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CHAPTER 1 

FATIGUE BEHAVIOR OF CAST METALS 

1.1 Introduction 

Discontinuities in metallic components give rise to stress concentrations at which 

fatigue cracks initiate. The presence of a flaw at a geometric stress concentration, 

such as a notch root, will further increase the local stresses and strains and reduce 

the component's fatigue strength. The main thrust of this investigation is to study 

the fatigue behavior of a component having a flaw at a notch root. Another aim of 

this thesis is to provide a model which describes the growth of a flaw from a notch 

root and which predicts fatigue lives for a variety of fatigue loading histories. 

In this investigation the effect of the variation of the flaw size and flaw position in a 

notch root and the relative size of the flaw to the notch size on fatigue strength is 

studied. The reductions in fatigue strength from that of a notched specimen due to 

the presence of a defect at the notch root are examined, and a model for predicting 

the fatigue life behavior of notched components containing defects in their stress 

concentration regions is introduced. 

1.2 Fabrication of Metals 

Metal fabrication is the method by which materials (i.e. metals or alloys) are 

manufactured or formed into useful products. Metal fabrication techniques include 

extrusion, forging, rolling, casting, welding, etc. The method or methods chosen 

depend on many factors, the most important of which are the required properties of 

the component and the cost Some of the numerous metal fabrication techniques are 

listed schematically in Figure 1.1. 



Mechanical Working 
Process 

Fanning 
Forging 

Rolling 
Drawing 

Metal Fabrication Technique 

Powder Metallurgy 
Process 

Extrusion 

I 
Sand 

Casting Process 

I 

Die 
Investment 

Directional 
Solidification 

Figure 1.1 Most popular metal fabrication techniques 

2 

Welding 
Process 

The casting process is the oldest known metal fabrication technique. Casting 

consists of pouring a totally molten metal into a mold cavity which has the desired 

shape. Upon solidification, the metal will take the shape of the mold but acquires 

some shrinkage cavities or pores. Casting does not give as high a strength as other 

processes, but it is an economic solution for parts having complicated shapes. 

Casting techniques are employed when 

a- The particular alloy used is so low in ductility that other forming process cannot 

be used. 

b- The existence of internal defects is acceptable. 

c- Casting is less expensive than other techniques. 

The amount of gases in solutions increases with increasing temperature and with 

time at an elevated temperature. Therefore, casting is usually done at the lowest 

possible temperature, and with the least possible delay, to decrease defect size. If, 

during cooling and solidification, evolving gases are trapped at the solid-liquid 

interface, dendretic arms and gas pores are formed which weaken the cast metal. 
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The distribution of defects in cast metals on a microscopic scale is usually 

considered to be random. However, some researchers, such as Turkdogan and 

Grange [ l], have illustrated that. for given initial levels of silicon, manganese, and 

oxygen in cast steel, there is a carbon level above which gas pores occur due to 

ebullition of carbon mono-oxide. This leads to non uniform dispersions. In general, 

the number, size, and distribution of defects may differ for different alloys and 

different casting techniques. 

Aluminum alloys are characterized by their relatively low density (2.7 g/cm3 as 

compared to 7.9 g/cm3 for steel) and their resistance to corrosion. Their mechanical 

properties can be enhanced and improved by cold working and by alloying; 

however, this enhancement tends to affect their corrosion resistance. Common 

applications of aluminum alloys are aircraft industry components and automotive 

industry components (i.e. car bodies, engine blocks, etc.). The materials used in 

this study are cast aluminum alloys which are used mainly in automotive engine 

blocks. 

1.3 Fatigue of Metals 

Almost all types of engineering structures are subjected to fatigue. In some of them, 

such as aircraft, design against fatigue is as important as design against yielding or 

conventional fracture. 

In fatigue we are concerned with a type of failure in which fracture occurs under an 

alternating stress in which the peak stress would be safe if applied once 

unidirectionally. Fatigue fracture involves material softening and/or hardening, 

crack nucleation, crack growth, and final fracture. Crack nucleation can occur even 

when a structure is elastically stressed. A nucleated crack will then grow slowly at 

first and then at an increasing rate under cyclic loading or stressing. When the crack 

reaches a critical length, fast fracture occurs. During the period of crack advance the 

structure can still carry the applied loads. A schematic illustration of the various 

fatigue stages is shown in Figure 1.2. 
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Fatigue Failure 

Number of cycles 

Figure 1.2 A schematic for various fatigue stages 

The fatigue life of structural components can be estimated by an integration of crack 

growth rates. Rates are usually correlated with the stress intensity factor K. using a 

fracture mechanics approach. following the equation proposed by Paris and 

Erdogan [2]: 

cb == C( Mr 
dN 

l. l 

where a is the crack length. N is the number of cycles. and C and m are material 

constants 

Fatigue lives for components subjected to alternating stress levels are predicted by 

an integration of equation 1.1 to give 

ti 
N -f da 

I - C(M<r 
1.2 

[. 
I 

where l; and 11 are the initial and final crack lengths. respectively. 
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1. 4 Effect of Casting Defects on Fatigue Behavior 

Extensive work on the fatigue resistance of cast steels by De Kazinczy [3-8) was 

reported by Mitchell [9]. De Kazinczy [3] investigated defects at the origin of 

fatigue cracks of several medium carbon steels in order to evaluate their effect on 

fatigue strength. He found that microshrinkage cavities extending from 0.004 to 

0.008 inch below the specimen surface were the origin of failure in 77 percent of 

the tests, slag layers and sulphide inclusions accounted for 17 percent while 

fractures due to spherical inclusions accounted for 6 percent. Defect size is known 

to have an important effect on fatigue strength. Evans et al. [ 10] studied the effect 

of casting section size on fatigue strength. They found that the lower fatigue limit 

for specimens taken from the center of a large casting compared to specimens taken 

from the surface was due to an increase in the size of microshrinkage cavities. The 

increased section size led to decreased solidification rates which in tum gave larger 

defect sizes. De Kazinczy [5] in research on 2000 A
O 

thick Nbc precipitates showed 

that microshrinkage cavities were the initiation sites for fatigue fracture in every 

sample he tested. Briggs et al. [ I I] concluded from their research that the fatigue 

limit of specimens having drilled holes was approximately equal to that for cast 

specimens having pores of the same maximum size. 

Mitchell [ 12] studied the effects of graphite morphology on the fatigue resistance of 

gray cast iron. He found that the introduction of coarse graphite flakes in a 

homogenous steel matrix, as in cast iron, caused a decrease in fatigue resistance of 

more than a factor of 3 in strain upon extrapolation to 108 reversals (0.0005 as 

compared to 0.018). He added that, in the hardness ranges investigated, the matrix 

structure is of less importance than the graphite size and matrix hardness in 

controlling the fatigue resistance of cast iron. In conclusion, he reported that the 

best fatigue resistances in his investigation were from fine graphite and soft 

matrices. 

Later, Heuler et al. [131 studied manufacturing defects in the near surface region of 

2.25% Cr 1 % Mo castings. The defects examined were micropores, pinholes, slag, 

oxide layers, inclusions, hot tears and small microcracks in welds. They found that 

the largest defects were hot tears having a mean surface area of 11 mm2, and only 

inclusions and blowholes have large notch radii which range from 400 to 500 µm. 

Surface defects such as pinholes (piping), slag inclusions, and small surface defects 
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in welded areas proved to be the most effective crack initiators while internal defects 

such as hot tears and micropores (although they were large) served as crack 

initiators in less than 40 percent of the cases. They concluded that surface and near 

surface defects initiate cracks sooner than defects embedded in the specimen. 

Defects having small notch radii such as surface cracks at welds, pinholes, slag, 

and oxide layers initiate cracks more frequently than, for example, hot tears, 

inclusions, blowholes, and micropores. 

Thus it can be seen that cracks initiate from larger defects rather than smaller ones 

but they initiate sooner from those on or near the surface even if they have smaller 

radii. The surface texture has an effect on fatigue crack initiation. Giinger and 

Edwards [ 14] found that small cracks nucleated from defects on both as-cast and 

polished surfaces in squeeze-cast 6082 aluminum alloy. However, the large (- 90 

µm in diameter) surf ace defects on the as-cast surface caused an approximate 20 

percent reduction in fatigue life when compared to polished surfaces where cracks 

initiated from smaller (- 12 µm in diameter) microporosity. When they measured 

the crack growth rate of small cracks, they found that both the as-cast and polished 

specimen data fell within the same scatter band. This result means that the effect on 

fatigue performance was due to crack initiation rather than propagation. This result 

was also assured when they found that the life fraction spent for a crack to grow to 

100 µm (which is about the size of the as-cast surface defect) was 35 to 65 percent 

of the total life for polished specimens, whereas, it was about 2 to l 0 percent of the 

life for specimens with an as-cast surf ace. 

Couper et al. [ 15] studied the fatigue behavior of a Strontium-modified heat­

treatable Al-7Si-0.4Mg cast aluminum alloy. Their shrinkage pores were up to 140 

µm in diameter and again they found that in nearly all samples tested, the 

interdendritic pores close to or at the specimen surf ace were the site of crack 

initiation. Evidence of classical crack initiation from persistent slip bands was also 

seen but such cracks, being less severe than casting defects, never caused failure. 

Also their results suggest that in practical fatigue applications it is better to minimize 

the pore size rather then the volume fraction of porosity. They fatigue tested their 

aluminum material for five different heat treatments and they found that the S-N 

behavior was insensitive to heat-treatment. This behavior is a result of the fact that 

fatigue crack initiation occurs from casting defects, notably, shrinkage porosity. 

DuQuesnay et al. [16], after studying the fatigue of a nodular cast iron automobile 



7 

suspension knuckle, found that cracks always initiated from casting surface defects 

and that the fatigue life could be extended significantly by machining away the as­

cast surface in the fatigue sensitive locations. 

Fatigue strength with different degrees of porosity was studied by Sonsino and 

Ziese [ 17]. They reported the influence of porosity on constant- and variable­

amplitude fatigue of an age-hardened alloy G-Al-7Si-0.6Mg and a non-age­

hardened alloy G-Al-1 ISi-Mg-Sr. They found that if the degree of porosity (p) is 

increased from 0 to 4 % and from 0 to 8 %, fatigue strength is reduced by about 11 

percent and 17 percent, respectively, for both alloys in the unnotched condition. 

This decrease was distinctly lower in the notched condition for the age-hardened 

alloy. With p=4 there was hardly any decrease and with p=8 there was a drop of 7 

percent from which they concluded that, in the presence of external notches, pores 

have hardly any influence on the fatigue strength of axially stressed components. 

However, in the notched condition of the non-age-hardened alloy, there was a drop 

of 20 percent because of the low material yield stress. 

Stanzl-Tschegg et al. [18] showed in their work on AISil I cast aluminum alloy that 

it is mainly the cast voids that determine the fatigue properties and that these 

material inhomogeneities reduce the fatigue strength and lead to early fractures. The 

origin of almost all of their cracks was a void at or close to the specimen surf ace. 

They concluded that voids mainly influence crack initiation while other material 

characteristics like ductility, alloying, and crack closure determine the fatigue crack 

growth properties. Liu et al. [ 19] investigated the effect of inclusions in rail steel on 

fatigue crack initiation. Their results revealed that crack initiation occurs at 

elongated inclusions rather than round ones. They explained that the elongated 

inclusions acted as stress raisers for crack initiation. They concluded that inclusions 

are harmful to fatigue properties and those which are brittle are significantly more 

harmful than those which deform plastically. Khalifa [20] studied fatigue crack 

initiation associated with inclusions in a low carbon steel. His examination of the 

fracture surfaces indicated that crack initiation occasionally occurred at inclusion 

sites. He stated that relatively large inclusions in steels and aluminum alloys are 

more likely to act as focal points for fatigue crack initiation. Skallerud et al. [21] 

measured the fatigue life of cylindrical aluminum specimens containing shrinkage 

cavities. They observed that fatigue cracks almost always initiated from shrinkage 

pores at or close to the specimen surf ace. They concluded that a typical crack 
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initiated around pores at or near the specimen surface and one reason for this was a 

high stress concentration due to shrinkage pores. 

In summary, it can be concluded that in cast metals 

1- Almost all cracks initiate from material defects. 

2- Fatigue cracks initiate from larger defects rather smaller ones but initiate sooner 

from surface or near surface defects than from interior defects. 

3- The as-cast surf ace causes a significant reduction in fatigue life when compared 

to polished surfaces. 

1. 5 Influence of Porosity and Casting Defects on Fatigue 

Crack Growth 

1.5.lShort Cracks 

It is well documented that, for a given stress intensity, short fatigue crack growth 

rates are higher than long crack growth rates. The first reported observations of this 

phenomenon was by Pearson [22] who examined the effect of crack sire on 

propagation rates in a precipitation hardened aluminum alloy. He found that short 

flaws, 0.006 to 0.5 mm deep, grew up to 100 times faster than longer flaws, tens 

of millimeters in size, which were subjected to the same nominal stress intensity. 

Other studies like Lankford [23] who examined 7075 aluminum alloy, and Tanaka 

et al. [24], who tested silicon iron, reported transient acceleration and retardation 

characteristics associated with the growth of short fatigue cracks. It is also 

significant that some studies have observed initially higher fatigue crack 

propagation rates for notched specimens than the rates for a central crack. This 

difference continually reduces and eventually disappears with increasing crack 

length [25, 26]. A further observation of interest by El-Haddad et al. [25] is that 

while cracks in specimens having large radius circular notches have continuously 

increasing crack growth rates, the cracks in small radius circular and elliptical 

no_tched specimens exhibited a crack growth rate that initially decreases, reaches a 

minimum and thereafter increases. Smith, Miller and Hammunda [27, 28] predicted 

this trend based on the argument that initiation and early growth of a crack is 

controlled by the plastic strain field of the notch which diminishes rapidly. They 
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explained the latter increase in crack growth in terms of the increasing stress 

intensity with crack length. 

Gerard et al. [29) studied the influence of pore microstructure on short crack 

growth during low cycle fatigue by testing powder-processed titanium material. 

They found that the presence of porosity enhances short crack propagation adjacent 

to the pores as a result of localized pore-induced plasticity. Their observations 

showed that. once the crack extends beyond the plastic zone of an isolated pore, it 

decelerates to propagation rates similar to those observed for fttlly dense material. 

For low levels of porosity in which the pores are isolated. they observed that the 

overall short crack growth rates are not significantly affected because most of the 

crack growth occurs outside the pore-induced plastic zone. For the interconnected 

pores they observed higher crack growth rates than for cracks of the same size in a 

fully dense material. They finally concluded that for metals containing less than or 

equal to 6 percent isolated porosity, the pores should accelerate the short crack 

growth adjacent to the pore only in a region which scales with the pore size. 

Giingor and Edwards [ 14), while studying the effect of surface texture on fatigue 

life in a squeeze-cast Al-Mg-Si alloy, measured crack growth rates for short cracks 

emanating from the as-cast and the polished surfaces. Cracks that nucleated at large 

surface defects on the as-cast surf ace showed a deceleration during their early 

growth. It was concluded that the growth rate deceleration arose from the "stress 

concentrating" effect of the particle. However, small cracks on the polished 

surf aces showed very irregular growth patterns after initiation. They suggested that 

the reason for these irregularities in crack growth rates (decelerations and 

accelerations) was the interaction of the crack with microstructural features such as 

grain boundaries and inclusions. They mentioned that the majority of the 

microporosity occurs at grain boundaries and that all the pores that initiated cracks 

lay on grain boundaries so that the initial crack growth was predominantly 

intergranular. In addition, they also observed crack arrest at particles which 

explains some of the irregularities in crack growth rates. 
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1. 5. 2 Long Cracks 

Ogawa and Kobayashi [30] studied near-threshold crack growth and crack closure 

in nodular cast iron. The cast iron defects were in the form of spheroidal graphites 

which under cyclic loading were crushed to form a powder. The graphite powder 

accumulated within the crack and enhanced crack closure. The schematic illustration 

of graphite-induced crack closure is shown in Figure 1.3. 
Mode II Deformation 

K=Kmax 

Graphite powder Spheroidal graphite 

Figure 1.3 A schematic illustration of graphite-induced surface closure [30] 

They concluded that the contribution of graphite-induced crack closure increases 

with increasing R and ~K similar to oxide-induced crack closure. Therefore, the 

marked influence of stress ratio on the near-threshold crack growth in a nodular cast 

iron is controlled by graphite-induced crack closure. 

In a study by Hettler et al. [ 13] on steel castings containing near-surface defects, the 

crack growth rate of cracks emanating from hot tears in 2 ¼ % Cr I% Mo castings 

was measured. Hot tears are intergranular material separations of varying depths 

and they have a dendretic structure. They noticed that cracks initiate at the very 

lowest points of the hot tears. They also found that the local crack growth rate can 

vary considerably for hot tears that are open, partially closed, or completely closed. 

In some cases they found crack growth to be faster or slower than in specimens 

without hot tears. However, the mean rate of crack growth corresponds to that of 

the sound material. 

Thus it can be concluded that the crack growth rate for short cracks emanating from 

defects is higher than long crack growth rates, but the difference between crack 

growth rates reduces and eventually disappears with increasing crack length. This 
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deceleration corresponds to the decrease in the stress concentrating effect of the 

defect with distance from the defect. The deceleration can also be attributed to the 

crack closure phenomenon. Short cracks have lower closure than long cracks and 

the crack closure builds up as the crack advances, which decelerates the crack 

growth rate. Long crack growth rates are in some cases faster and in others slower 

than for sound material, but the mean rate corresponds to the rate for sound 

material. Tokaji et al. [31] studied fatigue crack propagation and crack closure in 

spheroidal-graphite cast irons with different microstructures: ferrite, pearlite, bull's 

eye and bainite. They found that the fatigue crack propagation rates plotted against 

the stress intensity factor range showed a microstructure dependence due to 

differing contributions of crack closure. However, they also found that the effect of 

these microstructures tended to disappear when the fatigue crack propagation data 
were plotted in terms of the effective stress intensity factor range, AKeff, indicating 

that the microstructure affected crack closure behavior, but not the intrinsic fatigue 

crack propagation resistance. In terms of the effective stress intensity, the fatigue 

crack propagation was the same for all the microstructures they studied. They 

remarked that, in fatigue crack propagation, coarser microstructures would result in 

more remarkable deflections in the crack path which would lead to a rougher 

fracture surface, and enhanced crack closure. As a consequence, such 

microstructures should give an excellent fatigue crack propagation resistance in 

terms of AK. 

1. 6 Non Damaging Defects in Fatigue 

It is generally accepted by most investigators that the fatigue strength of a material 

which contains inclusions or defects is lower than that which is defect-free. 

However, a specimen may include a defect and have the same fatigue limit as a 

defect-free specimen. In other words, material that is called defective is defective 

from the fatigue strength standpoint of view, only if the defect is able to induce a 

propagating crack that causes failure. It is known that the size of non damaging 

defects in fatigue decreases with increasing strength of material. The effect of small 

defects on fatigue strength was studied by Murakami and Endo [32]. They drilled 

small artificial holes, the diameter of which varied from 40 to 200 µm, in a low 

carbon and medium carbon steels. They observed non-propagating cracks of 100 
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µm in low carbon steel and 50 µm in medium carbon steel on plain specimens 

which were subjected to the fatigue limit stress. The critical diameters obtained from 

their fatigue tests using drilled artificial holes were 70 µm and 55 µm for the low 

and medium carbon steels, respectively, which were comparable to what they 

observed in plain specimens. They concluded that, it is expected that a steel 

specimen having initial defects in its matrix, the sizes of which are smaller than the 
critical si:ze (L0 ) of the crack found at fatigue limit, will not show the characteristics 

of a defective material ( i.e. marked decrease of fatigue strength). Lo is a material 

constant and in general is greater than grain size. They explained that this critical 

length occurs because many cracks first initiate along slip bands in grains or on 

grain boundaries and afterward some of them propagate beyond grain boundaries 

and then cease to propagate. They added that after a crack initiates in a grain, the 

stress in the grain is released and the grain may be equivalently regarded as a 

traction free defect. 

A unified method for the quantitative evaluation of the effect in fatigue of various 

defects of different irregularities in shape, size, directions, and locations was made 

possible by Murakami and Endo [33] who introduced a geometrical parameter 

which controls the fatigue strength of materials containing small defects. The 

geometrical parameter as a representative dimension is the square root of the area 

Cvarea ) of a defect projected in the direction of the maximum tensile stress. Fatigue 

limits of defected materials were then described in terms of an equation and non 

damaging defects were described in terms of a critical value of this projected area as 

follows: 

1.3 

1.4 

where <I w is the fatigue strength in bending or tension-compression fatigue; t' w is 

the torsional fatigue strength; n,. ,f½, Cl' C2 are material constants. When the ,,Jarea 
is smaller than the critical value (L0 ), the fatigue strength, u w, of the specimen 

containing the defect becomes equal to that of the plain specimen. 
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1. 7 Fatigue Crack Shapes and Stress Intensity Factors 

Due to the irregularities of defects shapes, directions, and configuration, it is very 

complicated and almost impossible to analY7£ stress concentration and stress 

distribution in the vicinity of defects, especially when it is a three dimensional 

defect. However, irregular planar defects were studied [34) and were found to have 

locally maximum and minimum stress intensity factors, respectively, at convex and 

concave comers on their fronts as shown in Figure 1.4. 

Figure l.4 Internal defect with convex (A) and concave (B) aspects [34] 

The growth increments of points such as A are high, and points such as B are low, 

and the protrusion rapidly becomes smoothened-out by the advance of the 

surrounding crack. It has been also found that if an irregular defect is allowed to 

grow indefinitely, it will attain a regular shape such that the stress intensity factor is 

approximately constant around its front. BS PD 6493 and ASME X l codes of 

practice recharactariz.e surf ace and surface breaking irregular defects as either 

ellipses or semi-ellipses. 

Gilchrist and Smith [34] in their study showed that, for an internal near-surface 

elliptical defect, the initial defect growth prior to breakout is quite small and during 

stages succeeding the breakout, the crack growth rate along the external surf ace is 

significantly higher than at other points on the crack front. They added that this 

crack growth becomes stable as the defect assumes a thumbnail profile growing in a 
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self-similar manner having an equal stress intensity factor around its front as shown 

in Figure l .5. 

Initial values 
ale= 0.75 
a/h = 0.787 

Crack shape development 

Figure l .5 A schematic of shape development of an internally initiated elliptical 

defect subjected to tension fatigue [34] 

The stress intensity factor is the key ingredient in fatigue failure predictions. It 

should be determined for the particular geometry and loading in question at various 

stages of crack growth. Springfield and Jung [35] examined the stress intensity 

distributions for circular surface flaws in the roots of fillets in rods loaded by 

remote tension. Nord [36] presented the stress intensity factor solution for 

hyperbolic cracks in threaded rods. Shivakumar and Neuman [37] presented the 

stress intensity factor solutions for semi-elliptical and quarter-elliptical corner cracks 

emanating from a semi-circular notch in a tension specimen. All previous work has 

been done for two dimensional flaws located at a stress concentration region such 

as fillets or notches. Other than this, there appears to be no work done for three 

dimensional flaws. 
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1. 8 Fatigue Life Prediction Models 

1. 8 .1 Fatigue Crack Initiation 

For many years, it was assumed in design that most of the fatigue life of initially 

uncracked components was spent in "'initiating a crack of engineering size". This 

size was variously taken as the crack length at which a small fatigue specimen failed 

or as some observable size. In terms of our current understanding of the progress 

of fatigue processes, this initiation phase consists of the following: 

1- Cyclic slip band formation 

2- Crack initiation in a slip band 

3- Growth of the initiated microcrack to the defined "'initiation size". 

Not included in the "'initiation phase' are the subsequent growth of the initiated 

microcrack and the final fracture. 

It has been suggested that cyclic slip and crack initiation phases are short enough to 

be ignored for service loading, and the fatigue life can be represented by the 

propagation of a small crack from the size of a slip band crack to the size at which 

fracture occurs. This section reports some of the studies concerned with the early 

stages of fatigue. 

Sato and Shimada [38] investigated local strain at the notch root and its effect on 

fatigue crack initiation in four metals, which were a low carbon steel (S45C), an 

aluminum alloy (5052), a stainless steel (SUS304), and brass (Cu-Zn). They 

proposed an evaluation method for fatigue crack initiation. This method assumes 

that the measured maximum strain behavior at the region local to the notch root 

during fatigue tests could systematically explain the crack initiation mechanism. 

They used a real time, fine-grid method for measuring their local strain. In this 

method they engraved cross-line grids with a pitch of 25.4 µm by electroplating the 

specimen to about 2 µm in depth. They took photographs of the grid near the notch 

root continuously through an optical microscope, and the strains at the notch root 

were obtained by measuring the deformation of the grid on the negative film. They 

presented the relationship for the local maximum strain, Emax, versus fatigue cycles, 

N, as shown in Figure 1.6. The relationship showed that for the different materials 

the maximum strain value at the first cycle of the fatigue test decreases rapidly and 

then increases gradually and monotonically with number of cycles. After this 
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process, the presence of a small crack was confirmed at the notch root They found 

that for the four materials studied, the maximum local strain value at the first cycle 

of the fatigue test coincided with that at crack initiation. The maximum strain 

defined from the cyclic strain changes at the notch root was proposed then as one 

possible parameter for estimating fatigue crack initiation life. The crack initiation 

point was determined by two methods. One was the confirmation of an initiated 

small crack which had propagated 10-15 µm from the notch root by using 

microscopic observation. The second used the 0 crooked point" on the curve of 

maximum strain versus number of cycles, as shown in Figure l.6. Liu et al. [19] 

evaluated fatigue crack initiation at inclusions in fully pearlitic steels. They used 

acoustic emission to detect the onset of crack initiation during fatigue testing. 

Results revealed that crack initiation occurred at elongated inclusions. They 

observed three different mechanisms for fatigue crack initiation: 

1- Microcrack initiation in a local defonnation band ahead of the inclusion. 

2- Interf acial surf ace decoherence. 

3- An inclusion breaks and acts as a crack. 
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Figure 1.6 The relation between maximum strain and number of cycles [38] 

Although most engineering structures and components are designed such that 

nominal loads remain elastic, stress concentrations often cause plastic strains to 

develop in the vicinity of notches. Because of the constraint imposed by the 

elastically stressed material surrounding the plastic zone, defonnation at the notch 
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root is considered to be strain controlled. The local strain-life approach has gained 

acceptance as a useful method of evaluating the fatigue life of a notched component 

Early fatigue research showed that damage is dependent on plastic deformation or 

strain. In the strain-life approach, the plastic strain or deformation is directly 

measured and quantified. Failure of the component is assumed to occur when the 

"equally stressed volume of material" fails, see Figure 1.7 [39]. Because of this, 

strain-life methods are often considered •'initiation" life estimates. The strain-life 

approach was initially developed in response to the need to analyse fatigue 

problems involving fairly short fatigue lives. Subsequently it became clear that 

service loadings of many machines, vehicles, and structures include occasional 

severe events that can best be evaluated using a strain-based approach. One example 

include loadings on aircraft due to gusts of wind in storms, and also loads due to 

combat maneuvers of fighter aircraft. Fatigue life prediction using a strain-life 

approach is discussed in chapter 5. 

Critical zone 
(equally stressed volume of material) 

Figure 1.7 Equally stressed volume of material (39] 

1. 8. 2 Fatigue Crack Propagation 

Fatigue crack propagation can be divided into three phases: 

l- The growth of a microcrack, ( shon fatigue crack growth). This phase includes 

microstructurally and physically small crack growth. A schematic plot for the 

threshold stress, for fully reversed constant-amplitude loading crack growth, on 
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logarithmic co-ordinates of threshold stress versus crack length. is shown in Figure 

1.8. The Figure shows the regimes of short and long crack growth. 

In the microstructurally short crack regime, cracks may grow temporarily at stress 

levels below the fatigue limit but will stop at barriers. The interaction of a small 

fatigue crack with a microstructural barrier, such as a grain boundary or a 

secondary phase. causes the following: 

a- When a small crack approaches a microstructural barrier it will decelerate 

or arrest due to the barrier and will grow quickly once it overcomes the 

barrier. 

b- The major retardation effect of the microstructural barrier to small fatigue 

crack growth is within the first few grains. As the crack propagates, the 

microstructural barrier effect becomes less. 

c- The influence of the microstructural barrier on the growth of a small 

fatigue crack is greatest when the stress range is close to the fatigue limit 

stress range. As the stress range becomes larger, the effect of barriers 

rapidly reduces as does the fraction of the fatigue life spent in the short 

crack regime. 

In the physically short crack regime, the threshold stress increases as the crack 

length becomes shorter but falls further below the value associated with LEFM. as 

shown in Figure 1.8, until. at the end of the regime, it reaches the fatigue limit for 

the material. In other words, these cracks can propagate at fatigue threshold stresses 
below both the fatigue limit and the long crack threshold stress given by M<,h· 

Taylor [40]. using criteria for the validity of LEFM. suggested that ½ shown in 

Figure 1.8 be defined by the greater of IO times the metallurgical barrier spacing or 

10 times the grain size. On the other hand. Kendall et al. [41] and Blom et al. [42] 

found that for steels and high strength aluminum alloys. experimental evidence 

indicated that LEFM analysis was adequate if closure was taken into account. The 

emphasis on LEFM applicability is not very important since a strain-based intensity 

factor [43] which becomes identical to the LEFM for elastic strains and identical to J 

at inelastic strain levels adequately correlated crack growth in the physically short 

crack regime with that of long cracks. 
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Blom et al. [42], Kendall et al. [41], and Soniak and Remy [44] all found that 

measurable crack closure began at Li. and showed an initially steep build up that 

tapered off to a steady state value for long cracks at Li_, Figure 1.9. When these 

closure measurements were used to deduce effective stress intensities for short 

cracks, data for long and short cracks fell together on the intrinsic curve for long 

cracks. These authors suggested that once closure was accounted for, the long 

crack regime could be considered to begin at Li. . The fraction of the fatigue life 

spent propagating a crack through the metallurgically short crack regime represents 

almost all the fatigue life at the fatigue limit but rapidly decreases to a negligible 

fraction as the strain amplitude increases [ 45]. Figure I. IO [ 46] illustrates this trend 

for a low carbon steel. Topper et al. [ 45] noted that this feature of short crack 

growth becomes important in variable-amplitude fatigue in which the first few large 

load cycles will provide enough local cyclic plasticity to rapidly advance a crack 

through the metallurgically short crack regime. They added that, the fact that the 

period spent in the metallurgically short crack regime (Zone I) in many practical 

applications does not represent a significant fraction of fatigue life allows simplified 

fracture mechanics models applicable to post-Zone 1 fatigue behavior to be 

extended to this regime without serious errors in fatigue life prediction. A strain-
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based short-crack fracture mechanics model by El-Haddad et al. [47], which uses 

the strain-based intensity factor mentioned earlier, is one of such models. 

K 

L 

Figure 1.9 Variation of threshold stress intensity factor with crack length [45] 
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Figure 1.10 Typical strain-life diagram for a low carbon steel [ 46] 
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Topper et al. [45], in explaining the crack propagation of short cracks from 

notches, noted that the propagation of a crack through the length, 4 , requires that 

the stress in a constant-amplitude test be equal to the fatigue limit up to that length. 

They also added that if a notch is blunt, so that the stress concentration of a crack in 

a notch at a length 4 is little different than Kr , a fatigue limit stress in the notch 

approximately equal to the material fatigue limit divided by Kr will be adequate to 

propagate the crack. If, on the other hand, the notch depth becomes very small then 

a much higher stress will be required since the stress will decrease significantly 

over the distance 4 , otherwise crack propagation will stop when the crack tip 

stress reaches the fatigue limit. They explained that a crack may also arrest in the 

physically short crack regime in which the threshold stress intensity is increasing 

with crack closure, if at some point the applied M becomes less than M,h· These 

conditions are shown in Figure 1.11. At .152 , the stress level is high enough to 

drive a crack through the microstructurally short crack regime, but the crack is 

arrested as increasing crack closure in the physically short crack regime increases 

the threshold stress intensity above the applied M . The minimum stress for 

continuous crack propagation, .151, gives a M versus L curve that becomes 

tangent to, but does not fall below, the threshold curve. 
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Figure 1.11 Variation of stress intensity factor with crack length for a crack in a 

notch [45] 
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2- The growth of a macrocrack, (long fatigue crack growth). This phase includes 

the growth of a long fatigue crack using Linear Elastic Fracture Mechanics (LEFM) 

principles. These principles are used to relate the stress magnitude and distribution 

near the crack tip to the following: 

a- The remote stress applied to the cracked component 

b- The crack size and shape 

c- The material properties of the cracked component. 

The stress intensity factor K was introduced to define the magnitude of the local 

stresses around the crack tip and takes the general form given by 

K = f(g)a../ira 1.5 

where a is the remote stress applied, a is the crack length, and f (g) is a 

correction factor that depends on specimen and crack geometry. Stress intensity 

factor solutions have been obtained for a variety of problems and published in 

handbook form [48-50]. For a given material and set of test conditions, the crack 

growth behavior can be described by the relationship between cyclic crack growth 

rate a;z / dN and stress intensity range AK as given in equation 1.1. A schematic 

for the crack growth curve plotted on a log-log scale is shown in Figure 1.12. At 

low growth rates, the curve generally becomes steep and approaches the fatigue 

crack growth threshold AK rh· The applied stress ratio, R, can have a significant 

effect on the crack growth rate. In general, for a constant M , the more positive 

the stress ratio, R, the higher the crack growth rate until a closure free fully 

effective stress cycle is reached at which the crack growth rate is a maximum. 

Crack closure arguments are often used to explain the stress ratio effect of crack 

growth rates as well as environmental effects on AK,h· In addition, crack closure 

theories are very important in variable-amplitude fatigue crack growth predictions, 

which are discussed in chapter 5. Elber [51] observed that the surfaces of fatigue 

cracks close when the remotely applied load is still tensile and do not open again 

until a sufficiently high tensile load is obtained on the next loading cycle. He 

proposed that crack closure occurs as a result of crack-tip plasticity. As the crack 

grows, a wake of plastically deformed material is developed while the surrounding 

body remains elastic. Elber proposed that, as the component is unloaded, the 
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plastically .. stretched" material causes the crack surfaces to contact each other 

before rero load is reached. Figure 1.13. Elber further introduced the idea of a 

crack opening stress which is defined as the value of applied stress at which the 

crack is just fully open. S
0
P. He suggested that the crack must be fully open for 

fatigue crack growth to occur: 

1.6 

1. 7 

consequently, 

1.8 

Therefore an effective stress intensity factor range. M,,ff , which is smaller than 

M , should be used in fatigue crack growth predictions. Elber also proposed that 

M,,ff accounts for the R effect on growth rates. At higher values of R, less crack 

closure results and M,,ff becomes closer to M because K0 p,,n approaches Krrun . 

~K (Log scale) 

Figure 1.12 Schematic for fatigue crack growth rate versus stress intensity factor 

range 

3- Final failure. 
As the stress intensity factor reaches a critical value, Kc • unstable fracture occurs. 

This critical value of the stress intensity factor is known as the fracture toughness of 

the material. The fracture toughness can be considered as the limiting value of the 

stress intensity. 
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Figure 1.13 Crack closure phenomenon 

Analytical predictions of fatigue crack propagation can be divided into two broad 

categories. The first category includes those methods or models proposed to 

describe crack propagation under constant-amplitude loading. The second category 

includes more complex models that take into account load sequence effects on crack 

growth, such as crack retardation, arrest and crack growth acceleration. The second 

category is needed to simulate real histories because, in practice, stresses or strains 

fluctuate randomly. The following section presents fatigue crack growth models for 

different materials under constant and variable-amplitude loadings. 

Zhu [52] proposed a model for small fatigue crack growth based on the assumption 

that normalized Kitagawa-Takahashi diagrams (Figure 1.14) for different materials 

are similar. He stated that if the threshold stress range is normalized with respect to 

the material's fatigue limit, and the crack length is normalized with respect to the 

material's microstructural barrier spacing, then variations between the Kitagawa­

Takahashi diagrams for different materials are very small, so that it is reasonable to 

assume that the normalized Kitagawa-Takahashi diagram is the same for different 

materials. The model simulates the stress-sensitive blocking effect of 

A 
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microstructural barriers to small fatigue crack growth and describes the behavior of 

microstructurally small fatigue crack and physically small fatigue crack growth 

rates. 

The model suggested in Zhu's study is expressed in the following form: 

de = Af(MC) i l 9 
dN • 

where 

1.10 

and 

1.11 

Fatigue limit , de = 0 
~ dN 

0.10 1.0 10 

2c/D 

Figure 1.14 The normalized Kitagawa-Takahashi diagram [52] 

where MC 
de 

dN 
f 

is the stress intensity factor range in MPa ~ 

is the crack growth rate in m/cycle 

is the barrier blocking factor 

is the applied stress range 
is the fatigue limit stress range 

is the spacing between barriers 
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c is half surface crack length 
A,m,n are constants 

To obtain the threshold stress for any crack length in the small crack regime, 

equations l. 10 and l. 11 are substituted into equation 1.9, and then equating dc/dN 

in equation 1.9 to zero gives 

1.12 

This is the formula used to plot the Kitagawa-Takahashi diagram in the small crack 

regime. The parameters m and n are constant for different materials and the fatigue 

limit can be obtained from a conventional fatigue test, so it is only parameters A and 

D which have to be determined by fitting equation 1.9 to some small crack 

experimental data. Others [53-56] have established similar kinds of models for 

small fatigue crack growth. This model is distinguished from the other models in 

that it incorporates the material's fatigue limit 

1.8.2.1 Fatigue Life Prediction using Effective Strain Intensity 

Factors 

El Haddad et al. [57] used an elastic-plastic fracture mechanics solution for short 

fatigue cracks to predict the fatigue life of smooth and notched specimens under 

constant-amplitude loading. The model they used admits plasticity by replacing the 

conventional stress term in the M equation by a strain term, and accounts for the 

propagation of very short cracks by introducing an effective crack length which is 
equal to the actual crack length increased by a fictitious length l

0
• The length l0 is a 

material constant and is calculated from the smooth specimen fatigue limit and the 

long crack threshold stress intensity as follows: 

1.13 

The length l
0 

constitutes an increasing fraction of the effective length for short 

crack lengths until, for the limiting case of an uncracked surface, it represents the 
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effective crack length at which the fatigue limit stress will just propagate a crack into 

the interior of the specimen. They concluded that strain-based intensity factor 

solutions successfully correlated data for the growth of short cracks in plastically 

strained notches with elastic. long crack results. Their predicted propagation life for 

smooth and notched specimens was within 50 % of the actual fatigue lives for all 

cases. 

Gerald and Menegazzi [58) proposed a relatively general model to simulate crack 

propagation under variable-amplitude loading. The model describes the cycle-by­

cycle progression of the crack. They used a Paris law model for propagation. and 

transient effects were introduced through the concept of an effective stress intensity 

factor range. The model was tried for different types of block loading histories in 

which the stress intensity factor range varies. The calculated results obtained with 

the model were very close to the experimental results. They concluded that. the 

transient effect predictions which the model provides are soundly corroborated by 

the most sophisticated experimental results available. which calls for a continuation 

of this model. 

1.8.2.2 Fatigue Life Prediction for Materials containing Defects 

Fatigue life has also been predicted and assessed for materials with casting defects. 

The models proposed tried to simulate the behavior of the material when casting 

defects of irregular shape (gas pores and shrinkage cavities) or of different nature 

than the matrix (inclusions) were present. Ting and Lawrence [59) modeled the 

effect of casting defects on the fatigue life of as-cast and smooth specimens of a 

AA3 l9 cast aluminum alloy. The fatigue life was assumed to be the sum of a crack 

nucleation life and a crack propagation life, including the growth of short and long 

cracks. They quantified the fatigue initiating defect depth " D " by measuring the 

square root of its projected area, T, onto the plane normal to the applied stress 

direction. The defect depth was then estimated based on the known T and the 

aspect ratio AR which is defined as the crack depth divided by half-crack length on 

the surface as follows: 

l.14 
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The model then assumed a pore to be a notch having a diameter equal to D. They 

estimated the crack initiation life for a crack initiating at a notch using the local­

strain approach. They also estimated the crack propagation life by integrating Paris 

power law expression from a specified nucleated crack length, lr, as defined by 

Dowling [ 60], (see Figure l. 15 [ 61 ]), to a final crack length at failure. Dowling 

defined the crack length /1 which separates long cracks from short cracks to be in 

the range of 0.1 p to 0.2 p, where p is the notch-tip radius, and is given by 

1.15 

where c is the notch radius 
Kt is the elastic stress concentration factor 

F is the crack shape factor 

l l 
d=-=­

a c+l 

~ = 0.5(3- d)[l + 1.243(1- d)3 J 

4;-----------------=--
i 

/1 !1; K = FS.Jiiii ,./).,··········· ____ K_/_==_1_3 _.... 

1·······~--/·"·· 

0 
0 lie 0.5 

Figure 1. 15 Stress intensities for a pair of cracks growing from a circular hole in a 

remotely loaded, wide plate [61] a<<b,h 
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Ting and Lawrence's model results indicated that the nucleation period for a crack 

emanating from a casting defect was negligible and that the effect of defect size on 

fatigue life was more severe for low stress ranges than for high stress ranges. 

Skalleurd et al. [21] assessed the fatigue life of aluminum alloys with casting 

defects. They found that gas pores with a maximum diameter larger than 0.2 mm 

resulted in a significant reduction of their fatigue life. They carried out numerical 

calculations to predict crack growth and fatigue life taking closure and short crack 

effects into account. In their model they simplified the irregular shape of surface 

shrinkage cavities into simple semi-circular or semi-elliptical shapes for two 

dimensional modeling and into a spherical shape for three dimensional modeling. 

This simplification was based on fractography which showed that the defects 

quickly develop into the simplified shapes as a crack grows. They suggested that 

the deviation of their predicted results from the experimental results was due to the 
non-linearity of the da I dN - M,.ffcurve, especially near the fatigue threshold, 

which was not taken into account in the analysis. They suggested that the 

assumption of a linear crack growth relationship may be over simplified and the 
damage accumulation model based on M,.ff as the damage parameter should be 

improved. They concluded that cavities in components of cast Al-7Si-0.4Mg alloys 

have a significant effect on fatigue life and that when those pores are present the 

initiation period is very short. In their study they showed that a relatively simple 

fatigue crack growth model performed well in the analysis of cracks from casting 

defects. 

Larson et al. [62] studied the fatigue life of hourglass shaped specimens of a 

hardened spring steel. They formulated a model for the probability of fatigue failure 

of the hourglass specimens. In that model, inclusions in the steel were assumed to 

be spherical in shape. Their work was based on the concept that microcracks initiate 

at the interface of inclusions with the matrix. The microcracks grow a small distance 

away from the interface until the notch effect dissipates or a microstructural barrier 

to propagation is encountered. In their model, which is based on linear elastic 

fracture mechanics, they assume that cracks are only open for positive loads so that 

the effective stress is equal to the difference between the maximum stress and the 

greater of the minimum stress and zero. They studied two different criteria for crack 

arrest at inclusions. In the first, it was assumed that cracks at inclusions could be 

represented by penny shaped cracks of the same diameter as the inclusion. In the 

second, a more realistic crack arrest criterion was Sl!ggested in which the stress 
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intensity of an annular crack at a spherical pore was considered. They added that the 

high rate of early propagation of cracks from inclusions might be due to the 

influence of the residual stresses around the inclusion resulting from different 

shrinkage rates of the inclusion and matrix during cooling after heat treatment They 

also found that the presence of any defect (whether an inclusion or a pore) shortens 

the initiation fatigue life but this shortening is a negligible portion of the total fatigue 

life. 

1. 9 Purpose and Objectives of this Investigation 

1. 9 .1 The General Problem 

Most studies to date have examined the fatigue behavior of cast materials under 

constant- and variable-amplitude loading. The results of these studies led to the 

conclusion that the fatigue life of a material containing defects is shorter than a 

defect free material. The main thrust of this investigation is to study the fatigue 

behavior of a component having a flaw at a notch root Another aim of this thesis is 

to provide a model which describes the growth of a flaw from a notch root and 

which predicts fatigue lives for a variety of fatigue loading histories. 

Discontinuities give rise to stress concentrations at which fatigue cracks initiate. The 

presence of a flaw at a geometric stress concentration, such as a notch root, will 

further increase the local stresses and strains and reduce the fatigue strength. The 

fatigue strength reduction, in a notched specimen fatigue strength, due to a defect at 

notch root, and the effect of the ratio of the notch sire to flaw siz.e on these 

reductions will be investigated. The region in front of a notch root in which a defect 

affects fatigue crack growth will be determined. The reductions in fatigue strength 

from that for smooth and notched specimens due to the existence of a flaw at a 

notch root will be evaluated for different loading histories. The histories studied 

include constant-amplitude loading, an intermittent underload block loading history, 

and a SAE service load history. The hipping process and its usefulness in 

eliminating or closing a material's internal flaws and improving its fatigue life will 

also be evaluated. 
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A strain-based intensity factor crack growth model will be presented and will be 

used to predict the fatigue life of smooth specimens, notched specimens, and 

notched specimens with flaws at a notch root. The model will be used to study the 

effect of a variation in the flaw size and flaw position at the notch root on the fatigue 

life. The usefulness and accuracy of the model will also be evaluated by comparing 

its fatigue life predictions for smooth specimens, notched specimens, and notched 

specimens with a flaw at the notch root with the predictions obtained using 

conventional strain-life and effective strain-life methods, and fatigue data. 

1. 9 .2 Objectives 

The objectives for this investigation are the following: 

l) Examine the effect of the variation of the flaw size and flaw position in a notch 

root and the relative size of the flaw to the notch size on fatigue strength. 

2) Show to what extent a hipping process, which decreases the size of the casting 

defects, improves fatigue strength for constant- and variable-amplitude fatigue. 

3) Examine reductions in fatigue strength from that of a notched specimen due to 

the presence of a defect at the notch root and to determine the effect of the ratio of 

notch size to flaw size on these reductions. 

4) Model the fatigue life behavior of notched components containing defects in 

their stress concentration regions. 

5) Predict, for 3 types of cast aluminum alloys; (Al 319, Al 390, and Al 206), their 

fatigue life under different types of load histories using a fracture mechanics crack 

growth model. 

6) Examine the applicability of a fracture mechanics crack growth model to 

predicting fatigue life by comparing its results and those of conventional methods to 

experimentally measured data. 
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1.9.30utline 

Chapter 2 provides the fatigue crack growth model used to predict the 

fatigue life of the cast aluminum materials examined in this study. An approximate 

stress intensity factor solution for a crack emanating from a flaw at a notch root is 

presented. The case of a crack emanating from a flaw at a distance away from the 

notch root is also dealt with. 

In Chapter 3, the materials used in this study and their mechanical properties 

are presented, the experimental programs are described, and the different test 

techniques are explained. The experimental methodology which includes a new 

technique for producing closure free crack growth data and a new technique for 

measuring changes in crack opening stresses under a variable-amplitude loading 

history is explained. 

Chapter 4 examines the fatigue behavior of smooth specimens, notched 

specimens, and notched specimens with a flaw at the notch root. Fatigue test 

results for hipped specimens with an artificial flaw at a notch root are compared 

with fatigue test results for as-cast specimens with a natural flaw at a notch root. 

This chapter also gives fatigue life predictions using a crack growth model 

presented in chapter 2. The effect of variations in flaw size and flaw position at the 

notch root on fatigue life are examined by predicting the fatigue life using the crack 

growth model. 

Chapter 5 gives fatigue test results for smooth specimens, notched 

specimens, and notched specimens with a flaw at the notch root when a SAE 

loading history, corresponding to the torsion channel of the SAE GKN Grapple­

Skidder history is applied. The fatigue strength reductions from those of a notched 

specimen due to the presence of a defect at notch root are determined. A 

comparison of the fatigue life predictions obtained using the conventional strain-life 

approach, the effective strain-life approach, and the crack growth model are 

presented. 

Chapter 6 gives the general conclusions of this investigation. 
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CHAPTER 2 

ANALYTICAL MODELING 

2.1 Introduction 

One of the main objectives of this research is to observe and model the fatigue 

behavior of notched cast aluminum components having cast inhomogeneities or 

flaws near or at the notch root. Some previous studies. reported in chapter l, 

examined smooth cast metal specimens under constant- and variable-amplitude 

loading. However, it appears that the problem of flaws at notches has not been 

given much attention. 

The study of the fatigue behavior of cast aluminum alloys for constant- and 

variable-amplitude loading which is presented in this thesis involved the following: 

l- Fatigue tests of smooth specimens of cast and hipped metals. 

2- Fatigue tests of notched specimens of cast and hipped metals. 

3- Fatigue tests of notched specimens of cast and hipped metals when a flaw is 

located near or at the notch root. 

It is the purpose of this chapter to model analytically the above mentioned fatigue 

behavior of smooth, notched, and notched with a flaw near or at notch root 

components under constant- and variable-amplitude loading. 

2. 2 The Fatigue Crack Growth Model Components 

The fatigue crack growth model is based on a fracture mechanics approach for short 

and long cracks. It includes the following: 

a- Closure-free stress intensity factor versus crack growth rate data. 

b- Steady state and transient crack opening stress models. 

c- Metal cyclic stress-strain data. 

d- A strain-based intensity factor 

e- Elastic and plastic notch strain relationships (Neuber' s rule is used) 
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f- A Rainflow cycle counting technique. 

The model calculates the fatigue life of a specimen or a component by numerical 

integration of crack growth on a cycle-by-cycle basis. 

The steps in the use of the model are as follows: 

1- Read, in no particular order, the input data, which includes 

a- The specimen geometry in terms of the notch size, the flaw size, and the 

flaw distance from the notch rooL 

b- The material cyclic stress-strain data, Young's Modulus, yield strength, 

and fracture toughness(Kc). 

c- Crack growth rate data obtained during closure-free crack growth. 

d- Crack opening stress formulas and the material constants which will be 

used in the steady state and the transient crack opening stress formulas. 

e- The stress or strain intensity factor solution for the given specimen 

geometry. (i.e. smooth, notched, or flaw near or at notch root ). 

2- Following the applied load history, reversal by reversal, the model calculates the 

local stresses and strains based on Neuber' s formula, and the stress or strain 

intensity factor solutions for the specimen geometry. 

3- A rainflow cycle counting technique is used to determine closed stress-strain 

loops. Once each cycle is closed damage calculations are made. 

4- For each closed cycle, crack opening stress and strain is calculated based on the 

steady state and transient crack opening stress formulas. 

5- The effective stresses and strains of each cycle are calculated by subtracting the 

crack opening stress or strain from the total stress or strain values of each closed 

cycle. The effective strains are used together with a surf ace strain concentration 

factor, that accounts for the increase of local strain experienced by short cracks, to 

calculate the effective strain intensity factor range ( aK elf). 
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6- The AK~ value is used to enter the plot of the closure free crack growth rate 

versus effective stress intensity factor and read the value of the crack growth rate. 

Toe crack growth increment. AL. due to one cycle is then calculated and added to 

the total crack length. 

7- Toe maximum stress intensity is compared with the fracture toughness, and the 

crack length is compared with one half the specimen width. If either the fracture 

toughness or one half the specimen width is exceeded, the calculation is stopped; 

otherwise the model continues with the next reversal as in step 2. 

8- In case of a flaw at a notch root. the crack growth is calculated in the specimen 

width and length directions until the crack reaches the specimen edges; then the 

crack is considered to be a through crack growing in the length direction until 

fracture. 

Toe algorithm for the model used is shown in Figure 2.1. The components of the 

model are described below. 

2.2.1 Local Stresses and Strains 

Local stresses and strains throughout the region in which the fatigue crack grows 

are inputs to the fatigue life prediction program. Semi-circular edge notched 

components, with and without a flaw at the notch root. were used in this research. 

Their local stresses and strains were calculated using Neuber's rule. 

where Ka = a is the stress concentration factor s 
Kc = e is Llie strain concentration factor 

e 

K, is the theoretical surface stress concentration factor 

2.1 
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Equation 2.1 can be applied for both nominally elastic and plastic stresses and 

strains. For nominally plastic stresses and strains it becomes as follows: 

K2 =GE 
I s e 

K,1Se=GE 

and for nominally elastic stresses and strains it becomes 

Ki= G_E_ 
I s SI E 

K1S= ✓EaE 
and for locally elastic stresses and strains it becomes 

K2S2 =az 
I 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

However, since we are dealing with a crack emanating from a notch or from a flaw 

at a notch root, the theoretical stress concentration factor, K" for the notch root is 

replaced by the elastic stress concentration factor, KP, for a crack in a notch or a 

crack in a flaw at the notch root. The elastic stress concentration factor, KP, 

accounts for the increase in crack tip stress due to a notch or a flaw in a notch. It 

can be calculated from the following formula if the stress intensity factor range, 

M, is known: 

K= M 
p FAf..fiii 

2.8 

where M is the stress intensity factor range 

F is a geometric factor that accounts for crack front shape and 

finite specimen size 

KP is the elastic stress concentration factor 

Af is the nominal stress range, and 

I is the crack length. 
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A stress intensity factor solution proposed by Topper and El-Haddad [63] was used 

for cracks emanating from a notch, while an approximate stress intensity factor 

solution [64] for the specimens with a defect at a notch root, which will be 

discussed later in section 2.2.5, has been calculated using the stress intensity factor 

solution for a circular crack emanating from a spherical cavity by Murakami et al. 

[65] in combination with the stress intensity factor solution for embedded semi­

elliptical cracks in finite notched plates under tension by Newman [66]. The KP 

was then used together with the cyclic stress-strain curve equation in Neuber' s rule 

to obtain the local stresses and strains in the vicinity of the crack tip for inelastic 

conditions. Local strains were used to calculate the strain intensity factor for 

inelastic local strains as will be explained in section 2.2.5. The procedure for 

calculating the local stresses and strains is as follows: 

a- Neuber's rule is used to derive the relation between local and nominal 

stresses and strains 

K 2 = tl<r tlE 
p tlS !le 

KP 2 tlStle = tl<rtlE 

KP ✓ tlStle = ✓ tl<TtlE 

2.9 

2.10 

2.11 

2.12 

b- The material's cyclic stress-strain equation, which can be described by 

the following formula, 

2.13 

where K' is the cyclic strength coefficient 

n is the cyclic strain hardening exponent, 

is used to derive and plot the relation between ✓ 6.C16.E and 6.E as shown, 

for a 319 cast aluminum alloy material, in Figure 2.2. 

c- Local strains in the vicinity of the crack tip are obtained by entering the 

value of KP✓ tlStle in Figure 2.2, and reading the value of 6.E. 
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Figure 2.2 The relation between ✓ /l.all.£ and ll.£ for a 319 cast aluminum alloy material 

2.2.2 Cycle Counting 

The complexity of variable-amplitude histories is reduced by changing the history 

into a number of events which can be compared to the available constant-amplitude 

test data [39). This process of reducing a complex load history into a number of 

constant-amplitude events is called cycle counting. Early attempts at cycle counting 

involved a variety of procedures such as "level crossing counting", "peak 

counting", and "simple range counting". None of these procedures takes into 

account the closing of stress-strain loops and all of them result in breaking loops 

into smaller cycles. The rainflow counting technique [67], which takes the closing 

of stress-strain loops into account, was used to reduce the history applied in this 

investigation to closed stress-strain loops and to determine simultaneously the 

maximum and minimum stresses in each loop. 
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The crack growth model uses an effective strain intensity factor, in which only the 

effective portion of the applied stresses or strains (the portion of the cycle during 

which the crack is open) is considered in calculations. For a constant-amplitude 

loading history, a steady state crack opening stress formula is used. For a variable­

amplitude history, both the steady state crack opening stress formula and a formula 

for transient changes in the crack opening stress are used to follow the changes in 

crack opening stress levels during the history. 

2.2.3.1 The Steady State Crack Opening Stress Formula 

An empirical model, proposed by DuQuesnay [ 68], for the steady-state crack 

opening stress under constant-amplitude loading, calibrated with experimental data, 

was used. The model, which has two experimentally determined constants, 0 

and <p, takes the following form, 

S.,; 9a-=[ 1-( (l"a-7 )}rpo-00, 2.14 

where u max and u nun are the local maximum and minimum notch root stresses in 

notched specimens, or the nominal maximum and minimum stresses in smooth 

specimens, and u Y is the cyclic yield stress. In this study, crack opening stress 

measurements were performed using a high magnification microscope (900X) and 

values of 0=0.55 and of <p =0.2 were obtained. The crack opening stress 

measurements are described in chapter 4. 

2.2.3.2 The Transient Crack Opening Stress Formula 

For variable-amplitude loading, the crack opening stress level is not constant, but 

changes form cycle to cycle. It was found in an earlier study by the author and 

colleagues (69] that the crack opening stress drops immediately after the application 

of a compressive underload or a tensile overload, and then gradually increases at a 

decreasing rate with subsequent constant-amplitude cycling, as can be seen in 

Figure 2.3. It was also observed that the number of cycles needed for the crack 
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opening stress to recover to its steady state level after a compressive underload or a 

tensile overload depends on the '"recovered stress range" (the stress difference 

between the post-underload or overload crack opening stress and the steady state 

crack opening stress). The greater the recovered stress range the larger the number 

of cycles needed. An empirical crack opening stress build-up formula was proposed 

Lo describe the crack opening stress behavior. The formula takes the following 

form, 

where 

(S -S ) 
op opul = l -ljfExp(-b(N I No.st) 

(Sap .... - Sapu1) 

'If, b and a are material constants derived from curve fitting 

S0 P is the instantaneous crack opening stress 

S0 pu1 is the post-underload crack opening stress 

2.15 

S0 P.._. is the steady state crack opening stress of the cycles following the 

underload 

N is the number of cycles following the underload or overload. 

N0_8 is the number of cycles following the underload or overload at which 

the normalized recovered stress (Sop - sopul) l(Sopu - sopul) reaches 80% 

of its steady state level 

Stress 

crack opening 
stress build-up 

time 

--------Underload 

Figure 2.3 A schematic for crack opening stress build-up after underloads 

Equation 2.14 was used with Equation 2.15 to calculate the crack opening stress 

levels for variable-amplitude loading histories. The variable-amplitude histories 
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used in this study are block loading histories and service load histories. In the 

block loading history, each block consisted of an underload followed by number of 

smaller constant-amplitude cycles. The number, amplitude, and stress ratio of the 

small cycles were changed from test to tesL 

2.2.4 Closure Free Crack Growth Rate 

Paris and Erdogan [2] first proposed the fatigue crack propagation law, 

where 

da =C(M<r 
dN 

da/dN is the fatigue crack growth rate per cycle 

2.16 

C and m are material constants which depend on environment, load ratio, 

and crack closure. 

Subsequent investigators [70) have studied the effect of changes in load ratio and 

the accompanying changes in crack closure on fatigue crack growth. They found 

that the crack growth curves for various positive R ratios are normalized to a single 

curve by accounting for crack closure. This means that the crack driving force 

depends mainly on the effective portion of the fatigue cycle. Then equation 2.16 

changes to 

da =C(M< r 
dN elf 

2.17 

A variable-amplitude block loading history that gave fully open stress cycles was 

used to obtain a crack growth versus effective stress intensity curve. The loading 

block consisted of an underload cycle followed by a number of constant-amplitude 

small cycles at a high R ratio (R > 0.75). The procedure for the test will be 

described in chapter 3. The closure-free crack growth curve was used in the fatigue 

crack propagation model. 
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2.2.5 Strain Intensity Factor Solutions 

In a fractographic examination, it was observed that the defects in the cast 

aluminum alloys were either gas pores or shrinkage cavities. Gas pores are almost 

spherical while shrinkage cavities are irregular in shape. A previous fractographic 

investigation by Skallerud et al. [21] on a cast aluminum alloy showed that cracks 

growing from irregular defects, of a given type, quickly approached a circular or 

elliptical shape. A finite element method (FEM) approach for calculating K and 

da/dN in irregularly shaped cracks investigated by Smith and Cooper [71] and 

Soboyejo et al. [72] also supported these simplified shapes. To account for the 

worst possible position of a defect from the point of view of fatigue, the defect was 

assumed to be at the surface of the specimen. The irregular shape of a shrinkage 

cavity was simplified to a spherical cavity which enclosed the gas pore as shown in 

Figure 2.4. 

Figure 2.4 Defect geometry and its simplification 

Flaws of the cast aluminum alloy in smooth specimens are modeled as edge notches 

having the same radius as that of the simplified defect or flaw. The elastic stress 
concentration factor, KP, for a crack emanating from a notch was based on the 

equation proposed by Topper and El-Haddad [63]: 

K = C (1 + p )(l +_!_ IP) 
p 2(p/2+l) 2(p/2+l) 2V~ 

2.18 
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where c is the notch radius 

p is the radius curvature , which is equal to c in case of circular shapes 

I is the crack length measured from the edge of the notch. 

For a circular notch the term (l + .!.. IP) is constant and can be substituted by K, 
2v; 2 

while p can be substituted by c. Then equation 2.18 takes the following form, 

K = K, {c72(l+ c/2 ) 
p 2 v~ c/2+[ 

2.19 

For large cracks, equation 2.19 should be replaced by ✓ 1: c which assumes that 

the effective length of a crack is equal to the actual crack length, I, plus the notch 

depth. 

Exact solutions for the elastic stress concentration factor solution, KP, for a flaw in 

a notch are not available. An approximate stress intensity factor solution for a defect 

at the notch root has been calculated using available stress intensity factor solutions 

for individual notches and spherical cavities. The stress intensity factor solution . 

F,. for a circular crack emanating from a spherical cavity by Murakami et al. [65] 

was used in combination with the stress intensity factor solution for embedded 

semi-elliptical cracks in finite notched plates under tension by Newman [66]. 

The dimensionless stress intensity factor solution, F,, for a circular crack 

emanating from a spherical cavity given by Murakami et al. [65] is 

F. - Kl 
1 

- l.l2l51]C1.f,rX 
2.20 

in which A is the crack length, and for spherical cavities r, = fl . This solution is 

shown in Figure 2.5. In the problem under study the cavity occurs at a notch root 

as shown in Figure 2.6. It is assumed that the stress, er, applied to the flaw at the 

notch root is equal to a uniform stress, a ur• instead of the non linear notch stress 

field. This assumption is made because the stress intensity factor solution for a 

crack emanating from a flaw, by Murakami et al. [65], is for a uniform remote 
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applied stress. The uniform stress, u ur• is obtained by dividing the area, A, under 

the notch stress field by the crack length as shown in Figure 2. 7. To check the 

accuracy of the uniform stress assumption, u ur• a simple case for a semi-elliptical 

surface crack in a smooth finite width plate was tested. The stress intensity factor at 

the deepest point of the semi-elliptical surface crack was calculated using a weight 

function (see Appendix A). The calculation was done first using a non linear notch 

stress field and then repeated using the uniform stress field assumption explained 

earlier. The results showed that the difference between the two solutions varies with 

the crack aspect ratio and that the uniform s·tress solution is smaller by 7 to 15 %, as 

shown in Figure 2.8. The uniform stress solution used was multiplied by a factor 

of IO% to represent the average of the difference between the solutions. 
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Figure 2.5 Dimensionless stress intensity factor for a circular crack emanating from 

a spherical cavity in an infinite solid body 
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After the crack had grown out of the stress field of the cavity, a notch stress field 

using a Newman [66] stress intensity factor solution for a semi-elliptical surface 

crack located at the center of a semi-circular edge notch was assumed. This stress 

intensity factor solution is given by the following equation: 

K = S {,ra F(!!.. a ~ ~ :. !.... "') ~Q C' t 'r' W' t 'W •'I' 
2.21 

where F is the boundary correction factor. The variables used in equations 2.21 to 

2.42 are shown in Figure 2.9. 

The shape factor Q in equation 2.21 is given by 

Q = l + l.464(a I c)1-65 

Q = 1 + l.464(c / a)'-65 

foralcS.l 

for al c >I 

2.22 

2.23 
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The boundary correction factor equation for a semi-elliptical surface crack located at 

the center of a semi-circular edge notch subjected to remote uniform stress or 

uniform displacement is 

F=[M1 +M2 (alt) 2 +M3(alt) 4 ]g1g2g3g4g5.f.f.., 2.24 

M1 = 1 2.25 

M2 =0.051[0.ll+(alc)3
'

2
] 2.26 

M3 =0.291[0.23+(alc)312
] 2.27 

g1 = l -[(al t)''(2.6 - 2a/ t)112 l(l + 4al c)]cost/) 2.28 

g2 = [l + 0.358..l + l.425..l2 
- l.578..l3 + 2. l 56..l4 I l(l + 0.08,f) 2.29 

,l = 1/(l +(cl r)cos(0.9¢)] 2.30 

g3 = l+0.l(l-cost/))2 (l-alt)10 2.31 

where K1 is the theoretical surf ace stress concentration factor. 

g5 = l + (al c)112 [0.003(r I t)1 + 0.035(r I t)(l - cost/) )3
] -

0.35(a I t) 2(l -0.5a I c) 3 cos</) 

J.., = l -0.2y + 9.4y2 
- l 9.4y3 + 27. ly"' 

r = (al t)112 (c + r)I w 

f. = [(al c>2 cos2 </>+ sin2 <t>J1'"' 

For ale> l 

2.33 

2.34 

2.35 

2.36 

2.37 

2.38 
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When the surface-crack length, 2a, reaches the sheet thickness, 2t, the stress 

intensity factors for a through crack emanating from a semi-circular notch subjected 

to remote uniform stress or uniform displacement is: 

r= C C r 
K =Svm:F,,(-,-,-) 

w r w 

The boundary correction factor F,, is: 

where g4 and J.., are as given before. The function fr is given by 

fr = l + 0.358.A. + 1.425.A.2 
- 1.578.A.3 + 2.156.A.4 

A=ll(l+clr) 
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Figure 2.9 Surface crack at a notch [66] 
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2.40 

2.41 

2.42 

The intensity factor solutions used in this investigation are strain-based intensity 

factor equations which are suitable for plastically strained short cracks and which 
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converge to the conventional linear elastic stress intensity for long cracks and elastic 

nominal stresses. This strain-based intensity factor, which includes a modification 

to describe the behavior of short cracks, replaces the conventional stress intensity 

factor which does not apply to small cracks. The strain-based K-solution used has 

the following form 

2.43 

where 

Fis a geometric factor that accounts for crack front shape and finite specimen size, 

fl.E is the local strain range.Eis Young's Modulus. / is the crack length measured 

from the notch root and Qc is a surface strain concentration factor (73] that 

accounts for short crack behavior. The surface strain concentration factor can be 

expressed as (73] 

2.44 

where 

Dis the grain size in the crack growth direction, and a is a factor that accounts for 

the ease of cross slip in the material. 

The surface strain concentration factor, Qc, decays rapidly with crack length and 

equation 2.43 converges to the long crack strain intensity factor equation which has 

the following form: 

2.45 

The effective strain intensity factor was calculated by replacing the total strain range 

fl.E in equation 2.43 with the effective portion of the strain cycle. The steady state 

and built-up crack opening stress formulas. shown in section 2.2.3. were used to 

estimate the crack opening stress variation throughout the load history, as explained 

in chapter 5. Effective strain ranges were calculated using effective stress ranges 

and the elastic Young's Modulus if the local stresses and strains were completely 

elastic. For inelastic local stresses and strains, the crack opening strain was 
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calculated using the crack opening stress and the cyclic stress-strain curve. The 

effective strain was then obtained by subtracting the crack opening strain from the 

maximum strain. After substituting the effective strain range, 6.E~u, in equation 

2.43 it takes the following form: 

2.46 

2.2.6Shape Factor Estimates 

The steady state shape for a single surface crack is a thumbnail shape with a 

geometrical shape factor of 0.72 [74]. This is typical at near endurance limit stress 

where only a single crack grows to cause failure. At high stress levels, multiple 

cracks are observed. They link up to form a dominant crack. As they link up, the 

shape of the crack elongates and the shape factor increases. The extreme shape 

factor for a straight through crack is 1.12 [75]. For this reason, F was assumed to 

have a value of 0. 72 at low stress levels. near the fatigue limit, which increased 

linearly to 1.12 as the stress level reached twice the fatigue limit For cracks in 

which the crack shape is known such as cracks from flaws at a notch root, the 

shape factor is calculated based on the crack length and depth. 

2.2. 7Fatigue Life Prediction 

The crack growth for a crack emanating from a flaw at a notch root, was calculated 

at the deepest point and on the surface until the crack reached the edges of the 

specimen. A fast crack growth was then assumed which drives the crack from a 

semi-elliptical to a through crack, i.e. No crack growth calculations were done and 

the crack was assumed to jump from a semi elliptical crack to a through crack. The 

crack growth stages for a crack around a flaw at the notch root, assumed in the 

model, are summariud in the following five stages, and are schematically shown in 

Figure 2.10: 

I. Fast crack growth of the crack around the flaw to a semi-circular shape, i.e. No 

crack growth calculations were done and the crack around the flaw was 

assumed to jump to a semi-circular shape. 
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2. The growth of the semi-circular crack under the effect of the flaw and notch 

stress fields until the crack leaves the flaw stress field. 

3. The growth of the crack under the effect of the notch stress field until the crack 

reaches the specimen edges. Note that in this case the crack growth rates in the 

depth and surface directions are different and that the crack assumes a semi­

elliptical shape. 

4. Fast crack growth from a semi-elliptical crack shape touching the specimen 

edges to a straight fronted through crack. 

5. Growth of the through crack under the notch stress field until fracture. 

Stage 5 

Stage4 : 
I 

...L... ,--
Notch Radius 

Stage 3 Stage 2 Stage 1 

2. l O A schematic showing the crack growth stages for a flaw at notch root 

Fatigue life prediction is handled by numerical integration along the reference 

closure-free crack growth curve between initial and final crack lengths /0 and 11 as 

If 

N, = f da 
1_ f(M~u) 
l 

2.47 
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Basinski and Basinski [76] and Hunsche and Neumann [77] defined cracks as 

singularities in a crystal related to surface intrusions and extrusions deeper than 

3µrn developed in persistent slip bands. In this thesis, the value of I; was assumed 

to be 3µm while I I was determined by the onset of fast fracture. The integration 

was done every 30-50 cycles for the constant-amplitude loading, but the frequency 

of integration was increased to once every 10 cycles for variable-amplitude loading 

to allow accurate calculations of the effective stresses as the crack closure stress 

level built up, and was increased even more to a cycle-by-cycle calculation for 

service load histories. 

2. 3 Studies for a Flaw at a Distance from the Notch Root 

It has been assumed in this chapter that the flaw is exactly at the notch root. 

Another case includes a flaw being at some distance from the notch root, but still 

affected by the notch stress field. Evidence for this has been observed on fracture 

surf aces of specimens. The following modifications in the crack growth stages are 

assumed in the model, and are schematically shown in Figure 2. 11: 

1. The growth of a crack around the flaw under the effect of the flaw and notch 

stress fields until the crack reaches the notch root edge. 

2. Fast crack growth of the crack around the flaw to a semi-circular crack, i.e. No 

crack growth calculations were done and the crack around the flaw was 

assumed to jump to a semi-circular shape. 

3. The growth of the crack under the effect of the notch stress field until the crack 

reaches the specimen edges. Note that in this case the crack growth rates in the 

depth and surface directions are different and the crack assumes a semi-elliptical 

shape. 

4. Fast crack growth from a semi-elliptical crack shape touching the specimens 

edges to a straight fronted through crack. 

5. Growth of the through crack under the notch stress field until fracture. 

The same K-solution for a flaw at notch root is used, but in this case the crack in 

the depth direction is growing in two different directions. A crack growing away 

from the flaw and notch root on one side and a crack growing between the flaw and 

notch root on the other side. 
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Figure 2.11 A schematic showing the crack growth stages for a flaw at a distance 

from the notch root 

2.4. Summary 

This chapter explained the fatigue crack growth model used to predict the fatigue 

life of smooth specimens, notched specimens, and notched specimens with a flaw 

at or near the notch root of a cast aluminum alloy. The fatigue crack growth model 

uses a fracture mechanics approach. It is based on an effective strain intensity 

factor, which includes a modification to describe the behavior of short cracks, 

elastic and plastic notch strain calculations based on Neuber' s formula. and a 

reference crack growth rate curve obtained during closure-free crack growth. This 

chapter also described an approximate method for the calculation of the stress 

intensity factor solution for the case of a flaw at a notch root, using the available 

stress intensity factor solutions for individual flaws and notches. 
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CHAPTER 3 

MATERIALS AND TEST TECHNIQUES 

3. 1 Materials 

The materials used in this investigation are 206. 319, and 390 cast aluminum alloys 

in "high-gas" and "low-gas" conditions. The high-gas material had the number and 

size of the gas pores artificially increased while the low-gas material was cast in the 

normal manner. The material was supplied in the form of plates 6.35 mm thick in 

the as-cast and hipped conditions. Hipping is a process in which the cast material is 

subjected to a high pressure at high temperature and then slowly cooled down to 

eliminate internal flaws. The 319 cast aluminum alloy was the only material 

supplied in the hipped condition. The chemical composition and the mechanical 

properties of the materials are listed in Tables 3.1 and 3.2 to 3.5, respectively, and 

the monotonic and cyclic stress-strain curves are shown in Figures 3. l to 3.4. 

3.2 Specimens 

3. 2 .1 Specimen Geometry and Preparation 

All testing was carried out on flat specimens machined from the 6.35 mm thick 

plates of the material supplied. Flat smooth fatigue test specimens with dimensions 

of 12. 7 mm(0.5") in width, 88.90 mm(3.5")in length, and 2.54 mm(0. l ") or 3.556 

mm(0.14") in thickness were used, as shown in Figure 3.5. Edge notched fatigue 

test specimens with dimensions of 25.4 mm( l.0")in width, 88.90 mm(3.5") in 

length, and 3.556 mm(0.14") in thickness were used for notched fatigue tests, and 

crack growth test specimens with dimensions of 44.45 mm( l .75") in width, and 

2.54 mm(0. l ") in thickness were used for stress intensity versus crack growth rate 

tests as shown in Figures 3.6 and 3.7, respectively. 
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The smooth and notched specimens were prepared in accordance with ASTM 

standard E606 for constant-amplitude low-cycle fatigue tests. The preparation 

included hand polishing of the gauge section in the loading axis direction with 

emery paper of grades 240. 400. 500. and 600. Final polishing was done for the 

crack growth test specimens using a metal polish which aided crack observations. 

In strain controlled tests an air-drying polyurethane (M-coat D from Micro­

Measurement) was applied on the specimen edge or the location of the extensometer 

knife blades to decrease the possibility of a knife-edge failure and reduce slippage 

of the extensometer. 

Table 3.1 Chemical composition (percentage by weight) 

Alloy Si Cu Cr Mn Mg Fe Ni 

Al206 0.1 4.3 <0.01 0.37 0.26 0.03 <0.01 
(As-cast) 
Al 319 5.9 3.4 0.07 0.38 0.25 0.91 0.07 

(As-cast and Hipped) 
Al390 17.3 4.8 <0.01 0.02 0.52 0.2 <0.01 

(As-cast) 

Table 3.2 Mechanical properties of Al 206 (As-cast condition) 

Mechanical properties Units Magnitude 
High-gas Low-gas 

Modulus of Elasticity MPa 67.000 67.000 

Monotonic Tensile Yield Stress MPa 264 243 
(0.2% offset) 

Cyclic Yield Stress MPa 315 315 
(0.2% offset) 

Ultimate Tensile and Fracture Stress MPa 332 314 

Fracture Strain % 3.34 3.8 

Monotonic Strength Coefficient (K) MPa 460 472 

Monotonic Strain Hardening 0.0874 0.1077 
Exponent (n) 
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Table 3.3 Mechanical properties of Al 319 (As-cast condition) 

Mechanical properties Units Magnitude 
High-gas Low-gas 

Modulus of Elasticity MPa 68,400 68.400 

Monotonic Tensile Yield Stress MPa 152 149 
(0.2% offset) 

Cyclic Yield Stress MPa 210 210 
(0.2% offset) 

Ultimate Tensile and Fracture Stress MPa 193 198 

Fracture Strain % l.04 1.08 

Monotonic Strength Coefficient (K) MPa 480 495 

Monotonic Strain Hardening 0.1835 0.188 
Exponent(n) 

Table 3.4 Mechanical properties of Al 390 (As-cast condition) 

Mechanical properties Units Magnitude 
High-gas Low-gas 

Modulus of Elasticity MPa 80,000 80,000 

Monotonic Tensile Yield Stress MPa 160 183 
(0.2% offset) 

Cyclic Yield Stress MPa 183 183 
(0.2% offset) 

Ultimate Tensile and Fracture Stress MPa 160 188 

Fracture Strain % 0.42 0.45 

Monotonic Strength Coefficient (K) MPa 649 782 

Monotonic Strain Hardening 0.2246 0.2314 
Exponent(n) 



Table 3.5 Mechanical properties of Al 319 (Hipped condition) 

Mechanical properties Units Magnitude 
High-gas Low-gas 

Modulus of Elasticity 

Monotonic Tensile Yield Stress 
(0.2% offset) 

Cyclic Yield Stress 
(0.2% offset) 

Ultimate Tensile and Fracture Stress 

Fracture Strain 

Monotonic Strength Coefficient (K) 

Monotonic Strain Hardening 
Exponent (n) 
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3.2.2Specimen Gripping 
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R=0.3 

- 0.25 

Side View 

The gripping assembly for flat specimens is shown in Figure 3.8. The specimen 

was inserted into the lower grip and secured by tightening a screw that moves the 
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clamping wedges and clamps the specimen with enough force to prevent slippage 

during the fatigue test. The other end of the specimen was then inserted into the 

upper grip and secured with another screw. The hydraulic actuator was raised until 

the lower grip was immersed in the attached pot containing liquid wood's metal, 

which was then frozen. This procedure ensures that the axis of the specimen is 

coincident with the loading axis of the testing frame, and that the gauge section of 

the specimen is not subjected to residual stresses during the assembly process. For 

strain controlled tests, an axial extensometer was mounted on the specimen gauge 

section and held in place by means of wire springs. 

Figure 3.8 Gripping assembly for flat specimens 
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3.3 Experimental Program 

3. 3 .1 Constant-amplitude Tests 

Strain-life and stress-life constant-amplitude fatigue tests were conducted on the 

cast aluminum alloys at a stress ratio (minimum stress/maximum stress) of -l 

(R=-1). The fatigue limit was taken as the stress level at which specimens did not 

fail after l O million cycles. 

3.3.2 Intermittent Underload Tests 

Variable-amplitude strain-life and stress-life fatigue tests were also conducted. A 

block loading history was used consisting of an underload followed by small cycles 

which had the same maximum stress as the underload cycle. The underload cycle 

used is about the yield stress magnitude, and is chosen as the constant-amplitude 

stress level that would give a fatigue life of l0,000 cycles A schematic diagram for 

the block loading history is shown in Figure 3.9. The number of small cycles "N" 

was chosen so that the following conditions were fulfilled: 

l- The damage due to the underloads (according to Miner) was not allowed to 

exceed 20%, .i.e. number of underloads in the expected life did not exceed 0.2 of 

the number of underloads only required to cause failure. This ensures a fatigue test 

in which most of the damage is done by the small cycles. 

2- All small cycles between underloads were free of closure. This was achieved by 

choosing "N" so that the crack opening stress as it builds-up after underloads did 

not reach the minimum stress of the small cycles before the application of the next 

underload which reduced the crack opening stress. The value for "N" was based on 

a crack opening stress build-up model proposed by the present author[78] and fitted 

to test data for the present material[79]. The variable-amplitude strain-life curve is 

not an effective strain-life curve only over a small part of the curve. This part of the 

curve occurs when the small cycles approach the size of the large underloads. The 

small cycles in that case are not fully open and the crack opening stress approaches 

that of the large underloads. 
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3.3.3Service Load History Tests 

The stress history examined in this study is the torsion channel of the Society of 

Automotive Engineers (SAE) GKN Grapple-Skidder history, which is a good 

example of an actual measured service history. The history was supplied in the 

form of normalized sequential peak and valley points with a maximum value of 318 

and a minimum value of -238 and contains 41124 reversals. The history is shown 

in Figure 3.10. The numbers were scaled up or down in magnitude to obtain 

different overall test stress levels. Each test level was denoted by the maximum 

absolute value of the stress range throughout the scaled history. 

A total of 321 fatigue tests were conducted on smooth and notched specimens in 

this investigation under the different fatigue loading histories. A list of the number 

of fatigue tests conducted is given in Table 3.6. 
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Figure 3.9 A schematic diagram for the block loading history 
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Table 3.6 Number of fatigue tests conducted on smooth and notched specimens 
(HG: High-Gas. LG: Low-Gas) 

Geometry Smooth Specimens Notched Specimens 
Condition As-Cast Hipped As-Cast Hipped 

HG LG HG LG HG LG HG LG 
Constant-
amplitude 30 33 11 11 24 - 23 -
Loading 
Variable-

Amplitude 33 28 13 13 29 - 18 -
Loading 
Service 
Load 7 - 7 - 14 - 27 -

History 

3.4 Test Techniques 
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All tests were carried out in a laboratory environment at room temperature (23°c) 

using a uniaxial closed-loop servo-controlled electro-hydraulic testing machine. 

Calibration of the load cell was carried out before all tests in this investigation using 

a standardiz.ed calibration load cell. Extensometers used were calibrated periodically 

using a calibration instrument containing a dial gauge with a precision of 0.000 l 

inches. 

3.4.1 Closure Free Crack Growth Rate Tests 

Crack growth in terms of effective stress intensity was measured under constant­

and variable-amplitude loading. A traveling microscope of 900X was mounted on 

the machine facing the specimen. A vernier with an accuracy of 0.000 l mm was 

attached to the microscope to measure changes in crack length. The variable­

amplitude loading history was found to be a bener and easier technique in 

producing the closure free crack growth data than the constant-amplitude loading 

technique. In the constant-amplitude loading technique, a K-decreasing procedure 

has to be used . During the K-decreasing phase the load has to be carefully reduced 

by 10% in each step. If the load drop is higher than 10%, the steady state crack 

opening stress will not be able to make the transition to the new crack opening 
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stress level and the crack will not grow. This might give an early fatigue threshold 

value. Also in the constant-amplitude technique, very high stress ratios might be 

needed in relatively brittle materials to obtain the closure free crack growth data. 

These brittle materials cannot withstand the high stresses when the crack growth 

length is not too long. Using the block loading history, the crack is ensured to be 

always fully open which prevents an artificially elevated fatigue threshold. Also in 

the variable-amplitude loading technique the low crack opening stress level, due to 

the underload cycle, allows the small stress cycles applied after the underload to be 

fully open at lower stress ratios than those applied when using the constant­

amplitude loading technique. Both the constant- and variable-amplitude loading 

procedures are explained in detail in the following sections. 

3.4.1.1 Constant-amplitude Loading Procedure 

Under constant-amplitude loading, the combination of the stress ratio, R, and the 

maximum stress have to be high enough to ensure a fully open crack. However, the 

maximum stress must be kept below that causing failure by exceeding the fast 

fracture stress intensity factor, Kc. Stress ratios up to 0.85 were used in this 

investigation to obtain fully open crack growth curves. 

A small notch of about 0.25 mm was introduced on one side of the specimen, at mid 

length as shown in Figure 3. 7, to produce a stress raiser which served to localize the 

crack initiation site. This size was small enough that once initiated the crack rapidly 

grew out of the zone of influence of the notch. A K-decreasing procedure was used 

which minimized load interaction effects. During the K-decreasing phase the applied 

load was reduced by l 0% in each step and the crack was allowed to grow at least 

five plastic zone sizes each step to allow the crack to grow out of the plastic zone of 

the previous higher load. This sequence was followed until no crack growth was 

detected after 3 million cycles. After the threshold stress intensity factor was 

determined a load increasing phase having a 10% load increase in each step was 

applied until a desired maximum crack growth rate was reached, such as 10·1 

m/cycle. 
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3.4.1.2 Variable-amplitude Loading Proced ore 

A block loading history was also applied to obtain the closure free crack growth 

curve. Each block consisted of a underload followed by a number of small cycles 

having the same maximum stress as the underload. The small cycles minimum 

stress was changed to produce different AK values. A schematic for the block 

loading is shown in Figure 3.9 

The procedure followed to obtain the crack growth rate of the small cycles was as 

follows: 

1- The crack growth rate, (da/dN)t, for the block loading history was determined. 

2- The crack growth rate for the underload cycles alone was determined during the 

block test by inserting a group of underload cycles and measuring their growth rate, 

(da/dN)u.L., between measurements of block growth rates. 

3- The crack growth rate for the small cycles in the block test, (da/dN)s, was 

obtained by subtracting the growth per block due to the underload cycle, 

(da/dN)u.L., from the total growth per block, (da/dN)t, and divided by the number 

of cycles in the block as follows: 

(dal dN) = (N + l)(dal dN), -(da/ dN)uL 
$ N 3.1 

where N is the number of small cycles between underloads 

The advantage of the variable-amplitude history over the constant-amplitude history 

is that we can use stress ratios which are not very high and still obtain fully open 

crack growth in which the whole stress cycle is effective. The application of the 

underload cycle in the variable-amplitude history decreases the crack opening stress 

to a low level and a large number of small cycles is required for it to return to its 

steady state level. If the frequency of the underloads is small enough, the crack 

opening stress is reduced by a new underload before it reaches the minimum stress 

of the small cycles and all the small cycles are fully open. 
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3.4.2 Crack Opening Stress Build-up Measurements 

The program used to measure the crack opening stress build-up involved applying 

constant-amplitude small cycles until a steady-state crack opening stress was 

reached, then applying an underload cycle, followed by cycling at the initial test 

conditions until the crack opening stress level returned to the value it had prior to 

the underload cycle. A schematic for the program applied and the crack opening 

stress changes is shown in Figure 3.11 

Stress 
N 

◄ ► 

time 

steady state Crack opening stress 
crack opening stress build-up 

Figure 3. 11 A schematic for the history used in the crack opening stress build-up 
measurements 

The crack tip region was examined throughout a stress cycle using a 900x 

microscope at cycle numbers 1, 5, 10, 20, 50, 100, 200, 500, 1000, 2000, 

5000,10000, 20000, and 50000 after the underload and the crack opening and 

crack closure stress levels were recorded. The procedure followed for measuring 

the crack opening stress was to stop the test at the maximum stress of the required 

cycle and then to drop the load while looking at the crack tip region until the crack 

surfaces starts to touch each other. If the crack opening stress is lower than the 

minimum stress of the stress cycle then the loading history is altered, so the test is 

continued without any measurements until the end of the block. Then the test is 

resumed by applying another block and is stopped at the maximum stress of the 

required stress cycle to record the crack opening stress reading. A set of readings 

was repeated five times for each small cycle stress level, and the average of the five 

readings at a given cycle number after the overload was taken as the crack opening 
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or crack closure stress level. The crack opening and crack closure stress levels are 

defined as the levels at which the crack surfaces just open or close. respectively. at 

a distance of 0.25 mm behind the crack tip. 

3.4.3 Fatigue Tests 

A digital process control computer was used to output constant-amplitude cycles. 

periodic underloads followed by constant-amplitude small cycles. and the variable­

amplitude GKN Grapple-Skidder history in the form of a sinusoidal loading wave. 

Strain controlled fatigue tests were conducted at frequencies between l and 45 HZ, 

while load controlled fatigue tests were conducted at frequencies up to 150 HZ 

depending on the stress amplitude of the small cycles in the history using a FLEX 

control software [80]. Failure was defined as 10% load drop for strain controlled 

tests and full separation of the specimen for load controlled tests. 

3 .4 .4 Ultra-Sonic Observations 

One of the test series needed in this investigation was to study and test the fatigue 

behavior of specimens having natural flaws at the notch root. It was necessary to 

accurately locate large flaws, their size, and their depth below the surface of the cast 

plate so as to be able to cut the specimens and then machine the required notch size 

with the natural flaw located at the notch root. The cast plates were sent out to be 

examined using ultra-sonic waves. The X and Y coordinates of the plates' flaws. their 

size, and their depth from the plates surface were determined. Figure 3.12 shows a 

part of one of the plates after detecting the flaws using ultra-sonic waves. 

3.4.SFractographic Observations 

Fractography performed on the aluminum alloys, Al 206, Al 319, and Al 390 showed 

dendritic crystals in all of them, but the size and distribution of the dendrites varied 

from one material to the other. More dendrites were found in Al 319 and Al 390 than 

in Al 206. Defects in the cast aluminum alloys in the High-gas and Low-gas condition 

are shown in Figure 3.13. 
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Broken fatigue test specimens were examined under a microscope to identify the flaw 

shape. size. and location from the notch root. A camera was mounted on the 

microscope to capture the fracture surface with the flaws. A very fine ruler was 

photographed at the same magnification as the specimen photograph and used to 

measure the flaw size. In some cases a small digital vernier with a resolution of 

0.0001 inches was used to measure the flaw size under the microscope. Fractographic 

observations. in this investigation. helped in determining the reason for some unusual 

fatigue test results as will be shown and explained in chapters 4 and 5. 
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Figure 3.13 Defects in cast aluminum alloys 

(a) Cast Al 206 High-Gas. (h) Cast Al 206 Low-Gas. (c) Cast Al 319 High-Gas 



• 6;.·_ ~-;,= \ ~·s>•;...: r-· . 

0.35 mm 

0.35 mm 

. , 
\• 

\"'. 

• ·• 1~-r .·•--~)~ 

fr 

-~ 

0.35 mm 

Figure 3.13 (Continued) Defects in cast aluminum alloys 
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(d) Cast Al 319 Low-Gas, (e) Cast Al 390 High-Gas, (f) Cast Al 390 Low-Gas 
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3.5 Summary 

This chapter presented the materials used in this investigation and their mechanical 

properties. It also showed the different kinds of specimens used and their design 

together with the specimen preparation prior to testing and its gripping in the testing 

machine. 

This chapter explained the three experimental programs used in this study. The first 

program was the constant-amplitude program, and the second was the intermittent 

underload program which consists of repeated blocks, with each block consisting of 

an underload followed by a number of constant-amplitude small cycles that varies 

depending on the stress or strain amplitude of the small cycles. The third program was 

using the G KN Grapple-Skidder history which consists of 41, 124 reversals. 

This chapter explained the different test techniques used in this investigation. They 

include a technique for producing effective stress intensity factor versus crack 

growth rate data using an underload block loading history rather than the 

conventional constant-amplitude history. Another technique was for measuring the 

crack opening stress build-up after the application of underloads using a high 

magnification power microscope,(900X). Procedures for fatigue tests under strain 

and load control, fractographic observations and ultra-sonic observations to detect 

the flaw location, and size were also presented. 
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4.1 Int.oduction 
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In this chapter, fatigue test data obtained using smooth specimens and notched 

specimens with a flaw at the notch root under constant-amplitude and intermittent 

underload block loading histories are examined. The results show an improvement 

in smooth specimen fatigue strength, under constant-amplitude loading, as a result 

of the hipping process which decreased the flaw size. They also show the effect of 

the variation in flaw size and flaw position, in the notch root, on the fatigue life of 

notched specimens having small and large notch radii. The underloads, in the block 

loading history, followed by constant-amplitude smaller cycles, reduced the crack 

opening stress enough that the smaller constant-amplitude cycles became fully 

effective which reduced their effective fatigue life. 

4.1.1 Load Histories 

Constant- and variable -amplitude histories are used in this chapter. The constant­

amplitude load history consisted of fully reversed loading or strains at a stress ratio 

of -1 (R=-1 ). The variable-amplitude load history consisted of a series of repeated 

blocks, in which each block consisted of an underload followed by a number of 

small cycles which had the same maximum stress as the underload cycle (see 

section 3.3). A schematic diagram for the constant-amplitude and block loading 

histories used is shown in Figure 4.1. 



77 

Stress or Strain 

A R=-1 

~~~ 
I 

! I 

Cc-:1stant amplitude loading 

Stress or Strain 

£1◄ N ~, 

:,~~P/W ,/ ~7, ► 
V ~ ~ Variable amplitude loading 

One Block 

Figure 4.1 Constant- and variable-amplitude histories 

4.1.2 Materials 

Smooth specimens fatigue tests under constant- and variable-amplitude loading 

were done on the 206. 390, and 319 cast aluminum alloys in Lite as-cast condition 

and on the 319 cast aluminum alloy in the hipped condition. The notched specimen 

fatigue tests, under constant- and variable-amplitude loading, were conducted only 

on the high-gas 319 cast aluminum alloy in the as-cast and hipped condition. 

4.1.3 Objective and Outline 

It is generally accepted that the fatigue strength of materials containing defects or 

flaws is lower than that of a defect free material. If a defect is located at a stress 

concentration region. such as a notch root. an even lower fatigue strength might be 

expected. It is the objective of this chapter to determine the reductions in fatigue life 

caused by having a defect at a notch root under the application of constant- and 

variable-amplitude fatigue loads and to analytically predict those reductions. The 

following sections describe the smooth and notched specimen fatigue tests, a 

method for calculating an empirical model for crack opening stress build-up, and 

fatigue life predictions based on the proposed analytical model (chapter 2). 



78 

4. 2 Fatigue Tests of Smooth Specimens 

This section provides the smooth fatigue test data for the as-cast and hipped 

materials under constant- and variable-amplitude load histories. 

4.2.1 As-Cast Fatigue Test Results 

Q) 
C) 
C: 
ttl a: 
C: 
.tti 
~ en 

Strain-life constant-amplitude fatigue tests at R=-1 were conducted on the 206, 319 

and 390 cast aluminum alloys in both the high-gas and low-gas conditions. Figures 

4.2 to 4.6 show strain range versus number of cycles to failure data for the three 

materials. 

Fatigue limit and fatigue test results under constant-amplitude loading are given in 

Tables 4.1 and 4.2. It can be seen that there was no significant difference in fatigue 

life between the high-and low-gas cast aluminum alloys except near the fatigue limit 

region, where the low-gas 319 aluminum alloy is superior to the high-gas material. 
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Figure 4.2 Constant- and variable-amplitude loading fatigue data for Al 319 alloy 
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Figure 4.3 Constant- and variable-amplitude loading fatigue data for Al 206 alloy 
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Fatigue tests under variable-amplitude loading were conducted under load control. 

The fatigue test results are shown in Figures 4.2-4.6. The underload cycle used. for 

each material. is chosen as the corresponding constant-amplitude stress level that 

would give a fatigue life of about 10.000 cycles. The underload stress levels for 

the 319. 206. and 390 cast aluminum alloys were ±144 MPa. ±207 MPa. and ±10 I 

MPa. respectively. Fatigue limit and fatigue test results are given in Tables 4.3 and 

4.4. Results are plotted on axes of the strain range of the small cycles versus the 

equivalent number of small cycles to failure on a log scale. Miner's linear damage 

rule was used to calculate the equivalent number of small cycles to failure. The total 

damage is given by the sum of the underload damage. D,,1• and the small cycle 

damage. D,: 

Du1 +D, = l 4.1 

The damage caused by the underloads is calculated as the number of underloads in a 

test. N"'. divided by the number of underload cycles to failure. N fa'. in a constant­

amplitude loading history containing only underload cycles: 

D = N"' 
ul N 

fa/ 

Then an equivalent life for small cycles is obtained as 

N, 
=-

D, 

4.2 

4.3 

where N, is the number of small cycles in a fatigue test. and D, is the damage done 

by small cycles= I- Du1. 

Combining Equations 4.1. 4.2. and 4.3 gives 

N _ N, = N, 
t•~q - l-D N 

ul l-___.!!!,_ 

4.4 

N1u1 
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The underload block loading history used was the most damaging history possible 

for the applied stresses, as the crack was fully open throughout the small cycles. 

The underload strain-life curves shown in Figures 4.2-4.6, therefore, represent 

lower-bound strain-life curves for the three cast aluminum alloys. The reductions 

in fatigue strength caused by this history from the constant-amplitude fatigue 

strength are shown in Table 4.5. 

Table 4.1 Fatigue limit stress and strain ranges under constant-amplitude loading 

Al206 Al319 Af 390 
Fatigue limit High- Low- High- Low- High- Low-

Gas Gas Gas Gas Gas Gas 
Strain range(%) 0.16 0.16 0.16 0.22 0.13 0.14 

Stress range (MPa) 104.88 107.64 100.74 155.94 102.12 117.3 

Table 4.2 Constant-amplitude fatigue life data for Al 206, Al 319, and Al 390 

AL206 
High-Gas Low-Gas 

Strain range (%) Cycles to failure Strain range(%) Cycles to failure 
0.90 1,200 1.0 100 
0.60 9,206 0.80 1,200 
0.40 31,958 0.60 12,170 
0.28 197,135 0.40 29 I ,786 
0.23 342,330 0.34 297,237 
0.20 1,237,215 0.25 492,665 
0.18 3,809,646 0.30 547,582 
0.16 8,517,700 0.24 I, 191,298 

0.20 1,328,995 
0.18 2,063,955 
0.16 16,032,035 

Af 319 
High-Gas Low-Gas 

Strain range (%) Cycles to failure Strain range (%) Cycles to failure 
0.80 31 1.0 8 
0.60 401 1.0 20 
0.50 7,137 0.60 531 
0.40 20,000 0.46 5,816 
0.30 44,319 0.40 17,708 
0.24 263,147 0.40 21,268 
0.22 320,829 0.34 39,855 
0.20 601,932 0.30 101,913 
0.20 644,011 0.22 267,497 
0.16 1,126,063 0.24 568,773 
0.18 12,057,416 0.23 1,075,283 
0.18 15,455,960 0.20 4,770,570 
0.16 16,563,501 0.22 11,000,000 
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Table 4.2 (Continued) Constant-amplitude fatigue life data for Al 206. Al 319. and 
Af 390 

Al390 
High-Gas Low-Gas 

Strain range(%) Cvcles to failure Strain range (%) Cvcles to failure 
0.40 606 0.650 12 
0.26 7.768 0.400 656 
0.20 312.756 0.300 5,312 
0.18 362.811 0.200 120.921 
0.16 610.261 0.180 2.932.103 
0.14 2.393.206 0.166 1.659,371 
0.16 8.183.890 0.160 1.559,500 
0.13 15.711 .017 0.150 20.278,526 
0.14 22.063.000 0.140 23.193,098 

Table 4.3 Fatigue limit strain range under variable-amplitude loading 

Af 206 Af 319 Al 390 
Fatigue limit High- Low- High- Low- High- Low-

Gas Gas Gas Gas Gas Gas 
Strain range(%) 0.036 0.021 0.04 0.045 0.03 0.046 

Table 4.4 Variable-amplitude fatigue life data for Al 206. Al 319, and Al 390 

Al 206 
High-Gas Low-Gas 

Strain N Nt Nfseq 
Strain N Nt Nfseq amp. (Cycles) (Cycles) amp. (Cycles) (Cycles) (%) (%) 

0.3140 10 10,186 l l .581 0.1500 20 20.160 21.340 
0.1000 45 2.217 2.191 0.1000 22 51.934 65,008 
0.1000 40 53,464 72,665 0.0650 120 268.378 346,413 
0.0700 50 74,256 106.290 0.0503 420 343,536 374,652 
0.0550 260 220.283 268,474 0.0450 630 914,950 1.076,545 
0.0400 600 414,088 485.838 0.0390 1050 2,109,357 2.666,284 
0.0300 2100 1,724,920 2.096,595 0.0350 3900 2,820,423 3.050,029 
0.0215 17300 9,913,472 11,316,084 0.0350 3900 1,824,670 l .917 ,848 
0.0180 10000 23,107,311 46,220.002 0.0270 3900 3,343,157 3.670,894 
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Table 4.4 (Continued) Variable-amplitude fatigue life data for Al 206, Al 319 and 
Af 390 

Af 319 
High-Gas Low-Gas 

Strain N Nt Nfseq 
Strain N Nt Nfseq amp. 

(Cycles) (Cycles) amp. 
(Cycles) (Cycles) (%) (%) 

0.1400 12 4,404 4,805 0.0980 50 41,985 42,978 
0.1000 40 8,692 9,384 0.0700 50 43,867 44,994 
0.0750 50 29,020 38,391 0.0500 50 116,843 129,819 
0.0600 200 89,878 112,281 0.0350 100 493,588 652,308 
0.0485 890 175,526 192,562 0.0275 800 1,089,395 1,169,723 
0.0400 700 535,744 819,912 0.0300 500 1,721,933 2,086,466 
0.0250 9000 990,109 1,042,071 0.0250 800 1,851,119 2,097,661 
0.0300 3850 l, 152,352 1,333,827 0.0250 1000 2,040,028 2,276,002 
0.0275 9000 1,943,183 2,154,358 0.0275 800 2,286,849 2,676,022 
0.0250 9000 3,711,327 4,567,917 0.0300 100 1,454,571 5,517,887 
0.0225 9000 6,229,589 9,090,747 0.0250 1000 7,477,471 12,112,919 
0.0210 36000 15,179,469 18,779,023 0.0225 3000 17,804,152 25,588,181 
0.0200 18000 17,907,258 32,675,590 

Af 390 
High-Gas Low-Gas 

Strain N Nt Nfseq 
Strain N NI Nfseq amp. (Cycles) (Cycles) amp. (Cycles) (Cycles) (%) (%) 

0.0645 25 77,658 95,200 0.062 lO 66,417 90,494 
0.0450 95 127,970 140, 13 l 0.030 685 429,387 444,083 
0.0350 155 394,064 478,902 0.030 685 453,21 l 469,660 
0.0300 430 707,197 800,374 0.040 220 560,697 648,932 
0.0260 600 1,472,822 1,786,473 0.027 680 2,045,953 2,448,461 
0.0210 2900 2,689,536 2,881,662 0.027 680 5,899,725 11,275,043 
0.0200 3500 3,168,532 3,389,306 0.023 1370 8,718,150 13,412,536 
0.0230 1500 3,436,408 4,114,288 
0.0170 3500 5,938,502 6,765,662 
0.0170 3500 9,926,454 12,478,391 
0.0150 3500 13,911,304 19,502,362 

Table 4.5 Fatigue strength reductions due to variable-amplitude loading 

Al206 Al 319 Af 390 
High-Gas Low-Gas High-Gas Low-Gas High-Gas Low-Gas 

77% 87% 75% 79% 77% 66% 
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4.2.2Fatigue Test Results for Hipped Material 
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Strain-life constant-amplitude fatigue tests at R=-1 were conducted on the hipped 

319 aluminum alloy from both the high-gas and low-gas conditions. In Figures 4. 7 

and 4.8, which show strain range versus number of cycles to failure data, there is 

no significant difference in fatigue life between the high-gas and low-gas 

conditions. The fatigue limit strain range was 0.26% which is equivalent to a stress 

range of 180 MPa. The 0.26% constant-amplitude fatigue limit strain obtained 

represents an increase of about 62.5% in fatigue strength from the flawed (non 

hipped) high-gas Al 319 alloy. The fatigue test results under constant-amplitude 

loading are given in Table 4.6. Fatigue test results under variable-amplitude loading 

are shown in Figures 4.7 and 4.8. The underload cycle stress levels used were 

±144 MPa. The constant-amplitude fatigue limit strain amplitude of smooth 

specimens was reduced by 85% for the high-gas metal and by 78% for the low-gas 

metal. The fatigue test results under variable-amplitude loading are given in 

Table 4.7. 
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Figure 4.7 Constant- and variable-amplitude strain-life curves for Al 319 High-gas Hipped 
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Table 4.6 Constant-amplitude fatigue life data for Hipped Al 319 

High-Gas Low-Gas 
Strain range(%) Cycles to failure Strain range(%) Cycles to failure 

0.400 81 0.40 132 
0.300 2,383 0.30 832 
0.240 5,618 0.24 5,677 
0.200 12,797 0.20 31,587 
0.170 31,073 0.18 83,169 
0.160 124,415 0.17 397,941 
0.150 162,507 0.15 5,119,476 
0.145 258,190 0.15 202,997 
0.140 601,484 0.14 336,361 
0.140 2,682,867 0.14 8,611,743 
0.130 10,050,000 0.13 10,132,000 
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Table 4.7 Variable amplitude fatigue life data for Hipped Al 319 

High-Gas Low-Gas 
Strain N NI Nlseq 

Strain N NI Nlseq amp. (Cycles) (Cycles) amp. (Cycles) (Cycles) (%) (%) 
0.12 195 20,801 20,866 0.1 150 184,592 190,732 
0.09 950 178,035 180,483 0.08 600 537,184 551,852 
0.08 825 114,460 115,558 0.07 432 207,425 210,132 
0.07 430 280,581 294,911 0.07 650 780,633 810,138 
0.05 703 334,402 346,793 0.06 750 651,869 669,340 

0.045 805 582,781 616,586 0.06 750 681,039 700,157 
0.04 970 1,395,701 1,570,471 0.05 800 367,364 372,267 

0.035 l, 180 1,992,240 2,292,736 0.05 800 403,546 409,555 
0.03 1,472 4,432,560 5,797,842 0.045 805 1,680,132 1,796,432 
0.027 1,715 2,955,989 3,201,520 0.04 800 1,606,748 1,713.552 
0.025 3,000 7,195,886 8,851,345 0.035 1,000 969,459 999,062 

0.0225 3,000 7,995,660 10,092,166 0.03 2,000 12,590,000 15,711,960 
0.02 3,000 11,370,000 16,145,187 0.0275 2,000 10,950,000 13,237,213 

4.2.3 Comparison of Cast and Hipped Fatigue Test Results 

It is observed in Figures 4.9 and 4.10 that there is a significant improvement 

( 62.5%) in fatigue strength from an as-cast condition to a hipped condition in 

constant-amplitude loading fatigue. However, that improvement is nearly eliminated 

under variable-amplitude loading. To understand this observation, the specimen 

fracture surfaces were examined under an optical microscope. It was found that the 

hipping process did not eliminate all flaws but there were still some very small 

shrinkage and gas pores. In an examination of the fracture surfaces of high-gas 

hipped specimens tested under constant-amplitude loading, six specimens out of 

eleven had small flaws on the fracture surface while for the low-gas hipped 

specimens only three out of eleven had small flaws on the fracture surface. In spite 

of the presence of small flaws, the fatigue life strength was significantly improved 

from the as-cast condition under constant-amplitude loading. An examination of the 

fracture surf aces of the hipped specimens tested under variable-amplitude loading 

found that nearly all the specimens had flaws on the fracture surf ace. So the 319 

cast aluminum alloy, which showed improvement in fatigue strength from the as­

cast to the hipped condition under constant-amplitude loading, did not show a 

significant improvement under variable-amplitude loading. 
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This behavior indicates a greater sensitivity of the 319 cast aluminum alloy to flaws 

or defects under variable-amplitude loading than under constant-amplitude loading. 

Indeed at long lives under variable-amplitude loading, very small flaws seem to be 

almost as damaging as large ones. Similar results were obtained for small notches 

in a 2024-T35 l aluminum alloy under variable-amplitude loading by DuQuesnay et 

al. [81]. DuQuesnay et al. [81] showed that the notch size effect observed under 

constant-amplitude loading is reduced under variable-amplitude loading as shown in 

Figures 4.11 and 4.12. 
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Figure 4.9 Experimental data for High-gas Hipped and cast Al 319 under constant 
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Figure 4. lO Experimental data for Low-gas Hipped and cast Al 319 under constant 
and variable-amplitude loading 
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The !la lh versus crack length curves (Kitagawa curve), for the material, for stress 

cycles with and without closure are shown schematically in Figure 4.13. The local 

notch stress versus crack length is shown on the same plot. The stress at which the 

notch stress lies completely above and just touches the kitagawa curve is the fatigue 

limit stress and the crack length at which the notch stress touches the kitagawa 

curve is the largest non-propagating crack length. The notch radius for which the 

fatigue notch factor ( K 1 ) is less than the theoretical stress concentration factor is 

larger for constant-amplitude loading (curve with closure) than for variable­

amplitude loading (intrinsic curve). Figure 4.14 shows a sketch of the relationship 

between the notch radius and KI for constant and variable-amplitude loading. The 

Figure shows that as the notch radius increases the fatigue notch factor increases 

until it is equal to K
1 

where it stabilizes. Stabilization is reached at a smaller notch 

radius under variable-amplitude loading than under constant-amplitude loading. 

Flaws in smooth specimens are treated as notches [83), with a notch size equal to 

the flaw diameter. It is then expected that there is a certain flaw size at which the 
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fatigue notch factor is equal to Kr. This flaw size is expected to be smaller under 

variable-amplitude fatigue loading than under constant-amplitude fatigue loading. 

Notch Stress Field 

______ t---_.;...✓--- / Fatigue Limit 

- --t--~'-::::~--

Kt 
. - -

With Closure 

Intrinsic 

Crack length 

Figure 4.13 A schematic of intrinsic and with crack closure Kitagawa curves with the 
notch stress fields 

This explains why having a smaller flaw size in the hipped than in the as-cast Al 

319 showed an improvement in fatigue life under constant-amplitude loading but 

not under variable-amplitude loading. 

V.A. 

1.0 

-IP 
Figure 4.14 A schematic of the relation between the fatigue noter. factor ( K 1 ) and the 

square root of the notch radius of curvature ( ..Jp) 
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4.3 Detection of Natural Flaws 

To study the effect of a flaw at a notch root on the fatigue behavior of notched 

specimens of the cast aluminum alloy material. specimens were prepared by two 

procedures: 

Procedure I- The cast aluminum alloy plates were examined by ultra-sonic waves 

to detect the location of the defects and their depth below the material 

surface. The notched specimens were then cut from the cast plate so 

that the natural flaw was at the notch root When possible large flaws 

were used. 

Procedure 2- Notched specimens were machined from the hipped cast aluminum 

alloy, which had only very small flaws. and a natural flaw was 

modeled as a drilled hole which was of the same size as the average 

flaw in the cast aluminum alloy, as shown in Figure 4.15. The hole 

was drilled at the notch root of the hipped aluminum alloy. 

Both procedures for specimen preparation produced a notched cast aluminum 

specimen with a flaw at a notch root. However. there was some variation in the 

accuracy of positioning of the flaw at the notch root. which resulted in a variability 

in the fatigue results for natural flaws. 

~ Notch :,~ 
- , Radius 

Elevation Plan 

Figure 4.15 Position and shape of the artificial flaw 
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4.4 Notched Specimen Fatigue Tests 

This section gives the notched fatigue test results for the as-cast and hipped 

materials under the constant- and variable-amplitude loading histories. The notches 

used were circular edge notches of 1.0 mm, 3.0 mm, and 6.0 mm in diameter with 

natural and artificial flaws at the notch roots. 

4.4.1 Theoretical Stress Concentration 

The theoretical surface stress concentration factor, K,, and the stress field ahead of 

the notch for the three different notch sizes, has been calculated using finite element 

analysis. The ABAQUS [84} finite element analysis package was used to construct 

the finite element mesh and to perform the analysis. By symmetry, only one-half of 

the specimen was modeled. The finite element mesh used was very finely spaced in 

the vicinity of the notch as shown in Figure 4.16. Eight-noded plane strain elements 

were used in the mesh which consisted of 256 elements. The gripping of the 

specimen was modeled in the finite element code by preventing any rotation and 

displacement at the ends, except for the displacement in the loading direction which 

was allowed. The analysis gave gross stress concentration factors, K
11

, of 3.205, 

3.109, and 3.0 I I for the 6.0 mm, 3.0 mm, and l.0 mm diameter edge notches, 

respectively. The stress distribution ahead of the notch was also measured 

experimentally for the 6.0 mm diameter edge notch by gluing six strain gauges 

along the specimen width in front of the notch. The experimental stress field was 

compared with the finite element results and there was good agreement as shown in 

Figure 4.17. 

The theoretical stress concentration factor for a flaw at the root of an edge notch 

was calculated using the available stress concentration factors of individual flaws 

and notches. The stress concentration factor for the case of a big notch size to flaw 

size ratio, ~, at which the notch size is 20 times the flaw size, is taken as the 

multiplication of the stress concentration factor of a 12.0 mm diameter notch, 

K1,=3.48 obtained using finite element analysis, by the stress concentration factor 

of a 0.6 mm diameter flaw, Krt=2.03 [85}, i.e. K,=K,,xKrt=3.48x2.03=7.065. 

The stress concentration factor for ~=0, is taken as the stress concentration of the 

0.6 mm diameter flaw. The stress concentration for ~=I, is taken as the stress 

concentration of a deep notch having a depth equal to the sum of the edge notch 
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radius and the flaw diameter. K,=3.75 [85]. The stress concentration factor in 

terms of the notch size to flaw size ratio 1!- is plotted in Figure 4.18. 
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Figure 4.16 The finite element mesh in the vicinity of the 3.0 mm radius notch 
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Comparison between the notch stress field for uncracked specimens and the elastic 

stress concentration factor, KP, for a crack emanating from an edge notch and for a 

crack emanating from a flaw in an edge notch root is shown in Appendix B. 

4.4.2 Natural Flaw at a Notch Root 

The notches used in this series of tests were circular edge notches of l.O mm, 3.0 

mm, and 6.0 mm in diameter and the specimens were prepared according to the 

procedure explained in section 4.3. Stress-life constant-amplitude fatigue tests at 

R=- l were conducted on the 319 cast aluminum alloy in the high-gas condition. 

The high-gas condition was used in this series of tests because the material has 

larger and more numerous gas pores than the metal in the low-gas condition. The 

larger and more numerous gas pores made it easier to detect a large flaw and locate 

it at the notch root. Figure 4.19 shows the fatigue data plotted in terms of the 

fatigue life versus the gross nominal stress range multiplied by the gross surf ace 

stress concentration factor, K,/~.S, to account for the different K,g values of the 
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three notch sizes. The fatigue limit and fatigue test results in terms of the nominal 

stresses applied on the notched specimens are given in Tables 4.8 and 4.9. 

Variable-amplitude stress-life fatigue tests were also conducted. The underload 

cycle used, for each notch size, was chosen as the corresponding constant­

amplitude stress level that would give a fatigue life of 10,000 cycles. The underload 

stress levels for the 1.0 mm, 3.0 mm, and 6.0 mm diameter notches were ±105 

MPa, ±90 MPa, and ±70 MPa, respectively. The fatigue test results under variable­

amplitude loading are shown in Figure 4.19. Results are plotted on axes of the 

equivalent number of small cycles to failure versus the nominal stress range 

multiplied by the gross surface stress concentration factor, K,,M, on log scales. 

The fatigue limit and fatigue test results, in terms of the nominal stresses applied on 

the notched specimens, are given in Tables 4.10 and 4.11. 
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After testing, the fracture surface of each specimen was examined under a 900X 

power optical microscope to locate the position of the flaw in the notch root. 

Figure 4.20 shows two cases in which the flaws were positioned accurately at the 

notch root and shows also a case in which the positioning of the flaw was less 

accurate as well as a case in which the size of the flaw was less than the largest 

average flaw size of 0.9 mm. This variation in size and location of the flaws 

resulted in a considerable range of scatter in the fatigue data as can be seen in 

Figure 4.19. From the fracture surf ace examinations, it was concluded that the 

average size of the flaws found at the notch roots of the specimens tested was about 

0.6 mm in diameter. 

Table 4.8 Fatigue limit stress range for notched as-cast Al 319 with natural flaw at 
notch root under constant-amplitude loading 

Fatigue limit Natural flaw at Natural flaw at Natural flaw at 
1.0 mm diameter 3.0 mm diameter 6.0 mm diameter 

notch notch notch 
Stress range (MPa) 90 82 57 

Table 4.9 Constant-amplitude fatigue life data for notched as-cast Al 319 with 
natural flaw at notch root 

Natural flaw at Natural flaw at Natural flaw at 
1.0 mm diameter notch 3.0 mm diameter notch 6.0 mm diameter notch 

Stress range Cycles to Stress range Cycles to Stress range Cycles to 
(MPa) failure (MPa) failure (MPa) failure 

300 246 180 11,766 140 16,185 
200 27,617 155 51,774 120 119,480 
180 27,837 140 127,326 105 259,920 
150 188,070 120 281,499 90 577,730 
120 919,562 100 455,670 80 1,375,006 
100 2,010,737 85 1,593,455 70 3,455,900 
90 23,900,000 82 10,000,000 63 7,558,290 

78 7,234,866 57 13,628,480 
70 7,640,000 

Table 4.10 Fatigue limit stress range for notched as-cast Al 319 with natural flaw at 
notch root under variable-amplitude loading 

Fatigue limit Natural flaw at Natural flaw at Natural flaw at 
l.0 mm diameter 3.0 mm diameter 6.0 mm diameter 

notch notch notch 
Stress range (MPa) 32 18 12 
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Table 4. l l Variable-amplitude fatigue life data for notched as-cast Al 319 with 
natural flaw at notch root 

Natural flaw at Natural flaw at 
1.0 mm diameter notch 3 .0 mm diameter notch 

Stress N Nt Nfseq 
Stress N Nt Nfseq range (Cycles) (Cycles) range (Cycles) (Cycles) (MPa) (MPa) 

80 40 66,996 76,429 90 12 34,342 40,851 
60 90 188,466 228,285 70 60 99,136 113,135 
45 360 447,239 500,955 50 450 91,755 93,154 
38 900 1,154,198 1,299,793 40 180 190,306 207,812 
35 1,700 781,622 825,153 35 300 569,797 676,720 
35 1,700 2,978,743 3,523,484 27 500 1,767,870 2,520,488 
32 2,000 4,493,625 5,614.225 24 1,500 2,294,703 2,635,227 
31 2,000 4,859,156 6,186,914 20 2,000 1,504,754 1,606,668 

20 2,000 4,756,178 5,957,144 
18 2,500 10,310,000 15,864,014 
16 2,500 12,100,000 20,541,715 

Table 4.11 (continued) Variable-amplitude fatigue life data for notched as-cast Al 
319 with natural flaw at notch root 

Natural flaw at 
6.0 mm diameter notch 

Stress N Nt Nfseq range 
(Cycles) (Cycles) (MPa) 

80 20 56,054 57,237 
40 100 118,477 120,882 
35 40 63,591 64,564 
30 125 366,159 391,985 
24 170 1,202,027 1,452,708 
20 600 1,674,832 1,798,479 
18 800 2,304,407 2,481,701 
15 1,100 3,319,532 3,589,304 

13.5 1,500 12,265,179 15,440,927 
12 1,500 22,861,736 37,106,553 



Figure 4.20 Pictures of the positions of a flaw at the notch root 
(a) a case of a flaw positioned accurately at the notch root, (b) A case of a flaw 

positioned accurately at the notch root, 
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Figure 4.20 (continued) Pictures of the positions of a flaw at the notch root 
(c) flaw at notch root, but flaw size is less than the largest average flaw at the specimen 

surface, (d) flaw is located away from the notch root 
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4.4.3 Artificial Flaw at a Notch Root 

To model a natural flaw, a hole of 0.6 mm in diameter and 0.6 mm in depth was 

drilled at the notch root of the hipped 319 aluminum alloy. The notches used in this 

series of tests were circular edge notches 1.0 mm, 3.0 mm, and 6.0 mm in diameter 

and the specimens were prepared according to procedure 2 explained in section 4.3. 

Stress-life constant-amplitude fatigue tests at R=-1 conducted on the hipped 3 I 9 

aluminum alloy are plotted in terms of the fatigue life versus the gross nominal 

stress range multiplied by the gross surface stress concentration factor, K,gf).S, and 

are shown in Figure 4.21. The fatigue limit and fatigue test results, in terms of the 

nominal stresses applied on the notched specimens, are given in Tables 4.12 and 

4.13. Variable-amplitude fatigue tests were also conducted. The underload cycle 

used. for each notch size, is chosen as the corresponding constant-amplitude stress 

level that would give a fatigue life of 10,000 cycles. The underload stress levels for 

the 1.0 mm, 3.0 mm, and 6.0 mm diameter notches were ±130 MPa, ±105 MPa, 

and ±85 MPa, respectively. Figure 4.21 shows the equivalent number of small 

cycles to failure versus the nominal stress range multiplied by the gross surf ace 

stress concentration factor, K,gM. The fatigue limit and fatigue test results, in 

terms of the nominal stresses applied on the notched specimens, are given in Tables 

4.14 and 4.15. Again as in the smooth specimen tests, the underload block loading 

history used was the most damaging history possible for the applied stress, since 

the crack was fully open throughout the small cycles. 

Table 4.12 Fatigue limit stress range for notched Hipped Al 319 with a 0.6 mm 
diameter drill at notch root under constant-amplitude loading 

Fatigue limit A 0.6 mm diameter A 0.6 mm diameter A 0.6 mm diameter 
drill at 1.0 mm drill at 3.0 mm drill at 6.0 mm 
diameter notch diameter notch diameter notch 

Stress range (MPa) 117 90 80 
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Table 4.13 Constant-amplitude fatigue life data for notched Hipped Al 319 with a 
0.6 mm diameter drill at notch root 

A 0.6 mm diameter drill at A 0.6 mm diameter drill at A 0.6 mm diameter drill at 
1.0 mm diameter notch 3.0 mm diameter notch 6.0 mm diameter notch 

Stress range Cycles to Stress range Cycles to Stress range Cycles to 
(MPa) failure (MPa) failure (MPa) failure 

260 10,449 300 47 200 428 
220 159,864 220 1,366 180 44,452 
220 60,193 210 17,754 170 23,823 
180 184,452 190 153,558 120 527,907 
150 1,103,050 180 259,498 95 1,429,508 
130 5,015,400 150 192,972 86 1,870,573 
117 6,338,160 130 1,493,723 80 11,555,068 

105 1,664,980 
92 12,634,599 
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Figure 4.21 S-N curves for notched 319 Hipped aluminum alloy having a hole 
drilled at the notch root 
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Table 4.14 Fatigue limit stress range for notched Hipped Al 319 with a 0.6 mm 
diameter drill at notch root under variable-amplitude loading 

Fatigue limit A 0.6 mm diameter A 0.6 mm diameter A 0.6 mm diameter 
drill at 1.0 mm drill at 3.0 mm drill at 6.0 mm 
diameter notch diameter notch diameter notch 

Stress range (MPa) 25 18 8 

Table 4.15 Variable-amplitude fatigue life data for notched Hipped Al 319 with a 
0.6 mm diameter drill at notch root 

A 0.6 mm diameter drill at l.0 mm diameter A 0.6 mm diameter drill at 3.0 mm diameter 
notch notch 

Stress N NJ NJseq 
Stress N NJ NJseq range (Cycles) (Cycles) 
range (Cycles) (Cycles) (MPa) (MPa) 

100 50 124,603 159,436 40 150 334,490 379,612 
70 200 104,178 109,069 30 1,000 1,177,179 1,259,373 
50 330 498,830 581,120 27 1,500 1,258,970 1,320,457 
40 850 662,200 714,587 21 1,500 3,390,772 3,882,347 
30 2,500 3,431,380 3,948,437 18 1,800 11,785,744 18,651.665 
27 3,500 8,041,904 10,304,546 
25 850 6,479,515 23,793,753 

A 0.6.mm diameter drill at 6.0 mm diameter - -----
notch 

Stress N NJ NJseq range 
(Cycles) (Cycles) (MPa) 

40 70 185,399 205,287 
30 350 397,500 415,916 
18 600 416,545 428,272 
12 700 1,859,053 2,088,895 
9 1,000 4,096,098 4,940,246 
7 1,800 13,000,000 18,641,007 
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4.4.4 Comparison of Fatigue Results for Natural and Artificial 

Flaws at a Notch Root 

The ultimate strength of the as-cast 319 aluminum alloy in the high-gas condition is 

193 MPa, but the hipped material, in the same condition, has an ultimate strength of 

232 MPa. Since a material's fatigue limit varies with its ultimate strength, the 

constant-amplitude S-N curves of the three notch sizes examined having a 0.6 mm 

drill at the notch root were multiplied by the ratio of the hipped ultimate stress to the 

as-cast ultimate stress and then compared to the constant-amplitude S-N curves of 

the as-cast material having a natural flaw at the notch root. The comparison is 

shown in Figure 4.22. From the figure it can be seen that the data for natural and 

artificial flaws fall together for each notch size which suggests that a natural flaw in 

the as-cast 319 aluminum alloy can be modeled by an equivalent drilled hole of the 

same size. 

The same procedure was applied to the fatigue test data for variable-amplitude 

loading and the results obtained are plotted in Figure 4.23. The figure shows that 

the 0.6 mm diameter drilled hole and the natural flaw did not give similar fatigue 

lives near the fatigue limit region. As shown in Figure 4.23 the difference between 

the natural and artificial flaw at the notch root results, in terms of fatigue limit stress 

ranges multiplied by the notch stress concentration factor, was highest for the l .0 

mm diameter notch, at 33 MPa, and lower for the 3.0 mm and 6.0 mm diameter 

notches, at 12 MPa and 17 MPa, respectively. An examination of the fracture 

surf ace of the broken specimens with natural flaws at their notch roots revealed that 

there was a variation in the sizes of the flaws that caused failure and in their location 

in the notch root. This variation explains the difference in fatigue limit between the 

as-cast and hipped specimens having a natural and an artificial flaw at the notch 

root, respectively. The difference between the fatigue limit for as-cast and hipped 

materials, due to the variation in flaw size and flaw location, is larger for small 

notches than for large notches. This difference is expected to be more pronounced 

for small notches than for large notches because notch stress fields decay more 

rapidly for small notches than for large notches, and a given variation in flaw size 

or distance from the notch root will cause a larger change in the combined notch­

flaw stress field for a small notch than for a large notch. 
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Figure 4.22 Comparison of constant-amplitude S-N curves for notched as-cast and 
hipped 319 aluminum with a flaw and a hole drilled at the notch root; (a) Notch 

diameter is l mm, (b) Notch diameter is 3 mm, (c) Notch diameter is 6 mm 
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The stress field ahead of the notch is increased if a flaw is introduced at the notch 

root If the flaw dimensions are much smaller than the notch dimensions, the stress 

concentration factor, K" at the flaw is expected to be the product of the stress 

concentration factor of the notch, K,,, and the stress concentration factor of the 

flaw, K If, i.e. K, = K,, x K If, and the maximum decrease in the fatigue strength for a 

flaw at a notch root is expected to be equal to the smooth specimen fatigue limit 

divided by the factor ( K,,x Kif). The observed results under constant-amplitude 

loading showed that ratio of the fatigue limit stress range, caused by a 0.6 mm 

diameter drill at the notch root of 6 mm diameter, to that for smooth specimens is 

3.3 which is higher than K,, =3.205 and lower than the maximum theoretical value 

of K,=3.205x2.03=6.50 for a small flaw at the root of a large notch. Fatigue limit 

data for notched specimens with flaws under variable-amplitude loading showed a 

decrease from the smooth specimen variable-amplitude fatigue limit of a factor of 4 

for the 0.6 mm diameter drill at the root of a 6 mm diameter notch, which is again 

higher than the K,, value of 3.205 and lower than the maximum theoretical value 

of K,=6.50. 

DuQuesnay et al. [8 l I studied the notch fatigue behavior of center notched 2024-

T35 l aluminum alloy specimens under variable-amplitude loading. The variable­

amplitude loading sequence consisted of a periodic compression-tension overload 

of yield magnitude followed by smaller, high stress ratio cycles. They found that 

the notch size effect that is typically observed under constant-amplitude loading [82] 

is reduced under variable-amplitude loading as shown in Figures 4.11 and 4.12. A 

similar observation was made by MacDougall and Topper [86] for a SAE 1045 

steel. In their results, as shown in Figure 4.24, there was no significant difference 

in the fatigue limit stress range for different center notch sizes tested under the same 

variable-amplitude loading. For the case of a constant flaw size at a notch root, a 

notch size effect was observed under both constant- and variable-amplitude loading. 

The fatigue test results of Figures 4.19 and 4.21 for constant- and variable­

amplitude loading, respectively, show that as the size of a notch with a constant size 

flaw increases, the fatigue limit decreases. The fatigue strengths multiplied by K,, 

for a 0.6 mm diameter hole drilled at the root of 1.0 mm , 3.0 mm, and 6.0 mm 

diameter notches, respectively, were 352 MPa, 280 MPa, and 256 MPa for 

constant-amplitude loading and 75 MPa, 57 MPa, and 25 MPa for variable­

amplitude loading. 
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4.5 Constant- and Variable-amplitude Crack Opening Stress 

Measurements 

4.5.1 Crack Opening Measurements After a 62 MPa to -124 MPa 

Underload 

Figures 4.25, 4.26, 4.27, and 4.28 show crack opening stresses as a function of the 

number of cycles after an underload for the various stress ratios used. Toe underload 

stress cycle had a maximum stress ( Srruu )of 62 MPa and a minimum, near yield, 

stress (Simo) of -124 MPa. 

For the R=0.85 test, the maximum and minimum stress of the constant-amplitude 

cycles were 62 MPa and 53 MPa, respectively. The crack length when the 

measurements were made was 6.85 mm. Figure 4.25 shows that the crack opening 

stress level is a minimum immediately after the underload (23.84 MPa) and then 

increases in a roughly exponential manner until it reaches a steady state of 43.20 
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MPa after about 500 of the constant-amplitude small cycles. This steady state stress 

level is still below the minimum stress of 53 MPa for the small cycles and the crack 

is fully open during all of the small cycles. 

For R=0.5 test data. shown in Figure 4.26. the maximum and minimum stresses of 

the constant-amplitude small cycles were 62 MPa and 31 MPa. respectively. The 

crack opening stress level again decreased to a minimum immediately after the 

underload. The crack opening stress increased from a post underload value of 21.4 

MPa to a steady state stress level of 32.4 MPa. Again the increase is roughly 

exponential in form. but at this stress ratio the final steady state opening stress was 

higher than the minimum stress of the small cycles and consequently the last steady 

state small cycles were partly closed. The opening stress reached the level of the 

minimum stress at about cycle number 50 after the underload. Thus the first 50 

cycles after the underload are fully open. 

For the test at R=O, the minimum stress was zero and the maximum stress was 27 .6 

MPa. The crack opening stress changes after an underload are shown in 

Figure 4.27. Unlike the R=0.85 and R=0.5 tests, there is no period during which 

the stress cycles are fully open after the underload. The crack opening stress 

immediately after the underload is 5.56 MPa from which level it increases in an 

exponential manner to a steady state level of 20.7 MPa. 

100 

80 

"iu' 
Q. 

~ 60 
en en 
~ 40 

u5 
Cl 
.E 

20 C: 
Cl) 
a. 
0 
~ 0 u «s ... 
0 

-20 

-40 
0 

R=0.85 

Constant amplitude small cycles stress range 

200 400 

• 
Stress 

=rrn-T":"Tl""TTT7TT7-62 11.1Pa 
r-::::::=,==-53 11.1Pa 

Crack opening stress 

-12411.1Pa 

600 800 

Cycles after underload 

Figure 4.25 Crack opening stress build-up measurements for R=0.85 

1000 



110 

100 

R=0.5 
80 

'iii" a. 
60 ~ 

(I) Constant amplibJde smaO cydes stress range 
(I) 

~ 40 en 
Cl 
.S 20 C: 
Cl) 
a. 
0 
j! 0 
0 

Stress t ~@MN =~ ~== 
I N 

I'll 

c'.3 
-20 

' Crack opening stress 

'-124MPa 

-40 
0 200 400 600 800 1000 

Cycles after underload 

Figure 4.26 Crack opening stress build-up measurements for R=0.50 

Finally for small cycles with R=-1, the minimum stress was -31 MPa and the maximum 

stress was 31 MPa. As shown in Figure 4.28, the crack opening stress after the 

underload was 5.86 MPa from which it increased to a steady state level of 13.8 MPa. 
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4.5.2 Crack Opening Stress Measurements After a 62 MPa to 

-138 MP a U nderload 
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Crack opening stress build-up measurements were made for another underload 

stress level. In this test. the underload applied was 138 MPa in compression and 62 

MPa in tension followed by 50,000 constant-amplitude small cycles at an R-ratio of 

0.90. The constant-amplitude small cycles had a maximum nominal stress of 62 

MPa and a minimum nominal stress of 55.9 MPa. The crack opening stress level 

drops immediately after the underload to a stress level of +15.25 MPa and then 

increases until it reaches a steady state stress level of 38.64 MPa. The steady state 

stress level was reached after about 1000 constant-amplitude cycles following the 

underload. 

Crack opening stress measurements show that the crack opening stress build-up 

trend is the same for different R ratios at an underload stress level of -124 MPa in 

compression and 62 MPa in tension. The crack opening stress is lowered by the 

underload and then builds-up after a slight delay, increasing in an exponential 

manner until it reaches a steady state level. When the underload compressive stress 

level is 138 MPa. but the maximum stress level is maintained at 62 MPa. the same 
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build-up trend is observed except that a larger number of cycles are needed for the 

crack opening stress to reach a steady state level. 

4.5.3Crack Opening Stress Build-up Formula 

All crack opening stress measurements are plotted in terms of (S
0
P -S

0
pu1) divided by 

( S
0

pss - S0 pu1 )versus the number of cycles following the underload, N, normalized 

by the number of cycles at which this ratio reaches 80% of the steady state level, 

N0_8 , on a semi-log scale in Figure 4.29. The following equation gives a reasonably 

good fit to the data: 

where 

'If, b and a are material constants. 

S0 P is the instantaneous crack opening stress 

S
0

pu1 is the post-underload crack opening stress 

4.2 

S0 PM is the steady state crack opening stress of the cycles following the underload 

N is the number of cycles following the underload. 

N0_8 is the number of cycles following the underload at which the normalized 

closure stress increase, (S0 p - S0 pu1) /(S0 pss - S0 pu1), reaches 80% of its steady state 

level and, 

'If, b and a are constants which are derived from curve fitting and have values of 

l.9, 3.0 and 0.75, respectively. 

Values of N0_8 are plotted versus (S
0

pss -S
0
pu1) on a log-log scale in Figure 4.30. A 

simple linear curve fit to the data is shown giving N0_8 as 

4.3 
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The crack opening stress build-up formula can be used to calculate the crack 

opening stress of any cycle following an underload in variable-amplitude or service 

load histories. 
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4.5.4Steady State Crack Opening Stress Formula 

An empirical model, proposed by DuQuesnay [68], for the steady state crack 

opening stress under constant-amplitude loading was used. The model, which has 

two experimentally determined constants 0 and (f), takes the following form: 

s~ =8a-[1-( a; )}~a- 4.4 

where a max and u min are the local maximum and minimum notch root stresses in 

notched specimens, or the nominal maximum and minimum stresses in smooth 

specimens, and u, is the cyclic yield stress. Crack opening stress measurements 

for the 319 cast aluminum alloy were made using a 900X microscope. Values of 

0=0.55 and (f) =0.2 were obtained. The values for 0 and <p were used in the model 

to determine the steady state crack opening stresses for the cast aluminum alloy. 

4.6 Crack Growth in Terms of Effective Stress Intensity 

4.6.1 Crack Growth under Constant-amplitude Loading 

All constant-amplitude crack growth curves in terms of the effective stress intensity 

are shown in Figures 4.31-4.33. Two R-ratios (R=0.7 and R=0.85) were used for 

cast Al 206 to obtain the crack growth rate in terms of effective stress intensity. 

Both R-ratios gave the same crack growth rate, which indicated that R=O. 7 was 

enough to ensure a fully opened crack, as shown in Figure 4.31. The effective 

threshold stress intensity factor range obtained was l.92 'MPa..J;; . An R-ratio of 

0.8 was used for cast Al 319 and cast Al 390. The crack opening stresses were 

checked for both materials and it was found that R=0.8 for Al 390 was enough to 

ensure a fully opened crack but was not high enough to ensure a fully opened crack 

for Al 319. The effective threshold stress intensity factor range obtained for Al 390 

was 1.07 MPa ..J;;. The effective threshold stress intensity factor range for Al 319 

was obtained using the underload testing program which is explained in the 

following section. 
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4.6.2 Crack Growth under Variable-amplitude Loading 

The variable-amplitude loading testing procedure explained previously in section 

3.4. l .2. was applied to obtain the effective stress intensity versus crack growth rate 

curves. A schematic for the block loading history applied is shown in Figure 3. 9 

(in chapter 3). The underload stress levels for Al 206 were -103.5 and +69.0 MPa 

and the number of small cycles, N, between underloads was 500. The maximum 

and minimum stresses of the underload and the number of small cycles were chosen 

so that underload crack growth represents only a small fraction of the total crack 

growth during a block loading history and does not exceed 5x10-10 m/cycle. The 

curve obtained for Al 206, as shown in Figure 4.31, was in good agreement with 

the R=0.7 and R=0.85 curves, and the effective threshold stress intensity factor 

range obtained using the variable-amplitude loading program was 1.73 MPa...r,;. 

The underload stress levels for Al 390 were -103.5 MPa and +34.5 MPa and the 

number of cycles between underloads was 500. The curve obtained in Figure 4.32 

was in good agreement with the R=0.8 curve. The crack opening stresses for small 
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cycles between underloads were checked and the measurements revealed that the 

small cycles were fully open. The effective stress intensity factor range obtained 

was 1.17 MPa.r,;;.. 

Two tests were done for Al 319. The underload stress levels for both tests were-

82.8 MPa and +41.4 MPa. The number of small cycles, N, between underloads 

was 500 for the first test and 300 for the second test. Crack opening stresses were 

checked for the first case and it revealed that some of the small cycles applied 

between undreloads, particularly those which are before the underload cycle, are 

not fully opened. The second case was then applied with N=300 to ensure fully 

opened cracks. The curves obtained are shown in Figure 4.33. The effective stress 

intensity factor range obtained was 0.98 MPa./m. 

4. 7 Fatigue Life Prediction 

Fracture mechanics approaches used in fatigue life predictions of cast materials 

assume that a crack exists from the first load cycle. This crack can be as small as a 

slip band crack. Linear elastic fracture mechanics does not apply to these cracks, 

and other parameters such as the J-integral or a strain intensity factor must be used. 

In this section the fatigue crack growth model presented in chapter (2) is used to 

analyse the effect of constant- and variable-amplitude loads on the fatigue crack 

growth of smooth specimens and of specimens with a flaw at a notch root. The 

significance of variations in the accuracy of positioning the flaw at the notch root 

are also examined. 

4. 7 .1 Fatigue Life Prediction for Smooth Specimens 

The inhomogeneities, flaws, in smooth specimens are modeled as semi-circular 

edge notches having radii similar to the flaw radius. The fatigue crack growth 

model, presented earlier in chapter 2 (Figure 2.1), requires the calibration of the 

ease of cross slip factor, ex, in each material. The procedure followed for calibration 

was to choose a value for the coefficient (a/0), in equation 2.44, that forced the 

variable-amplitude loading fatigue life prediction line to agree with the defect-free 

material effective strain-life curve. This curve was constructed by multiplying the 

smooth specimens variable-amplitude results of the 206, 319 and 390 cast 
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aluminum alloys by the flaw stress concentration factor. Then the calibrated model 

was used to predict fatigue life of smooth specimens for constant-amplitude loading 

and of notched specimens for constant- and variable-amplitude loading. Figures 

4.34-4.36 show the predicted fatigue lives compared with the experimental results 

for Al 206, Al 319, and Al 390 under constant- and variable-amplitude loading. 

Cycles to failure versus strain range curves are plotted for the constant-amplitude 

loading, while an equivalent number of small cycles to failure versus the strain 

range of the small cycles are plotted for the variable-amplitude loading. Figure 4.37 

shows the prediction for the smooth hipped 319 aluminum alloy in the high-gas and 

low-gas conditions under constant- and variable-amplitude loading. Again the 

model prediction agreed well with the experimental results. 
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4. 7 .2 Fatigue Life Prediction for Specimens with a Flaw at a 

Notch Root 

Flaws at notch roots are modeled by a spherical cavity having the same diameter as 

the natural flaw. The fatigue crack growth model for flaws at notch root, presented 

earlier in chapter (2), was used to predict the fatigue life for the as-cast Al 319 with 

a natural flaw at the notch roots and for the hipped Al 319 with a drilled hole at the 

notch roots of the l.0 mm, 3.0 mm, and 6.0 mm diameter edge notches under 

constant- and variable-amplitude loading. The experimental fatigue life results for 

the as-cast and hipped Al 319 are compared with fatigue life predictions in Figures 

4.38, 4.39 and 4.40 for constant-amplitude loading. The model predictions agree 

well with the experimental results. 
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Figure 4.40 Constant-amplitude fatigue data and fatigue life prediction for 6.0 mm 
diameter notch with artificial and natural flaw at notch root 

As mentioned before, the plates of the as-cast high-gas 319 cast aluminum alloy 

material were examined by ultra-sonic waves to detect the location of the defects 

and their depth below the material surface. Notched specimens were then cut from 

the cast plate so that the natural flaw was located at the notch root There was some 

variation in the accuracy of positioning of the flaw at the notch root. This variation 

caused a deviation between fatigue results for the hipped Al 319 with a drilled hole 

at the notch root and the results for the as-cast Al 319 with a natural flaw at the 

notch root for variable-amplitude loading. The experimental fatigue life results for 

variable-amplitude loading for the hipped Al 319 are compared with fatigue life 

predictions in Figures 4.41, 4.42 and 4.43. The model was also used to predict a 

fatigue life band which covers the range of different flaw sizes and flaw locations in 

the notch root, found in the microscopic observations of the as-cast Al 319 

fractured surfaces of the fatigued specimens. One limit was taken as a 0.6 mm flaw 

positioned accurately at the notch root, which was the most severe case observed, 

and the other limit was taken as a 0.4 mm flaw positioned 0.4 mm away from the 

notch root, which was the least severe case. Figures 4.44, 4.45, and 4.46 show the 

fatigue life prediction bands together with the cast Al 319 material fatigue test. Most 

of the data fall within the predicted fatigue life band. 
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Figure 4.41 Variable-amplitude fatigue data and fatigue life prediction for l .0 mm 
diameter notch with 0.6 mm drill at notch root 
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Figure 4.42 Variable-amplitude fatigue data and fatigue life prediction for 3.0 mm 
diameter notch with 0.6 mm drill at notch root 
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Figure 4.43 Variable-amplitude fatigue data and fatigue life prediction for 6.0 mm 
diameter notch with 0.6 mm drill at notch root 

120 I 
[ 1 mm Notch 

/I.:◄- ~ 

l " 100 

~ 
., 

'iii'" 80 t_ 

_,_! 
a.. 0 I ., 
~ [ \ 

\ Notch 
CD 

~ 
I 

C, j C: 60 
(ti a a: I 

II) r Flaw Diameler = 0.4 mm ~ 
II) 

f 
Stress 105 MPa Flaw Distance= 0.4 nm " ~ 40 t1~ 

I 

ci5 
~ 

I ~ • 
20 ~ 1,o5MPa N 

f 
Flaw Diameter= 0.6 nm 1 
Flaw Distance = 0.0 mm 1 

0 1 I 
j 

104 105 106 107 108 

Cycles to Failure 
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4.8 Summary 

This chapter described the experimental test results for cast aluminum 319, 390, 

and 206 materials in the as-cast and hipped conditions. The materials were tested 

under constant-amplitude and intermittent underload block loading histories. The 

specimens examined were smooth, notched, and notched with an artificial or natural 

flaw at notch root. 

The smooth test results showed that a block loading history consisting of 

underloads followed by constant-amplitude smaller cycles reduced the crack 

opening stress so that the smaller constant-amplitude cycles were fully effective. 

The variable-amplitude loading history caused a fatigue strength reduction of 

66-87% in the three alloys tested. The results also showed that the hipping process 

increased the fatigue strength by 62.5% for the high-gas 319 cast aluminum alloy 

and that the fatigue cracks in the three cast aluminum alloys initiated and propagated 

from casting pores. 

The notched and notched with artificial or natural flaws at notch root results showed 

that natural flaws in the as-cast 319 aluminum alloy can be modeled by an 

equivalent drilled hole of the same size. It also showed that there is a notch siz.e 

effect under constant- and variable-amplitude loading, and that the fatigue life of 

notched 319 cast aluminum specimens having a small notch radius is more affected 

by a given variation in flaw siz.e and flaw position than specimens having a large 

notch radius. 

This chapter also described the fatigue life prediction due to a crack growth analysis 

which was used to model the fatigue behavior of the cast aluminum material under 

constant- and variable-amplitude loading. The crack growth analysis based on an 

effective strain-based intensity factor, elastic and plastic notch strain calculations 

based on Neuber's formula, and a reference crack growth curve, obtained during 

closure-free crack growth, was able to model the observed fatigue behavior of the 

three cast aluminum alloys under constant- and variable-amplitude loading. 
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CHAPTER 5 

CASTING DEFECTS AT A NOfCH Roar AND 

THEIR ROLE IN THE FATIGUE BEHAVIOR OF 

CAST ALUMINUM UNDER SERVICE LOAD 

HISTORY 

5 .1 Introduction 

In this chapter. fatigue test data obtained using an SAE service load history are 

examined. These data included fatigue tests of smooth specimens, notched 

specimens. and notched specimens with flaws or casting defects at the notch root. 

The results show that circular edge notches reduced the fatigue strength and a 0.6 

mm diameter drilled hole at the notch root resulted in a further reduction. The 

region in which the casting defect is important and effective has been determined. 

The reductions in the constant-amplitude loading fatigue life caused by having a 

defect at a notch root. and the effect of the notch size on these reductions under the 

service load history were determined by fatigue tests. The results show that the 

fatigue strength of notched specimens decreased as the notch size increased. 

Most conventional fatigue life predictions are made using constant-amplitude fully 

reversed strain-life data and mean stress correction factors. Recently predictions 

have been made using effective strain-life data and an assumed constant crack 

opening stress level equal to the crack opening stress following the largest range in 

the history. The former predictions tend to be unconservative and the latter tend to 

be conservative. In this chapter. fatigue life predictions for smooth specimens. 

notched specimen. and notched specimens with a flaw at notch root made using the 

strain-life, effective strain-life. and crack growth approaches are compared with 

fatigue test results. The fatigue life predictions results revealed that the strain-life 

approach for the smooth specimens. notched specimens. and notched specimens 

with a flaw at the notch root is unconservative although mean stresses have been 
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taken into account. The effective strain-life approach gives good predictions for 

smooth specimens and notched specimens. and gives conservative predictions for 

notched specimens with a flaw at the notch root. The crack growth approach gives 

good fatigue life predictions for all cases. 

S. 1.1 Loading History 

The stress history examined in this study is the torsion channel of the Society of 

Automotive Engineers (SAE) GKN Grapple-Skidder history. which is shown in 

Figure 3.10 in chapter 3. 

S.1.2Materials Used 

The Materials used in this part of the thesis are 319 cast aluminum alloys in the as­

cast and hipped conditions. The high-gas as-cast 319 alloy had the number and size 

of the gas pores artificially increased. compared to material cast in the normal 

manner (low-gas). Only the material in the high-gas condition is used in this part of 

the thesis. 

S. 2 Smooth Specimen Fatigue Test Results 

This section provides the smooth fatigue test data for the as-cast and hipped 319 

cast aluminum alloy tested under the torsional channel of the SAE GKN Grapple­

Skidder history. 

S.2.1 As-Cast and Hipped Fatigue Results 

Fatigue tests under the SAE G KN Grapple-Skidder stress history were conducted 

on the 319 cast aluminum alloy in the as-cast and hipped conditions. Figure 5. 1 

shows the maximum stress range in the applied history versus the number of blocks 

to failure on a semi-log scale. Fatigue test results are given in Table 5 .1. The 

hipping process. which includes subjecting the cast material to a high pressure at a 

high temperature followed by slowly cooling it to eliminate flaws, improves the 

fatigue life of as-cast smooth specimens subjected to the service load history. 
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Figure 5.1 As-cast and hipped Al 319 fatigue test results for smooth specimens 

Table 5.1 Smooth specimen fatigue life data for as-cast and Hipped Al 319 

Al 319 
As-Cast Hipped 

Maximum Stress Blocks to failure Maximum Stress Blocks to failure 
Range (MPa) Range (MPa) 

256 461 289 258 
242 632 284 386 
234 512 278 860 
220 1,179 278 1,154 
206 1,389 261 966 
186 882 250 3,647 
186 3,046 245 2,186 

5.2.2 Comparison of Cast and Hipped Fatigue Test Results 

After examining the fracture surfaces of the broken hipped smooth specimens, it 

was concluded that the average maximum size of flaws present in the cast Al 319 
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after hipping has decreased from 0.6 mm. for the unhipped condition. to 0.2 mm in 

diameter. The hipping process increased the constant-amplitude fatigue limit for the 

hipped aluminum alloy from a strain amplitude of 0.16% for the as-cast 319 

aluminum alloy to a strain amplitude of 0.26%. as shown in chapter 4. The service 

load history fatigue test results of this part of the thesis. shown in Figure 5. l. also 

show an increase in fatigue resistance with hipping. For 1000 loading blocks 

( 4 l .124.000 reversals) the maximum stress range has increased from about 230 

MPa. for the as-cast samples. to about 270 MPa. for the hipped samples. 

5. 3 Notched Specimen Fatigue Test Results 

This section provides notched fatigue test data for the as-cast and hipped 319 cast 

aluminum alloy tested using the torsional channel of the SAE GKN Grapple­

Skidder history. Two groups of notched specimens were examined. The first 

group included 1.5 mm and 3.0 mm radius circular edge notched specimens, while 

the second group included notched specimens with circular edge notches of radii 

similar to those in the first group. but with a 0.6 mm diameter drill at the notch 

root. The 0.6 mm diameter drill was used to simulate the effect of a natural flaw 

existing at the notch root [64]. The first group was tested only in the hipped 

condition because the number and size of flaws are small compared to the as-cast 

condition. and there is a small probability of having a flaw at the notch root. The 

lack of a flaw was checked by examining the failed specimens fracture surface 

under the microscope after each test to confirm a failure due to the notch and not 

due to a flaw at the notch root. The second group was tested in the as-cast and in 

the hipped conditions. 

5.3.1 Hipped Fatigue Results with no Flaw at the Notch Root 

Fatigue tests under the SAE GKN Grapple-Skidder stress history were conducted 

on notched specimens in the hipped condition. Data of the maximum stress range 

in the applied service load history are plotted versus the number of blocks to failure 

on a semi-log scale for 3.0 mm and 1.5 mm circular edge notches in Figures 5.2 

and 5.3, respectively. The fatigue test results are given in Table 5.2 for the 3.0 mm 

and 1.5 mm radius notches. 
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Table 5.2 Notched specimen fatigue life data for Hipped Al 319 

Notched Hi :med Al 319 
3.0 mm Radius Notch i.5 mm Radius Notch 

Maximum stress Blocks to failure Maximum stress Blocks to failure 
range (MPa) range (MPa) 

145 1,443 178 836 
139 l.475 167 l ,145 
139 610 156 2,077 
139 980 145 5,623 
128 5,800 

5.3.2 Hipped and As-Cast Fatigue Results with an Artificial Flaw 

at the Notch Root 

Fatigue tests under the SAE GKN Grapple-Skidder history were conducted on 

notched specimens with a 0.6 mm drill at the notch root in the as-cast and hipped 

conditions. Figures 5.2 and 5.3 show these data points on a semi-log scale for 3.0 

mm and 1.5 mm circular edge notches, respectively. The fatigue test results are 

given in Table 5.3 for the 3.0 mm and 1.5 mm radius notches. Figures 5.2 and 5.3 

show that there is no significant difference in the fatigue life between the as-cast and 

hipped Al 3 19 notched specimens when an artificial flaw in the form of a drill 

having a diameter equal to that of the natural flaw sire is machined at the notch root. 

Table 5.3 Fatigue life data for as-cast and hipped Al 319 notched specimens with a 
flaw at notch root 

3.0 mm Radius Notch with 0.6 mm Drill at Notch Root 
As-Cast Hipped 

Maximum stress Blocks to failure Maximum stress Blocks to failure 
range (MPa) range (MPa) 

139 313 170 49 
133 678 160 340 
128 977 156 76 
122 1,773 156 390 
122 519 139 424 
122 589 139 585 
117 582 128 490 
117 3,972 128 1,674 
117 3,972 128 2,223 

117 1,025 
117 1,691 



Table 5.3(continued) Fatigue life data for as-cast and hipped Al 319 notched 
specimens with a flaw at notch root 

l.5 mm Radius Notch with 0.6 mm Drill at Notch Root 
As-Cast Hiooed 

133 

Maximum stress Blocks to failure Maximum stress Blocks to failure 
range (MPa) range (MPa) 

172 154 183 237 
167 730 178 329 
158 697 167 298 
150 806 156 1,564 
145 1,300 156 372 

145 1,561 
139 1,792 

5.3.3 Comparison of Smooth and Notched Fatigue Test Results 

The Fatigue test results for the following: (a) smooth specimens in the as-cast and 

hipped conditions, (b) notched specimens in the hipped condition, and (c) notched 

specimens with a flaw at the notch root in the as-cast and hipped conditions are all 

plotted in Figures 5.4 and 5.5 for 3.0 mm and 1.5 mm radius notches, respectively. 

The fatigue test results show that the fatigue strength, at l 000 blocks of fatigue life, 

is reduced by a factor of 1.57 by the 3.0 mm notch and 1.22 by the 1.5 mm notch 

compared to the unnotched hipped metal. The introduction of the 0.6 mm diameter 

drilled flaw into the two notch roots increases the reduction to a factor of 1.83 for 

the 3.0 mm notch and 1.46 for the 1.5 mm notch 
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5. 4 Fatigue Life Prediction Using the Crack Growth Model 

The crack growth model presented in chapter 2 was used to predict the fatigue life 

of smooth specimens, notched specimens, and notched specimens with a flaw at 

their notch roots. The model follows the service load history reversal by reversal 

and calculates the local stresses and strains continuously updating the crack length 

and the concentration factor, ~- A rainflow cycle counting technique was used to 

count closed stress-strain loops and to determine the maximum and minimum 

stresses in each loop. 

This section presents the method used to calculate the variations m the crack 

opening stress levels during the service load history. It also presents the fatigue life 

predictions compared with the experimental data. 

5.4.1 Crack Opening Stress Variation 

The crack opening stress level during loading with the torsional channel of the SAE 

GKN Grapple-Skidder history was not constan4 but varied, decreasing after large 

loads and increasing again during the intervening smaller load cycles. The crack 

opening stress at the end of the current cycle is calculated, based on the crack 

opening stress of the previous cycle, Figure 5.6, and the changes during the cycle. 

The following cases were considered: 

1. If the crack opening stress after the previous cycle is higher than the new cycle, 

the current crack opening stress is dropped to the crack opening stress of the 

new cycle, calculated using equation 4.4, (Figure 5.6-(a)). This assumption is 

based on crack opening stress measurements [80] which showed that the crack 

opening stress drops immediately after the application of a large overload or 

underload. However, using equation 4.4, cycles with a low maximum stress 

would give low opening stress values even though the compressive peak was 

not low enough to decrease the crack opening stress. To circumvent this 

problem, the crack opening stress for cycles with a maximum stress less than the 

average of the tensile peaks in the history was calculated using a maximum stress 

equal to the average of the tensile peaks, Fig. 5.6-(b). 
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2. If the crack opening stress after the previous cycle is lower than the crack 

opening stress of the new cycle, Figure 5.6-(c). the incremental increase in crack 

opening stress during the current cycle is calculated using the crack opening 

stress build-up formulas, equations 4.2 and 4.3. The increase in the crack 

opening stress per cycle was calculated as follows: 

a- Assume the previous crack opening stress is at level l on the crack 

opening stress build-up curve A, as shown in Figure 5.6-(d). The crack 

opening stress during the current cycle will follow the crack opening stress 

build -up curve for that cycle, curve B. In moving from curve A to curve B 

we maintain the same crack opening stress level. An equivalent number of 

cycles following the underload, N*, which gives a crack opening stress on 

curve B equal to the crack opening stress level of the previous cycle is first 

calculated (point a). 

b- The equivalent number of cycles, N*, is then updated by increasing it by 

one cycle, and the new crack opening stress, level 2 at point b, is calculated. 

5.4.2 Fatigue Life Prediction for Smooth Specimens 

Figure 5. 7 shows the fatigue life prediction curves for the smooth as-cast and 

hipped Al 319 specimens plotted with the experimental data on a semi-log scale. 

Casting flaws in the as-cast and hipped materials were modeled as circular notches 

having the same diameter as the flaws. The notches were assumed to be edge 

notches, which represent the flaw location with the most detrimental effect on 

fatigue life. The notch diameter used in predicting the as-cast and hipped materials 

fatigue life was 0.6 mm and 0.2 mm, respectively. The experimental data points 

agree well with the predicted fatigue life. 
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5. 4 .3 Fatigue Life Prediction for Notched Specimens with and 

without a Flaw at the Notch Root 
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Figures 5.8 and 5.9 show the fatigue life prediction curves for notched specimens 

having 3.0 mm and 1.5 mm radius notches with and without a 0.6 mm diameter 

hole at the notch root, respectively, together with the corresponding experimental 

data. In both Figures, most of the experimental data lie close to the predicted fatigue 

life. 
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Figure 5.8 Fatigue life prediction curves for 3.0 mm radius notched specimens 
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Figure 5 .9 Fatigue life prediction curves for 1.5 mm radius notched specimens 
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5. 5 The Effect of a Flaw at a Notch Root on Fatigue Life 

The variations with length of the elastic stress concentration factor, KP, for a crack 

emanating from a 3.0 mm radius notch and for a crack emanating from a 0.6 mm 

flaw at the root of the 3.0 mm radius notch are shown in Figure 5.10. The elastic 

stress concentration factor decreases from an initial maximum value of K1 to a value 

of 1.0 as the crack passes outside the stress field of the notch. It can be seen in 

Figure 5 .10 that the defect causes a concentration factor that is greater than the 

elastic stress concentration factor due to the notch stress field only over the length 

12. The difference in fatigue life between a notched specimen and a notched 

specimen with a flaw at notch root is the difference between the number of cycles 

required to grow an initial 3µm crack to a length of 11 under the notch stress field, 

and the number of cycles required to grow an initial 3µm. crack, from the flaw 

depth, to a length of½, under the notch and flaw stress fields. 11 and 12 are 0.945 

mm and 0.345 mm for the 3.0 mm radius edge notch with a 0.6 mm diameter flaw 

at the notch root and 0.886 and 0.286 for the 1.5 mm radius edge notch with a 0.6 

mm diameter flaw at the notch root. 

The difference in fatigue life between the notched specimens with and without a 

flaw at the notch root were calculated from the experimental results given in Figures 

5.2 and 5.3 at different stress levels. The calculation showed that the fatigue lives 

of the 3.0 mm and 1.5 mm radius notched specimens with a 0.6 mm diameter flaw 

at the notch root were 40% and 38% shorter than the notched specimen fatigue 

lives, respectively. The percentage of the life of a notched specimens required to 

propagate a crack to a length of 11, under a maximum stress range of 173 MPa for a 

3 mm notch and 148 MPa for a 1.5 mm notch, were calculated using the crack 

growth model and were 62% and 40%, respectively. The percentage reduction in 

number of cycles to propagate a crack to a total depth of 11 from the notch root due 

to a flaw at notch root, under a maximum stress range of 173 MPa for a 3 mm 

notch and 148 MPa for a 1.5 mm notch, was also calculated using the crack growth 

model, and was 70% and 78% for the 3.0 and 1.5 mm radius notches, respectively. 
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Figure 5. IO The elastic stress concentration factor, KP, for a crack emanating from a notch 

and from a flaw at notch root for a 3.0 mm radius notch 

S. 6 Fatigue Life Prediction using the Local Strain-Life Approach 

In this section, conventional fatigue life prediction methods based on the local 

strain-life approach are explained. The local strain-life approach has gained 

acceptance as a useful method of evaluating the fatigue life of a notched component 

Both the American society for testing and material (AS1M) and the society of 

Automotive engineers (SAE) have recommended procedures and approaches for 

conducting strain-controlled tests and using these data to predict fatigue lives [87-

9 l ]. 

Fatigue life predictions may be made usmg the strain-life approach with the 

following information: 

1- Material properties obtained from strain controlled fatigue tests which include 

a- Strain-life data. 

b- cyclic stress-strain data. 

2- Stress-strain history at the critical location. 

3-Techniques for identifying damaging events (e.g. cycle counting techniques). 



4- Methods to incorporate mean stress and sequence effects. 

5- A damage summation technique 
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In constant-amplitude fatigue, the effect of a notch on the fatigue strength of 

notched components is less than that suggested by the theoretical surface stress 

concentration factor, K" for notched components with small notch radii. Topper 

and El-Haddad [ 63] classified notches into two types, blunt notches and sharp 

notches depending on the behavior of the threshold stress with crack length. They 

specified a critical notch root radius, Pc,, which separates blunt notches from sharp 

notches derived in tenns of the material constant l 0 , given by 

where l 0 is a material constant given by 

f =_!_( Mm )
2 

O ,C Ftiae 

where Mu, is the threshold stress intensity 

.1cre is the fatigue limit stress range 

F is the shape factor for an edge crack. 

5. l 

5.2 

For blunt notches, the fatigue notch factor is equal to Kr while for sharp notches it 

is given by 

K - 1 [1 Kr -1 l 
I - F + 2✓l0 Ip 

5.3 

where p is the notch root radius. 

The local strain-life approach has been used to predict fatigue life for a flaw at a 

notch root in two ways. The first way was by using constant-amplitude, fully 

reversed strain-life data and correcting for mean stress (the local strain-life method), 

while the second way was by using effective strain-life data and a crack opening 

stress estimate (the effective strain-life method). Both calculations are explained in 

the following sections. 
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5.6.1 The Local Strain-Life Method 

Fatigue life predictions using the strain-life approach include using the following: 

l- The constant-amplitude strain-life curve, but in the present case because the 

strain-life data for smooth specimens, even the hipped material, included a strength 

reduction due to casting defects, an estimated constant-amplitude strain-life curve, 

shown in Figure 5.11, was constructed from the 3.0 mm notched specimen fatigue 

data by multiplying the strains at a given life in the elastic region by the notch stress 

concentration factor, K,. and by using NeuberNsformula for the strains in the 

plastic region. 

2- The theoretical stress concentration factor, Kr. A constant-amplitude fatigue f. 0 

value of 0.305 mm was calculated from equation 5.2 using a constant-amplitude 

threshold stress intensity factor of 6.5 MPa./m [59] and a constant-amplitude 

fatigue limit stress range of 210 MPa obtained from the constructed strain-life 

curve. The value of £0 via equation 5. l showed that notched specimens will act as 

blunt notches while notched specimens with a flaw at the notch root will behave as 

sharp notches. The gross stress concentration factors for the notched specimens are 

3.205 and 3.109 for the 3.0 mm and 1.5 mm radius edge notches, and 6.305 and 

5.432 for 0.6 mm diameter flaws at the notch roots of the 3.0 mm and 1.5 mm 

radius edge notches, respectively. In the fatigue life prediction using the strain-life 

approach, the stress concentration factor, KP was used for notched specimens and 

the fatigue notch factor, K1, for the notched specimens with a 0.6 mm diameter 

flaw at the notch root. The fatigue notch factors calculated from equation 5.3 were 

3.69 and 3.19 for the 3.0 mm and l.5 mm radius notches with a flaw at the notch 

root. respectively. 

3- The Smith Watson Topper mean stress correction. This correction accounts for 

the mean stress by assuming the value of ✓u max.t1£ to be constant for all mean stress 

levels at a given fatigue life. The fatigue life corresponding to each closed loop in 

the service load history was obtained and the damage was then calculated as l/ Nr . 

Miner N s linear damage rule was then used for damage summation. 
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Figure 5.11 Constructed fully reversed strain-life data for 319 cast aluminum alloy 

5.6.2 The Effective Strain-Life Method 

Fatigue life predictions using the effective strain-life approach included using the 

following: 

1- The effective strain-life data. An effective strain-life curve, shown in Figure 

5 .12, was estimated from the smooth specimen hipped Al 3 l 9 effective strain-life 

data because in the present case the smooth specimen effective strain-life data 

included a strength reduction due to casting defects. The estimated effective strain­

life curve was constructed by multiplying the effective elastic strains at a given 

fatigue life by the stress concentration factor, K" for the defects and using 

Neuber~~formula for strains in the plastic region. The effective strain-life curve 

was fitted to [ 92] 

ll.e~ff = ll.E 0 + A(2N1 )
8 5.4 

where 6.e~ff is the total effective strain range 

ll.e· is the intrinsic strain range and is equal to 0.00102 

A and B are material constants and are equal to 0.0299 and -0.26, 

respectively. 
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2- The theoretical stress concentration factor, K1 , for notched specimens. and the 

fatigue notch factor, K1 , for notched specimens with a flaw at the notch root. An f.
0 

value of 0.078 mm was calculated from equation 5.2 using an effective threshold 

stress intensity factor of 0.98 MPa✓m and an effective fatigue limit stress range of 

62.3 MPa obtained from the effective strain-life curve. The fatigue notch factors of 

the 3.0 mm and 1.5 mm radius edge notched specimens with a 0.6 mm diameter 

flaw at the notch root, calculated from equation 5.3. were 6.17 and 5.34, 

respectively 

3- A crack opening stress estimate which was calculated using equations 4.2. 4.3. 

and 4.4 (given in chapter 4) for variable amplitude loading. 

Equation 5.4 was solved for life to failure, Nr, and the damage due to each closed 

loop in the service load history was calculated as 1/ Nr. Miner's linear damage rule 

was then used for damage summation. 
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Figure 5.12 Constructed effective strain-life data for 319 cast aluminum alloy 
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5.6.3 Comparison of the Prediction of the Crack Growth Model, 

the Local Strain-Life Method and the Effective Strain-Life 

Method with the Fatigue Test Data 

The fatigue life predictions for the smooth, notched, and notched with a flaw at 

notch root specimens using the strain-life, effective strain-life, and crack growth 

analyses are plotted together with the fatigue test data in Figures 5 .13 to 5 .17. The 

local strain-life method for the smooth specimens, notched specimens, and notched 

specimens with a flaw at the notch root is unconservative although mean stresses 

have been taken into account This is expected because underloads in the service 

load history decrease the crack opening stress to a lower level than that which 

occurs in the constant-amplitude reference tests. Effective strain-life predictions 

which account for the lowering of crack opening stress due to large strain cycles 

give good predictions for smooth and blunt notched specimens. They are quite 

conservative for the specimens with flaws in the notch roots. 
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Figure 5.13 Fatigue life prediction for smooth as-cast specimens using strain-life, effective 

strain-life and crack growth approaches 
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Figure 5.14 Fatigue life prediction for 3.0 mm notched hipped specimens using strain-life, 

effective strain-life and crack growth approaches 
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Figure 5.15 Fatigue life prediction for 1.5 mm notched Hipped specimens using strain-life, 

effective strain-life and crack growth approaches 
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Figure 5.16 Fatigue life prediction for 3.0 mm notched specimens with 0.6 mm drill at 

notch root using strain-life, effective strain-life and crack growth approaches 
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Figure 5 .17 Fatigue life prediction for l.5 mm notched specimens with 0.6 mm drill at 

notch root using strain-life, effective strain-life and crack growth approaches 
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Here the rapid decrease in stress concentration with crack length makes the use of a 

concentration factor based on the notch root unduly conservative. The crack growth 

calculations which account for the crack opening stress changes due to large strain 

cycles and the decrease in concentration factor as the crack advances give good 

predictions for all of the specimen geometries. 

5. 6. 4 An Estimated Constant Crack Opening Stress Level 

Tensile overloads, and compressive underloads of yield stress magnitude during 

fatigue loading drastically reduce crack closure stresses. Crack closure stresses then 

increase to a steady state level during a large number of smaller cycles as shown 

previously in section 4.5. The crack growth rate is accelerated during this period of 

reduced crack closure. In the absence of sufficient experimental data to calibrate a 

model describing the variation in crack opening stress or finite element results, an 

assumption has sometimes been made that the crack opening stress throughout 

fatigue loading remains at the level it would have following the largest cycle in the 

history. DuQuesnay et al.[93] used this assumption in predicting fatigue lives for 

smooth specimens of l 045 Steel subjected to the Log-Skidder and Grapple-Skidder 

histories, and for smooth specimens of 2024-T35 l aluminum alloy subjected to the 

Log-Skidder history. Their predictions tended to be conservative. Fatigue life 

prediction were made in this study for the 319 cast aluminum smooth and notched 

specimens under the SAE GKN Grapple-Skidder service load history using this 

assumption. They were also conservative as shown in Figures 5.18 to 5.20. The 

fatigue life predictions for the notched 319 cast aluminum material with flaws at the 

notch root which were already conservative using the effective strain-life approach 

became even more conservative as shown in Figures 5.21 and 5.22. DuQuesnay et 

al.'s [93] fatigue life prediction for smooth specimens, while conservative, were 

reasonable for the histories examined; however, the present fatigue life predictions 

for smooth specimens were more conservative than DuQuesnay's. This can be 

attributed to the material used and its crack opening stress build-up behavior. For 

the materials used by DuQuesnay et al., the crack opening stress requires many 

cycles after the application of an underload or an overload to build-up to the steady 

state level [79 ], while the 3 I 9 cast aluminum material used in this study requires 

fewer cycles to reach the steady state crack opening stress [ 64]. Therefore, fatigue 

life predictions using the minimum crack opening stress in the history are more 

conservative in the present material with its faster crack opening stress build-up. 
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Figure 5.18 Fatigue life prediction for smooth as-cast specimens using the effective strain­
life approach and an assumed crack opening stress equal to that following the largest cycle 

in the load history 
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Figure 5.19 Fatigue life prediction for 3.0 mm notched Hipped specimens using the 
effective strain-life approach and an assumed crack opening stress equal to that following 

the largest cycle in the load history 
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Figure 5 .20 Fatigue life prediction for 1.5 mm notched hipped specimens using the 
effective strain-life approach and an assumed crack opening stress equal to that following 

the largest cycle in the load history 
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Figure 5.21 Fatigue life prediction for 3.0 mm notched specimens with 0.6 mm drill at 
notch root using the effective strain-life approach and an assumed crack opening stress 

equal to that following the largest cycle in the load history 
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Figure 5 .22 Fatigue life prediction for 1.5 mm notched specimens with 0.6 mm drill at 
notch root using the effective strain-life approach and an assumed crack opening stress 

equal to that following the largest cycle in the load history 

The procedure followed for obtaining the frequency of the cycle in the load history 

that had a crack opening stress, which when used as a constant level gives the 

correct fatigue life for a given load level, was as follows: 

a- The rainflow cycle counting technique was used to reduce the service load 

history to closed stress-strain loops and the maximum, minimum, and mean 

stresses in each loop were determined. 

b- The steady state crack opening stress levels for all stress cycles were calculated 

using equation 4.4. The crack opening stress for cycles with a maximum stress less 

than the average of the tensile peaks in the history was calculated using a maximum 

stress equal to the average of the tensile peaks. 

c-The steady state crack opening stress levels were arranged in an ascending order, 

starting with the most severe cycle which has the lowest crack opening stress. This 

arrangement represents the distribution of the SAE service load history in terms of 

the severity of the stress cycles in decreasing the crack opening stress. 
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d- A load cycle corresponding to a given frequency of occurrence in the crack opening 

stress ascending order arrangement is chosen, and the crack growth model is run using 

a constant crack opening stress equal to the crack opening stress due to the chosen load 

cycle. Its value is updated each block as the elastic stress concentration factor, KP, 

decreases with crack length. By trial and error a load level is found that gives the 

observed fatigue life. 

The cycle number corresponding to the average constant crack opening stress level 

which gives a fatigue life that matches the experimental values for the 1.5 mm and 3.0 

mm radius notches was l 028 for both notch sizes and its frequency of occurrence is 

one in 20. This implies that for the SAE GKN service load history, the fatigue life of 

notched specimens having a 0.6 mm diameter flaw at the notch root can be predicted 

using a constant crack opening stress level equal to the steady state crack opening stress 

of a cycle which occurs once every 20 cycles in the history, without the need to follow 

the changes in the crack opening stress. Further investigation of other load histories is 

necessary to determine if this frequency is sensitive to variations in load history. Also it 

is expected that it will vary somewhat with material. If a conservative level can be 

established for a class of metals, the extensive testing required to establish variations in 

crack closure may not be necessary for design. 

5.7 Summary 

This chapter described the fatigue test results for cast aluminum 319 in the as-cast 

and hipped conditions. The materials were tested under the torsional channel of the 

SAE GKN Grapple-Skidder history. The specimens examined were smooth 

specimens, notched specimens, and notched specimens with an artificial flaw at the 

notch root. 

The smooth specimens test results showed that the hipping process improved the 

fatigue life of the 319 cast aluminum alloy. For 1000 blocks of fatigue life, the 

maximum stress range has improved from 230 MPa to 270 MPa. The notched 

specimens and the notched specimens with an artificial flaw at the notch root test 

results showed that the fatigue lives of the 3.0 mm and 1.5 mm radius notched 
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specimens with a 0.6 mm diameter flaw at the notch root were 40% and 38% 

shorter than the notched specimen fatigue lives. respectively. 

This chapter also described fatigue life predictions for smooth specimens. notched 

specimens. and notched specimens with a flaw at the notch root subjected to the 

SAE GKN Grapple-Skidder history made using strain-life. effective strain-life and 

crack growth models. The strain-life approach using constant-amplitude data gave 

unconservative fatigue life predictions for smooth specimens. notched specimens 

and notched specimens with a flaw at the notch root. The effective strain-life 

approach using effective strain-life data gave good predictions for smooth and blunt 

notched specimens, but was quite conservative for the specimens with flaws in the 

notch roots. The crack growth calculations which account for the crack opening 

stress changes due to large strain cycles and the decrease in concentration factor as 

the crack advances give good predictions for all of the specimen geometries. The 

conventional methods for fatigue life prediction using the fatigue notch factor, K 1 , 

do not account for the decrease in concentration factor as the crack advances and 

can not describe the fatigue behavior of notches with high K, values that decay 

rapidly, such as a notch root with a flaw at the notch root. 
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CHAPTER 6 

CONCLUSIONS 

Smooth specimens, notched specimens and notched specimens with flaws at the 

notch root made of three cast aluminum materials, namely Al 319, Al 390 and Al 

206, were fatigue tested in this investigation under three types of loading histories. 

These histories included a constant-amplitude loading history, an intermittent 

underload block loading history and a SAE service load history. The fatigue test 

results revealed that the casting defects are the main sites for fatigue crack initiation 

and propagation. The block loading history consisting of underloads followed by 

constant-amplitude smaller cycles reduced the crack opening stress so that the 

smaller constant-amplitude cycles were fully effective. This loading history caused 

a fatigue strength reduction of 66-87% in the three aluminum alloys. The results 

also revealed that there is a fatigue strength reduction due to a notch and there is a 

further reduction due to a flaw at the notch root 

The hipping process applied to the 319 cast aluminum alloy, which included 

subjecting the material to a high pressure at high temperature and then slowly 

cooling it, decreased the size of the flaw in the material from 0.6 mm to 0.2 mm in 

diameter and increased the constant-amplitude fatigue strength by 62.5%. 

A notch size effect was observed under constant- and variable-amplitude loading for 

a 0.6 mm diameter flaw at the notch root. For the hipped material under constant­

amplitude loading, the fatigue limit multiplied by the gross stress concentration 

factor decreased from 352 MPa to 256 MPa as the notch size increased from I mm 

to 6 mm in diameter. The corresponding values for variable-amplitude fatigue were 

from 75 MPa to 25 MPa. 
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The fatigue lives of the l .5 mm and 3.0 mm radius notched specimens subjected to 

the SAE service load history were decreased by 38% and 40%, respectively, due to 

a flaw of 0.6 mm diameter at the notch root 

A crack growth analysis using an effective strain intensity factor, notch strain 

calculations based on Neuber's formula, and a reference crack growth curve 

obtained during closure-free crack growth was able to model the fatigue behavior of 

the three cast aluminum materials tested in this investigation under the three types of 

loading histories. The model predictions were in good agreement with the 

experimental data. 

Natural flaws in the as-cast 319 aluminum alloy can be modeled by an equivalent 

drilled hole of the same size. 

The crack growth model was used to analyse the effect of variations in the flaw size 

and flaw position in the notch root. The model results suggested that the fatigue 

limit varies more for a given variation in the flaw size and flaw position for notched 

specimens having a small notch radius than for specimens having large notch 

radius. The model results were in good agreement with the experimental data. 

The percentage of the fatigue life of 1.5 mm and 3.0 mm radius edge notched 

specimens spent in growing a crack to a total length 11 from the notch root at which 

notched specimens with or without a flaw have the same elastic stress concentration 

factor KP, was calculated using the crack growth model. The results indicated that 

the fatigue lives of the 3.0 mm and 1.5 mm radius notched specimens with a 0.6 

mm diameter flaw at the notch root were 40% and 38% shorter than the notched 

specimen fatigue lives, respectively. The percentage of the life of a notched 

specimens required to propagate a crack to a length of 11, under a maximum stress 

range of 173 MPa for a 3 mm notch and 148 MPa for a 1.5 mm notch, were 

calculated using the crack growth model and were 62% and 40%, respectively. The 

percentage reduction in number of cycles to propagate a crack to a total depth of 11 

from the notch root due to a flaw at notch root, under a maximum stress range of 
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l 73 MPa for a 3 mm notch and 148 MPa for a l .5 mm notch, was also calculated 

using the crack growth model, and was 70% and 78% for the 3.0 and l.5 mm 

notches, respectively. 

Fatigue life predictions for smooth, notched and notched specimens with a flaw at 

the notch root subjected to the SAE GKN Grapple-Skidder history made using 

strain-life, effective strain-life and crack growth models were compared. The local 

strain approach using constant-amplitude data gave unconservative fatigue life 

predictions for smooth specimens, notched specimens and notched specimens with 

a flaw at the notch root. The local strain approach using effective strain-life data 

gave good predictions for smooth and blunt notched specimens, but was quite 

conservative for the specimens with flaws in the notch roots. The conventional 

methods for fatigue life prediction using the fatigue notch factor, K 1 , do not 

account for the decrease in concentration factor as the crack advances and cannot 

describe the fatigue behavior of notches with high K1 values that decay rapidly such 

as a notch root with a flaw at the notch root 

In the absence of sufficient experimental data or finite element results to calibrate a 

model describing the variation in crack opening stress, a conservative assumption 

has sometimes been made that the crack opening stress throughout fatigue loading 

remains at the level it would have following the largest cycle. This assumption, 

while shown in earlier studies to be conservative, was reasonable for the materials 

and histories examined. It was shown to be more conservative for the cast 

aluminum material used in this study because of the crack opening stress which 

requires fewer cycles to reach the steady state crack opening stress than that for the 

materials studied earlier ( 1045 Steel and 2024-T35 l aluminum). The analytical 

crack growth model was used to determine the frequency of the cycle in the SAE 

GKN Grapple-Skidder history that had a crack opening stress, which when used as 

a constant level gives the correct fatigue life. 
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APPENDIX B 
The elastic stress concentration factor, KP' describes the crack tip stress field for a crack 

emanating from a notch or for a crack emanating from a flaw in a notch. The finite element 

results, describing the notch stress field for uncracked specimens, were plotted together 

with the elastic stress concentration factor, KP, distribution for comparison. KP for a crack 

emanating from a notch was calculated based on the equation proposed by Topper and El-

Haddad (63] given hy equation 2.19 for short cracks and by ✓l:c for long cracks, where 

l is the crack length measured from the edge of the notch and c is the notch radius. KP for 

a crack emanating from a flaw in a notch root was calculated based on the approximation 

made in this study given by equations 2.20 to 2.42. The non uniform stress o- for the 

notch stress field in equation 2.20 was replaced by the uniform stress o-uf shown in Figure 

2. 7. The uncracked specimen local stress, o-YY, was normaliz.ed by the maximum local 

stress, a-max, and plotted versus the distance from the notch root, X, normalized by the 

notch radius of curvature, p, as shown in Figures 8 l, 82, and 83 for the l.0 mm, 3. 0 

mm, and 6.0 mm diameter notches, respectively. The elastic stress concentration factor, 

KP, for a crack emanating from a notch was normalized by the theoretical surface stress 

concentration factor, K,, and plotted versus the crack length measured from the notch root, 

l, normalized by the notch radius of curvature, p, as shown in Figures 81, 82, and 83 

for the l.0 mm, 3.0 mm, and 6.0 mm diameter notches, respectively. Figures 81, 82, and 

83 show that the elastic stress concentration factor solution, KP, is very close to the stress 

field distribution and consequently, the stress field distribution can be used instead of KP 

without significant errors. 

Results shown in Figures B 1, B2, and 83 were all plotted together, in Figure 84, with the 

normalized solution of the elastic stress concentration factor, KP, for a crack emanating 

from a 0.6 mm diameter flaw at the notch root of the three notch diameters used; 1.0 mm, 

3.0 mm, and 6.0 mm. The Figure shows that as the flaw size increases with respect to the 

notch size the theoretical surface stress concentration for a flaw in a notch, represented by 

K 
the ratio _g_ at a crack length equals the flaw depth, decreases until it is expected to reach 

K, 

the theoretical surface stress concentration value of a flaw. 
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