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SUMMARY 

The fracture properties of a range of high strength aluminium 
casting alloys, in various heat treated 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 techniaue, which could also be 
used to determine crack growth rates and predict 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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YTRODUCTION. 

  

     Aluminium alloys are becoming increasingly important in 

applications requiring high strength and toughness, particularly where 

a saving in weight is involved. Today, it is possible to cast to close 

dimensional tolerances and subsequent heat treatment can produce a 

structure with mechanical properties equivalent 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 quantity measured which relates 

these defects to the applied stress to cause fracture. Castings 

frequently contain a degree of porosity which effectively 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 . (where subscript 4 

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 techniques used for the determination of Ke under linear 

  

elastic conditions (L.E.F.M.) are now well established (1, 2)*. To 

obtain valid Ke data for relatively tough materials, 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 available 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 applicable to 

structural design. 

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

this thesis.



2. DEVELOPMENTS IN FRACTURE MECHANICS. So A a 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 Srowth would occur when the 

"strain energy release rate" exceeded the rate of absorbtion of energy i 

as new fracture surfaces were formed. By considering an ellipsoidal 

crack of unit thickness, Griffith proposed that the total energy in the 

system U may be given by: 

U=(5+ Uy — Us - : g : R (1) 

Where Uo = elastic energy of an infinite body. 

Uy= increase in elastic surface energy. 

i = reduction in elastic energy due to the introduction of 4 

crack. 

vy the elastic surface energy term, is given by: 

= Ola 

Where 4a = the surface area of the crack faces. 

Eva = the surface energy of the material. 

According to Griffith: 

U3 ca Tta*a*. : : ‘ (3) 

B 

Therefore: (see fig.1) 

U=U,t4ay- More. . . (uy) 
iS
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Fig.1. The effect of energy on crack length 

  

      

    Fig.2. Stresses near a crack tip.



The condition for energy balance occurs when: 

Rome gag-\y ee £( a oe 
dg E ) da 4aYe | 6) 

which leads to the Griffith equation: 

4 

    

ova = (aise 
JE 

and rearranging equation (6) gives: 

Ga= Tica =e Z So Lae : (7) 
E 

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 the 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. 

A eet oe 

Orowan (5) re-wrote the Griffith equation in the form: 

ae 2(Ye+ YR JE 
GEN Tla ie home deca) 

and as i the plastic deformation term is considerably larger than 

ve the elastic surface energy term, this approximates to: 

GC = 2YpE ‘ . : . (10) 

Ja 
The major limitation of the energy balance approach is that although 

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

4



used to examine stable crack extension. 

2.2 The stress intensity factor approach. 

4& smooth notch in an elastically stressed body causes an increase 

in stress at the crack tip. The magnitude of this stress is measured 

by the stress concentration factor, Koy which is defined as the ratio 

of stresses at the crack tip to the applied stress. As 

radius tends to zero, the notch becomes a crack and the 

ration factor becomes inappropriate. Irwin (6) focused 

the notch root 

stress concent- 

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. 

8 7 
(270 r)% 2 

I= EakGieee caso) [+sin 8 cin 
2Mrj)% Z 

sae. 
cos =| | — sin—— SIN ae: 

ie an in-@ cos Orecs Or - xy (Ite) Sin 7 oF cos > (11) 

aa V(o% +2), Tye = “Tyz = O 
b 

me Kj fee Ve 6 Lay oe = CF) Coe [-2V+ sin Ss 

G 

Wao 

SR al Ve ae es eed oe sin-F]2-2v cos 8 

* Although Irwin (6) presented the stresses in the vicinity of a crack 

tip for all three modes of deformation (see fig.3) 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). Asr approaches zero and neglecting 

the higher order terms of r, Westergaard's equations are a good approx- 

imation to the stress distribution at the tip of a crack. 

  

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

stress oy: may be given by: 

Cy sae ek ee 

Where 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 O and 

the crack length a. The general form being: 

k= oO /a. ve: Pipe eats 

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 K, 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 equivalent to the stress 

intensity factor K in elastic conditions, the following relationship 

exists: 

ee oF ot ane kK Ke oe ee 

ener A is the shear modulus and k is a function of Poisson's ratio 

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

or K, . Generally, however, K Ge ie is prefered as it is independent te 

6
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(a) 

7 
Through thickness crack 

K,= O/Tla 

  

  

  

  

      
(b) 

Surface crack 

Ky =1-1207/TTa70 

Where Q=f(a/2c,c) 

  

(c) 

Edge crack 

Ky, =1120-/1Ta 

Fig.6.Ky values for three important geometries



of material modulus. 

2.3 Linear elastic fracture mechanics. 

2.3.1 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 oe? the radius of the plastic zone may be 

given by: 

elf Bie ort eee 
z 27 \ Tys 

for plane stress 

or 

r =i Ae si eee 
Jt S-6]l\ Tys 

for plane strain 

255.2 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 Buin’ In practice, to 

7
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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: 

Pe 
Kye 

Tys 
4-0 (16) 

ends that the thickness should be 

  

although an earlier draft (8) rec 

greater than: 

kK pe 

25 Ne ‘5 E e ‘ (16a) 

Tys 

This value is often conservative and valid Ke data may be obtained at 

thicknesses less than 5... (see fig.8). 

Plane strain conditions do not always guarantee that the stress 

intensity will be the critical value, Ke as measured under linear 

elastic conditions. Errors can arise in the value of K 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. 

K=O /sry ka 

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, 4° 

standard specimen requirements 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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2.3.3 Critical dewect 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 =/]T » then by substituting for Y in equation (13) and rearranging, 

we obtain: 

C= te ° 5 . S f é (18) 

v (ta) 
The critical defect size for a certain level of applied stress or 

working stress, To may then be given by: 

2 

ae go oie Abe bene alley 
NG, 

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 On 

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

Ket Gu(te)*[I+¢(ow/eys)]* > 0 
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 

Ts was equal to half of the yield stress, Tys. From equation (20) 

the critical defect size a, may be given by: 

ac = K = ; 5 $ 5 ¢c c,27t (0 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 c. is given in equation 15b) 

May be written as: 

ie oe ea a ae 
Tw IT 

or the plane strain condition reduces the critical defect size by 

about 3 percent. 

2.3.3.2 Totally embedded defects. 

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

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

kK =o? leery) 

where, assuming that the cross section of the crack is elliptical é is 

the shape factor dependent on the ratio of the minor axis to the major 

axis (values of g are given in table.1 from Barnby (10)) 

Table.1 Values of 6 for elliptical embedded flaws. 

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

  

$ 1 1.05 1.15 1.28 1.42 Ne 
  

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

2 2 az a = ae 6 pai Se i, Tea rent Oh) 
TC 4(2)kays 

where the term in brackets corresponds to the plane strain plastic 

zone correction factor and shape factor combined. 

10



  

Fig.10a. Totally embedded crack 

  
Fig.10b. Semi-elliptical surface crack



2.3.3.3 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 embedd 

  

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: 

2. 2 Cotte: K, =a Gqmll ( y) ‘ ; : ‘ (25) 

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

strain conditions may be given by: 

Fe ak, 2 $~ 0.212 5,7, <2 ¢ > De | Sa ws | (26) 
FUT ay ja. 

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, equation (26) is written: 

2 2 
=— te = ey (27) ‘ FIFE, 2 Q 

Where Q, the defect shape factor, is equivalent to: 

Ze _ 2 2 
oe o- Ona, /orys? Tap} 

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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Fig.12. An irregular shaped defect



described by Barnby (10). Consider the irregular defect shown 

diagrammatically in fig.12, which represents the cross section of two 

a flat cracks inter-connected by a narrow neck. o 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 isolated 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 K 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. 

2-3-3-5 Crack or defect coalescence. 

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 W = 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 DD nit = 0.5 corresponds to the 

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

12



Fig.13a. Two adjacent co-planar circular cracks 
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crack tips. Thus in the area A no cracks will join, in region 3 only 

an infinite number of cracks would join, in region 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 ci 

conditions for two dimensional situations, it is nevertheless a good 

approximation to the real problem. 

2.4 Elastic - plastic (yielding) fracture mechanics. 

2.4.1 General. 

The limitations of linear elastic fracture mechanics 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.D) 

b) J-integral analysis (J) 

c) R-curve analysis 

2.4.2 Crack opening 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 Bilby, Cottrell and Swindon (12). Dugdale 

(43) 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, G-, 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 (2c - 2a) corresponds to plastically 

deformed areas at the crack tip. A 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, S In fig.14 if the restraining stress 

‘hes Ge and the length of the new crack 2c is replaced in terms of 

‘at, then: 

ela Calo es fers 
Cc Zi Ty 

  (29) 

Where GQ is a uniform applied stress. From this the crack opening 

displacement § is given by: 

ve a Log sec veo Se ieee ea apy) 

Cy 

TEN C- Using a series expansion for log sec| | ~~—}/——]] it was found that: 

of 
= Bali /x cY¥ L(t cv, | Uk x - BAIA cV, 1A ch if 

b° oF me a) a ne ae 44 a) .t.| 2 
If the applied stress J is less than about 2 oe then equation (31) 

approximates to: 

§ = Ag*a (32) 
Eqy 

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= Aga = dys Uae te: ante (33) 
E 

If the correction factor, Py? for plane stress 

equation (33) such that 2c = 2 (a + = then the modified expression 

  

incorporated in 

for G will be: 

G= gy [I+ (5) + a aa 

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

For plane strain conditions G has been represented by: 

Be TG) op ge Oh ae 

Where M at the present is the subject of much controversy, owing to the 

discrepancies between theoretical and practical values. M values 

available from the literature, together with their corresponding 

references are listed below: 

M= a Wells. (15) plane stress. 

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

Mi$(Q4- v*) Hahn and Rosenfield. (16) plane strain. 

M=2.2 (1 - a) Finite element analysis (17, 18 and 19) 
plane strain. 

M = 22 0.5 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: 

ie = Gi, E/( ¥ v7): : ; (36) 

By combining equations (34) and (35) it can at once be seen that 

K, = M.E. oy & (37) 

: (I= v3) 
15



2.4.2.3 Crack opening displacement at initiation ae 

  

The crack opening displacement S| in many materials is d@ 

to physically define, since the crack profiles m    y not be 'square 

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.O.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. 

$5, the value at which initiation from an existing crack occurs, 

is at present the parameter which comes nearest to being a material 

property. Work 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 

liguid 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 8; was then estimated by extrapolating the 

curves to zero. 

Subsequent work on the crack opening displacement at initiation 

shows that the value g, can be detected using the potential drop 

technique (detailed in Draft for Development 19 (23)). Here by 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 aluminium alloys and steels, crack extension is often 

so gradual that no sharp change in potential may be observed. ae does 

16



appear to be a promising parameter for characterising fracture after 

  

general yielding, since the problem of stable crack grow 

  

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: 

way 7; BUF deo ae 
R 

  

Where: R is the contour surrounding the crack tip. 

Wis the strain energy density given by: 

S 

weW(€)=/oydey ‘ora (39) 

T,dU, are work terms when components of surface tractions on 

the contour path R move through displacements aus. 

S is the are 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 = 0, since dy = O and qT = 0, therefore: 

Jp t+ Jp, = = 0 or Jp = Jp, (see fig.16). 
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Fig.17. The J integral applied to crack extension



2.4.3.2 Interpretation 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 

  

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

FeT=/Wdy-]T deids (40) 
A ‘ dic 

Then by multiplying each term by da we obtain: 

Fae [wdyda— fr gel dsda (41) 
oS 

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 @5) 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=-—lim ula+sasu(a)=- du 
A ao 4a od 

(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 oe is small compared with the other 

dimensions of the body. L.=.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 o7; (see fig.19b) where: 

j= SX Ze). - (43) 
r 

for ary< r << body planar dimensions (ry is given in equation (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: 

| 

7 NAT Te ee 

ee Ome eee 
r N/N+ ( 

displacements Uo r '/(N*!) Ue) aes 

where N is the strain hardening exponent. Note that for the 2eaceR 

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 Ke results, is given by: 

( see also section 2.3.2 ) 

2 

p> +h) ee 

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

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

BS Oe al ee Adore ee eon) 

since, at thicknesses less than this value they found some variation 

in the value of Jae 

Experimental evidence in support of the J integral as a parameter 

for describing fracture, has been produced by Landes and Begley (30). 

They obtained several load - 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 (J) 

J was plotted against displacement. we 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 aa6 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 Jao: This supports their theories on crack tip "blunting" 

20



ea
d 

a 

§ 1°34               

g By by 6 A oe 
Displacement ——> 

(failure) 

Fig.20a. Compliance curves for various crack lengths with 

the areas up to specific displacements 

n i 
wn 
qa 
omc 
“oa 
ne 
= o 
Bee cay 

o 
- & 
Gun 
2 U 

a 

gg 
aS = 
RD 
ec a 
Cc 

uw oO 

  

  
  

Crack length ———> 

Fig.20b. Energy absorbed versus crack length for 

specific displacements



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 J 

is equivalent 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 equal 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, Gy 

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 Kp ( 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 K and K 

curves) K, is equivalent to K, (the plane stress critical stress 

intensity factor). Ko however, is not a material property and 

depends on: temperature, strain rate, body thickness and initial crack 

length. Whereas, K y ( the plane strain critical stress intensity 4 

factor ) only depends on temperature and strain rate. 
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The effect of initial crack length on K, 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 ines for loads of 2 

and Po respectively, where P, > Po. As an R curve gives the var: 

  

of Ko with change in initial crack length, it is only dependent on 

three variables namely: temperature, strain rate, and thiclmess. 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.S.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 K, = Ko The relationship between the two methods 

has been investigated by Heyler and Me cabe ( 35 and 36) 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: 

a 
= te = ae U=Re (aa) B (47) 

where ae is a constant dependent on the resistance of the material to 

fracture. As Roe and B are known quantities, the slope of the R curve 

U/B.(B - a) versus A a 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 
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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 plastic 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 

@ 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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3. THEORETICAL CONSIDERATIONS. 

3.1 Finite element analysis. 

3.1.1 Introduction. 

Analytical solutions are mathematical expressions which describe 

the value of desired, unknown quantities 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 solutions. 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 quadrilaterals, for two dimensional 

analysis, or tetrahedra, hexahedra and rectangular prisms, for three 

dimensional analysis) interconnect at nodal points or nodes. Fig.24 

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 quantities. 

b) The equilibrium method; where the stresses are the 

primary unknown quantities. 

c) The mixed method; where both displacements and stresses 

are the primary unknown quantities. 

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

unit for solving problems by finite element analysis. 

3.1.2 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 + Cy 
a ia Zs 

6 (48) 
wae Cox + Coy 

where the constants Cc, to Cg are chosen so that: 

at node iu at node j u= a and at node k u = uy 

vr ves ves Las 

Therefore 6 equations result, namely: 

use Cc, + Caxs + Coy 

ee = Cc, + ox, oe Coys : : : . . (49) 

wos Cc, + Cox, + Cay. 

v= CG, + Coxs + Cgy; 

Ue = Cy + Cox. + Coys . : a 5 * (50) 

y= C, + Cox = Coy, 

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. 

. ae YG “4 My 
4 x, ¥4 c, = us f (51 i 

Maes C, uy 

By dividing by A » where A 

4 Xs Me = twice the area of the 

1 — ¥5 triangular element. 

4 x, Vy 

and by applyin; 

  

4 x ee eae = rn Caja, + wa, + a, 2,) (52)     
Where the values ass as and ay have been obtained by multiplying 

out the A matrix with respect to the first column. 

(53) 

  

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

combined to form a single matrix. i.e. 

Cc, ° a 0 ay O u; 

c, 0 e ° by 0 v5 

c oO ee ° cy 0 a, 4) 

cy, (= a, 0 a, ° a, v5 

cS b; ° o 0 by wy, 

Ce cy ° cy 0 c %, 
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3.1.3 Strains. 

In plane stress for a thin body: 

Orn = Tyz © Ty =O (35) 

Consider the strain/displacement equations.i.e. 

CRU fan = ee cows 
xx d ) = oi 

dx 17 dy 7 32 

(56) 
€ =by dw] Sis Fede 5} [Sram 

st % Ea ae aay 7 Sey es 
For plane stress these simplify to: 

    

ie = ou, eave Lh (oon as xx ne J Eyy 34 ) Exy “ise a 

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

cae Bee 0b, Oy ON ub ano a, 
4 

E yy a ° cy 0 c. oO cy vy 

Exy cy dy cs we c by a (58) 

ve 

J 

4 

‘ 

= = [5] GP Een, = Sp eee 
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: 

| 
ce = ea (o3x - voy) 

pont 
Eyy = = (%y = »Txx) se a?) Ras eee ane (eay 

Exy = ad +y) Txy for plane stress 

Exx = [tr - v( (ryy +5 =) eels 
E 

| 
és = [yy - »(a; ee) 215 ier een OGD 

me 
E (1+ ») oxy =4 G Txy for plane strain 

Writing these equations in matrix form we obtain: 

ig} Ae Gg. “dls ie. > cos eal Wh 

o
N
 

wy
 

u 

m
m
 

Mm 
4
 8
 Txx 

(| 
Say 

[c] is known as the elastic compliance matrix and is inverted to 

give the "elastic stiffness matrix" [s] > where: 

4 v 0 

[s] = ee Vago - (62a) 
oO 0 G4-v/2 

for plane stress 
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or 

tev v 0 

= 5 v =v ) “ [Ss] Co ae en a ey 
) (1 - ev)fe 

for plane strain. with the 

equilibrium method 
Although the compatability equations are not directly involved ‘wht 

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 “tf fe} Ls] {Ep dvet es sae lag 

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 remain constant at 

5V =O= {5q}° ([kI{q} - {0}) 6h 

where {a} . {q} are the generalised co-ordinates and forces. 

equilibrium: 

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

reduces to the stiffness equilibrium equation. 

[Ik] {a} = {9} - tate YEN 

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 maximum and nominal stresses at that notch root. 

i.e. 

Bee eR paxi monte eee aks (66) 

Tn ominal 

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 Ky 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 » subjected to 

pure bending, may be estimated by combining the equations obtained for 

deep and shallow notches. i.e. 

ee 2 eto JT (67) 
DEEP = 3 ae 

A (+1) - 30) 

where x, = 

x, = £(%6) 3 
3[ /2 + (46 -I arctan [ az ( . Ce e 

 



and Koncliow = | es of . é a ° ° : . (68) 

and, therefore by Neuber Kp = 

  

Although Neuber's equation is a good approximate for Kp values of 

arbitrary notch lengths, errors will occur in the value of Ka 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 Wood (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 Kp 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 Kn 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 Kp 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 8 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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Notch 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 0.15, 7097 - 8.20 7.59 

Di 0.51 4.34 - 4.40 4,09 

5 0.76 3.64 - 3.68 3.42 

S 6.35 1-70 - 4.60 4.5% 

10 0.13 742 - 7.28 6.84 

10 0.76 5650 3.3 3.22 3.06 

10 1.52 2.54 2.38 2.37 2.26 

10 3.17 1.94 1-79 1074 1.69 

  

Table 2. Stress concentration factors. 
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3.3 Stress intensity factors of sharp cracks emanating 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 Kooke and Cartright (4 

  

"Compedium of Stress Intensity Factors" has also been publist 

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 equations, 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 kK, for fine cracks emanating from a notch, 

K,= [I: 122 («j)+ 0-683((-/987%4 6) ¢] [te 10 

where Sop is the stress at the notch root 

given by: 

PO, /e is the stress gradient at the noteh root 
and x = ¥ [| +2 [@)) 

P =-)[3+/@A)] 
Y = Fe)h(%)/-i22 
F@%) = |-/22-[0-383/% -0-102][2a/p +/% ] 

hv) = [107-1552 av +7-71(2s,) = 13-550) +1425) 
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where: a is the notch depth, c is the crack length, c is the notch 

root radius, P 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 

Cs Coy where c. is given by: 

cCo=S (w-a) 

§,=|- explo-s/e)/(w-a)] 
K deer could be estimated from an "equivalent crack length” (a + c) 

see fig.28. According to Yamamoto and Ao this value of K, also 

corresponded to the limiting value of kK, for notch root cracks of 

length c, as 2/e tended to infinity. For cracks less than Cos 

Yamamoto and Ao have produced an empirical formula for three point 

bending by combining their numerical solution and equation (70). This 

formula conforms with equation (70) and is continuous at the condition 

cae. The formula is as follows: 

Ky aatiow * G (20 #2,§ +8674, &?)/ft(w-a)§ (1) 

A Vacep = oh (n) [(wa) we Dhey Me gna (72) 

wee 7 8) So eer 2) 
Qs (a+c)/w, ie (a+ cow 

l-122« 

= 0-683x1-19(&%) (w-a) 
= ~3(A-bo /Eo- (20, +6,)/6, 
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a3 = 2(Ao-bo)/E57+ (@,+b,)§ 07 

bo=h(I)/A/L (2o- S4/)/2e] 
by = 0-5(I- Y)E-h(%) By 2¢? + 2d (20) 

*(to- Hv VAoIA/[ (Qe -Hv)/ Ve]? 
h(0)= 1107-15529 + 7-Tiq?- 13-5593 14-2594 
A(2o)*~ | 552+15-42 2-40-6502 + 570,8 

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 equation and their numerical solution. 

An extension of Yamamoto, Ao 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 = fae and the semi-major axis = a, Jergeus has derived an 

equation for an equivalent crack length based on earlier work produced 

by Smith et al (56, 57 and 58) i.e. 

leesewete oe : . . t h (73) 

Where 1 is the equivalent crack length 

e is the contribution due to the notch see fig.29. 

ce is the crack length 

and (from Jergeus): 

== [- exe-4 (I+ 2) <]). eh) 

values for e/a, obtained by: 

a) Jergeus's equation 

b) Finite element analysis 

are shown as a function of c/b in fig.30. Here, Jergeus's solution 
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Fig. 29. The equivalent crack length of a notch 

and crack combined 
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Fig. 30. The notch contribution factor as a function of c.



agreed favourably with both finite element analysis and Nisitani's 

analysis, in the range of interest (i.e. 0 <c/b< 0.5). Several 

  

workers have recognized the presence of a zone of i mee in front 

of a notch tip. The depth of this zone, given by a critical crack 

length Cor however, appears to be the subject of much controversy. 

Some of the values obtained from the literature and their corresponding 

references are listed below: 

a) cy = §(w - a) (given in equation (82); Yamamoto et al (52) 

b) e, = 0.13 Vap ; Smith (58) 

o) co, = 0625 Vee 3 Novak and Barsom (59) 

@) ce, = 0.5 Jap ; Smith and Miller (57) 

Critical crack lengths for all these conditions are shown as a function 

of e for notch depths of 5 and 10 mm in fig.31. Examination of these 

curves in fig.31, together with those shown in fig.30 tends to indicate 

that the zone of influence extends up to a value of about 0.5 - 0.6 fae. 

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 mechanics. 

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: 

K, = Lim kr Te Me ao (75) 
where Kh = OT max and Ky = Kor =0 

To 

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

subjected to a uniform tensile stress,Jo 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: 

e\? She! 

kK, = “3 ¢j(Z) ee PaO) 

where e. = coefficient determined from boundary conditions, and shape, 

e = notch root radius, 

§ =, 2,3----- ) 

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

ka Cj Gow /ba Jlleges tee Lees (ead) 

where coefficient c could be determined by the following methods. 

Method 1 

Considering only the first term of the coefficient oT 

e = OS) 
fol (ae pews. tant 

where Cc, could be calculated by substituting the appropriate values for 

ef and Ky. 

Method 2 

As the % ratio becomes large the linear relationship between Kp 

ana /% may not always hold and it becomes necessary to consider the 

other terms of &. i.e. 

K, " a
 | =f O N

 

a 
De 9/ 5O 

im Bye + Go + C3 /E aplfes: em Seanpen Oa) 

Kp c/a +C2 + e3/= Ee cu(§) 

Ky ¢, (2 +C2+4 C3$+C4(4 )+e, 8)" 

The coefficients above were determined by a least squares of errors 
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method. 

  Method 3 

a o 3S 2 8 p 2 pb In order to obtain K, values when © /a become 

  

Hasebe and Kutunda have extrapol 

  

equations (79) to zero. These extrapolated were then used to 

deter 

  

le new coefficients in the equations (79). New values of Ke 

could then again be determined by extrapolation and by repeating this 

operation several times, the accuracy of the expression for Kh was 

improved. Although Hasebe and Kutunda have derived an empirical 

relationship between Kk and Koy their analysis is not appropriate for 

determining stress intensity factors of short, sharp cracks emanating 

from blunt notches. It is also thought that as e/a approaches zero 

(i.e. the notch becomes a crack) their extrapolation technique 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: 

oan = arccos “ei a+(AyE Fla+(Aey) *° (80) 
aif
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ve (80) + s/a ~(e/ay? {I (1+ sa)- 1+ &)% -V(B) sali (5/a)*)) | 

  

  

  

  

where ¢g- = applied uniaxial stress a = crack depth 

OG, = yield stress S = plastic zone size 

e = crack root radius x(Shs a function of £ 

given in table 3. 

Table 3. Numerical values of X (e/a) 

£ 107 5x107* 10°? 5x1073 4072 5x107> 

£) 2.20 2.10 2.00 1.70 0.80 0.32 a 

<= 0.1 0.2 0.3 0.4 0.5 0.6 

x) 0.21 0.11 0.08 0.055 0.040 0.032 

Be 0 a 7 0.8 0.9 1.0 

x4) 0.024 0.016 0.008 0 

and 

Oe EN age ee, te ee (81) 
gi TU 

e sec (oy \8 i- <) 2(I- £) eG 
Na q TA \T  24+(%H)A/ 2 

where G = the shear modulus given by: E/(2 (i+ v)) 

§= the crack opening displacement 

Q@, is identified with the ultimate tensile strength Ou 

(see Heald, Spink and Worthington 1972 (65)) 

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

“le es ea A 38 

than:



in order to initiate plastic deformation. Consequently at low stress 

levels both Sana s have values less than those for sharp cracks. As 

the level of stress is increased, 5 increases, but § 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 (Kk, ( ey: 
  

The stress required to propagate fracture from a semi-elliptical 

notch of semi-major axis c and semi-minor axis b (root radius e where 

2 

= be) contained in an infinite body, has been given for anti-plane 

strain conditions by Smith (62) i.e. 

  

4 

Oe ee cee | ae cee exp (EE 4 eC). (93) wT Um [PP lente)” te 
Where Co; = the fracture stress 

c,* the ultimate tensile stress 

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" 

Ky (e) where: (kK, /T,,) <<1 (i.e. small scale yielding) and: 

Kiet Gulia)? 
rae ae r a ge (88) 
fe) [i+ (E)F] 

K, ( e) may now be given as: 

k . Kie + oy (Ile) y x ‘ a. (85) 

Ale) [i+ (E)*] 
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Fig.33 shows Ka¢ e ) results, obtained by Spink et al, (66), plotted as 

a function of For small values of ee small change in Cee 

  

result in a large change in K( e 3 also the lower the fracture 

toughness of a material, the greater the initial change in Rac e oe 

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 a 0.5 he has shown from his own equations 

(see section 3.4.2) that the corresponding values of Ki / Suaé = 0.75 

wren St = 0.5 and 1.285 when Se = 0.7; whereas Spink's equation (85) 
Bf 

gave lad 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 K 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 Ke values, 

Pickens and Curland have formulated a correction factor based on Novak 
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and Barsom's equation for cracks emanating from blunt notches (59) and 

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

Correction factor = actual Ke / experimental Ke 

| e ot (sin! ($22 Qain | Lata ou eee 2. \_ 2 <i, / £2 (86) ~ eae c+ < i oe sin ie 

Where c is the crack length and e is the crack root radius. 

3.5 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 bending, 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. 

$= A(ak)’. sy Pe are eens (87 

Where § is an increment in crack growth normal to the crack front. 

A Kis the range of stress intensity 

A and n are material constants 

Burck describes the stress intensity range, Ak as: 

Ak=Ac/b £(%, 2,0) = > + + (68) 
4“



where AW is the surface bending stress range 

> 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. 

aac ae a 

= = A(AK,)*- ; F : f , (89b) 

Where A ky and Ax, correspond to the range of stress intensities at 

the tips of the major and minor axes respectively. The number of 

cycles required for crack propagation from an initial crack length, aor 

to the final crack length, @py can be given by the integral of equation 

(89a). This was achieved by Burck numerically - the solution being: 

BF 
no 

N= eas[on, (6%, J (90) 
Qo 

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

a 
n 

bs [ (aty/ar tdatbo - - - (9) 
do 

The results obtained by Burck for K/h, 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, 

oe is the final parabolic crack length and A is the aréa 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 equivalent 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 -2e ,» 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 Ke (2) 

k=) /a @) sonra ie eeaca( 90) 

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

k= Jf (e/a)-(-32))- ee GS 

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

factor of a parabolic crack could be given by: 

sO JEC Hayes os 
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 
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proposed a simple model in order to derive stress intensity factors for 

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

kK- FB 8 #(a/w) ee geo ge 

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

given by: (see fig. 36.) 

ag =a+A. ; : : : . : (96) 

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 its 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)): 

d= D/(2)(-) ere a Te weer O7) 

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



decreases linearly as a function of the log of inclusion content. 
surrounding 

Ouctile material , inclusions directly in front of a crack tip will 6 sub- 

jected to very large plastic strains. The inclusions are fractured by 

these strains, with the resulting formation of voids. Void formation 

ean 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 fracture in these alloys. 

4 number of workers have suggested that Ke may be correlated 

with particle size, spacing and distribution. For cleavage, Hahn and 

Rosenfield (82) have proposed that: 

Rig OSS (Oe, a oy oem es tg) 
where Tea cleavage stress 

Oy = yield stress 

According to Wilshaw, Rau and Tetelman (83) fracture will occur when 

Gy is greater than Tor within the region of the crack tip. Using 

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

Ki. =2-4805|exp(e/ay-i)-| *< een) (99) 

where e eff is the effective root radius. Assuming that the grain 

size D could be related to ic eff? Schwalbe has proposed the following 

Kie* Fe [geD) Gy + (100) 

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

formula: 

p is a constant for converting general yielding to small scale 

yielding. 

For ductile crack propagation, the crack tip advance displacement 

oe is equal to half the crack tip opening displacement $ - From 

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

Se Sel ah eo a eae OT) 
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and when the dimples are formed at fine particles: 

j >d Deere ehh ed (ae encice (4) 

In overaged aluminium alloys, where s ty os the fracture toughness 

may be obtained from the crack tip advance displacement according to 

equation (37) i.e. 

(MLE Sy. 3 Sex eg a Mii 
Vv 

Where M 1 in plane stress and M2 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 quote the values of fracture tough- 

ness for both these situations. 

The fracture toughnesses of a range of wrought aluminium alloys, 
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Table.4. 

Typical fracture properties of wrought aluminium alloys. 

  

  

  

  

Alloy and Reference | 0.2% Proof stress. ee 
condition (MNm -2) (vm '£3/2) 

long. tran. long. tran. 

2014 T651 (86) 437 432 29.4 23.6 

2020 T651 (85) 534 540 24.7 22.9 

524 534 26.5 19.1 

526 533 22.9 21.2 

2024 1851 (85) 453 448 24.7 2007 

455 454 25.4 20.7 

452 Aad 28.0 24.8 

6061 1651 (87) 291 286 33.0 29.7 

DID 5020 (88) 4ho 440 29.1 29.1 

S.T. Stretched 4ko 4ko 28.2 28.2 

and A.A. 440 4kO 27.3 27.3 

DTD 5090 (88) 374 3hk 46.0 46.0 

S.T. Stretched 374 Bah 43.5 43.5 
and A.A. 

BS L177 (88) 4LO 440 19.2 21.9 

S.T. Stretched 

and A.A. 

BS L935 (88) 437 437 25-5 2565 

S.T. Stretched 427 427 22.7 22.7 

and A.A. - 443 - 20.5             

S.T. - Solution treated, A.A. - Artificially aged. 

 



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



4, EXPERIMENTAL CONSIDERATIONS. 

4.4 Compliance testing. 

Irwin and Kies (91) have developed a method of determining strain 

energy release rates for a variety of geometries subjected to different 

loading conditions. By representing the strain energy in a body by: 

UE. Hea ts SR 

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

dU = 1 p2 de ae (105) da da 

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

A 
Noe ee”. (106) 2 da 

The experimental determination of Ky 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. K, can then be 

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

k= a/a ¥(2) 2 See 

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: 

k= fvajifa dice) |? (108) 
Ba [2\W/ d(@A) 

where P is the applied load W is the specimen width 

a is the crack length ce 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: 

k= Pia y 
(109) 

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

an dae EC d(ces)\% Ye a2 eee bay) | 3 ite 
The term in the square brackets is denoted oss and is often expressed 

as a polynomial. For example Cc. for the W.O.L. specimen has been 

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

C_= 30-96(2) ~195-6(2) + 730.6(2) —1863(@ aN" 154: 6(2 ay 

(111) 
c 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 obtained 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. 

In(cee)= kth, (&) +k, (8) +h) +k 8) +K(S) -— crr2a 

=k, +k, La(cee)+k, (Un(cee))*+ Ka(ln(cee)*+ ky, (ln(ces))* 

ths(lo(ces)” crab 
but because there are two sets of numerical constants in these 

a 
W 

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

derivative of CEB could be given by: 
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AEB = exp : ‘ (2) +k (SY +k, BY +k, 

+h (2) {h +2k, ) +38, (2) 4k, (8) 

+f, (@)']] pit a a ease 
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 Ryder et al (96). Asa 

result of their work on W.O.L. (wedge open loaded) specimens, they 

describe a potentially improved technique for analytically expressing 

compliance data. Consider the following expression for CEB. 

= (exp(exp (f(a/W))) - exp (1.0)) : . (114) 

and f (a/W) =e +(v-e) (in (1 -afw))V* -  . (445) 

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

equation (114) and rearranging we obtain: 

k 
|-a/w = exp Ln ln CEB+|)—e i es (116) 

Warne 

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 1n(1n(CEB + exp (1.0))) ° j : (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- 

6A1-4V 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 equations are: 

a) Only three parameters are involved in their equation, rather 

than 10 or 11 used in the polynomial expressions (see equation 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 straight and curved crack fronts. 

4,2 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 required in order to obtain the 

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

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

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

et al: 

Lotal = Yno crack * Uorack (14 9) 

By applying Castiliano's theorem (98) we may write: 

Sota :: ou crack * Sorack (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: 

$ crack 

J . + Pd (S crack) : : i (121) 
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where b, the uncracked ligament length = (W - a) and P is the applied 

load. The value for may be directly obtained from equation 
Ofrecs 

(120): 

$ =$ (122) crack total ~ “no crack 

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

displacement record) of a pre-cracked specimen and S is the 
no crack 

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

may be given from beam theory. i.e. 
crack 

Bs 3 
Sas crack ~ T=: ‘ " 7 (123) 

Where I, the second moment of area = Bw? 5 4 ‘i ; (124) 
12 

therefore § = PL? ; 5 ‘ 5 no crack TEBW (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. In 

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. 

53



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.). 

4,3 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_ = 0.4 when a/w > 0.45 

x 
® 

" 0.45 when a/w < 0.45 

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

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

ies 1 je 

Bae alee om) a SEN 
(Ww = a) | % 

where Mo is the plastic component of crack mouth opening displacement 

a, is the plastic component of load point displacement 

z is the knife edge thickness 

The value for ry was then determined by simultaneous measurement 

of v5 and a 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. 

Ke V 

  

is = a + aes car it r (127) 

2g,5 (1.25 ae 2) 

Where E' = E in plane stress and : in plane strain. K is 
2 

(1 + v*) 

given by the formula: 

Pp a Be eta el oe cat ae 
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 § by combining the elastic and plastic components. By 

rearranging equation (126) it follows that: 

Oe ee ee UT te ee 
a W 

Values of Vy % as a function of a/W are shown for r values of 0.33, 

0.4 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 established 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. 

One of the major problems associated with the electrical potential 

technique is analysing the resulting data. Johnson (104) has derived 

cosh (LY/W 

Vij esetcosh” cos (Jta/W) (430) 

Vigra leech yw) 
cos (Mao/W) 

where ve is the reference voltage at crack length a 

the following relationship: 

V6 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 o og! (ce Mz/2w)) | ginary p | fe atarae | 

b) Point, current application (131a) 

= r a 

V = real part of [fale eal 2 : (131b) 

where V = the potential difference between Q and the cracking plane 

W = specimen width 

a 2x toit 

k, = proportionality constant (dependent on material, specimen 

type and electrical test conditions) 

CP cee (z/2w) cos* (7la/2w)-! 

© "J (—cos*(la/2w) sech” (fd /2w) 
For both Johnson's and Gilby and Pearson's solutions, a calibrat- 

ion curve of Veen 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 required. 

A limitation of the analytical solutions is that they may not be used 

to describe 'equivalent' 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 Pieee eine 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 

attributed 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 2-30KE,) 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 requirements 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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      + EXPERIMENTAL 

5-1 Materials and heat treatment. 

The high strength aluminium casting alloys to be investigated 

a) Al -Si-Cu (Alcoa 354) 

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

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

a) 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. KO1 is an American specification similar to A.M.S. 

(Aerospace Material specification) 4229. 

The analyses of these materials is shown in table.5. 

Each of the above materials, with the exception of KO1, 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 

¢) 400 mm x 200 mm x 25 mm 

4) 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 conditions. 

Both solution, and aging treatments were carried out in air-circulation 
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Table 5. Chemical analyses of the aluminium alloys. 

  

  

  

Element Alcoa 354 AUWE 224 AUWE 224+Ag kO1 

Cu 1.91 4,56 4.69 4.0-5.0 

Ag 0.01 0.01 0.42 0.4-1.0 

Me 0.36 0.33 0.37 18-235 

Si 8.10 0.08 0.08 +05 max 

Mn 0.02 0.02 0.02 +20-.30 

Ti 0.16 0.11 0.13 015-035 

Zn 0.02 0.05 0.05 - 

Fe 0.16 +10 max +10 max 210 max 

Sn 0.02 - - = 

ar 0.01 0.01 0.01 - 

Ni 0.02 - - A 

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. 

22 Specimen details and preparation.     
Three point bend specimens (as described in BS 5447 (1) section 

6) 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 mn 

x 50 mm blocks were to be used for determining the effect of thicimess 

on fracture toughness and therefore these thicknesses ranged from 4 to 

40 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 crack 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 notch (see BS 544? (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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a) Plan view - half full size
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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 recorded. 

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 technique 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 corresponded 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 3 
Ue ey A (14) ot (2) ; (Ye) : x(0 218+ 0-563 (2) —0.210 [18 } + 0-051 

- 0-005 (ve \* hi ai Saas, aaa 
Vao/ 61
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where Va = crack reference potential 3B = 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 1.14. 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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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 (99). The 

  

a transducer mounted on the top ram, as developed by Barnby an 

was used for measuring the load point displacements 

  

224 and A354 alloys. For the A.U.W.=. 224 + Ag and KO 

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 displacement 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 witn 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 eouipment was necessary, since initiation of the 

eracks occurred spontaneously at the attainment of the "critical load" 

(see fig.64b). For the un-notched (beam) specimens, only the load- 

load point displacement records were reouired. 

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: 

C = compliance 

E = Young's modulus 

B = 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: 

cop. ES iL = COD,, 

atd 

where COD; is the COD at the load line. 

Cob, 

d is the distance between the load line and the knife edges. 

is the COD measured at the crack mouth by the clip gauge. 

a is the crack length 
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CEB was found by: 

  

5.6 Post-test measurements. 

5.6.1 Fatigue crack data records. 

A diagrammatic illustration of a typical time-reference potential 

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 calibration curve 

shown in fig.49 and hence the da/dN ratio could be determined for a 

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 instantaneous 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 Fo (KN). 

c) Critical load Py (KN). 

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

£) Total area under load-LPD record up to PY (Joules). 

g) Area under load-LPD record up to P/2 (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 load-LPD record 

for the cracked specimens. 

5) 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 leneth 

was to be determined from three separate measurements a,, a> and a., 4 

shown diagrammatically in fig.54. 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 fractography. 

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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conditions (etchant 

  

alloy the volume 

fraction of the silicon needles was estimated using an ima 09 ‘e 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 alloys 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 typical tensile properties. 

  

  

  

Material Heat treatment Proof Tensile | Elong- 
stress strength | ation. 

QiNm -2) | (im -2)} (#) 

Alcoa 10 hours minimum at 295 324 2 
354 525°C, quench in water 

at 60 - 80°C, age for 
8 hours at 170°C and 
air cool. 

AUWE 48 hours at 535°C, 470 500 2 
22k quench in water at 

70°C, age for 24 hours 
at 170°C and air cool 

AUWE | 48 hours at 535°C, 470 500 Z 
224 quench in water at 
+hge 70°C, age for 24 hours 

at 170°C and air cool. 

KO1 2 hours minimum at BAS 442 5   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 
35h. 

(using an image analysing computer) 

Block number 1. 

Percentage volume fraction 

  

      

  

  
  

8.0 9.1 5.5 9.5 4.0 11.5 12.0 15.5 7.8 14.0 

9.57 7.084720 15.0" 5.0 6:5° 12.5 9.2 “40.0, 96s0 

G65) 1565 1065.) 607 1565) 99.5. 19.3 955). lSi= B50 

963 709 T2s¥ 9604065 10.6 4.9) 4255 98.9) 77.8 

768 956) 40.5 6.99 18.0 7.9 7:6 49.8 10.5 13.6 

mean of 50 results = 9.32 = 5.4 

Block number 2. 

Percentage volume fraction 

95.0 7255 10.53 40.8" 7.0 8.4 7.6 4b.4 42.6 6.8 

7-6 15-4 13.0 9.1 10.0 8.5 9.0 15.5 13.5 11.5 

I2-4 4052 16.4 10.4%) 3950) 17.1 45.9) S84 74 957 

3.2 6.4 7.0 17.1 4.4 15.5 10.5 13.5 11.6 9.8 

14.9 9.6 15.0 11.0 11.0 74.3 8.8 4.0 6.0 4.0 

mean of 50 results = 10.25 * 6.9 

 



Table 12. Mechanical properties of the alloys. 

  

  

  

  

  

  

Material | Condition Hardness 0.2% Grain 
EV10 Proof stress| size 

(HiNm-2) (mm) 

A 354 AC 82.1 = 8.3 . a 

NA 104.7 = 9.2 190 ‘ 

AAS 121.3 = 12.5 295 - 

A.U.W.E. NA 127.7 2 11.9 325 0.20 
224 5 

AB24 141.6 = 7.7 420 0.25 

A.U.W.E, NA 116.6 = 13.8 210 0.20 
224 + Ag. 

AA 12804 = 1167 235 0.20 

ARB 429.7 2 13.3 250 0.20 

AAG 133.0 = 11.6 253 0.20 

AA12 140.9 = 20.6 285 0.20 

Aaa 150.1 = 16.2 320 0.20 

AAKS 156.5 = 10.6 310 0.20 

AA96 146.1 7 11.6 300 0.20 

KO1 AC At 95.8 = 6.6 200 0.20 

AC A2 95.1 + 5.8 200 0.20 

AC AB 69.2 = 2767 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 a ‘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: 

oe o ime ae 

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

¥= 1-93-3-07(2) +1453 (2)—251 (2+ 25-80 (2)" 
4) 

The data was finally processed and presented in the form of 10846 da/aN 

versus 1og,4 K. 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: 

4 
lnln(cee) = €+(v-e) {-Ls(i- 2) - (135) 

a aS 

we may zits (y-e) =(v-e) xk - Pe es gar 

and by taking logs we obtain 

ln (y- e) = Ln(v-e)+ ln (x): (137) 

This equation is now in the form of Y = Mx +c (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 (intercept) + © and f = i 
gradient 

According to Ryder et al 

| (a) d(ces) 
oe ae Phe 
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The derivative of normalised compliance may be given by: 

(¢-! 
O(ceB) _ (v- e)explf+ exp(f x Ela(i-a fee)” 439) 
dw) k (I- 3a) 

Cc. 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, 8, 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): 

  

S 
where the values a . oe B and S are illustrated in fig.54. By 2 4? 

assuming that the curved crack front was parabolic, S could be 

determined from the formula (114): 

b 

S= |+ Cae} dx (141) 

The derivation of which is as follows. 

Consider a symmetrical parabola given by the formula Y = 

Differentiating with respect to x we obtain: 

Saha eee aay 

and therefore: 

(143) 

 



where B is the specimen thickness. 

If we let Bl
e = tan @ = 2éx 

then: 
& 
2 

s-| /(I+tan?@) dex 

ft (sec?e) dx - 

ff (sec 6) dx 

From the list of standard differentials we obtain: 

& tan 6 = sec“e 

d 
ge sec © = tan @ sec © 

therefore from equation (144) we obtain: 

2Adx = sec“@ a6 

ae ax = 8008 48 

2A 

substituting for dx in equation (147) we obtain: 

B 
oi 

S= (sec @ x sec“@) de x 5 
i 

° 

Integrating by parts: 

is 
2 ha 

1 

sec © x tan @ + In (sec @ + tan 6) 

(144) 

(145) 

(146) 

(147) 

(148) 

(149) 

(150) 

(151) 

(152) 

(153)



and as each side of the parabola is symmetric: 

2ax J 1 + 4APx? +i1n 9 4+ bAPy? 4 ee 
Ss = 15) 2A 
  

where Ae 
“
o
l
 

tl
 

» 

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 veo is the plastic mouth opening 

displacement and a, 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. 

ven 3 we total ~ ve elastic 

% = % total ~ % elastic 

where Ne total "25 the total mouth opening displacement. 

‘S elastic “25 the elastic mouth opening displacement. 

9 total Was the total load point displacement. 

q elastic “25 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. 7



Table 7. Compliance data for straight crack fronts. 

(C.T.S. specimens) 

  

  

          

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

(c,.) (c,.) 

O.42 24. 3 - 4.84 

O44 25.84 3.37 5-21 

0.46 27.09 4.ok 5.64 

0.48 28.98 6.12 6.12 

0.50 33.11 7-13 6.65 

0.52 36.00 8.02 72k 

0.54 43.10 8.82 7.91 

0.56 49.07 9.51 8.65 

0.58 56550) 10.07 9.50 

0.60 62.55 10.59 10.45 

0.62 7120 11.05 11.55 

0.64 79.79 17.54 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 cs values, data generation was 

k = 2.4033 used with a/wW 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 
(c,) (o,.) 

0.71 0.605 43.17 11.37 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 15.52 15.68 

0.83 0.725 106.02 16.02 W705 

0.85 0.745 120.38 16.67 20.05 

0.87 0.765 131.60 17624 23.15 

e = -500 To obtain a greater range of 

v = 1.2847 cy values, data generation was 

k = 11132946 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 
(C2) (c,_) 

3e Be 

0.18 6.02 - 1.78 

0.22 7.88 2.20 2.08 

0.28 10.28 2.62 2.71 

0.38 16.23 3.87 4.00 

0.48 28.54 6.37 6.12 

0.55 40.70 9.07 8.45, 

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 c values, data generation was 

k = 2.244 used with a/W from 0.2 to 0.9. 

 



Table 10. Compliance data for curved crack fronts. 

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

  

  

  

            

Measured a/W Measured CEB Calculated | Experimental 

compliance compliance 
uncorrected | corrected calibration} calibration 

KG.) (co~) 
3e 3e 

O42 0.35 9.34 436 3259 

O46 0.39 12.04 4.97 42k 

0.50 0.43 17.40 5.50 4.98 

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 94.35 

e = 4.0 To obtain a greater range of 

v = 1.3042 cS values, data generation was 

k = 3.3932 used with a/W from 0.2 to 0.9. 
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Fig.60. The relationship between mouth opening and load point displacements for A.U.W.E. 224Ag.



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 observed 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, ratios and deviat- eae: 

ions at Fo and 0.8P, 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: 

Ko L.E.F.M. (i.e. the provisional value of Ki? given by: 

Say, 
KLEEN) lee fac 

= Bwe 

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

Y= 6(193(2)*—3.07(@)* + 14.53(2)F-25(2%+25:20(2)) 
(156) 

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

to the recommendations laid down in BS 5447. i.e. 

zZ 

B40 {te} - - - +. 1157) 
cq ys 

The maximum fatigue stress intensity K, was calculated from equation 

(155) except that the maximum fatigue load, Pe was substituted for Fo: 

Critical crack opening displacements were calculated from the equations 

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

COD may be given by: 

  

~ | 0:45 (w-a) x (Mer yoyw(i- v7) 
8" | Gaswe0 S572 E Ute 

for YY. > 2¥qyW(i-v) 
E 

  

or S$, =| 2:45 (w-a) 159) 
= O4SW+OS5a4Z * ee v*) 

for v < 2Y oT. \W |- 

E 
7h



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 

ye ett 0) 
OW = v) 

y 

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

following polynomial equation. 

= 69-17-05 (2) + 88:5 (2) — 160 (2) +100 (2 )" 
valid for 0.2 <a/W<06° - - (161) 

an alternative method of calculating COD, from plastic crack mouth 

opening displacement, was also performed using the formula proposed by 

Dawes (21). For both calculated values of COD, the conversion to Ke 

was achieved using the expression: 

Kiger pS TE ol a wile saan 
le 3 

(l-v 

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 equation 

suggested by Rice et al (97) ive. 

2u 
Jez   (163) 

B(wW - 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. Jae was then converted to Ko using the expression: 

Ke = Jae ¥ ; 2 ; (164) le (oe



The plane strain limiting thickness for J was calculated from equation 

(46) ie. 

B = 25.0(Ue sp aad cane tebe (58 
ys 

The values for Ky obtained using the equivalent energy procedure 

(115 and 116) were calculated from the following expression: 

P/2xYxd 
Le   (166) 

2 
Bwe 

where d is the ratio of the areas (from the L-LPD record) up to loads 

of FY and the critical load, Poe (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 fa 

  

cracked, artificially aged A.U.W.E. 224 + Ag and Alcoa 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 

K (apparent) ‘om 4. 

Crack lengths from blunt notches, up to the critical value of 

erack length Coy were simulated by spark machining. The results of 

Karen) from J (according to equation 164) as a function of 

c/(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 eos 

according to Yamamoto and Ao (51) and Smith and Miller (57) are 

tabulated on this graph, together with the average Ke 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 x Sererent) from J. 
  

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

using spark machining and the results of EK ecrenen’) from J were 

plotted against ys 

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

  in fig 64. The theoretical solution of Spink, 

an infinite body, is superimposed on this graph. It was realised, 
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however, that the experimental results plotted in fig 64 were for a 

condition just before general yielding, which can be seen froma 

tracing of part of a typical load - load point displacement record 

shown in fig 64a. 

6.4.4 The effect of notch root radii on K 5 
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 so 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 Weserert) 

6.5.1 The effect of specimen porosity on Reprerent) 

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(apparent) results, calculated individually by each of the five 

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 

44 wnn72/2 for the K ) from J. The effect of porosity on 
(apparent 
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X(capanent) 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). 

ny . 7 
6.5.2 The effect of aging period on ee) 

i ined 5 fi rae labl is of K(quparent) a> 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 Ke 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 Ke for each 

material is also given so that a more conservative estimate of critical 

defect sizes could be obtained. 

Alloy Average Minimum 
K,  (MNm-3/2) K,(MNm-3/2) Tyg (tin-2) 

Alcoa 354 20 135.5 295 

A.U.W.E. 224 26 18.5 420 

A.U.W.E. 224 + Ag 17.5 13.0 320 

Shape factor = 1.15 (i.e. i = 0.4) 
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6.7 Statistical analysis of the fracture toughness data. 

The appropriate fracture toughness results incorporated in the 

appendix 

order to 

a) 

b) 

ce) 

a) 

of this thesis were rearranged into four separate groups, in 

assess the following: 

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

B (Goperen) . 

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

on (apparent). 

The effect of material, method of test and material condition 

K 
on *(apparent). 

The effect of material, method of test and method of crack 

manufacture (i.e. whether spark machined or mechanically 

machined) on K(gerevent ys 

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. 

80



     

   
      

    

a 

o Invalid 
14 }— according to BS S447 

3- e@ Valid 

° 
24 . 

& 

m ° 
‘ 11 
E 
2 
= fo} e 

0s . 

= e ° e 
eg ° 

a 9 r ° 3 
a iS e 2: e 
ao 34 ° ° ° . e 
= ° e : ° 

7- ° 

fe} 

64 

: T T T 1 1 1 T 1 
0 5 10 15 20 25 30 35 40 

SPECIMEN THICKNESS (mm) 

Fig. 61. The effect of specimen thickness on Kg (L.E.FM.) for as cast A 354, 280mm blocks



  

  

        

60 4 e 

2 e 

554 3 ° e ie 

° 2 a a x 50 x 

45 4 ° . x 
tee ° & 

© 104 ° ~ 

a i £ i xs a 
a 2 354 i x TA A 

x A + - 30 4 2 F a a + - k 

254 

+ Kg (LERM) © K from COD (Wells) 
20 4 — 

Be K@q (Equivalent energy) O K from COD (Dawes) 

154 
AK from J 

Oe T T T T T T T T 

0 5 10 15 20 25 30 35 40 

SPECIMEN THICKNESS (mm) 

Fig.62. The effect of specimen thickness on K for AU.WE. 224, 280mmx 200mmx50mm_ blocks. 

(Artificially aged condition)



(M
nm
-3
/2
) 

fr
om
 

J 
K 

Ap
pa

re
nt

 

5074   

° Symbol} a/@ Alloy 
(Artificially aged) 
  

° | 3-25 A.UW.E. 224 
  

          
  

  

  

          
  

    

    

@ | 3°50] AUWE. 224+Aq | 

A E= 7550 A.U.WE, 224 | 

° ’ d 

405 
4 

OData | @ Data | AData 

CoftW-8) | 0.207 | 0-216 | 0-112 

foal, | 0-232 | 0-243 | 0-119 

W=22mm 
° 

= 10, a= 5mm for A 

30% a = 13, a=10mm for oande 

Jeu a User 
S x BlW-a) 

e ° t 
s i (average Ky, for artificially 

aged A.U.W.E. 224) 

e 

207 

e 
dis Seems Nes a ee ee ee 

T lm ° ° 
(average K,. for artificially 

aged A.U.W.E 224 +Ag) e 

10 T T T T 1 

0 0-05 0-10 0-45 0-20 0-25 

c/(W-a) 

Fig.63. The effect of short cracks emanating from 

blunt notches on the apparent K from J.



AP
PA

RE
NT

 
K 

FR
OM

 
J 

(M
Nm
72
/2
) 

305 

   
   

  

    

—— Spink, Worthington and Heald’s solution 

28-4 @@@ Spark machined root radii ae} 

26 - OOO Mechanically machined root radii ~ 

(31-43) 

24 4 | 
@129-95) 
i= 

ie 
ae eiaee Not 

18-4 c 

err e ° 
2 8 16 2 a eo 

1h s . ° 
e ° ° 

12a 
° 

10 T T T T T T T T 
0 “05 10 18 20 +29) “30 35, “40 

( 
Fig. 64. The effect of crack root radius on Kacey from J for A.U.W.E. 224+Ag alloy 

(artificially aged)



LO
AD
 

(1
mm

 
ch

ar
t=

 
2K

g)
 
  

         

Maximum toad —————@£ —_—_—_—_—————_3 

   

    

(306Kg) Critical load = 290 Kg~ 

SOO PN ee 

(60 amps) Potential/Time trace 
(F.S.D.=50pv 

ie. 4mm = wv) 

Time ——-_——_—____—__-» 

(20mm chart =1min)         
  

LOAD POINT DISPLACEMENT (640mm chart =1mm deflection) 

Fig. 64a. Tracings from typical load-load point displacement and ftime-load/potential records.



LO
AD

 
(1
mm
 

ch
ar
t=
 

8 
Kg

 
) 

  

Maximum load — 

(1480 Kg) 

  

(60 amps) 

  

Critical load=1448Kg— 

    

  

     

Load/Time trace (1mm =10Kg) 

Potential/ Time trace 

(F.S.D.= 50uv, ie. 4mm=pv) 

    

  

(20mm chart =| min) 

  

  

LOAD POINT DISPLACEMENT (640mm chart=1mm deflection) 

Fig. 64b. Tracings from typical load-load point displacement and time -load/potential 

ie   
records.



“Lb 
OL 

ab 
ra 

Aytsouod 
= 

abeyuaaJag 

OL 
8-0 

9-0 
0
 

L 
1 

L 
| 

 
 

  

f 
W
o
y
 

1
0
 

(semeg) 
G
0
)
 

wosy 
y 

O 
 (ABJoua 

(
s
e
m
)
 

G
O
}
 

wWosy 
Y 

@ 

juayeainb) 
Dy 

x 

Cwsca 
By 

 
 

c-0 

+4 

2
b
 

f- 
EL 

f- 
vk 

f- 
SL 

[9b 

P
e
t
 

- 
8L 

r 
6L 

0
2
 

f
z
 

  2
2
 

(z7e-UNW) » 

Fig.65. The effect of specimen porosity on K 

for as cast KO1 alloy



0-
2%
 

PR
OO
F 

ST
RE
SS
 

(M
Nm
~2
) 

          

40074 f- 200 

Teoh 
| “a a os 

alo a 
300+ ee | Sepa 150 

a = 7 
= Ze 

af a 
(ee 1 

Geo ae ee a 

eS Saal 

2004 - 100 

—:%-— Trend of 0-2% proof stress data 

——*@--— Trend of hardness data 

1004 The range of hardness data so as — 50 

to include 95% of the results 

i) - 0 

4 10 100 

TIME (hours) 

Fig. 66. The effect of aging time on the 0°-2% proof 

stress and hardness of A.U.W.E.224+Ag alloy. 

(H
V1
0)
 

H
A
R
D
N
E
S
S



35 5] 

  

(ECE 

(Equivalent energy) 

  

—-—-— Trend of 0:2% proof stress dats \ 
fosee fig. 66. 

------ Trend of hardness data yi 

  
  

S 
z 254 C * e 

x e 

re 
e 

° e 
e 

x Bs 3 = 
e 

e 

20 x RO vex x 
x 

e F & 
x e 

tos x ~ 

x & 

x 

15 - 1 

1 10 100 

TIME.( Hours) 

Fig.67a. The effect of aging time on K (L.E.AM) and 

K (Equivalent energy) for A.UW.E. 224+ Ag alloy



(M
Nm
-3
/2
) 

K 
354 

  

    
    

e 

° 

° 8 

30 

Trend of ss 
hardness date af 

| ee e 
As eae 

aoe -- 5 ei 

ee? i ° 

° 
Trend of 9 e 

0-2% proof stress . 
data 8 2 * 

25> (see fig. 66.) : 

; 8 ° 

° e 
e 

e ° e 

9 e ° 

© ° 

207 

° 
e ° 

e co} 

e 

e 

5 T al 
41 10 100 

e 
TIME. (Hours) 

Fig.67b. The effect of aging time on K from C.0.D. 

for A.U.W.E. 224+ Ag alloy



K 
(M
Nm
-3
/2
) 

30-4 

  

  

  
@ K from J | 

—-—-— Trend of 0:2% proof stress data 

L— see fig. 66 
—------ Trend of hardness 

  
  

e 

205 A 

e e . 

e ee 5 z e 

e 

e e 2 

8 
154 fe 

e 

e 
e 

oo T 
1 10 100 

TIME (Hours) 

Fig.67c. The effect of aging time on K from J 

for A.U.W.E. 224+ Ag alloy



DE
FE
CT
 

SI
ZE
 

(m
m)
 

C
R
I
T
I
C
A
L
 

  

  
  

poe) 

304 
Artificially aged A.U.W.E 

224 and 224+ Ag alloys 

<————_ Artificially aged Alcoa 354 

The values that were substituted 

in equation (24) for constructing 

these curves are given in 
204 

section 6.3.8. 

105 

o T cal T 1 
0 0-2 0-4 0-6 0-8 1:0 

APPLIED STRESS, Uy / Uy 

Fig. 68a. Critical defect size as a function of applied 

stress for totally embedded elliptical defects.



D
E
F
E
C
T
 

SI
ZE

 
(m

m)
 

C
R
I
T
I
C
A
L
 

  

   

   
    
    
   
      

  

407 

<—__—__———_—__ Artificially aged Alcoa 356 

30 

Artificially aged A.U.W.E. 

224 and 224+ Ag alloys 

The values that were substituted 

in equation (26) for constructing 
205 4 A F 

These curves are given in 

section 6.3.8. 

105 

0 T T T T 7 

0 0-2 O-4 0-6 0-6 9 

APPLIED STRESS, S/O 

Fig.68b. Critical defect size as a function of applied 

stress for elliptical side defects



Table 13. 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 94 0481 9.379 1% 

B(J) 554.087 us 138.522 13-750 1% 

c(K) 336.400 2 168.200 16.696 1% 

AB(IJ) 9468.50 8 1183-562 117 «487 1% 

AC(IK) 26.288 4 6.572 0.653 - 

BC(JK) 117.105 8 14.638 1.0453, - 

ABC(IJK) 584.450 16 36.528 3.626 1% 

Residual 2266.65 225 10.074 - - 

Totals 1354264 269 50.344 - = 

A-I . 2... 3 Materials 

B-d . «6 6 « 5 Test methods 

C-K . 2... 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(I) 3598.97 2 17992487 281.041 1% 

B(J) 4245.25 4 1061.313 1650754 Ie 

c(k) 189.367 2 94.683 14.2788 % 

AB(IJ) 1124.10 8 140.513 21.945 1% 

AC(IK) 87.978 4 21-995 30435 bd 

BC(JK) 20.259 8 8.782 1.372 - 

ABC(IJK) 96.525 16 6.033 0.942 - 

Residual 576.263 90 6.403 - - 

Totals 9988.72 134 74 S43 fe = 

AI... 3 Materials 

Bed oo 5 Test methods 

CK... 3 Notch root radii 

D=L 2 2 3 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(T) 2327-59 2 1163-791 152.286 1% 

B(J) 1582.13 4 395.532 51.757 1% 

c(K) 1.683 1 1.683 0.220 - 

AB(IJ) 327.114 8 40.889 5-350 1% 

AC(IK) 290.155 2 145.078 18.984 1% 

BC(JK) 26.596 4 6.649 0.870 - 

ABC( IJK) 89.505 8 11.188 1.464 - 

Residual 687.794 90 7.642 - - 

Totals 5332.56 119 4h 813 - - 

A-I.... 3 Materials 

B-J .... 5 Test methods 

C-K ... . 2 Aging procedures 

D-L .... 4 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 4 105.135 53-479 1% 

c(K) 22.265 4 22.265 11.6326 % 

AB(IJ) 26.115 4 6.529 3-321 fe 

AC(IK) 65-919 1 65.919 33-531 1% 

BC(JK) 0.400 y 0.100 0.051 - 

ABC(IJK) 15.806 4 3-951 2-010 - 

Residual 78.636 4o 1.966 - - 

Totals 690.786 59 112708 - ~                 

A-I.... 2 Materials 

Bed... . 5 Test methods 

C-K ... + 2 Methods of crack manufacture 

D-L.... 3 Replica's
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Plate.1. Microstructure of as cast A 354, showing 

a coarse structure of silicon needles dispersed 

in a matrix of aluminium. Magnification x 100. 

    

Plates2. Microstructure of artificially aged A 354 alloy, 

showing a finer distribution of the silicon needles. 

Magnification x 100. 

 



  

Plate.3. Microstructure of naturally aged A 354 alloy, 

showing a very fine distribution of the silicon needles. 

Magn: ation x 100. 

  

Plate.4. Microstructure of as cast A.U.W.E. 224 

alloy showing a coarse dendritic structure. 

Magnification x 100.



    

      

Plate.5. Microstructure of artificially aged 

A.U.W.E. 224 alloy. 

Magnification x 100. 
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Plate.6. 

   



Plate.7. 

Plate.8. 

     

Microstructure of as cast A.U 

  

224 + Ag alloy, showing a coarse dendritic 

structure. Magnification x 100. 
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Plate.9. 

  

ficrostructure 

Ag alloy. 

of over aged A.U.W.E. 

  

 



    

late.11. Silicon   istribution (using micro-probe analysis) 

    ilicon rich needles and an impurity phase. 

     



    

Plate.13. Iron distribution (using micro-probe analysis) 

across the same area as taken in Plate.11. 

Magnification x 1000. 

  

Plate.14. fanganese 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. 

  

cation 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.18. Scanning electron micrograph of the fracture 

surface adjacent to the region of porosity 

shown in Plate.17. Magnification x 500 

 



  

Plate.19. Scanning electron micrograph of the fracture 

surface of as cast A 354 alloy, showing secondary 

cracking within a grain. Magnification x 1250. 

  

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. 
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Plate.22. Scanning electron micrograph of the fracture surface 

 



  

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 

 



  

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.27. 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. 

  

    Plate.25. Sc



  

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. 

  

Plate.30, Scanning electron micrograph of a: fat 

 



7. DISCUSSION. 

721 General. 

In this thesis the fracture properties of three high strength 

aluminium casting alloys have been evaluated in three point ben 

  

Be 

A comparison between spark machined cracks and fatigue cracks has been 

made, together with a proposed experimental procedure for dealing 

  

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 

eracks should give identical, if not lower values of Ko than equivalent 

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 equivalent 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 A aoper ene) values obtained from 

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

alloys was because the AkK'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). With reference to the 

standards it is apparent that the plane strain stress intensity factor, 

Key (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 KK, should not exceed 0.7. More recently ASTM E 399-78 (117) 

states that K, max must not exceed 60% K- Examination of the results 

for the artificially aged A.U.W.E. 224 + Ag and Alcoa 354 specimens 

shows that the KK, ratio lies typically around a value of 0.6 for 

both materials. A value of KK. 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 + 

Ag alloy than in the Alcoa 354 alloy. It is thought then, that spark 

machined cracks will give K,, values, 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 practical 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 parabolic curved crack 

fronts, manufactured by spark machining with a parabolic copper former.   

  A typical curved crack fronted specimen is i. 

  

As there was a great deal of "sinking in" of the rollers during three 

point bending of these aluminium casting alloys, it was necessary to 

develop a rig whici 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 equation: 

PL? 

uEBW? 

where P is the mid-point load Lis the span length 

E is Young's modulus B is the specimen thickness 

Wis the specimen width 

Typically the load point displacement rig gave pelnes 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 

Daimalani rig. 

Ryder, Bowie and Pettit's curve fitting procedure (96) was a 

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 table 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/\i produced a smooth 

curve with no points of maxima or minima. 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: ry 

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 S values for 

the curved and straight crack fronted specimens are the same, the length 

of the straight front is equivalent to the length of the "corrected" 

curved crack front. It is thought that, by measuring the maximum 

length of a curved crack tront, or by adopting the averaging procedure 

laid down in the standards (1, 2 and 8) 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 

Se 
sketch below): 

  

80
 

  
Scorrected — 

  

= Dfaverage : 
~~~ 8maximum         

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

specimen can be given as: 

Crack length a/W y 

*maximum 12.5 mm 57 13.5 

average 11.8 mm 254 12.1 

* corrected 11.0 mm +50 10.6 
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aN By assuming that the a was the "correct" value of curved corrected 

crack length, the compliance calibration functions fot the average and 

maximum curved crack lengths overestimated this "correct" value by 14 

and 27%, respectively. For a symmetric parabolic curved crack front, 

longer crack lengths than the applied correction factor. Consider the 

parabolic crack front sketched below: 

B/2. 874 0 B/4 B/2 

' 
1 

r \ 
! | 
1 1 
| 1 
1 1   

25%B 50%B 75%8B 

Lic Ax? +c (equation of a parabola) 

when x 4 Yeo 

r
o
l
 

tw 

therefore O= | ' + io 

2 
average height of the parabola = 1/3 ( c + 2(A ®) +c)) 

  

2 
24/5 (oe + 2c ) 

16 

2 
seet=— 

2k 

substitute for A: 

2 
average height of parabola = c - = x = 

B ak 

S =e-g 

= 5/6c 
  

 



Therefore for a symmetrical, parabolic crack front the average length 

may be given by: 

®effective ~ %o * 5/6 ( “eS 

whereas the corrected length would be: 

+ 2/3 ( a.) x B/S a > = a - 
effective “maximum ° 

  

and as S) B, the corrected curved crack front length is always less 

than the average curved crack front length (for a parabolic, symmetric, 

curved crack front). 

Although assumptions were made in deriving the length of a 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 equivalent 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 c. values for six 

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

determined at fracture using the expression: 

K, x Bu? 
3 = ge 

ey 

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

fig.59. The os 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, ni 

  

a) Test 1. The 5% secant, LEFM technioue (1, 3 and 8) 

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 LS values obtained 

according to the 5% secant method were not valid Ke values, on account 

of too much plasticity before fracture. This was shown on the records 

as: 

a) The inelastic deviations at P. were greater than 4 times the 
Q 

inelastic deviations at 0.8 Fo 

bd) The Fevinunt Fo ratio was greater than 1.1. 

The average ae 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) Ko values obtained according to equation 155 where Po 

was the 5% secant load. 

b) NCeorerent) from COD values obtained from equation 162 where 

M = 2.1. 
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c) aS aeearene) from J values, according to ecuation (164) 

a) Ky Equivalent energy values obtained from ecuation (166) 

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

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 

Ecucrent) obtained. Examination of all these histograms shows that, 

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

Sanoetern) give far higher values than those obtained by the other 

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

for COD to B(ecoavent) for all the alloys was 2.1. As discussed in 

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 M ypperent) 

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 ) obtained by the 
(apparent 

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 et 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 107 2mm. The COD's for the artific- 

ially aged Alcoa 354 alloy, however, were only typically 0.8 

to 1.5 x 107mm. 

The most reproducible method of determining the K,,'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 technique 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 Kio 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 1p volt change in the total 

signal level and this could be measured to an accuracy of 

+ 2mm on the potential-time traces. This = 2 mm correerens 

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 + 0.04, which 

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 K,, (see equation (164)) 

the square root of J is taken. The error in Rigs therefore, 

is equal to the square root of the error in J, which reduces 

to approximately 4%. 

The equivalent energy method for determining Rie values 

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 apparent) obtained from these two methods, shown in 

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. 

SIA



  

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 + i 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 tn volt, due to an increase in 

crack length could be reliably detected and this was taken as 

the initiation condition. 

From equation (134) a change of ole on a typical 

total signal level of 360 x 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. 

AB 

 



   Typically the mouth opening displacements were within the range 0.14 to 

©.18 mm and the magnification used to show these displacements on the 

load-mouth opening displacement record was about 1000. (i.e. 180 mm 

chart = 0.18 mm mouth opening displacement). althoi the cl 

  

       could detect a change in the mouth opening displacement of approx 

   
4 micron, the calibration of the clip gauge was only accurate to 0.02 

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 approximately 2 microns, but the calibration was accurate to 

about 0.01 mm. Typically the load point displacements were within the 

range 0.3 to 0.4 mm. Consequently the accuracy of measurement of the 

‘load point displacements was about 0.35 = 0.01 mm. 

From the histograms for the average Ko values, determined by the 

5% secant construction, it can be seen that, on average, the invalid 

o values underestimated the average K, values recorded in section 
qe 

6.6. The reason for this was because the 5% secant gave Py 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 ) obtained. The combination of 
(apparent 

material and method of test, however, did have a significant effect on 

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

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 

i encarent) from J obtained from these cracks are illustrated in fig.63. 

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 

eracking 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 cy 

experimentally. These critical crack lengths were, therefore, obtained 

from the points where the K, ) from J values approached the 
(apparent 

average Ke values. i-e. 

Material (artificially aged) 2/p cy 

A.U.W.E. 224 2650 0.25 fee 

A.U.W.E. 224 re 3e29) 0.30/ ae 

A.U.WeE. 224 + Ag ~ 3.50 0.35 fae 

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 

ce = O (i.e. a blunt notch by itself) the concentration of stress 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 c = 0. 

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 E ecearent) obtained from a spark 

machined cracked specimen, however, is dependent on the sharpness of 

the crack tip. 

The effect of crack root radius (simulated by spark machining) on 

nee ; , See ene) 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 = on S (anparent) when the crack tip is 

very sharp (i.e. up to lima values of 0.1). The critical value of /& 

/e - F 
or the value of = when “(focarent) = Ki was approximately 0.05, 

since, although the average Ke for this alloy was 17.5 wan72/2 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 Heald 

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 

SScnerent) 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 B aecaren) 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 ¥(qusarent ) 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 } (anparent) values obtained from the more shall- 

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 Kp 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 Se of the blunter notch (0.76 mm 

notch root radius). The values of K ) 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 ) in fig.71. It is thought that, with such small 
(apparent 

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, consequently 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 
#Gopareat) 84 

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 techniaue 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 toughness. 

The fracture toughness of as cast Alcoa 354 and artificially aged 

A.U.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 et 

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, average 

values of Ke and typical values of yield strength (obtained from 

section 6.6) have been substituted into the usual equations (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.U.W.E. 224 0.22 15-33 

A.U.W.E. 224 + Ag 0.17 11.96 

The Ko 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 value of the minimum specimen 

thickness proved to be difficult to determine 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 Koe 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 technique 

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 

requirements. The thickness requirements are therefore very much less 

than those for LEFM. For example, for the artificially aged 224 + Ag 

alloy, the minimum thickness requirement, according to BS 5447 (1), 

was 15.33 mm. The minimum thickness requirement for the J integral 

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

By = 25 x Hy (ow) 
Tys 

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 28. In order to determine the extent of porosity, density 

measurements have been carried out by B.N.F. Technology Centre on 

specimens taken from various positions within a block of as cast KO01 

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 aun 2/2, A similar 

trend of the effect of porosity on the values of E(ioperen 6) 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 

  

highly significant effect on K t) for the 
(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. 224 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 = (Coupee) for the Alcoa 354 

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

rim 2/2 , 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 Kerner anne 

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 i epterenty 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 

98



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. Overaging is usually associated with 

the formation of a denuded zone on each side of the grain boundary. No 

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) 

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

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.?2, it is apparent that the addition of silver to A.U.W.2. 

   224 greatly reduces the fracture properties of s alloy, particularly 

for the artificially aged conditions. Evidence to support this 

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

Kae for the artificially aged A.U.W.E. 224 and 2 

  

oys were 

26 vain 2/2 and 17.5 Min 2/2 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 difference 

between the fracture surfaces, despite the three different material 

conditions. The mode of failure in the Alcoa 354 alloy 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. As with 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 oceur. This explains the reason for the 

2 Se oes ms 
3/ ) obtained from the overaged low fracture toughness value (~74 Mm 

specimens. 

Porosity 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. 

72.11 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 = 4078 

=3/2 mm/cycle was ~ 2 vam 2/2 for the wrought alloy and ~ 6-9 Mim 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 required to produce these rates, however, were 

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

3 
   growth rate of da/dN = 10 

~3/2 

mm/cycle. For the A. -E. 224 alloy, this 

stress was ~ 20 MNm for the artificially aged condition and about 

44 ym 2/2 for the naturally aged condition. Similarly for the A.U.W.E. 

224 + Ag alloy, the stresses required to give a crack growth rate of 

4072nm/cycle were ~~ 35 MNm7?/? and ~-30 MNim"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 differen- 

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 AK and da/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 Ke and the 

    

of the alloys, given in section 6.6 suggests that the A.U 224 was 

"tougher" and had a higher yield strength than the A.U.W.E. 224 + Ag 

alloy. The addition of silver to A.U.W.E. 224, therefore, has a det 

  

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 Mn 2/2 , whereas 

in the artificially aged condition the toughness was about 20 vam2/2, 

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 sections. 
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72.13 Suggestions for further work 

4) The fracture properties of these alloys could be determined 

    

corrosive enviroment, rather than laboratory air. For examr 

stress corrosion cracking of these alloys in sea water could be 

investigated by obtaining values for Rien (the minimum value of 

kK, for stress corrosion cracking). Enviromental effects in crack 

growth have been discussed by Parkins (120). 

2) 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 precipitate growth and 

to identify any dislocation pile ups if present. 

3) The major effect of porosity on the fracture proverties 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) 

Ss) 

4) 

5) 

2) 

8. CONCLUSIONS 

Spark machining produced cracks which were equivalent 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 ) out of the five 
(apparent 

available testing methods, when compared with the values of Kao: 

Valid K,,'S were obtained for these aluminium casting alloys at 
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8) 

9) 

10) 

11) 

12) 

13) 

14) 

Z 
thicknesses as low as: 

B= K le 

Tys 

The critical length of a sharp crack emanating from a blunt 

notch was found experimentally to be approximately 0.25 to 

0.35/dQ. Cracks which were longer than this critical value 

would not be influenced by the presence of a blunt notch, 

The critical value of e 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 

E gonerent) 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. 

For a given applied stress, the fatigue crack propagation rates 

for the aluminium casting alloys were less than those obtained 

for their wrought equivalents. 
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APPENDIX. 

Constants used in the calculations given in section 6.3.2. 

Cross head speed = 0.2 mm/minute 

Poisson's ratio (v) = 0.34 

Young's Modulus (£) = 6.9 for A.U.W.E. 224 + Ag 

(MNim~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. 

>) 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. F 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 502A—s« S03A—«SOKA Ss S05A = 506A 507A = 508A SOA 5010A 
MFC MFC MFC MFC MEC MFC MFC MFC MFC MFC 

Specimen width 

(m x 10-3) 25.01 25.00 24.98 24.99 25.02 25.01 24.99 25.02 25.00 24.97 
Specimen breadth 
(m x 10-3) 40.00 36.00 32.00 28.00 23.95 19.96 15.94 11.96 7.95 3.97 
Notch depth 

(m x 10-3) 10.0 10.0 10.0 10.0 10.0 10.0 10.0 19.0 10.0 10.0 
Notch root radius 

(m x 10-4) 220 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Crack length 

(m x 10-3) 15671 Si5G0NNIS.050 19617 | 15655 42.31) 15.08 12.24 13.55 13.80 
Maximum load 

(KN) - - - 4.08 - 3.66 - 1.67 1.20 0.60 
5 % Secant load 
(KN) Heol 4.02 3.17 3.16 - 3.63 1.96 1.33 1.01 0.51 
K Fatigue 

(MNm-3/2) 5.51 5.91 5.09 4.98 6.27 5.89 6.36 5eh2 7277 8.35 

Kg (LEFM) * . . . 
(MNm-3/2) 8.38 8.83 7.70 8.28 - 11.90 8.90 702' 9.80 10.30 
Kafrom COD (Wells) 
(MNm-3/2) 

K,from COD (Dawes) 
(MNm-3/2) 
Kafrom J 

(MNm-3/2) 
KEquivalent energy 

(MiNm-3/2)   
  

* Invalid according to BS DD3 
 



Table 18. Fracture toughness data for as cast A_354 alloy (block number 1). 

  

Nomenclature 501B 502B 503B 504B 505B 506B 507B 508B 5098 5010B 
MFC MFC MFC MFC MFC MFC MFC MFC MFC MFC 
  

  

Specimen width 
(m x 10-35) 25.01 24.99 24.97 24.97 24.98 = 24.98 = 24.99 24.99 2h.98 = 24.99 
Specimen breadth 

(m x 10-3) 39.50 36.00 31.95 27.95 23.41 19.94 15.95 11.96 7.95 3.94 
Notch depth 
(m x 10-3) 1050, "10:0. =4020 “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) 95665" 945577 melas 90m S. 50 - 15.81 13.40 - 14.34 - 
Maximum load 

(KN) - - - - - - 2.06 - 1.08 - 
5% Secant load 

(KN) 4.51 432 4.04 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 7.91 - 8.04* 7.69% - 10.39* - 
Kafrom COD (Wells) 
(MNm-3/2) - - - - - - - - - - 
Kafrom COD (Dawes) 
(MNm-3/2) - - - - - - - - - - 
Kafrom J 

(MNm-3/2 = = = = oa a & is = S 
KaEquivalent energy 
(MNm-3/2) - - - - - - - - - - 

1.68 1.62 - -96 - 

8.63 6.64 - 8.12 

  
  

Invalid according to BS DD3 
 



Table 19. Fracture toughness data for as cast A 354 alloy (block number 2). 

  

  

  

Nomenclature 501A 502A 503A 504A 505A 506A 507A 508A 509A 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) 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) 13.83 13.73 15.61 14.66 13.82 14.81 13.22 13.60 12.95 12.62 
Maximum load 

(KN) - - - - - 2.44 5.51 2.08 1.25 - 
5% Secant load 

(KN) 4.99 4.08 3.48 2.78 2.40 1.86 2.64 1.59 1.02 - 
K Fatigue 
(MNm-3/2) 6.44 5.91 5e07 6.15 5.40 6.25 6.48 6.49 7-12 8.00 

_ Ka(LEFM) 
(MNm-3/2) 9.63" 8.98 8.441 9.00* 8.08" 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 ) - - - - - - - - - - 
KaEquivalent energy 
(MNm-3/2) - - - - - - - - - -   
  

* Invalid according to BS DD3 
 



fable 20. Fracture toughness data for as cast A 354 alloy (block number 2). 
  

  

Nomenclature 501B 502B 503B 5048 505B 506B 507B 508B 509B 5010B 
MFC MFC MFC MFC MFC MFC MFC MFC MFC MFC 
  

  

Specimen width 
(m x 10-3) 25.03 24.97 24.99 24.97 = 24.98 924.99 24.98 924.97 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) 100 10.6 We 1005 10.0) 1050. 10.0 10:0 10.0 «10.0 «3.10.0 
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) 13.65 13.02 12577 135.76 13.35 15.76 13.73 13637 15.38 - 
Maximum load 

(KN) - - 4437 - - 2037 4.44 1.60 1.06 - 
5% Secant load 

(KN) Aad 446 4.02 35.33 233 1.94 1.34 1.29 0.93 - 
K Fatigue 
(MNm-3/2) 5.69 5.04 5.71 540 4.84 5.18 6.94 5.04 9,02 - 
Kg(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) - - - - - - - - = - 
K,from J 
(MNm-3/2) - - - - - - - - - - 
KaEquivalent energy 
(MNn-3/2 ) - - - - - - - - - -   
  

* Invalid according to BS DD% 
 



Table 21. Fracture toughness data for artificially aged A.U.W.E. 224 alloy (block number 1). 

  

  

—_ 

Nomenclature. 501A 502A 503A 504A 5O5A 506A 5074 508A 509A 5010A 
MFA2e =niFA24 = =MFA24 MFA24 MPA24 MPA24 MPA2+ MPFA24 MFA24 MPFA2K 

Specimen width 
(m x 10~3) 24.95 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 19.94 15.96 11.98 7.97 11.77 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) 0519) 7) 2600 2500) 2.00 - 1.90) ~ 2.10 2.00 1.90 2200 2410 
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 22.56 17.42 14.28 13.89 9.02 7.02 5.48 10.79 Critical load 
(KN) 10.47 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 
K(LEFM) 
(MNm-3/2) 29.33 28.54 29.78 931.57 27.74 = 52.65 34.26 939.91 32.64 464 
K,from COD (Wells) 
(MNm-3/2) 55-95 57-15 63.17 59.55 54.88 48.68 45.08 939.50 41.73 36.3 
Kafrom 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 
KaHquivalent energy 

(MNm-3/2) 53-86 45.21 40.62 39.85 32.48 38.56 53.75 51.98 42.42 52.37        



Table 22. Fracture toughness data for artificially aged A.U.W.E. 224 alloy (block number 1). 

  

  

  

Nomenclature. 501B = 502B.— 503B)— SOKB = 505B 506B 507B 508B 509B 5010B 
MrA24 = MFA24 MPA24 MFA24 MFA24 MFA24 MPA24 MFA24 MPA2H MPFA2Q4 

Specimen width 

(m x 10-3) 24.95 25.00 25.01 24.99 25.02 24.98 24.99 25.00 24.95 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) 2200 190 Wee -00 2.00) 2.00 | 4590) 1.90) 2.10’ 2.00 2.00. 
Crack length 

(m x 10-3) 9-54 11.91 11.66 911.66 911.16 912.03 12.91 13.25 12.50 12.33 
Maximum load 

(KN) 10.40 20.99 19.47 19.23 17.66 15.70 10.91 8.08 13.34 12.00 
Critical load 
(KN) 10.25 20.99 17.65 19.23 17.02 15.38 10.20 7:73 11.78 10.20 K Fatigue 
(MNm-3/2) 14.98 15.20 14.29 14.22 15.17 12.66 15.94 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 93445 «49.75 42.17 
Kafrom COD (Wells) 
(MNm-3/2) 39-65 58013 56.29 65.57 53.04 35.72 43.19 50.83 29.13 30.11 
Kafrom COD (Dawes) 
(MNm-3/2) 42.99 54.80 46.40 62.70 55.34 59.97 54.24 59.17 51.73 46.64 
K,from J 

(MNm-3/2) 31.04 39.17 27.81 35.38 936.45 32.68 = 30.32 28.10 29.64 29.13 
KgEquivalent energy 
(MNm-3/2) 50.38 32.08 34.15 47.66 «40.91 52.22 48.06 52.51 51.32 43.24   
   



  

  

  

  

Table 23. Fracture toughness data for as cast KO1 alloy. 

Nomenclature Aq A2 AS B1 B2 BS 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 15.01 12.90 13.04 13.09 13.00 0.00 0.00 0:00 
Notch depth 
(m x 10-3) 5.05 5.15 Bo) 5.05 5.45 4.90 5.00 0.00 0.00 0.00 
Notch root radius 

(m x 10-4) 2200" 22007 52.005 2.001 2.00 2.00 2.00 Ss(«0.00Ss«0.00'-—S—«éO=.00 
Crack length 

(m x 10-3) 11.30 11635 1162717024 = 11.66 9= 11.80. 11.44 0.00 0.00 0.00 
Maximum load 

(KN) 2075. (es Omer bower sSe . 2349“ 22551 2.79 0.00 0.00 0,00 
Critical load 

(KN) 2000 2.65 2757 2.3905 286 2574 2000S si«i0.00S—s(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 
Kg (LEFM) 
(ANm-3/2) 14.63 12.26 13.46 12.46 12.08 13.68 13.64 0.00 0.00 0.00 
Kafrom COD(Wells) 
(MNm-3/2) 18.74 19.74 17.86 18.32 17.44 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 22.44 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 
KgEquivalent energy 
(MNm-3/2) 22.42 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. q4Ar q4a2 qT4AS q4B4 14B2 14B3, 44B4 44B5 14B6 14B7 
MFA24 MFA24 MPFA24 MEN MEN MEN MEN 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 
(in 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 4h 4.73 5-57 5-29 5.14 
Critical load 

(xn) 5.96 5.81 6.28 444 4.64 4.12 431 5.10 5.06 4.90 
K Fatigue 
Sree 14.77 14.65 15.40 13.27, 14.04 17.30 13.04 15.52 15.54 16.34 K,(LEFM 
(iNm=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) 27298 26.22 29.20 28.10 31.15 23.52 27.68 924.12 24.36 34.76 
K,from COD (Dawes) 
(MNm-3/2) 26.59 24.32 26.76 «26.18 928.52, 29.94 = 52.45 33.26 9-52.15 31477 
Kafrom J 

(MNm-3/2) 18.41 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 19417 22679 23.11 26.47 29.36 927.69 32.22 29.55 30.16   
   



Table 25. Fracture toughness data for A.U.W.E. 224 + Ag alloy. 

  

  

  

Nomenclature. 14B8 44B9 14B10-14B11 14B12,14B13.14B14 = 14B1514B16 14817 
MFAS MFA3 MFAI2 MFAI2 MFA12 MPA24 MPA24 MFA24 MFAQ6 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) 52k 4.72 4.80 4.72 4.20 5.96 5.02 5.00 4.82 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 10-4) 11048 11,28 11632 11.26 ©= 11.80 12.50 12.29 «11.69 10.50 = 10.60 
Maximum load 

(KN) 3.84 4k 3.73 3.86 3.68 3.57 5.45 4.97 Be55 3.49 
Critical load 
(KN) 3.84 = 4.51 Be5d 3-77 3.51 Beeb S.2% 59 545. 5.33 
K Fatigue 
(MNm-3/2) 16.48 15.99 12.60 12.49 13.69 15.02 14.49 13.22 11.18 11.54 
Kq(LEbM) 
(MNm-3/2) 21.40 26.53 19.83 18.10 21.30 21.91 21.55 21.78 17.59 17.32 
K,from COD (Wells) 
(MNm-3/2) 22.18 18.91 15.52 16.24 21.70 27.05 18.10 21.51 15.09 13.95 
Kyfrom COD (Dawes) 
(MNm-3/2) 31.253 27.74 22.26 «25.21 24.63 «26.53 23.34 32.26 19.16 19.38 
K,from J 

(MNm-3/2) @h.31 25.71 18.62 18.51 16.22 19.977 18.30 21.90 15.26 12.97 
Kgkquivalent energy 
(MNm-3/2) 36.64 26.44% 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 = 142 4403 4404 145 14C6 1407 1408 44D1 14D2 
MFA96 «SSA24 «sSA2h ssa24 SSA2h SSA24 SSA24 SSA2% SSA24  SSA24 

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) 2e70) ml Os20 mee OusOmmmn7 6010 O40 94525 90:40. 1410 = 2.10. 210 
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) 3.14 2.10 2.35 4.00 2.86 2.71 2.435 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(LEFM) 
(MNm-3/2) 16.23 16.44 17.30 26.72 18.44 19.27 17.71 19.92 19.60 19.54 
Kafrom COD (Wells) 
(MNm-3/2) 235.41 23.72 24.65 39.83 25.75 27.75 24.02 26.25 25.28 25.29 
K,from 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 
Kafrom J 
(MNm-3/2) 13.61 13.65 17.16 926.24 = =19.37, 19.87, 14.91 19.54 16.98 16.21 
KEquivalent energy 
(MNm-3/2) 18.09 17.87 19.90 26.94 20.97 22.51 17.08 23.51 20.39 19.83   
   



Table 27. Fracture toughness data for A.U.W.B. 224 + Ag alloy. 

  

  

  

Nomenclature. 14D, q4DA 25A1 252 25A3 25A4 2585 25A6 2587 2548 
MFA2h =MFA24 SSA24 SSA24 SSA24 M-A24 M-A24 M-A24 M-A24 M-A2l 

Specimen width 
(m x 10-4) 22.00 21.96 22.06 22.07 22.04 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 
(im 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) 200s ee ese 2G mtn 00117660)" 2-00) 2.00 2,00 ' 4.90'° 5400 
Crack length 
(m x 10-3) 10.69 10.9% 11.10 10.80 11.30 4.90 4.95 4.90 5.00 5.10 
Maximum load 

(KN) 2.51 2.06 5.37 5.55 Gedo e571) 15.96 «13.18 9913.72 12.63 
Critical load 

(KN) 2.26 1.94 4.90 5.30 5-30 14.12 413.96 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 
Ka (LEFM) 
(MNm-3/2) 21.36 15-50 17.05 17.04 18.01 21.38 21.21 19.98 20.01 19.62 
Kafrom COD (Wells) 
(MNm-3/2) 300053 25-32 22.61 22.02 24.61 50.047 29.95 29.18 30.03 30.57 
Kafrom COD (Dawes) 
(MNm-3/2) 27-25 25-55 17.86 = 16.51 19.78 24.95 24.80 22.48 921.73 22.45 
Kafrom J 
(MNm-3/2) 17.94 14.73 16639 16.07, 14.55 16.24 3915.58 911.46 21.79 13.95 
Kgkquivalent 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 2589 = 25A10, 25A11. 25A12. 25B4— 25B5) = 25B6.— 25B7— 2588 2 5B. 
M-A24 SSA24 M-A24 M-A24 SSA24 S-A24 SSA24  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 7.50 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 11.50 10.75 13.50 12.40 12.45 
Maximum load 

(KN) 14.67 4.98 77 8.23 Zoo 5.31 4.31 2.16 3.02 2.61 
Critical load 
(KN) 14.12 4.20 7-37 8.04 Beam 2.9% 4451 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 
K(LEFM) 
(MNm-3/2) 21.57 16.09 20.62 21.81 20.12 17.45 = 24.88 §=— 16.96 19.15 16.50 
K,from COD (Wells) 
(MNm-3/2) 34.81 21.36 34.04 = 3453 33.15 25.60 45.16 924.13 28.16 922.31 
Kafrom 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 
KqEquivalent energy 
(MNm-3/2) 21.79 15.47 = 22.02, 22.06 921.76 917.80 25.11 17.33. 20.07 16.12   
   



Table 29. Fracture toughness data for A.U.W.E. 224 + Ag alloy. 

  

  

  

Nomenclature. 25B10 25811 25812-2501 2502 25C3.— 25C4 = 2505 = 2506s 2567 
SSa24 SSA24 SSA2h 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 10-4) 10.75 11-40 = 11.40 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) 12555 15.15 = 12,605 10.30 9.82 9.86 11.30 11.04 10.90 9.90 
Maximum load 

(KN) 2.45 2.22 2.47 4a 4k? 4.06 3.49 3.73 3-77 3.33 
Critical load 

(KN) 2c29 ae e160 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 19.94 20.01 18.24 20.16 20.93 23.49 19.90 
K,from COD (Wells) 
(MNm-3/2) 24.65 25.29 25.68 33.27 31.07 31.30 25.07 28.53 30.34 28.54 
Kafrom COD (Dawes) 
(MNm-3/2) 18.95 20.56 20.29 31.55 28.31 32.24 27.18 31.40 26.36 24.64 
K,from J 
(MNm-3/2) 16.37 18.18 17.30 19.06 20.95 18.65 19.01 22.48 18.63 17.277 
KgEquivalent energy 
(MNm-3/2) 14.51 15-91 17634 27236 23646 25.10 24.12 27.78 23.69 21.37   
   



Table 30. Fracture toughness data for A.U.W.E. 224 + Ag alloy. 

  

  

  

Nomenclature. 2508 = 25C9 25010 25011 2512-25013. 25C14 «= 25015-25016 )=— 25017 
MPA24 MFA24 MPA48 MFA96 SSA24 ssac2k ssa2h SFAKB SFA48  SFAQ6 

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 9299 8.90 9.32 9.99 
Notch depth 

(m x 10-3) 5.00 5.00 4.95 5.00 10.50 10.45 9070 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 3.14 3.02 2.88 
Critical load 
(KN) 2.88 3.38 2.21 2.64 2.11 2.36 2.00 2.79 2.86 2.79 K Fatigue : 
(MNm-3/2) 22.14 20.26 19.02 15.32 0.00 0.00 0.00 19.27 16.49 19.15 
KQ(LEFM) 
(MNm-3/2) 18.73 19.96 17.33 18.34 16.65 18.66 15.92 19.50 17.25 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 24.36 © 21.56 20.61 17.93 22.12 18.59 25.48 §=— 27.80 24.33 
K,from J 
(MNm-3/2) 14.84 16.07 13.26 915.45 14.02 16.63 «11.56 18.27, 18.81 18.37 
KaEquivalent 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 31. Fracture toughness data for A.U.W.E 224 + Ag alloy. 

  

  

  

Nomenclature. 25018 250192501 2502 = 25D3  25D4 501A. 502A.“ 503A SOKA 
SFA96 S-A24 SFA24 MFA24 MPA24 MFA24 SFA24 SFA24 SFA24  MFA2H 

Specimen width 
(m x 10-3) 22.00 21.97 21.99 22.00 22.01 22.02 44.20 4b.oth 44.15 44.44 
Specimen breadth 
(m x 10-3) 9.98 9.98 7.00 6.98 6.98 7001 44.16 44.616 44.47 44017 
Notch depth 

(m x 10-3) 5.00 11075 4.70 4.70 4.75 4.95 17.50 19.00 21.00 20.00 
Notch root radius 
(m x 10-4) 2. 00n es 260 Nee 2s00men2.00 8) 2200) 2.00. 2.00 5.00 5.00 2.00 
Crack length 
(m x 10-3) 11.09 11.75 10.75 10.75 10.33 10.10 26.08 23.61 26.93 24.96 
Maximum load 
(KN) 3.04 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 
Kg(LEFM) 
(MNm-3/2) 19.99 23.99 16.87 18.79 18.06 15.89 15.93 20.34 18.66 17.60 
K,from COD (Wells) 
(MNm-3/2) 22.11 34.95 21.92 22.75 24.93 922645 9-23.81 23.06 920.84 3 22.85, 
K, from COD (Dawes) 
(MNm-3/2) 18.05 27.36 924.753 20.97 21.85 20.96 921.21 21.83 23.16 = 22.80 
K,from 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 32. Fracture toughness data for A.U.W.E. 224 + Ag alloy. 

  

  

  

Nomenclature SO5A 506A 501B 502B 503B 5O4B 505B 506B 507B —- 508B 
MFA24 MFA24 S-A24 S-A24 S-A24 M-A24 M-A24 M-A24 = =M-A24 = M-A24 

Specimen width 

(m x 10-3) KA e i Wem ce. 10umere.09 (22.08. )22.05 122.04 22.02) 22:10 22.03 
Specimen breadth 

(m x 10-3) 4hs09 44510 22.09 22,08 22.07 22.03 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) 2200) 92 COmmn 7 20 me 7-20) 07-20) | 2.00 2.00 2.10 7-40 «= 7.40 
Crack length 
(im x 10-3) 26.82 25.67 9.20 11.00 12.355 10.05 10.00 9.80 10.15 10.00 
Maximum load 

(KN) 1240 114.53 7-28 5.84 4.59 8.16 7.81 8.87 6.63 8.08 
Critical load 
(KN) AeS5 oat 15 50 6.71 5.81 44? 8.08 7.22 8.59 6.65 7-77 
K Fatigue 

(MNm-3/2) 13.03 12.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Kg (LEFM) 
(MNm-3/2) 19-31 15.74 16.87 17.64 17.20 22.10 19.25 23.46 18.42 24.40 
K,from COD (Wells) 
(MNm-3/2) 22.00 21.16 28.90 27.86 27.74 34.01 28.15 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 
Kafrom J 
(MNm-3/2) 17.44 16.67 14.36 «15.71 16.78 17.95 17.67 18.02 15.70 16.72 
K,Equivalent 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 33. Fracture toughness data for A.U.W.E. 224 + Ag alloy. 

  

  

  

Nomenclature. 5098 5010B 5011B 5012B 
M-A24 = M-A24 —M-A24  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 6.95 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 Kg (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) 
(MNin-3/2) 24.25 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 
K,Equivalent 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. q4ad q4aA2 q4AS 14B1 14B2 14BS q4Ba 44B5 14B6 1487 
MFA2+ MFA24  MFA2ZH M-A2% M-A24 M-A24 MSA24 MSA24 MSA24 MSA24 

Specimen width 

(m x 10-3) 21506 WeateOtmnodeO7menor.03 722.01 4922.00 22.00 22.01 22.00 21.98 
Specimen breadth 

(m x 10-3) 21.97 21697 21.99 13.00 12.98 12.99 13.02 13.01 12.92 13.00 
Notch depth 
(m x 10-3) 4.90 4.95 4.95 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) 13.14 11.95 11.85 10.10 10.10 10.40 10.50 10.70 10.95 11.17 
Maximum load 

(KN) 6.65 7045 7.9% 10.04 8.83 8.43 7-73 6.98 5.57 5.57 
Critical load 

(KN) 6.51 7.14 7.84% 10.04 8.83 BsHipe 2s 57. 6.83 5.06 5045 K Fatigue 
(MNm-3/2) 19620). 62mm 19s5280e 0.00, | 0.00) 0500 6,00 0.00 . 0.00 0.00 
Kg (LEFM) 
(MNm-3/2) 24.84% 21.59 21657 27.17 kek 2 23.61 24.66 27.26 «27.60 26.63 
K,afrom 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 91443 = 86.69 91.27. 65.07 50.03 33.19 40.19 
Kafrom J 
(MNm-3/2) 33-04 23.97 31.89 71.24 63.10 67.27 49.13 41.43 28.16 32.66 
KgEquivalent energy 
(MNmin-3/2) 35-47 30.86 28.37 65.67 60.80 61.20 47.94 40.89 30.03 33.15   
   



Table 35. Fracture toughness data for A.U.W.E. 224 alloy. 

  

  

  

Nomenclature 14B8 14B9 44B10 144 14C2 1403 q4Ch 44C5 1406 1407 
MSA24 =MSA24 = MSA24 = SSA24 M-A24 SSA24 MFA24 MFA24 MFA24  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) 912599 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 BeiOi) (5-00) 9.5.10 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 32.50 
Crack length 

(m x 10-3) 11.03 14.55: 11.40 5.80 4.90 5.41 12.90 12.39 12.46 5.75 
Maximum load 

(KN) 5.00 5.49 5.18 8.32 13.72 9.57 3.61 3.35 3.51 9.02 
Critical load 
(KN) 488 4.90 4.90 7.97 13.72 9.38 3.37 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 17.67 17.88 0.00 
Kq(LEFM) 
(MNm-3/2) 25-95 27.13 27.35 27.12 26.88 23.64 23.30 25.53 23.63 26.71 
K,from COD (Wells) 
(MNm-3/2) 42.78 43.92 43.26 44.42 101.69 68.79 48.37 42.61 39.69 62.27 
Kafrom COD (Dawes) 
(MNm-3/2) 34.30 33.02 34.74 35.50 87.66 57.43 45.08 37.97 34.86 51.31 
Kafrom J 

(MNm-3/2) 25.62 28.25 27.48 26.53 39.04 30.09 34.04 30.18 26.75 26.91 
K,Equivalent energy 
(MiNm-3/2) 28.64 30.18 28.50 30.65 51.93 38.84 39.02 30.96 31.14 37.26   
   



Table 36. Fracture toughness data for A.U.W.E. 224 alloy. 

  

  

  

Nomenclature. 1408 149 q4D4 a4d2 14D, q4D4 25A4 25A5 2586 25A7* 
MSA24 MSA24 MFA24 MFA24 MFA24 MPA24 MFA24 MFA2Z4  MFA24  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) 5L00F 1 5200 ero. 10 ee 5.01 DOO 008 5,00 5/00 5.00 7.57 
Notch root radius 

(m x 10-4) 32.00) 42-50 seme eO0Mme 2.10 42.10) 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 2.31 2.37 2.43 7.84 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 7-55 12.49 
K Fatigue 
(MNmn-3/2) 0.00 0.00 14.61 19.21 19.9% 18.78 21.45 15.58 19.83 0.00 
Kg@(LEFM) 
(tiNim-3/2) 26.33 23.49 25.00 20.37 22.35 «21.05 23.84 25.25 22.98 18.42 
K,from COD (Wells) 
(MNm-3/2) 45.97 44.21 43.50 36.85 37.96 33.80 43.02 37.71 39.17 56.63 
K,from COD (Dawes) 
(MNmn-3/2) 39.05 36.77 53.08 33.18 33.43 30.44 39.40 34.90 36.34 46.74 
Kafrom J 

(MNn=3/2) 25.03 24.34 27.44 24.47 24.73 22.80 30.39 26.70 27.20 29.82 
K, Equivalent energy 
(MNm-3/2) 31.19 27279 31.86 9-27.99 28.88 §=— 26420 35.11 27011 26.74% = 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 2586 
SSA24# SSA24 SSA24 SSA2h . SSA24 SSA24 SSA2% MFA24 MFA24  MFA24 

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 10-5) 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) 95500957550 = 5.00 5.00) 32.50) 32.50 2.00 1.90 2.00 
Crack length 
(m x 10-3) 9-25. 10.27 10.70 10.26 9.50 10.85 40.75 12.68 12.28 12.90 
Maximum load 

(KN) 12.45 10.59 9-92 9.41 10.67 6.08 4.86 4.12 4.20 4.12 
Critical load 
(KN) 11.92 10.48 9.39 9.17 10.47 6.08 4.61 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 21.48 23.76 
KQ(LEFM) 
(MNm-3/2) 25.73 24.74 = 26.39 16.67 24.53 19.63 21.78 916.93 22.49 22.87 
Kafrom COD (Wells) 
(MNm-3/2) 37-38 = 51.51 45.16 46.32) 42.34 69.84 941.27 48.18 = 37.70 35.96 
K,from COD (Dawes) 
(MNm-3/2) 38.01 45.12 35.38 44.77 22.16 79.33 31.45 45.02 34.29 35.47 
Kafrom J 

(MNm-3/2) 25-13 31-31 29.76 930.64 27.46 942.97 9-23.62 31.91 27221 27.70 
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. 25B7 25B8 25B9 25B10 25B11 25B12 25C4 25C5 256 25C7 
SSA24 ssa2k ssa2k SSA2h SSA24 SSA24 SSA24 SSA24 SSA24  MFAQH 

Specimen width 
(m x 10-3) 22.01 21.97 21.96 22.01 21.98 21.99 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 10.30 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 52.50 32.50 32.50 32.50 5.00 5.00 5.00 2.00 
Crack length 
(m x 10-3) T2952. 50m est 11.70) 4126519911590 § 9.95 . 9.85 10.00 12.44 
Maximum load 

(KN) 4uS 4.22 4.10 4.97 4.12 Boy, 4h 4.55 4.75 343 
Critical load 

(KN) 4.39 4.02 4.08 3.90 3.71 3.57 4h 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 
K,from COD (Wells) 
(MNm-3/2) 46.47 43.66 42.16 38.45 39.68 37.01 52.84 51.94 56.23 42.2% 
Kafrom COD (Dawes) 
(MNm-3/2) 35-91 35.44 34.79 50.73 9-33.75 29.45 48.26 44.37 48.50 448.17 
K,from J 

(MNm-3/2) 31.62 29.17 29.15 23.52 27.07 23.10 31.30 32.33 034.02 28.87 
KgEquivalent energy 
(MNm-3/2) 30.08 350.88 929.04 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. 2508 = 2509. 25€10 25C11 25012) 25C13. 25014 25D1 25D2 253 
MFA24 MFA24 MPFA24 MEN MPN MEN MEN MFA24 MPA24  MFA24 

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 5.05) 5210, 5:02) 5.00 4.98 5.10 4.80 
Notch root radius 

(m x 10-4) 2010 2 2e10mue. 50 82.00 2.00 9 2:00 2.10 2.40 1.90 2.00 
Crack length 

(m x 10-3) 92620) 12052 15025, 12,02 12.28 941-67 12.30 «12.10 11455 12.55 
Maximum load 

(KN) 3.16 3.00 2.48 2.92 2s71 3.33 2.84 2.04 2.23 1.79 
Critical load 

(KN) eo? seme eSO So etn e758) 2.55) 8 2.92 2.75 21.73 1.91 1.70 
K Fatigue 
(MNm-3/2) 19.13 19.85 22.56 17.56 19.16 16.62 19.21 26.35 24.42 19.42 
K(LEFM) 
(MNm-3/2) 21.23 21.85 19.98 20.41 22.22 18.37 19.47 19.86 17.28 18.11 
K,from COD (Wells) 
(MNm-3/2) 38.09 34.12 36.93 31.77 30.90 35.09 36.16 9 29.62 36.24 36.32 
K,from COD (Dawes) 
(MNm-3/2) 472.40 29.21 31.94 27.69 29.45 31.70 34.05 24.60 30.02 37.86 
Kafrom J 

(MNm-3/2) 25-71 22.62 24.45 22.25 9-20.30 22.81 23.94 19.59 21.53 24.61 
K,Equivalent 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 A.U.W.E. 224 alloy. 

  

  

  

Nomenclature. 25D4 501A 502A 503A 504A 505A 506A 501B* 502B* 504B 
MFA24 SFA24 SFA24 SFA24 MFA24 MFA24 MPA24 SSA24 SSA24 M-A24 

Specimen width 

(m x 10-3) 21.98 43.95 43.96 44.00 435.95 43.92 43.95 22.02 22.02 22.01 
Specimen breadth 

(m x 10-3) 7.00 43.98, 85.99 45.97 45.91 943.98 43.97 22.02 22.02 22.02 
Notch depth 
(mm x 10-3) 4.75 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) 44-50° 21645 120.55 20.97 25.95 24.25 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 6.44 9.96 
Critical load 

(KN) 1-90 19.14% 17.57 16.08 13.06 15.46 17.80 5.32 6.00 9.96 
K Fatigue 

(MNm-3/2) 16 44 0.00 0.00 0-00) 15.43 13.42. 11.82 0.00 0.00 0.00 
K (LEM) 
(aNim-3/2) 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 44.86 © 31.37 33.16 3952.42 
Kafrom 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 
K,from J 

(MNm-3/2) 23.89 18.59 22.12 19.71 24.00 27.23 26.04 20.50 22.97 30.86 
Kakquivalent energy 

(MNm-3/2) 24.60 22.01 17.62 16.97 21.07 22.32 23.77 20.43 23.00 31.18   
   



Table 41. Fracture toughness data for A.U.W.E. 224 alloy. 

  

  

  

Nomenclature. 505B 506B 507B 508B 509B 5010B 5011B 5012B 
M-A24 =M-A24 -M-A24 = M-A24 M-A24 M-A24  M-A24 MAD 

Specimen width 
(m x 10-3) 22.02 22.00 22.01 22.02 22.02 22.02 22.02 22.02 0.00 0.00 
Specimen breadth 
(m x 10-3) 226029 22501 ee.00 22.00) 22.01 121.99 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) 10-05 10510910695 9110.45 10515 10-10 10:10 10.10 0.00 0.00 
Maximum load 
(KN) 10.28 8.87 9.10 8.87 9.44 9.18 10.43 9.89 0.00 0.00 
Critical load 

(KN) 10.28 8.87 9.90 8.87 9.44 9.18 10.43 9.89 0.00 0.00 
K Fatigue 
(uNm-3/2) 0.00 0:00) 70.007 0.00 0:00 0.00 0:00. 0.00 0.00 0.00 
K(LEFM) 
(MNm-3/2) 24.49 23.14 23.98 23.73 23.72 20.66 23.54 23.55 0.00 0.00 
Kafrom 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 
K,from COD (Dawes) 
(MNm-3/2) 44.91 38.20 29.97 39.45 41.60 46.66 942.03 43.03 0.00 0.00 
Kgfrom J 
(MNm-3/2) 31.03 22.58 17.06 24.66 27.57 27.88 30.30 28.98 0.00 0.00 
K,Equivalent energy 
(MNm-3/2) 33-43 28.69 28244 929.17 30.43 4050.77. 32.71 «31695 0.00 0.00   
   



Table 42. Fracture toughness data for Alcoa 354 alloy. 

  

  

  

Nomenclature. q4A4 q4A2 q4A3 ThA 94841 44B2 14BS 14B4 44BS 14B7 
MFA8 = FAS” MFA8—s SFA8B-— M~AB-—s M-AS.—s—sM~ASB-sM=ABsCMFAS—s MAB 

Specimen width 
(m x 10-3) 21.99 21.99 21.97 21.99 21.94 21.99 21.91 21.93 21.96 9-21.94 
Specimen breadth 

(m x 10-3) 21.99 21.98 21.97 21.99 12.94 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 9.99 9.90 9.85 9.85 11.73 11.77 
Maximum load 

Can) 5.53 5.56 6.00 He75 15-34% 13.18 12.32 «11429 6.28 6.90 
Critical load 

(KN) 5.34 5.38 5.69 Ae7l a ioeotemts.t0 42.52 11529 5.44 6.75 
K Fatigue 
(MNm-3/2) 12.65 16.36 14.47 19.03 0.00 0.00 0.00 0.00 14.77 17.42 
K,(LEFM) 
(tin-3/2) 15-19 16.00 16.51 17.84 52.31 47.34 48.01 42.62 34.42 34.77 
Kafrom COD (Wells) 
(MNm-3/2) 22.61 21.55 20.59 21.89 58.80 48.35 44.60 44.96 26.36 24.71 
Kafrom COD (Dawes) 
(MNm-3/2) 21.58 21.95 24.25 20.90 69.20 68.23 63.30 58.79 38.59 44.69 
Kafrom 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 44B9 14B10 1401 1403 14Ch 145 1406 1407 14c8 
MFAS = MFA8-——s SFAB-sOSFAS-—s SFA8B)—s MFAS)—s FAS) MFAS-—s MAS MAB. 

Specimen width 

(m x 10-3) 21.93 22.00 21.93 21.95 21.95 21.91 21.98 21.92 22.03 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 

(im x 10-3) 9.95 9.95 9.90 5.45 5.50 49k 4.92 4egh 5.00 4.95 
Notch root radius 

(in 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) 41.84 13.58 9942.72 12.36 12.37 8.70 10.66 11.15 9.24 9.66 
Maximum load 
(KN) 6.44 5.34 5.54 2.13 2.20 3.37 2.82 2.98 4.07 3.68 
Critical load 
(KN) 6.16 5.08 5.54 2.02 1.88 3.17 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 
KQ(LEFM) 
(MNm-3/2) 35-89 40.09 38.63 18.81 17.78 14.65 15.29 19.83 20.94 19.96 
K,from COD (Wells) 
(MNm-3/2) 24.26 23.18 24.62 24.19 19.35 20.77 16.97 23.27 27-46 = 25.12 
Kafrom COD (Dawes) 
(MNm-3/2) 41.67 45.07 40.71 18.42 18.03 29.66 20.18 22.74 28.25 22.14 
Kafrom J 
(MNm-3/2) 24.96 26.09 20.96 16.41 16.50 16.89 14.40 21.26 23.39 24.37 
KaEquivalent energy 
(MNm-3/2) 4a.a1 46.52 44.50 19.59 16.95 18.14 9917.14 = 21.04 924.67 023.41   
   



fable 44. Fracture toughness data for Alcoa 354 alloy. 

  

  

  

Nomenclature. 4401 q4b2 2541 25h2 2583, 25A4 25A5 2546 2587 2508 
SFA8  SFA8 S-A8 S-A8 S-A8 M-A8 M-A8  M-A8  M-AB = M-AS 

Specimen width 
(m x 10-3) 27-969 20-90 at.958 21.99 22105. 121.97 «21.97 22.01 22.01 21499 
Specimen breadth 
(m x 10-3) 7.02 17.04 24.98 22501 22.02 21.99 22.03 22.01 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 

(in 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) 11325= Ate27 6.00 6.00 5.95 4.98 5.02 5.06 4.90 5.03 
Maximum load 

(KN) 1.81 15689416555 114429 10.82 15.80 13.33 15.14% 15.14 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) 16.83 16.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K Q(LEFM) 
(MNm-3/2) 17.04 18.32 19.37 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 30.93 930.60 34.72 034.21 34.67 34.80 34.49 
K,from 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 
KgEquivalent energy 
(MNm-3/2) 18.70 18.71 21.23 = 19.89 20.48 = 20.91 22.07, 2h.42 22.23) 20.96   
   



Table 45. Fracture toughness data for Alcoa 354 alloy. 

  

  

  

Nomenclature. 2549 25010 25A11. 25812-2581 2582 2584. 25B5. = 25B6.— 257 
M-A8& M-A8 M-A8 M-A8 SFA8 SFA8 MFA8 MPA8 MFA8 MFA8 

Specimen width 
(m x 10-3) 21.96 21.91 21.89 21.95 21.99 21094 921095 21.95 21.086 9 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) Bs02 ue SsComemoe 10) 5616. 5660 8 5.60) 4595 894.98 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 5.16 11.78 12.14 9.57 9.28 9-79 9.52 
Maximum load 

(KN) 15.77 135.57 13.96 14.51 2.92 3.14 4,08 3.96 4,26 3.92 
Critical load 
(KN) 15:77 13557 15.96: 14251 2.84 3.00 3.44 343 3397 3.44 
K Fatigue 

(MNm-3/2) Os 00)m 0. 00 nO -00) 0500) 11-05. 11680" 11.75 11.30 12.20 111.71 
Ka (LEFM) 
(MNm-3/2) 22.577 19.06 et.05) 21604) 46.52 9 17187 15.65 14.88 15.96 . 14.85 
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 
K,afrom 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 
Kafrom J 

(MNm-3/2) DDS a Omer reo 4O) 17-57 17.97 14.78 14.23 «15.75 16.56 
KaEquivalent energy 

(MNm-3/2) 22.556) =21e04 25.14) 22596 919.67) (22.512 16.01 15.19 21.15 18.91   
   



Table 46. Fracture toughness data for Alcoa 354 alloy. 

  

  

  

Nomenclature. 2588 —« 25B9.— 25B10 25812 25C2 2503) 2504 §=—s 2565. 25062507 
MFAS MFA8 MSAS 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 8.30 S5o7. 
Notch 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) 3.96 a7 6.67 6.04 3.18 2.75 3-00 2.88 3.02 2.69 
Critical load 

(KN) 3.24 3.14 ec sm CLOO Ne 2200 Weresk7 a" 2.75 2355 2.95 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 
KQ( LEM) 
(MNm-3/2) 16.96 15.60 19.06 17.67 15.88 13.59 13.94 14.50 15.54 14.52 
Kafrom COD (Wells) 
(MNm-3/2) 19-35 18.67 54.33 31.99 22.29 19.75 22.46 920.61 .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 21617 18.26 
Kafrom J 

(MNm-3/2) 14.22 13.25 24.48 19.14 15.88 914.71 15.87 13.87 15.38 14.93 
KgEquivalent 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 2508 2509 25010 25€11 25012 25013 25014 2501 2502 25D3 
MFAS = MFA8.-s MFAS MEN MEN MEN MFN MFA8 = MFA8_—s S-AB 

Specimen width 
(m x 10-3) 21.95 21.98 21.91 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) 5.27 5.35 52h 5.14 4.96 4.98 5.08 5.19 5.04 13.10 
Notch root radius 

(m x 10-4) 200m ee -OOmmme 1027.90 21007 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) 2e07 2.96 2.88 2.94 3.06 2.80 3.06 2.08 2.00 1.16 
Critical load : 

(KN) 2.44 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 
Kq(LEFM) 
(MNm-3/2) A415 A543) 15.31 16.17 15.59 14.98 «13.73. 16.71 16.95 14.42 
K,from 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 920045 21.22 20.25 21.71 18.66 917.25 23.74 21.46 
K, from J 
(Hiim-3/2) 14.84 15.53 16.35 17-20 16.04 16.72 15.32 14.71 17.55 16.24 
KgEquivalent energy 

(MNm-3/2) 18.39 18.22 17.90 19.73 18.55 19.42 16.72 17.29 21.42 16.33   
   



  

  

  

  

Table 48. Fracture toughness data for Alcoa 354 alloy. 

Nomenclature 25D4 501A 502A 503A 504A 505A 506A 501B 502B 503B 
S-A8 SFA8 ss SFAS-—_—sSFAS-=—s MFAS®)=— ss MFAS-)—ssMFAS)—s SFAS-—sCSFAB— SF AB 

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 17.60 20.00 19.90 20.10 4.70 4.65 4.60 
Notch root radius 

(m x 10-4) 4.40 5.00 4.60 4.60 2.00 1.90 2.00 3.20 4.60 4.60 
Crack length . 
(m x 10-3) 9561099255187) 25.57 24-85" 28.54) 31.46 25.00 11.37 11.01 13.15 
Maximum load . 
(KN) 1024 912.55 10.43 11.53 9.26 9310 15.22 5.45 5.88 4.42 
Critical load 

(KN) 1.14 12.35 10.19 10.75 9.41 9.02 15.06 5.30 5.44 44 
K Fatigue 

(MNm-3/2) 0.00 Dott 8.96 8.42 11.30 14.82 8.42 16.26 16.20 21.89 
Ka(LEFM) 
(MNm-3/2) 15.39 16.87 14.30 15.11 16.83 22.66 18.77 15.99 17.44 17.92 
K,from COD (Wells) 
(MNm-3/2) 26.43 23.51 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 24.56 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 
K,Equivalent 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. 504B 505B 506B 507B 508B 509B 5010B 5011B 5012B 
M-A8. = M-A8.—s M-AB-—s—s M-AB—s—sM-AB-—s M-AB-—s M-ABesCM-ABes MAB 

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 

(mn 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 (ee 7.60 7-73 0.00 
Critical load 
(kN) 6.47 6.35 6.75 7.06 7-06 6.50 G25 7.60 773 0.00 
K Fatigue 

(MNm-3/2) (0500) 9 0-00mmO.00™ 0.00) — 0:00, 790.00" 0.00 0.00 0.00 0.00 
Kg(LEFM) 
(MNm-3/2) 16.54) 95. 59medo-ot nn 18645 17-043 172435) 19-50 20.77 20.51 0.00 
K,from COD (Wells) 
(MNm-3/2) 27.07 26.28 27.35 28.62 26.94 25.64 27.78 29.82 29.93 0.00 
K,from 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) 25.85. 25.559 20.06 = 20.5% 718.21 21.44 21.58 19.79 23.80 0.00 
KgEquivalent energy 
(MNm-3/2) 19.64 18.74 21.48 22.45 21.88 20.87 21.48 22.23 22.88 0.00   
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