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SUMMARY

The fracture properties of a range of high strength 2luminium
casting alloys, in various heat treasted conditions, have been invest-
igated in three point bending.

Sharp cracks, necessary for fracture toughness testing, were
produced by both fatigue cracking and spark machining and the compat-
ibility of the two methods has been discussed. Stress intensity
factors were determined for the curve crack fronts from experimental
compliance data and a practical method of dealing with crack front
curvature, has been proposed.

The five available methods for determining the critical stress
intensity factor (K, ) have been evaluated and their accuracies and
limitations discussed. In order to measure the load-point displace-
ments of the specimens, a rig, considered to be an improvement on
existing rigs, has been developed. Initiation of the cracks was
detected using an electrical potential technicue, which could also be
used to determine crack growth rates and vpredict crack lengths.
Geometrical effects on the stress intensity factor, such as blunt
notches and short cracks emanating from the roots of blunt notches,
have been assessed and are compared with the theoretical solutions.
Structural influences on the stress intensity factor, such as
material condition and porosity, have also been investigated.

The data collected from the majority of the specimens was
tabulated, punched and fed into a computer programme designed to
calculate the fracture toughness parameters. The results have been
presented graphically and analysed statistically using standard
analysis of variance packages. Optical and electron microscopy has
been used to examine the fracture surfaces and an explanation of the
mechanism of fracture has been suggested for each alloy.
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1. INTRODUCTION.

Aluminium alloys are becoming increasingly important in

applications requiring high strength and toughness, varticularly where

is possible to cast to close

Mmoo
-

oday, 1

ot

a saving in weight is involved.
dimensional tolerances and subseguent heat treatment can produce a
structure with mechanical properties eguivalent to those attained by
mechanical working processes, but at a percentage of the cost. These
high strength aluminium castings often fail in a manner exhibiting low
ductility (i.e. self propagating crack growth in elastically stressed
material) but as yet little systematic work has been carried out in
investigating the fracture behaviour of these materials. The deter-
mination of the yield strength (or 0.2% proof stress) still remains
the principal method of evaluating these high strength alloys, even
though stresses in service may be limited by fracture rather than yield.
The concepts of fracture mechanics recognises that the majority
of structural components will contain minute cracks or defects. The
fracture toughness of a material is the guantity measured which relates
these defects to the applied stress to cause fracture. Castings
frequently contain a degree of porosity which effectivély contributes
to the overall size and proportion of defects present and thus to the
greater likelihood of failure. ;
In a practical sense, fracture toughness is generally expressed

in the form of the critical stress intensity factor, K B (where subscript

1
1. refers to the opening mode where the in-plane loading is symmetric
with respect to the crack plane). This is a material property which
is independent of crack length, applied stress, or specimen geometry.

Although fabrication of a structure may have been based on fracture

theory, its eventual failure could be due to poor design; this is often

(1)



the case where there is an involvement of large sections.

The technicues used for the determination of Hﬂc under linear

-~

elastic conditions (L.E.F.M.) are now well established (1, 2)*. To
obtain valid ch data for relatively tough materizls, however,
necessitates the use of such large specimens that actual sections used
in service may not be truly represented. One approach to the fracture
analysis of these tough materials is the application of elastic-plastic
fracture mechanics (E.P.F.M.). This development interrelates applied
stress, crack length and material toughness for a condition which is

dependent on structural geometry when fracture has occurred after
general yielding,

Although there are numerous specimen geometries availzble for
fracture toughness testing, little variation can be found in the
configurations of the notches machined into these specimens. In
structural components, fatigue cracks often initiate from relatively
blunt areas (such as rivet holes, corrosion pits, weld repairs etc.).
The stress distribution is considerably effected by the root radius of
one of these blunt areas, coupled with the depth and shape of any
fatigue cracks that may be emanating from these said areas.

The detection of cracks and discontinuities by non-destructive
methods are forever improving, with the result of stricter inspection
procedures. The fact remains, however, that discontinuities are present
regardless of detection or not. Fracture mechanics is the best avail-
able tool for determining acceptable stress levels, discontinuity sizes
and material properties and is, therefore, directly appliczble to

structural design.

* References are given in a general reference section at the end of

this thesis.



2. DEVELOPMENTS IN FRACTURE MECHANICS.

2.1 The energy balance approach.

The fracture properties of materials were first investigated by
Griffith (3) who found an inverse square relationship between crack
size and fracture stress in several hard glass spheres. His theory was
based on the assumption that unstable crack growth would occur when the
"strain energy release rate" exceeded the rate of absorbtion of energy
as new fracture surfaces were formed. By considering an ellipsocidal
crack of unit thickness, Griffith proposed that the total energy in the

system U may be given by:

U’=l49’* t}y-_‘ua . . s ’ : (1)

Vhere Uo = elastic energy of an infinite body.
U)~= increase in elastic surface energy.
Ua = reduction in elastic energy due to the introduction of =

crack.

Ur the elastic surface energy term, is given by:

Where Lta = the surface area of the crack faces.
Ye

According to Griffith:

the surface energy of the material.

1y = JEagt RN
E

Therefore: (see fig.1)

U=l + 4o~ [letar T, eainy
3
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Fig.1. The effect of energy on crack lengfh

Fig.2. Stresses near a crack tip.



The condition for energy balance occurs when:

AN o _i( ] T
d3 E ) da 43y8> )

which leads to the Griffith egquation:

4
WS E> Lol 4T g SR TR S
gva ( = (6)

and rearranging equation (6) gives:

G = Lg% =2Y,
g

Where G represents the strain energy release rate.

Most materials do not behave in an entirely elastic manner and
there is usually some plastic deformation at the crack tip. If this
region is small relative to thé containing body then G may be cal-
culated according to theory. Irwin (4) suggested a modification to the
Griffith fracture criteria so that plastic deformation at the crack tip

may be accounted for. i.e.

Nlo?a = 2Y, +2Y

E N

Orowan (5) re-wrote the Griffith eguation in the form:
'Zh’e"’\’P)E
g = / SRR E

and as )'p the plastic deformation term is considerably larger than

\ye' the elastic surface energy term, this approximates to:

T = / 2\’ E i el ogte iR

The major limitation of the energy balance approach is that although

the instability of sharp cracks may be defined this analysis cannot be

IA



used to examine stable crack extension.

2.2 The stress intensity factor approach.

# smooth notch in an elasticzlly stressed body causes an increase
in stress at the crack tip. The magnitude of this stress is measured

-~

by the stress concentration factor, KT‘ which is defined as the ratic

of stresses at the crack tip to the applied stress. A4is the notch root

radius tends to zero, the notch becomes a crack and the stress concent-

ration factor becomes inappropriate. Irwin (6) focused his attention

on the stress distribution near the tip of a crack and by using an

analysis originally developed by Westergaard (7) was able to represent
»

the stresses in the following manner.

~

o= K A Ll s e ]
X (ZJl'r-)'/z co | smzsm i

~

L
xy —lﬁr)i sm_ cos? cos 38 329 )
\/(b:(-+ GTX)j 'ﬁ[;<z ::'FTj' 5 = )

Ky /i v S 2
! i (B Ay
G (27-[> cos 2 ] 2\/‘*‘ Sin 2

X
) L)Z Sin=2 0 -t 2
VV=cos ©
N 2 -

2
T (O cc:'»s(:'i9

S cin38
(27[;—)}{ }+sm2 sin 7]

1

U

n

v

G
WL

* Although Irwin (6) presented the stresses in the vicinity of a crack
tip for all three modes of deformation (see fig.2) only the first or

opening mode is generally considered in fracture theory.
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Fig.3. The three basic modes of crack surface displacements.




Where r and € are cylindrical polar ordinates of a point with respect
to the crack tip. (see fig.2). As r approaches zero and neglecting

the higher order terms of r, Westergaard's equations are z good approx=-
imation to the stress distribution at the tip of a crack. Providing

that the distance, x, ahead of the crack tip is smzll, then the local

stress Cry' may be given by:
N o

‘here K is the stress intensity factor, and describes the level of
local stress distribution (see fig.4).

Dimensional analysis of Westergaard's equations show that the
stress intensity factor is proportional to the applied stress U and

the crack length a. The general form being:

k =a/a. Y.(Ka/")- S A

Here Y (%) is a geometrical constant which for a specific geometry is
dependent only on the crack length to gross width ratio. For standard
specimens the variation of K1 with (%) is usually expressed as a poly-
nomial series. K - calibrations constructed in this way, for bend
specimens, are shown in fig.5. Y values for three important
configurations are illustrated in fig.6.

As the strain energy release rate G is eguivalent to the stress
intensity factor K in elastic conditions, the following relationship

exists:
= el
Where//& is the shear modulus and k is a function of Poisson's ratio

(v). A materials resistance to fracture may be represented by either

G, or K, . Generally, however, K

1c Ao is prefered as it is independent

1
6
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of material modulus.

2.5 Linear elastic fracture mechanics.

2.%5.1 Plastic zones.

The result of high elastic stresses in the vicinity of a crack
tip is the formation of a plastic zone, where microscopic yielding has
taken place. The size of this plastic zone varies according to whether
the stresses are developed in ''plane stress" or "plane strain"
conditions. In a relatively thick section the plastic regions near the
surface are almost entirely in a condition of plane stress, whilst
those in the centre portion are in a condition of plane strain (see
fig.7). Assuming that the stresses ahead of the crack tip are always

less than the yield stress Crys’ the radius of the rlastic zone may be

given by:
J R Tys 1oy
for plane stress
or

o aol Kic A s R e
J 5-6JT\ Tys

for plane strain

g.}.é Dimensional effects.

If the theories of linear elastic fracture mechanics are to apply,
the thickness of a body must be of sufficient size in order to com-
pletely contain the plastic zone. (i.e. plane strain conditions). The
decrease of stress intensity with increase in specimen thickness, B, is
shown in fig.8. Here it may be seen that the stress intensity levels

out after attaining a certain minimum thickness Bmin' In practice, to

7
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Fig.7. The plastic zone ahead of a crack tip.



ensure that the stress intensity factor is obtained in plane strain
conditions, the standards (1,2) specify that the value of B should be

greater than:

2

ch

Cﬁys

4£-0 (16)
although an earlier draft (8) recommends that the thickness should be
greater than:

2
%+ _JSL&__ y ; : . ) . (163)
ays
This value is often conservative and valid ch data may be obtained at
thicknesses less than B . . (see £ig.8).

Plane strain conditions do not always guarantee that the stress
intensity will be the critical value, ch as measured under linear
elastic conditions. Errors can arise in the value of K1 at distances
ahead of the crack tip and these errors will increase with distance.
Modification of the stress intensity factor to include some extent of

plastic deformation ahead of the crack tip in an infinite body has been

accomplished by both Irwin (4) and Orowan (5) i.e.

(S ] R e e

Where r is the plastic zone size given in equations (15a) and (15b).
The greater the ductility of a material, the larger its plastic zone;
therefore, with reference to equation (17) the greater will be the

correction made to the stress intensity factor, K For this reason,

1.
standard specimen reguirements recommend that in order for elastic
analysis to be applicable, the plane strain plastic zone size should be

less than 0.02a (where a is the crack length). Fig.9 illustrates this

point.
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2. 9«5 Critical de.ect sizes.

2+3+3.1 General.

One of the major advantages in knowing the fracture toughness of
a material is the ability to accurately predict the critical defect
size for a certain level of applied stress. If we consider the case
of a through crack in an infinite plate (as shown in fig.6a) where

Y =/J{, then by substituting for Y in equation (13) and rearranging,

we obtain:

O_-:_ je » . . . » . (’]8)
Vi(Tta)
The critical defect size for a certain level of applied stress or

working stress, (T;, may then be given by:

2
dc = Kie” T Sy ety

e
Equation (19) represents the critical defect size for purely elastic
fracture conditions. If we now take a step further to include plastic
yielding at the crack tip (see section 2.3.2) then by substituting @

l

for U and by combining equations (15a) and (17) we may write:

(Ea) [""J‘(U_W/U—ys);} =

where the term in the square brackets represents the plane stress
plastic zone correction factor.
Consider the following example where the gross stress to fracture
CT;, was equal to half of the yield stress,CTys. From equation (20)

the critical defect size a, may be given by:

tle = ﬁl—} (o 88) . {21)

9



This means that in plane stress conditions the critical defect size is
reduced by approximately 12 percent. Similarly, the critical defect
size for plane strain conditions (where r, is given in eguation 15b)

o

may be written as:

a = Kcl (O . . . : s 2
= e e (22)

or the plane strain condition reduces the critical defect size by

about 3 percent.

2.3.3.2 Totally embedded defects.

hAccording to Irwin (9) the stress intensity at any point on the

front of a totally embedded crack (see fig.10a) can be given by:

K,=c;,§"~//f(a+ry)- R b

where, assuming that the cross section of the crack is elliptical ﬁ is
the shape factor dependent on the ratio of the minor axis to the major

axis (values of § are given in table.1 from Barmby (10))

Table.1 Values of é for elliptical embedded flaws.

(2 = length of minor axis, b = length of major axis)

In plane strain conditions a, may therefore be written as:

3

(24)

2
aC = _!il'.;__ @2_ i
2
T 27T 4—(2)10__)’5
where the term in brackets corresponds to the plane strain plastic

zone correction factor and shape factor combined.

10



Fig.10a. Totally embedded crack

b
//

Gl

Fig.10b. Semi-elliptical surface crack



2.%.3,% Surface defects.

Fig.10b illustrates a semi-elliptical surface crack (thumb nail
crack) of depth a and surface length 2b extending into an infinite
block. This type of defect is essentially half of the totally embedded
elliptical crack shown in fig.10a, with the exception that this surface
crack has a free surface. This free surface (or front surface) tends
to increase the magnitude of the stress intensity owing to the greater
generation of stress at the crack tip. The stress intensity for this

type of crack may therefore be given by:

K12= G'wzjt(a*")’) : : : ) (25)

o

By combining equations (15b) and (25) and rearranging, &, for plane

strain conditions may be given by:

2
2 @ 2 ok ?/ 2
a = o8 C>:Ll2.0:~, Tvs 26)
G 5 5 ” (
JUTy l;
Where in this case the bracketed term is a combination of the plane
strain plastic zone correction factor, the front face correction factor

and the shape factor. More generally, eguation (26) is written:

2
23 o lc

e (27)
R/ i

Where Q, the defect shape factor, is equivalent to:
2
2 2
Q— é" O'ZIZG_W/O'—)/S ; ; (28)

Fig.11 shows the effect that the depth/surface length has on the defect
shape parameter, with increasing values of plastic zone correction

factor.

2.3.3.4 Irregular shaped defects.

The critical sizes for irregular shaped defects has been

1
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described by Barnby (10). Consider the irregular defect shown
diagrammatically in fig.12, which represents the cross section of two
flat cracks inter-connected by a narrow neck. To estimate the critical
defect size of this shape we first need to know the stress intensities
at various points on this shape, say 4, B, C, D and E, The stress
intensity at positions A and C may be determined from the combination
of an isclated elliptical crack and a half ellipse. Point C is similar
to a through crack of length x. At points B and D we could assume
isolated ellipses and the K1 values here would depend on the shape
factors of these ellipses. Practically, the accuracy to which the
critical defect size, for an irregular shape, needs to be determined
depends upon its overall size. If the irregular shape is small enough
to be completely engulfed by an elliptical shape, which itself is
critical then, the determination of the critical defect size for this
elliptical shape is purely academic. If, however, the apparent size

of the irregular shape is much larger than the overall critical defect

size then, the irregular shape's critical defect size must be

accurately determined.

2¢%.3.5 Crack or defect cozlescence.

The coalescence of cracks or defects in a material to form a
larger single defect depends upon the separation of adjacent defects.
If we consider the simple case of two co-planar circular cracks of
diameter D and radius a, the distance between the cracks may be given
by, W. Where VW = na (see fig.13a). The coalescence conditions for
various groups of circular embedded cracks are shown in fig.13b. This
figure is best explained by use of the following example:

Consider two defects both of which have defect sizes of half the

critical size (i.e. D/D = 0.5). The point of intersection of curve

crit

No.3 and the dotted line representing D/Dcrit = 0.5 corresponds to the

minimum defect separation in order for two cracks to coalesce at their

12
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crack tips. Thus in the area A no cracks will join, in region E only
an infinite number of cracks would join, in réegion C three or more
cracks would join, and finally in area D all cracks will Join together.
Although it is understood that this diagram only gives coalescence

conditions for two dimensional situations, it is nevertheless a good

approximation to the real protlenm.

2.4 FElastic - plastic (vielding) fracture mechanics.

2.4.1 General.

The limitations of linear elastic fracture mechanice as a method
for evaluating the fracture properties of materials has brought about
the development of yielding fracture mechanics. The concepts of
yielding fracture mechanics enables the fracture toughness of a
material to be assessed after gross plastic deformation has taken place.
Three main procedures are currently in use for extending the available
linear elastic fracture mechanics into elastic-plastic conditions,
namely:

a) Crack opening displacement (C.0.DJ)

b) J-integral analysis (J)

c) R-curve analysis

2.4.2 Crack opvening displacement.

2.4.2.1 Analytical models of C.0.D.

The original model representing plastic deformation at the tip of
a crack was presented by Vitvitskii and Leonov (11) which was modified
using dislocation theory by Eilby, Cottrell and Swindon (12). Dugdale
(13) and at about the same time Barenblatt (14) used the model to rep-
resent the extent of yielding of a slit contained in an infinitely
large plate (see fig.14). A uniform stress, U, is applied

perpendicularly to the faces of the crack which causes the crack of

13
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length 2a to increase to a new length 2c. The difference between the
original and new crack lengths (2¢ - 2a) corresponds to plastically
deformed areas at the crack tip. 4 restraining stress 'x' acts at the
regions of plasticity, thus preventing the crack from opening.

wells (15) by applying the Dugdale model to fracture observed
that the tip of the slit opened with a near square ended contour. From
this he proposed that the fracture behaviour in the vicinity of a crack
could be represented by the " crack surfaces opening displacement "
(C.0.D.). Furthermore, fracture would occur at a critical value of

crack opening displacement, Sc' In fig.14 if the restraining stress

g Cry and the length of the new crack 2c¢ is replaced in terms of
'a', then:
g i heos i d7
< = R (29)
c 74 Ofy

Where (J° is a uniform applied stress. From this the crack opening

displacement 8 is given by:

S= %%-YEE. Loa sec _/;LG; oo T S (30)
Ty

SN g

Using a series expansion for log sec| | Z—|[—— | it was found that:

93

z 4
§= Boys _L(Z_T.E _I_(E.g ( )?
JE, FANZ U‘y>+l120‘y)+4-5107.._}-. i

If the applied stress  is less than about 2 O-y then equation (31)
approximates to:

L L ta

(32)
EG')/

2.4.2.2 Correlation between C.0.D., G and K.

With reference to equations (7) and (22) it can be shown that the

strain energy release rate for a centre crack, in an infinite plate may

14



be given by:

G = ;ﬂTqrz-a = Gj;é; RS SN e
E

If the correction factor, ry. for plane stress is incorporated in

equation (33) such that 2¢c = 2 (& + rV} then the modified expression

for G will be:
2
8 |+—f_—<'_q—-)} . . .
G o—yé[ z oy (34)

Which represents an extension of L.E.F.M. into plane stress conditions.

For plane strain conditions G has been represented by:

Gralio gl - s e

Where M at the present is the subject of much controversy, owing to the
discrepancies between theoretical and practical values. N values
available from the literature, together with their corresponding

references are listed below:

M= % Wells. (15) plane stress.
M=1 Bilby, Cottrell and Swindon (12) anti-
plane strain.

M=% (1- ve) Hahn and Rosenfield. (16) plane strain.
M=2.2 (1 - vz) Finite element analysis (17, 18 and 19)
plane strain.

M=2%o0.5 Wells (18) plane strain (experimental).

Generally, M is taken as 1 in plane stress and 2 in plane strain.

An equivalent form of equation (14) in section 2.2 may be written as:

lcz = Gic, E/(I*VZ). : ' (36)

By combining equations (34) and (25) it can at once be seen that

f(lc == PTEE.Gﬁy S
Gl=vd)
15
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2.4.2.3 Crack opening displacement at initiation SiJ

The crack opening displacement g in many materials is difficult
to physically define, since the crack profiles may not be 'sguare
ended' owing to material effects such as micro structure, grain size,
inclusions, porosity etcetera. Wells and Burdekin (20) have suggested
that the crack opening displacement should be taken at the elastic -
plastic boundary. Large scale yielding, however, would tend to move
the boundary so far along the crack flanks that the C.0.D. would depend
on the crack length. Dawes (21) has proposed that owing to stretching
of the crack tip from its original position, the C.0.D. should be
defined as the displacement at the original crack tip position.
According to Dawes this definition will be independent of crack tip
profile and position of the elastic - plastic boundary.

Si, the value at which initiation from an existing crack occurs,
is at present the parameter which comes nearest to being z material
property. VWork of this nature has been carried out by Smith and Knott
(22). They took several specimens, containing either fatigue cracks or
slots of various widths and loaded them to stages on a load - crack
opening displacement curve. By then breaking the specimens open in
liquid nitrogen it was possible to measure the fibrous crack length in
each case. Fig.15 shows these fibrous crack lengths as a function of
C.0.D. From these graphs ‘Si was then estimated by extrapolating the
curves to zero.

Subsequent work on the crack opening displacement at initiation
shows that the value Si can be detected using the potential drop
technique (detailed in Draft for Development 19 (23)). EHere Si may be
characterised by the first change in potential between two probes spot
welded on opposite faces of a crack mouth. Whilst this technique may
be used with some zluminium alloys and steels, crack extension is often

50 gradual that no sharp change in potential may be observed. (gi does

16



appear to be a promising parameter for characterising fracture after
general yielding, since the problem of stable crack growth and its

interpretation is not relevant at initiation.

2.4.3 J - Integral analysis.

2.4.3,1 Definition.

The Rice (24) J contour integral parameter is a method of
characterising stress - strain fields near a crack tip by an integration
path remote from the crack tip. This integration path may then by
substituted for a path closer to the crack tip region, since any
integral taken in an anticlockwise sense from the lower crack face to
the upper crack face will be path independent (see fig.16). By adopting
this approach fracture may be examined at plastically deformed crack
tips, possibly with limited amounts of stable crack propagation. For

two dimensional elastic - plastic conditions J is defined as:

SR Y T P S PR
) y ,?&:_ds (38)

Where: R is the contour surrounding the crack tip.

W is the strain energy density given by:

£
\»\/=\«~/(E>=/O‘;J-JEU e

TidUi are work terms when components of surface tractions on

the contour path R move through displacements dUi.

S is the arc length along the contour path R,

Rice has proved path independence by considering any closed path

R' which encloses an area A' (providing the path does not cross the
crack). From Rice's integral the contribution to J along any crack
surface = O, since dy = O and Ti = 0, therefore:
Jp* g = =0 or Jp = Jp, (see fig.16).

17
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Fig.17. The J integral applied to crack extension



2.4.3.2 Interrretation of the J integral parameter.

Consider fig.17 where da represents some crack extension. The
original contour position R is shown as the full line whilst the new

contour R', a distance da away, is shown as the dotted line.

F T=/wdy- |7, dui ds (40)
: MR

Then by multiplying each term by da we obtain:

Tda=/\~’d_>/da —/T,- doi dsds wr
L

Where Jda represents the total amount of energy available for crack
extension da. Jda is identical for all contour paths, including the

one very close to the crack tip, because of the path independence of J.
Rice @) has shown that as the J integral parameter corresponds to crack
tip deformation, it must be related to energy balance conditions. J may
therefore, be represented as the difference in potential energy between
two, identically loaded bodies, having crack lengths of a and a + da

respectively (as shown in fig.18) for unit thickness B:

J=~lin Ula+herulay = - 3¢
Ad—o A3 da

(42)

2.4.3.3 Applicability of the J integral parameter.

The application of the J integral to fracture analysis comes from
viewing the stress and strain fields surrounding a crack tip. In fig.
19a three distinct areas around a crack tip are shown diagrammatically
namely:

a) elastic b) plastic c) intensely deformed zone

The elastic approach to the problem is only appropriate when the
crack tip plastic zone size ry is small compared with the other

dimensions of the body. L.E.F.M. is therefore, only applicable for

18
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small scale yielding. The distribution of the stresses for the elastic

condition may be given in terms of CT;j (see fig.1%b) where:

U‘;J=%Z€(€9}- SRR

for 2ry<f r << body planar dimensions (ry is given in eguation (15)).
The elastic - plastic condition around a crack tip is illustrated

in fig.19c. The stress and strain intensity factors at the tip of a

crack have been derived independently by Hutchinson (26) and Rice and

Rosengren (27). The dependence of distance r from the crack tip may be

given in the form:

T Wcr(e) - : - = T{hLa)

P |
Slleg WM_[ E(e> 5 £ o {hiLb)
displacements UX T /(N+1) U(e) : .+ (b4be)

where N is the strain hardening exponent. Note that for the linéar
elastic condition N = 1, therefore the elastic - plastic equation (44a)
reduces to the L.E.F.M. equation (43). The methods used by Hutchinson
and Rice and Rosengren are thus similar to the derivation of the
L.E.F.M. factor described by Hayes (28).

In linear elastic fracture mechanics the recommended minimum
specimen thickness, in order to obtain valid K1c results, is given by:

( see also section 2.3.2 )

2

334-'075:!)?_5- T e S

Similarly, in elastic - plastic fracture mechanics there will be thick-

ness limitations, as the size of the intense deformation zone must be

19



small compared with the planar dimensions, in order for the J integral
analysis to be appropriate. Begley and Landes (29) have suggested
from their results on bend specimens that the thickness B should be

greater than:
BrosBle s b i S
O"ys
since, at thicknesses less than this value they found some variation
in the value of J1c'

Lxperimental evidence in support of the J integral as a parameter
for describing fracture, has been produced by Landes and Begley (30).
They obtained several loazd - displacement records for various specimens
with differing crack lengths (see fig.20a). By then evaluating the
area under each individual curve, up to a specific displacement, they
were able to construct graphs of energy per unit thickness against
crack length for a variety of displacements (see fig.20b). The
gradients of these curves, shown in fig.20b, represent the change in
potential energy per unit thickness per change in crack length and are
therefore equivalent to J. To estimate the critical value of J (J1c)

J was plotted against displacement. J1c then corresponded to the point
at which the average displacement at failure cut the curve, as shown in
fig.20c.

The suggested procedure for the determination of J1c proposed by
Landes and Begley has highlighted the advantages and limitations of
using the J integral as a characterising parameter for fracture. One
of the possible limitations could be the difference in slip line
fields for dissimilar configurations. This would mean that J would
have to be restricted to contained plasticity. Begley and Landes (29)
have shown, however, that for two independent geometries the difference

in slip line was of no consequence and both geometries gave the same

value of J1c' This supports their theories on crack tip "blunting"
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overriding the effect of slip line field formation.

The advantage of the J integral approach is that it may be used
to describe conditions at the crack tip, where analysis by existing
methods are most subject to error. In linear elastic conditions ¢
is eguivalent to G and as J is a field parameter it may be related to
the crack opening displacement in the same manner as G ( see section
2.4.2.2 ). The J integral approach potentially offers promising
applications in elastic - plastic fracture analysis of complex

structures.

2.4.4 R - Curve analysis.

The concept of describing fracture by resistance (R) curves was
introduced by Irwin and Kies (31). They found that '"the strain energy
release rate and the fracturing work rate must be egual at the onset of
instability and that they are unlikely to differ widely in magnitude as
fracturing continues" (see fig.21). Krafft et al (32) have repres-
ented the Irwin and Kies concept in the form of relative crack
extension, illustrated in fig.22. Here the critical value of G, Gc‘
is given by the tangent of the G curve to the R curve, where G is the
crack driving force and R is the crack growth resistance.

An R curve is a plot of crack growth resistance against slow
stable crack extension. Although KR ( the driving force for stable
crack extension) is calculated from the effective crack length, it is
usually plotted against actual crack extension. At the point of
instability (given as the point of tangency between the KR and K
curves) K; is equivalent to K (the plane stress critical stress
intensity factor). Kc, however, is not a material property and
depends on: temperature, strain rate, body thickness and initial crack

length. VWhereas, K 5 ( the plane strain critical stress intensity

1

factor ) only depends on temperature and strain rate.
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The effect of initial crack length on HC for a specific thickness is
shown in fig.23 (35). Here a, and a, are two different initial crack

lengths and the curves P, and p, represent the K lines for loads of F.

2
and PZ respectively, where P1 > PE' As an R curve gives the variation
of Kc with change in initial crack length, it is only dependent on
three variables namely: temperature, strain rate, and thickness. R
curves, therefore, may be used to characterise plane stress or mixed
plane stress and plane strain fracture behaviour.

The methods available for R curve determination are given in
A.S8.T.M. 527 (33) and more recently in the A.S.T.M. standards (34).

R curves may be obtained experimentally by either "load control" or
"displacement control" methods. Generally displacement control is
preferred as it allows the R curve to be obtained after the point of
instability where KR = Kc. The relationship between the two methods
has been investigated by Heyler and Mc cabe ( 35 and 26) but only for
L.E.F.M. conditions.

An alternative method for R curve determination has been
suggested by Judy and Goode (37). They took several specimens of
differing widths and thicknesses and found the total energy to failure
for each case. By then dividing the fracture energy by the remaining
ligament area and plotting this against crack extension, the fracture

energy could be given by:
2
- SRRt
U RQ(AED.B (47)

where E?? is a constant dependent on the resistance of the material to
fracture. As EE? and B are known quantities, the slope of the R curve
U/B.(B - a) versus /A 2 may be determined.

R curve analysis may be used to describe the fracture behaviour

of specific thin sections and in some cases where ductile tearing is

L



prevalent. In the majority of structural components, however, it is
not a practicable method, because:

a) The R curves obtained may not be relevant to the structure.

b) Construction of the driving force curves is only, as yet,
possible by elastic - plastic finite element analysis.

c) Although an allowance was made for the rlastic zone size in
estimating the effective crack length for producing R curves,
the shape of the crack front was assumed to remain constant,
during slow stable crack growth.

Neale (38) has proposed, using finite element analysis, that as

a crack propagates there will be an increase in load as the crack
becomes more bowed. At the attainment of the maximum load the crack
will have arrested into a thumbnail crack shape* According to Neale
this shape will be a consequence of specimen thickness and mixed plane
stress and plane strain states. The assumption that a crack advances
with a constant front shape, in R curve analysis, may therefore be an
over simplification.

For these reasons the majority of research in yielding fracture

mechanics has concentrated on the techniques of crack opening dis-

placement and J integral analysis.

* The effect of curved crack fronts is dealt with in detail in

section 3.
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5. THEORETICAL CONSIDERATIONS.

2.1 Finite element analysis.

3.17.1 Introduction.

Analytical solutions are mathematical expressions which describe
the value of desired, unknown guantities at any point within a body,
consequently they must be valid for an infinite number of points within
that body. Analytical solutions are therefore, limited to certain
simplified situations. For the more complex engineering problem it is
necessary to resort to numerical methods (39 and 40) which give approx-
imate, but acceptable sclutions. Numerical methods usually involve the
dividing of a structure into a discrete number of points or units.

This process is known as discretization and is the basis of finite
element analysis (41 and 42).

Finite element analysis is the representation of a structure by
an assemblance of numerous sub - divisions, called elements. These
elements (which may be triangles or gquadrilaterals, for two dimensional
analysis, or tetrahedra, hexahedra and rectangular prisms, for three
dimensional analysis) interconnect at nodal points or nodes. Fig.2h4
shows a two dimensional representation of a finite element mesh. In
order to analyse a finite element mesh any one of the following

procedures may be employed:

a) The displacement method; where the displacements are the
primary unknown gquantities.

b) The equilibrium method; where the stresses are the
primary unknown guantities.

¢) The mixed method; where both displacements and stresses
are the primary unkmown guantities.

In subsequent sections the "stiffness matrix" of a basic element,
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using the eguilibrium method, will be determined as this is the basic

unit for solving problems by finite element analysis.

%.1.2 Displacements.

Consider the triangular element of unit thickness illustrated
in fig.25. This element has, at each corner, nodes (given by i,
and k with co-ordinates in the form (x,y)). The displacements of the
element are represented in terms of (u,v) for each node. Assuming that

the displacement components u and v va ry linearly with x and y we may

write:

u=~_C +Cx+ C,y
1 2 3
. (48)
v = e 05x + Csy
where the constants C1 to 06 are chosen so that:
at node i u = U,y at node j u = uj, and at node k u = Uy
L5 k0T v = vj, v =Y
Therefore 6 equations result, namely:
u, = C1 + szi + CByi
uj = C1 + szj + 033'j . . . . ' (49)
u, = C,I + CExk + Csyk
Vi =0y ¥ Coxe + Kexs
vj = Ch + Csxj + Csyj . . i 2 ; (50)
vy = CL+ + C5xk + Ceyk

As iteration is the only method of evaluating the constants in the
equation above, high speed digital computers are normally used in

finite element analysis.
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Equation (49) can now be written in matrix form. i.e.

- e
1 xi bi <, 1.1:L
. Y C, - ug g ! (51)
e S c, Uy
— 3

1 x; yi = twice the area of the
1 xj yj triangular element.
11

ul LA
1
c, = x By Xy E il (uiai tuga, 4 ukak) (52)
= %

Where the values ass aj, and a, have been obtained by multiplying

out the 4 matrix with respect to the first column.

8y =Xy = F¥y
ar Bt = AT SRR AR SRR R TR R R
Ry = X3, - X5

A similar procedure is followed for the other constants, which may be

combined to form a single matrix. i.e.

C1 a; o} a;| 0 2, 0 u,
02 bl 0] bj 0 bk (0] \
C3 s 0 cj 0 ) 0 uj
U e R S R T Tl % g
) UA i 3 k j
05 0 bl 0 bj 0] bk u,
06 0 c; 0 cJ 0] ) Vie
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%.1.3% Strains.,

In plane stress for a thin body:

U
w

T, & O === . = Oh s - - (
ZZ yz X

W/

Consider the strain/displacement eguations.i.e.

£, = %::_.) Eags LS i __53%,)

(56)

3y
“ g A o iR e, By nifie e

For plane stress these simplify to:

(57)

Exx e _a_U e éV : _A_U BV
é:c J Eyy éj ) EX}( —E(éyu} éx)

and from equations (48) and (57) we may write in matrix form:

~ [
Exx b, O bj 0 S u,
1
gyy =3 0 c:i 0 cJ 0 Cy vi
s e, b. e b. c b u.
Xy | 3 x J J k %4 J [58)
3y
J
Yy
Yk

e {g}:[g}{gf_ § Tt N s

where B is the square bracketed matrix term in equation (58) and
lists the nodal displacements. A relationship between strain and

displacements has now been formed.
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3,1.4 Stress/strain relationships,

The stress/strain relationships for isotropic materials,

according to Hooke's law, may be given in a simplified form as:

[
Ea = £ (T~ Vo)
& = g
Yy E (o~ UU}x) e o R et SR G BT
Exy = "%—( +v) Txy for plane stress
Exe = =[5y ~ ¥ G“ )
XX E X X )r)/ + T
el
€yy = "E—'[G- U2z + Txx )] MRS
Exy - ......_2_ + v G"'x oo __l_ U—- f | L
E y xy or piane strain

Writing these eguations in matrix form we obtain:

o N

I

o
e/
1
™M M My
4 4

o
7))o
Txy
[C:] is known as the elastic compliance matrix and is inverted to

give the "elastic stiffness matrix" Eé] s where:

_; v 0] E
S = E v 1 0 . (623)
[J ([—\)1) 0 0 (1=-wv)/2 ;
L =]

for plane stress
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or

1=v ¥ 2
[S] = E SR Sy T A
O+v)0"2g 0 0 (1 =-2v)/2
for plane stresin. with the

equilibrium method
Although the compatability equations are not directly involved oli

finite element analysis they must be satisfied by the strain distrib-
utions within the elements if the analysis is to be acceptable. Now
that the elastic stiffness matrix has been determined for each individ-

ual element, the strain energy stored in each element may be given by:

Ue =%E{E}t[5:|{€?dvot e )

from which the total strain energy in the body can be determined by
summing all the individual element values. The potential energy in

the system is then found and since this must remzin constant at

oV =0s= {Sq]t([K]{q]—{QD . (6h)

where iq} 3 Eé}are the generalised co-ordinates and forces.

ecguilibrium:

The variations in ( Sq) are taken arbitrary, therefore equation (64)

reduces to the stiffness equilibrium eguation.

[K]{q]={@}- 5, 2 T S MG

where K is the assembled stiffness matrix.
Equation (65) may then be solved for q, after imposing certain displace-
ment boundary conditions on the system, hence the element strains and

stresses may be determined. (47).
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3.2 Stress concentration factors.

The stress concentration factor at the root of a notch is given
by the ratio of the maximvm and nominal stresses at that notch root.

i.e.

Kp = Cy.maxiMum ' : : ¢ (66)

cj--rncumina.l

A compedium of stress concentration factors for numerous configurations
has been published by Peterson (43) and some of the more important con-
figurations are illustrated in Faupel (44), Stress concentration
factors for flat bars containing single notches subjected to pure
bending have been determined using a photoelastic technique by Leven
and Frocht (45). Fig.26 shows the results of their work where K, was
plotted versus notch root radius divided by remaining ligament length
for several notch depths. Providing that the notch root radius is
fairly large and the notch is of an intermediate depth, Leven and
Frochts work offers a basis for the description of stresses at notch
roots.

Neuber (46) has suggested that the stress concentration factor
for a notch of arbitrary depth a, and root radius e s subjected to
pure bending, may be estimated by combining the equations obtained for

deep and shallow notches. i.e.

DEEP i(%+lj_3o§l
e

where &y s 2(%”)0 a/?
(%H) arctan(/%f/g/?

oty = A0 /B i
3[/8_/;0+ (a/P—I)arcTanx f:'l/{:>




and K, ., . =1+2 /ae ; : ; : : : : (68)

and, therefore by Neuber K = (KE =) LK. = 1{]

_

(Kim 10° 2 (K. - 1;]
5 a

—

Although Neuber's eguation is a good approximate for HT values of
arbitrary notch lengths, errors will occur in the value of HT when the
notch is in between the deep and shallow depths. Currently, the most
reliable method for determining stress concentration factors in
engineering situations is by finite element analysis. (see the
previous section). Richards and Vood (47) have evaluated stress
concentration factors for a number of single edge notch specimens sub-
jected to both pure and three point bending. Comparison of their
results for KT’ obtained by finite element procedures, and data gener-
ated by both Leven and Frocht's and Neuber's solutions is given in fig.
27 and detailed in table 2. To obtain KT values for three point bend-
ing was a comparatively simple task of moving the loading points from
four to three locations, whilst maintaining the same element mesh size.
Richards and Wood have shown that there was excellent agreement between
their results, for pure bending, and the data generated by existing
methods. It was reasonable to assume, therefore, that the KT values
produced for three point bending were of a similar accuracy to those
obtained for pure bending. Although most of the results for three
point bending, obtained by Richards and Wood, were for a span length to
width ratio of 4 to 1, two results were estimated for an 8 to 1 ratio.
The stress concentration factor results for the & to 1 ratio, shown in
fig.27, fell in between those results for pure bending and 4 to 1 three
point bending. It is interesting to note that Brown and SMrawley (48)
obtained a similar trend for Y, the geometric factor, for stress

intensity calculations of sharp cracks (see fig.5).
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Fig.26. Ky factors for single notched flat bars in pure bend.

Notech details

Stress concentration factors

depth root rad Neuber Leven & Frocht F.E.A. F.E.A.
(mm) (mm) (pure bend) (pure bend) (4 pt bend) (3 pt bend)
20 0.13 10.40 - 10.24 9.61
5 0.13 8.39 - 8.67 8.03
5 0.13 7.97 - 8.20 7.59
5 0.51 4,31 - L.40 4,09
5 0.76 3.6k - 3.68 3.42
5 6.35 1.70 - 1.60 1.51
10 0.13 7.47 - 7.28 6.84
10 0.76 3.36 33 3.22 3.06
10 1.52 2.54 2.38 2.%7 2.26
10 3.17 1.94 1.79 1.74 1.69

Table 2. Stress concentration factors.
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3.3 Stress intensity factors of sharp cracks emanatine from notches.

There are numerous methods available for determining stress
intensity factors of sharp cracks in different body configurations.
Some of the more widely used methods, together with their accuracy and
usefulness, are summarised in a paper by Rooke and Cartright (4S%). A
”Comp%?ium of Stress Intensity Factors'" has also been published by
Rooke and Cartright (50). The majority of sharp cracks occurring in
service, however, initiate and grow from stress concentration sites
such as notches, defects or sharp changes in section. The descriptions
of stress intensity factors for these conditions are complicated and
the methods available for their determination become considerably
limited. Finite element analysis offers the greatest potential for
solving these types of problems.

Yamamoto et al (51, 52 and 53) have derived stress intensity
factor eguations, for sharp cracks emanating from semi-elliptical
notches, by combining analytical and numerical solutions. By using
Koiter's formula (54) Yamamoto and Ao (51) were able to obtain an

empirical expression for K, for fine cracks emanating from a notch,

1

K, - [l— 122 (oaog)-r 0-6830-/7ﬁ¢b/f>)c]/(;(—c)(@)

where G<Gﬁ, is the stress at the notch root

given by:

BTy, /p is the stress gradient at the notch root
and o =y [I +2m:]
B =-Y[3+4/a)
Y = FCe)h(%)/122
Fa/f’) ¢ f'/ZI[OBBBf%-@-:O‘{{[Za/p +jEP]
h(®)=1-107--552 a/w+7_7,(%)2_[3_55(%>?+,+25(%)4
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where: a is the notch depth, ¢ is the crack length, e is the notch
root radius, F is the midpoint load, W is the specimen width and L is
the specimen span length.

For crack lengths which were greater than a critical value of

s Co» where 2 is given by:

to =5 (w-a)
and
&, = |- exp[0-5/B0)/(W-2]]
K, Been could be estimated from an "equivalent crack length" (a + ¢)

see fig.28. According to Yamamoto and Ao this value of K1 also
corresponded to the limiting value of K,1 for notch root cracks of
length c, as a/P tended to infinity. For cracks less than Cyo
Yamamoto and Ao have produced an empirical formula for three point
bending by combining their numerical solution and eguation (70). This
formula conforms with equation (70) and is continuous at the condition

c =c.. The formula is as follows:

K1 shallow = %(ao+a,§+a2g2+aa §3>/[7[(W—a)% (71)
Ky deep = O'Lh(Q)/(f[WQ) S IR Ol o

where: £ = C/(\/\/—a)J €. Co/(w_a>
U= (a+ c)/w, No = (a+ Co)/W

[-122

0-683x-19(%) (w-2)

-3 (2.6 (20, 1),
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a3=2(A0-bo)/E3+ (@,+5,)Eo>

bo = h(%)// [ (20- 3)/20]

b 2 0-5(1-84)[-h () Yv 12+ 2d(70)
% (%= 3w )01/ [(%6 -34v)/10]3

h(2)= I:107-1-5520 + 1-719%- 3-55603+ 1425 0%
0/(70):‘ 1552+ 15427, -40-650.2 + 5703

The results of Yamamoto and Ao's analysis for three point bending
is illustrated in fig.28 where it may be seen that there was good
agreement between their empirical ecuation and their numericazl solution.
An extension of Yamamoto, Ac and Sumi's work (52) on single edge notch
tension specimens has been proposed by Jergeus (55). By expressing the
width and depth of a notch in elliptical form, so that the semi-minor
axis b =\[E§ and the semi-major axis = a, Jergeus has derived an
equation for an eguivalent crack length based on earlier work produced

by Smith et al (56, 57 and 58) i.e.
) =0 %o . . . . . (73]

Where 1 is the equivalent crack length
e is the contribution due to the notch see fig.29.
¢ is the crack length

and (from Jergeus):

$-(- el 2 Q) -

values for e/a, obtained by:
a) Jergeus's equation
b) Finite element analysis

are shown as a function of ¢/b in fig.30. Here, Jergeus's solution
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agreed favourably with both finite element analysis and Nisitani's
analysis, in the range of interest (i.e. 0 <¢/b < 0.5). Several
workers have recognized the presence of a zone of influence in front

of a notch tip. The depth of this zone, given by a critical crack
length oo however, appears to be the subject of much ¢ ntiroversy.

Some of the values obtained from the literature and their corresponding
references are listed below:

a) c, =.§°(W - a) (given in equation (82); Yamamoto et al (52)

b) ¢, = 0.13 V’ae ; Smith (58)
c) c, = 0:25 \/ae ; Novak and Barsom (59)
d) ¢, = 0«5 ap ; Smith and Miller (57)

Critical crack lengths for all these conditions are shown as 2 function
of €> for notch depths of 5 and 10 mm in fig.31. Examination of these

curves in fig.31, together with those shown in fig.?0 tends to indicate
that the zone of influence extends up to a value of about 0.5 - O.6JEE;_
Outside this zone the effective crack length may simply be given as the

addition of the notch depth and the crack length.

3.4 The effect of notch root radius in fracture mechsnics.

3.4.1 Relationships between stress concentration and stress intensity

factors.
Stress intensity factors may be estimated from stress concent-
ration factors as the root radius of a notch tends to zero. Irwin (60)

has shown that:

Kﬁbm Kr Jo \/-ﬂ:_é

<A (75)

where KT = U max and KII = KIII =0
O—.O

The case for a semi-elliptical notch, of depth a, and root radius e

subjected to a uniform tensile stress,CTky has recently been examined
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by Hasebe and Kutunda (61). As the formula for the stress concent-

ration factor, K., may be given by:

oo VoA
KT=ZCJ'(—€—) SRS e

where Cj = coefficient determined from boundary conditions, and shape,
EJ = notch root radius,
J =(10293 """ )

by combining equations (75) and (76) they obtained:

Kl="£TCJG“O/]fa- i )

where coefficient Cj could be determined by the following methods.
Method 1
Considering only the first term of the coefficient Cj:

p =&

T b L e and

where C1 could be calculated by substituting the appropriate values for

% and KT'

Method 2
As the % ratio becomes large the linear relationship between K
and /gg may not always hold and it becomes necessary to consider the

other terms of C i.e.

N,

Ky /—+CZ+C3J— e e
Ky c“/%mﬂ C3/% +Cu(f)

Ky \/E—+Cz+ CalF +Cq(d +C5(a)!5

The coefficients above were determined by a least sguares of errors
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method.
Method 3

In order teo obtain KT values when e /a becomes very Sma¢l,
Hasebe and RKutunda have extrapolated their curves, vrroduced from
eouations (79) to zero. These extrapolated results were then used o
determine new coefficients in the eguations (7¢). liew values of Ko
could then again be determined by extrapolation and by repeating this
operation several times, the accuracy of the expression for KT was
improved. Although Hasebe and Kutunda have derived an empirical
relationship between Kq and KT’ their analysis is not appropriate for
determining stress intensity factors of short, sharp cracks emanating
from blunt notches. It is also thought that as ED/E approaches zero
(i.e. the notch becomes a crack) their extrapolation technigue will not

be of sufficient accuracy for predicting reliable stress intensity

factor values.

3.4.2 Plastic deformation at the tip of a blunt crack.

The situation of blunt cracks, of finite root radius, loaded in
uniform tension has been studied by Smith (62). His solution, obtained
for anti-plane strain has been regarded as a good approximation to
plane strain conditions. More recently Vitek (63 and 64) has produced
equations which characterise the plastic deformation ahead of a blunt
crack in plane strain conditions. Vitek's work, based on earlier work
by Bilby, Cottrell and Swindon (12) and Dugdale (13) was the represent-
ation of the plastic zone by an array of edge dislocations. The
distribution of these dislocations were then solved numerically as a
function of crack root opening displacement and plastic zone size. The
results obtained by Vitek are shown in fig.32 and the equations he

derived are shown below:

X arccos

_ (pfa -~
>t 2+ (A 37’5(2%"/"’)'5) (80)
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I_ ?/8 [8_('\,1
[+ /2~ (V% {1+ o) - 1+ ) - (5 sl (=)} |

where g = applied uniaxial stress a = crack depth
0, = yield stress s = plastic zone size
@ = crack root radius X(%)ls a function of «-ap-
given in table 3.
Table 3. Numerical values of X (P/E)
:gi 10" 5x1o'“ 1072 5x1072 1072 5x10™2
}{(ﬁ?) 2.20 2.10 2.00 1470 0.80 0.32
% 0.1 C.2 05 0.4 0.5 0.6
7((%) 0.21 0.11 0.08 0.055 0.040 0.032
. 0 8
3 .7 Os 0.9 1.0
I(—Sa’—) 0.02k 0.016 0.008 0
and
(X R 3 € v) ool b, o ) . : : : (81)
7,8 L

{sec +T Iil— +(—?—)}5’ (l— “g:) {2(!" E) (“U—_ ¥ (e/a) J~>_i}
2 7, 3 T o/ \q  2+(%)%) 2
where G = the shear modulus given by: E//(E_(l+ V))
S = the crack opening displacement
0, is identified with the ultimate tensile strength Tu
(see Heald, Spink and Worthington 1972 (65))

According to Vitek (63) a blunt crack will require a stress greater

W) -
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in order to initiate plastic deformation. Consequently at low stress
levels both Sand & have values less than those for sharp cracks. As
the level of stress is increased, 8 increases, but 5 is always
smaller for larger root radii (see fig.32a). The plastic zone size,
however, may be larger for a blunt crack than for a sharp crack,
providing the stress level is high enough (see fig.32b). Vitek's
results may be applied to the examination of crack initiation and
propagation from blunt notches and/or holes. His analysis therefore

covers apparent fracture toughness testing.

3.4.3 Apparent stress intensity factors (KA ( p))'

The stress required to propagate fracture from a semi-elliptical
notch of semi-major axis ¢ and semi-minor axis b (root radius F)where
2
p= ég) contained in an infinite body, has been given for anti-plane

strain conditions by Smith (62) i.e.

ooty i o e
= [I+(—i—)%] sec | exp (BU‘U’c> + . (83)

Where crf = the fracture stress

the ultimate tensile stress

Tu

By assuming that Smith's solution for anti-plane strain deformation
was approximately equal to that of plane strain deformation, Spink et
al (66) have derived an expression for the "apparent fracture toughness"

K, (e) where: (K‘Ic/o_u) << 1 (i.e. small scale yielding) and:

Ki. + @ (7(;:)‘5
3 : : : : ;
f (/'[C)/" [“(%)E] ol

K i :
5 P) may now be given as
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Fig.33 shows K ) results, obtained by Spink et al, (66), plotted as
a function °f¢/§? « For small values of P a small change in e will
result in a 1arge change in HA( o )3 also the lower the fracture
toughness of a material, the greater the initial change in HA( P Ve
Discrepancies between experimental and predicted fracture toughness
values have been observed by Spink et al (66) for low toughness
materials as the root radius approached zero. Vitek (62 and 63) has
suggested that Spink, Worthington and Heald's analysis, based on anti=-
plane strain, gave an under estimate of the true fracture toughness.

e

By taking an example where = - O.5 he has shown from his own equations

(see section 3.4.2) that the corresponding values of K1c/ Crua% = 0,75

whengf. = 0.5 and 1.285 when Of = 0.7; whereas Spink's equation (85)

Y 5
gave values of 0.26 and 0.91 respectively.

One of the less apparent conclusions of Spink, Worthington and
Heald's work (66) is that it was difficult to accurately mechanically
machine notches with sharp root radii. Mechanical machining may also
result in residual deformation at a notch tip, which would have to be
overcome before a crack could initiate and grow. Electron discharge
machining (spark machining) does not leave a deformed layer at a notch
tip and has been used by Pickens and Curland (67) for producing sharp
notches in cemented carbide specimens. Their work (after similar work
by Chermant et al (68)) was to spark machine notches of various root
radii, using a work hardened copper foil as a former. Chermant et al
had previously noticed that spark machined notches gave consistantly
lower KQ values than mechanically machined notches of the same root
radii. They concluded that spark machining gave regions of sharper
local curvature at the notch root, and this, together with thermal
cracking resulted in an apparently lower fracture toughness value.

To account for the difference in experimental and actual K1c values,

Pickens and Curland have formulated a correction factor based on Novak
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end Barsom's equation for cracks emanating from blunt notches (5%) and

Tada's work on stress fields at blunt notches (69) 1.e.

Correction factor = actual h / experimental h

=_L —-——O'fZSﬂI/ 2" P/zsﬁ
7'[}—[ C+/2C ! +C sin 2+C

Where c¢ is the crack length and E) is the crack root radius.

2.5 Crack front curvature.

The majority of analytical data used for constructing K calib-
ration curves is obtained on the assumption that a crack front always
remains straight. This is often not the case for physical situations
such as those encountered in service and the laboratory. Swedlow and
Ritter (70) have recognised that errors will occur in fracture tough-
ness testing if the original fatigue cracks are curved or bowed.
According to their analysis for elliptical cracks in infinite bodies,
the magnitude of the stress intensity varies at different points along
the crack perimeter.

Burck's work (71) on the propagation rates from various positions
along the perimeter of a semi-elliptical crack in bend}ng, supports
Swedlow and Ritter's findings. By assuming that the Paris relationship

(72) was obeyed independently at each point on the crack front. i.e.

5=A(AK)0- R e R

Where g is an increment in crack growth normal to the crack front.
ZX k'is the range of stress intensity
A and n are material constants

Burck describes the stress intensity range, A x as:

AK=A0‘/5{(%,%,¢)- Syiey e (8G]
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where A0 is the surface bending stress range
d) is the position on the crack front
b, t and a are shown in fig.34
As the crack profiles are approximated to ellipses only the growth

rates of the major and minor axes need to be considered. i.e.

% IR D S RS AR SN S | -

Where & KA and KB correspond to the range of stress intensities at
the tips of the major and minor axes respectively. The number of
cycles reguired for crack propagation from an initial crack length, ag
to the final crack length, apy can be given by the integral of equation

(8%a). This was achieved by Burck numerically - the solution being:

O
n
N=| dosnnky (b5, %)) - - - o

do
and when the crack depth 'b' corresponded to the crack length a:

a
n
E=/(AKB/AKA +dathy - - - .9y
9o

The results obtained by Burgk for KB/KA plotted as a function of b/t
are shown in fig.35 for decreasing values of the exponent n. It is
apparent from Burck's work that crack fronts are unlikely to remain
geometrically similar when a crack advances. The assumption that the
stress intensity remains constant along a crack front is, therefore, an
over simplification. Geometrical changes in crack fronts during slow
stable crack propagation have been investigated by Neale (38). His
assumption is that, after initiation, a crack will arrest into a thumb

nail shape which is capable of sustaining a higher load than the
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original straight crack front. Consider the section through a compact
tension specimen illustrated in fig.36. Here W is the specimen width,
B is the specimen thickness, a, is the original straight crack length,
‘Q is the final parabolic crack length and A is the area indicated.
According to Neale, as a crack initiates and arrests into a thumbnail
shape there will be a corresponding increase in crack front length. As
this increase in crack front length is egquivalent to an increase in
specimen thickness, the stress intensity factor will be reduced.
During this period of crack advance, since the load will be increasing,
the strain energy release rate —-%Eg, will also be increasing, there-
fore, the stress intensity factor becomes larger. The net result
proposed by Neale is that although a crack front may alter its shape
by advancing, the stress intensity factor will remain constant. Con-
sider the equation used for obtaining K (2)

s -

and the formula used for converting G, to K, given in equation (36)

1

Ka/f(E/B)—(*%-;-)]- MCE S

-1

od

Combining equations (92) and (93) Neale showed that the stress intensity

where G =

factor of a parabolic crack could be given by:

LORIEE N LR

Neale's finite element results for parabolic crack fronts, together
with Wessel's solution (73) for a straight crack front are shown in
fig.37. From these curves it can be seen that as a crack arrests into
a thumbnail shape the stress intensity factor decreases. As finite

element analysis is both costly and time consuming, Neale (74) has

43



25~y

straight crack /
(Wessel) 2
20 \//
Parabolic crack
15—
~ front (F.E.A)
=5
2 X
£(3/W) e
N
' %
10— N
N
N
N\
N
\
5 — s
X
a5/ W=0-535 AN
0 T T |
L4 “5 " 6 7
a/ W

Fig. 37. Stress intensity coefficients of straight
and parabolic crack fronts

o - Mulkerin and Rosenthal

e - Low et al

10 =TT T B T L 1
- 05 | 5 1 2 3

V°o

Fig.38. K4, versus volume fraction of inclusions



proposed a simple model in order to derive stress intensity factors for

parabolic crack fronts. The equation from his model is given by:

K=Bﬂw,_§_ a'€(a/w) e 1R

where S is the length of the thumbnail crack and a' is the crack length

given by: (see fig.36.)

e an A
B

Equation (95) is of interest as it appears that Neale has combined the
effects of increase in crack front length with decrease in remaining
ligament area in order to describe the stress intensity factor of a

parabolic crack front.

3.6 Effects of microstructure on fracture properties.

The fracture toughness of a material is dependent upon ite micro-
structure. The relationship between fracture and microstructure, how-
ever, is difficult to establish because of the number of variables
involved and, the problems encountered in accurately describing micro-
structures. For the simple case of evenly distributed particles con-
tained in a homogeneous matrix, the mean particle diameter d may be

given by (after Edelson and Baldwin (75)):

B

d=D 32_\/)0_\'/) e I

where v is the volume fraction of particles
D is the particle diameter
This formula, however, is of limited use since it does not take into
consideration the overall shape, size and distribution of the particles.
The influence of inclusion content on the toughness of aluminium
alloys has been investigated by Mulkerin and Rosenthal (76) and Low et

al (77) (see fig.38). Here it can be seen that fracture toughness
L



decreases linearly as a function of the log of inclusion content.
surroundrn
Ductile material , inclusions directly in front of a crack tipwill 8¢ sub=-
jected to very large plastic strains. The inclusions are fractured by
these strains, with the resulting formation of voids. Void formation
can alternatively initiate from particle - matrix decohesion. As these
voids grow, the matrix between adjacent voids fractures, leaving a
characteristic dimple shape.

The influence of the matrix on the fracture behaviour of aluminium
alloys has been reviewed by Karl - Heinz Schwalbe (78). For the 7075
aluminium alloy series it has been shown that toughness may be improved
by removing the impurities such as iron, silicon and chromium. A
certain amount of chromium is, however, desirable as it combines with
the aluminium to form chromium rich incoherent particles which tend to
restrict the movement of dislocations within a material. Without these
particles, the coherent aging precipitates offer little resistance to
dislocation movement and slip concentrations result on a few slip bands
in relatively soft material. The fracture process occurs, therefore,
by slip plane and grain boundary decohesion.

Overaging these aluminium alloys may be used to provide "pinning
points" for restricting dislocation movement, but now a denuded,
precipitate free, zone occurs at the grain boundary. In this situat-
ion, the fracture process is almost entirely intergranular, but with
the formation of small dimples at these denuded areas. This tends to
suggest that grain size plays an important role in the fracture proper-
ties of these alloys. Plane stress fracture toughness data obtained by
Thompson and Zinkham (79) is in agreement with this suggestion, as
shown in fig.39.

Fracture behaviour in aluminium/silicon/magnesium casting alloys
has been investigated, separately, by Saunders (80) and Austen and

Williamson (81). According to Saunders, the mechanism of crack
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propagation in these alloys is by micro void coalescence - the voids
being nucleated from cleavage of silicon particles. Further examinat-
ion of the fracture surfaces revealed that crack propagation followed
a path linking these silicon particles. Silicon, therefore, appears to
control both the path and mode of ffacture in these alloys.

£ number of workers have suggested that Kic may be correlated
with particle size, spacing and distribution. For cleavage, Hahn and

Rosenfield (82) have proposed that:

e R AN B R e L

le

where CT;I = cleavage stress
Jy = yield stress

According to Wilshaw, Rau and Tetelman (83) fracture will occur when
O—y is greater than G‘cl within the region of the crack tip. Using

slip line theory for finite root radii notches, they obtained:

kk==2'QBG}[éxP@ﬁ¢¢y—o-4‘ngfa;b (99)

where €>eff is the effective root radius. Assuming that the grain

size D could be related to e of Schwalbe has proposed the following

ch‘:\—;‘"—% /(ng)ogL- S

where ©< is the factor relating the size and diameter of a grain.

formula:

ﬁ is a constant for converting general yielding to small scale
yielding.
For ductile crack propagation, the crack tip advance displacement
gtx is equal to half the crack tip opening displacement S « From

the literature when the dimple formation is due to coarse inclusions:

ey Bl ST
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and when the dimples are formed at fine particles:

Stx>ol- S e SRR

In overaged aluminium alloys, where g ty:&:d, the fracture toughness
may be obtained from the crack tip advance displacement according to

equation (37) i.e.

MEG‘J’ 3)6“ = A e

Where M &~1 in plane stress and M =2 in plane strain.

3.7 The fracture properties of wrought aluminium alloys.

The toughness of wrought aluminium alloy products is often very
much greater than equivalent cast products. There is also far more
literature available on the fracture properties of these wrought mater-
ials. In this section the fracture properties of wrought aluminium
alloys, with similar compositions to the cast alloys under investigation,
will be briefly examined so that they may be used at a later stage for
comparison.

The appropriate series of wrought aluminium alloys - according to
the A.S.T.M. standards (84) - are the 2000 series, where copper is the
principle alloying element, and the 4000 and 6000 series, where silicon
is the principle alloying element. In general the wrought alloys to be
used for comparison were in the T6 condition (i.e. solution treated and
artificially aged), although deformation, in the form of stretching,
between solution treatment and aging may have taken place. Wrought
products tend to exhibit different mechanical properties, depending on
whether the specimen is taken in a longitudinal or transverse orient-
ation, therefore it is necessary to gquote the values of fracture tough-
ness for both these situatioms.

The fracture toughnesses of a range of wrought aluminium alloys,
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Table.k.

Typical fracture properties of wrought aluminium alloys.

Alloy and Reference | 0.2% Proof stress. Bz
condition (MNm -2) (MNe '$3/2)
long. tran. long. tran.
2014 T651 (86) 427 432 29.4 23.6
2020 T651 (85) 534 540 24,7 22.9
524 534 26.5 19.1
526 533 22.9 D2
2024 T851 (85) 453 448 24,7 20.7
455 451 25.4 20.7
L2 Ll 28.0 24.8
6061 T651 (87) 291 286 33,0 29.7
DTD 5020 (88) 4Lo 440 29.1 29.1
S.T. Stretched Lo Lo 28.2 28.2
and A.A. kLo Luo 27.3 27.3
DTD 5090 (88) 374 3Ll 46,0 46,0
S.T. Stretched 374 3L 43,5 43,5
and A.A.
BS L77 (88) L4o 440 19.2 21.9
S.T. Stretched
and A.A.
BS L93 (88) Lz7 427 25.5 25.5
S.T. Stretched 427 Lo7 22.7 22.7
and A.A. - 413 - 20.5

S.T. - Solution treated,




including three of the 2000 series have been investigated by Kaufman,
Nelson and Marshall Holt (85) using three specimen types. Some of
their results are incorporated in table 4., together with values ob-
tained from the following references:

Kaufman and Marshall Holt (86)

Nelson and Kaufman (87)

Liebowitz (88)

The fracture toughness values tabulated in table 4 are for plane
strain conditions; there is, however, a great amount of data available
for plane stress conditions since a consequence of these high strength
wrought alloys is that they often exhibit a great amount of ductility

(89 and 90).

48



L. EXPERIMENTAL CONSIDERATIONS.

4,1 Compliance testing.

Irwin and Kies (91) have developed a method of determining strain
energy release rates for a variety of geometries subjected to different

loadi conditions. By representing the strain energy in a body by:
Y F £ EY Yoy

U :.EfiL

5 (104)

where P is the force and ¢ is the compliance of the body, they obtained:

du _ Ll R
i 2P ' (105)

For plane stress, the stress intensity factor may therefore be given by:

4
K|=P—%j—; SRR R

The experimental determination of K.| is usually achieved by fitting a
least squares polynomial to the compliance versus crack length curve.
This polynomial series may then be differentiated with respect to crack
length and used to obtain the compliance function Y. K1 can then be

found according to the general formula (see equation (13)):

K=o /a Y(%) AR

For W.0.L. (wedge open loading) C.T. (compact tension) (73) and D.C.B.

(double cantilever beam) (92) specimens, K can be expressed by:
|

ke BJalfa ._C_G’CEB)-{ s T R08)
Ba [2\W/ d(3/w)

where P is the applied load W is the specimen width
a is the crack length ¢ is the compliance
B is the specimen thickness E is Young's modulus
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The dimensionless quantity CEB (normalised compliance) is introduced

for simplicity. K is more commonly given by:

Ve ‘FY S e e

therefore by combining eguations (108) and (109) we obtain:

Sl e ero
Y—-? 7(W> d(a/W) SRR ) 17

The term in the square brackets is denoted 03' and is often expressed
as a polynomial. For example C3 for the W.0.L. specimen has been

evaluated by Wilson (93 and 94) i.e.

C3=30:9(2) ~195:8(2) +7306(2) ~ l1863(Z) >+754 o )5

(111)

03 may be obtained from the derivative of the polynomial expression
obtained for the CEB versus a/W curve. This procedure, however, tends
to give poor results because of the limitations in fitting polynomial
expressions to these type of curves and any errors incurred during this
stage will be magnified on differentiation. The other limitation of
this procedure is that no expression can be obtzined for a/W in terms
of CEB. By taking logs of CEB, Collipriest (95) has produced two

independent polynomial equations for CEB and a/W i.e.

n(ces)=k,+k, (2) +R2(%)2+R3@g)g +k4%)4+k,[%)5 . (112a)

K, + K, Ln(ceg)+K, (in(ceg))*+ Ky (tn(ces))+ k, (n(ce))*
+ks(ln(ce8)” - - . 2w

but because there are two sets of numerical constants in these

n

a
W

equations, they are not directly relatable. From equation (112a) the

derivative of CEB could be given by:
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9B = exp [%o : R, (2)+k (24 (@) +F, (@)
i }\f {}3 +2f< (W) (%)14%4(\%)3
5k, (‘%}4}] R I T MR, [ A 5

This equation, however, does not appear to have any distinct advantage
over simply differentiating the polynomial expression for CEB; except
that by taking the log of CEB, the curve fitting procedure may be
improved since polynomial cycling would be reduced.

The disadvantages of polynomial curve fitting procedures in
compliance calibration have been discussed by Eyder et al (96). 4s a
result of their work on W.0.L. (wedge open loaded) specimens, they
describe a potentially improved technique for analytically expressing

compliance data. Consider the following expression for CEB.
= (exp(exp (£(a/¥))) = exp (1.0)) . . (114)

anid t (a/W) =€+ (ve-e)(in (1-aV® . . (115

where e, v and k are numerical parameters. By taking the log of

equation (114) and rearranging we obtain:

k
n(ln cEB*])~e

(116)
N=g

|-3/w = exp

According to Ryder et al, these equations are valid over the entire
range O <a/W < 1. Therefore the values for the numerical parameters
may be determined at the conditions: a/W = 0 and a/W = 1. i.e. By

setting a/W = O in equation (116) we obtain:

CEB

exp(exp (e)) - exp (1.0) - : ¢ (117)

therefore e = 1In(1n(CEB + exp (1.0))) - 1 i (118)

CEB could be determined from the stress analysis of an un-notched
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specimen or by experiment. As an a/W value of 1.0 is meaningless it is
suspected that Ryder et al have used an iterative method for determining
the numerical parameters e, v and k. The results of their work on Ti-
641-4V W.0.L. specimens, together with Wilson's solution (equation 111)
are shown in fig.40 where it can be seen that there was good agreement
between both solutions. The advantages of Ryder et al's eguations are:

a) Only three parameters are involved in their equation, rather
than 10 or 11 used in the polynomial expressions (see eguation 113)

b) The functions derived for CEB and a/W are reversible.

c) Their equation is accurate over the entire range 0 < a/W < 1

Ryder's equation will be incorporated at a later stage in this

work for analysing compliance data of strazight and curved crack fronts.

L,2 The determination of J from single load-displacement records.

An experimental method for determining the value of J has been
presented by Begley and Landes (30). Although their procedure gives
accurate results, several specimens are reguired in order to obtain the

critical value of J, J, . Rice, Merkle and Paris (97) have suggested

¢

a method of estimating J1c from single load-displacement records.

Consider the strain energy of a cracked specimen, where, following Rice

et al:

Utotal = Uno crack " Ucrack (?19]
By applying Castiliano's theorem (98) we may write:

g1;-:)'5&11 4 gno crack © gcrack 3 E (120)

According to Rice et al the relationship between J and the uncracked

ligament length, for the case of three point bending, may be given by:

8 crack

et RO
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where b, the uncracked ligament length = (W - a) and P is the applied

load. The value for gcrac may be directly obtained from eguation

k
(120):

§ g R (122)

crack total no crack

where is the displacement at crack initiation (from the load-

5'total

is the

displacement record) of a pre-cracked specimen and SnD Ehaek &

displacement of the uncracked specimen. For three point bending, Sno

may be given from beam theory. i.e.

crack
_ 3
S 45 ohack = = - - - (123
Where I, the second moment of area = §EE . . . . (124)
12
therefore 8 o ; - _ >
no crack Eﬁﬁﬁ (125)

An application of Rice, Merkle and Paris' suggestion has been
developed by Barnby and Daimalani (99) in determining the fracture
toughness of a range of cast steels, Their experimental method was to
measure the total mid-point displacement of pre-cracked three point bend
specimens using a differential core transducer (see illustration in
their paper). By numerically integrating the load-load point displace-
ment curve up to the point of crack initiation they were able to obtain
the total energy in the cracked specimens. The energy available for
crack extension, and hence J, could then be found by subtracting the
energy contributed by the uncracked specimen from the total energy. 1In
order to exclude rig displacements, Barnby and Daimalani mounted their
transducer as close as possible to the load application point. It is
thought, however, that with small load point displacements the effect
of the rollers sinking in during testing may result in errors on the

final record.
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The elimination of rig displacements and roller sink in, with
three point bend specimens, has been achieved by Dawes (21). From his
equipment it can be seen that the load point displacement is measured
between a 'comparison bar' mounted on pins which are attached to the
specimen side faces at the ends of the loading span. The original
contact points for the comparison bar lie on the neutral axis directly
above the loading points. Dawes has shown that using his apparatus the
vertical displacements of the notch mouth represented the true value to
within + 2%, provided that the total angle of bend did not exceed about
8°. Although Dawes' apparatus may be more accurate than that used by
Barnby and Daimalani, it is thought that the Barnby and Daimalani method
may be improved by subtracting an experimental value of uncracked
specimen energy from the total energy: rather than a theoretical value

(see fig.41.).

4,% The three point bend rotational factor r.

The recommended procedure for calculating crack opening displace-
ments from crack mouth opening displacements is detailed in British
Standards Draft for Development 19 (23). In this document the relation-
ship between the forementioned displacements assumes a centre of
rotation at a distance of r( W - a) from the crack tip, where r is the
rotational factor (see fig.42.). According to Wells (100) the value for
r = 0.45. This value is currently adopted in DD 19,

Ingham et al (101) have found that the value of r = 0.33; whereas

Sumpter and Turner (102) propose that:
r_ = O.4 when a/¥ > 0.45

0.45 when a/W < 0.45

r
P

I

where rp is the rotational factor after net section yielding. Dawes

(103) has derived an equation for rp based on earlier equations
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developed by Sumpter and Turner. i.e.

R 1 V W
p  — 2 —(a+z)] . : (126)

(W - a) lﬁqp

where Vp is the plastic component of crack mouth opening displacement

qp is the plastic component of load point displacement

z is the knife edge thickness

The value for rp was then determined by simultaneous measurement

of Vp and qp using the apparatus shown in reference (21) and described
in the previous section. Owing to the controversy in the value of r,
Dawes has proposed the following equation for determining COD, which is

shortly to appear in the new standard for COD testing.

K° v

S = —_— + ——La:—g [ r [127)
EUyE' (1.25 m)
Where E' = E in plane stress and A in plane strain. K is
2
(1 + v9)

given by the formula:

P!
K,‘ = ___\/; : 2 i : . . : (128)
BW W

and, for this case P' is the critical load (i.e. the load at crack
initiation). Examination of equation (127) reveals that Dawes has
expressed 5 by combining the elastic and plastic components. By

rearranging equation (126) it follows that:

: 8+z+r (W - a) \ ' - . (129)
W

l_d*:

=]

P

Values of Vp/qp as a function of a/W are shown for r values of 0.33,

O.4 and 0.45 in fig.43. (where the value of z taken was 1.7 mm)
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From these graphs it is apparent that there is a relationship between
crack mouth, opening and load point displacements, and, this relation-
ship is dependent on r. An extension of this finding could be the
interchange of load-load point displacement and load-mouth opening
displacement records. This would mean that J could be determined from

crack mouth opening displacement records.

4.4 The electrical potential method for determining initiation and

propagation of cracks.

The electrical potential technique for determining crack initia-
tion and propagation is now well estaﬁlished and is described in
reference (22) appendix A. Basically the technique involves applying
a large current to the ends of the specimen, and monitoring the change
in electrical potential between two probes attached to each side of the
crack or notch. i

One of the major problems associated with the electrical potential
technique is analysing the resulting data. Johnson (104) has derived

the following relationship: T ~

cosh (7T Y/W)

Va ) cosh™! L coS (T[a/W) . _ 130)

=y
T s RO S
\COS (HGO/W)

where Va is the reference voltage at crack length a

vao is the reference voltage at a known crack length a,
Y is the distance over which the potential is measured
W is the specimen width
According to Cooke and Robinson (105) there was poor agreement between
their experimental results and Johnson's equation. An improved analyt-

ical solution has been proposed by Gilby and Pearson (106) the equations

for which are:
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a) Uniform current

V = imaginary part of [ﬁi coswi /CDS (T[Z/TW')]

\cos (Ta/2w)

b) Point, current anplication (131a)

_1
E+ iC
V = real part of ' : 1
P 72 g = :c) ! (131b)

where V = the potential difference between § and the cracking plane
W = specimen width
a=x+if
k1 = proportionality constant (dependent on material, specimen

type and electrical test conditions)

=/Sec2 (7{ 2/2\»\/) cos” (7[8/2\#)“ |

b i cos (AW isech UTd 2W)

For both Johnson's and Gilby and FPearson's solutions, a calibrat-
ion curve of Va/‘u'ao versus a/W will eliminate the proportionality
constant. The positioning of the probes, however, still governs the
shape of these curves and if the probes are not attached in identical
positions for each test, several calibration curves will be reguired.
A limitation of the analytical solutions is that they may not be used
to describe 'egquivalent' crack lengths of notches + cracks; for these
cases, only calibration curves are applicable:

The sensitivity of the electrical potential technique depends on
several factors such as; specimen size, crack length, magnitude of the
applied current, material properties and probe spacing. Cooke and
Robinson (105) have reported that they can detect a 0.01 mm change in
crack length for steel specimens at an applied current of 30 amps.
This value is typical of the sensitivity of the technique, although
some workers quote a better sensitivity (107 and 108).

As crack initiation cannot be truly detected using the electrical
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potential technique, it is normally defined as the first point of
deviation on either the displacement-potential change or the time-
potential change record. For the majority of situations this definition
of initiation is acceptable but, as observed by Bachmann and Munz (109)
there may be a drop in potential at the beginning of a test. They have
atiributed this initial drop to 'rough' fatigue crack surfaces which,
upon loading may partly form electrical contacts, thus causing a drop

in potential.

The electrical potential method, described so far in this section
involves the application of a stable, dirrect current supply to the ends
of the specimen. Currently an A.C. electrical potential system is under
development (110) which appears to have several advantages over the
existing D.C. technique. The A.C. system utilises a high frequency
alternating current (1-5A and E—EOKHZ) applied remotely from the crack
or notch mouth. A high frequency is required for concentrating the path
of the current to the surface layers, which produces a 'skin effect'.
When this skin effect is developed, the total current reguirements are
very much smaller than with the D.C. system, so the risk of specimen
heating is minimised.

The major advantage,proclaimed by the developers of the A.C.
system is that the potential difference across a crack mouth does not
alter with probe positioning; providing that is, the probes are not too
close to the current application points. This advantage, together with
the higher voltages produced across a crack, means that the A.C. system
could be used to determine the shape of a crack front. The sensitivity
of the A.C. technique has yet to be assessed, but it is thought that the

equipment has promising applications in fracture mechanics.
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5. EZXPERIMENTAL DESIGN AND PROCEDURE.

5.1 Materials and heast treatment.

The high strength aluminium casting alloys to be investigated
were:

a) Al - Si-Cu (Alcoa 354)

b) Al - Cu (A.U.W.E, 224)

c) Al - Cu - Ag (A.U.W.E. 224 + Ag)

d) Al - Cu - Ag (KO1 or 201.2)
Alcoa 354 is an aluminium company of America specification.
A.U.W.E, 224 and 224 + Ag are Admiralty Underwater Weapons Establish-
ment specifications. K01 is an American specification similar to A.M.S.
(herospace Material specification) 4229.
The analyses of these materials is shown in table.S.
Each of the above materials, with the exception of K01, were sand cast
into four block sizes, namely:

a) 280 mm x 200 mm x 50 mm

b) 400 mm x 200 mm x 50 mm

c) 400 mm x 200 mm x 25 mm

d) 400 mm x 200 mm x 14 mm
(The seven KO1 specimens were taken from a block, sand cast at British
Non-Ferrous). The procedure for casting the aluminium silicon alloys,
together with its foundary behaviour, is described in an A.U.W.E. report
by Swinyard (111). The 224 and 224 + Ag alloys were cast in a similar
manner to this alloy.

After casting, the blocks were radiographed to show up the extent
of porosity together with any large defects. A typical radiograph is
shown in fig.44. Heat treatment of these alloys was in accordance with
the recommended practice incorporated in table,6, and the aging periods
were varied in order to produce specimens in differently aged conditionms.

Both solution, and aging treatments were carried out in air-circulation
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Table S. Chemical

analyvses of

the aluminium alloys.

Element Alcoa 354 AUWE 224 AUWE 22h+Ag K01
Cu 191 4,56 L.69 4.0-5.0
Ag 0.01 0.01 0.42 0.4=1,0
Mg 0.36 0.33 0.37 «18-.35
Si 8.10 0.08 0.08 .05 max
Mn 0.02 0.02 0.02 «20~.30
Al | 0.16 0.11 0.13 +15=.35
Zn 0.02 0.05 C.05 -

Fe 0.16 .10 max «10 max .10 max
Sn 0.02 - - »
Zr 0.01 0.01 0.01 -
Ni 0.02 - - i
v - +10 max «10 max =
Al Remainder Remainder Remainder Remainder




furnaces, and as these specimens showed no sign of distortion, it was

satisfactory to heat treat them at this stage.

5.2 Specimen details and preparation.

Three point bend specimens (as described in BS 5447 (1) section
€) were machined from the cast blocks, according to the details shown
in figs.45, 46, 47 and 48. Dimensions of these specimens including
notch depths, root radii and crack length are incorporated in the
appendix of this thesis. The specimens taken from the 280 mm x 200 mm
x 50 mm blocks were to be used for determining the effect of thickness
on fracture toughness and therefore these thicknesses ranged from 4 to
LO mm. The larger specimens, machined from the 400 mm x 200 mm x 50 mm
blocks, were to be used for L.E.F.M. testing. The remaining specimens
from these 400 mm type blocks were designed so as to assess the effects
of craék length, notch and crack root radii, crack front curvature,
thickness and aging times, on the fracture process. Specimens were
taken in duplicate from the 280 mm x 200 mm x 50 mm blocks and in
triplicate from the 400 mm type blocks.

After machining, the specimens were solution treated and aged for
the appropriate period of times (details given in appendix). Notching
the specimens was achieved by either mechanical or electro-spark
machining; the difference being that mechanical machining gave an
included angle of 60° at the root of the notck (see BS 5447 (1))
whereas spark maching resulted in a specific root radius only. The
advantage of spark machining was that it could be used for producing
curved crack fronts using a parabolically shaped copper former.
Similarly, fine notches used for simulating sharp fatigue cracks could
be produced using a thin copper foil (0.05 mm thick). This was
sharpened on 600 wet and dry paper in order to obtain very sharp root

radii. Following production, each specimen was to be measured before
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being tested. In order to determine the notch width and root radius a
"shadowgraph" was used. The tracings obtained from this instrument
were then compared with standard root radii circles and the measure-

ments reccrded.

5.3 Fatigue pre-cracking.

Fatigue pre-cracking of the specimens was performed on an Amsler
Vibrophore; for the specimens taken from the 280 mm type blocks, crack
growth rates were measured optically, but this was found to be both
tedious and inaccurate. For the majority of the appropriate specimens
therefore, fatigue crack growth rates were monitored using the
electrical potential technigue described in section 4.4.

The construction of the calibration curve was achieved using the
5 mm thick specimens in the following manner. Two probes were spot-
welded on to the top face of the specimen on opposite sides of the
notch mouth, at a distance of 5 mm apart. A current of 50 amps was
then applied to the ends of the specimen at exactly the same position
for each individual test. By adopting this procedure, the complex
analytical solutions of Johnson and Gilby and Pearson could be avoided.
Crack lengths were simulated using very fine saw cuts taken at 1 mm
intervals, and for each new '"crack" depth the corresponding reference
potential was recorded. The data was represented in graphical form
and a least squares polynomial was then fitted to this curve. (see
fig.49). As the calibration curve correspended to a specific specimen
geometry, the crack length for any alloy could be predicted (for W =
22 mm) by modifying the curve by the combination of thickness and

specific resistance factors. i.e.

2 2
S RAT 5P s (_\ﬁ) ol (L) £ (_Vj_)
W 0B X (O 218+ 0-563 Vao s Vao + 005 Vao

e O'OOS (X@.)q. . . . : : : [134)
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where Va = crack reference potential B = specimen thickness
Vao = original crack reference potential I = current
SP = specific resistance factor,

After breaking some of the specimens open to check the calibration
curve, it was discovered that the fatigue cracks were longer than
predicted. For this reason, a calibration curve of fatigue crack
length versus reference potential was also constructed and is also
shown in fig.49. Examination of the two calibration curves (shown in
fig.49) suggests a direct relationship between the two curves and that
fatigue crack lengths could be predicted by modifying the notch length
versus reference potential curve by some factor. This factor was found
experimentally to be approximately 1.74. The discrepancy between the
two curves was thought to be due to fretting of the fatigue crack
surfaces, which provided electrical contact links across the faces of
the crack, so decreasing the resistance.

According to the recommendations laid down in British Standards
Draft for Development 3 and 19 (8 and 23) the final 1.25 mm of fatigue
crack should be grown in more than 50,000 cycles to ensure a sharp
crack tip. The fatigue crack could therefore be grown in two stages,
initially quite fast and for the final portion, in accordance with the
standards. Normally the final portion started at a predicted value of
about 0.45 a/W and every effort was made to ensure that the fatigue
crack was within the range 0.45 - 0.55 a/W. To ensure that the cracks
grew symmetrically, the specimen was located on the centre of the bottom

ich
support by means of two clamps whei prevented any lateral movement.

5.4 Fracture toughness testing.

Fast fracturing of the specimens was carried out on a 5000 Kg
capacity Instron testing machine at a constant cross head displacement

rate of 0.1 mm per minute. The three point bend rig used was based on
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The rig used for measuring the load point displacements for the A.U.W.E. 224 + Ag and KO1 alloys.



the illustrations shown in BS 5447 and Barnby and Daimalani (92). The
transducer mounted on the top ram, as developed by Earnby and Dzimalani
was used for measuring the load point displacements for the A.U.VW.Z.
224 and A35% alloys. For the A.U.W.E. 224 + Ag and KO1 alloys the
improved load point displacement rig illustrated in fig.50 was used.

After a short period of warming up the equipment, the load cell
was calibrated with all three flat-bed recorders switched on. These
recorders were to be used for producing the following graphical
records:

a) Load = clip gauge (crack mouth opening) displacement

b) Load - load point displacement

c) Time - load/potential (i.e. twin pen recorder)
Before the commencement of testing it was necessary to calibrate the
clip gauge and transducer, so as to find the magnification given by
each and to check over which portion they were linear. The clip gauge
could be directly calibrated using a point micrometer and the transducer
was calibrated using the constant cross-head disvlacement of the
machine. Now that the linear portion of the clip gauge had been found,
a mild steel gauge was made to correspond to this portion so that the
knife edges could be attached to the specimen at the correct distance
apart each time. In order to measure the load-point displacements from
the improved rig, a reference beam was secured to the middle of one of
the specimen side faces with an adhesive. Finally two reference probes
were spot-welded onto opposite faces of the notch mouth and a current
of 60 amps was applied to the ends of the specimen. Testing could now
proceed. A diagrammatic illustration of the equipment is shown in
fig.51.

During the test the reference potential would increase when the
crack initiated. This often corresponded to the point on the other

graphs where the load arrested momentarily. All three recorders were
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used for notched and cracked specimens, but for blunt notches no
electrical potential ecuipment was necessary, since initiation of the
cracks occurred spontaneously at the attainment of the "eritical load"
(see fig.64b). For the un-notched (beam) specimens, only the load-

load point displacement records were recuired.

5.5 Compliance measurements.

The compliance values of the three point bend specimens were
determined from the load-load point displacement records obtained from
the rig illustrated in fig.50. Compliance could be given as the
reciprocal of stiffness (i.e. compliance = displacement/applied load)
For ease of calculation, the dimensionless form of compliance (CEB) was

used, where:

Q
"

compliance

=
"o

Young's modulus

o
n

specimen thickness

The compliance values for the curved and straight crack fronted,
compact tension specimens (measured by Crow (113)) were determined
from the crack opening displacements at the load line. Since COD was
recorded at the crack mouth, an adjustment was made for this effect

according to the same procedure used by Ryder, Bowie and Pettit (96)

where: 2
a
CODLL - CODM
a+d
where CODLL is the COD at the load line.

COD,, is the COD measured at the crack mouth by the clip gauge.
d is the distance between the load line and the knife edges.

a is the crack length

6k



CEB was found by:

CQoD
CEB = 1L EB

5.6 Post-test measurements.

5.6.1 Fatigue crack data records.

A diagrammatic illustration of a tyrical time-reference potentizl
record is shown in fig.52. By assuming that the fatigue machine
developed a constant number of cycles per unit time, the rate of change
of potential with respect to the number of cycles could be directly
obtained from these records. The reference potentials were then
converted to crack lengths using the constructed cazlibration curve
shown in fig.49 and hence the da/dN ratio could be determined for =z
range of crack lengths.

The range of stress intensity, A K, was calculated from the
maximum fatigue load (since the minimum fatigue load was conveniently
taken as zero) and the instantanecous area of the remaining ligament.

As the main objective of this work was to grow sharp fatigue cracks
prior to fracture toughness testing, the fatigue crack propagation

data was limited to a narrow range of a/W.

5.6.2 Fracture toughness data records.

Diagrammatic illustrations of these test records, together with
the measurements to be taken are shown in fig.53. The required

graphical measurements are:

a) Maximum load P (KN).
max

b) 5% secant load PQ (k).

c¢) Critical load Pc (KN).

d) Critical mouth opening displacement (from clip gauge) CCGD (mm).
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e) Critical load point displacement CLPD (mm).

f) Total area under load-LPD record up to P (Joules).

g) Area under load-LPD record up to Po/g (Joules).

h) 1/gradient of the linear portion of the load-LPD record
for uncracked specimens.

i) 1/ gradient of the linear portion of the lozd-LPD record
for the cracked specimens.

j) 1/gradient of the linear portion of the load-CGD record

for the cracked specimens.

This data was recorded on data input sheets, together with specimen
dimensions and other material properties. The effective crack length
was to be determined from three separate measurements a5y &, and aB,
shown diagrammatically in fig.5%. Often the crack fronts were difficult
to distinguish, although oblique lighting improved the situation. The
values for Young's modulus and the yield stresses (0.2% proof stress)
were obtained from the literature, or experimentally according to BS 18
on tensile testing. The appropriate areas under the load-load point
displacement curve could be determined by representing these areas by
equivalent triangles, as shown in fig.53. After completion of the

input data sheets, data cards were punched for each specimen. The

relevant data is ‘incorporated in the appendix of this thesis.

5.7 Metallography and fractographv.

Micro-sections for all the alloys were taken from the remaining
specimen halves which had been heat treated to the naturally and
artificially aged conditions. For the A.U.W.E. 224 and 224 + Ag alloys,
micro-sections were also taken for over-aged conditions. The sections
were mounted in conducting bakelite (in order that micro-probe analysis

could be carried out), ground and polished in the normal metallurgical
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manner and examined in both the etched and unetched conditions (etchant

0.5 hydrofluoric acid). For the case of the A 354 alloy the volume

\n

fraction of the silicon needles was estimated using an image analysing
computer, although it was realised that these measurements were very
susceptible to the final preparation of the micro-section. The results
for the percentage volume fraction are shown in table 11. Hardness and
grain size determinations were also carried out on all the micro-
sections and are incorporated in table 12.

Photographs taken of the relevant micro structures in the etched
condition are illustrated in plates 1 to 10 inclusive. For the as cast
A 354 alloy, micro-probe analysis was used to analyse the distribution
of elements across some of the silicon needles and an impurity phase.
Photographs of these distributions are shown in plates 11 to 14
inclusive.

The fracture surfaces of the alloyvs were examined using both
optical and scanning electron microscopy. Optical photographs for
two of the alloys are shown in plates 15 and 16. Scanning electron
micrographs of the fracture surfaces, together with spark machined
cracks and surfaces are shown in plates 17 to 29 inclusive. A
pictorial view of a fatigue crack emanating from a spark machined

notch is shown in plate 30.
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Table 6. Heat treatments and tvpical tensile vproperties.

Material Heat treatment Proof Tensile | Elong-
stress strength | ation.
(MNm -2) | (MBm =2) | (%)
Alcoa 10 hours minimum at 295 32k 2
354 525 C quench in water
at 60 - 80°c, age for
8 hours at 1?0 C and
air cool.
AUWE 48 hours at 535°C, 470 500 5
22k quench in water at
20°¢, age for 24 hours
at 170°C and air cool
AUWE 48 hours at 535°C, 470 500 -
224 quench in water at
+Ag 70°C, age for 24 hours
at 1?0 C and air cool.
KO1 2 hours minimum at 345 412 =

513°c, then 14 hours
at 525 C, quench in
water at 70° C, age at
room temp. for 12 - 24
hours, then 5 hours at
170°C and air cool.




Table 11. The volume fraction of the silicon phase in as cast A 354 .

(using an image analysing computer)

Block number 1.

Percentage volume fraction

8.0 951 5.5 8.5 4.0 1.5 12.0 ‘15.5 7.8 4.0
9:57 70 11.0 150° 5.0 6.5 12.5 7.2 10,0 6.0
B:5 54510.5 6.7 455 9.5 9.3 9:5. 8.8 8.0
9¢d 7.9 12,7 9,0 10,5 106 4.9 12,5 B.9 11.8
7.8  9:60 90,3 6.9 B.0 7.9 726 118 103 13.6

mean of 50 results = 9.32 = 5.4

Block number 2.

Percentage volume fraction

15,0 1245 10,3 10.8 7.0 8.4 7.6 WA 12.6 6.8
7.6 15.4 13.0 9.1 10.0 8.5 9.0 15.5 13.5 11.5
2.4 0.2 6.4 10.7 9.0 111 13.9 84 .4 2.7
3.2 6.4 20 17241 A& 15.5 10.5 13.5 11.6 9.8
eS8 9.6 15,0 11.0 11.0 W.3 8.8 4,0 6.0 4,0

mean of 50 results = 10.25 = 6.9



Table 12. Mechanical proverties of the alloys.

Material | Condition Hardness 0.2% Grain
HV10 Proof stress size
MRm=2) (mm)
A 354 AC 82.1 2 8.3 - o
NA 104.7 = 9.2 190 -
AAS 121.3 2 12.5 295 -
A.U.VW.E. NA 122.7 = 1149 225 0.20
22k :
AR2L 141.6 - 7.7 420 0.25
AUV, E. NA 116.6 = 13.8 210 0.20
224 + Ag.
AR1 128.4 2 11.7 225 0.20
AL3 129.7  13.3 250 0.20
Ak 133.0 = 11.6 253 0420
AR12 140.9  20.6 285 0.20
As2k 15041 = 16.2 220 0.20
AALS 156.5 = 10.6 310 0.20
AA96 14641 T 11.6 300 0.20
KO1 AC A1 95.8 I 6.6 200 0.20
AC A2 95.1 = 5.8 200 0.20
AC A3 69.2 = 27.7 200 0.20
AC B1 84.8 ¥ 9.9 200 0.20
AC B2 90.9 = 8.7 200 0.20
AC B3 93,2 % 6.9 200 0.20
AC C1 94,1 = 7.8 200 0.20




6. EXPERIMENTAL RESULTS.

6.1 Fatigue data.

The data obtained from the time-reference potential records was
fed into a computer programme which initially converted this data into
the form of crack lengths and number of cycles. From this converted
data, the programme then proceeded to calculate da/dN by z 'finite
difference' method, taking gradients at regular intervals of N (where
N = number of cycles). For each instantaneous value of 'a', the range

of stress intensity could then be given by:

Akz_..__ﬁvz\\;/ﬁ- A L et e

where P is the maximum fatigue load,and Y may be given by: (112)

Y=193-3-07 (%) + 453 (%-)2-25.“ (%)2 2580 (%)4
(134)

The data was finally processed and presented in the form of 10310 da/dN
versus 10310Z3K. The results for the A.U.W.E. 224 type alloys are
shown graphically in fig.55.

The stabilisation period for the electrical potential equipment
was only of the order of a few minutes and maximum sensitivity was
maintained by repeatingly "backing off'" the increasing reference
potential, rather than altering the sensitivity range on the recorder.
During fatigue cycling, the cracks were observed to grow intermittently,
often arresting at the specimen side surfaces. For the aluminium-
silicon alloy, micro cracks grew ahead of the main fatigue crack, and
then linked up. This, however, was not shown up on the time-reference
potential traces. No plastic zones were observed ahead of the crack

tips for any of the alloys.
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6.2 Compliance data.

6.2.1 Data analysis.

The compliance of all the specimens has been measured but of
particular importance was the compliance of the electro-spark machined
straight and curved crack fronts in three point bending. This data,
together with similar data of S. Crows (113) for compact tension
specimens, has been processed using the methods of Collipriest (95)

and Ryder et al (96). From Ryder et al:

i
(nln(ceR) = e+(v-¢) {“'Ln([" _3_}% . (135)
l—[_l L 1 _|
v X

we may write (y_ e) = (\/- e) x'/fk s : ; ; : (136)

and by taking logs we obtain

Ln(y—e>=Ln(V-e>+—?i((_n(x>- Fedet St

This equation is now in the form of ¥ = Mx + ¢ (i.e. the equation of a
straight line). a/W and CEB results were fed into a computer programme
which was designed to calculate the value of 'e' by an iterative proce-
dure. It was possible to determine 'e' in this manner since, at the
correct 'e' value the error sum of squares from the linear regression
calculation would be at a minimum. Having determined 'e', v and k
could now be directly obtained from the relationships:

V= exp (infercepf)ﬂ- € and ﬁ: ___’_-

gradient

According to Ryder et al

SE Ay glerpl e T
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The derivative of normalised compliance may be given by:

J(CEB) _ |(v-e)explfse Clo (- ﬂ(;{_l) :
g@/(%)— (v-€)exp(f+ exp(f)) x 50 (139)

C3 versus a/W results for both three point bend and compact tension

specimens, with straight and curved crack fronts, are shown in figs.
56, 57, 58, and 59 and detailed in tables 7, &, 9 and 10. In these
figures, comparison is shown between the curved crack fronts with and
without the applied correction and between polynomial and Ryder's

curve fitting procedures.

6.2.2 Curved crack front correction factors.

The effective crack length for the curved crack fronts was cal-
culated according to the following equation, which was derived from

Neale's formula for curved crack fronts (see section 3.5):

aeffecfivezal*’['@iigg T %/{(az-al)ﬁ Bﬁ (140)
S

B and S are illustrated in fig.S54. By

where the values 2,y 8y 5,
assuming that the curved crack front was parabolic, S could be

determined from the formula (114):

b
S=f 1+ (L) d
; /+ (d:r.) x (141)

The derivation of which is as follows.

Consider a symmetrical parabola given by the formula Y = sz

Differentiating with respect to x we obtain:

%=2Ax- TR ey S
X

and therefore:

%_—_- (}'*4' 2x2)dx e AT



where B is the specimen thickness.

If we let = tan 6 = 24x - . ‘ : . : ‘ (14 4)

gl

then:

(S11+5]

- (l+tan:"e)dx- et S AS)

[/(Secejdx S N
] (Sece dx Gy SRR T 01

From the list of standard differentials we obtain:

Nlro

%5 tan 6 = sec28 . . . - . (148)
%5 sec © = tan € sec € . : ‘ : (149)

therefore from eguation (144) we obtain:

SEdX % ERER A6 - | res et SRS
secae de
and dx = . : . : : Y (151)
2A

substituting for dx in equation (147) we obtain:

B

2
S = -/ (sec @ x sec 9) de x %}: ¢ p (152)
2z

(@]

Integrating by parts:

sec © x tan € + 1n (sec @ + tan 8)

2 LA

7



and as each side of the parabola is symmetric:

2ax V1 + ba%x® + 1ln [{ 1+ 4a%%% 4 2&%]

S = \ (154 )
24

where LA =

o l;r
(8]

6.2.3 Three point bend load point and mouth opening (COD at crack

mouth) displacements.

The plastic contribution of the mouth opening displacement (COD
at crack mouth) and load point displacement were determined for the
majority of the specimens. Where Vgp is the plastic mouth opening
displacement and qp is the plastic load point displacement. These
plastic displacements could be given by the difference between the
total displacements (up to the critical load) and the elastic displace-
ments at the critical load.i.e.

=V -V
Vgp g total g elastic

9% =9 total " 9 elastic

where Vg total “2s the total mouth opening displacement.
Vg elastic “as the elastic mouth opening displacement.
9 total S the total load point displacement.

9 elastic Va8 the elastic load point displacement.

The ratio of these two displacements were then expressed in terms of a/W
but there was far too much scatter in the results to show a significant
trend. For this reason, fig.60 shows the ratio of the total mouth
opening displacement to total load point displacement (prior to crack-
ing) as a function of a/W, for the 224 + Ag alloy. As it can be seen
from fig.60, the load point displacement is always greater than the
mouth opening displacement, although this effect is less pronounced

when the a/W values are small. 12



Table 7. Compliance data for straight crack fronts.

(C.T.S. specimens)

Measured a/W | Measured CEE | Calculated | Experimental
compliance compliance
calibration calibration

(ch) {036)
0.42 2k, 34 - 4,81
Oulthy 25.84 3.37 5¢21
0.46 27.09 Lok 5.64
0.48 28.98 6.12 6.12
0.50 33.11 7.13 6.65
0.52 36.00 8.02 7.2k
0.54 43.10 8.82 7.91
0.56 49,07 9.51 8.65
0.58 56.30 10,07 9.50
0.60 62.55 10.59 10.45
0.62 7120 11.05 1155
0.64 79.79 1154 12.82
0.66 81.58 12.22 14,30
0.68 99.00 13.23 16.03
e = 0.18 To obtain a greater range of
v = 1.4658 C3 values, data generation was

~

|
n
-

o
L
N
M

used with a/W from 0.2 to 0.9.




Table 8. Compliance data for curved crack fronts.

(C.T.S. specimens)

Measured a/W Measured CEB Calculated | Experimental
compliance compliance
uncorrected corrected calibration | calibration
(030) (C3e)
0.71 0.605 43,17 1137 9.92
0.73 0.625 57.56 12.18 10.59
0.75 0.645 70.75 13,00 11.58
0.77 0.665 74.90 13.79 12.73
0.79 0.685 83.90 14,57 14.07
0.81 0.705 91.03 15.32 15.68
0.83 0.725 106.02 16.02 17.63
0.85 0.745 120.38 16.67 20.05
0.87 0.765 131.60 17..24 23.15
e = =500 To obtain a greater range of
v = 1.2847 03 values, data generation was
k = 1113.946 used with a/W from 0.2 to 0.9.




Table 9. Compliance data for straight crack fronts.

(4:1 Span length to width ratio, 3 point bend specimens)

Measured a/W | Measured CEB Calculated Experimental
compliance compliance
calibration calibration

omie (€; )
2¢ Se
0.18 6.02 - 10?8
0.22 7.88 2.20 2.08
0.28 10.28 2.62 2.71
0.38 16.23 3.87 L.00
0.48 28.54 j 6.37 6.12
0.55 40,70 9.07 8.43
0.59 60.38 10.95 10.66
0.65 89.73 13.94 15.16
e = 0.12 To obtain a greater range of
v = 1.4746 03 values, data generation was
k = 2.241 used with a/W from 0.2 to 0.9.




Table 10. Compliance data for curved crack fronts.

(b:1 Span length to width ratio, 3 point bend specimens)

Measured a/W Measured CEE Calculated | Experimental
compliance compliance
uncorrected corrected calibration calibration
(C. ) (e
3¢ e
0.b42 0.35 9.34 L.36 359
0.46 0.39 12.04 4,97 L,24
0.50 0.43 17.40 5. 50 L.o8
0.54 0.47 23.85 6.04 5.83
0.57 0.50 27.38 6.53 6.60
0.63 0.56 36.08 8.07 8.83
0.69 0.62 51.08 10.98 12.26
0.72 0.65 67.82 13.28 14.35
e = 4,0 To obtain a greater range of
v = 1.3042 03 values, data generation was
k = 3,3932 used with a/W from 0.2 to 0.9.
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6.3 Fracture toughness data.

6.3.1 Graphical records.

Three point bend specimens for all the materials were tested to
failure in accordance with the details given in the experimental sect-
ion. A convenient chart speed of 20 mm/min was taken for the load/
potential-time records, and a current of 60 amps was applied to the
appropriate specimens in order to obtain maximum sensitivity. The clip
gauge and transducer magnifications, determined at 10MV/CM, were found
to be 550X and 160X respectively.

Initially, some of the load/potential-time records showed a de-
crease in potential; this has also been cbserved and commented on by
Bachmann and Munz (109). With most of the load-load point displacement
(L-LPD) and load-clip gauge displacement (L-CGD) records there was an
initial period of 'bedding in'. This was neglected when deciding upon
the linear, elastic portion of the graphs. The L-LPD records obtained
using the Barnby and Daimalani technique tended to bow during elastic
loading. Consequently it was often difficult to decide upon the linear
portion of these records. There was far less bowing with the improved
rig, but occasionally, the traces did 'jump' but as these jumps were
only offsets, they could easily be allowed for. All the records indic-

ated large extents of plasticity since their P :Pmax ratios and deviat-

Q
ions at PQ and O.BPQ were often greater than the values recommended in
the L.E.F.M. standards. This fact, however, was thought to be the
result of large displacement magnifications, since the lack of any
visible plastic zone suggests little plastic deformation.

On attainment of the critical load, the records became 'stepped',
with these steps becoming more pronounced after reaching the maximum

load. This observation could be attributed to initiation and propag-

ation intervals for the crack.
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6.3.2 Fracture toughness calculations.

All the data was recorded on data input sheets which were punched
and fed into the computer, which used a programme designed to calculate

the following:

KQ L.E.F.M. (i.e. the provisional value of ch} given by:
Py
K, (LEFM) = =% - « & . (155
< BWe

where Y (the compliance function) may be given by (112):

v= 61932 =300 @) + 14533 F-25.1(2 - 25.80(2 )
(156

The minimum thickness for L.E.F.M. conditions was calculated according

to the recommendations laid down in BS SLh47, i.e.
2

B 4.0 Gﬁ_w— Rl E R LA
‘)’S

The maximum fatigue stress intensity Kf was calculated from equation
was substituted for P..

f 4]

Critical crack opening displacements were calculated from the equations

(155) except that the maximum fatigue load, P

given in BS DD 19, where, assuming a rotational factor r of 0.45, the

COD may be given by:

- = = W 5
g, - 0-45 (W-23) « [Me=Yayw(i-v?) o
O-45W+(0-55a+2 E
for L X 2'\,0-—)\“/([_ V:)

5

or §, =| Q4S5 (W-3) X Vo 'E 159
gt_ O-4-5SW+0-55a+Z [,.\'U'XJW(I-vz) L

for yoe 2\/0‘}(\«/0*\12)
E
Tk



Here, z is the height of the clip gauge knife edges above the top faces
of the specimen and ‘} is given by the following expression
VE

0 . . . . . (1
\/ = O'y'h’(’l o (160)

Values of \} are listed in BS DD 19 but they may be represented by the

following polynomial eguation.

Y =1-61-11:05(2) + 885 (&)~ leo (&) + 100 (2)"

valid for 0.2 S a/W £ 0.6+ - - (167)
an alternative method of calculating COD, from plastic crack mouth
opening displacement, was alsc performed using the formula proposed by
Dawes (21). For both calculated values of COD, the conversion to K1c

was achieved using the expression:

1

PRI & 1 0 Sl o NI e, (162)

le ("Vi)

where provision had been made in the programme to vary the value of M,

although M was usually taken as 2.1.
The critical value of J was calculated according to the eguation
suggested by Rice et al (97) i.e.

2U
J =

(163)
B(W - a)

Where U was the appropriate energy, equivalent to the difference between

the total area under the load-load point displacement record (up to the

critical load point) and the area contributed by the un-notched speci=-

men. J1c was then converted to K1c using the expression:

K

le (1)



The plane strain limiting thickness for J was calculated from eguation

(46).i.e.

B=2s.o%— el AR T
ys

The values for KQ obtained using the eguivalent energy procedure
(115 and 116) were calculated from the following expression:

P2 x ¥ x di
KQ= O/

(166)

k]
BWZ

where d is the ratio of the areas (from the L-LPD record) up to loads
of PQ/E and the critical load, Pc' (see fig.53b).

Where appropriate, the calculations were performed using the
corrected crack lengths, details of which are described in section

6.2.2,

6.3.3 The effect of specimen thickness on K.

The fracture toughness data from the 400 mm x 280 mm x 50 mm
blocks of 'as cast' A354 and artificially aged 224 alloys is incorp-
orated in the appendix of this thesis and shown graphically in figs.61
and 62, respectively. For the A354 material, each result was plotted
individually, the circled points being invalid on account of too much
plasticity according to the recommendations laid down in BS 5447 (1).
The critical stress intensity for each of the 224 specimens was
determined individually by each of five methods, namely: L.E.F.M.,

COD (Wells), COD (Dawes), J, and equivalent energy. If replication
occurred for a specific specimen thickness then the mean was taken
accordingly. Whilst the A354 alloy could be showing an upward trend at
a thickness of approximately 8 mm, the 224 alloy showed a fairly random

distribution.
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6.4 Geometrical effects on K
(apparent)

6.4.1 Comparison of the crack manufacturing methods.

Fracture toughness data obtained from spark machined and fatigue
cracked, artificially aged A.U.W.E. 224 + Ag and hlcoa 354 specimens,
was fed into an analysis of variance programme (see section 6.7). The
results of this analysis are given in table 16 and are illustrated in
the histograms of fig 70. From these results, it was decided at this
stage that spark machining could be used to simulate both sharp cracks
and cracks with different root radii. The manufacturing of cracks by

spark machining is discussed in greater detail in section 7.2.

6.4.2 The effect of crack lengths emanating from blunt notches on

h(annarent) from J.

Crack lengths from blunt notches, up to the critical value of
crack length C, were simulated by spark machining. The results of
K(apparent) from J (according to eguation 164) as a function of
¢/(W - a) are shown in fig 63. Converted J results were plotted,
because the J integral was found to be the most accurate method of
determining the fracture toughness. This can be seen from the tables
13 to 16 and figs 69 to 72. The theoretical predictions of Cy
according to Yamamoto and Ao (51) and Smith and Miller (57) are

tabulated on this graph, together with the average K1c values for the

artificially aged A.U.W.E. 224 and A.U.W.E. 224 + Ag alloys.

6.4.3 The effect of crack root radii on K ) from J.

(apparent

Crack root radii, as opposed to notch root radii, were produced

using spark machining and the results of K from J were

(apparent)
plotted against‘/{g_in fig 64. The theoretical solution of Spink,

Worthington and Heald's (66) for small scale yielding from a crack in

an infinite body, is superimposed on this graph. It was realised,

17



however, that the experimental results plotted in fig 64 were for a
condition just before general yielding, which can be seen from a
tracing of part of a typical lcad - load point displacement record

shown in fig 64a.

6.4.4 The effect of notch root radii on K S
(apparent)

The data collected from the mechanically machined notches was fed
into an analysis of variance programme (see section 6.7) and the results
are given in table 14 and illustrated in fig 71. Fig 64b. shows the
tracing of a typical load - load point displacement record, together
with the corresponding load/potential - time record, for a mechanically
machined notch in an artificially aged A.U.W.E. 224 + Ag specimen.

From this record it may be seen that the point of deviation of the
potential - time trace corresponded to a distinct change in load, just
less than the maximum load. As this point was sc distinct and con-
sistantly corresponded to initiation (as defined from the potential -
time trace) it was decided that the point of initiation for these

specimens could be determined without the electric potential apparatus.

6.5 Structural effects on K(apuarent)

€.5.1 The effect of specimen porosity on K(apparent)

A block of as cast KO1 alloy supplied by B.N.F. Metals Technology
Centre was machined into seven specimens, each of which contained a
different level of porosity. Graphical representation of the
K results, calculated individually by each of the five

(apparent)
available methods, as a function of percentage porosity are shown in
fig 65, from which it appears that the effect of porosity is randomly
distributed about a mean value. This mean value is approximately

14 HNm'E/a, for the K The effect of porosity on

J.
(apparent) ran

18



K(apparent) has also been examined statistically by comparing the three

block thicknesses: 14, 25 and 50 mm, using an analysis of variance

programme (see section 6.7).

5.2 T ] ; :
6.5.2 The effect of aging period on Y(annarent}

K(apparent)was determined, using the five available methods of
calculation, for A.U.W.E. 224 + Ag specimens which had been aged for
periods of 1, 3, 6, 12, 48 and 96 hours. The hardness and yield
strengths of these specimens are shown in fig 66. These results have

been superimposed on the fracture toughness versus time graphs (see

figs 67a, b and c) for comparison.

6.6 Critical defect sizes.

Critical defect sizes for elliptical, totally embedded and side
cracks (calculated according to equations (24) and (26) respectively)
are shown as a function of applied stress in figs 68a and b. The
average values of K1c for each of the artificially aged materials,
together with their corresponding yield strengths, were substituted in
the above equations and are detailed below. The minimum K1c for each
material is also given so that a more conservative estimate of critical

defect sizes could be obtained.

Alloy Average Minimum
K10(MNm-3/2) K1c(HNm—3/2) CT;S(MNm-2)

Alcoa 354 20 13.3 295

A.U.W.E. 224 26 18.5 L20

A.U.W.E. 224 + Ag 17.5 13.0 320
Shape factor = 1.15 (i.e. % = 0.4)

19



6.7 Statistical analysis of the fracture toughness data.

The appropriate fracture toughness results incorporated in the
appendix of this thesis were rearranged into four separate groups, in

order to assess the following:

a) The effect of material, method of test and block size on

h(apparent).

b) The effect of material, method of test and notch root radius

i K(apparent).

c) The effect of materizl, method of test and material condition

K
% ®(apparent).
d) The effect of material, method of test and method of crack

manufacture (i.e. whether spark machined or mechanically

machined) on K(apparent).

The results of these four analyses are detailed in tables 13, 14, 15
and 16 and are illustrated in figs 69, 70, 71 and 72. Discussion of

these results, in greater detail, is dealt with in the next section.
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Table 1%, The effects of material, method of test and block size on K.

Model term | Sum of squares | Degrees of Variance Variance ratio | Significant
freedom at level
A(T) 188.963 2 9k 481 9.379 1%
B(J) 554,087 h 138.522 13.750 1%
C(K) 336,400 2 168,200 16,696 1%
AB(I1J) 9468.50 8 1183.562 117.487 1%
AC(IK) 26.288 l 6.572 0.653 -
BC(JK) 117.105 8 14,638 1.453 -
ABC(IJK) 584 450 16 36.528 2%.626 1%
Residual 2266.65 225 10,074 - -
Totals 13542.4 269 50. 344 - -
A=l o »'» % Materials
B-J . . « 5 Test methods
C-K . . « 3 Block sizes
D-L . . . 6 Replica's




Table 14, The effects of material, method of test and notch root radius on K.

Model term | Sum of squares | Degrees of Variance Variance ratio | Significant
freedom at level
A(T) 3598.97 2 1799.487 281.041 1%
B(J) 245,25 L 1061.313 165,754 1%
c(K) 189.367 2 94,683 14.788 1%
AB(1J) 112%.10 8 140.513 21.945 1%
AC(IK) 87.978 L 21.995 3.435 5%
BC(JK) 700,259 8 8.782 1.372 -
ABC(IJK) 96.525 16 6.0%3 0.942 -
Residual 576.263% 90 6.403 - -
Totals 9988.72 134 74543 - -
A-I . o ® 3 M&teriﬂls
Bedi s s » 5 Test methods
C-K « « & 3 Notch root radii
D-L . « & % Replica's




Table 15. The effects of material, method of test and aging procedure on K.

Model term | Sum of squares | Degrees of Variance Variance ratio | Significant
freedom at level
A(I) 2327.59 2 1163.791 152.286 1%
B(J) 1582.13 b 395.532 51.757 1%
c(K) 1.683 1 1.683 0.220 -
AB(I1J) 327.114 8 40.889 5.350 1%
AC(IK) 290.155 2 145,078 18.984 1%
BC(JK) 26.596 ly 6.649 0.870 -
ABC(1JK) 89.505 8 11.188 11464 -
Residual 687.794 90 7.6h2 - -
Totals 5332.56 119 hh,813 - -
Aol 5 o b 3 Materials

B-J . . .
C"‘K . o =
D-L . ..

5 Test methods
2 Aging procedures

L Replica's




Table 16, The effects of material, method of test and method of manufacture of crack on K.

Model term | Sum of squares | Degrees of Variance Variance ratio | Significant
freedom at level

A(T) 61.105 1 61.105 31.083 1%

B(J) 420.539 I 105.135 53.479 1%

c(K) 22.265 1 22.265 11.326 1%

AB(1J) 26.115 I 6.529 3+321 o

AC(IK) 65.919 1 65.919 33531 1%
BC(JK) 0.400 I 0.100 0,051 -
ABC(1JK) 15.806 Iy 3.951 2.010 -
Residual 78.636 Lo 1.966 - -
Totals 690.786 59 11.708 - -

A-I . * & = 2 Materials
B-J . . . . 5 Test methads
C~K « « « « 2 Methods of crack manufacture

D=L i e e a 3 Replica'a
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Plate.1. Microstructure of as cast A 35k, showing
a coarse structure of silicon needles dispersed

in a matrix of aluminium. Magnification x 100.
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Plate,2. Microstructure of artificially aged A 354 alloy,
showing a finer distribution of the silicon needles.

Magnification x 100.
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Microstructure of naturally aged A 354 alloy,

showing a very fine distribution of the silicon needles.

Magnification x 100.

Microstructure of as cast A.U.W.E, 224
alloy showing a coarse dendritic structure.

Magnification x 100.




Plate.5.
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'late.10. Microstructure of over aged A.U.W.E
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Plate.11. Silicon distribution (using micro-probe analysis)
across silicon rich needles and an impurity phase.

Magnification x 1000.




Plate.13. Iron distribution (using micro-probe analysis)
across the same area as taken in Plate.l11.

Magnification x 1000.

\te.14. Manganese distribution (using micro-probe analy



Plate.15. Fracture surface of two machine notched and
pre-fatigue cracked specimens. As cast A 354 alloy.

Magnification x 3.

Plate.16. Fracture surface of a spark machined, curved crack
front. Artificially aged A.U.W.E. 224 alloy.

Magnification x 3.




Plate.17. Scanning electron micrograph of the fracture
surface of as cast A 354 alloy, showing a

region of porosity. Magnification x 60.

Plate.16. Scanning electron micrograph of the fracture
surface adjacent to the region of porosity

shown in Plate.17. Magnification x 500
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Plate.19. Scanning electron micrograph of the fracture

surface of as cast A 354 alloy, showing secondary

cracking within a grain. Magnification x 1250.
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Plate.20. Scanning electron micrograph of the fracture

surface of as cast A 354 alloy, showing secondary

cracking as in Plate.19. Magnification x 2500,




Plate.21. Scanning electron micrograph of the fracture surface
of artificially aged A 354 alloy, showing secondary

cracking. Magnification x 5000.

Plate.22. OScanning electron micrograph of the fracture surface

'+ alloy, showing a faceted



Plate.23. Scanning electron micrograph of the fracture surface
of naturally aged A.U.W.E. 224 alloy.

Magnification x 1000.

Plate.24. Scanning electron micrograph of the fracture surface
§ it § 4! T + al ov
Magr ation x




Plate.25.

Scanning electron micrograph of the fracture surface
of artificially aged A.U.W.E. 224 + Ag alloy, showing

an area of impurities. Magnification x 500.




Plate.2?7. Scanning electron micrograph of the fracture surface
at the root of a spark machined notch. Artificially

aged A.U.W.E. 224 + Ag alloy. Magnification x 500.

ectron micrograph of



Plate.29. Scanning electron micrograph of the root of a spark
machined crack. Artificially aged A.U.W.E. 224 + Ag

alloy. Magnification x 750.




7. DISCUSSION.

7.1 General.

In this thesis the fracture properties of three high strength
aluminium casting alloys have been evazluated in three point bending.
A comparison between spark machined cracks and fatigue cracks has been
made, together with a proposed experimental procedure for dealing with
crack front curvature. The effects of material, material condition
and porosity have been discussed, together with the geometrical effects
of crack and notch root radius and short cracks emanating from blunt

notches. A limited amount of fatigue crack propagation data has also

been determined for the A.U.W.E, 224 type alloys.

7.2 The methods of manufacturing cracks and notches.

Owing to the difficulties encountered in producing short fatigue
cracks from blunt notches, it was decided to simulate these cracks by
spark machining. The major consideration was then that, spark machined
cracks should give identical, if not lower values of ch than egquivalent
fatigue cracks. In order to assess these spark machined cracks, several
specimens have been spark machined cracked and the fracture toughness
values obtained from these specimens were directly compared with the
values obtained from fatigue cracked specimens.

Examination of the analysis of variance results shown in table
16, together with the histograms constructed from the average values
taken from the analysis of variance data shows that spark machined
cracks are eguivalent to fatigue cracks in Alcoa 354 (see fig 70).

The spark machined cracks in the A.U.W.E. 224 + Ag alloy, however,

tended to slightly under-estimate the ) values obtained from

K
(apparent

the fatigue cracks. It is thought that the difference between the two

alloys was because the AK's for the fatigue cracked specimens were

too high, even though testing had been carried out in accordance with
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the recommendations laid down in BS DD3 (8). WVith reference to the
standards it is apparent that the plane strain stress intensity factor,
Kf, (corresponding to the maximum force of the fatigue cycle during the
final stage of fatigue crack growth rate, i.e. the final 1.25 mm) is the
subject of much controversy. For example: BS DD3 suggests that the
ratio of the fatigue stress intensity factor to the critical stress
intensity factor, should not exceed 0.75, whereas BS 5447 suggests that
this Kf/K1c should not exceed 0.7. More recently ASTM E 399-78 (117)
states that Kf max must not exceed 60% KQ‘ Examination of the results
for the artificially aged A.U.W.E. 224 + Ag gnd Alcoa 354 specimens
shows that the Kf/K1c ratic lies typically around a value of 0.6 for
both materials. A value of Kf/ch of 0.6 may not be great enough to
cause crack tip blunting in the Alcoa 354 alloy, but some crack tip
blunting may have occurred at this value in the A.U.W.E. 224 + Ag
alloy. Evidence to support this suggestion can be found by comparing
the relative ductilities of these two alloys. From table 6. it can be
seen that the typical percentage extensions for artificially aged Alcoa
354 and A.U.W.E. 224 + Ag alloys are 2% and 5% respectively. As these
elongations are an indication of ductility and plastic deformation at
the crack tip, it is reasonable to assume that more plastic deformation
and therefore more crack tip blunting would occur in the A.U.W.E, 224 +
hg alloy than in the Alcoa 354 alloy. It is thought then, that spark
machined cracks will give K1c~va1ues, providing that the crack root
radii can be machined to values of approximately 0.05 mm (see plate

27 and fig. 64). This means that spark machining can be used to

simulate sharp cracks.
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7.3 Crack front curvature.

If an accurate rractical analysis of toughness versus thickness
is to be made, it is important to allow for crack front curvature (CFC).
Compliance measurements have been carried out on parsbolic curved crack
fronts, manufactured by spark machining with & parsbolic copper former.
A typical curved crack fronted specimen is illustrated in plate 16.
As there was a great deal of '"sinking in" of the rollers during three
peint bending of these aluminium casting alloys, it was necessary to
develop a rig whicu would measure load point displacements, independent
of the effect of the rollers sinking in. This rig is illustrated in
fig.50. Load point displacements from this rig, however, were greater
than those calculated from theory. The load point displacement at the
mid-point of a beam in three point bend may be given by (see section 4.2)

the eguation:

pL>

LEBW

-
—_—

where P is the mid-point load L is the span length
E is Young's modulus B is the specimen thickness

W is the specimen width

Typically the load point displacement rig gave v;lues of load point
displacement approximately 1.4 times greater than the theoretical
values. An explanation of this difference in the theoretical and
measured load point displacements could be that micro yielding had
occurred within the specimens during bending, which would tend to
increase the measured load point displacements. The values obtained
for Young's modulus, substituted to calculate the theoretical load

point displacements were determined in uniaxial tension and it has
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been assumed that these values will be the same in three point bending.

The Barnby and Daimalani rig (99) used on these aluminium casting
alloys, gave load point displacements approximately 20% greater than
those obtained from the rig illustrated in fig.50. The difference in
the load point displacements obtained from the two rigs was thought to
be due to sinking in of the rollers during loading, because of the small
specimen size and low yield strengths of these alloys. This would
increase the measured load point displacement when using the Barnby and
Dzimelani rig.

Ryder, Bowie and Pettit's curve fitting procedure (96) was =z
more satisfactory method of expressing the compliance data and proved
to be '"easier' to differentiate than the more commonly used polynomial
expressions. For example, with Crow's data (113) on curved crack
fronts in compact tension specimens (see tzble 8 and fig.57) the
polynomial expression had to be reduced to three terms before the
generated d(CEB)/d(a/W) values for stages of a/V produced a smooth
curve with no points of maxima or minimz. The more terms there are in
a polynomial expression, the greater will be the tendency of the diff-
erential of the polynomial expression to give points of maxima, minima
and inflection.

A comparison between Ryder, Bowie and Pettit's proposed curve
fitting procedure applied to compliance data obtained from WOL specimens
and Wessel's polynomial expression (73) is shown in fig.40. As there
was good agreement between Ryder's curve fitting procedure, applied to
his own compliance data and the polynomial solution of Wessel's Ryder's
curve fitting procedure was applied to Crow's compliance data for
straight crack fronts (see fig.56). A similar exercise has been carried
out on three point bend compliance data obtained for straight crack

fronts. Here Ryder's curve fitting procedure, applied to three point bend
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data was compared with Walker and May's polynomial solution (112).
Figs.56 and 58 show that Ryder's curve fitting procedure, applied to
experimental compliance data for compact tension and three point bend
specimens, agreed favourably with the polynomial expressions of Wessel

and Walker and May, respectively. Having established the accuracy o

vy

Ryder's procedure, compliance data from curved crack fronted, compact
tension and three point bend specimens was processed and the results
are shown in figs.57 and 59.

From these results it can be seen that, when the C5 values for
the curved and straight crack fronted specimens are the same, the length
of the straight front is eguivalent to the length of the 'corrected"
curved crack front. It is thought that, by measuring the maximum
length of a curved crack iront, or by adopting the averaging procedure
laid down in the standards (1, 2 and &) an overestimate of the comp-
liance calibration function will be obtained. This suggestion could be
supported by considering a typical three point bend specimen of width

22 mm, thickness 22 mm, and maximum curved crack length 12.5 mm (see

sketch below): B

3o

8corrected —

=~ ~dmaximum

here the values of a, a/W and Y (according to Walker and May) for this

specimen can be given as:

Crack length a/v Y
masxi mum 12.5 mm 57 13.5
aaverage 11.8 mm . 5k 12.1
A rsacton 110 mm - 50 10.6

85



By assuming that the acorrected was the "'correct" wvalue of curved
crack length, the comvliance calibration functions fot the averare and
maximum curved crack lengths overestimated this '"correct'! value bv 14
and 27%, respectively. For a symmetric parabolic curved crack front,
longer crack lengths than the applied correctior factor. Consider the
parabolic crack front sketched below:

B/2 B/4 0 B/4

m
~
~J

/_
\

e Do 8

|
! I
! :
| | 1}
25%B 50%B 75%RB

¥ w = + o (equation of a parabola)
B
when x = > Y =0
2
therefore 0 = A + ¢ and A = =
4 B2

2
average height of the parabola = 1/3 ( ¢ + 2(AG§ +c))

2
=1/3 (c + cAB + 2¢ )
16
2
= e ea—
24
substitute for A:
2
average height of parabola = ¢ - &g X 2
B 2k
L
= 5/6 ¢
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Therefore for a symmetrical, parabolic crack front the average length

may be given by:

S

=ao+5/6(a -z

a . 4
effective maximum o]

whereas the corrected length would be:

= &g % L& -a_) B/S
8effective - %o 2/3 (amaximum ggl® B/

and as S B, the corrected curved crack front length is always less
than the average curved crack front length (for a parabelic, symmetric,
curved crack front).

Although assumptions were made in deriving the length of a2 curved
crack front, S (see section 6.2.2) it is reasonable to suggest, on the
basis of compliance data, that a curved crack length may be '"corrected"
to give an ecuivalent straight crack front length. Neale (74) has
pointed out that the stress intensity varies with position along the
curved crack front and will be a maximum at the tip of this curved
crack. The maximum stress intensity was thought to determine the event
of fracture. The stress intensity along these spark machined curved
crack fronts could not be found, but evidence to support the experimen-
tal compliance calibrations can be obtained from the fracture loads for
curved crack fronted specimens. For example the C3 values for six

individual, curved crack fronted A.U.W.E. 224 specimens, have been

determined at fracture using the expression:

K X Bw%
51

A=
5

These C, values were then plotted on the C, versus a/W graph, shown in

3 >
fig.59. The 03 values obtained from the curved crack fronted specimens
agreed favourably with the experimental compliance curves, showing the

correction procedure for curved crack fronts to be accurate.
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7.4 Fracture toughness testing methods.

Five methods of determining the fracture toughnesses of these
aluminium casting alloys have been used conjointly, namely:
a) Test 1. The 5% secant, LEFM techniogue (1, 3 and &)
b) Test 2. The crack opening displacement (COD) technique
detailed in BS Draft for Development 19 (23).
c¢) Test 3. The crack opening displacement (COD) technique
suggested by Dawes (21).
d) Test 4. The J integral technique for single load point
displacement records, suggested by Rice et al (97).
e) Test 5. The equivalent energy procedure described by
witt (115).
The results for the fracture toughnesses of the alloys are recorded in
the appendix of this thesis. The majority of the KQ values obtained
according to the 5% secant method were not valid K1c values, on account
of too much plasticity before fracture. This was shown on the records
as:
a) The inelastic deviations at PQ were greater than 4 times the
inelastic deviations at 0.8 P..

Q

b) The P___. ratio was greater than 1.1.

maximum i PQ

The average ch values obtained for the alloys are given in section
6.6 and have been used to calculate the critical defect sizes.

In order to analyse the 5 available methods collectively, the
data was fed into the analysis of variance programme in the following
form:

a) KQ values obtained according to equation 155 where PQ

was the 5% secant load.

b) y from COD values obtained from equation 162 where

K(apparent
M= 2%
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c)

K(apnaren*) from J values, according to ecuation (164)

d) K, Equivalent energy values obtained from ecuation (166)
Q - W s

From the analysis of variance results shown in table 13 and the

O™

histograms constructed to illustrate these results (fig.69), it is clear

that the method of test has a highly significant effect on the value of

K obtained. Examination of all these histograms shows that,
(apparent)

for the A.U.W.E, 224 type alloys, the COD methods of determining

K give far higher values than those obtained by the other
(apparent)

three methods. The value substituted for M in the conversion eguation

for COD to K ) for all the alloys was 2.1. As discussed in

(apparent

section 2.4.2.2, the value of M is the subject of much controversy.
For example if the value for M had been 1,0, then the converted COD

results for the A.U.W.E. 224 type alloys would have produced K
(apparent)

values of similar magnitudes to those obtained by the other methods.

The values of K from COD for the artificially aged Alcoa 354

(apparent)

alloy, were similar in magnitude to the K(anparent) obtained by the

other methods. This observation tends to suggest that substituting a

value of M = 2.1 for the conversion of COD values to K values
(apparent)
was correct for this alloy.
The difference between the relative magnitudes of the K
(apparent)

from COD values, for the three alloys can be explained in terms of the
differing extents of plastic deformation at the crack tips. The

typical percentage elongation for the artificially aged Alcoa 354 alloy
was 2%; whereas the typical percentage elongations for the artificially
aged A.U.W.E. 224 type alloys were 5%. From these values it is reason-
able to suggest that the plastic deformation at the crack tip and there-
fore COD values were higher for the A.U.W.E. 224 type alloys than the
Alcoa 354 alloy. This suggestion is supported by the COD results where,

for the artificially aged A.U.W.E., 224 type alloys, the COD's were
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typically 2.0 to 3.0 x 10" 2mm. The COD's for the artific-

ially aged Alcoa 354 alloy, however, were only typically 0.8
to 1.5 x 10-2mm.

The most reproducible method of determining the ch's
of these aluminium casting alloys could be found by comparing
the standard deviations, about the mean values, for each
individual testing method. The J integral technigue gave the
smallest values of standard deviations about the mean values

of K ) from J, out of all the methods. The values of

(apparent
K(apparent) from J, obtained from those specimens designed to
determine the fracture toughnesses of these alloys also agreed
favourably with the average Kic results shown in section 6.6.
The major source of error in evaluating the J integral
was in the determination of the point of initiation. Init-
iation has been defined as a 1/u volt change in the total
signal level and this could be measured to an accuracy of
+ 2 mm on the potential-time traces. This ¥ 2 mm corfespon-
ded to a cross head displacement of approximately 0.04 mm
(i.e. with a chart speed of 20 mm/minute and a cross head
displacement of 0.2 mm/minute). Typically the load point
displacements were about 0.35 mm, consequently the error in
determining the critical load point displacement (i.e. the
load point displacement at initiation) was 0.35 ¥ 0.0QTLhich
is about 9%. If we take the simple case where the slope of
the linear portion of the load-load point displacement record
is at about 45°, then this 9% error in displacement is a
maximum error and corresponds to an 18% error in the area
determination. This 18% error can be considered to be the

error in the J integral, since the errors encountered in
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measuring the dimensions of the specimens are negligible in
the equation:

2U
B(w=-a)

where U is the required area.

In the conversion equation for J to Kic (see equation (164))
the square root of J is taken. The error in Kic’ therefore,
is equal to the square root of the error in J, which reduces
to approximately 4%.

The equivalent energy method for determining K c values

1
from small scale yielding in non-valid LEFM records has been
proposed by Witt (115). The same techniques were used as for
the J integral method in which a load-load point displacement
record was constructed for the determination of the energy
values. As suggested by Merkle and Corten (118) for pure
bending and providing a/W is greater than 0.5, the equivalent
energy procedure is virtually the same as the J integral
method. Evidence to support this suggestion can be found by
comparing the histograms constructed for the average values

of K obtained from these two methods, shown in

(apparent)
figs.69 to 72. Here it may be seen that the two methods give
similar estimates of K .
(apparent)

The methods of determining the crack opening displac-
ements were inaccurate for these aluminium casting alloys

because of the very small mouth opening displacements (i.e.

Vg) and therefore COD's involved.
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The accuracy of the potential drop method could be determined
in the following manner. Values of crack length were calcul=-
ated from equation (134) and were found to be within + 1 mm
of the average crack lengths measured optically after fracture
The important factor in this case was, however, the accuracy
in determining a change in crack length. As the potential
difference calibration curves shown in fig.49 are almost
linear over short ranges of a/W, the change in crack length
could be calculated to an accuracy corresponding to the
sensitivity of the method. It was considered that a change
in the total signal level of 1/u volt, due to an increase in
crack length could be reliably detected and this was taken as
the initiation condition.

From equation (13%4) a change of 1}vaolt on a typical
total signal level of 360/u_volts, using a current of 60
amps applied along the specimen (see fig.64a) corresponded
to an increment in a/W of approximately 0.0025. This repres-
ents a crack length increment of 0.06 mm when the width of

the specimen is taken as 22 mm.
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Typically the mouth opening displacements were within the range 0.14 to

load-mouth opening displacement record was about 1000. (i.e. 180 mm
chart = 0.18 mm mouth opening displacement). Although the clip gauge

could detect a change in the mouth opening displacement of approxim

fu
ot
M
I, ]
[ ]

1 micron, the calibration of the clip gauge was only accurzte to 0.02 mm.
The accuracy of measurement of the mouth opening displacements was,
therefore, approximately 0.16 - 0.02 mm.

The linear differential core transducer, used for measuring the
load point displacements, could detect a change in load point displace-
ment of arproximately 2 microns, but the calibration was accurate to
about C.01 mm. Typically the load point displacements were within the
range 0.3 to O.4 mm. Consequently the accuracy cof measurement of the
load point displacements was about 0.35 2 0.01 mm.

From the histograms for the average KQ values, determined by the
5% secant construction, it can be seen that, on average, the invalid
KQ values underestimated the average ch values recorded in section
€.6. The reason for this was because the 5% secant gave PQ loads far
lower than the actual loads at initiation, as defined by the electrical
potential technique.

The combination of test method with: method of crack manufacture,
notch root radius, block size and aging treatment had no significant
effect on the values of K(apparent) obtained. The combination of
material and method of test, however, did have a significant effect on

the values of K ) obtained, as shown in table 13, and illust-

(apparent
rated in fig.69. This highly significant combination was mainly due

to the differing relative magnitudes of the COD values (as previously
described in this section) for each of the alloys. Although the combin-

ation of the two most highly significant factors would probably be

significant in any case.
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7.5 Short cracks emanating from blunt notches.

When a sharp crack is very short and emanates from a blunt notch,
the stress intensity at the tip of the crack is influenced by the close
proximity of the notch. Sharp cracks, simulated by spark machining
(see section 7.2), were produced from blunt notches and the results of
K from J obtained from these cracks are illustrated in fig.563.

(apparent) £
Originally, these short cracks, emanating from blunt notches, were
produced by fatigue cracking, but this proved to be both tedious and
inaccurate. The main problem encountered when growing such small
fatigue cracks was the effect of crack front bowing. In some cases
this was so pronounced that, on breaking open the specimens, there was
substantial crack growth in the centre of the specimen but no sign of
cracking at the edges.

From the results of c¢/(W-a) versus K from J values,

(apparent)

shown in fig.63, it was possible to estimate the values of 62
experimentally. These critical crack lengths were, therefore, obtained

from the points where the K ) from J values approached the

(apparent

average K1c values. i.e.

Material (artificially aged) a/P cy

AUW.E. 224 ~1.50 0.25 /ae
A.U.W.E. 224 ~ 3.25 0.30./&;3
AU.W.E. 224 + Ag ~ 3.5 0.35 /aQ

These estimates of c, are less than the theoretical predictions of
Yamamoto et al (51) and Smith and Miller (57) shown in fig.63. From

the results it can be seen that the K ) from J decreases with

(apparent
increase in crack length from the blunt notch. At the condition where
¢ = 0 (i.e. a blunt notch by itself) the concentration of siress can be

accommodated by small scale plasticity in a large volume of material.
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The energy required to propagate a crack from a blunt notch is, therefore,

relatively high and the K from J is high. The stress intensity

(apparent)
at the tip of a sharp crack emanating from a blunt notch is high;
consequently the energy recuired to propagate a crack is lower than that

for a blunt notch, and the K ) decreases.

(apparent
From Yamamoto's work (51) on sharp cracks emanating from blunt
notches, it can be seen that finite element analysis is not applicable
for determining the stress intensity at the tip of a crack ¢ = O.
Experimentally, however, it was possible to determine the K
(apparent)

values for these aluminium casting alloys when c = O and these are shown

in fig.63.

7.6 Notch and crack root radii.

Crack root radii could be simulated by spark machining as the

values of K obtained from the spark machined cracked specimens

(apparent)
have been shown to be similar to those obtained from fatigue cracked

specimens (see section 7.2). The K obtained from a spark

(apparent)
machined cracked specimen, however, is dependent on the sharpness of
the crack tip.
The effect of crack root radius (simulated by spark machining) on
N ; : !
K(apparent) from J, for artificially aged A.U.W.E. 224 + Ag alloy is
shown in fig.64. From these results it may be seen that the crack root

radius has the greatest effect on K when the crack tip is

? (apparent)
very sharp (i.e. up to/jé— values of C.1). The critical value of(é;

or the value o§/§?1when K(apparent) = K1c, was approximately 0.05,
since, although the average K, for this alloy was 17.5 MNm_3/2 the
spark machined cracks tended to give under-estimates of this value.
This observation has been previously discussed in section 7.2. If the
crack root radii were spark machined to values below the critical root

radius, then 'blunting down' to the critical value would occur during
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fracture toughness testing. This 'blunting down' is also thought to
occur in very sharp fatigue cracks, consequently there is no point in
producing fatigue cracks sharper than the value of the critical root
radius in fracture toughness testing.

Examination of the load-load point displacement records for these
specimens indicates that some degree of yielding has occurred before
crack propagation (see fig.64a). The Spink, Worthington and Keald
equation (66) for small scale yielding, therefore, could not be
directly applied to these results and should only be used as a guide.

Notches of root radii; 0.20, 0.74 and 1.60 mm were mechanically
machined into specimens from all three alloys and the values of
K(apparent) were determined using all the five available methods. This
data was then fed into an analysis of variance programme, the results
of which are detailed in table 14 and are illustrated in fig.71.
According to these results the notch root radius of a specimen has a
significant effect on the value of K(apparent) obtained. Examination
of the histograms in fig.71 shows that for the A.U.W.E. 224 type
alloys, the 0.74 mm notch root radius tended to give lower estimates
of K(apparent) than the other two notch root radii. This observation
could be attributed to the different extents of plastic deformation,
produced at the notch tips by mechanical machining.

The minimum notch root radius that could be mechanically machined
into these specimens was about 0.2 mm. It is thought that, at this
value, the cutting tool would cause more plastically deformed material
at the notch tip than with a more shallow notch root. In order for a
crack to propagate, it would have to overcome this mechanically deformed

zone., Consequently the K ) values obtained from the more shall-

(apparent
ow notch roots were lower than those obtained from the sharp root radii.

Richards and Wood (47) have determined the stress concentration
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factors (using two dimensional finite element analysis) for notches in
three point bend specimens, of width 22 mm and notch depth 5 mm (see

fig.27). From fig.27 the Kn values of 0.74 mm and 0.20 mm notch root

radii specimens were estimated as being 3.4 and 6.4 respectively. The
value of K. for the sharper notch (0.20 mm notch root radius) was
therefore approximately twice the KT of the blunter notch (0.76 mm

notch root radius). The values of K y obtained from the 0.76

(apparent

mm notch root radius specimens were, however, less than those obtained
from the 0.20 mm notch root radius specimens, as shown by the average
values for K(apparent) in fig.?1. It is thought that, with such small
values of mechanically machined root radii, the extent of mechanical

deformation at the notch tip has more effect on K ) than the

(apparent

stress concentration has. As a notch becomes even more blunt, for
example 1.60 mm root radius, the stress concentration at the notch

root decreases, conseguently the K tends to increase. This

(apparent)

is shown for the A.U.W.E. 224 type alloys, in the histograms of fig.71.
The histograms for the artificially aged Alcoa 354 alloy shows

that on average, ndependent of notch root radius, in

K(app&rent) s
this alloy. This observation is probably the reason for the significant
combination of material and notch root radius shown in table 14. The
J integral technicue for the Alcoa 354 alloys, however, shows a trend

for the effect of notch root radius on K ) similar to that for

(apparent
the A.U.,W.E, 224 type alloys. Mechanical machining may not give rise
to plastic deformation at the notch tips in the Alcoa 354 alloy,
because of the limited amount of ductility. This was thought to be

the reason for the similar K ) from COD values, obtained from

(apparent
all three notch root radii, in the Alcoa 354 alloy.
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7.7 Dimensional effects on fracture tourhness.

The fracture toughness of as cast Alcoa 354 and artificially aged
AJU.W.E. 224 alloys has been determined for various specimen thick-
nesses. The results are detailed in the appendix of this thesis and are

illustrated in figs. 61 and 62. The width of these specimens was

m
ot

least 50 times greater than the plane strain plastic zone sizes, as
recommended in the standards (1, 2 and 8). The values for the plane
strain plastic zone sizes, together with the minimum specimen thick-
nesses, are shown below. In order to calculate these values, averége
values of ch and typical values of yield strength (obtained from
section 6.6) have been substituted into the usual ecuations (i.e.

equations (15b and 16)

Material Plane strain plastic Minimum thickness
(artificially aged) zone size (mm) (mm)
Alcoa 354 0.26 18.39
A-UQN.E- 224 0.22 15'33
A.U.W.E. 224 + Ag 0.17 11.96

The KQ results for as cast Alcoa 354 specimens, shown in fig.61
suggests that there may be an upward trend at a thickness of about 8 mm.
This, however, was not shown on any of the 'thinner' specimens in the
form of shear lips. The experimental valué of the minimum specimen
thickness proved to be difficult to de;ermine because, at thicknesses
less than about 5 mm, the specimens buckled in the three point bend
rigs. This means that three point bend tests cannot be used to
evaluate the fracture properties of sheet or plate.

Examination of the artificially aged A.U.W.E. 224 alloy results
tended to support the findings of the as cast Alcoa 354 alloy, that is,

thicknesses above about 4 mm had no effect on Ko. A less apparent

outcome from these A.U.W.E. 224 results was that, out of all the five
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available fracture toughness testing methods, the J integral technicue
was the most accurate. This can be seen from fig.62.

In yielding fracture mechanics, it is the containing of the zone
of intense deformation which determines a specimens' thickness
reguirements. The thickness requirements are therefore very much less
than those for LEFM., For example, for the artificially aged 224 + Ag
alloy, the minimum thickness reguirement, according to BS Sk47 (1),
was 15.33 mm. The minimum thickness requirement for the J integral

method, however, would only be 0.5 mm (eguation given below):

Bmm = 25}( K!c (I*Vz)
BT

As the experimental minimum thickness for the as cast Alcoa 354 and
artificially aged A.U.W.E. 224 specimens was less than 4 mm, the

thickness of the specimens could be ignored in future analysis.

7.8 Porosity and block sizes.

Porosity was present in all the specimens and can be seen, for
example, from the radiographs of the original Alcoa 354 alloy specimens,
cast at A.U.W.E. (see fig.44). Although this material was particularly
porous, the latter material supplied was considerably sounder. A
scanning electron micrograph of an area of dendritic porosity is shown
in plate /7, and another area, shown at a higher magnification, in
plate 2;% In order to determine the extent of porosity, demsity
measurements have been carried out by B.N.F. Technology Centre on
specimens taken from various positions within a block of as cast K01
material. From these results, shown graphically in fig.65, it would
appear that the extent of porosity, up to approximately 1.5 per

cent, has little effect on the value of K obtained and the

(apparent)

results are scattered about a mean value of about 14MNm_3/2. A similar

trend of the effect of porosity on the values of K(apparent) could be
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seen for the artificially aged Alcoa 354 alloy, shown in the histograms
of fig.69. From the analysis of variance results shown in table 13 and
illustrated in fig.69, it is clear that the block thickness has &

highly significant effect on K for the artificially aged
t) J =

(apparen
A U.W.E, 224 type alloys. It is proposed that this significance is

due to the different porosity levels in the three block thicknesses,
despite the fact that these low porosity levels could not be accurately
measured using density determinations. The porosity levels in the
Alcoa 354 alloy blocks were considerably greater than those of the
A.U.W.E. 22k type alloy blocks. It is thought, therefore, that the
major effect of porosity occurs at levels less than about 0.0%. This

suggestion explains why the values of K ) for the Alcoa 354

(apparent
alloy, shown in fig.69 are scattered about a mean value of about 20

MNm—B/z. In a practical sense, these results show that an improvement
in the fracture properties, by porosity control, is not feasible in

these aluminium casting alloys, until the porosity level is reduced to

less than about 0.05%.

7.9 The effects of material condition on K .
(apparent)

One of the most important considerations made, when determining
the fracture properties of these aluminium casting alloys, was material
condition. Solution treated A.U.W.E. 224 + Ag specimens were aged for
increasing periods of time. The effects of aging time on the values
of K(apparent) determined by the five available methods, are illust-
rated in figs.67a, b and c. From these graphs and in particular the
graph for the J integral results, it is clear that there is a decrease
in fracture toughness with increase in aging time. Furthermore this
decrease in toughness is gradual until the peak hardness and yield

strength is attained, and then the toughness decreases rapidly. This

rapid decrease in fracture toughness with the overaged structure could
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be attributed to particle rupture at the grain boundaries.

As the aging time was increased, the precipitates, nucleated in
the early stages of aging, became more coarse. Maximum hardness and
yield strength was, therefore, associated with an optimum small particle
size and spacing and a corresponding large number of particles. The
majority of particles nucleate and grow at low energy sites within the
grains, but some of the particles will form at the grain boundaries.

As the aging time is increased these particles at the grain boundaries
become coarser and particle rupture occurs more readily. Evidence to
support this suggestion can be found by comparing the microstructures
for the differently aged conditions of the A.U.W.E. 224 + Ag alloy,
shown in plates &, 9 and 10. Here it can be seen that there was only

a slight difference between the naturally and artificially aged condit-
ions. Overaging, however, clearly showed a coarsening of the precip-
itates at the grain boundaries. COveraging is usually associated with
the formation of a denuded zone on each side of the grain boundary. DNo
evidence of these zones (i.e. a ductile fracture appearance) could be
seen on the fracture surfaces of the overaged specimens. Evidence of
particle rupture or shattering, however, can be seen in plate 24 where
this particle was estimated to be about 5 microns across.

From the analysis of variance results shown in table 15, it would
appear that there was no significant difference between the naturally
and artificially aged conditions. Examination of the histograms for

the average values of K ) shown in fig.72, however, suggests

(apparent

that there is an effect of material condition on K The

(apparent)*

values of K ) for the A.U.W.E. 224 + Ag and Alcoa 354 alloys

(apparent
were consistently greater for the naturally aged condition, than they

were for the artificially aged condition. This observation, however,
was the reverse for the A.U.W.E. 224 alloy. Consequently the overall

effect of material condition on the values of K
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three alloys combined would be insignificant. From the histograms
shown in fig.72, it is apparent that the addition of silver to A.U.W.ZE.
22k greatly reduces the fracture properties of this alloy, particularly
for the artificially aged conditions. Evidence to support this

£ £

observation can be found in section 6.6, where the average values of

ch for the artificially aged A.U.W.E. 224 and 224 + Ag alloys were
26 MNm-3/2 and 17.5 MNm-B/2 respectively. The mechanisms of failure

of all the alloys are discussed in greater detail in the next section.

7.10 The mechanisms of fracture.

The fracture surface of a typical, as cast, Alcoa 354 specimen
is shown in plates 17 to 20 inclusive. From these scanning electron
micrographs, together with those for the naturally and artificially
aged conditions, it can be seen that there was no visible diffgrence
between the fracture surfaces, despite the three different material
conditions. The mode of failure in the Alcoa 354 zlloy was recognised
as being inter-granular fracture and the reflective or "bright"
appearance, when examined optically (see plate 15) was thought to be
due to quasi-cleavage of the silicon particles. Shattering of these
silicon particles can be seen in plates 19, 20 and 21.

The mechanism of failure in the A.U.W.E. 224 type alloys was
also recognised as being inter-granular fracture. A4s wi?h the Alcoa
354 alloy, no difference could be seen between the fracture surfaces
of the differently heat treated specimens. The reflective or bright
appearance of the fracture surfaces in these alloys was thought to be
due to a combination of sharply defined grain surfaces, together with
particle shattering at the grain boundaries. The extent of particle
shattering in these A.U.W.E. 224 type alloys was not as severe as with
the Alcoa 354 alloy and a very high magnification was necessary before

particle shattering could be clearly seen, as in plate 24.
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It is thought that, the greater the amount of precipitate that occurs
at the grain boundaries, the more readily particle rupture, and hence
inter-granular fracture will occur. This explains the reason for the
low fracture toughness value (~14 Hﬁm-E/E} obtained from the overaged
specimens.

Forosity and impurity phases within all the alloys provided
linkage for crack advance and could be observed on the fracture
surfaces. The size of the pores for the A.U.W.E. 224 type alloys was
difficult to determine, but for the as cast Alcoa 354 alloy, examinat-

ion of the radiographs shown in fig.44, together with the pore

illustrated in plate 17, suggest a pore size of about 0.5 mm.

7.11 Fatigue crack growth rates for the A.U.W.E. 224 type alloys.

Fatigue crack growth rates for these alloys were difficult to
determine accurately because of multi-nucleation of small cracks at
the notch roots. This was the main problem encountered when trying to
grow predicted fatigue crack lengths from the machined notches.

The appearance of a typical fatigue crack front is illustrated
in plate 15 from which it can be seen that the crack fronts were
difficult to distinguish with these alloys. Bowing of the fatigue
crack fronts was common in most of the specimens. This was thought to
be a consequence of thickness, as bowing was more pronounced in the
thicker specimens.

Comparison can be made between the fatigue crack growth data
obtained for these A.U.W.E. 224 type alloys (shown in fig.55) and their
wrought equivalents listed in a paper by Pook (119). For example, the
stress required to produce a fatigue crack growth rate of da/dN = ‘10"6
mm/cycle was ~ 2 MNm-B/2 for the wrought alloy and ~ 6-9 MNm-3/2 for
these casting alloys. These observations could be attributed to the

extent of porosity which occurred in the casting alloys, as it is
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thought that areas of porosity tend to arrest fatigue cracks.

From fig.55, it would appear that the crack growth rates for the
naturally and artificially aged conditions, for each alloy, were
similar. The stresses reguired to produce these rates, however, were

different. For example, consider the stress required to produce a crack

M

growth rate of da/dN = 10
~3/2

mm/cycle. For the A.U.W.E. 224 alloy, this
stress was ~~ 20 MNm for the artificially aged condition and about
14 M‘Nm-B/2 for the naturally aged condition. Similarly for the A.U.W.E.
224 + Ag alloy, the stresses reguired to give a crack growth rate of
10"mm/cycle were ~ 35 MNm™/2 and ~~30 MNm~>/2 for the artificially
and naturally aged conditions, respectively. An explanation of these
differences between the two alloys and the two conditions could be that
the aging precipitate at the grain boundaries was more pronounced in

the A.U.W.E. 224 + Ag alloy than in the A.U.W.E. 224 alloy. Further-
more, these precipitates would be coarser in the artificially aged
structure than in the naturally aged structure. This can be seen in
plates 5, 6, 8 and 9. It is thought that the greater the precipitate
at the grain boundaries, the greater will be the restriction to fatigue
cracking.

The finite difference procedure for determining the fatigue crack
growth data (see fig.55) gave more realistic results than the diffe?en—
tiated polynomial expression for crack length versus number of cycles
Curve fitting techniques, for crack length versus number of cycles data,
have been discussed by Pook (119). A more accurate approach to this
problem could be the fitting of an exponential equation to the results,
on a similar basis to that used by Paris (72) but with the inclusion of
constants to account for the structural properties. These constants
would be necessary, since the relationship between A K and de/dN is not

entirely geometrical.
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7.12 The application of fracture toughness data.

The fracture toughnesses of all the alloys have been evaluated.

Examination of the average values of K, and the typical yield strengths

1e
of the alloys, given in section 6.6 suggests that the A.U.W.E. 224 was
"tougher" and had a higher yield strength than the A.U.W.E. 22k + Ag
alloy. The addition of silver to A.U.W.E. 224, therefore, has a detri-
mental effect on the toughness, hardness and yield strength. Overaging
the A.U.W.E. 224 + Ag alloy greatly reduces its fracture toughness. In
service, however, these alloys are generally used in a slightly overaged
condition. This ensures that aging will not occur in a structural sit-
uation, which could cause a sudden change in yield strength. The extent
of this overaging treatment should, therefore, be kept to a minimum.

The as cast structures for all the alloys were coarse ( as seen
in the microstructures) and the fracture toughness was greatly improved
by solution treatment and aging. For example the Alcoa 354 alloy in the

as cast condition had a toughness of approximately 10 MNm'B/2

, whereas
in the artificially aged condition the toughness was about 20 MNm-B/E.
The impurity compounds that were present in these alloys, tended to
segregate at the grain boundaries and were thought to contribute to
particle rupture and hence grain boundary fracture. A reduction in the
impurities would, therefore improve the fracture toughnesses of these
alloys.

Critical defect sizes were determined for typical, elliptical,
totally embedded and side cracks in infinite body conditions. From the
results it can be seen that at an applied stress of about 0.75 x yield
stress, the critical defect sizes were approximately 5 mm. It is
unlikely, therefore, that the porosity in these alloys will approach
the critical size, since the pores size are less than about 0.5 mm. It

was realised that these critical defect sizes were determined for an

infinite body and that they could be smaller in actual sectioms.
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7.13 Sugpestions for further work

1)

2)

3)

The fracture properties of these alloys could be determined in a
corrosive envircment, rather than laboratory zir. For example.
stress corrosion cracking of these sllovs in sea water could be
investigated by obtaining values for Eﬂscc (the minimum value of
K1 for stress corrosion cracking). Enviromental effects in crack
growth have been discussed by Parkins (120).

The mechanisms of failure in these alloys has been recognised as
being inter-granular fracture. It would be advantageous, therefore,
to reduce the amount of precipitate at the grain boundaries and
re-distribute this precipitate throughout the grains. Electron
microscopy could be used with regard to precivitate growth and

to identify any dislocation pile ups if present.

The major effect of porosity on the fracture properties of these
aluminium casting alloys occurred at levels up to about 0.05%.

It would be interesting to determine the effects of very low

levels of porosity on the fracture properties. This would mean,

however, a more accurate method of determining porosity.
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1)

2)

3)

L)

5)

7)

8. CONCLUSIONS

Spark machining vproduced cracks which were eguivalent to fatigue
cracks and could be used to simulate curved crack fronts, short

cracks emanating from blunt notches and crack root radii.

The load point displacement rig, developed because of the
problems encountered with roller sink in with these alloys, gave

accurate and consistent load-load point displacement records.

The electrical-potential equipment proved to be satisfactory for
measuring fatigue crack propagation rates and detecting crack
initiation, in the cracked specimens. The sensitivity of the
apparatus was improved by using a relatively high current (60

amps) and no significant specimen heating occurred at this value.

Ryder, Bowie and Petitt's curve fitting procedure could be
applied to three point bend compliance data. The resulting
equations for representing the compliance data were reversible
and could be differentiated to yield accurate compliance calibr-

ation values.

A practical correction factor for curved crack fronts has been
determined from compliance data, obtained from curved and
straight crack fronts, in both three point bend and compact

tension specimens.

The method proposed by Rice et al for determining the J integral
from single load-load point displacement records gave the most

accurate and consistent values of K of the five

K
(apparent) Lol

available testing methods, when compared with the values of K1c'

Valid X, 's were obtained for these aluminium casting alloys at

1c
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8)

9)

10)

11)

12)

13)

14)

2
thicknesses as low as: }<\c

B =
0'\/5

The critical length of a sharp crack emanating from a blunt
notch was found experimentally to be approximately 0.25 to
0.35 ag>. Cracks which were longer than this critical value

would not be influenced by the presence of a blunt notch.

The critical value of €> for the artificially aged A.U.W.E. 224
+ Ag alloy was approximately 0.04 mm. Crack root radii which
were sharper than this critical value would tend to blunt down

to the critical root radius during the fracture toughness test.

The mechanism of failure in all these alloys was recognised as
being inter-granular fracture. This was also contributed to by

particle rupture and particle shattering at the grain boundaries.

The addition of silver to the A.U.W.E. 224 alloy greatly reduced
the values of fracture toughness, yield strength and hardness of

this alloy, particularly for the artificially aged condition.

Porosity within these alloys would have to be reduced to a level
of less than about 0.05% before an improvement in the fracture

properties, by porosity control, could be obtained.

The conversion factor, M, used in the equation for COD'S to
K(apparent) from COD, was found experimentally to be about 1.0

for the A.U.W.E. 224 type alloys and about 2.0 for the Alcoa 354.

-
1
-

or a given applied stress, the fatigue crack propagation rates
for the aluminium casting alloys were less than those obtained

for their wrought eguivalents.
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APPENDIX.

Constants used in the calculations given in section 6.3.&.

Cross head speed = 0.2 mm/minute

Poisson's ratio (v) = 0.34

Young's Modulus (E) = 6.9 for A.U.W.E. 224 + Ag

(MNm~2 x 104) 7.0 for A.U.W.E, 224
7.0 for A 354
Knife edge thickness (z) = 1.7 mm
M value used in the conversion = 2.1

of the COD to K.

Explanation of nomenclature.

a) The first two numbers on the top line are the block thickness
in mm.

b) The remaining characters on this top line are the specimen's
identification.

c¢) The first character on the bottom line is the method of
notch manufacture (i.e. S for spark machining or M for
mechanical machining).

d) The second character on the bottom line is the method of
crack manufacture (i.e. ¥ for fatigue crack or S for spark
machined crack.

e) The third character on the bottom line is the materials
condition (i.e. A - artificially aged, N - naturally aged,

C - as cast).
£f) The fourth and fifth characters on the bottom line (if

present) are the aging period in hours.



Table 17. Fracture toughness data for as cast A 354 alloy (block number 1).

Nomenclature

501A
MFC

502A
MFC

S03A
MFC

S04A
MFC

5054

506A
MFC

S07A

5084
MFC

509A

5010A
MFC

Specimen width

(m x 10-3)
Specimen breadth
(m x 10-3)

Notch depth

(m x 10-3)

Notch root radius
(m x 10-4)

Crack length

(m x 10-3)

Maximum 1load

(KN)

5 % Secant load
(KN)

K Fatigue
(MNm-3/2)

Kq (LEFM)

(MNm-3/2)

K, from COD (Wells)
(MNm-3%/2)

Kafrom COD (Dawes)
(MNm-3/2)

Kafrom J

(MNm-3%/2)
KqEquivalent energy
(MNm-3/2)

25.01
40,00

10.0

25.00

36.00

10.0
2.0

13.69

4,02
5.9
8.83

24.98
32,00
10.0

2.0

13.63

317
5.09
7.70

24.99
28.00
10.0
2.0
13.17
L.08
3.16
4.98
8.28

25.02

23.95

10.0
2.0

13.35

25.01
19.96

10.0

2.0

12.31
3.66
3.63
5.89

11.90

24.99

15.94

10.0
2.0

13%.08

1.96

6.36
"

8.90

25.02
11.96
10.0
2.0
12.24
1.67
1.33
5.42

-
7.21

25.00
795

10.0
2.0

13.55
1.20
1.01
777
9.80"

2k .97
3.97
10.0
2.0
13.80
0.60
0.51
8.35
10,30

* Invalid according to BS DD3




Table 18. Fracture toughness data for as cast A 354 alloy (block number 1).

Nomenclature 501B 502B 5038 504B 505B 5068 507B 508B 5098 5010B
MFC MFC MFC MFC MFC MFC MFC MFC MFC MFC

Specimen width
(m x 10-3) 25.01 24.99 24.97 24.97 24.98 24,98 24,99 24,99 24,98 24,99
Specimen breadth
(m x 10-3) 39.50 36.00 31.95 27.95 23.41 19.9% 15.95 11.96 7.95 3.94
Notch depth
(m x 10=3) 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Notch root radius
(m x 10-h) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2,0
Crack length
(m x 10-3) 13.63 13.71 13.50 13.50 - 15.81  13.40 - 14,34 -
Maximum load
(KN) - - ~ - - - 2.06 - 1.08 -
S% Secant load
(KN) 4.5 4,32 L .0k 2.88
K Fatigue
(MNm-3/2) 5.49 6.13 6.26 4,98
Kq(LEFM)
(MNm-3/2) 8.88 9.50 9.76 7.9 - 8.04* 7.69* - 10.39*
Kpfrom COD (Wells)
(MNm-3/2) - - - - - - - - - -
Kafrom COD (Dawes)
(MNm-3/2) - - - - - - - - - -
KA from J
(MNm-3/2 - - - - - - - - - -
KgEquivalent energy
(MNm-3%/2) - - - - - - - - - -

1.68 1.62 - .96 -

8.63 6.6'[* -~ 8.12 -

Invalid according to BS DD3




Table 19. Fracture toughness data for as cast A 354 alloy (block number 2).

Nomenclature 501A 502A 5034 504A S0S5A 506A 507A 508A 5094 5010A
MFC MFC MFC MFC MFC MFC MFC MFC MFC MFC

Specimen width
(m x 10-3) 25.00 25.00 24.99 24.99 24,83 24,98 24,99 24,98 24,98 24.98
Specimen breadth
(m x 10-3) 39.90 36.00 32,00 27.95 23.96 19.98 15.95 11.99 8.00 3.92
Notch depth
(m x 10-3) 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Notch root radius
(m x 10-4) 240 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Crack length
(m x 10-3) 13.83 13,75 13.61 14.66 13.82 14,81 13,22 13.60 12.95 12.62
Maximum load
(KN) - - - - - 2.4 3.3 2.08 1.25 -
5% Secant load
(KN) L ,79 k.08 3.48 2.78 2.40 1.86 2.64 1.59 1.02 -
K Fatigue
(MNm=3/2) 6.41 5.91 5.57 6.15 5.40 6.25 6.48 6.49 V12 8.00
 Kq(LEFM)
(MNm-3/2) 9.63* 8.98 8.41 9.00* B8.08% 8.61% 12.26 10.32 9.08* -
Kafrom COD (Wells)
(MNm-3%/2) - - - - - - - - - -
Kafrom COD (Dawes)
(MNm-3/2) - - - - - - - - - -
Kafrom J
(MNm-3/2) - - - - - - - - - -
Kqkquivalent energy
(MNm-3%/2) - - - - - - - - - -

* Invalid according to BS DD3




Table 20. Fracture toughness data for as cast A 354 alloy (block number 2).

Nomenclature 501B 502B 503B 504B 505B 506B 507B 508B 509B 5010B
MFC MFC MF'C MFC MIFC MFC MFC MFC MFC MFC

Specimen width
(m x 10-3) 25.03 24.97 24,99 24,97 24,98 24.99 24,98 24,97 24,98 24,98
Specimen breadth
(m x 10-3) 39.50 39.90 32.00 27.95 23.44 19.92 15.97 11.98 7.98 3.95
Notch depth
(m x 10-3) 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Notch root radius
(m x 10-4) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Crack length
(m x 10-3) 13.63  13:02 D A2LT7  13.76. 13.35 13.76 13.7%3 13.37 15.38 -
Maximum load
(KN) - - L,37 - - Sy 1.41 1.60 1.06 -
5% Secant load
(KN) L 4 4 46 k.02 3433 2.33 1.94 1.34 1.29 0.93 -
K Fatigue
(MNm-3/2) 5.69 5.04 5.11 5.40 4,81 5.18 6.94 5.04 9.02 -
Kq(LEFM)
(MNm-3%/2) 8.69 8.07 8.73 9.47 7.46 7.74 6.64* 8.12 11.19*
K, from COD (Wells)
(MNm-3/2) - - - - - - - - - -
Kafrom COD (Dawes)
(MNm=3/2) -~ - - - - - ~ - - -
Kqfrom J
(MNm-3/2) - - - - - - - - - -
KqEquivalent energy
(MNm-3%/2) - - - - - - - - - -

* Invalid according to BS DD3




Table 21. Fracture toughness data for artificially aged A.U.W.E. 224 alloy (block number 1).

=

Nomenclature. 501A 5024 503%A S04 A 505A 506A 507A S08A S09A 5010A
MFA2k  riFA2L  MFA2L  MFA2h  MFA24  MFA24  MFA24  MFA24  MFA24  MFA2L

Specimen width
(m x 10-3) 2k.95 24,92 24,99 25.01 25.01 25.02 25.00 25.00 24,98 24,95
Specimen breadth
(m x 10-3) 12.04 35,95 32.06 28.00 23.93 19.9% 15.96 11.98 797 ‘1177
Notch depth
(m x 10-3) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Notch root radius
(m x 10-4) 0.19 2.00 2.00 2.00 1.90 2.10 2.00 1.90 2.00 25010
Crack length
(m x 10~3) 12.46  13.01  10.96 12.00 11.49 11.33  14.40  14.40 12.50 11.50
Maximum load '
(KN) 12.05 23.05 22.5%6 172.42 14.28 13.89 9.02 7.02 5.48 10.79
Critical load
(KN) 1047 23,05 22.56 17.42 13.57 13.10 8.51 6.47 4,56 10.43
K Fatigue
(MNm-3/2) 18.57 19.16 13.14 14.35 13.80 15.66 19.59 18.83 16.79 15.62
Kq (LEFM)
(MNm-3/2) 29.33 28.5% 29.78 31.57 27.74 32.65 34.26 39.91 32.64 46.41
Kyfrom COD (Wells)
(MNm-3/2) 55.93 57.15 63.17 59.53 S4.88 48.68 45.08 39,50 b1.73 36.3
Kqafrom COD (Dawes)
(MNm-3/2) 61.76 49.63 57.34 57.02 47.04 47.01 65.31 53.99 45.09 58.08
Kafrom J
(MNm-3/2) 33.19 32.87 33.93 33.91 31.61 27.30 32.15 25.58 28.08 28.5
KqEquivalent energy
(MNm-3/2) 53.86 45.21 L40.62 39.85 32,48 38,56 53.75 51.98 4242 52437




lable 22, Fracture toughness data for artificially aged A.U.W.E. 224 alloy (block number 1).

Nomenclature. 501B 502B 5038 504B 505B 506B 507B 508B 509B 5010B
MFA24  MFA2h  MFA2hL  MFA2L  MFA2L  MFA24  MFA2L  MFA2L  MFA24  MFA2L

Specimen width

(m x 10-3) 2k.95 25.00 25.01 24.99 25.02 24.98 24,99 25.00 2k.95 24,95

Specimen breadth

(m x 10-3) 10.83 35.98 32.02 28.01 24.00 19.96 15.95 11.98 15.96 15.98

Notch depth

(m x 10-3) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

Notch root radius

(m x 10-4) 2.00 1.90 2.00 2.00 2.00 1.90 1.90 2.10 2.00 2.00

Crack length

(m x 10-3) De3% | 11491 N 440660 11066 11,16, 12,03 12,91 13.25 12.50 12.33

Maximum load

(KN) 10.40  20.99 19.47 19.23 172.66 15.70 10.91 8.08 13.34 12.00

Critical load

(KN) 10.23 20.99 17.65 19.23 17.02 15.38 10.20 775 11,78 10,20

K Fatigue

(MNm-3/2) 14.98 15.20 14.29 1h4.22  15.17 12.66 15.9% 16.02 23.52 22.99

Kq(LEFM)

(MNm-3/2) 35.82 28.89 29.61 31.18 31.59 29.86 28.24 3445 49,75 42,11

Kafrom COD (Wells)

(MNm-3/2) 39.65 58,13 56.29 65.57 53.04 35,72 43,19 50.83 29.13 30.11

Kafrom COD (Dawes)

(MNm=-3/2) k2,99 54.80 46.40 62.70 55.34 59.97  Sh.2U4 59.17 51.73 L46.64

Kpfrom J

(MNm-3/2) 31.04  39.17 27.81 35.38 36.45 32.68 30.32 28.10 29.64 29,13

Kgkquivalent energy

(MNm-%/2) 50.38 32,08 34,13 47.66 40.91 S2.22 48.06 52.51 51.32 43,24




Table 23.

Fracture toughness data for as cast KO1 alloy.

Nomenclature A1 A2 A3 B1 B2 B3 C1

MFC MFC MFC MFC MFC MFC MFC
Specimen width
(m x 10-3) 22.05 21.99 21.90 21.97 22.02 21.75 21.95 0.00 0.00 0.00
Specimen breadth
(m x 10-3) 12,77 12:80  13:01 12,90 13.04 13.09  13.00 0.00 0.00 0.00
Notch depth
(m x 10-3) 5.05 5.15 5.05 5.05 5.15 4,50 5.00 0.00 0.00 0.00
Noteh root radius
(m x 10-4) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 0.00 0.00 0.00
Crack length
(m x 10-3) 130 11:35 V1129 11.2% 1166 11.80 11.44 0.00 0.00 0.00
Maximum load
(KN) 2.75 2.75 2.69 2.54 2.49 2.51 2.79 0.00 0.00 0.00
Critical load
(KN) 2.60 2.65 2.57 2.39 2.34 2.36 2.74 0.00 0.00 0.00
K Fatigue
(MNm-3/2) 16.26 16.45 17.23 16.09 16.85 17.67 16.48 0.00 0.00 0.00
K, (LEFM)
(ﬁNm-z/a) 14.63  12.26 13.46 12,46 12.08 13.68 13.64 0.00 0.00 0.00
Kpfrom COD(Wells)
(MNm-3/2) 8.7  19.7% 172.86 18.32 17.41 16.62 21.66 0.00 0.00 0.00
Kafrom COD(Dawes)
(MNm-3/2) 19.23 20.98 17.92 19.36 19.31 17.82 22.u4 0.00 0.00 0.00
Kafrom J
(MNm-3/2) 10,62 13.10 12,67 13.30 13.73 13.56 13.15 0.00 0.00 0.00
KqEquivalent energy
(MNm-3/2) 22.k2  17.38 15,02 15.99 16.97 20.29 18.66 0.00 0.00 0.00




Table 24. Fracture toughness data for A.U.W.E. 224 + Ag alloy.

Nomenclature. 1441 1442 1443 1481 14B2 1483 14B4 14B5 14B6 14B7
MFA2L  MFA24  MFA24  MFN MFN MFN MFN MFA1 MFA1 MFA1

Specimen width

(m x 10-3) 21.98 22,00 22.00 21.98 21.99 21.98 22.06 22.00 21.98 21.98

Specimen breadth

(m x 10-3) 21.99 21.98 21.99 13.05 12.98 13.04 12.98 13.05 12.98 13.04

Notch depth

(m x 10-3) 4 .90 5.00 4,80 5.60 4,60 5.00 5.06 5.00 4,98 5.05

Notch root radius

(m x 10-4) 2.00 2.00 2.00 2.80 1.70 1.30 1.30 1.30 1.10 2.80

Crack length

(m x 10-3) 11.54 11,50 11.23 10.00 10.38 11.82 11.00 10.65 10.60 10.98

Maximum load

(KN) 6.39 6.08 6.57 5.19 5.18 4 41 4,73 5.57 5.29 5.4

Critical load

(KN) 5.96 5.81 6.28 4.4 4,61 k,12 4.3 5.10 5.06 4,90

K Fatigue

(MNm-}/?) 77 1465 13400 13.27 1h0h | 17.30  13.04  15.52  15.54 16.34

K ( LEFM

(ﬁum-3/2) 20,10  19.52 19.56 17.61 20.00 22.46 19,02 17.77 17.47 22.21

Kafrom COD (Wells)

(MNm-3/2) 27.98 26.22 29.20 28.10 31.15 23.52 27.68 24,12 2h.3%6 34,76

Kpfrom COD (Dawes)

(MNm-3/2) 26.59 2h.32 26.76 26.18 28.52 29.94% 32.45 33,26 32.15 31.77

Kafrom J

(MNm-3/2) 1841 13.00  19.32  20.43 21.50 26.09 25.53 22.57 24,36 25,89

KgEquivalent energy

(MNm-3/2) 22,98 19.17 22,79 23.11 26.47 29.36 27.69 32.22 29.55 30.16




Table 25. Fracture toughness data for A.U.W.E. 224 + Ag alloy.

Nomenclature. 1488 14B9 14810  14B11 14B12 14B13 4Bk 14B15  14B16 14B17
MFA% MFA% MFA12 MFA12 MFA12 MFA24  MFA24  MFA2L MFA96  MFA96

Specimen width

(m x 10-3) 21.98 21.98 22,00 22,01 21.90 22.05 22.05 22,01 22.00 22.00

Specimen breadth

(m x 10-3) 12,99 12.98 12.98 12.97 12.98 13.02 13.04 13.06 12.99 12.99

Notch depth

(m x 10-3) 5.2k4 L.72 4,80 4,72 4,20 5.96 5.02 5.00 L.82 4,65

Notch root radius

(m x 10-4) 2.40 2.60 2.70 1.50 2.60 2.80 1.50 1.20 2.70 2.40

Crack length

(m x 10-3%) .48 11,28 11,32 11.26 11.80 12.50 12.29 11.69 10.50 10.60

Maximum load

(KN) 3.84 L, 9k el %.86 %.68 557 3.45 L.77 Be58 3.49

Critical load

(KN) 3.84 4,51 2453 377 3¢51 3,28 3.24 4,59 3.43 3e33

K Fatigue

(MNm-3/2) 16.48  15.99 12.60 12.49 13.69 15.02 14.49 13.22  11.18 11.34

Kq(LEFM)

(MNm-3%/2) 21,40 26.55 19.83 18.10 21.30 21.91 21.53 21.78 17.59 1732

K, from COD (Wells)

(MNm-3/2) 22,18  18.91 15.52 16.2% 21.20 27.05 18.10 21.51 15.09 1%.95

Kafrom COD (Dawes)

(MNm-3%/2) 31.23 27.7% 22.26 25.21 24,63 26.53 23.34% 32.26 19.16 19.38

K,from J

(MNm-3/2) 2%.31  25.71 18362 ' 18.51 16.22 19.97° 18.720 21.90 15.26 12,97

KqEquivalent energy

(MNm-3%/2) 36.64 2644 21,13 24.76 23.72 25.04 22.60 30.69 19.44 17,48




Table 26. Fracture toughness data for A.U.W.E. 224 + Ag alloy.

Nomenclature. 14B18  14¢2 14C3% 14Ch 14C5 14C6 14C7 14¢8 14D1 14D2
MFA96  SSA24  SSA2h4  SSA24  SSA2h  SSA2L  SSA2h4  SSA2L4  SSA2L  SSA2L

Specimen width :

(m x 10-3) 22.00 21,99 22.01 21.99 22.00 21.97 22.04 21,98 22.00 22.03

Specimen breadth

(m x 10-3) 12.70 9.98 9.97 9.98 9.98 9.98 9.99 9.96 7.01 6.92

Notch depth

(m x 10-3) 5.28 10.15 10.40 10.50 10,00 10.10 10.10 10.05 8.30 8.30

Notch root radius

(m x 10-4) 2.70 0.20 0.80 7.60 0.40 1.25 0.40 1.10 2.10 2.10

Crack length

(m x 10-3) 10.58 11.95 11.80 10.50 10.90 11.60 11.20 11.55 10.00 10.00

Maximum load

(KN) 3.30 2.16 2.49 4,00 2.99 2.92 2.65 2.94 2.50 2.33

Critical load

(KN) 5.1k 2.10 2.35 4,00 2.86 2.71 2.43 2.55 2.26 2.20

K Fatigue

(MNm-3/2) 10.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K o(LEFM)

(MNm-3/2) 16.23  16.41 17.30 26.72 18.44 19.27 172.71  19.92 19.60 19.54

Ksfrom COD (Wells)

(MNm-3/2) 23.41 23.72 24,65 39.83 25.75 27.75 24.02 26.25 25.28 25.29

Kyfrom COD (Dawes)

(MNm-3/2) 30.93 21.03 23.07 29.96 24.41 26.18 20.58 22.02 22.93 21.92

Kpfrom J

(MNm-3/2) 13:61 1365 17.16° 26.2% 19.37 19.87 14.917 19,54 16.98 16.21

K¢Equivalent energy

(MNm=3/2) 18.09 17.87 19.90 26.9% 20.97 22.51 17.08 23.51 20.39 19.83




Table 27. Fracture toughness data for A.U.W.E. 224 + Ag alloy.

Nomenclature. 14D3 14Dk 25A1 25A2 25A3% 25A4 25A5 25A6 25A7 25A8
MFA2L  MFA2h  SSA2h  SSA2h  SSA24  M-A2h  M-A24  M-A2h  M-A2L  M-A2h

Specimen width

(m x 10-%) 22,00  21.96 122006 22,07 22.08 22.06 22,09 22,05 22.00 22.04

Specimen breadth

(m x 10-3) 6.92 6.98 22.10 22.08 22.04 22.04 22.06 21.99 22.04 22.03

Notch depth

(m x 10-3%) 4,80 4,85 10.30 10.20 10.70 4,90 4,95 4.90 5.00 5.10

Notch root radius

(m x 10-4) 2.00 2.00 7.60 7.60 7.60 2.00 2.00 2.00 4,90 5.00

Crack length

(m x 10-3) 10.69 10.94% 11.10 10.80 11.3%0 4,90 4,95 .90 5.00 5.10

Maximum load

(KN) 2.51 2.06 5357 555 555 451  15.96 13.18 13.72 12.63

Critical load

(KN) 2.26 1.94 4,90 5.30 95,30 14.12 13.96 13,16 13.72 12.63

K Fatigue

(MNm-3/2) 17.70 18.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Kq (LEFM)

(MNm-3/2) 2136 15:50 12057 12.0% 18.07 21.28 21.21 19.98 20.01 19.62

Kafrom COD (Wells)

(MNm-3/2) 30,03 25.32 22,61 22.02 24.61 30.47 29.95 29.18 30.03 30.57

Kpfrom COD (Dawes)

(MNm-3/2) 27.25 25.55 17.86 16.51 19.78 24.95 24.80 22.48 21.73 22.4%

Kqgfrom J

(MNm-3%/2) 17.9% .73 16.39  16.07  14.55 16.2F  15.58  11.46 21.79 13.95

KqEquivalent energy

(MNm-3/2) 20.68 19.80 16.46 16.66 18.68 22.30 21.01 18.84 21.40 19.77




Table 28. Fracture toughness data for A.U.W.E. 224 + Ag alloy.

Nomenclature 25A9 25A10 25A11 25A12 25B4 25B5 25B6 25B7 25B8 25B9
M-A2L  SSA24  M-A24h  M-A2L  SSA24  S-A2h4  SSA2L4  SSA24  SSA24  SSA24

Specimen width

(m x 10-3) 22.09 22.00 21.97 21.98 21.98 22.01 21.99 21.93 22.05 22.09

Specimen breadth

(m x 10-3) 22.08 21.99 21.98 21.99 12.88 12.97 10.77 12.98 13.00 13.05

Notch depth

(m x 10-3) 5.00 9.95 9.90 9.50° 11.25 10,45 10.75 11.50 11.30 10.40

Notch root radius

(m x 10-4) 5.00 ?7.60 750 7.60 31.00 31.00 31.00 31.00 31.00 31.00

Crack length

(m x 10-3) 5.00 11.85 9.90 9:.50 11.85 1150 10.75 13.50 12.40 12.45

Maximum load

(KN) 14.67 4,98 7.37 8.23 3.35 331 4.3 2.16 3,02 2.61

Critical load

(KN) 14.12 4,20 737 8.04 3.33 2.94 4,51 1.89 2.82 2.35

K Fatigue

(MNm-3/2) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ko (LEFM)

(MNm~3%/2) 21.57 16,09 20.62 21.81 20.12 17.45 24.88 16.96 19.15 16.50

Kafrom COD (Wells)

(MNm-3/2) 34.81  21.36 34.04 34,53 33,15 25.60 43,16 24.13 28.16 22.%1

Ksfrom COD (Dawes)

(MNm-3/2) 28.59 17.63 22.70 23.16 25.94% 19.70 33.49 16.76 22.42 18.02

K,from J

(MNm-3%/2) 13.32 14,23 16.98 19.03 25.41 17.29 29.95° 16.56 21.92 15.26

KgEquivalent energy

(MNm-3/2) 21.79 15.47 22.02 22.06 21.76 17.80 25.11 17.33 20.07 16.12




Table 29. Fracture toughness data for A.U.W.E. 224 + Ag alloy.

Nomenclature. 25B10 25B11 25B12 25C1 25C2 25C3 25Ch 25C5 25C6 25C7
SSA2L4  SSA2L  SSA24  SFA6 SFA6 SFA6 SFA12 SFA12 SFA12 MFA24

Specimen width

(m x 10-3) 22,06 21.99 22.01 22.01 22.03 21.99 22.01 21.99 22.01 21.04

Specimen breadth

(m x 10-3) 13.03 13,01  13.05 10.00  10.02 9.98 9.97 9.98 9.99 9.99

Notch depth

(m x 10-3) 10:75 " 1140 1140 4.60 4,65 4,60 4,90 4 .80 4,90 5.00

Notch root radius

(m x 10-4) 31.00 31.00 31.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Crack length

(m x 10-3) 12.55 13.15 12,80 10.% 9.82 9.86 11.30 11.04 10.90 9.90

Maximum load

(KN) 2.43 2.22 2.47 L 45 L 47 k.06 3,49 3.73 3.77 3e33

Critical load

(KN) 2.29 2.16 2.26 3.80 3.88 3.86 3.14 3.59 3.39 3.10

K Fatigue

(MNm-3%/2) 0.00 0.00 0.00 23.17 21.64 20.69 22.33 20.06 19.61 22.57

K ((LEFM)

(MNm-3/2) 15.88  15.64  15.24  19.9% 20.01 18.2h 20.16 20.93 23.49  19.90

Kpfrom COD (Wells)

(MNm-3/2) 2its65 25.29 N 00L68 |\ 33,27 31.07 - 351.30 25.07 28.53 30.34% 28.5h

Kafrom COD (Dawes)

(MNm-3%/2) 18.95 20.56 20.29  31.35 28,31 32.2h 27.98 3140  26.36  24.61

Kyfrom J

(MNm-3/2) 16.37 18.18 17.30 19.06 20.95 18.65 19.01 22.48 18.63 1777

Kglquivalent energy

(MNm~3/2) 51 15.91  17.34 27.36 23.46 25.10 24,12 27.78 23.69 21.37




Table 30. Fracture toughness data for A.U.W.E. 224 + Ag alloy.

Nomenclature. 25C8 25C9 25C10 25C11  25C12 25C13 25C14 25C15 25C16  25C17
MFA2L  MFA24  MFA48  MFA96  SSA24  SSA2L  SSA24  SFAL8  SFAL8  SFA96

Specimen width

(m x 10=3) 22.01 22,00 21.97 22.00 22.03 22,00 21.99 22.02 22.00 22.02

Specimen breadth

(m x 10-3) 9.97 9.97 9.90 9.92 9.98 9.99 9.99 8.90 9.32 9.99

Notch depth

(m x 10-3) 5.00 5.00 4,75 5.00 10.50 10.45 9,70 4,90 4,90 5.10

Notch root radius

(m x 10-4) 2.00 2.00 2.00 2.00 2.50 2.60 2.50 2.00 2.00 2.00

Crack length

(m x 10-3) 10.37 9.70 11.68 10.82 11.50 11.80 11.70 10.50 10.90 11.26

Maximum load

(KN) 3.06 3.73 2.33 3.00 2.26 2.47 2.22 3.1k 3.02 2.88

Critical load

(KN) 2.88 3.38 2.21 2.64 2.1 2.36 2.00 2.79 2.86 2.79

K Fatigue ;

(M?m-B/Z) 22.1%  20.26 19.02 15.32 0.00 0.00 0.00 19.27 16.49 19,15

K o(LEFM)

(MNm-3/2) 18.73 19.96 17.33 18.34 16.63 18.66 15.92 19.50 172.25% 19.23

Kafrom COD (Wells)

(MNm-3/2) 26.23 24,49 20.73 23.11 20.77 24,64 20.55 25.94 27.22 25.49

Kafrom COD (Dawes)

(MNm-3/2) 22,76 2h.36 21.56 20.61 17.93 22.12 18.59 25.48 27.80 2Lk,33%

Kpfrom J :

(MNm-3/2) .84 16,07 13.26 15.45 14.02 16.63 11.56 18.27 18.81 18.37

KqEquivalent energy

(MNm-3/2) 19.00 20.34 18.79 17.64 16,42 20.26 16.14 22.17 22.82 22.45




Table %1. Fracture toughness data for A.U.W.E 224 + Ag alloy.

Nomenclature. 25C18 25€19 25D1 25D2 25D3% 25D4 5014 5024 503A S504A
SFA96  S-A24  SFA24 MFA24L MFA2L MFA24 SFA24 SFA24  SFA24  MFA2L

Specimen width

(m x 10-3) 22.00 21.97 21.99 22.00 22.01 22.02 44.20 Lh4.,14 44,15 Li4, 14

Specimen breadth

(m x 10-3) 9.98 9.98 7.00 6.98 6.98 7,01  Lh,16 44,16 44,11 44,17

Notch depth

(m x 10-3) 5.00 1175 4,70 k.70 L .75 4,95 172.50 19.00 21.00 20.00

Notch root radius

(m x 10-4) 2.00 2.60 2.00 2.00 2.00 2.00 2.00 5.00 5.00 2.00

Crack length :

(m x 10-3) 1109 11.75 10,75 10,79 10.33 10.10 26,08 23.61 26.9% 24.9

Maximum load

(KN) 3.0k 3.04 2.16 1.96 2.20 1.96 10,90 16.24 12.40 13.73

Critical load :

(KN) 2.94 3.00 1.84 1.95 1.96 1.86 10.43  15.69 11.34  12.94

K Fatigue

(MNm-3%/2) 19.48 0.00 18.55 18.12 16.57 15.98 15.56 10.23 13.45 10.82

Kq(LEFM)

(MNm-3/2) 19.99 23.99 16.87 18.79 18.06 15.89 15.93 20.34 18.66 17.60

Kafrom COD (Wells)

(MNm-3/2) 22.11  34.95 21.92 22.75 24.93 22.45 23.81 23.06 20.84 22.85

K, from COD (Dawes)

(MNm-3/2) 18.05 27.36 24.73 20.97 21.85 20.96 21.21 21.83 23.16 22.80

Ksfrom J

(MNm=3/2) 16.40 22.06 16.87 20.58 14.16 15.28 17.08 17.69 18.25 16.96

K¢Equivalent energy

(MNm-3/2) 21.58 24,01 20.38 18.85 18.41 17.94% 16.68 20.58 20.32 19.19




Table %2. Fracture toughness data for A.U.W.KE. 224 + Ag alloy.

Nomenclature 505A 5064 5018 502B 5038 5048 505B 506B 5078 508B
MFA24L  MFA24  S-A2h4  S-A24  S-A2h  M-A2hL  M-A24  M-A2h4  M-A2Lh  M-A2Y4

Specimen width

(m x 10-3) B892 B0 S 22390 22.09 22.08 22,05 22.0k 22.02 22.10 22.03

Specimen breadth

(m x 10-3) h4.09  Wh10 22,09 22,08 22.07 22.05 22.08 22,02 22,10 22.05

Notch depth

(m x 10-3) 20.00 20.00 9.20 11.00 12.35 10.05 10.00 9.80 10.15 10.00

Notch root radius

(m x 10-4) 2.00 2.00 7.20 7.20 7.20 2.00 2.00 2.10 7.40 7.40

Crack length

(m x 10-3) 26,82 25.67 9.20 11.00 12.35 10.05 10.00 9.80 10.15 10.00

Maximum load

(KN) 12.40  11.53 7.28 5.84 4,59 8.16 7.81 8.87 6.6% 8.08

Critical load

(KN) 11.55 11.30 6.71 5.81 4 47 8.08 7.22 8.59 6.63% 277

K Fatigue

(MNm-3/2) 12,03 121 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K, (LEFM)

(MNm-3/2) 19301 174607 17,68 12,20 22.90 19.25 23.46 18.42 21.40

Ky from COD (Wells)

(MNm-3/2) 22.00 21.16 28.90 27.86 27.74% 34.01 28.13 32,21 26.76 29.54

Kafrom COD (Dawes)

(MNm-3%/2) 20.86 22.64 20.19 23.81 22.40 31.82 24,72 27.48 23.51 26.21

Kyfrom J

(MNm-3/2) 1740 S0 67 8N IEE6 - 15,71 L 16.78 17,95 17.67 18.02 15.70 16.72

KqEquivalent energy

(MNm=-3%/2) 20.12 18.42 17.01  20.29 18.89 24.23 21.35 23.91 19.94 22.49




Table 3%. Fracture toughness data for A.U.W.E. 224 + Ag alloy.

Nomenclature. 5098 5010B 5011B 5012B

M-A2h4  M-A24  M-A2h4  M-A24
Specimen width
(m x 10-3) 22.06 22.04 22.08 22.09 0.00 0.00 0.00 0.00 0.00 0.00
Specimen breadth
(m x 10-3) 22.09 22.01 22.08 22.09 0.00 0.00 0.00 0.00 0.00 0.00
Notch depth
(m x 10-3) 10.00 10.15 10.05 10.20 0.00 0.00 0,00 0.00 0.00 0.00
Notch root radius
(m x 10=4) 7.40 16,00 16.00 16.00 0.00 0.00 0.00 0.00 0.00 0.00
Crack length
(m x 10~3) 10,00 10,15 10,05 10.20 0.00 0.00 0.00 0.00 0.00 0.00
Maximum load
(KN) 6.55 6.86 9.22 722 0.00 0.00 0.00 0.00 0.00 0.00
Critical load
(KN) 6.43% 6.75 8.90 7.06 0.00 0.00 0.00 0.00 0.00 0.00
K Fatigue
(MNm-3/2) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Kq (LEFM)
(MNm-3/2) 18.01  19.39 25.18 20.26 0.00 0.00 0.00 0.00 0.00 0.00
Kafrom COD (Wells)
(MNm-3/2) 2k.,25 27.42 33,32 28.38 0.00 0.00 0.00 0.00 0.00 0.00
Kafrom COD (Dawes)
(MNm-3/2) 20,75 22.73 28.04 23.44 0.00 0.00 0.00 0.00 0.00 0.00
Kafrom J
(MNm-3/2) 13.41  16.62 18.27 16.30 0.00 0.00 0.00 0.00 0.00 0.00
Kgkquivalent energy
(MNm-3/2) 19.02 19.44 25,50 21.21 0.00 0.00 0.00 0.00 0.00 0.00




Table 34. Fracture toughness data for A,U.W.E. 224 alloy.

Nomenclature. 1441 1442 14A3% 14B1 14B2 14B3 14B4 14B5 14B6 14B7
MFA2L  MFA2L  MFA24  M-A2h  M-A24  M-A24  MSA24  MSA2h  MSA2L  MSA2L

Specimen width

(m x 10-3) 21,96 2994 2907 N32.01 22.01 22,00 22.00 22.01 22.00 21.98

Specimen breadth

(m x 10-3) 2197 2197 " 21.99 13,00 12.98 12.99 15,02 13.01 12.92 13.00

Notch depth

(m x 10-3) 4,90 4,95 k,95 10.10 10.10 10.10 9.96 10.05 9.95 9.97

Notch root radius

(m x 10-4) 2.10 2.00 2.00 30.50 30.50 30.50 30.50 30,50 30.50 31.00

Crack length

(m x 10-3) 13.7%  11.95 11.85 10.10 10.10 10.40 10.50 10.70 10.95 11.17

Maximum load

(KN) 6.65 7.45 7.9% 10,04 8.83 8.43 7.73 6.98 557 5.57

Critical load

(KN) 6.51 7.4 7.84% 10.04 8.82 8.43 7.57 6.83 5.06 5.45

K Fatigue

(MNm-3/2) 19.20 15.82 15.52 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K (LEFM)

(MNm-3/2) 2h 84 21.39 21.57 27.17 2474 23.61 24.66 27.26 27.60 26.63

Ky from COD (Wells)

(MNm-3%/2) 43,58 38.32 43.74 104,48 97.58 104.40 79.01 63,03 42.75 48.79

Kafrom COD (Dawes)

(MNm-3/2) 40.88 30.60 42.15 91.43 86.69 91.27 65.07 50.03 33.19 40.19

Kapfrom J

(MNm-3/2) 33.0k 23,97 31.89 71.24 63.10 67.27 49,13 W1.43 28,16 32.66

KgEquivalent energy

(MNm-3/2) 35.47 30.86 28.37 65.67 60.80 61.20 47.9% 40,89 30.03 33.15




Table 35. Fracture toughness data for A.U.W.E. 224 alloy.

Nomenclature 1488 1489 14B10  14C1 1hkce 14C3 14ChL 14C5 14C6 14C7
MSA24  MSA2h  MSA24h  SSA2h  M-A2h4  SSA2L4  MFA2L  MFA2L  MFA2L  MSA24

Specimen width

(m x 10-3) 21.98 22.00 22.00 22.00 22.00 22.00 21.99 21.99 21.98 21.99

Specimen breadth

(m x 10-3) 13.01 13.00 12.99 9.98 10.01 9.99 9.98 9.99 10.00 9.97

Notch depth

(m x 10-3) 9.20 10.00 10.00 4,90 4,90 4,70 5.10 5.00 5.10 4,95

Notch root radius

(m x 10-4) 30.40 30.40 30.50 32.80 33.00 32.50 2.00 2.00 2.00 32.%0

Crack length

(m x 10-3) 1103 11.35 1140 5.80 4,90 5«81 1290 12,39 12.46 875

Maximum load

(KN) 5.00 5.49 5.18 8.32 13.72 9.57 %461 3.35 G, L 9.02

Critical load

(KN) 4,88 4,90 4,90 797 13.72 9.38 337 3.25 3.18 9.02

K Fatigue

(MNm-3/2) 0.00 0.00 0.00 0.00 0.00 0.00 18.28 172,67 17.88 0.00

Kg(LEFM)

(MNm-3/2) 25.95 @ 27:43 2735 27.12 26,88 23,64 23.30 25.55 23,63 26.71

K from COD (Wells)

(MNm-3/2) 42,78 43,92 43,26 L4 42 101.69 68.79 48.37 L42.61 39.69 62.27

Kafrom COD (Dawes)

(MNm-3/2) 34.30 33.02 3h.74  35.50 87.66 S7.43 45,08 37.97 34.86 51.%1

Kyfrom J

(MNm-3/2) 25.62 28.25 27.48 26.53 39.04 30.09 34.04 30.18 26.75 26.91

KqEquivalent energy

(MNm-3/2) 28.64  30.18 28.50 30.65 51.93 38.84 39.02 30.96 31.14 37,26




Table %6. Fracture toughness data for A.U.W.E. 224 alloy.

Nomenclature. 14C8 14C9 14D1 14D2 14D3 14Dh 25AL 25A5 25A6 25A7*
MSA24  MSA2L  MFA24  MFA24  MFA2L4  MFA24  MFA24  MFA24L  MFA2h4  SSA24

Specimen width

(m x 10-3) 21,99 22.00 22.00 21.99 21.98 21.99 21.96 22.00 22.01 22.00

Specimen breadth

(m x 10-3%) 10.01 9.98 6.98 6.99 6.98 6.99 21.99 22.00 22.00 22.01

Notch depth

(m x 10-3) 5.00 5.00 5.10 5.21 5.00 5.00 5.00 5.00 5.00 7.57

Notch root radius

(m x 10-4) 32.00 32.30 2.00 2.10 2.10 2.10 2.00 2.00 2.00 5.00

Crack length

(m x 10-3) 6.00 6.20 10.69 12.49 12.69 12.35 12.27 10.15 11.81 8.08

Maximum load

(KN) 8.19 7.84 3.13 2.3 237 2.43 2.84 10,47 7.92 12.79

Critical load

(KN) 7.81 6.96 2.90 1.98 1.98 1.95 ?7.49 9.61 7.53 12.49

K Fatigue

(MNm-3/2) 0.00 0.00 14.61 19.21 19.94% 18.78 21.45 15,58 19.83 0.00

Ko (LEFM)

(ﬁNm-3/2) 26.33 23.49 25.00 20.37 22.35 21.05 23.84 25.25 22.98 18.42

Kyfrom COD (Wells)

(MNm-3/2) 45.97 MW1.21 43.50 36.85 372.96 33.80 43.02 37.71 39.17 56.63

K, from COD (Dawes)

(MNm-3/2) 39.05 36.77 53.08 33.18 33.43 30.44 39.40 34,90 36.34 L46.74

Kifrom J

(ﬁNm—3/2) 25.03 2434 27.44 2447 24,73 22.80 30.39 26.70 27.20 29.82

K kquivalent energy

(MNm-3/2) 31.19 27.79 31.86 27.99 28.88 26,20 35.11 27.11 26.7% 34,46

* Curved crack front specimens




Table 37. Fracture toughness data for A.U.W.E. 224 alloy.

Nomenclature. 25A8* 25A9* 25A10* 25A11* 25A12* 25B2 25B3% 25B4 25B5 25B6
SSA2k  SSA2h4  SSA24  SSA2L4 - SSA2L4  SSA2Wh  SSA2h MFA24  MFA2L  MFA2L4

Specimen width

(m x 10-3) 21.99 21.99 22.00 21.99 22.01 22.02 22.00 22.02 21.99 22.00

Specimen breadth

(m x 10-3) 21.99 22.01 21.99 22.00 21.96 12.99 12.99 12.99 12.99 12.99

Notch depth

(m x 10-3) 8.75 9.88 10.33 9.70 9.02 9.85 9.85 5.10 5.05 5.00

Notch root radius

(m x 10-4) 5.00 5.00 7.50 5.00 5,00 32.50 32,50 2.00 1.90 2.00

Crack length

(m x 10-3) 9.25 10.27 1070 10.26 9.50.  10.85 10,75 12.68 12,28 12.90

Maximum load

(KN) 12.45  10.59 9.92 9.k1  10.67 6.08 4.86 k.12 4,20 4,12

Critical load

(KN) 11.92  10.48 9.3%9 9.17 10.47 6.08 4.6 3.84 3.88 3.78

K Fatigue

(MNm-3/2) 0.00 0.00 0.00 0.00 0.00 0.00 0.00. 22.85 2148 23.76

Kq(LEFM)

(MNm-3/2) 25:75 24.7% 0 26339  16.67 2h.53 19.63 21.78 16.93 22.49 22.87

Ksfrom COD (Wells) .

(MNm-3/2) 37.38  51.51 45.16 L6.32 42.34 69.84 41,27 48.18 37.70 35.96

Kpofrom COD (Dawes)

(MNm-3/2) 38.01 45.12 35.38 L4.77 22.16 79.33 31.45 45,02 34.29 35.47

Kafrom J

(MNm-3%/2) 25.15 31351 29076 D68 27,86 4207 23,62 3191 27.29  22.70

K¢Equivalent energy

(MNm-3/2) 31.36 34,78 29.47 31.81 28.20 42.95 27.31 34.21 29.23 32.65

* Curved crack front specimens




Table 38. Fracture toughness data for A.U.W.E. 224 alloy.

Nomenclature. 2587 25B8 25B9 25B10 25B11  25B12 25Chk 25C5 25C6 25C7
SSA2L  SSA2h  SSA2L  SSA2h  SSA2L  SSA2L  SSA2h4  SSA24  SSA2L  MFA2L

Specimen width

(m x 10-3%) 22.01 21.97 21.96 22.01 21.98 21.9 21.99 21.98 21.99 21.99

Specimen breadth

(m x 10-3) 13.01  13.01  13.01 13.03 13.00 13.01 9.99 9.98 9.98 9.98

Notch depth

(m x 10-3) 10.30 10.%0 10.30 10.00 10.05 9.90 9.45 9.30 9.60 5.00

Notch root radius

(m x 10-4) 3.00 3,00 32.50 32.50 32.50 32.50 5.00 5.00 5.00 2.00

Crack length

(m x 10-3) 1195 " 12,30 1215 11.70 11.65 11.90 9.95 9.85 10.00 12.44

Maximum load

(KN) k. 45 L, 22 4.10 4,17 .12 375 L. k4 4,55 4.75 3.43

Critical load

(KN) 4,39 4,02 4.08 3.90 3.71 Bob7 4.4 4,50 4,70 3.24

K Fatigue

(MNm-3/2) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 '18.75

Kq(LEFM)

(MNm-3/2) 24,36 23,38 23.64 22.30 20.55 21.13 20.42 19.82 21.01 24.67

KAfI‘Om COD (Wells)

(MNm-3/2) b6.47 43.66 42,16 38.45 39.68 37.01 52.84 51.9% 56.23 42,24

Ksfrom COD (Dawes)

(MNm-3%/2) 35.91  35.44  34.79 30.73 33.75 29.45 48.26 44,37 48,50 48.17

Ksfrom J

(MNm-3%/2) 31,62 29.17 29.15 23.52 27.07 23.10 31.30 32.33% 34,02 28.87

Kqbquivalent energy

(MNm-3/2) 30.08 30.88 29.04 25.94 25.86 26.79 35.65 35.88 37.74 33,11




Table 39. Fracture toughness data for A.U.W.E. 224 alloy.

Nomenclature. 25C8 25C9 25C10 25C11 25C12 25C13 25C14  25D1 25D2 25D3
MFA2L  MFA24  MFA2L4  MFN MFN MFN MFN MFA24  MFA24  MFA2L

Specimen width

(m x 10-3) 22.00 21.98 21.99 21.98 21.98 21.98 21.99 22.00 21.98 21.96

Specimen breadth

(m x 10-3%) 10.00 10.01 9.95 9.97 9.97 9.97 9.97 7.03% 6.98 7.01

Notch depth

(m x 10-3) 5.00 5.00 5.04 5.03% 5.10 5.02 5.00 4,98 5.10 4,80

Notch root radius

(m x 10-4) 2.10 2.0 2.30 2.00 2.00 2.00 2.10 2.10 1.90 2.00

Crack length

(m x 10-3) 125301 152 15508 = 12,02 12,28  11.67 12.30 12,10 11.55 12.%5

Maximum load

(KN) 3.16 3.00 2.48 2.92 237 333 2.84 2.04 2.23 1.79

Critical load

(KN) 2.97 2.65 2.29 2.73 2.55 2.92 2.73 1.73 1.91 1.70

K Fatigue

(MNm-3/2) 19:15  19:85 22,561 172.56 19.16 16.62 19.21 26.35 24,42 19.42

Kq(LEFM)

(MNm-3/2) 21.23 21.85 19.98 20.41 22.22 18.27 19.47 19.86 17.28 18.11

Kifrom COD (Wells)

(MNm-3/2) 38.09 3h.12  36.93 31.77 30.90 35.09 36.16 29.62 36,24 36,32

K,from COD (Dawes)

(MNm-3%/2) 47.40  29.21  31.94% 27.69 29.45 31.70 34.05 24.60 30.02 37.86

Kafrom J

(MNm-3/2) 25.717 22,62 2445 22.23 20.30 22.81 23.9% 19.59 21.55 24.6%

KqEquivalent energy

(MNm-3/2) 29.09 26.05 25.61 26.26 24,65 27.15 28.06 21.94% 22.97 27.01




Table 40, Fracture toughness data for AU.W.E. 224 alloy.

- Nomenclature. 25D4 501A 5024 S503A 504A 505A 506A 501B*  S02B*  S04B
MFA2L  SFA24  SFA24  SFA24  MFA24  MFA24  MFA24  SSA24  SSA2h  M-A24

Specimen width

(m x 10-3) 21.98 43,95 43,96 44,00 43.95 43,92 43,95 22,02 22.02 22.01
Specimen breadth

(m x 10-3) 7.00 43,98 43.99 43.97 43.91 43,98 43,97 22.02 22.02 22.02
Notch depth

(m x 10-3) .75 19.45 20,80 22,00 20.00 20,00 20.00 12.15 11.80 9.95
Notch root radius

(m x 10-4) 1.90 5.00 5.00 5.00 1.90 1.90 1.90 5.00 5.00 1.90
Crack length

(m x 10-3) 11.50 2145 020085 20,97 25.9% 28,23 22,61 11.96 11.65 9.95
Maximum load

(KN) 2.16 21.97 19.30 18.99 13.33 15.69 18.83 5.61 6.41 9.96
Critical load

(KN) .90 19.1%% 17.57 16.08 13.06 15.46 17.80 5.32 6.00 9.96
K Fatigue

(MNm-3/2) 16 Lk 0.00 0.00 0.00 15.43 13.42 11.82 0.00 0.00 0.00
K (LEFM)

(ﬁNm-z/a) 14.89 21.21 18.01 17.19 18.28 16.96 16.37 19.43 19.33 22,19
Kafrom COD (Wells)

(MNm-3/2) 41,30 29.96 35.62 28.09 34.55 42,47 L4 86 31.37 33,16 52.42
Ksfrom COD (Dawes)

(MNm-3%/2) 35.80 26.11 25.86 22.77 45.68 38,03 39.28 25.36 28.87 47.29
Kyfrom J

(MNm-3%/2) 23.89 18.59 22.12 19.71 24.00 27.23 26.04 20.50 22.97 30.86
Kqkquivalent energy

(MNm-3/2) 24,60 220107068 16,97 21,07 22,52 23,77 2043 23.00 '31.18




Table 41. Fracture toughness data for A.U.W.E. 224 alloy.

Nomenclature. 505B 506B 507B 5088 509B 5010B 5011B  5012B

M-A24  M-A24  M-A24  M-A24  M-A24  M-A24  M-A24  M-A2L
Specimen width
(m x 10-3) 22:02 22,00 22:0%  22.02 22.02 22.02 22.02 22.02 0.00 0.00
Specimen breadth
(m x 10-3) 22,02 22.01 22,00 22.00 22,01 21.99 22.02 22.01 0.00 0.00
Notch depth
(m x 10-3) 10.05 10.10 10,15 10.15 10.15 10.10 10.10 10.10 0.00 0.00
Notch root radius
(m x 10-4) 2.10 1.90 7.50 7.50 7.50 16.00 16,00 16.00 0.00 0.00
Crack length
(m x 10-3) 10.0% 90410 10515 . 10,15 10.15 10,10 10.10 10.10 0.00 0.00
Maximum load
(KN) 10.28 8.87 9.10 8.87 9.41 9.18 10.43 9.89 0.00 0.00
Critical load
(KN) 10.28 8.87 9.90 8.87 9.41 9.18 10.43 9.89 0.00 0.00
K Fatigue
(MNm-3%/2) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ko(LEFM)
(MNm-3/2) 2k b9 23,14 23,98 23,73 23,72 20.66 23.54% 23.55 0.00 0.00
Kysfrom COD (Wells)
(MNm-3/2) 51.99 43.03 40.20 43,40 46.06 51.77 51.77 51.77 0.00 0.00
Kpfrom COD (Dawes)
(MNm-3/2) b4,91  38.20 29.97 39.45 41.60 46.66 42,03 43,03 0.00 0.00
Kpfrom J
(MNm-3/2) 31.03 22.58 172.06 24.66 27.57 27.88 30.%30 28.98 0.00 0.00
Kgkquivalent energy
(MNm-3/2) 33.43 28.69 28.41 29.17 30,43 30.77 32.71  31.95 0.00 0.00




<

Table 42. Fracture toughness data for Alcoa 354 alloy.

Nomenclature. 14A1 1442 1443 14AL 14B1 14B2 14B3 14B4 14B5 14B7
MFA8 MFA8 MFA8 SFA8 M-A8 M-A8 M-A8 M-48 MFA8 MFA8

Specimen width

(m x 10-3) 21.99 21.99 21.97 21.99 21.9% 21.99 21.97 21.93 21.96 21.94

Specimen breadth

(m x 10-3) 21.99 21.98 21.97 21.99 12.9% 12.97 12.94% 12.97 12.98 12.96

Notch depth

(m x 10-3) 5.00 4,96 5.00 5.50 9.90 9.90 9.85 9.85 10.00 10.00

Notch root radius

(m x 10-4) 1.80 1.80 1.80 4.00 32.00 31.90 32.00 32.00 31.80 31.80

Crack length

(m x 10-3) 10.82 11.06 11.39 12.05 9.90 9.90 9.85 9.85 . 11.723  11.77

Maximum load

(KN) 5.55 5.56 6.00 4,75 135.34%  13.18 12.32 11.29 6.28 6.90

Critical load

(KN) 5.34 5.38 5.69 B.71 1350 1518 12,32  11.29 5.41 6.75

K Fatigue

(MNm-3/2) 12.65 16.3% 14,47 19,03 0.00 0.00 0.00 0.00 14.77 17.42

Ko (LEFM)

(MNm-3/2) 15.19 16.00 16.51 17.84 52.31 472.34 48,01 42.62 3h.b2 34,77

Kafrom COD (Wells)

(MNm-3/2) 22.61  21.35 20.59 21.89 58.80 48.35 44.60 4k4.96 26.36 24,71

Kafrom COD (Dawes)

(MNm-3/2) 21.58 21.95 2h.25 20.90 69.20 68.23 63.30 58.79 38.59 Lk4.69

Kofrom J

(MNm-3/2) 19.88 24.21  25.09 18.84 52.87 50.58 32.54% 30.85 25.68 28.09

K;Equivalent energy !

(MNm-3/2) 17.24  17.80  19.75 17.58 70.66 65.03 61.80 58.63 42.00 44,52




Table 43. Fracture toughness data for Alcoa 354 alloy.

Nomenclature 14B8 1489 14810 14C1 14C3 14Ch 14C5 14C6 14¢C7 14C8
MFA8 MFA8 SFA8 SFA8 SFA8 MFA8 MFA8 MFA8 MFA8 MFA8

Specimen width

(m x 10-3) 21:95  22.00 "21:95 21.95 21.95 21.91 21.98 21.92 22.05 22.00

Specimen breadth

(m x 10-3) 12.94% 12.92 12.95 10.00 10.00 9.93 9.95 9.92 9.46 9.96

Notch depth

(m x 10-3) 9.95 9.95 9.90 5.45 5.50 L, 94 4,92 4.9k 5.00 4,95

Notch root radius

(m x 10-4) 32.00 32,00 32.00 4,20 4,00 1.80 1.80 1.80 63.50 63,50

Crack length

(m x 10-3) 11.84 13,58 12.72 12.36 12.37 8.70 10.66 11.15 9.24 9.66

Maximum load

(KN) 6.44 5.3h 5.34 2.13 2.20 3.37 2.82 2.98 4,07 3.68

Critical load

(KN) 6.16 5.08 5.3k 2.02 1.88 317 2.31 2.79 3.92 3.33

K Fatigue

(MNm-3%/2) 17.63 21.72 18.88 15.88 15.91 10.60 12.28 13.29 12.99 13.06

Ko(LEFM)

(MNm-3%/2) 35.89 40.09 38.63 18.81 17.78 14.65 15.29 19.83 20.94% 19.96

Kpfrom COD (Wells)

(MNm-3/2) 2h.26 23,18 24.62 24,19 19.33 20.77 16.97 23.27 27.46 25.12

Kafrom COD (Dawes)

(MNm-3/2) k1.67 45.07 40.71 18.42 18.03 29.66 20.18 22.74 28.25 22.14

Kpfrom J

(MNm-3/2) 2k.96 26.09 20.96 16.41 16.50 16.89 14.40 21.26 23.39 24,37

KgEquivalent energy

(MNm-3/2) k1.11 46.52 44,50 19.59 16.95 18.14 17.14%  21.04 24,67 23.41




Table 4h4. Fracture toughness data for Alcoa 354 alloy.

Nomenclature. 14D 14D2 25A1 25A2 25A3 254k 25A5 25A6 25A7 25A8
SFA8 SFA8 S-A8 S-A8 S-A8 M-A8 M-A8 M-A8 M-A8 M-A8

Specimen width

(m x 10-3) 2196 L 2I0NNESTIOR " 29,99 22005 ) 21.97 21.97 22.01 22,01 21.99

Specimen breadth

(m x 10-3) 7.02 2.0 oy iOR N oSG 22,02 21.99 22,03 22.001 22.02 22.02

Notch depth

(m x 10-3) 5.50 5.55 6.00 6.00 5.95 4,98 5.02 5.06 4,90 5.03

Notch root radius

(m x 10-4) 4,20 4,40 4.00 4,00 3,60 2.10 1.90 2.00 4,80 5.20

Crack length

(m x 10-3) 11:25 - 11:2% 6.00 6.00 5.95 4,98 5.02 5.06 4,90 5.03

Maximum load

(KN) 1.81 130 91.55  11.29 10,82 13.80 13.33 15.14% 15.%% 13.53

Critical load

(KN) 1.66 1.68 11.53 11.29 10.82 13.80 13.33 15.14% 15.14 13.53

K Fatigue

(MNm-3/2) 16.8%3 16.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K o(LEFM)

(MNm-3/2) 17.08 18,32 15,37  18.10 17.02 “19.12 18.53 21.31 20.02 19.99

Kafrom COD (Wells)

(MNm-3/2) 23.45 21.30 30.92 30.93 30.60 34,72 34.21 34.67 34.80 34.49

Kpfrom COD (Dawes)

(MNm-3/2) 20.78 19.61 26,32 26.83 28.00 56.07 31.08 31.06 29.97 23.58

Kafrom J

(MNm=-3/2) 16.09 16.79 19.71 22.72 16.33 24,04 24.74 19.80 21.64 24.09

KeEquivalent energy

(MNm-3%/2) 1870 18571 21.23% 19.89 20.48 20.91 22.07 24.42 22.23 20.96




Table 45, Fracture toughness data for Alcoa 354 alloy.

Nomenclature. 2549 25A10 25A11 25A12 25B1 25B2 25B4 25B5 25B6 25B7
M-A8 M-A8 M-A8 M-A8 SFA8 SFA8 MFA8 MFA8 MFA8 MFA8

Specimen width

(m x 10-3) 21.96 21.91 21.89 21.95 21.99 21.9% 21.95 21.95 21.86 21.95

Specimen breadth

(m x 10-3) 21,97 21.95 21.84 21.98 13.02 12.99 13.00 13.01 12.99 12.96

Notch depth

(m x 10-3) 5.02 5.05 5.10 5.16 5.60 5.60 4_.95 L,98 4,95 5.10

Notch root radius

(m x 10-4) 5.20 7.60 8.00 8.00 4,00 4,00 2.00 2.00 1.90 8.00

Crack length

(m x 10-3) 5.02 5.06 5.10 .06 1178 12.1% 9.57 9.28 9.79 9.52

Maximum load

(KN) 15.77 13.57 13.96 14.51 2.92 %14 4,08 3.96 4,26 3.92

Critical load

(KN) 15.77 13.57 13.96 14.51 2.84 3.00 3.4 3.43 3.77 3.4

K Fatigue

(MNm-3/2) 0.00 0.00 0.00 L0000 11080 B0 11.75 11.30  12.20 NN

Kq(LEFM)

(MNm-3/2) 22,37 19.98 21.05 21.84 16.5%2 17.87 15.65 1h.88 15.96 14.83

Kafrom COD (Wells)

(MNm-3/2) 36.44 34,95 33,80 33.54 23.49 20.79 21.02 19.67 20.22 20.18

Kafrom COD (Dawes) .

(MNm-3/2) 30.80 29.76 27.69 25.75 22.68 22.38 18.14 17.64 20.99 18.78

Kaofrom J

(MNm-3/2) 25.54% 25.70 20.82 28.40 172.57 172.97 14.78 14.23 15.75 16.56

Kgkquivalent energy

(MNm-3/2) 22:50 2704 2511 22.96  19.67 22.12 16.01 15.19 21.19 18.91




Table 46. Fracture toughness data for Alcoa 354 alloy.

Nomenclature. 25B8 25B9 25B10 25B12 25C2 25C3 25Ch 25C5 25C6 25C7
MFA8 MFAS MSA8 MSA8 MSA8 SSA8 SSA8 MSA8 MSA8 MFA8

Specimen width

(m x 10-3) 21.87 21.87 21.90 21.82 21.96 22.02 21.83 21.99 21.95 21.83

Specimen breadth

(m x 10-3) 12,97 12.93 12.96 12.95 9.98 10.00 9.97 9.97 9.97 9.97

Notch depth

(m x 10-3) 5.14 5.06 4.95 4,85 7.85 8.65 8.40 8.40 8.20 e 37

Notech root radius

(m x 10-4) 8.00 8.00 63.50 63.50 4.80 5.00 5.00 5.00 5.00 1.90

Crack length

(m x 10-3) 10.10  10.30 5.80 6.30 9.40 10.10 9.20 9.60 9.45 10.24

Maximum load

(KN) %.96 3.7 6.67 6.04 3.18 2.75 3.00 2.88 3,02 2.69

Critical load

(KN) 3.2k 3.4 6.67 6.00 2.80 2.47 2.73 2.55 2.75 2.32

K Fatigue

(MNm-3/2) 12:73 13.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 10.40

Ko(LEFM)

(MNm-3/2) 16.96  15.60 19.06 17.67 15.88 13.59 13.94 1%4.50 15.54 14,52

Kafrom COD (Wells)

(MNm-3/2) 19.33 18.67 34.33 31.99 22.29 19.75 22.46 20.61 23.51 19.45

Kafrom COD (Dawes)

(MNm-3/2) 16.04  17.66 23.67 27.39 20.48 20.75 21.78 19.10 21.17 18.26

Kafrom J

(MNm-3/2) 1h.22  13.25 24,48 19.14  15.88  14.71  15.87 13.87 15.38 14.93

KqEquivalent energy

(MNm-3/2) 18.41 17.59  20.09 19.56 16.66 16.57 18.10 16.65 19.46 15.79




Table 47. Fracture toughness data for Alcoa 354 alloy.

Nomenclature 25C8 25C9 25610 25C11 25C12 25C13 25C1hk 25D1 25D2 25D3%
MFA8 MFA8 MFA8 MFN MFN MFN MFN MFA8 MFA8 S-A8

Specimen width

(m x 10-3) 21,85 2198 21,83 21.92 @ 21.9% 21.97 21.99 22,02 21.95 21.94

Specimen breadth

(m x 10-3) 9.97 9.99 9.92 9.97 9.97 9.96 9.94 6.97 6.96 6.97

Notch depth

(m x 10-3) 527 5.33 5.2k 514 4,96 4,98 5.08 5.19 5.0 13.10

Notch root radius

(m x 10-4) 2.00 2.00 2.10 1.90 2.00 2.10 2.00 1.90 1.90 4,20

Crack length

(m x 10-3) 10.72 10.60 10.63 10.36 10.41 10.35 9.48 10.42 10.96 13.10

Maximum load

(KN) 2.77 2.96 2.88 2.94 3.06 2.80 %.06 2.08 2.00 1.16

Critical load :

(KN) 2.4 2.55 2.47 2.75 2.58 2.63 2.63 1.72 1.92 1.07

K Fatigue

(MNm-3%/2) 11.01  10.76 10.96 11.81 11.88 11.76 10.46 16.90 18.39 0.00

K q(LEFM)

(MNm-3/2) 14150 A5 W8 ECE1 L 1 46.17 | 15,59  19.98  13.73 16.71 16,95 .42

Kafrom COD (Wells)

(MNm-3/2) 18.89 19.95 20.21 22.76 20.24 20.18 22.33 19.73 24,63 24,38

Kafrom COD (Dawes)

(MNm-3/2) 17:.38° 19,38 2045 21.22 20,25 21.71 18,66 17,25 23.74% 21,46

K, from J

(ﬁNm—s/a) 14,84 15.55 16,75 17,20 16,04 16.72 15.%2 1h4.71 17.55 16.24

Kq¢Equivalent energy

(MNm-3/2) 18.39  18.22  17.90° 19.73 18.55 129.42 16.72 17.29 2142 16.33




Table 48. Fracture toughness data for Alcoa %54 alloy.

Nomenclature 25D4 501A S02A 503A SOLA 505A 506A 501B 502B 50%B
S-A8 SFA8 SFA8 SFA8 MFAS8 MFA8 MFA8 SFAS8 SFA8 SFA8

Specimen width

(m x 10-3) 21.95 43,92 44,01 44.05 44,11 44,05 44,20 22.01 22.01 22.01

Specimen breadth

(m x 10-3) 6.98 44,01 44,02 43,98 44,15 44,05 44,20 22.04 22.00 22.00

Notch depth

(m x 10-3) 13.10 17.60 17.60 172.60 20,00 19.90 20.10 4,70 4.65 k.60

Notch root radius

(m x 10-4) 4 4o 5.00 4,60 4,60 2.00 1.90 2.00 3.20 4,60 4,60

Crack length b

(m x 10-3) 13,90 23.16° 125.57 24.83 28.34%  31.16 25.00 11.31 11.01  13.15

Maximum load &

(KN) 1.2  12.55 10.43 11.53 9.26 9.10 15.22 5.45 5.88 4.12

Critical load

(KN) 1.1 12.35 10.19 10.75 9.41 9.02 15.06 5.30 5.4 4,11

K Fatigue

(MNm-3/2) 0.00 7. bl 8.96 8.2 11.30 14.82 8.42 16,26 16,20 21.89

Kq(LEFM)

(MNm-3/2) 15.39 16.87 14.30 15.11 16.83 22.66 18.77 15.99 17.44 17.92

Kafrom COD (Wells)

(MNm-3/2) 26,43 23.31 19.50 20.43 23.46 18.35 27.37 22.52 24.73 22.00

Kafrom COD (Dawes)

(MNm-3/2) 21.97 18.21 12.83 18.21 24.5% 23.19 28.73 21.15 26.57 22.38

Kafrom J

(MNm-3/2) 17.66 25.09 26.28 21.55 22.31 21.10 26.74 19.25 21.71 20.57

Kgkquivalent energy

(MNm-3%/2) 17.46  18.11 15.95 15.64 19.70 23.35 21.41 19.02 20.52 20.59




Table 49. Fracture toughness data for Alcoa 354 alloy.

Nomenclature. 5048 5058 506B 507B 508B 509B 5010B 5011B  5012B

M-A8 M-A8 M-A8 M-A8 M-A8 M-A8 M-A8 M-A8 M-A8
Specimen width
(m x 10-3) 21.98 21.96 21.96 21.97 22.04 21.99 21.96 22.00 21.96 0.00
Specimen breadth
(m x 10-3) 21.99 21,95  21.96 " 22,00 22.06 22.02 21.95 22.00 21.96 0.00
Notch depth
(m x 10-3) 10.00 9.95 9.80 9.95 10.15 10.00 10.00 10.05 10.00 0.00
Notch root radius
(m x 10-4) 1.90 2.00 2.00 6.10 6.10 6.10 15.80 15.80 16.00 0.00
Crack length
(m x 10-3) 10.00 9.95 9.80 9.95 10.15 10.00 10.00 10.05 10.00 0.00
Maximum load
(KN) 6.47 6.35 6.83 7.06 7.06 6.56 7.25 ?7.60 773 0.00
Critical load
(KN) 6.47 6.35 6.75 7.06 7.06 6.50 7.25 7.60 773 0.00
K Fatigue
(MNm-3/2) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K o(LEFM)
(MNm-3/2) 1650 154687 " 1843 12,43 17.13  19.50 20.77 20.51 0.00
K,from COD (Wells)
(MNm-3/2) 27.07 26.28 27.35 28.62 26.9% 25.64 27.78 29.82 29.93 0.00
Kafrom COD (Dawes)
(MNm-3/2) 27.08 27.56 28.63 29.56 27.80 26.32 27.18 27.43 28.87 0.00
Kafrom J
(MNm-3/2) 25.83 25.55 20.86 20.54 18.21 21.41 21.58 19.79 23.80 0.00
Kgkquivalent energy
(MNm-3/2) 19.64 18.74 21.48 22.43 21.88 20.87 21.48 22.23 22.88 0.00
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