2/[1+-§-](C+CB]//a_p]+ (C’CB}}/('E*C]} i 4.21

whers CB = slipband length.
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tgalin describing the fatigue crack

An alternative approach
propagation from a notch equates the length, L of a crack
growing in a smooth specimen to the crack length, 1
growing from a notch when both have the same instantaneous
velocity wunder identical conditions of bulk applied
stress. The notch effect contribution to crack length is
given by,
e =L -1
= 7.69 1/ (D) 4.22

for a crack within the notch stress field. The extent of
this field is given by 0.13/(Dp) where D = notch depth

and p = notch root radius.

The stress intensity range can then be described by,

0.5
K = [1+7.897 ()] a0/l 4.23

o

For a sharp notch and for a crack at initiation then to a

first approximation 1 = D, At the threshold stress
intensity AKTH' then,
AKgy = 1.12 Ac/nD 4,24

Consequently the minimum nominal stress level required to
cause component failure will be,

o = Eliiilﬂ 4.25

YD
This data is represented in Figure 18 where it is seen
that cracks can initiate and may become non-propagating.
The event is described as a two stage procass[gg]a and

is shown schematically in Figure 19. Cracks initiate in,

_48_ .



and their early growth is controlled, by the notch plastic
zone. Their growth rate, dL/dN, can be described in

terms of the bulk plasticity, aep. As the crack extends

thers is a transfer of control to the developing crack tip
plastic zone which is described by the elastic stress

intensity factor, AK.
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5. GROWTH OF PHYSICALLY SHORT CRACKS

With the advent of fracture mechanics great aeffort has
bean devoted to the understanding of fatigue crack growth.
In compliance with the wunderlying continuum mechanics
asaumptions the majority of data has been generated using

(55,58) Consequently

relatively 1large crack sizes
there exists a lack of systematic, quantitative
information on the initiation and growth of short cracks.
This area has only recently attracted attention as it is
now realised that a significant proportion of the
component life is consumed in this early growth regime.

(100’101]Frnm prediction by correlation have

Deviations
resulted in the study.of short cracks. In an attempt to
account for complex stress fields and crack geometry the
stress intensity factor has advanced to account for short
cracks[102’103'104). Difficulties &exist in the

determination of growth rate and thess become more

apparent as smaller crack sizes are examined.

5.1 L.E.F.M. Limitations

The analysis of short cracks using convantional fracture
mechanics techniques must inevitably lead to the breakdown
of the underlying continuum mechanics assumptions. The
limitations in the application of L.E.F.M result from the
relative size of the crack length to the plastic zone.
For an elastic analysis a singularity condition at the
crack tip is required. For description by an elastic
stress intensity factor then it was shown(1053that the
plastic zone must be smaller than the intensified stress

field, in effect the crack length. Alternatively, for a
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given short crack. the 1limit stress for linear elastic
conditions would be well below that required to promote
further crack growth. In addition crack propagation
becomes microstructurally sensitive. Growth will not be
solely determined by the plasticity generated at the crack

tip.

5.2 Short Crack Threshold Stress Intensity

The traditional S-N data (discussed in Section 2.1)
defined an endurance limit which dictated a condition of
there being no crack for a smooth specimen. This has
posed a philosophical argument with the threshold stress

intensity defined,

AKﬂ{< AovTa 5.1

where Ao = nominal stress amplitude.
a = crack length.

The threshold stress intensity represents a material
property. It establishes a range of crack sizes and
nominal stress amplitudes for which further crack growth
cannot occur. To maintain a constant A KTH in equation
5.1 the stress amplitude must increase as the crack size
diminishes until the limiting case when a + o, namely the

&0

smooth bar endurance 1limit. Work
determine the short crack threshold stress intensity has
shown the independence of A Koy for long crack length
but asymptotically approach the smooth bar endurance limit
as the crack length decreased. The data is represented

in Figure 20 for both the threshold stress and the

threshold stress intensity so that equation 5.1 becomes,

Bl



AK
TH 5.2

60' T
™ fay/ma

Where f(a) 1is a function of crack size and accounts for

specimen geometry as well as crack shape.

The asymptotic nature of the threshold stress means that a
smaller crack is able to propagate at AK values below
those defined by more conventional large crack
values. It is therefore possible that indiscriminate
practices have lead to non-conservative design by improper

prediction by correlation.

The divergence from 1linearity in Figure 20 has bsan

by addition of a constant, 1D to the
physical crack 1length such that (a + 10) becomes the
effective crack 1length, and 1Cl ;s suggested to be a
constant for a given material condition. Substituting
for the effective crack length and for the limiting case
when a + o at the endurance limit then this constant can

be evaluated,

0 m aoe

where ﬁcc = gndurance limit

= QUTH at the limit a = o

Although no physical interpretation of la is offered it

arises from the need to overcome the implied breakdown in

iy By



the continuum mechanics. Its size was appreciably largur

(109)

than microstructural features but other work showad

a favourable dimensional agreement with spherical
manganase sulphide inclusions which give the critical flaw

size at the fatigue 1limit. The concept of lD allows

.

equation 5.2 to be rewritten as,

AK
Ao = TH 548

TH ’ETETI;)

and another interpretation suggests that ﬁKT” corresponds

to a constant fatigue plastic zone 3129(1101.

5.3 Short Crack Kinetics

5.3.1 Linear Elastic Investigations

Short crack growth Btudies[1gﬂ‘101)hava shown that the

growth rate for short cracks when analysed using linear
elastic fracture mechanics 1is faster than would be
expected from the macrocrack growta rate. Growth rates
were seen to approach those of long cracks as the short

crack extended.

[1111measured the growth of small surface

Yokobori et al
cracks using the plastic replica technique. These short
cracks of length 0.04 to 0.1mm could be described by use
of the Paris Law but the constant, n, was as high as 7.5

compared to 2.5 for the macrocrack.

Morris(11210bsaruad small cracks in aluminium alloys and

measured the closure loads using the compliance technique.

A linear relationship existed between the closure load and
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residual crack opening, and at zero load the cracks remain
partially open. As crack path tortuosity increases, then

so will the associated residual crack opaning[113].

1{1141. proposed to account for non-continuum

The mode
effects, attributed the high growth rates to crack-grain
boundary interactions 1in altering the crack opening
behaviour. Microplasticity in preferentially orientated

grains was also Buggested[115]to effect microcrack

extensian.

Transition from grain size sensitive to insensitive growth

has been observed by Chang et a1t118].

Cessation of
growth at a grain boundary was proposed until a mature
plastic zone forms at the crack tip. During this
incubation period a critical strain energy density must be
exceeded. When the slip band zone near the crack tip is

equal to the grain size of the ,material, then growth

becomes insensitive to grain orientation.

Cook et 51(117]discuvered early rapid short crack growth
in a Nickel-based supsralloy. Decreasing growth rates
followed this until the growth rate was seen to increase
again to that described by conventional fracture
mechanics. The initial rapid growth rates were attributed
to crack front curvature so that the effective A K was

greater than the nominal AK.
Lankfﬂrd[11ajobserved similar perturbations for short

cracks, 18um < 2a < 175um, in an aluminium alloy. The

growth behaviour of numerous small cracks is summarised in
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Figure 21a together with Pearsons!''00)

similar aluminium alloy and the data[119)Fcr long crack

results for a

growth. It was suggested that grain boundaries, at least
subsurface ones, may constitute barriers to crack growth
and could possibly explain non-propagating cracks. The
accelerated growth rates were attributed to the
accumulation of microstrain damage so that subsequent
" growth takes place within a local plastic field. This is
a similar approach to that proposed by Hammouda and

(120)

Miller where short crack growth was considered with

the elastic-plastic strain fields of notches. The

argument is demonstrated in Figure 19.

Initial grack growth rate is governed by crack tip and
grain boundary-grain orientation interactions. If the
crack extends Frqm-the bulk plasticity control then its
plastic zone will increase and the crack will be

characterised by L.E.F.M.

(10110F rationalising

It should be noted that the concept
fast small crack growth on the notion of an effective
stress intensity factor by addition of a constant to the
crack length would be incapable of describing the

behaviour as shown in Figure 21a. This is obvious from

its monotonically increasing nature.

5.3.2 Elastic-Plastic Investigations

Elastic-plastic methods are significant since they are a

model of the behaviour of small cracks at notches.
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Initiation and growth of small cracks from specimens

subjected to completely reversed strain cycling heve been

(121)

analysed using AJ, based on J-integral concepts.

Most data correlated well with long crack data except for

crack lengths of less than 0.18mm. On

(122)

reanalysis using El-Haddad's 1, correction the

correlation was significantly improved.

(107)

Experiments have been analysed using a plastic

0’ computed by subsituting the

plastic strain range, aep for Ac in the linear elastic

strain intensity factor, AKE

stress intensity expression, equation 2.22, so that,

B, = aep/n_a 5,5
where ﬁsp is obtained from the cyclic stress-strain
curve,

Ae = B(ag)" 5.6

where B and n are the constants.

Despite the inconsistency of linear elastic assumptions
combined with cyclic plasticity it is claimed the &pproach
eliminates the dependence of crack kinetics on applied

stress level.

5.4 Short Cracks at Notches

For a short crack at the root of a notch then it is
considered to be contained within the notch plastic zons,
the extent of which is controlled by the applied stress.

Such a case is shown in Figure 22, Elastic-plastic
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(1201has

finite element analysis been conducted to

determine the extent of plasticity for both notch root and
crack tip. Results show that short cracks will initially
propagate at a decreasing rate wuntil the crack can

generate a crack tip plasticity that is greater than the

elastic threshold stress intensity condition. A
condition as depicted in Figure 19 is said to exist. The
concapt[gBJoF a 'pseudo-crack' 1length 1is maintained so

that e in equation 4.22 will initially decrease while the

crack is in the notch plastic zone.

Dthar[123)

work denounces the °'pseudo-crack' length since
it is based on empirical findings. Short cracks from
notches were grown under the two —conditions of
displacement control and 1load control and data was
presented as growth rate as a function of crack length.
Typical results are seen in Figurg 23 and when computed
for the stress intensity, Figure 24, the apparent
aberrations for short cracks are not restricted to the
threshold region as was shown in Figure 21. Behaviour
was also noted for crack lengths up to 12.5mm and was
explained by the presence of the notch plastic zone.
Within this region crack growth rate is displacement
controlled, Figure 23b, until reaching the elastic plastic
boundary were crack growth is load controlled, Figure 23a.
The effect of the free surface was later proposed(124]t0

interfere with correlating the size of the notch plastic

zone to the crack length at transition.
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6. THE ELECTRICAL POTENTIAL METHODS FOR FATIGUE CRACK

GROWTH MONITORING

The ability to determine the crack length at any point in
the fatigue crack propagation is paramount in the analysis
of fatigue cracking. It is vitel to the understanding
and interpretation of the cracking process. The
sensitivity to crack growth of the sensing techniquse will
determine the limit of its application in conjunction with
the sensitivity to wvariables non-commitant with the

fatigue process.

The electrical potential methods are probably the most
popular for monitoring crack growth in the laboratory.
They are able to combine the advantages of continuous
measurement, versatility and independence of the fatigue
process. In addition signals are available for feedback

allowing tests of greater sophisticationt130).

The method relies wupon the increase in electrical
resistance of a conductor as its cross-sectonal area is
reduced by subsequent cracking. The detection of the
potential field within the vicinity of the crack is
achieved by suitably sited probes, normally symetrically
placed about the crack plane. Similarly current leads
are attached such that crack lengths are deduced from a
pre-established calibration for the instantaneous voltage

readings.

Calibration curves can be gstablished

(131,132) ( 133,134)

experimentally or theoretical solutions
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exist. For D.C. potential drop these theoretical
solutions have been established for a variety of crack
shapes and configurations. Theoretical calibrations of
A.C. potential drop have been proposed for some systems

whilst for others the solution is still in developmant.

The calibration potential readings cited here correspond

to average crack length values for a single probe pair.

The presentation of the data from calibration generally

depsnds on the system employed.

6.1 Direct Current Potential Drop
The theoretical analysis of the D.C. potential drop was

(133)

first determined independently by Johnson and

Gilbsy and Pearson[134)

for the analysis of through
thickness cracks of the edge or central type. If the
edge cracked configuration depicted in Figure 25 |is
considered, then the potential between probe g and the
crack plane can be evaluated. The Laplace equation is
the governing equation for specific boundary conditions of
a given specimen geometry. The two dimensional
potential, ¢, is distributed on the xy plane is given by,

2 2
o358 ap 6.1
i

(=]

the solution for the front face where x = o and for

uniform current flow is given by,
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-1 Cosh(ym/2W) 6.2
Cos(ma/2W)

¢ = K Cosh

Where symbols are shown in Figure 25 and K is a
proportionality constant given by the potential gradient
and specimen geometry. The potential across the probes

is given by,

<
n

2¢ 6.3

(133)

Johnson expressed equation 6.2 as a ratio of

potential difference so that the calibration is dependent
only on geometrical variables. Extension of the

theury(134]was achieved by considering the application

of current input and output at points I and 0 at distances

d, and d2 respectively. Two specific conditions of

1

current flow were considered. When distances d1 and
d2 are large the solution approximates to uniform
current flow where, for a crack of length a, the potential

from the plane xy is given by,

-1 Cos(7Z/2W) 6.4
9= Im[ K, cos Cos(ﬂa/ZW)]

Where K1 = proportionality constant and

Z = x + iy

When distances d1 and d

considered is the point application of current in which

5 are small the solution

the current flow is non-uniform.
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(e + 10) ;.
¢2 - Re[ kz In T?%;—:—TET

E¥a )

i
T [Sec2 (nZ/2W) Cos® (ma/2w) - 1]

=~
"

proportionality constant

"

[1 - Cos® (ma/2wW) Sech? (wd/ZW)]
= current input/output distance.

The solution for equation 6.5 will approach that of

equation 6.4 as d1 and d2 increasse.

Using equations 6.4 and 6.5 theoretical calibration curves
have been produced independent of material and current but
dependent upon current input and output postions and the
potential probe locations. Cook and Robinson“asJ
limited the number of probe positions to the front face
only so effectively reducing the probe position x to zero.
This simplification enabled the crack 1length to be
determined from;

. / 2
a =2 cosml l_:_LI_ 6.6

o M - L°N

(eV/ZKZ}_l
[CV/2K2)+1

where L =

-l s



and it was shown that readings taken along the through
thicknegs surface direction were within 5% of agreement.

(136,137) to

The presence of a notch has been shown
affect the potential field and thié will affect the final
presentation of the calibration. Numerical

(138)by finite element = analysis has been

solution
attempted but for the more complex systems discrepancies

were apparent.

By producing non-dimensional calibrations their
application 1is broadened. When wusing experimental
calibrations there is a choice of the characteristic
potential used as the denominator in the potential ratio.
In simple geometries where thers is uniform current flow
the potential gradient over the uncracked part of the
specimen is used. This enables comparison with theory.
With non-uniform current flow the potential gradient is
sensitive to position so that the potential across the
starter notch, or at a known crack length, has been used

in the denominator.

For part-through thickness cracks an analytical solution
for the potential drop across a semi-circular crack in
half space gives the potential, Vc’ across a crack with

probes placed a distance Z above and below the crack,

b
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2 2
_ 4da 2Z sao=lla” - 2
il + 7 - e Sin [—2—7] 6.7

<|-=:
o ln

where Vo = remote potential gradient for uniform
current flow, and

a = the radial crack length..

The model is depicted in Figure 26. Finite element
analysis for the same model has been t:cmrju::.i:en:l["39J and
compared with that of the numerical solution. Results

show an excellent agreement un to a/W = 0.4 thereafter the

effect of the back face and relative crack size become

important.

An alternative approach considers the potential field
derived for an ellipsoidal cavity in an infinite body

(140) _,

using a fluid flow analogy From symmetry the

ellipsoid is split to produce & semi infinite body so that
for a circular thumbnail crack the potential, E, is

expressed as,

Z -1,2
E = — ula + z tan (5)] 6.8

where u = velocity parameter in the fluid analogy.

(141)

The analysis developed by Roe and Coffin was used

[142)tu assess the growth of small

in some earlier work
cracks. Investigation of fatigue crack growth for
defects as shallow as 0.1mm was achisved with a resolution

of the order 0.01mm.
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To obtein reliable calibrations the effect of specimen
geometry, materials, current magnitude and probe position
must be considered, and the effect of these variables have

been reviewad(31).

Probe position is critical to sensitivity and

(143]. As the probes are moved along

reproducibility
the specimen crack-face towards the crack then the
sensitivity to further crack growth increases. The
reproducibility is degraded due to the increase in probe

location sensitivity. This may be affected by the probe

(140) to cast

wire thickness as it has been suggested
doubt on the actual probe distance. Current lead
attachment positions also determine probe output.
Increased sensitivity can be obtained by steepening the
potential gradient at the crack plane by placing current

[144)0n the front-facea

leads closer
Materials of a low resistivity will require a larger
current input to achieve the same level of performance as
that of a higher resistivity material. An upper limit
will be dstermined by heating effects. Resistivity
changes brought about by plasticity have been
considered143)  for initiation and early crack growth
but the effect was not significant during normal

cparations[135).

In an attempt to further improve the parameters

determining the success of the potential drop technique

there have been some modifications to instrumentation.
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Treditionally the potential from the specimen has been

(144 ,146)

amplified either within a chart recorder or by

(147) prior to a data logging

an external amplifier
device so that a continuous unipolarity signal had been
recorded. The response of the recording system may
obscure the instantaneous values and this is apparent for

a chart recorder based system[148).

Induced voltages and thermal effects cause uncertainty in
potential reading together with stray voltages within the
instrumentation. The probe junction may also lead to an
induced voltage. A procedure(142'14g] attempting to
overcome these problems utilised a pulsed D.C. current in
which readings are taken with and without current flow.
By this method quasi-static drifts of various origins are

(149)

removed together with drift in the amplifier zero

setting. The voltage characterising the measurement is
the difference between readings taken with and without

current.

By application of the same principle other work has been
done in which the current is completely

(140,150) Readings are taken after each

reversed
reversal and the range in potential is measured. The
change in potentiel range becomes the measure of crack
growth. By implementation of solid state switching under
microprocessor control, current switching can be

synchronised with 1loading frequencies so that readings

correspond to a particular crack opening.
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6.2 Alternating Current Potentiel Drop

The A.C. measurement system is of more recent origin and
in nperation is separate from that of the D.C. technique
in application and analysis. The technique exercises its
advantages over the D.C. technique in application to large
specimens and structures. This is a consequence of the
way 1in which the current passes between the points of
application. By alternating the current at high
frequency it is transmitted in the outermost skin of the
material. This skin e?Fect(151]. produced by
interaction of the alternating current with the magnetic
field, 1is dependent on the relative permeability and
electrical conductivity of the material and the applied
frequency of the A.C. source. The non-uniform current
flow effectively reduces the conductor flow area so
benefiting the measurement sensitivity for surface cracks.
The effect is greater at high frequencies and in materials

of high magnetic permeability but will cause problems for

longer cracks where crack-front tunnelling occurs.

The measured A.C. potential will include the resistive
component, as did the D.C. potential, and the reactive
component of specimen impedance. Although the resistive
component is the major contributor the specimen
capacitance and inductance are known to contribute

significantly(152)

A number of A.C. potential systems have been

developed(193:154.155) o4 411 differ slightly in their
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construction and interpretation of results. Signal

discrimination is facilitated by the ability to tune some

systems(153} whilst others[154JsuFfer lead interaction
effects. Agreement is noted for response to cyclic
stnain(75'154] and explained as a resistivity change but

the calibration for crack 1length has given variable

(155]hav9 been claimed and

results. Linear calibrations
explained in a simplified manner as the potential between
the detection points being proportional to the shortest

peripheral distance between them.
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Figure 25 : Theoretical Model of D.C. Potential System
for an Edge Cracked Plate.

o

Figure 26 : Model of D.C. Electric Potential System for a
Part Through Thickness Crack.
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7. EXPERIMENTAL PROCEDURE

7.1 Materials and Heat Treatment

Three aluminium alloys were used in this investigation,
namely, 2014, 7010 and 7475. Table 7.1 shows the
chemical compositions relating to each alloy whilst Table
7.2 shows typical mechanical properties. These

properties will be dependent upon prior heat treatment.

2014 material was examined in the T6 and T651 conditions
but essentially these are equivalent in terms of
mechanical properties. All 2014 bend specimens were cut
from extruded stock in T6 condition whilst tensile
specimens were cut from cross rolled plate in TG651

condition. The heat treatments ars given in Table 7.3.

7010 material was examined in the T736 and T73 conditions.
All 7010 bend specimens being T736 whilst all tensile
specimens were T73. Both stocks of material were cross .
rolled plate and specimens were cut from the appropriately

heat treated block.

7475 material was examined in the form of two tempers.
All specimens were cut from cross rolled plate in the
T7351 condition whilst a number of specimens were solution
treated and converted to the T736 condition. All heat

treatments mentioned are itemised in Table 7.3.

The orientation of the specimen relative to the block from
which it was cut can be described with reference to the

grain flow and convention depicted in Figure 27.



Orientation is described using a two letter code(156)
the first letter indicates the direction of specimen axis

whilst the second indicates the dirsection of cracking.

All bend specimens were cut in the L-S dirsction as shown
in Figure 27a. Figure 27b indicates the orientations
from which the tensile loaded part-through thickness
cracked specimens were cut. Directinn A is a mixture of
L-S and L-T and all 7010 and 7475 tensile specimens were
cut in this direction. 2014 material was examined in the
three directions A, B and C. Specimen identification is

shown in Table 7.4.

7.2 Specimen DOesign

7.2.1 Through-Thickness Cracks

Conventional material fatigue testing and evaluation has
been conducted using a through-thickness crack to model
the fatigue behaviour of the material[25’97'155).
Therefore it is necessary to have data pertaining to
through-thickness cracks so that comparison can be drawn
to another crack geometry. Typically this data is
produced by fatigue from a prominent stress raiser so
locating the fatigue damage and reducing the number of
cycles required to initiate the crack. In addition the
notch geometry serves its function by modelling component
geometry. In analysis the notch can be incorporated as

(25)

part of the total crack length or the crack can be

analysed independently(120).
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All fatipue testing was conducted in plane strain. The
minimun size requiramant[157] to satisfy this condition
states that the plastic zone at the crack tip should not

be greater than 2% of the specimen thickness. If the

(52) 4

cyclic plastic zone sizs s taken as one fourth of

the monotonic plastic zone size then the minimum specimen

thicknass is given by,

K 2
30 ( IC)

B. .. >
min 4 x 5,67 Oyg

7.1

For the materials within the programme the minimum size

requirement for plane strain is Bmm.

Three point bend specimens of the single central erge
notch type were chosen for description of through
thickness cracking. Specimen design together with three

notch geometries are shown in Figure 28.

Bend specimgn fatigue of alloy 2014 T6 involved testing
specimens 10mm thick with notch types 00 and 06 cut into
the specimen 5.0mm deep by vertical milling. The
appropriate stress concentration factors calculated by

(158)

finite elemant technique are also shown in Figure

28.

Bend testing of 7010 T736 involved testing specimans B8mm
thick with notch type S1 cut into the specimen 0.15mm by
spark machining. The net cross sectional area of the
specimen 1is reduced from that of previous workt1sg)

employing the same material and bend tests. This results
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in a greater sensitivity in the crack monitoring process

for the shorter crack length.

A notch depth of 0.15mm will comply with the mininum crack
length required for L.E.F.M. analysis of fatigue cracking.
It has been proposed that the limit in short crack length
should be fifty times the crack tip plastic zone

(105)

size For the fatigue case and considering plane

strain constraint, the limit in crack length will depend
on the cyclic stress intensity. This limit is given as,

2
A 50 (ﬁK )

Lo 72
L 4 x 5.67 Oyg

For a 0.15mm starter notch then the maximum applied

stress intensity permissible is &.70Nm” 272,

7.2.2 Part-Through Crack Specimen Design

One objective was to monitor the growth of thumbnail and
corner-cracks from a macroscopically short crack length to
that of an engineering size. A controlled defect size was
required from which this crack growth could be observed.
Small fatigue cracks were injected into the body of the
specimen by growing a fatigue crack through a fin of
material projecting from the specimens shown in Figures

29, 30 and 31.
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By siting a fin notched at an appropriate point, a fatigue
crack was grown through the fin and into the specimen. The
fin was then removed by machining so that a controlled
short crack remained at the specimen surfacs. Fins were
placed on the centre of a flat face or on a specimen

corner.

The corner-crack specimen design for the study of long
crack growth is shown in Figure 29 and Plate 7.1. The
specimen is tensile loaded so that the stress around the
periphery of crack remains constant. The section is
square and the fatigue crack is introduced through a fin
midway along the length at a corner. 0Once cracked to a
suitable distance this fin is removed as shown in Plate
7.2, The specimen section is large enough to monitor
cracks up to 10mm deep before the K-calibration

computation becomes inaccurate(1043.

For short crack analysis a smaller cross section size was
chosen (Figure 30). The smaller cross section enabhles a
higher current density giving more accurate results from
the electrical potential drop method. The same procedure
of introducing a crack, through a fin, into the specimen
was adopted as shown by Plates 7.3 and 7.4. This section

size allows the study of crack growth up to 5.0mm deep.

The front-face cracked specimen design for the study of
thumbnail crack growth is shown in Figure 31 and Plate
7.5, The width to breadth ratio is 1:2. A fin is

incorporated on the specimen for crack introduction but,

79
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for the front-face crack spocimen, a small radius |is
required at the fin root so allowing the crack to radiate
out into the specimen bulk. After removing the fin
(shown in Plate 7.6) the short crack 1is propagated into
the body of the specimen. Crack lengths up to 7.5mm can
be examined before the K-calibration becomes

inaccurat8{104).

7.3 K-Calibrations

7.3.1 Through-Thicknoss Cracks

Three-point bend cracking described in terms of the
normalized crack laength, a/W, extending from approximately

zero to 1.0, can be evaluated using the stress intensity

sulution(1501.
3SPY
K = —573 fed
BW
where S = total span in the loading configuration.
P = load.

W = specimen width.
B = specimen breadth.
Y, = compliance function.

a = crack length.
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The compliance function Y1 is;

a/wi
2(1+2a/W) (1-(a/w))

Y, =

| 3/2

.| 1.99-a/M(1-a/W) (2.15-3.98 a/M+2. 7(a/WF)

and the form of this calibration can be seen in Figure 32.
For crack growth from notches then this function will
need to be modified within the notch stress

(94,97,161) (84)

modification of

field The Jergeus

crack length to account for the notch is given as,

3
Y = Y1 (a(l—exp[-4(1+/a/p]t]) + C]/a+Cl 7.5
Vap

where a = crack length ahead of the notch.
c = notch length.

p = notch root radius.

For crack growth studies it is convenient to input the
crack length directly to obtain the stress intensity
solution., Modification of the compliance Function[159]
and incorporating the span to width ratio (4:1) then the

stress intensity solution becomes,

6PvaY
K = ~ 7.6

where a = crack length and will incorporate

notch length and,

y - 1.99-2.15a/W+6.06(a/W)%-6.63(a/m) %2 7(a)?

(1+a/W) (1-a/W) 372

The form of this calibration is shown in Figure 33.



7.3.2 Part-Through Cracks

The stress intensity for quarter and thumbnail cracks is

given by,

K =M mS.FtoJ.mcﬁ 7.8

GIMB.
The stress intensity is computed from simple approximation
formulae derived by three dimensional finite -element

(104)

methods M is the general correction factor

G

and M and MS are correction factors for the back and

B
side faces respectively.

F(o) = stress function which for tensile loaded fields
is a constant and equal to the remote tensile
stress.

¢ = standard elliptic correction factor (S.E.C.F.)
which corrects for deviation of crack shape away
from a circular profile.

c = radial crack length.

The K-calibration will depend on the crack form being
analysed and also on what part of the crack front that is
considered. The model is shown in Figure 34 in which a

cracked block is schematically depicted. For a crack of

this form described by the two crack lengths a and b at

positions A and B réspectively, then at position A when
b % a,
? :
o, H'Z (1-(1-(a/b)2)Sin%0 o 7.9
(8] -
where ¢ = angle of the circle or
= parametric angle of the ellipse.

At position B,



For a quarter crack there effectively is no position A.
The effect of varying a/b from 0.5 to 1.0 on ¢ can be

seen in Figure 35.

The correction factors for a given crack length can be
expressed as a non-dimensional valuse x. This represents
the value of the ratio of crack length to specimen width

for a specific crack direction.

The correction factors for a corner crack, surfacs
position B, and in the range 0 ¢ x ¢ 0.2 are given by,

MG = 1.143

NB = 1.0 + 0.06x

Ms = 1.0 + 0.07x

and in the range 0.2 < x < 0.5,
Mg = 0.1x% + 0.29x + 1.081

Mg = 0.75%% - 0.185x + 1.019

M. = 0.9x2

S - 0.21x + 1.019

[}

L]

These correction factors are shown in Figure 36 where it
is sesn that the curve remains linear until x = 0.2
thereafter power terms become significant. For a
thumbnail crack, surface position B and in the range
0 ¢ x & 0.2 the correction factors are given by,

M~ = 1.143

G

MB = 1,0 + 0.03x
MS = 1,0 + 0.05x%

and in the range 0.2 ¢ x ¢ 0.5,
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Mg = 0.1x% + 0.29% + 1.081

Mg = 0.5x%2 - 0.16x + 1.018
Mg = 0.65x% - 0.135x + 1.011

These correction factors are shown in Figure 37. For a
surface crack. subsurface position A. then in the range
0 £x 0.2
MG = 1.028
Mg = 1.0 + 0.04x
MS = 1.0 + 0.02x
and in the range 0.2 < x 0.5,
MG = 0.3x + 0.9686
Mg = 0.25x° - 0.025x + 1.003

2 . 0.04x + 1.004

Mg = 0.2x
These correction factors are shown in Figure 38.
Computation of the stress intensity for the surface
position B shown in Figure 38 enables a comparison between

the two geometries. Results are calculated for this

position in later sections.

7.4 Programme Procedure

7.4.1 Bend Specimens

Bend specimens of alloys 7010 and 2014 were tested to
obtain information regarding the fatigue crack growth
relationship namely. 1log. da/dN versus log. A K.
Subsequent comparison with part-through crack propagation
data was possible. This crack growth data was obtained

over a wide range so that the value of constants within

the Paris formula are estimated with greater confidence.
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A second investigation established the effect of overloads
prior to fatigue. The two large notch types, 00 and 06,
were used. These will give correspondingly large notch
plastic zones as the notch plastic zone is a function of

(32)

its radius Crack propagation was then observed

through a locally plastically deformed region.

Fatigue tests were carried out in three-point bending with
load control on a +/- 100kN Dartec computer automatic
servohydraulic fatigue machine. A general view of the
set-up can be seen in Plate 7.7. The wave form in all

cases was sinusoidal with a frequency of 20Hz.

Overloads prior to fatigue are known to retard fatigue
crack initiation and growth[151j. By using a large
fatigue loading to propagate the crack from the overloaded
region then the retarded growth rate should not be unduly
slow. Fatigue loading should not be so high that prior
overloads of up to 75% of this fatigue loading could not
be applied before general yield, the limit load. The

limit load can be evaluated from,

B[N-a)2

i = 22,75 kN Zall

PL = 1.216 Oyg

where UYS“ The Yield Stress.
B = Specimen Breadth.
W = Specimen Width.

and a = Crack length.

For notch type 06 and for a peak load of 9.0 kKN in the
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fatigue cycle then this represents 40% of the general
yield load. Overloads of 25%, 50% and 75% of this peak
load are possible without exceeding the general yield
load. Constant amplitude loading and a stress ratio

R = 0.1 were used throughout.

Reducing the fatigue loading by proportion of the increase
in the stress concentration factor. K., gives a fatigus
range of 7.7kN to 0.77kN for notch type 00. Fatigue
loads were reduced for the smaller notch radius (type 00)
so that the stress range at the notch root (allowing for a

change in Kt] was the same as in the blunter notched

specimen (notch type 06).

Initiation and propagation of the fatigue crack was
monitored by measuring the electrical potential difference
over a fixed probe distance across the notch on the
notched specimen front-face. For the spark-machined
notch a total probe distance of 2.0mm was used. For the
milled notch types. (00 and 06) the total probe distance
was equal to the distance across the notch mouth (6.34mm
and 12.25mm) . A specimen with probes attached and within
the fatigue jig is seen in Plate 7.8. Nichrome wire of
diameter 0.15mm is used as the potential probes. The
wires were capacitance discharge welded to the specimen at
positions scribed on the spescimen front-face.

In the experimental calibration of the potential drop
method load banding was applied. The lower load in the
fatigue range was adjusted so that fatigue continued with

alternate stress ratio R = 0.1 and 0.5.
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A Farnell constant current supply source was used with a
capability of variable output from zero to 100 Amps. A
current of 50 Amps. was chosen for all bend testing. The
current  was introduced through wires attached by
toolmakers clamps at either end of the specimen. The
specimen was earthed to the test machine on the single
load point half of the jig whilst insulated from the other

half of the Jjig.

The procedure for monitoring crack length potentials was
dependent on the required sensitivity. A choice of
equipment and techniques were available and these are

discussed in Section 7.5.

Once .the crack had grown 4mm to 5mm fatigue was terminated
and the specimen broken by fast fracture. The fatigue
crack lehgth was determined by taking readings at 0%, 25%,
50%, 75% and 100% of the specimen thickneés using a
travelling microscope in accordance with ASTM standard
E389-78(a). This gives a mean value of crack length
(equivalent through-thickness crack) and is used in the

potential calibration.

7.4.2 Tensile Specimens

The fatigue of the corner and front-face crack specimens
is a two stage process. The first stage involves the
initiation of a fatigue crack from a starter notch in a
fillet and the subsequent growth of this crack into the
specimen bulk. The second stage involves the final

fatigue of the specimen. Crack propagation data are
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deduced from fatigue crack growth of the small fatigue

crack injected into the body of the test piece.

7.4.2.1 Front-Face Crack Specimens

Specimens were first given a light polish with silicon
carbide paper down to grade 1200 finish and finally
polished with Duraglit within the fin area. This aided
visual observation in the crack introduction stags. The
10.0mm width fin enabled the scribing of a 0.5mm scale
from the 3.0mm notch as shown in Plate 7.9. Optical
measurements were then wused to ~calibrate the O.C.
potential drop recordings. Nichrome probe wires were
capacitance discharge welded across the fin starter notch
mouth and B0 Amps. current passed via two split circular
copper clamps attached at either specimen end. The
maximum fatigue load during this stage was chosen such as

not to exceed the fatigue load used in the final stags.

The crack length at the subsurface position A (Figure 34)
in the fatigue crack introduction stage could not be
deduced from a visual observation. This had to be
obtained after the final crack stage when the specimen was
broken open. On removing the fin after cracking the
existence of the initial fatigue crack prior to continuing
with the second stage had to be established. It was
necessary to locate the crack so that probe attachment
positions were consistent and the crack dimensions were
determined accurately for the construction of experimental
calibration curves. A variety of techniquss are

available to establish the existence of a crack and its

TR
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dimensions. The options available include,
a) No action.
b) Polish, etch and measure.
c)] Anodising.

d) Dye penetrant.

It was hoped that by taking no action the crack would
still remain visible after machining off the cracked fin
and the off-loading between fatigue stages would mark the
fracture surface sufficiently to identify the 1initial

fatigue crack.

Polish, etch and measure, although identifying and giving
an accurate measurement of surface crack length when
viewed under a microscope, would not reveal information
regarding the central crack length which is important for

the thumbnail crack. 2

By anodising in a 15% sulphuric acid solution at 12 volts
for one hour it was hoped to tint the initial defect so
distinguishing it from second stage cracking. A variety
of dyes were available. The effact on crack tip

chemistry during this process was uncertain.

Oye penetrant would identify and determine surface crack
lengths but its ability to determine the central crack

length is uncertain.

Once the crack was located, potential probe attachment was

necessary. Further details regarding this are given in

G
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Section 7.5.

All fatigue crack propagation data was generated using a
stress ratio, R = 0.1 and at frequencies bstween 20-40Hz.
Since it is not possible to cover the whole range in AK
by a single specimen it 1is necessary to use several
specimens at various 1load ranges. Load ranges were
selected so as to overlap in their description of AK and
to cover as much of the data as possible. For an initial
crack length of 1.0mm then a 30 kN load range would give a

*8/2.  4his rises fo a A K of 7.8

A K of 2.5 MNm
I"Ir\!ma’(2 as the crack length increases to 7.0mm. For a
80 kN load range AK increases from 7.4 MNm'af2 to 22.5

during crack growth from 1mm to 7mm.

After final fatigue, specimens were broken open by fast
fracture. Side grooves reduced the load required to do
this and increased constraint so limiting specimen damage.
Using a travelling microscope, two crack length readings
were recorded, these being the depth and breadth, a and 2b

as referred to in Figure 34.

7.4.2.2 Corner-Crack Specimens

Inclusion of the 3.0mm notch within the 4.5mm fin width
limits the available crack growth so scribing of a scale
is impractical. Fin cracking was monitored by D.C.
potential drop and experience of several tests was
required to calibrate the readings. Nichrome probe wires
were attached in the same manner as for the front-face

crack specimen and the same procedure adopted.

Qo
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The short corner-crack specimen procedure followed that
for the 1longer corner-crack specimen except that the
larger fin width of the short corner-crack sgpecimen,

10 .4mm, enabled use of a scals. This is seen in Plate

7410

The fin was removed by a flat ended vertical milling tool
and the specimen polished in the longitudinal direction.
Light etching of the specimen on the corner of interest
enabled identification and location of the initial crack.
Using a travelling microscope the crack length on either
face could be determined. Probe attachment for final

fatigue could then proceed and is discussed in Section

7.5,

The final cracking procedure was the same as for the
front- face crack specimen with all testing between 20-40

Hz and at a stress ratio, R = 0.1.

On completion of fatigue the opposite corner from the
fatigue cracking was machined out so leaving a flat
surface by which the specimen could be broken by bending
fracture. Two crack length readings were recorded, these
being on either face, and the mean value used in the

potential calibrations and fatigue analysis.

T4
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Table 7.1 Chemical Composition
Material | Zn Mg Cu Si Fe Cr ir Mn Al
2014. [0.07 0.4 4.4 0.8 0.25 <0.01 - 0.66 BAL.
7010 6.04 2.52 1.5 0.06 0.13 <0.017 0.174 0.01 BAl.
7475 5-6 2.3 1-6 (001 <0-12 002 - UlUB BAL.
Table 7.2 Mechanical Properties
Material Plate 0.2%P.S. UelsBe EL I‘(hI(.I iy
Direction (MPa) (MPa) (3) (MNm=3/2)
2014 T6 L.T 365 424 8 20.4 154
T oL 360 420 6
S.L 350 390 27
7010 T736 LaT 412 471 16 .6 37 .6 185
T73651  L.T 430 500  10.0
7475 T7351 LeT 375 450 12.0 52.7 141
T736 L.T 458 537 13.0 139
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Figure 28 : Bend Specimen Dimensions and Notch Geometry.
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Plate 7.1 : Corner-Crack Specimen Plate Long Comer-Crack Specimen
Design for Long Cracks. with Fin Removed.
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Figure 30 : Comer-Crack Specimen Design for
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Figure 31 : Front-Face Crack Specimen Design (Dimensions mm) .

Plate 7.5 : Front-Face Crack Specimen Plate 7.6 : Front-Face Crack Specimen
Design. with Fin Removed.
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Figurec 35 : Standard Elliptic Correction Factor for
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Figure 36 : Correction Factors of Corner-Cracks,
Surface Position.
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Figure 37 :
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Correction Factors for Thumbnail Cracks,
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Figurce 38 : Correction Factors for Thumbnail Cracks,
Surface Position.
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Plate 7.7 : Ceneral View of Fatigue Testing Machine.

Plate 7.8 : Bend Specimen within Jig set up for
Crack Monitoring by Potential l%rt:p.
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Plate 7.9 : Front-Face Crack Specimen Fin.

Plate 7.10 : Short Comer-Crack Specimen Fin.
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Table 7.3

Table of Heat Treatments

6 Solution treat at 466-482°C for 4 hours at
temperature.
Water quench (40-70°C).
Age at 107-115°C for 24 hours at temperature.

T651 As for T6 above but inclusion of a 5% cold

stretch before age.

7736 Solution treat at 470-476°C for 1 hour at
temperature.
Water quench (55-65°C) .
Age at 115-125°C for 12 hours at temperature.

Then age at 169-175°C for 12 hours at

temperature.

T73 Solution treat at 466-482°C for 4 hours at
temperature.
Water quench (40-70°C) .
Age at 107-115°C for 7 hours.
Then age at 170-182°C for 9 hours at

temperature.

T735%1 Solution treat at 495-505°C for 4 hours at
temperature.
Water guench (40-70°C).
Age at 107-115°C’F0r 7 hours at temperature.

Then age at 170-182°C for 9 hours at temperature.
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required for long term stability assessment and for
comparigon with theoretical solution. The sensitivity is
determined by the finest division of the graph paper for a
suitable full scale deflection. For a 50uv full scale
deflection this corresponds to 0.5 . The equipment is

seen in Plate 7.11.

An alternative method is to digitise the amplified result.
The twin channel facility demonstrated 1in Figure 40
enables independent amplification of two separéta signals
and monitoring of a single differential signal.
Amplification is variable and in the range zero to 50,000
gain. Both channels were set to 50,000 gain in all
tests. The signal is digitised by a 12-bit, +/- 5 volt
range analog to digital (A/D) convertor. Choice of
continuous or prompt readings ars executed by the computer
programme. A view of the amplifier and test jig set up

for operation can be seen in Plate 7.12.

The operation of either system is fundamentally the same
but digitising the signal reduces the response time and
enhances flexibility in the analysis of results. Both
signal and noise are amplified by equal proportion but on-
line data processing of stored data can enhance
sensitivity to voltage changses. The limit in sensitivity
is no loﬁgar restricted by the implied minimum full scale
deflection of the chart recorder but by the combination of
the bit size in the A/D convertor and the amplifier in the
digitizing system. The main difference results from their

speed of reading and recording. In the computer
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7.5 Electrical Potential Methods

The choice of technique to measure fatigue crack growth
depended upon the test conditions and upon the required
gsensitivity. A number of systens were availablse, each
varying in sophistication and application. In the
constant 0.C. potential method the theoretical
calibrations are asymptotic to a 2zero gradient at the
short crack end. This gives a low sensitivity to crack
detection and measurement within the short crack region.
Improvement could be effected by the generation, recelving
and handling of the signal output. Signal scatter
although tolerable for the longer crack length, needs to

be reduced to enable measurement of shorter crack lengths.

Claims regarding linear calibration for an A.C. potential
drop system have been cited in the literatura[155).
This claim needed substantiation For the shorter crack

length envisaged in this programme of work.

7.5.1 Constant D.C. Potential Orop

Two methods of monitoring the fatigue crack growth by O0.C.
potential drop were available. Growth rates have been

(31,182;159] by PBCUPding the

traditionally monitored
probe signal across the maximum sensitivity scale of a
continuous chart recorder after backing-off some of the
potential using a voltage source. This set-up is shown
schematically in Figure 39. A twin pen chart recorder
monitors separately both the crack potential, V_, and
the potential gradient, Vo across an uncracked section
of the specimen. A potential gradient reading is
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programme data was averaged to smooth the results.

The algorithm of the programme is as follows:

Step 1 Initialise test.

Select number of channels and sample size.

Read fatigue cycle count.

Read channels continuously. summating on reading
Repeat until sample size complsete.

Read fatigue cycle count.

N oo 2w N

Store in higher memory the mean values of cycle
count, Va and VO.
8 Go to Step 3 and repeat until buffer memory full
9 Load data to disc.

10 Repeat from Step 3 until test terminated.

The programme is run in BASIC language and run on the
computer controlling the servohydraulic fatigue machine.
The reading of signals and cycle count is through machine
language subroutines which facilitate the running of the
basic programme. Pre-fatigue testing of this system was
done on a cracked short through-thickness crack spscimen

(Figure 28b) under static load conditions.

Nichrome probe wire of gauge 0.15mm was used for both
systems and was spot welded at locations close to
cracking. With the exception of the short corner-crack
specimen VO was measured on the opposite face and, for
bend specimens, at least 2W away from the crack whilst W

away for tensile specimens.
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Attachment of potential probes across thumbnail and corner
cracks 1is seen in Plates 7.13 and 7.14 respectively.
Thess specimens are shown within the fatigue jig in Plates
7.15 and 7.16 respectively. For the verification of
theoretical calibrations a series of 'beach' markings are
produced on some specimens by increasing the lower load in
the fatigue range so bringing up the stress ratio R from

0.1 to 0.5.

Customarily 0.C. potential calibrations are presented in a

non-dimensional form. This gives comparison with theory.

7.5.2 Pulsed D.C. Potential Orop

By applying a square wave reversing direct current it is
anticipated that some stray induced voltages are
eliminated. After switching the current and allowing for
a period of stabilization, the probe potential can be read
any number of times. An average value for the probe
potential can be computed. On switching the current the
probe potential is reversed and read for the same@ nunber
of times. A potential range value is established in sach
complete cycle of the pulsed 0.C. potential drop by
summation of the absolute averaged potential readings
obtained in each half of the pulsed D.C. cycle. There is
still the need to monitor Vn' the potential gradient
remote from cracking, as this determines 1long term
stability and @enables —correlation with thseoretical

analysis.
A Farnell constant current source delivers 50 Amps.
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constant current through Computer Automated Relays and is
reversed by switching wusing electronic charges over a
relay in the Apple II computer shown schematically in
Figure 41. The actual computer with switching device and
specimen can be seen in Plate 7.17 and the current cycle
is shown in Figure 41(b). Pre-fatigue testing of the
system was done on a cracked short through-thickness crack

specimen (Figure 28b) under static load conditions.

Control is achieved by two 12-bit, +/- 5.0 volt analog to
digital Apple II convertor cards, XAD1 and I1I04. The
XAD1 card has a relay output which is used to switch the
glectronic change-over switch. It also has a clock which
was used to read time to a tenth of a second. The 1104
card has eight channels allowing voltage ranges

to be selected up to a maximum +/- 5.0 volt range.

A computer programme was written to control the system.
Controlled switching of the current enables reading of the
channels, V_ and V,» to coincide with a specific point
on the sqguare wave. Switching was programmed to occur
every second and the programme began reading 0.8 seconds
after switching was complete. Time was necessary for
stabilization so that a 0.5 Hz wave was the maximum
switching frequency for reliable results (similar to that
(140,142)

of other investigations . The algorithm of

the programme is:
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STEP 1 Initialise test parameters, set samnple size.
2 Select number of channels and voltage rangsas.
3 Create a buffer in computer memory.
4 Switch relay off on XAD1 and open 1lst file.
- Read clock, 10th. of a second only.
If the digit read is zero do Step 6 otherwise
continue read.
6 Switch relay on.
7 Read clock 10th. of second.
If digit read is 8 then do Step 8 otherwise

continue read.

8 Read the appropriate memory locations to record
positive voltages Va and VG and store values
in memory locations.

9 Read clock 10th. of a second.

If the digit read is 0 then do Step 10 otherwise
continue reading. ?

10 Switch relay off.

11 Read clock 10th. of a sascond.

If digit read is 8 then do Step 12 otherwise
continue read.

12 Read appropriate memory locations to record
negative voltages Va and Vo and store in
memory locations.

13 Co to Step 5 and repeat for sample size.

14 Transfer the contents of memory to disc.

15 Repeat Steps 4 to 14 until test terminated.

119
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The system operation is shown gschematically in
Figure 41(b) where 256 readings ars taken at both positive
and negative points in the current cycle. This data was
then stored on computer disc at a convenient point in the
algorithm. A further programme was written to average
the data for each current reversal so that data points for
both V_ and Vc corresponded to the averagse positive
and negative potentials in that currant reversal.
Summation of absolute values of potential for both VB
and VU gave the range in potential for a single current
cycle and further averaging between successive current
reversals was possibles. The final averaged sample sizse
was a factor of 512 since this was the number of readings
taken in one current cycle to give a single potential

range value.

The specimen was prepared and the crack identified as
described in Section 7.4.2.2. Nichrome probe wires of
0.10mm gauge were spot welded at positions viewed under a
travelling microscope. This can be seen in Plate 7.108
where a probe spacing of 1.0mm is controlled to an
accuracy of +/- 0.01mm. Such a specimen probe attachment
is seen in Plate 7.19. For the short crack tensile
loaded specimen potential gradient readings were not taken
on the same specimen. Instead a Va dummy Specimen
(Plate 7.20) was made up. The current is pulsed in
series through testpiece and dummy and a potential reading
is taken over a 2.0mm probe spacing on a 10mm x 10mm cross

section to obtain VD.
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7.5.3 A.C. Potential Drop

Since the theoretical solution for the A.C. potential
technique is uncertain the system was monitored using the
D.C. potential method for through thickness cracks for
which the theoretical solutions are well established.
Its performance was then tested in conjunction with the

D.C. method for part-through cracks.

The system used was the Testwell A.C. crack detector -
CPO03 and is a portable damage monitoring system utilising
a constant current A.C. generator and a high sensitivity
detector/demodulator. The system is seen in Plate 7.21
and a diagram of construction is shown in Figure 42. The
system was operated at 8 KHz for an A.C. current in the
range zero to 10.0 Amps. 5.0 Amps was chosen as the
current for all tests.

Four closely twisted enamel coated copper wires of gauge
0.2mn were used as detector leads. These were attached
by spot welding so that the path length AB > BC

(Figure 43). Probes B and C compensate for temperature
changes and induced pick-up whilst twisting equalises the
induced pick-up. The leads were then connscted to the
preamplifier via a standard 180° five pin D.I.N.
connector. The signal was amplified and demodulated to
feed a D.C. output. A filter was 1included 1in the
demodulator section and a potential back-off unit

incorporated so that initial resadings were off-sset.

For the bend test, current input leads were mechanically

-114-



clanped a distance equal to the specimen width away from
the crack on the front crack facs. A specimen with both

A.C. and D.C. probes is shown in Plate 7.22.

For the front-face crack and corner-crack specimens
current lead attachment was at the remaining fin sections
as shown by Plates 7.23 and 7.24 respectively. This was
in order to concentrate the current flow and enhance the
skin effect in the region of cracking. For these
specimens the copper probes at positions A and B

(Figure 43) were used in the D.C. potential comparison.
Input to the Dartec amplifier described in Section 7.5.1
was by connection of coaxial cable to the pins of the
D.I.N. plug. Strip chart recorders were used to record

both systems for comparison.

7.5.5 Metallography and Fractography

Specimens for metallographic study were sectioned 1in
appropriate direction and polished by mechanical grinding
to a final 1/4um alumina finish. For examination of
microstructurs samples were etched in Keller's reagent
(2ml HF, 3ml HCl, 5ml HNOjand 90ml water). For grain
size measurements samples were anodised in Baker's reagent
[5gHBF4 per 200ml water) at a potential of 26 volts for
50-60 seconds. By examination in optical microscope
using polarised light the grain size is determined using

linear intercept at five or more random chosen areas.

Fracture surfaces were sxamined using a Scanning Elsctron

Microscope (SEM S-150). Crack initiation and features of
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crack growth were examined normal to the crack plane but

at high tilt angles (30-55°) so as to shadow the

k[159.163)

fracture surface. Pravious wor had

astablished a relationship between the striation spacing
and the macroscopic growth rate, and an area of 'quasi-

(159). Spacimens wers aexamined

cleavage' was identified
in an attempt to identify the extent of this 'quasi-
cleavage’ area and the locatiaon of striations.
Quantitative readings taken during investigatinon were
corracted for tilt angles such that the distance, DN

from the notch root or from the initiation site DI is

given by,

L Cosa 7.12

where L = unit length from notch root or initiation

M = magnification. ®
Cosa = tilting correction angle.
Cos 8 = tilting angle of specimen.

Striation spacings were calculated similarly,

. _L Cosa
Sp Ngﬁ Tos0 CosB 7.13

where NS = number of striations in unite length, L.
CosB = angle between the local crack growth
direction and the macro-crack growth

direction.
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Plate 7.18 : Capacitance Discharge Plate 7.19 : Short Comer-Crack Probe
Welding Equipment . Attachment .

31 - - ) . r . . - .
Plate 7.20 : \O Dummy Specimen for Short Cracks.



Plate 7.21: A.C. Potential Drop System,

Specimen
Oscillator
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Output
Meter
Offset Operational
Output ° Cont mlJ Rectifier

Figure 42: Construction of the A.C. Potential System.
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-
n

Yellow R
White B

]

Red

Blue

I}
n

Plate 7.22 : A.C. Potential, Bend Specimen,




I .
mnr" 5

NIM»- ! ‘-omm
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Plate 7.24 : Corner-Crack Specimen,
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8. EXPERIMENTAL RESULTS

6.1 D0.C. Electric Potential Drop Crack

Measurement Systems

8.1.1 Constant D.C. Potential Drop Analysis

In presenting the data from the D.C. potential drop method
it 1is convenient to normalise values of the crack
potential, Va, with respect to the initial velue of
crack potential, Van‘ Change in the dimensionless

ratio, Va/UaD could therefore be associated with crack
growth. Orift in the probe potential can arise from
temperature change. This can be compensated by using
the measured reference potential Vo’ VD repregsents
the potential gradient along an un-cracked section of the
specimen. We can normalise VU in terms of its initial
value, at time zero, Vou' The output from the
potential drop system can be presented in terms of
dimensionless (Va/Vaoll(VU/VuB) VEBrsus fatigue
cycle time. Crack potentials measured in this way have

been time averaged and the scatter of the readings

examined.

Two methods of averaging were used. In a block average,
all data within a fixed time period (block size) is
averaged. In a moving average the initial block is
averaged and then the block time is incremented forward
and re-averaged. The increment chosen was two seconds as
this was equivalent to the pulsed D.C. cycle time, whilst
block times varied but wers typically in excess of an
order of magnitude greater. The moving average givos a

better indicator of the scatter of averages in time.
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Figures 44, 45 end 46 show the output (V /v_ )/
[VD/VODJ for the D.C. method over @& thirty minute
period. The sampling intervals and sizes where chosen to
allow a comparison between the constant D.C. method and
the pulsed method. Both Va and Vo channels were read
256 times at a rate of 1 reading/channel/100 us on the
start of every second. Two seconds represented the
minimum block size time consistant with the 0.5 Hz pulsed
D.C. switch frequency in which a single potential range
value 1is obtained. Figure 44 is a plot of the data
averaged for a two second time block. The plot is a
block average. since the increment time 1is also two
seconds. Each data point represents the average of 512
potential readings taken within the two second block.
Figures 45 and 46 demonstrate the effect of further
averaging in multiples of 512 (thereby increasing the
block size and time). Figures 45 and 46 are moving
average plots since the data between successive points are
not discrete. The data band width of +/- 295mV (at
50,000 Gain) falls to +/- 71mV and +/- 30mV as a result

of increasing the sample size by a factor of 20 and 50
respectively. A further reduction in band width by a
factor of 2.5 was given by presenting results in the form

of valvau‘

8.1.2 Pulsed 0.C. Potential Drop Analysis

Data for the pulsed 0.C. potential drop method was
normalised and averaged as described in the provious
section. Figures 47, 48 and 49 show the output

' +Cis d over a
(Va/VaDl/[VD/VDD) of the pulsed D.C metho
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30 minute period. Figure 47 shows the raesult of the
minimum block size in the averaging process to obtain the
potential range. This represents one cycle of the pulsed
0.C. current. The plot is a block average since all data
is discrete. The procedure was outlined in Section
7;5.2. Each data point represents the average of 512
potential readings, 256 readings taken at each polarity.
This gives a single potential range value for both Va
and Vo. Further averaging over a number of current
reversals was dons. Results are shown in Figures 48 and
49 for 20 and 50 current reversals in the block tima.
Figures 48 and 49 are moving average plots since the data
between successive points is not discreste. The sample
size can be considered in terms of the number of potential
range values (current reversals) or as the total readings
taken (multiple of 512 and the number of current

reversals). The net result is shown in Figure 56.

The reference potentials, Vao and Vnn’ are measured
after operation of the equipment for some time, say 30

minutes. This would allow the electronics to stabilisea.

Results for crack potential can be presented independent

of potential gradient, Vu’ and initial potential
gradient, Voo’ The ratio of crack potential to initial

crack potential, Va/Va versus time is shown in

ol
Figures 50, 51 and 52 for data averaged over a number of
current reversals, 1, 20 and 50 respectively. A
significant reduction in scatter is observed for each

case. This is displayed graphically in Figure 56.

-129-



A disadvantage of presenting the data shown in Figures 50,
51 and 52 is that the scatter is a function of the value

of V_g- This scatter is shown directly by plotting the

crack potential range, V against time as in Figure

ar’
53. Here comparison can be drawn from Figure 52 since
both plots are averaged with the same sample size. The

difference is the plot of a moving average and a block
average. It is of interest to know how both polarity
signals are behaving and this is seen in Figure 54. Both
Va negative and Va positive are plotted against time.
In Figure 53 the potential range values were averaged over
a number of current reversals. In Figure 54 the averaged
unipolar values per current cycle are further averaged
over a number of cycles. Comparison between Figures 52,
53 and 54 is possible since Figures 52 and 53 involve the

same sample size and Figure 54 involves the same number of

current reversals in the averaging process. Figures 50
to 54 are V0 independent since Figures 47 to 489
indicated an improved scatter by omission of the
potential gradient when normalising data. In an attempt
to incorporate the potential gradient, Figure 55
demonstrates an alternative method for a depsndence of
vV, on Uo. The range in crack potential, Var’
obtained from the pulsed D.C. procedure and shown in
Figure 53, is adjusted by an equal amount of the variation
in range of potential gradient. Vo The precise
procedure is dependent upon & number of points and is

discussed later.

/%0
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8.2 Electrical Potential Calibrations

It is customary to represent D.C. electrical potential
calibrations in a non-dimensional form. Curves aroc drawn
for V_/V W versus a/W, where V, is the crack
potential drop across the unknown crack length, a. W is
the specimen width and V, the potential drop per unit
length of the uncracked specimen. VD can be determined
theoretically from knowledge of material resistivity or
measured experimentally. The latter method may account
for geometrical influencs. In the present investigation,
for calibration of OD.C. potential output, theoretical
potential gradient values are used. These are shown in
Table 8.1 for the variety of materials and specimen

designs used in this work.

In the A.C. electrical potential calibration results are
presented directly. This is & consequence of the

independence from specimen dimensions.

8.2.1 D.C. Potential Calibration of Fin Cracks

The fin cracking was conducted for tensile loaded
specimens, the design of which is depicted in Figures 29,
30 and 31. Potential probes were placed across the notch

in the fin and at its mouth.

For the front-face cracked specimen shown in Figure 31 a
fin width of 10.0mm meets the front-face square with thea
fin. It is therefore necessary to completely crack the
fin along the centre line so as to introduce the crack

into the specimen bulk. The calibration curve |is
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presented in the non-dimensional form in Figure 57. We
represents the specimen fin width whilst VO is the
theoretical value of potential gradient calculated for a

gection size of 15mm x 30mm.

Cracking was visually monitored by means of the scale
scribed upon the fin as depicted in Plate 7.9. At the
critical point where the crack enters the specimen bulk,
vision is obscured by the radial contact of specimen and
fin,. When the crack had failed to enter the specimen

bulk, the final fin crack length was unknown and a spark

* machined notch was cut into the spacimen. Such an

example is seen in Plate B.1.

Once a crack enters the material then surface readings of
crack length can be recorded after the fin has been
removed. Only after final fracture can the centre line
depth position be observed and it is this value that is

represented as crack length a in Figure 57.

From the large corner-crack specimen dssign shown in
Figure 29 then a minimum fin width of 3.4mm results along
the fin centre line. A maximum fin width of 4.4mm exists
on the fin surface. This is a result of the angle
between fin and corner -facs. Inclusion of the 3.0mm
notch restricts the available fin width in potential
crack length cealibration, Both dimensional and
instrumentational variables make the recording of absolute
values for such limited crack growth impractical using

constant D.C. potential drop.
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For the short corner-crack specimen shown in Figurec 30,
the apex of the specimen corner is concealed within the
fin as before. The minimum fin width, along the centre
line, corresponds to 10.4mm and this is taken as “F in
presenting the calibration curve. The theoretical value
of potential gradient is calculated for a section size of
10mm x 10mm and is used in presenting the calibration
shown in Figure 58. Visual readings aid calibration and

Plate B.2 shows such a cracked corner fin.

8.2.2.1 Constant D.C. Potential Calibration for

Part-Through Thickness Cracks

In the calibration of part-through thickness cracks the
potential probe attachment locations need to be accurately
determined prior to fatigue. In the same process the
initial surface crack length can be obtained. Polishing
followed by a light chemical etch was sufficient to
identify the crack location. The calibration is
presented as non-dimensional so that Va/VDH is plotted
against a/W. W is the specimen width and V_  the
potential gradient, values of which are recorded in Table
B.1. Experimental calibration curves are normally
constructed after a number of cracks have been grown to
varying lengths. A more efficient process is to band the
fracture surface by varying the fatigue lower load. Such
an example is seen in Plate 8.3 for a thumbnail crack.

Although this has grown beyond the limit in K-calibration,
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the calibration is still valid. The initiel crack would
normally be identified if & significant increase in load
was used to re-propagate the crack. If there were no
gignificant increase in load. then measurement of the

subsurface crack length posed a problem. Anodising
revealed this initial crack size and shape but concern was
stressed regarding crack tip chemistry(125]. This
would not affect the calibration data but should be
remembered when assessing crack propagation rates. For a
spark machined starter notch there was no problem of
defect location and measurement. Such a defect is seen in

Plate 8.4 from which a thumbnail crack has emanated.

A comparisaon of experimental calibration by load banding
and theoretical calibratinn[1ag)is sgen in Figure 58 for
a thumbnail crack. Similar load banding was conducted on
a corner-crack specimen and the fracture surface is shown
in Plate 8.5. When the fin-crack was not long enough to

enter the specimen, and consequently removed by machining,

a spark-machined notch would be introduced (Plate 8.6).

B.2.2.2 Pulsed D.C. Potential Calibration for

Physically Short Corner-Cracks

In the pulsed D.C. potential method both positive and
negative polarity crack potentials are recorded. A
change in potential range becomes the measurement of crack
growth and the calibration can be presented as & non-
dimensional plot of Va/VOH against a/W as before.
The value of crack potential Va is simply computed from

half the potential rangs. Var' in the pulse method.
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The D.C. potential calibration for cracking is the seme as
that wused in calibrating the constant D.C. potential
method and Figure 60 shows the comparison of

[1ag]and experimental celibrations. The

theoretical
left hand vertical axis shows the scele for constant D.C.
potential drop deduced from the right hand axis of the

potential range,

B.2.3.1 Constant D.C. Potential Calibration for

Through-Thickness Cracks

The method of 1load banding is equally applicable to
through-thickness cracking (Plate 8.7). In this

(1283wa3 used as a gauge 1in

particular test a foil
canjunction with the conventional D.C. potential
drnp[129}. By passing a small electrical current
through a foil attached to the specimen side and notched
in the same manner as the specimen the potential drop
across the foil is measured in the same way as for the
specimen. The advantage of using the foil is that a
greater current density can be achieved giving an
increased potential gradient so that the sensitivity to
cracking is improved. The crack in the foil must be
representative of the crack in the specimen. For both

systems the potential calibration is presented in non-

dimensional form.

For the spark-machined notched specimen, type S1,
agreement between theory(135)and experiment is very good
as shown in Figure 61. This agreement breaks down as the

notch radius and depth increase. The calibration curves
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for notch types 00 and 06 are the result of aexpariment on
saveral specimens and previous work(159] involvad the
fitting of polynomials of varying degrees to the data.
The best fit was achieved by a three degree polynomial.

For. notch type 00 this can be expressed as:

3

2 Ua :
+ 3,05( B.1
VoW

aO+C - Va va
-u—w—- = 4.11 + 12.39(@] = 10-48[@]

For notch type 06 then the constants within the polynomial

becoms:
B4 _ Va Vi 2 Vy.3
= B.63 + 15.37( ) - 11.26( )+ 2.80( ) 8.2
W VoW VoW VA

These curves are shown together with the theoretical
solution and the approximation from spark-machined notch
types in Figure ©61. A problem, as indicated

befnra[159]

» is the shape of the initiated creck from a
blunt notch. Cracks were found to be semi-elliptical up
to crack lengths 3mm ahead of the notch. The measured
lengths reported here represent the equivalent through-
thickness crack length rather than a real crack length
ahead of the notch. An example of such a condition is
seen in Plate 8.8 where multiple fatigue crack initiation
is observed from corrosion pits within the root

Padius(1261.

8.2.3.2 Pulsed D.C. Potential Calibration for

Through-Thickness Cracks

The spescimen wused in this investigation, the spark-

machined notched bend specimen, was chosen on two
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accounts. Firstly the specimen showed a guod agreement
between theory and experimental results as demonstrated
for the constant D.C. method; secondly the spark-machined
notch was sufficiently acute to prevent crack initiation
and growth by cusp formation. An avenly formed through-

thickness crack was present for short crack lengths.

Although the range in crack potential was defined as the
measurement for crack growth, the non-dimensional plot of
va/vnw versus a/W is used. The pulsed D.C.
calibration shown in Figure 62 is essentially the sams
calibration shown in Figure 61 for the theoretical and
spark-machined notch cases. The opposite vertical axis
shows the crack potential range, V. .. and is

ar
characteristic of the pulsed D.C. cass.

8.2.4 A.C. Potential Calibrations-

Absolute values of crack potential and crack length are
plotted in the A.C. potential calibration. The same
process of load banding the fatigue fracture surface was
used (Plates 8.3, 8.5 and 8.7). Alternatively, the D.C.
potential drop method could be used in conjunction with
the A.C. method by simultaneous connsction of probes 1 and
4 at positions A and B to a D.C. potential recording
device (Figure 43). The two systems were found to

operate independently of each other.
A calibration curve for a front-face crack, with the

specific probe positions identified, is shown in

Figure 63. The points shown on this figure are those
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from load banding and the D.C. system was used as a check
on these values. The result shows a linear relationship
after approximately 6mm of crack growth, whilst the whole
curve approximates to a polynomial of the form:

a = 25.12 - 5.88 (V) + 1.85 (vV_)* - 0,07 (v)3 8.3
Although & good result had been achieved, it was not easy
to reproduce this calibration. Transient voltage change
~was observed at the onset of loading and during early

stage fatigue crack growth.

A‘similar result was achieved with a corner-crack as shown
in Figure 64. The load banding points are those shown in
the calibration. A near linear relationship is achieved
although a polynomial has been used to fit the data and
was shown to be of the form:

a = 715,68 + 16.14 (V) + 0.28 (v) - 0.01 (v ) 8.4
Again, the calibration was difficult to reproduce as a

result of voltage changes during initial loading.

The resulting A.C. calibration for a through-thickness
crack bend specimen, notch type S1, is shown in Figure 65.
The readings were calibrated from D.C. potential drop
measurements and a polynomial curve fitted. Although a
linear relationship was achieved after approximately 1.5mm
crack depth the polynomial is described by:

a=70.78 + 4,22 (V) - 3.52 (v,) + 3.24 (v° 8.5
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This was not repeated as this prompted the effort in A.C.

calibration of part-through cracks.
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Plate 8.1

Plate

8.2

Inclusion of a Spark-Machined Notch
to Initiate a Thumbnail Crack.

Cracked Short Corner-Crack Specimen
Fin.
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Plate 8.5 : Corner Fatigue Fracture with Crack
o Front Markings Produced by Load Range
Changes for LExperimental P.D. Calibration,
(R = 0.1 and 0.5).
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Plate 8.6 : Corner-Crack from Spark-Machined Notch,



Plate 8.7 : Through-Thickness Crack with Crack
Front Markings Produced by Load Change:
for |5Xfll' rimental P.D. Calibration
(R = 0.1 and 0,5).

Fatigue Crack Initiation from Corrosion
Pits in Blunt Notch-Type 00(120),
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FIGURE S9. COMPARISON OF THEDRETICAL AND EXPERIMENTAL
D.C. POTENTIRL CALIBRATIONS FOR PART-
THROUGH CRACKS.
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FIGURE 60. PULSE D.C. POTENTIAL CALIBRATION FUR
A PHYSICRLLY SHORT CORNER-CRACK.

~161~-



NORHALISED CRACK
POTENTIAL Va/Vol

2.4 . 4 N/T 0B | s
mm
o N/T 00 '
50 Amps.
2.2 | . N/T SRI
2
1.8 1 THEORY (160)

L i
L] Ll

o2 3 -4 o sb ./
NORMALISED CRACK LENGTH a/¥

FIGURE 61. COMPARISON OF THEORETICAL AND EXPERIMENTAL
D.C. POTENTIRL CALIBRATIONS FOR BEND

SPECIMENS OF VRRIOUS NOTCH TYPES.
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FIGURE 62. PULSE D.C. POTENTIAL CALIBRATION FOR
A PHYSICALLY SHORT THROUGH-THICKHESS
CRACK.
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A FRONT-FRCE CRACK. 2014 F2R.
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8.3 Propagation of Long Fatipue Cracks

The constant D.C. potential drop method was accurate for
the measuremaent of crack growth from relatively large
defects. These findings were presented in Section 8.1.
Consequently all long crack propagation data was acquired
using the method described in Section 7.5.1. Calibration
of crack length from crack potential is described 1in
Section 8.2 and to determine the incremental increase in
crack length associated with cycles elapsed in fatigue
the method, described alaewhere(157]. uses a seven point
polynomial technique to fit successive pairs of crack
length values versus cycles data. Crack growth rates and
the stress intensity range are computed for the middle
location. The technique requires an even distribution of
crack length - ‘cycle pairs throughout the crack growth
range and cannot compute growth rate data for the first

three and the last three data pairs.due to the seven point

technique. Details of computation of stress intensity

range for all specimen types were given in Section 7.3.

The propagation rate of an engineering crack can be
represented by the Paris Law which is presented in the
form:

gﬁ = A (aK)" 8.6

Such a relationship is normally quoted for the middle
region shown in Figure 11 so that conservative design
would normally be sxpected at the lower values of stress
intensity. For the experimental results represented

graphically in this work, data over the whole range in
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stress intensity is used to determine the regression line.
The line is more representative of the middle section and

is used for comparison purposes only.

8.3.1 Propagation of Fatipue Cracks in Alloy 2014 7651

From an injected fatigue crack of approximately 1mm depth,
fatigue crack propagation was observed in alloy 2014 T651
from a free surface. Crack growth was observed for crack
lengths up to 7.5mm and 10.0mm for thumbnail and corner

cracks respectively.

Data for corner-crack specimens are shown in Figures 66 to
69. Three plate directions were of interest. By
referring to Figure 27 the specified direction A, B or C

identifies the orientation.

Figure 66 shows corner - crack propagation for plate
direction A and covers a range of stress intensity from
5.4 MNm 2’2 to 37 MNm /2. Four specimens were
tested at various load ranges so as to cover the range of

stress intensity.

Similarly Figure 67 shows corner-crack propagation for
plate direction B and covers a range of stress intensity

3/2 -3/2

to 23 MNm Three specimens were

from 4.8 MNm~
the minimum number required to completely cover this range

of stress intensity.

Figure 68 shows corner - crack propagation for plate

direction C and covers a range of stress intensity from
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4.2 mm 32 to 20 mvm 3’2, Thres specimens woro

tested to cover this range.

Figure 68 shows a comparison of crack propagation for the
three plate directions A, B and C. Constants of the
Paris Law, equation 8.6, were determined by a least
squares method of regression analysis and these are shown
in Table 8.2. Normally a test would be stopped before
final failure and the opposite corner milled out so
enabling the specimen to be broken open by bending
fracture. Such a case is shown in Plates 8.5 and 8.6.
An example of fatigue to final fracture is seen in Plate

B.gl

Data for thumbnail crack propagation are shown in Figures
70 to 73. The three plate directions A, B and C shown in

o

Figure 27 were of interest.

Figure 70 shows thumbnail crack propagation for plate
direction A and covers the range of stress intensity from

-3/2

5.0 MNm to 12.0 MNm_afz. Three specimens were

used to cover this range.

Similarly Figure 71 represents thumbnail crack propagation
for plate direction B, and covers the range of stress

3/2 -3/2 with omission

intensity from 3.6 MNm to 22 MNm
of the central portion. Only two specimens wers used in

this analysis.
Figure 72 shows thumbnail crack propagation for plate
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direction C and covers the range of stress intensity from
4.0 Mm% to 16 M~ 372, Three specimens were

tested to cover this range.

Figure 73 shows a comparison of thumbneil crack
propagation for the three plate directions A, B and C.
Constants of the Paris Law deduced by regression analysis
are shown in Table 8.2 together with those constants
determined for corner cracks. Rc represents the
correlation coefficient. Figures 74, 75 and 76 show
graphical comparison of crack propagation for corner and

thumbnail cracks for each plate direction. Comparison

can also be drawn from Table 8.2.

Normally a thumbnail crack would have been prevented from
attaining final fracture. The specimen sidewalls were
cut so restraining plastic deformation on breaking open
the specimen. Plates 8.3 and 8.4 show examples.

Fatigue to final fracture is seen in Plate 8.10.

8.3.2 Propagation of Fatigue Cracks in Alloy 7010

From an injected fatigue crack of approximately 1mm depth,
fatigue crack propagation was observed in alloy 7010 T73
from a free surface. Crack growth was observed for crack
lengths up to 7.5mm and 10.0mm for thumbnail and corner
cracks respectively. Only plate direction A, depicted in

Figure 27, was investigated.

Figure 77 shows corner crack propagation for the range of

-3/2,

stress intensity 3.4 [“"\Im_a/2 to 32 MNm Four
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specimens were used to cover this range.

Similarly Figure 78 represents thumbnail crack propagation
and covers the range of stress intensity from 2.0

=312 -3/2.

to 22 MNm Three specimens were used to

MNm

cover this range.

Figure 78 shows a comparison of crack propagation for the
two crack forms considered and constants of the Paris Law,
determined from regression analysis, are shown in

Table B8.3.

8.3.3 Propagation of Fatigue Cracks in Alloy 7475

Fatigue crack propagation was observed in Alloy 7475 for
two tempers, T7351 and T736, described in Table 7.3.
Analysis was conducted using corner cracks for crack
growth from 1.0mm to 10.0mm. A specimen orientation of

plate direction A was used throughout (Figure 27).

Figure B0 shows crack propagation for temper 77351 and

«3f2

covers the range of stress intensity from 4.6 MNm to

-3/2

30 MNm Three specimens were used to cover this

range.

Similarly Figure 81 shows crack propagation for temper
T736 and covers the range of stress intensity from

3/2.

5.2 MNm 3’2 to 38 MN Three specimens were used

to cover the range.
Figure 82 shows a comparison of crack propagation for the
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two tempers considered and constants of the Paris Law are

shown in Table 8.4.

8.4 Propagation of Physically Short Fatipue Cracks

The analysis of the D.C. method of potential drop
measurement was presented in Section B.1. It is known
from theoretical calibrations that crack measurement is
less sensitive for a shorter crack 1length. This is a
consequence of the asymptotic nature of the calibration
curve. Signal descrimination will approach that of the

noise in the measurement system.

The constant D.C. potential drop method was wused to
monitor propagation of short cracks (less than 1.0mm deep)
in Alloy 7010 T736. Bend specimens with spark-machined
notches, type S1, were used. This specimen was shown in
Plate 7.22 for analysis of A.C. potential drop. After
testing the pulsed D.C. potential drop method it was used
to monitor crack growth in this specimen. In the
analysis of physically short corner-crack propagation in
Alloy 7475 717351 the pulsed D.C. potential drop method

only was used.

8.4.1 Propagation of Physically Short Through=-Thickness

Crack in Alloy 7010 T736

Cracks were grown from a spark-machined notch 0.15mm deep
to between 2.0 and 3.0mm. Crack propagation data
presented in Figure 83 and Table 8.3 are from both O.C.
potential drop methods. Paris Law constants are shown

for comparison with 7010 T73 material in Table 8.3. Data
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was obtained at the lower range of stress intensity

m-3/2 unm~3/2  since linear

between 3.2 MN and 12
elastic conditions are obeyed. An example of such

fatigue crack growth can be seen in Plate 8.11. The size
of the melt zone ahead of the spark machined notch has

“25). Plate B8.12 shows such a geometry

raised concern
in section and the relative size of the notch in

comparison to both crack and microstructure.

8.4.2 Propagation of a Physically Short Corner-Crack in

Alloy 7475 T7351

A physically short corner-crack of length 0.67mm wes
produced by the fin cracking process. The length was
determined by machining away both the fin and some of the
specimen thickness (Plate 8.13). The crack was propagated
to 2.45mm crack length under constant amplitude fatigue.

The stress intensity amplitude at the steart of fatigue
was 4.0 r'1Nm"3/2 and increased to 7.0 MN'3/2 at the
final crack length. The data are shown in Figure 84
where the regression line of the long crack propagation is
also shown. The result on Paris Law constants cen be seen
in Table 8.4 for the fatigue crack growth shown in Plate
8.14. In an attempt to monitor propagation of shorter
fatigue cracks effort was made to grow a crack of 0.27mm
left by fatigue cracking the specimen fin. This test was
not successful as shown in Plates 8.15 and 8.16. Fatigue
initiation and growth was significantly faster within the
gauge length at a location distant from that being
monitored. A similar result was observed for a front-

face crack specimen shown in Plates 8.17 and 8.18 where
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an attempt was made to grow a fatigue crack of 0.7mn in

7010 T73 material.
Load duty for all specimens tested in Sections 8.3 and 0.4

is. shown in Appendix I. Comments are added regarding

experimental techniques and the outcomne of data produced.
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Plate 8.9 : Corner-Crack Specimen Fatigued to
Final Fracture.

Plate 8.10 : Thumbnail Crack Specimen Fatigued to
Final Fracture.
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Plate 8.11 : Physically Short Through-Thickness
R Crack Specimen.

Plate 8.12 : Through-Thickness Crack Growth from
a Spark-Machined Notch.
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Plate 8.13 : Physically Short Corner-Crack as
Produced by Final Machining.

Plate 8.14 : Physically Short Corner-Fatigue-Crack.
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Plate 8.15 : Failure of Short Corner-Crack Specimen,

Plate 8.16 : Failure of Short Corner-Crack Specimen.
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Plate 8.17 : Failure of Front-Face Crack Specimen.

-

Plate 8.18 : Cause of Failure of Front-Face
Crack Specimen.
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8.5 The Initiation and Propagation of Fatipue Cracks

from Blunt and Overloaded Notches

The analysis of initiation and propagation of fatigus
cracks from blunt notches was conducted on extruded stock
aluminium alloy 2014 T6. The bend specimen design is
described in Section 7.2.1 and Figurs 28 and shown in
Plate 7.8. K-calibration data is given in Ssction 7.3.1

and the procedure is described in Section 7.4.1.

8.5.1 The Initiation of Fatigue Cracks

To present the data for initiation, it is first necessary

to define the term. This was considered as a 1,V
increase in potential drop for both notch typses. In
previous work(159}it was shown that this increase would

give comparable crack lengths for the two notch types 00
and 06. The 1 uV increase in potential is equivalent to
a 0.12mm equivalent through-thickness crack at the notch

root.

Data for the initiation of fatigue cracks can be presented
in the form of a stress intensity parameter versus the
cycles to initiation as shown by Figurs 85. The stress
intensity parameter chosen here is al<n which represents

the notch stress intensity factor amplitude and was

(158)

shown to present the best description of crack

initiation data. The details of calculation of A Kn
are given in equations 7.3 and 7.5. If the cycles to

initiation are represented as N then by regression

i
analysis the data can be described in the form:

11 6.34 g

Ni = 1.89 x 107" (&K )~
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for notch type 00. Data for the overloaded condition can

be seen in Table 8.5 where data from a previous
(126)

report P specimens MA1, MA2 and MA3, eare also
presented. The terms used in this table can bu described
as ‘' follows. The maximum fatigue load, M.F.L., is the

maximum load in the load range used in fatigue. All tests
were done using a minimim to maximum load ratio R = 0.1.
Overloads prior to fatigue can therefore be expressed as a
percentage of the M.F.L. or as a percentage of the general
yield load, G.Y.L. The G.Y.L. is derived fromn bending
theory and given by equation 7.11. The Neuber plastic

zone size is used as an estimate of plasticity.

For each case of single overload, the cycles to fatigue
crack initiation were greatly increased from when there
was no overload. For notch type 00 overloaded by 25% and
50% of the M.F.L. (42% and 50% of 6.Y.L.) then the number
of fatigue cycles to initiation increased by a factor of
1.4 and 2.3 respectively when compared with the normal
%atigue case. For a 75% overload of M.F.L. (59% of
G.Y.L.) the increase in cycles to initiation is seen to

vary from a factor of 1 to 2.

Multiple overloads showed the same effect in increasing
the cycles to initiation for notch type 00. In each cass
the effect was reduced. A 25%, 50% and 75% overload of
M.F.L. (42%, 50% and 58% of G.Y.L.) gave corresponding

increases of 1.3, 1.3 and 1.1 respectively.
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Data regarding notch type 06 are seen in Table 8.6. A
similar result of increasing cycles to initiation,
associated with a notch overload, is observed. For a
single overload of 25%, 50% and 75% of M.F.L. (50%, 60%
and 70% of G.Y.L.) the number of cycles to initiation
increase by a factor of 1.5, 4.7 and 2.1 respectively by

comparison with the normal fatigue case.

Multiple overloads show a further increase in cycles to
initiation for notch type 06. For overloads of 25%, 50%
and 75% of M.F.L. (50%, 60% and 70% of G.Y.L.) the
increase in cycles to initiation is by a factor of 2.4,

5.0 and 5.2 respectively.
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8.5.2 Propagation of Fatigue Cracks

By the same method presented in Section 8.3, crack
propagation rates are determined by incremental seven
point polynomial technique and described by the Paris Law
eqhation 8.6. The results can be graphically represented
as in Figure 86. This shows data for both notch types,
00 and 06, and the data for corner-crack specimens of the
same material. The corner-crack data was presented in
Section 8.3.1 and shown in Figure 66. The notch bend
data covers a range of loading for values up to 53% of
general yield load. At the higher loading range we would
expect notch plasticity, as shown by specimen 6R4 in
Table 8.6. Plasticity is expected when the criterion

(Ko /o yg) > 1.0 as given in Section 4.2.1. The
nominal stress, O is given by bending moment formula
for a three point bend specimen. The load, P, at which
plasticity will form is deduced by substituting the yield

stress, Oygs into the equation,

_ 21
P = §§ Un
where I = Second moment of area.
S = Span.
y = Displacement from the neutral axis.

P Umax“(t
Plasticity will result when the loads of 4.6 kN and 5.3 kN
are exceeded for notch types 00 and 06 respectively. The
extent of plasticity will be approximately given by

equation 4.11.

The stress intensity range covered by the notch data in

Figure 86 extends from 12 Mm 3/2 to 40 MNmm™ /2.
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The stress intensity amplitude, A K, was determined for an
equivalent through-thickness crack. The problem of
describing the crack length was discussed in Section 0.2
regarding the glectric potential drop calibration.
Results in Figure 86 would indicate the validity of
describing the crack-front profile as an equivalent

through-thickness crack.

The overload programme for notch type 00 is shown in

Table B8.5. The fatigue crack propagation data for this
notch with a singls overload are seen in Figure 87 where
the degree of retardation is influenced by the extent of
the overload. The data regression line discriminates
between each overload. The regression line data together
with that for the corner-crack data are shown in Table

B.?.

The overload programme for notch type 06 is seen in

Table 8.6. The fatigue crack propagation data for a
single overload are seen in Figure 88. A similar effect
of the extent of the overload is observed on the fatigue
crack propagation from notch type 06. Specimen 6R2 (50%
overload of M.F.L.) did not propagate as expected although
the initiation of propagation was extremely retardoed
(Table B8.6). The data regression line discriminates
between each overload and is given together with that

for the corner-crack data in Table 8.8.

Crack growth retardation is observed for multiple

overloads, as it was for single overloads, for both notch
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types. Regression line data are seen in Tables 8.7 and
8.8 for comparison between crack propagation data for
gingle and multiple overloads, agreement on the trend is
observed. For notch type 06 this comparison is seen in
Fiéuras 89, 90 and 91 for overloads of 25%, 50% and 75%

respectively of the M.F.L. (50%, 60% and 70% of G.Y.L.).

The variation in fatigue crack growth rate between an
overloaded notch and that of propagation when there is no
overload is attributable to the notch overload 2zona.
Should the crack have propagated through this zonae, then
propagation would be expected to return to the normal
propagation rate (crack pEOpagatiun rate when there is no
overload) . Figures 92, 93 and 94 represent the
propagation of the fatigue crack through the notch
overload region by comparing the crack propagation data
for the overloaded notch with corner-crack propagation
data. The data are presented for the 25%, 50% and 75%
overload of the M.F.L. (50%, 60% and 70% of G.Y.L.) for

notch type 06.

For each overload the point at which the crack propaegation
rate returns to the propagation rate when no overload is
experienced can be assessed. This point is termed the
'return of normal growth rate' in Table 8.9 and the
equivalent | through-thickness crack length and
corresponding stress intensity can be identified for this
point. Comparison is drawn from the Neuber distance
where it might be expected that the crack propagation is

beyond the influence of the overload.
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FIGURE 86.COMPRRISON OF FATIGUE CRACK PROPAGATION
DATRA FOR CORNER-CRACK AND BLUNT-HNOTCH
BEND SPECIMENS.

-213-



FATIGUE CRACK [
GROWTH RATE £ . or1 0% 0/L
da/dN - da/dN
mm/CYCLE f n/CYCLE
| = OR2 257 U0/L
.01 1l . OR3 58%Z D/L " 1E-05
T f
T o4
L s OR5 757 0/L J:
1E-83 | ¥ 1E-06
T /
I ‘i
1 // ‘
| v ol
/ /Ufo
gegk | / ;f 1E~P7
+ ’I{
i bl
q [
| [
_ [
[
1E-95 bt~ j—t—t—i=t-t-+H 1E-0B
1 1 100

STRESS INTENSITY AK HN(m)=3/2

FIGURE 87.FATIGUE CRACK PROPAGATION DATA FRON
OVERLORDED NOTCHES. ALLOY 2814 T6 ,

NOTCH TYPE BB, SINGLE O/L (% OF H.F.L.).

=214



FATIGUE CRACK
GROWTH RATE
da/dN
mnm/CYCLE

1E-P3

1E-04

1E-85

1E-06

FIGURE 88.FATIGUE CRACK PROPAGNTION DATA FROH

-

11 1 11t

L g 2
LI B |

6R3 0% 0/L

B6RS 257 0/L

6R2 58%Z 0/L

6R6 75%Z 0/L

OVERLORDED NOTCHES.

i 1 | D D S T Y |
L ¥ LI Bt B e A A

STRESS INTENSITY AK

NOTCH TYPE 88,

-215_

b b —deed=1 11

HH(m)-3/2

ALLOY 20814 T6

da/dN
m/CYCLE

1E~-D6

1E-87

1E-08

1E-AY8

100

SINGLE O/L (% OF M.F.L.).



FATIGUE CRACK
GROWTH RATE
da/dN
mm/CYCLE

.B1

1E-03

1E-D4

1E-85

E o DOR2 257 SINGLE O/L da/dN
1 n/CYCLE
T « OR6 25% 18 0/L
1 1E-05
I
I i
1 jﬁ 1E-06
i If
I y’
1 /
| i
[

L :{{/
| /1 1E-07
T /1
I /1
- [

f—tt—t—t—ti-H j—t—t—t-1-t-1| 1E-D8
1 10 109

STRESS INTENSITY AK MH(m)-3/2

FIGURE B89.COMPARISON OF FRTIGUE CRACK PROPAGATION

DATA FROM O/L NOTCHES.

257% 0/L FOR HOTCH

TYPE 00, SINGLE AND 10 0/L'S (Z OF H.F.L.).

-216-



FATIGUE CRACK

GROWTH RATE X
da/dN
nm/CYCLE

i
1§

.01

L RN JEh S5 S B

1
¥ & T ¥y 17

1E~-P3

L1 .1 1 71

1E-P4

L% 1. 11

1E-A5

o DOR3 507 SINGLE 0/L

o OR?7 507

i i

FIGURE 90.COMPARISON OF FATIGUE CRACK

STRESS

da/dHN
m/CYCLE
19 0/L
[
Ilj
/
f
7’ 1E-06
!
Nl
/
o/ l
[l
[l
[ b 1E-p7
||
i
l
[
[
f—t—-t-tf————f—f—t—i=1-4-1-H  1E-DB
18 100
INTENSITY AK MH(m)=3/2
PROPAGATION

DATA FROM O/L NOTCHES. Sp% 0/L FOR HOTCH

TYPE DO, SINGLE AND 10 0/L'S (Z OF H.F.L.J.

-217-



FRTIGUE CRACK

GROWTH RATE I
da/dN ‘T o« ORS 75%Z SINGLE 0/L da/dN
am/CYCLE i m/CYCLE
T o ORB 75% 18 0O/L
.01 L | 1E-D5
T I
I g/
1 [l
1 [l
sl
o 1]
1
1E-03 | I 1E-06
T [
i [
T &)
T [
T [
i [
.-[’l
1E-p4 ; H, 1E-07
T [
I I i
1
+ [
: [ of
[
1E-85 f——d =} —t—t—t—t--+H 1E-DB
1 1P 18P

STRESS INTENSITY AK MH(m)=-3/2

FIGURE 81.COMPRRISON OF FATIGUE CRACK PROPAGATION
DATA FROM O/L NOTCHES. 275Z%Z 0/L FOR NOTCH
TYPE 00, SINGLE AND 10 0O/L*'S (Z OF M.F.L.).

-218-



FATIGUE CRACK

GROWTH RATE I
da/dN [-—C.C. 2014 A da/dN
an/CYCLE L n/CYCLE
T o BRS 25% 0/L
.01 L 1E-05
- /
.
T /
L Q/
1 /
y,
" //G
1E-83 | /Af 1E-06
T (v]
T /
T /
- // o
L // e
1E-04 / 1E-07
% /
T /
I /
I /
+ /
1 /
/
1E-B5 bt~ bt —t—t—i-t-4-44 1E-DB
1 1P 190

STRESS INTENSITY AK HHN(m)=3/2

FIGURE 82. COWPRRISON OF FATIGUE CRACK PROPAGATION DATA
FROM 25% SINGLE 0/L NOTCH TYPE B6 WITH CORHNER
CRACK PROPAGATION DATRA (% OF M.F.L.),

-219-



FATIGUE CRACK
GROWTH RATE
da/dN
mm/CYCLE

.01

1E-P3

1E-DA

1E-B5

e

r.r

1
L DN IR B N |

—-C.C. 2814 R

o BR2 58Z 0/L

L}

T 1 1 1.t

1 1 |
i ] LI I I B |

STRESS INTENSITY AK HN(m)=-3/2

da/dH
m/CYCLE

1E-85

1E-D6

1E-P7

1E-P8

1.1
LI |

b=ttt

190

FIGURE 83.COMPARISON OF FATIGUE CRACK PROPAGATION DUATA

FRONW 50Z SINGLE 0/L NOTCH TYPE 06 WITH CORHER

CRACK PRDPAGATION DATA (% OF M.F.L.).

-220-



FATIGUE CRACK
GROWTH RATE
da/dN
mm/CYCLE

1E~-B3

1E-DA

1E-B5

1E-B6

\ MY ASSE S, b 4004
] LI}

T 1 _r v r Ty
T 1 ¥ i

~__C.C. 2014 R

o BRB 7574 0/L

L
| 1 [ I L B |
~~
~~
Q

it =

1 1P
STRESS INTENSITY AK

A
/
[ o
/
o
(o]
V]
o
(]
o
t=—t=—=t=1-1-1-1-
NN (n) =372

da/dN
m/CYCLE

1E-D6

1E-B7

1E-D8B

1E-BY

100

FIGURE 94.COMPARISON OF FATIGUE CRACK PROPAGATION DATA

FROM 2?5Z 0/L NOTCH TYPE 06 WITH CORHNER

CRACK PROPAGATION DATA (Z OF M.F.L.J.

-221-



8.6 Metallography and Fractography

8.6.1 The Examination of Microstructure

The microstructure of alloy 2014 T651 is seen in

Plates 8.19 and 8.20 for the long tranverse section and
the transverse section respectively. A typical 'pean
cake' microstructure is deduced for the cross-rolled

plate. In this process the brittle eutectic networks are

broken up and distributed. Partial alignment in the
rolling direction can be seen. Constituents are divided
into two groups; the soluble ones containing copper,
magnesium, silicon and zinc; *the insoluble ones
containing iron and manganese. Both iron and manganese
form intermetallic compounds with copper. The structure

also displays aggregates of sub-grains.

Alloy 7475 T736 is shown in two sections in Plates 8.21
and B8.22. Temper 77351 from which T736 was converted
gave similar grain size measurements but the distribution
of etching phases, shown 1in Plate 8.21; were not so
predominent. Details of sub-grain structure are seen in
Plates 8.23 and 8.24 for tempers 717351 and T736
respectively. (Detail of heat treatment is given in

Table 7 .3)«

Details of Alloy 7010 microstructure have been given

elsewhere{159].

-222~



P s e J
{ vy a

&SNS A T MR %

Plate 8.19: Microstructure in Long-Transverse Section
for Alloy 2014 T651, x160.
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Plate 8.20: Microstructure iﬂ Trans#erse Section
for Alloy 2014 T651, x160.

Plate 8.21: Grain Structure in Long-Transverse Section
for Alloy 7475 T736, x40.

All Structures etched in Keller's Reagent.
Heat treatments shown in Table 7.3.
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Plate 8.22: Grain Structure in Transverse Section
for Alloy 7475 T736, x400.
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Plate 8235 Sub-graln Mlcrostrucure in Long-

Transverse Section for Alloy
7475 T7351, x160.

~ Plate 8.24:

Sub graln Mlcrostructure in Long-
Transverse Section for Alloy
7475 T736, x160.

.

all Structures etched in Keller's Reagent.
Heat treatments shown in Table 7.3.
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8.6.2 The Examination of Fracture Surface

The Scanning Electron Microscope, S.E.M., @enables a
detailed quantitative fractographic analysis of the
fatigue process. By using a careful set-up procedure and
by recording exact stage movements, accurate measurements
of fatigue features at specific locations are possible.
Details of the procedure for recording quantitative

readings were given in Section 7.5.5.

The objective was to determine the extent of facet type
features upon the fatigue fracture surfacs. It was
therefore natural to note when striations were detected in
this search. Both through-thickness cracks and corner-
cracks were investigated and in either case concentrated
effort was maintained in the crack centre line position.

Analysis was possible for both long and short cracks.

8.6.2.1 Examination of Alloy 2014

Two types of fatigue fracture were available for analysis.
For the tensile loaded part-through-thickness crack the
initiating defect is predetermined so that the crack
propagation stage is analysed independently. For this
purpose the corner-crack specimen was chosen. In
analysis of blunt-notch bend specimens the initiation
stage is included and crack length is referenced to this
point. Three corner-crack specimens, C6A, C4A and C2A,
were of interest of which the first was fatigued at high
load, the second at a lower load and the third was load
banded. Detail of this load duty is given in Appendix

I. C6A and C2A both contained fatigue cracks introduced
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at a lower load range than that used in the final fatigue

stage whilst C4A contained a short spark-machined notch.

Plates 8.25 to B8.30 show analysis of the higher loaded
specimen CBA. The initial crack can be distinguished
from the final fatigue crack as shown in Plate 8.25.
When the fin-crack stage loading was less then the
final fatigue stage loading by at least a factor 0.83 ,
this distinction was possible. Analysis of the
" initial crack shows a surface exhibiting faceted type
appearance but on closer examination the incremental
fatigue process 1is revealed by characteristic striation
markings. This is shown in Plate B.27 where the maximum

stress intensity is of the order 7 MNm 272,

Plate B8.28 shows how this facet type fracture extends out
from the initial crack and into the final crack but
examination in specific areas reveals characteristic
fatigue markings. This facet type fracture appearancs is
seen to breakdown on exceeding 3.0mm crack length, as
shown in Plate B8.30. Beyond such crack lengths the

maximum stress intensity is greater than 15 mNn~ 372,

Analysis of specimen C4A revealed structures similar to
those shown in Plates 8.28 and B8.29 for crack lengths
below 4.0mm. Faceting still occurred at Smm crack length
in localised pockets as shown in Plate 8.31. In this
plate striation markings are also seen. Possible
intergranular fracture was observed at 4.5mm crack length

(Plate B8.32). Surface detail is seen in Plate B8.33.

¥
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Analysis of specimen C2A supported results shown in the
previous plates. Load banding had been conducted for
potential drop calibration and it was of intersst to
gxamine the fracture surface at long crack lengths for a
moderate stress intensity emplitude following a larger
stress intensity amplitude. Examination of an area after
4.8mm crack growth at R = 0.1 showad a fracture surface
typical of that in Plate 8.30. On increasing the R valus
to 0.5, for load banding, the fracture surface at 5.7mm

crack length was characteristic of that in Plate 8.28.

Analysis of blunt notch bend specimens are represented in
Table 8.10 whilst the following plates serve to illustrate
the observations. The fourth column in Table 8.10
indicates the shortest crack length for which striations

(163) showed a one to one

were observed. Previous work
correlation of striation spacing, Sp, to macroscopic
growth rate, da/dN, in the range 1 x 10-4mm/cycle to

3 X 1D'4mm/cycle for this alloy. The fifth column shows
this correlation deduced from the regression 1line of
Figure 66 and can be compared with the calculated
stress 1intensity. In this calculation the crack is
assumed to be a perfect through thickness crack and not
cusp shaped as for a short crack length. When the notch
has bseen overloaded, and the crack of interest was within

the notch overload plastic 2zone size, then the stress

intensity value was not calculated.

The term facet is used to describe features seen in

Plate B.28 and Plate 8.46. Such,sharp edged structures -
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have bsen called 'quasi-cleavea'[164] in the knowlodge
that a true clsavage process is not in opseration.

Variants of features are inevitable but it is possible to
identify a few. When this ’'quasi-cleavage' reducas in
size we might refer to it as microfacaeting. Such a case
might be that of Plate 8.38. Where the process takses on
(11)

directionality it has been referred to as a lamella

type structure.

When the fracture surface had no recognisable features,
such as striations or facets, the fracture surface was
regarded as 'featureless’. By such a term Plate B.54 can

be identified.

Plates 8.34 to 8.36 illustrate the findings of spscimean
OR1. By comparing Plate 8.34 with Plate 8.25 a finer
fracture surface appearance results for initiation and
growth from a blunt notch. Striations were detected at
0.32mm giving a striation spacing higher than that
expected from the calculated value (Equation 8.6 where the

striation spacing Sp = da/dN).

Specimens OR2 and OR3 gave similar fracture morphologies
to that of OR1. At the shorter crack 1lengths, the
fracture appearance was as shown 1in Plate 8.54. A
similar appearance to Plate 8.30 was observed for longer
cracks. Both specimens 0OR4 and O0ORS received heavy
overloads prior to fatigue crack initiation and growth.

Plate B8.37 shows initiation and the notch root conditian.
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Detail to the right of this plate is observed in

Plate 08.38 whers a 'microfacet' structure is observed.
In Plate B8.39 a facet is noted to be of comparable size to
the grain sizs. Examination of the top right hand side
of ‘this facet is seen in Plate 8.40 whera a striation
measurement of 27 x 10_4mm is given at O0.%mnn crack
length. The lamella structure shown in Plates 8.41 and
B.42 did not extend beyond the first 0.2mm of crack growth
as did facet type features. Variation in striation

spacing from grain to grain is gseen in Plate 8.43 where

three spacings can be identified.

Comparison of Plate B8.44 with Plate 8.34 shows that for
the overloaded condition the fracture morphology 1is
considerably coarser. For this specimen, ORS, faceting
was observed as shown in Plate 8.45 and B8.46. This is of
interest since they also show detail of the tear cracking
observed on the perpendicular plane to the 'quasti-
cleavage' plane.

In contrast to O0OR2 and O0OR3, the multiple overload
specimens, OR6 and OR7, gave a more brittle appearance to
the fracture surfacs. Fracture morphology for OR7 is
seen in Plate 8.47 and detail of the central 'quasi-
cleavagse' arsea is seen in Plate 8.48 where lamaella type
features are apparent. These facets wera no longar
apparent after 1.0mm of crack growth when the fracturs

surface raesembled that of Plate 8.30.

For bend specimens of the larger notch type 06 there was
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less facet formation. For zero overload and single
overload conditions the fracture surface was typical of
Plate 8.49. Specimen 6R4 was the highest loadad spociman
in bending fatigue. The purpose of this was to promote
striations at shorter crack 1lengths. Striations were
detected as shown in Plates 8.50 and 8.51 but not for

crack lengths less than 0.5mm.

For the multiple overloaded specimens some facets were
observed but were not prominent as in previous results.
For the shorter crack lengths the fracture surface was
typical of Plate 8.54. As the crack extended the surface

became more representative of Plates 8.52 and 8.53.

8.6.2.2 Examination of Alloy 7010

Detailed examination of the fracture surface for alloy
7010 T736 for blunt notch bend specimens has boen

[1591. Fatipgue cracks

conducted and presented eslsewhers
were examined for a range of crack lengths from initiation
to several millimeters. Further interest necessitated
investigation for only physically short crack lengths from
a short sharp notch. The general fracture surfacs
appearance is seen in Plate 8.55 for a through-thicknass
crack whilst initiation sites are shown in Plates 8.56 and
8.57. Plate 8.55 shows that between 0.1mn and 0.3mm
crack length the fracture surface appears very brittle as
was seen in Plate 8.28. After 0.3mm the fracture surfaca
. is typical of that shown in Plate 8.58 whilst the final
crack length of 2.01mn gave similar appearance to

Plate 8.70.

=230~




Short thumbnail crack propagation was attempted from a
spark discharged notch on a face of the front-face crack
specimen. Crack propagation data was not availeble due
to probe wire detachement but short crack fracture surfaca
analysis was possible as shown in Plates 8.59 and B8.50.
A brittle fracture surface is apparent. The maximum

fatigue stress intensity was 6 MNm~ 3/ 2.

8.6.2.3 Examination of Alloy 7475

Tempers T7351 and 7736 were analysed and both long and
short cracks were investigated. Details regarding heat

treatment are given in Table 7.3.

Plate B8.61 shows the brittle appearing nature of the
fracture surface for the shorter crack 1lengths in temper
T736. At 1.5mm crack length Plate 8.62 demonstrates that
although microscopically brittle, closer examination by
Plate 8.63 yields a more ductile texture. Beyond 2.0mm
crack length the facets break up and the surface resembles
that shown in Plate 8.30. Striations are now apparent
and such examples are seen in Plates 8.64 and 8.65.

Temper T7351 gave similar results.

A gensral view of the short corner-crack fracture surface
is seen in Plate 8.66 for temper T77351. Detail beyond
the initial crack length at 0.8mm is ssen in Plate 8.67.
At 1.5mm crack length the structure is similar to that of
the previous brittle appearing surfaces but not as sevare
as shown by Plates 8.68 and 8.69. The final crack length,

2.4mm,can be seen in Plate 8.70.
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LML 1

Plate 8.25 Plate 8.26.
2014 C6A. SEM Micrograph showing 2014 C6A. Micrograph taken within
Initial Fatigue Crack Location. Initial Crack Region.

Plate 8.27. Plate 8.28
2014 C6A. Striations observed 2014 C6A. Region of Fatigue Crack
within Box of Plate 8.26 Propagation, 1.7mm Crack Length.



Plate 8.30.

2014 C6A. Region of Fatigue Crack
Propagation,3.25mm Crack Length.

Plate 8.29.

2014 C6A. Detail of a Region Left
of Centre in Plate 8.28.

Plate 8.31. Plate 8.32.
2014 C4A. SEM Micrograph of 2014 C4A. SEM Micrograph taken at 4,5mm
Fatigue Crack Growth from a Crack Length in Fatigue Propagation.

Crack 5.0mm long.
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Plate 8.33. Plate 8,34,

2014 C4A. Detail of a Region 2014 OR1. SEM Micrograph showing
shown in Plate 8.32. Fatigue Crack Initiation Site for

a Blunt Notch Specimen.

Plate 8.35. Plate 8.36.

2014 ORl. Fatigue Striation 2014 ORl. General Fracture Surface
Markings observed at 0.35mm from Appearance, Left of Initiation Site
Notch Root Initiation Point. shown in Plate 8. 34.



Plate 8.37.

2014 OR4, General Fracture
Surface Appearance at Notch
Root, Initiation Sites,

Plate 8,39,

2014 OR4. A Region to the Right
of Crack Initiation from a
Blunt and Overloaded Notch.

Plate 8.38.

Detail of Region 40um from Notch
Root shown Right of Centre in
Plate 8.37.

Plate 8.40,

2014 OR4., Detail of a Region close
to Crack Initiation and shown in
Plate 8.39.
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Plate 8.41. Plate 8.42.

2014 OR4. Lamella Type Structure 2014 OR4. Fatigue Crack Initiation
formed at Notch Root. and Propagation resulting in Lamella

Type Fracture Surface Appearance,

Plate 8.43. Plate 8.44.

2014 OR4, Fatigue Crack ' 2014 OR5. General Fracture Surface
Propagation at O,.8mm Crack Appearance of Fatigue Crack Propagati
Length from Notch. from a 75% Overloaded Blunt Notch.

(% of M.F.L.).
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20PM

Plate 8.45. Plate 8.46,
2014 OR5. Fatigue Fracture Fatigue Fracture Surface Appearance
Surface Appearance at 0,35mm at 1.3mm Crack Length.

Crack Length.

100 }-.’l:-'

Plate 8.47. Plate 8.48,

2014 OR7. General Fracture 2014 OR7. Detail of Lamella Type
Surface Appearance of Fatigue Structure 0.3mm from Crack Initiation
Crack Propagation from a40% and shown also in Plate 8.47.

Multiple Overloaded Notch.
(%Z of M.F.L.).
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Plate 8.49.
2014 6R3. General Fracture

Surface Appearance of Initiation

and Crack Growth from a Blunt
Notch.

Plate 8.51.

2014 6R4, Detail of Fatigue
Striations at 0.54mm Crack
Length.(From Plate 8.50).

Plate 8.50.

2014 6R4. Fatigue Fracture Surface
at 0.5mm Crack Length from Blunt
Notch.

Plate 8.52.

2014 6RY9. General Fatigue Fracture
Surface at 2.0mm from Blunt Notch
Root.



Plate 8.53. Plate 8.54,

2014 6R9, Detail of Region 2014 6R9. Region of Crack Propagation
Observed within Box of Plate observed at 1.75mm Crack Length from
8.52, Notch Root,

200MHM

Plate 8.55. Plate 8.56.

7010 SR6. Fatigue Crack 7010 SR6. General View of Fatigue
Initiation and Growth from a Crack Initiation from a Spark-
Spark-Machined Notch. Machined Notch,



Plate 8.57. Plate 8.58.

7010 SR6. Detail of Fatigue 7010 SR6. General Fracture Surface
Crack Initiation Site shown in Appearance after O.3mm Crack Length.
Plates 8.55 and 8.56.

Plate 8.59. Plate 8.60,

7010 F3A. SEM Micrograph of a 7010 F3A. Detail of Fatigue Fracture
Physically Short Thumbnail Surface for a Short Thumbnail Fatigue
Crack. Crack, Close to Initiation.
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Plate 8.61. Plate 8.62.

7475 T736 C6, Fatigue Fracture 7475 T736 C6. General View of
Surface at 1.0mm Crack Length. Fatigue Fracture Surface at 1.5mm.

Plate 8.63. Plate 8.64,
?47? T736 C6., Detail of Box 7475 T736 C6., Continuous Striations
Region shown in Plate 8.62, observed at 5.0mm Crack Length.
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Plate 8.65.

7475 T736 C6. Fracture Surface

Appearance at 8.0mm Crack
Length,

Plate 8.67.

7475 T7351 SC3. Detail of
Fatigue Fracture Surface for
a Physically Short Corner-
Crack 0.8mm long.

7
—Lbh=-

FPlate 8.66.

7475 T7351 SC3. SEM Micrograph,
Physically Short Corner=Crack.

Plate 8.68.
7475 T7351 SC3., Fatigue Fracture

Surface

at

1.5mm Crack

Length.



Plate 8.69 : 7475 T7351 SC3. Detail of Fatigue
Fracture Surface at 1.5mm shown in

Plate 8.68.

Plate 8.70 : 7475 T7351 SC3. Fatigue Fracture
Surface at 2.4mm Crack Length.
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9. DISCUSSION

9.1 Electrical Potential Crack Measurement Systems

In the measurement of fatigue cracks an 'on-line' crack
length monitoring system is desirable. The sensitivity of
thé technique must be capable of describing crack 1length
and change in dimensions for a range of crack sizes.
The electrical potential method fulfils these objectives.
The sensitivity to cracking depends upon the configuration
of the measurement device and ubon the material under
inspection. The resolution also depends upon the
relationship between potential and crack growth for a
given geometry of cracking. The current input together

with specimen dimensions and material resistivity

determine the potential gradient.

The crack measurement system operates best when the above
factors are optimised. The sensitivity to crack length
measurement depends on the signal to noise ratio and on
the long term stability of the system. Measurement of
potential change is further complicated by a number of
factors. These can be identified as either one of two

categories; reversible or irreversible changss.

Those factors leading to a reversible change in potential
can be identified as,

1. Temperature change in the laboratory environment,

2. Zero drift of the measuring and allied equipment,

3. Range drift of the measuring and allied equipment,

4, Some electrical noisse.
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Those factors 1leading to an irreversible change 1in

potential can be identified as;

1. Crack tip plasticity,

2. Change in specimen geometry and may be reversible
unless attributable to crack growth.

An increase in electricel stability of a measuring device

can be translated into an increase in resolution of crack

growth. This translation will depend upon the

calibration of potential to crack length and will be a

maximum when dV/da is at its greatest.

9.1.1 A.C. Crack Measurement System

Application of a high frequency A.C. current creates o
'skin effect'. The current is transmitted in the
outermost layer between the input and output locations and
the effect is noted to be dependent upon material
permeability and the frequency of the alternating current.
This results in a calibration independent of specimen
dimensions. In application the crack potential is
referenced to a potential reading taken immediately
adjacent to the crack probe pair as shown in Figure 43.
This method compensates for temperature change and radio
frequency interference prior to voltege input to the pre-
amplifier. For reproducible results the method demands
accurate probe location since there exists no facility for
adjustment of voltage readings to compensate for probe
location errors. This sensitivity to probe location and
to initial loading phenomena, whereby the potontial out-
put is a function of the load and of the load path, made

use of the A.C. potential system difficult for describing
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fatigue crack growth.

The calibrations presented in Section 8.2.4 were obtained
under low to moderate loading conditions. It is well
known that the A.C. potential drop system will respond to
cyclic strain[154), elastic and plastic, and this is

seen as a complex relationship of the form of a hysteresis
loop in the description of potential against 1load.
Similar results had been observed elsewhere[75]. A

number of fatigue cycles were required before a stable

hysteresis loop would be achieved.

By measuring the second stage fatigue crack growth from an
introduced fatigue crack produced at significantly lower
fatigue 1loading then transient phenomena were to be
expected when using a crack detection system that is known

to be sensitive to elastic and plastic cyclic loading.

9.1.2 D.C. Crack Measurement Systems

The factors affecting the instantaneous potential readings
were discussed as an introduction to this section. The
awareness of these factors is dependent upon the response
of the measuring instrumentation. In previous

(182]where chart recorders were used as a record of

work
potential output the pen response 1is relatively slow.
Noise attributable to radio frequency interference, mains
hum and other induced voltages would be beyond the pen
response time and it is argued that, for the frequencies

used in fatigue, crack closure readings are not observed.

The 'pen’ on a chart recorder, therefore,is acting as a
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mechanical filter. The longer term drift associated with
temperature or variation in current would not be

eliminated by the 'pen'.

In*the digital methods the response time of the measuring
device is considerably faster. A method of reducing the
uncertainty of instantaneous signals 1is required. Tho
simplest process is to average a number of readings and it
is possible to do this 'on-line' or at a later stage.
This averaging will reduce the band-width of the processed
data. In the constant D.C. potential method it 1is
customary to measure both V_ (crack potential) and Vo
(potential drop measured across a unit of the uncracked
specimen). Measurement of VD, which is not affected by
crack growth and plasticity but within the same electrical

and thermal environment as Va’ will indicate orrors

involved in measuring Va.

In the pulsed D.C. method readings are recorded of both
polarity by switching the D.C. current. By this action
instrumentation zero drift is effectively eliminated and
by recording Vo’ temperature variation and unstable
power supply are accounted for. The range in potential
becomes the measurement of crack growth. In order to do
this, control of switching was performed by a conputer and
the date recorded in the computer memory end transferrod
to disc storage. Details of the algorithm have boaen

given in Section 7.5.2.

The majority of time in the pulsed D.C. mothod is spont
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awaiting stability of the applied voltage after switching
before reading potential. For the comparison of constant
and pulsed D.C. potential methods given in Section 8.1

then the data given here was for equivalent data sample

sizes.

Equivalent reading rate constant D.C. potential results
were shown in Figures 44, 45 and 46 for a normalised
potential (Va/VaD]/[VO/VOD] as explained in

Section 8.1.1. For Figure 44 each datum is the average
of two times 256 readings taken for both Va and Vo‘
The reading and processing was done in machine code and
the average values were saved on disc. Further averaging
can be done on the data stored on disc. By plotting a
moving average the full range in signal scatter is seen.
Increasing the sample size in the averaging process is
seen to reduce the scatter band of the data and, as was
expected, increasing the sample size further gave less
improvement. Beyond a sample size involving 80 current
reversals in which 40,960 readings were taken did not give
further improvement in reducing scatter. It 1is
appreciated that by averaging, the scatter in the data can
be reduced and would be a means of effoctively reducing
noise; but this can only be done in a time period in
which the signal is known to be steady. Variations over

the longer term are not attributable to noise.

In the development of the pulsed D.C. system a 10 Amp.
switching device was initially constructed. At this

level of current it was possible to switch at 1.0 Hz.
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Readings of each polarity were recorded in machine code
after a 0.3 second pause prior to switching on the half
second. The machine code readings were taken at

1 reading/channel/59 ps. 1Initial results were favourable
so that development of a 50 Amp. switching device went
ahead. Using this larger current, more time was required
to reach the flat top of the 'square' current waveform so
that switching was performed at 0.5 Hz. Analysis of
initial digital results were considerably inferior to
those from the 10 Amp. system but oscilloscope readings
were equivalent. The machine code reading programme was
slowed down to 1 reading/channel/100 u s and comparable

digital results were achieved.

The significance of this can be appreciated in terms of
the relative frequencies of both noise and sample rate.
What we are attempting, empirically, is to use the
frequency of readings and the averaging process to reduce

the data to that relevant to crack growth, that is

exclusive of all extraneous effects.

The results from the pulsed D.C. potential drop system
were presented as non-dimensional plots of [Va/Vao]
/[VD/VDGJ shown in Figures 47, 48, and 49. The
results probably indicate random scatter. Analysis of a
single channel, the crack potential Va' was shown in
Figures 50, 51 and 52 in which Va is normalised by Uao
only. Data are seen to behave in & similar manner

but the scatter is reduced. Readings presented 1in

Figures 47, 48 and 49 were obtained using separate
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channels of a twin channel amplifier for Ua and Vo'
Although both channels are powered from the same supply,
Va and VD would not necessarily be in phases. In
presenting the Figures 47 through to 52 the normalised
potential range in the pulsed D.C. method is presented
whilst Figure 53 shows the absolute value of the potential
range. Figure 54 presented these results for both
positive and negative polarity readings. Although there
is a trend in the data, it would be incorrect to say the
data are in phase. This is of interest since we have
excluded instrumentational zero-potential drift by
measurement of the range and restricted use to a single
amplifier channel. Figure 54 goes beyond this since not
only does it represent the pulsed D.C. potential stability
but also represents the constant D.C. method for both
polarities. The comparison here might be interpreted to
give little improvement in using the pulsed D.C. method,
but the results are presented over a 30 minute period
only. The measurement of the range in potential, as
shown by Figure 53, would be stable over many hours, the
measurement of a unipolar potential would not necessarily
remain stable and drift is often encountered as shown in
Figure 46. The stability of the range in potential gave
a two to three-fold increase in signal stability as
compared with the unipolar potential. In addition a
potential increase in both the positive and nogative
directions for crack growth occurs for the pulsed method

and gives a doubled change in output because the potentiel

range is measured.
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Further improvement was anticipated because there was no
incorporation of Vn' Figures 47‘ to 49 showed that
normalising by Vg is not advantageous. The alternative
method of subtraction of the wvariation in Vo for
compensation of Va was shown in Figure 55. The exact
procedure of subtraction will depend upon the ralative

probe distances but the results do not encourage further

investigation of this principle.

A possible way to isolate the crack potential range from
variations in power supply and amplifier gain would be to
take the reference potential in a similar manner to that
of the A.C. system (Figure 43). The reference potential
between points 3 and 5 need not necessarily be taken
adjacent to the crack but the underlying principle would
be that shown in Figure 39. Here, the crack potential is
backed off by a voltage in the analogue D.C. potential

drop method so as to record potential on a finer scale.

9.1.3 Digital Processing of Potential Drop Data

The measurement of potential drop voltages using digital
methods is becoming widely accepted. The performance of
the method will depend on the signal to noise ratio and
the resolution in crack potential. In addition, the rate
of change in potential will be a governing factor. Whoro
the increment in crack potential is much greater than the
noise band width, and the rate of change in potential is
slow relative to the time for date aquisition, then thare
is normally no problem. In seeking greater resolution

from the system it is necessary to introduce reading
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rates at frequencies similar to those of the 50138
patterns’ and these rates appear to be such that machine
coded programmes are necessary. Subsequent averaging of
these results can lead to discrimination between the

'crack length' part of the signal and extraneous voltages.

Considerable affort(185'1651has been made in identifying
the cause of variability in crack growth rate data
obtained from different laboratories. This work has
centred mainly upon the analysis of crack length versus
cycles data increments or on the regression line analysis.
There would appear to be no ‘appraisal or criticisim of the
methods of deducing the crack and gradient potential
values prior to calibration for crack 1length. Clearly

the standards have no guidelines on the determination of

crack potential, Va.

9.2.1 Electrical Potential Calibrations

Calibrations for the A.C. potential drop method of crack
measurement are a combination of theory and experiment but
are overall empirical. Our results indicate that an
approximately linear relationship between probe voltage
and crack length is observed after an initial period of
crack growth from a frees surface. Inclusion of a notch
as a crack starter affects this linearity in such a way
that it may be totally absent. The initial period of
crack growth is the region of 1interest in ths
determination of growth rate for a physically short crack.
The absence of a theoretical calibration describing this

region limits the use of the A.C. msthod. This togsther
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with the initial transient phenomena in which the probe
voltage 1is sensitive to 1load makes the method 1less
attractive for determination of cracks in loaded bodlas.
The A.C. system was used simultaneously with the 0.C.
method and the results indicated that both systems could
operate independently of each other. All crack
propagation data presented here was therefore determined

from crack length measurements calibrated from 0.C.

potential drop records.

In the D.C. potential drop method there is a choice of
calibration for crack length determination. Theoretical
solutions exist to model the potential disturbance by a
crack in a specific geometry. When geometry 1is not
accounted for then there will be a deviation of the
observed results from this theoretical analysis. This
has been observed for the blunt rdotched bend specimens.
When there is no theorstical solution then only the
experimental calibration can be determined. Results for
a number of specimens are seen to be reproducible and by
presenting data in the form of a non-dimensional plot then
potential calibrations can bs applied to structures that

vary in size but are geometrically equivalent.

In the electrical potential calibration of fin cracks
there is no theoretical solution so that results described
in Figures 57 and 58 are entiresly experimuntal. For tho
front -face crack specimen there is a notable decline in

dV/da as the crack enters the specimen bulk. This is the
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region of great interest. Probes were placed at tho fin
notch mouth and measurement of potential at locations
further down the fin 1length could not eanhance the
sensitivity to crack growth. The process was further
complicated by a reduction in crack propagation rate
(44)

arising from a change in stress intensity factor as

the crack entered the body of the testpiacce.

For the notched bend specimens there is a deviation from
the theoretical solution for short cracks emanating from
the blunt notches.This arises because the notch is not
modelled in the theoretical analysis and so we resort to
an experimental calibration. Data shown for blunt
notches in Figure 61 has been obtained from a number of
specimens. The calibration for the small notch type
specimen S1 did give good agreement with theory.

The corner-crack and front-face crack specimens arae
geometrically equivalent so that the same calibration can

be applied. Such a case was shown in Figure 59.

In all these calibrations it is noted that as we approach
the shorter crack lengths there is notable decline in tha
output, dV/da. This imposes serious limitations on the
electrical potential method in describing growth at short
crack lengths. The resolution of the system may be
quoted in terms of the reliably detected changa in
potential but this corresponds to different values of

crack length resolution at different crack lengths since
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the calibration is non-linear. A single but most
dominant factor affecting the calibration 1is the crack
probe wire spacing. This can be illustrated in Figure 95
where three probe spacings are shown. A 2mn probe
spating gives more consistant results as errors in probe
location are less significant. A 1mm probe spacing will
give a greater output in dV/da at the shorter crack
lengths but reproducibility from specimen to spescimen will
depend on the accuracy of probe location. The 0.2mm
probe spacing shown here is for the shortest realistic
probe spacing possible for the 0.1mm gauge probe wire. It
gives the greatest output in dV/da but requires very
accurate location. These calibrations apply to either of

the corner or thumbnail crack types.

Figure 96 illustrates the theoretical calibrations, for
equivalent experimental design and procedure, for a part-
through and a through-thickness crack. The
comparison is for a 2mn probe spacing, potential gradient
Vo = 8.2 pV/mm and W = 20mm. The greater output in
dV/da for the through-thickness crack arises fromn the

smaller sectional area of the conductor remaining after

the same unit length increase in the crack.

9.2.2 Comparison of the Msasurement of Physically Short

Cracks by the D.C. Potential Methods

The system requires the measurement of a fatigue crack in

0

an aluminium alloy with a resistivity of 4.1 x 10°° Qm,

For 50 Amps. elsctric current in a cross scctional arua

10mm x 10mn this gives a potential gradient of
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ZU.SPme_l and is the largest potential gradient shown 1h
Table 8.1 for the range of specimens under investigation.
A sample period of fifty current reversals involving 50
potential range pairs, (Va and Vol. each potantial
range pair being the average of 256 positive values and
256 negative values recorded in one cycle of the pulsed
D.C. potential drop was chosen as the sample size to
average the data. From Figure 56 we expect an
uncertainty in signal readings of +/- 5mV which
represents +/- 0.1, V at input using a gain of 50,000.
For a 0.5Hz switch frequency data would be block averaged
over 100 second intervals. For cyclic loeding at 20Hz we
could deduce an upper limit in crack propagation, da/dN,
of 1 x 10'4mm/cycle at which an increment of 0.2mm of

crack growth would occur between data points.

We may envisage that for a given probe spacing there is
initially no crack then on introducing a crack the scatter
band defies the shortest crack length for which readings
can be taken. This would correspond to 0.2pV at input
for the system above. In Figure 97 the probe spacing is

1.0mm for the bipolarity calibration. In this diagram it
is convenient to represent the calibration as a
dimensional plot so that the minimum detsctable crack
length is seen to be 0.14mm. Readings taken are accurate
to +/- 0.1pV at input so thet crack ;rowth resolution of

0.02mm is achieved.

In the constant D.C. method & unipolar calibration is

recorded. This is also shown in Figurec 97. Taking
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readings of +/- 0.2 pV at input this represents a minimum
crack 1length detectable of 0.23mm with resolution to

D.04mm.

Although the pulsed D.C. method given. here represents a
two-fold increase in signal stability, with a double
output this can be translated into a halving of the crack
length size in analysis of short fatigue crack growth and

a two-fold increase in the resolution of crack growth.

9.3 Fatigue Crack Propagation Analysis

The fatigue crack propagation data presented in Figures 66
through to 84 were produced by seven point polynomial fit
of crack versus cycles data pairs. Where possible ASTM
code of practice EB47-81 was followed. It is
noted[155)that crack growth rate data determined by this

method can depend upon the increment size in the data

pairs. There have been suggestions that the increment
between crack length pairs should be; between 0.4mm to
(167)

,a@ minimum of 0.25mm or
(157)

0.8mm for long crack lengths
ten times the crack length measurement precision

or the ratio of the crack length increment to crack length

(168)  Eor the

precision should be greater than fifteen
long crack length the increment in crack length data pairs
can be related to the measurement precision of the D.C.
potential drop method. For the shorter crack length this

description is not readily indentified. Instead, effort

was made to identify the minimum resoclvable crack length.
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Influence of plate direction was investigated for materieal
2014. The analysis of corner and thumbnail cracks was
presented in Figures 66 through to 76. For variation in
propagation rate to be significant we would require a
difference in a factor of two for the seme 1level in
6K(157?. At the extremities in AK then crack
propagation rate in the short transverse plane is lower
than by comparison with the other crack-plate
orientations. This trend 1is maintained within the
central region but within a factor of two. Crack growth
rate in the long transverse plane is a maximum at these
extremities and could approach a ten times greater rate
for the short transverse case. Crack growth rates for
crack geometries of the same orientation were seen to be

normally within a factor of two for each plate direction.

Comparison of data for material 7010 was shown in Figure
78. Variation in growth rate is observed and could be
considered significant. Through-thickness  crack
propagation for several specimens of a slightly different
temper 7010 material were shown in Figure 83. Comparison
of all three data groups, Figure 98. shows that this data
lies between that of the former. Data in the lower
region of Figure 79 was given by a single test for a front
face crack specimen and two tests for corner- cracks.
Oiher than variance in material properties it shouvld aolso
be considered that cracking for a part-through crack
occurs in a range of directions in the short-traverse

plane.
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For the 7475 material two tempers were of interest as well
as the growth of small cracks. Comparison of data for
long crack growth gave significant reduction in growth
rate for the converted temper T736. Analysis of
mechanical properties given in Table 7.2 shows an increase

in both yield stress and percentage elongation.

In Section 9.2.2 it was proposed that the shortest
measurable crack length would be 0.¥4mm by the D.C.
method., The increment of resolved crack growth was
identified as 0.02mm. Effort was made to propagate a
crack 0.26mm long introduced by a previous fatigue stage.
After 70,000 cycles no crack growth from the introduced
crack was observed. Failure of the spscimen had resulted
from within the gauge length (Plates B8.15 and B8.16).
Specimen failure had been observed before from inclusions
contained within the commercial material. These were
visible by sye and shown in Plate 8.18 but there was no
evidence of such defects for Spscimen SC1 when viewed as
such. Examination by SEM as seen in Plates 9.1, 9.2 and
9.3 shows an initiating defect of the order of 20um. The
size is not significantly larger than those particles
observed in Plates B8.23 and 8.24 and 1is considerably
smaller than the defect envisaged by introduction of a
short fatigue crack. Such a defect might be comparable

with demage produced by probe wire contact.

Some stress concentration would be apparent at the
specimen gauge and fin Junction. Consideration of

equation 7.8 shows that an increase in the local strass
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gives a proportional increase in the stress intensity.
An increase in defect size is seen as proportional to the
square root of defect length for the first 2mm.

(28)

Estimation of stress concentration could give values

of up to 90%.

In testing SC1 the applied stress intensity amplitude to

~3/2 and fatigue growth

the short crack was 3.75 MNm
would have been expected. Calculation of the stress

intensity for a 20um defect at the same nominal loading
gives 1.0 MNm-3/2 and we would not have expected crack

growth. A stress concentration factor of 2.5 to approach
the threshold stress intensity would not have began
expected and, if so, in 70,000 cycles, conventional crack

propagation rates for such a stress intensity would not

infer significant crack growth.

A second effort was made to monitor a larger crack of
0.67mm and this result was shown in Figure 084. The
results were in agreement with data from longer crack
lengths. Such a crack might be described as small. In
the study of short crack growth in Alloy 7010 (Figure 83)
similar agreement is observed with that from longer crack
growth data. Such short cracks would not be considered
small as their length in one dimension was long. The
process of fatigue crack initiation and early stage
propagation is selective in both events. The result of
Specimen SC1 would tend to doubt the philosophy of
introducing an artificially short crack langth from that

of a long crack for the study of fatigue crack growth.
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In the study of cracking from a spark discharged defoct,
(Plates B8.59 and 8.60) weld bead cracking could be
envisaged at the notch root. This would give an elastic

crack tip and arguably represent a better model.

9.4 Fatigue Crack Initiation from Blunt Notches

Fatigue crack initiation data was presaented in Figure U5
where it is seen that the number of cycles to initiation
reduce as the stress intensity amplitude increases for a
given stress ratio. Initiation was defined as a 1uV
increase in potential drop. Data shown in Figure B85 was
for those specimens that did not receive an initial
loading above the fatigue loading. This data essentially
covers two forms of fatigue initiation. Local plastic
deformation must occur for the initiation of fatipue
cracks but when the local stress is below that of the
yield stress the crack can be ani;agad to initiate and
grow into a grossly elastic surround. When the local
yield stress is exceeded a notch plastic zone is formed
and the crack initiates and grows in the plastic zone.
Results presented for both notch types appear to be

impartial to the presence of the notch plastic zone.

When notches were loaded beyond the maximum fatigue load
prior to the fatigue testing the term overloaded was used
to describe the notch condition. As such the term was
not applied to the instance where plasticity results from
loading alone. Specimen 6R4 for example, received fatigue
. loading such that approximately a 2mm plastic zono was

formed. In this investipation the notch was not tormod
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overloaded as data was in accordance with Figure 85.

Where an overload has been applied, 1in all cases
retardation of initiation was observed. This should be
considered with regard to the definition of initiation.
When overloads were severe, and when in multiple form,

significant damage was observed by either formation of a
plastic enclave or by potential drop measurements. A
potential displacement was observed for each overload.
During subsequent fatigue the potential could steadily
increase, indicative of fatigue crack growth, suggesting
that initiation had been produced in the overload

incident.

No attempt has been made to qualify the initiation from
overloaded notches 1in terms of the stress intensity
parameter, A K . This is due to ‘the uncertainty in the
stress distribution. Uploading and wunloading stress
distributions ahead of a stress raiser were given in
Figure 13 from which it is appreciated that the stress
distribution from a prior overload could remain. This

would account for the retardetion in initiastion times

observed.

8.5 Fatipue Crack Propagation from Blunt Notches

The description of crack propagation from blunt notches
had been presented in Section 8.5.2 and was shown to agree
with data for cracking from free surfaces for normal
constant amplitude loading. The term overload was

discussed in the previous section and has been used to
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describe loading above the fatigue loading only.
Overloading has been seen to retard crack initiation and
retard the initial crack growth from the notch. Data for
crack growth had been presented in terms of the stress
intensity parameter, AKye Quantitative description of
initiation of fatigue cracking from overloaded notches
was not presented as it was argued that the description of
A Kn was 1invalid. The argument would therefore be

equally applicable to A KI.

By producing the data in terms of 6KT an interesting
observation is apparent. In Figures 92, 93 and 94 the
overloaded crack propagation data from a single test was
compared with that of the data regression 1line for
propagation from a free surface. All other overloaded
specimens gave similar results, and data for the
approximation of return to normal Ttrack growth was given
in Table 8.9. This data are shown in Table 8.9 with the
Neuber plastic zone approximation and both distances were
normally within 50% of esach other. For the level of
loading wused in this programme the stress intensity
parameter reached moderately high proportions. At

30 MNm /2 gtress intensity we would expect a crack tip
plastic zone of approximately 0.4mm for plane strain
conditions. We could not therefore expect a better
agreement in Table 8.9 when the crack tip plastic zone

size can be 25% of the Neuber approximation.

Table 9.1 presents a more detailed analysis by this

approach. The ratio of the Neuber plastic zone size to
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the crack length at which there is the return of 'normal
growth rate', N.G.R., is shown and sach is considered as a
percentage of the ligament size. The crack tip plastic
zone size, ry, is also shown for comparison and 1is
calculated for a crack length at the end of the Neuber
zone. It could be argued that the Neuber distance N.D.,

less the crack tip plastic zone, ry, to the ratio of
crack length at which there is the return to normal crack

growth may give a better comparison and this is also shown

in Table 9.1.

A further source of error can be seen fromn consideration
of the crack and plastic zone size geometries. The crack
would normally initiate at a central region and grow out
as a cusp but in this analysis it is considered as a
perfectly through-thickness crack. There is no account
of the notch and crack plastic zones being smaller at the

centre and increasing towards the specimen sides as the

constraint diminishes.

The results have been considered similar to crack

[125thara

propagation through shot peened surfaces
residual stress effects are known to exist. In addition,
similarity is drawn to crack growth retardation in
variable amplitude fatigue where residual stress and crack

closure thecories have been considered in explaining

observations.
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9.6 Analysis of Fatipue Fracture Surface

Striations, produced on successive load cycles, are a
characteristic feature of fatigue fracture. Their

presence gives an indication of the macroscopic growth

(159,163) for growth

3

rate and good correlation was shown

4

rates from 1 x 10 "mm/cycle to 1 x 10 °mm/cycle.

This corresponds to a range in stress intensity from

13 mm /2 to 25 mnm~3/2, The smallest resolved

ﬂwn gaen in

striation spacing in this study was 2 x 10
Plate 8.34 for bend specimen OR1. The distance we might
expect to resolve by use of S.E.M. would be of the order
of 5 x 10 °mm. By increasing the loading range in
fatigue we would expect to increass the striation spacing
for a given crack length as a result of the increass in
stress intensity range. This we have observed for
gspecimen 6R4 which was the highest loadaed specimaen in this
fatigue analysis. The extent of ‘plasticity can be seen
in striation formation in Plate B8.51. Deeply folded
striations have been produced possibly by the process as
proposed by Laird(13]. This aids resolution of
striations by S.E.M. and we might therefore expect
striations for shorter crack lengths. These striations

were observed at 0.5mm which was the shortest crack length

for which striations were detected for this specimen.

Appreciation of scatter in readings in determining the
macroscopic growth rate from striation spacings is
acknowledged. This 1is sggen in Plate 8.43 whero a
variation in fatigue crack markings is observed over

relatively short distances. For such a crack length a

-269-



=3/2
3

stress intensity of 24 MNm is calculated to give a

growth rate in excess of 1 x 10" °mm/cycle.

On increasing crack length and increasing stress
intensity, areas of ductile dimples become apparent
(Plates 8.52 and B8.53). These account for the
underestimation in growth rates by striation measurements

at the higher stress intensity loading.

The striation type fracture appearance is seen often to
develop after some initial crystallographically dependent
appearance. The occurance of such features has led to
their description as 'quasi-cleaves’'. The term is used
only to describe the brittle- appearance and not the atomic
mechanisms of fracture, namely tensile separation of atoms
at atomically sharp crack tips. Measurement of facet
orientation has shown that these planes are those that

could be consistent with & likely cleavage plane for an

FlCtCn structure.

The occurrance of such facets was independent of crack
length but more common for the shorter length since it
seemed dependent upon the stress intensity range. Facets
were not normally observed when 10 MNm-afzstress
intensity range was exceeded. This is in agreement with
other wark[1g)where facet type fracture is seen to breek
up on exceeding a maximum stress intensity of

10 NNm-afz. Load banding used in potential drop

analysis can give a significantly high maximum stress

intensity compared to the range when R = 0.5. Results
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have shown the occurrance of facets to depend upon the
range in stress intensity and not the maximum. This

could be related to the range in crack tip plaestic strain.

Such an argument might be supported by findings from the
overloaded blunt notch fracture surfaces. By imparting
initial plastic strain at the notch root the effective
cyclic strain 1is reduced as a result of residual
compressive stress. This has been observed as a

reduction in the crack growth rate from these notches.

3/‘?and

For the normal fatigue case. A K  was 12.2 MNm~
facets would not be expected and were not observed.
Overloeding enhanced facet formation within the short
crack growth region ahead of the notch foot and within the

Neuber plastic zone approximation.

Striations have been observed for stress intensities below

10 MNm~3/2, Such a case is seen in Plate 8.27 at
approximately 7 NNm-B/Z. Both mechanisms can operate
simultaneously. Under corrosive environments

Forsyth{S)observed similar results and defined these as
brittle striations. The extent of detail upon these
facets varies as seen by Plates 8.40 and 8.46. Plates
B.45 and B.46 are of interest since although no deteil is
observed for the KI crack opening mode, in the normal

direction, KIII' surface detail becomes apparent.

The facet structure was seen to vary significantly in size
but two extremes could be identified and bore similarity

with the grain and sub-grain size. Such examples are
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Plates B.47 and 8.48 where orientation of the lamslla type
features are affected by grain boundary interaction. For
a facet produced at the 1limit of stress intensity

m-3/2, then wusing equation 3.8, the

amplitude, 10 MN
approximate plastic zone size under plane strain
conditions is 44um. This could be considered as half
the grain size. The smallest facets observed in Plate

8.38 are of comparable size to the sub-grain
microstructure. For the short corner-crack growth
observed in Plate 8.67 a faceted appearance was npt
observed until after some initial crack growth. For a
crack 0.8mm 1long the stress intensity amplitude is
4.3 Mnm 372, Calculation of plastic zone size gives
ry = Bum. On growth to 1.1mm the plastic zons size is
seen to increase to 13um and would be in excess of the
sub-grain size. For the short crack growth observed in
Plate 8.60 comparable loading of & front-face crack was
observed. A 'quasi cleavage’' fracture surface Iis
apparent at very short crack lengths and could be

attributable to the difference in constraint for the two

geometries.
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Plate 9.1 and 9.2 : SEM Micrographs of Specimen
SC1 7475 T7351 Failure.

Plate 9.3 : 7475 17351 SC1. Dpetail of Box Region
shown in Plate 9.2.
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CONCLUSIONS

1. Fatigue crack propagation has been described by use
of the linear elastic fracture machanics péramatar,
KI’ and is applicable to a variety of crack
geometries. For the crack geometries; thumbnail,
corner and thfough thickness, comparable fatigue
crack propagation rates are obtained for the same

stress intensity description.

25 The linear elastic fracture mechanics parameter,
Ky has described fa?}gga crack propagation from
blunt notches. wheﬁlloading a notched geometry
above the local yield stress a notch plastic zone
is formed. Fatigue crack propagation through a
notch plastic zone formed by the fatigue loading
action is also described by the paramster K..
The fatigue crack propagation rate from such a notch,
regardless of the plastic zone is inaccordance with

that deduced by the principle of similitude.

3. A physically small crack is such that its dimensions
are small relative to the dimensions of the cracking
body. A crack that is physically short in both
planar directions is regarded as a physically small

crack. Fatigue crack propagation rates for both
physically small cracks, from 0.67mm crack length,
and short cracks, from 0.15mm crack length, have
been gescribsd by use of the paremeter K;. Fatigue
growth rates have been shown to be inagreement with

'data produced from both long crack propagation and



that deduced by principle of similitude.

By switching the current in the D.C. electrical
potential method of crack measurement an increase
in instrumentational stability is obtained. By
recording the range in crack potential a bipolar
calibration describes the crack length - potential
relationship and is double the output for the uni-
polar calibration. The resolution to crack growth
of the system will depend upon the signal noise and
stability, and the voltage output dV/da from
cracking. With a two fold increase in signal
stability and a double output from dV/da the pulse
D.C. method can be translated into halving the
crack length resolvable with twice the resolution
than the conventional constant D.C. method. It
would be theoretically possible to measure physically
small cracks in aluminium alloys from 0.14mm long
with a resolution increasing from 0.02mm for the

specimen type used in this investigation.

Fatigue crack initiation of an engineering crack at

a blunt notch has been described by use of

the linear elastic fracture mechanics parameter,

AKn. When the notch is loaded initially beyond

the fatigue loading the notch condition was described
as overloaded. When such an event occurred a delay

in the cycles to initiation was observed.



Introduction of a physically short crack from a long
cracked fin has been shown viable for the study of
fatigue crack propagation. By this method a range
of crack lengths are available for analysis and

will include physically small cracks.

Fatigue crack growth resulting in a faceted fracture
surface has been shown to occur for both physically
short and long crack lengths. These facets were

observed when the macroscopic stress intensity range

was below 10 MNm—alz.

Alloy 7475 T736 gave a significant reduction in
fatigue crack propagation rate in comparison with
alloys 7010 and 2014 and temper T7351 of 7475.

The reduction in growth rate was most prominent

below 10'Bm/cyc13 which corresponds to a stress

intensity amplitude of less than 7 MNmuB/Z.

The orientation of the crack relative to the plate
direction is significant regarding the fatigue crack
propagation rate. Greater significance is observed
at the extremes of crack propagation rate. Crack
propagation in the longitudinal and long

transverse directions is accelerated relative to

cracking in the transverse section.
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