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Abstract 

Aluminium alloys are widely used in aerospace vehicles which are under cyclic 
loads through their operation. The loads may cause detrimental changes in material 

structure being more prone to crack initiation, starting a potential process of failure for the 

structure. In this research the effects of fatigue damage are assessed for two aluminium 

alloys, 2024-T3 and 7150-T561, after using a surface engineering method which uses the 

plastic deformation on the surface, like many others, to extend (or reduce) the fatigue life 

of materials. 

Ultrasonic Impact Treatment (UIT) is the method used in this research which has 

been used successfully in welding zones for many materials such as steels, titanium alloys, 

aluminium alloys and bronze, getting fatigue life improvement. Evaluation in aluminium 

alloys is conducted here in order to know how fatigue life can be affected. UIT is 

evaluated by varying three impact process parameters at two ultrasonic frequencies, 27 

kHz and 36 kHz. The parameters varied in the first part of this research are amplitude 

under load, impact frequency and feed rate. Four conditions of UIT treatment were 

investigated, by using various combinations of the parameters before mentioned. Finally, 

introducing a fourth parameter of pressure on the pins which was used just for Al 7150- 

T651 alloy, a further three UIT conditions were investigated. 

Changes in microstructure, micro hardness and roughness in material were 

observed or measured, as well as different magnitudes of residual stresses left by the 

different UIT parameters used. The surface treated modified the high cycle fatigue life of 

the material reducing it. The presence of porosity near the surface was observed for the 

condition which introduced highest compressive residual stress and the highest micro- 

hardness, but at the same time the roughest. These changes were observed in both 

aluminium alloys, and a reduction in fatigue endurance. For further experiments on fatigue 

samples, milling 0.05 mm (50 ýtm) from all surfaces of the material after UIT treatment 

apparently eliminated porosity and defects leaving positive benefits of mechanical 

property changes. This skimming of the surface increased the fatigue life compared with 

the bare material. 
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Crack propagation experiments showed retardation for both of the UIT treatments 

examined. Retardation caused by residual stress and material properties changes enhances 
fatigue life, observed in the endurance test after skimming. 

Two mathematical methods were developed in order to get the most realistic 

profile of residual stresses through the depth named MMH and MMX which were applied 

to the data obtained from hole drilling and XRD respectively. These two analyses were 

developed to include the influence of residual stress gradients and relaxation respectively. 
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CHAPTER I 

INTRODUCTION AND OBJECTIVES 

Most structures undergoing vibrations in service are prone to fatigue failure. 

Throughout history the study of the effects of beneficial mechanical methods on the 

materials has been carried out according to the necessity of extending the fatigue life of 

components, which also has been increasing up to now and will go on. With the invention 

of the airplane fatigue was taken into account deeply and the introduction of non-metallic 

materials spread the field of fatigue studies. 

Fatigue life of materials depends mainly on its mechanical properties, surface 
finish, surrounding environment and applied load. Once a crack appears in the material, 

the propagation of the crack depends also upon the microstructure. By creating residual 

stress on the surface, crack initiation can be prevented and crack growth rate can be 

retarded [ii. 

Airplanes structures are under constant fatigue loading during their operation. 
Most of the junctions in aircraft structures, like skins to spars or ribs, are riveted and these 

points are stress concentrators which may lead to fatigue damage initiation in the structure 

and a limited life. In these areas the use of a method that can retard fatigue crack initiation 

and propagation would give more security and reliability to the aircraft structures. This 

method would be of great relevance not only in the aerospace industry, but also in 

automotive, transport and industries with moving machinery. 

Many techniques have been developed successfully in order to generate high 

compressive residual stress together with changes in other properties such as grain size, 

micro-hardness, roughness, superficial defects, etc. [1,21, improving fatigue life in materials 



used in different vehicles, machines, structures, etc. Such techniques include two large 

groups, mechanical treatment (as shot peening, surface rolling, auto-frettage, laser 

peening, etc. [21) and thermal treatment (as carburizing, nitriding, flame hardening, 
induction hardening, etc. [ii). The goal of these methods is to produce grain refinement, 
residual stress, or hardening in a material's surface to increase potentially corrosion 

resistance, wear and prevent early crack growth. 

On the other hand when a material is welded, tensile residual stresses are induced 

to the joint, reducing its fatigue life. There are several techniques that can be used to 

eliminate tensile residual stresses left by welding, thus improving fatigue life. Most of 
these techniques are applied only to small pieces and/or before the assembly of various 

parts of a structure [3-71. Consequently Ultrasonic Impact Treatment (UIT) was developed 

to fill the gap left by the techniques already in use [8]. 

Ultrasonic Impact Treatment (UIT) method was developed in Russia in the early 
1970s [81 and its design concept showed various advantages over other techniques. 

Manipulation and the facility to carry the equipment manually were unique and provided 

the facility to treat parts of structures impossible to achieve by other methods, and 

moreover physical risk was reduced compared to other methods where the noise and 

vibrations, projectiles and lasers may pose health risks due to a prolonged use. 

The UIT method was developed in order to reduce welding residual stress and 
deformation in submarines of Russia's Navy, introducing compressive residual stresses. 

Initially it was successfully applied in locations prone to fatigue fracture for steels used to 

build submarines. This enhanced some properties such as corrosion fatigue strength and 
fatigue resistance at low temperature [91. After such success, UIT was implemented in 

Titanium alloys, Bronze and Aluminium alloys providing important benefits by reducing 

costs, time and physical risk to the operator [8,10 & iii. Nevertheless, the effects of UIT 

process in materials previously welded are unknown. 

The UIT method use three free indenters with a shape of needle allocated in three 

different guide line holes set in a linear arrangement. They are used as the elements that 

impact the surface of the material. Indenters move along their axes at a frequency given 
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by the excitation of a modulation pulse of the carrier resonant frequency of the ultrasonic 

oscillation system. 

Aluminiurn alloys are generally used in aircrafts, where the extension of time 

operation is a priority. The two aluminiurn alloys most widely used in aircrafts structures 

are Al 2024-T3 and Al 7150-T65 1. 

OBJECTIVES 

Previous studies of UIT on welded zones of structures show that tensile residual 

stresses are eliminated from critical areas due to the process, but the improvement in 

fatigue resistance is largely due to compressive residual stresses left in those areas. Its use 
in materials without prior welding is uncertain because no studies have been done before, 

and this is where this research will be focused on. 

The aim of this research is to evaluate the effects caused by different UIT 

conditions in Al 2024-T3 and Al 7150-T651, and to compare these effects between both 

materials. In addition the influence on mechanical properties, crack growth rate and the 

fatigue life will be evaluated. 

Many parameters of the UIT technique can be changed in order to obtain different 

UIT conditions under different carrier frequency. Initially two carrier frequencies were 

chosen from previous work on aluminium alloys (27 kHz and 36 kHz). Three UIT 

parameters were varied: the feed rate, the amplitude under load and the impact frequency. 

Therefore five different UIT conditions called UIT-1-36, UIT-1-27, UIT-2-36, UIT-3-36 

and UIT-4-36 conditions were obtained. Finally the pressure force was varied and from 

this two more UIT conditions were achieved namely UIT-5-36 and UIT-6-36. 

The primary objective of this research is the examination of the effects of 

Ultrasonic Impact Treatment as a severe plastic deformation process on the fatigue 

behaviour in both materials without prior welding. There is no data in the literature about 

any material treated with UIT without prior welding. 
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Secondly with the use of different UIT conditions in both materials, changes of 

residual stresses, hardness, microstructure, fatigue and crack propagation will be 

examined. The sensitivity of these properties to the UIT method will be investigated, 

together with possible strategies to get improvement of material behaviour and extension 

of their fatigue life. 
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CHAPTER II 

FATIGUE 

FATIGUE FAILURE 

The repeated changing of loads (Cycles) in a material generates changes in its 

properties due to the repeated changes of stress or strain even below the tensile strength of 

the material; this is called Fatigue [1,121. All the machines and some structures like bridges 

and buildings are under fatigue loading that through time causes damage and then failure 

or fracture of the material. Sometimes or most of the time fatigue is interacting with other 

processes depending the environment where the element is operating. Creep and fatigue, 

cyclic loading at high temperature (Steam Turbines and Gas turbines), fretting fatigue due 

to small motions between fitted parts combined with cyclic loadings to produce surface 
damage, corrosion fatigue due to the combination of corrosion and fatigue loading 

(Structural members of offshore oil well platforms), are some of the combined effects to 

be considered in a design. 

Fatigue life is divided in two zones depending of the number of cycles to fracture, 

low cycle fatigue (LCF) and high cycle fatigue (HCF). According to [131 if the number of 

cycles is large, more than one million then it is termed high-cycle fatigue. If the number 

of cycles is less than one million it is termed low-cycle fatigue. But [141 it IS insufficient 

just define HCF as life above one million cycles for every material, because HCF starts 

when the stress applied is sufficiently low that yielding effects do not dominate the 

behaviour. On this basis, the rank where HCF typically starts is from 102 to 104 cycles for 

most metals, where the plastic strain is 50% of the applied strain range. 
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Initially fatigue is considered as a constant cyclic loading condition, figure 2.1 a, 
with constant amplitude, constant maximum and minimum stress or load. Actually all the 

structures subject to cyclic loads do not experience such fatigue with constant amplitude 
but variable amplitude, figure 2.1b. This condition makes changes in the range of crack 
growth rate and many effects are presented that influence it, such as premature closure of 
the crack faces, even under fully tensile far-field cyclic loads, shielding of the crack tip, 

etc. 

(T 

- time 

a) b) 

time 

Figure 2.1 Constant and variable amplitude load, the former is idealised, and the latter is the physical load 

case that is presented in true life. 

CRACK INITIATION 

Metal atoms are ordered in a special arrangement called a crystal. There are 
different crystal arrangements such as PC (Primitive cubic), BCC (Body-centered Cubic), 

FCC (Face-Centered Cubic) and HCP (Hexagonal close-packed). Each crystal has its own 

mechanical response, ordering direction and directional property. Crystal orientation will 

delineate a grain and each grain will have a special slip direction with respect to the load 

direction applied. 

Fatigue starts with the slip or glide of crystal planes within a grain. (This is not 

just a fatigue property but a monotonic property as well. ) Fatigue slip bands form 

intrusions and extrusions on the surface of metal due to the cyclic load and they can be 

seen as lines on the surface and act as a stress concentrators or notches. Removing 

intrusions and extrusions on the surface by electro polishing and then applying cyclic load 

for a period some slips bands appear again in the same place. These marks are called 
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Persistent Slips Bands (PSB) first published by Forsyth & Ryder in their research in 

Copper [ij5j. 

Actually slip bands are the fatigue crack embryo and tend to grow in a plane of 

maximum shear stress range. After that there is a coalescence of many of these incipient 

fatigue cracks and they tend to grow in a plane of maximum tensile stress range, called 

stage I and stage 11 respectively fig 2.2. The length of the crack in stage I is of the order of 

some grains. Most of fatigue cracks grow through the grains, called trans-granular, but 

some times they grow along grain boundaries and are called inter-granular[i, 16]. The fact 

that materials fail at a specific number of cycles means that a permanent change in 

properties occurs on every cycle [13,141. 

Intru 
ar 

Extrt 

Figure 2.2 Crack growth stages, from initiation of intrusions and extrusions, through shear growth (stage I) 

to the crack propagation through the grains (stage II). 

FATIGUE LIMIT 

Data obtained from fatigue tests are useful in order to know how Stress Amplitude 

affects the fatigue life of the material. The best way to do it is plotting Stress Amplitude 

Versus Number of cycles to fracture, in ordinate and abscissa axes respectively called S- 

N curve. Because the number of cycles to fracture change drastically compared with 

Stress Amplitude is necessary to plot Number of cycles in a logarithmic scale. 
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When a material is under stress amplitude control and it enters in the high cycle 
fatigue zone (More than I million cycles), then it could be close to the fatigue limit or 
endurance limit (7, Initially the fatigue limit was defined as "The limit of crack initiation 

under cyclic stress". This could be true for some metals. Actually in some metals, small 
cracks can appear and start to grow. But some times after small cracks appear they do not 
coalescence or grow at all, called "non-propagating cracks", and material can be under the 

same stress amplitude for more than 10 million cycles with the same crack length and no 
further propagation. This may also apply for materials that do not present any crack on 
the surface, but inside only. 

In ferrous metals specimens tested close to the fatigue limit, it has been observed 
that the maximum non-propagating crack length is always larger than one grain size. 
Testing specimens within 2-3% higher load than fatigue limit, maximum size crack 

exceeds the condition of non-propagation and all specimens were fractured. Testing 

specimens within 2-3% lower load than fatigue limit, not one crack initiation was found. 

So it is clear that the conditions for a fatigue limit based in non-propagating cracks are 

satisfied in a narrow band of stress amplitude conditions [171. 

In an S-N curve it can be possible to observe a line with a specific negative slope, 
from high stress amplitude and low cycles (Point A) to lower stress amplitude and high 

cycles (Point B) as it can see in fig. 2.3. This line interrupted its path at a specific stress 

amplitude value (19e) where no failure for lower loads are observed and fatigue life 

increases much more exhibiting a plateau in the stress-life plot typically more than 106 

cycles. This point is called "knee point"; in some materials the knee point is observed as 

in steels, meanwhile most of them continue with the fatigue line as before with no clear 

knee point, up to this stress value it said that material will not fail, as aluminium alloys, 

copper and brass. If crack initiation were correlated to the fatigue limit rather than a non- 

propagating threshold, a knee point would not be clear for steels, like the curves for 

aluminium alloys, copper and brass. In these cases a fatigue limit is considered to occur 

when the number of cycles reaches 107 or 108 and material has not fractured. 

A proper definition for fatigue limit is given as "Cyclic stress amplitude below 

which initiated or pre-existing cracks do not propagate to final fracture" [181. 
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Figure 2.3 S-N Curve showing the "knee point" (B) as a fatigue limit for Steels, and for Aluminium alloys. 

CRACK GROWTH 

Many structures are under cyclic movement, specially those made by humans, 

some of them are huge and other small, employing different materials and performing 
different tasks. Metals are the most widely used materials in structures and machines 

where some behave in a brittle and others in a ductile manner. Pieces may have small 
defects from manufacture or they may initiate cracks during the service life. Many 

methods to identify a small defect or small crack have been developed through the years; 

some methods are basic such as inspection by naked eyes, and others use technology as x 

rays, ultrasonic waves, etc. 

A crack can be detectable by special methods, emphasis must be placed on its 

possible growth by fatigue. The dominant flaw will propagate with every cycle to a 

critical dimension in a substantial amount dictated by fracture toughness, limit load, 

allowable strain or allowable compliance change [11, leading to brittle or ductile fracture 

once it is sufficiently large. Such a process is called fatigue crack growth, characterised 

and well known by the relationship of crack length (a) and number of cycles (N). The 

relationship is represented by (Aa/AN), under constant stress range, where the crack is 

increasing by Aa with the number of cycles An as it can seen in fig. 2.4. A curve is 

obtained from a specific load condition, which means, if two pieces with the same 
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geometry, material and environment conditions but with different loads magnitude are 
tested, they will give two different curves (different crack growth rate) from a detectable 

crack length (ad) to fracture crack length (a, ), as shown in fig. 2.4. 

a 

C 

C 

C., 

1 
U 

a(1 

Cycles (N) 

Figure 2.4 Crack growths from a detectable crack length ad to a fracture crack length ac under constant 

amplitude. 

Fatigue crack growth rate is influenced by the combination of applied stresses, 

crack length and geometry of the structure, as well as the mechanisms introduced due to 

different combinations of mean stress, test frequency and environment [ii. 

It is observed that some discrepancies arise in crack growth rate for short cracks 

compared to long cracks, and due to this crack growth is divided in two regimes; short 

crack growth and long crack growth. 

LONG CRACK GROWTH 

As it was seen above crack growth rate depends of the stress amplitude. Once the 

crack has been identified the next question is to know how long will take to reach the 

fracture point. To predict the time left for the crack to growth in a stable manner under 

specific conditions of load and environment the use of Fracture Mechanics (FM) is 

required. 
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Crack growth rate can be represented by the ratio Aa/AN, slope of the segment 
between two points, or for small intervals, by the derivative da/dN that is the slope of the 

curve at a point on the "a" Vs "N" curve. As crack growth rate depends of stress 
amplitude, stress intensity factor range should be used. 

AK = Kmax -K 

Because there are many ways to get AK, the stress ratio (R) is used. It should be 

pointed out that AK and R will affect crack growth rate as well as mean stress. 

Cymin / Cymax 

For a given material tested under fatigue with stress amplitude constant, AK 

versus da/dN data are plotted in a logarithmic scale for both axes, and fitted to a curve fig. 

2.5. It is observed that there are three different regions with characteristic slopes along the 

graph; the dashed lines mark the three different stages of fatigue crack growth. Some 

people divided crack growth rate in more than three stages in order to get more accurate 

results in the prediction of fatigue life [191. Ritchie divided in three the fatigue crack 

growth regimes [201, and he realized that there exist intrinsic mechanisms (that can 

promote the crack growth) and extrinsic mechanisms (working as a shield for the crack 

tip) [211. 

In stage I it is seen that the smallest crack growth rate is close to zero. This point 

has coordinates da/dN, AK and its values are the smallest in the plot. The value for AK is 

called stress intensity factor range threshold AKth. Below this point cracks either remain 

dormant or grow at undetectable rates. From this point a higher growth rate is seen that 

follows a vertical trend up to a point where crack growth rate curve starts to change its 

slope and enter to a new steady crack growth rate region. This stage was identified by 

Forsyth [221 for short cracks, and he states that "when a crack and the plastic zone at the 

crack tip are within a few grains diameter, crack growth occurs predominantly by simple 

shear along the slip system. This mechanism leads to a zigzag crack path". Studies in 

Ti6246 alloy show that Crack Growth rate in stage I can be affected by environment 

conditions [231. As well as these effects, AKth is affected sometimes by the thickness of the 



specimen, increasing when specimen thickness is reduced [241. Basically this stage is 
influenced by microstructure, mean stress and environment [211. 

Stage 11 is a deformation controlled process [251, because crack tip length increases 

with loading and a resharpening of the crack tip is carried out with unloading on every 

cycle. This mechanism is seen in mode 1, but in mode 11 and 1H is not seen unless the 

crack path deviates. This mechanism is intrinsic and promotes the crack growth. 

The crack growth fracture surface in mode I initially is smooth, and it will remain 

smooth if the mode I persists [261. Forsyth who was the first in recognize the first two 

stages in crack growth stated "in stage 11 crack growth takes place in a direction normal to 

the applied stress" [271. The crack directional stability is given by stresses parallel to the 

crack called T-Stress [281 and depending if they are compressive (negative) or under 

tension (positive) the crack can be directionally stable or unstable respectively, although 

some times in positive T-Stress a directionally stable crack has been seen [29]. A formula 

relating crack growth increment with stress intensity factor range knows as Paris law [30,311 

represents the logarithmic line obtained in stage 11. The relationship given by Paris is; 

I -- da 
dN = C(AK)' where AK =Y Acy Vma 

Where C and m are constants, rn represents the slope; "Y" is a geometry factor 

depending on the loading and cracking body configuration. Measurements of Aa/AN 

through the depth can be done physically on steels directly from the fracture surface with 

the aid of beach marks (in steels) produced by a cyclic overload [321, or striations (in 

Aluminium) [1,331. The linear behaviour (on a logarithmic scale) is shown in fig. 2.5, 

representing the stage 11 crack growing up to a point where the path starts to change. Up 

to this point stage 11 is dominated by Paris law equation, where the last stage, III, begins 

to form. 

There are some mechanisms that can contribute to the crack growth rate and 

others that can retard it. These mechanisms are intrinsic, which act ahead of the crack tip 

as cleavage fracture, micro-void coalescence and the repetitive blunting and resharpening 

of the crack tip, and extrinsic, which act behind the crack tip to shield it with the creation 

12 



of inelastic zone around the crack wake, or to introduce physical contact by grain bridging 

and fibre bridging. The crack growth depends of the competition between the presence of 
these two types of mechanism. Stage 11 is mainly influenced by the combination of 
environment, mean stress and frequency, and little by microstructure and thickness [35,21, 

341. 

Stage III is the last part of the graph, and in fig. 2.5 it is seen how crack growth 

rate increases to become unstable and finish when the value of Km,, = K. is reached and 
fast fracture break the sample. 
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Figure 2.5 Fatigue crack growth versus AK graph. Plot showing a sketch of the stages of primary growth 

rate mechanism in a crack growth rate commonly seen from metallic materials, listing the principal 

influences in every stage to the fatigue crack growth rate [201 and the trend that small cracks follow 

depending on the specimen (notched or smooth) [361. 
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SHORT CRACK GROWTH 

In some studies it was found that slip bands and grain boundaries are the most 
common points for fatigue crack initiation and this is due to the crystallographic 

misorientation between the grains involved [37,381. Although intrusions and extrusions on 
the surface formed by slip bands due to fatigue could be the crack initiation process, 
comparison between copper fatigue tests done in air and in vacuum indicates that the 

environment does not affect the topography and the slip behaviour [391. So the 

environment does not influence short cracks in the same way as persistent slip bands 

(PSB), as more than one grain depth is fractured or divided during fatigue. 

Physical sizes of short cracks depend on the point of view of each person. Small 

fatigue crack can be considered up to a length of few grains, or up to a few millimetres [14, 

401. Fatigue cracks could initially start on the surface and because of that the environment 

and the condition of the surface are important factors influencing fatigue behaviour. In 

steels small fatigue cracks are present at the beginning of the fatigue process and the 

quantity of them increases with the number of cycles showing a linear relationship 
between crack density and the maximum crack length [41,421. Results from Carbon steel 

St37 show the evolution of micro cracks during the fatigue life and it was observed that at 

around 20% of fatigue life micro cracks start to nucleate, at 40% of fatigue life the longest 

crack can reach a length of 30 Vrn and the density of micro cracks is as high as 86/mm 2. 

After that the increment in number and length is rapidly increased. At 60% of fatigue life 

can be seen that the longest crack can reach a length of 100 pra and the density is as high 

as 298/mm 2 [421. 

Small fatigue crack growth has been studied apart from the long crack growth due 

to the differences in growth rate; because of this effect Linear Elastic Fracture Mechanics 

(LEFM) is not used for small cracks and Elastic Plastic Fracture Mechanics (EPFM) is 

employed. The small crack effect is so called because when comparing the small crack 

growth rate with the estimated long crack growth at the same nominal value of AK, the 

former is faster than the latter, fig. 2.5, [361 with the crack closure transient being one of 

the major causes [431. This effect has been seen in low strength mild steel, aluminium and 

titanium alloys and nickel base super alloys under cyclic tension compression, whereas in 

other materials this effect is not seen such as high strength steel [1,44-471. On the other hand 
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in some aluminium alloys under block spectrum loading the small crack effect is not seen 
[44,48,49]. In materials with the effects of small crack, a reduction of growth rate is seen 
when the crack tip reaches the grain boundary considering just the surface (2D) (50]. But 
one must keep in mind that the crack grows through the bulk and is growing in 3D in 
smooth components. considering as well the crack nucleation [421. 

According to [1i a crack shorter than 0.3 mm (in a nickel base super alloy) can be 
considered as small crack because up to that length the results in life prediction using 
LEFM may not give conservative values (even if small-scale yielding conditions prevail). 
Actually reference [511 suggests different definitions where the length can vary and growth 
is dependent on grain size, interparticle spacing (for composites), size of near tip 
plasticity, the effect of the dependence on environmental stress corrosion fatigue, and the 
effects of crack dimensions. 

RESIDUAL STRESS RELAXATION 

RESIDUAL STRESSES 

Since metals become available in the human life, they have been of great aid in 

our lives. Starting as a tool used to hunt, to defend or to conquer, the army who had the 

strongest swords was the more powerful in battle. In those days to get a stronger material 

was necessary to treat an existing one and in order to accomplish this they hit the material 

at a specific temperature (forge); this is one of the process used to improve some 

characteristics of metals. 

Nowadays the field where metals are employed is huge and it extend from a small 

tool used in the kitchen to a big vehicle where hundreds of human lives are carried and 

which is exposed to cyclic loads. In the same manner many methods are used to 

manipulate some characteristics of metals (temper, shot peening, etc. ), as well as methods 
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used to create pieces that at the same time change some characteristics of metals (Fold, 
Weld, etc. ). 

A new internal state of stress or change into another internal state of stress in the 
material is generated for all these methods, called residual stress (or self stress). These 

residual stresses can be tensile, which is not good, or compressive, which is beneficial, 

and depending on the zone where they exist, even these residual stresses can create 
fracture to the material without any aid of external force applied. An example is a beam of 
high tensile strength steel, 12 m. long, skew cut at both ends and then laid on the floor for 
24 hours, which suddenly fractured along the mid section [521. It was supposed that the 
fracture was due to residual stresses that remain because of rolling and flame cutting. 

Compressive residual stresses are introduced by permanently stretching a thin 

surface layer by yielding it in tension, so the material in the bulk tries to recover its 

original state by elastic deformation forcing the surface layer to compress [141. In order to 

prevent fatigue or extend fatigue life a reduction in tensile stress or mean stress that 

occurs during fatigue can be made by creating compressive residual stress on the surface 

[531. Hard materials are more sensitive to residual stresses than soft materials; it means that 

more improvement on fatigue life can be obtained in hard materials than in soft materials 

[541. 

Nowadays there are many methods or treatments to produce residual stresses, 

which are accompanied by physical or metallurgical changes of the metal, and its 

magnitude depends on a) the hardness and brittleness of the metal, b) the metallurgical 

changes which take place, and c) the stability of the internal stresses developed[551. 

The ways to produce residual stresses fall in two categories, mechanical 

treatments and thermal treatments. Basically mechanical methods rely on strain gradient 

to produce local tensile yielding; some examples are shot peening, surface rolling, laser 

peening, autofrettage, etc. Thermal treatments not only produce compressive residual 

stresses but tensile residual stresses as well. Welding and severe grinding are two 

examples which increase the temperature of the material and leave tensile residual 

stresses. On the other hand, treatments like carburizing, nitriding and flame hardening 

leave compressive residual stress [1,161. 
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Internal stresses are divided by three different types [551: the first, an external 
action (mechanical, chemical or thermal) that creates a plastic distortion in part of the 
body and produce non-uniform stresses through the material; second; the heterogeneities 
between the microscopic components of the material (as differences in elastic modulus, 
coefficient of expansion, etc. ) that interact between crystalline grains can increase the 
internal stress [56,571; and third, increment in microstresses in a polycrystalline materials 
because of the non-isotropic behaviour of the crystalline grains themselves in the course 
of heating, straining or chemical change. The last two are called microstresses and the 
first are called macrostresses. 

Processes like shot peening and carburizing leave residual stresses at the surface 
improving the performance in high cycle fatigue of the material. However as at the 

surface there are compressive residual stresses, inside the material (subsurface) tensile 

residual stresses are developed and subsurface cracks could appear [12,141. 

RESIDUAL STRESS MEASUREMENTS 

Residual stress magnitude is important for engineers and it is necessary to 

measure it, but for stresses it is usually not possible to measure them directly. Stress in a 
body is accompanied by strain which can be measured physically, as can be seen when a 

metallic bar is under tensile stress and it deforms in longitudinal and transverse directions 

because of the load. Strain measurements are going to be the indirect way to evaluate 

stresses, and there are many methods to measure them. With the aid of elasticity, which 

relates stress and strain, it is possible to know the variation of stress. 

As residual stress is completely internal to a body it is necessary to look for 

methods which can give an approximation of the internal distribution of stresses. There 

are many methods to try to measure the internal stress distribution through the depth, but 

until recently there were not any non-destructive methods at all, most techniques are 

destructive. The one exception is the Neutron beam diffraction method, where Neutron 

beam are able to penetrate the surface. All other methods up to now require the 

elimination of a layer of specific depth to know what would be the stress at that depth. 
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Even the X-ray method (581, which is the one which neither requires any measurement of 
the material previous to the induction of residual stress nor removal of a layer to know the 

residual stress on the surface, is incapable to get strain through the depth without the 

removal of a layer of material. There are others methods such as the slitting method, 

which assume that residual stress along the slit is uniform, and the contour method [59]. 

RESIDUAL STRESS RELAXATION UNDER MONOTONIC LOADING 

The stress relaxation in a material is observed under constant strain which at the 

same time permits stress to be relieved, since applied stress is proportional to the applied 

stress; this situation is known as viscoelasticity. For small loads the behaviour is linear 

and the behaviour is represented physically by series arrangement of a spring and a 

dashpot (which includes viscosity) knowing as Maxwell model. On the other hand creep 

represents the non linearity of viscoelasticity and is represented physically by parallel 

arrangement of spring and dashpot knowing as Kelvin-Voigt model, fig. 2.6. 
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Figure 2.6 Schematic representation of relaxation response from different models, for an applied 

displacement uo. 
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Metals and ceramics at high stresses do not exhibit the linear behaviour and can 
not be modelled by Maxwell model, so a combination of Maxwell and Kelvin-Voigt 

models can represent their behaviour, such as the Standard linear solid model. Standard 
linear solid model is represented by parallel arrangement of a spring and a series 
arrangement of spring and dashpot [1,141. 

In test on annealed aluminium monotonically loaded [601 it was observed that the 
higher the load the more relaxation occurs, so the stress relaxation behaviour depends on 
initial load. On the other hand, there was no effect on stress relaxation due to work 
hardening. 

RESIDUAL STRESS RELAXATION UNDER CYCLIC LOADING 

Residual stress in metals subject to a cyclic load experiences a relaxation. This 

means a steady reduction of the compressive and tensile residual stress magnitude 
through the number of cycles. 

Residual stresses under cyclic loading in aluminium alloy AA61 10 (Al-Mg-Si-Cu) 

[611 aged at different conditions and subsequently rolled, in polycrystalline nickel super 

alloy "Udimet 720Li" [621 shot peened and subjected to a cyclic fatigue at different high 

temperatures, and steel AISI 4140 (German grade 42 CrMo4) [631 shot peened, were 

measured on the surface before and after tests at some specific numbers of cycles and 

showed a quasi static relaxation in the first cycle of about 50% irrespective of the testing 

temperature. An explanation of this reduction is given by Zhuang et al. [64] and Schulze 

and Macherauch [631 using the Bauschinger effect. After the first cycle no significant 

residual stress relaxation was observed and the small cyclic relaxation behaviour is linear 

as a function of the logarithm of the number of cycles where the slope of this straight line 

is linearly dependent of the fictitious initial stress amplitude at the surface and the 

temperature tested. 

in steels with different shot peening surface treatment and under cyclic fatigue 

load [651, residual stress relaxation varied through the depth with the number of cycles and 
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with the applied tension, even under the fatigue limit, of the shot peening conditions. 
Only in one shot peening condition examined residual stress relaxation was null on the 

surface, but meanwhile underneath a relaxation occurred. It was observed that the greater 

the applied tension, the greater the relaxation stress. 

High temperature affects residual stress relaxation and acting together with 

mechanical residual stress relaxation is called thermornechanical residual stress 

relaxation. When a fatigue test at high temperature has been started, an initial amount of 

thermal residual stress relaxation has occurred before cycling, and it depends on the 

temperature how much residual stress relaxation is purely thermal. After the first cycle up 

to 1000 cycles thermal residual stresses relaxation is negligible and residual stress 

relaxation is controlled by mechanical stress relaxation, after that residual stress 

relaxation is controlled by both thermal and mechanical stress mechanisms [661. 

Stress relaxation is mainly affected by [641: 

a) Initial amount of residual stress and degree of cold working. 

b) Cyclic stress amplitude, load ratio, number of cycles 

c) Material cyclic stress-strain response, degree of cyclic work hardening/softening 

SURFACE ENGINEERING TREATMENT 

SURFACE TREATMENT 

As mentioned before, residual stresses are obtained by different techniques and 

the one that definitely will be the most useful is the one than can be managed most easily, 

cheaply and giving good results. The most common methods used up to now are the 

mechanical ones specially those which can not be used on pieces already installed in 

structures, machines or vehicles. There are many methods suggested for use until now but 

the most common are shot peening, laser peening and ultrasonic shot peening (another 
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method, not common, which is based on ultrasonic peening excitation has already been 

tested successfully in titanium, and is called the rotating pin ultrasonic peening (RPUP) 

technique [671), which already have a good performance record and have been used in the 

automotive and aerospace industries. All the methods mentioned before generate from the 

surface through the depth a compressive residual stress, surface nano-crystallization and 
enhanced surface hardening. 

SHOT PEENING 

The shot peening process is carried out in a cabinet in order to collect the shot and 
reuse it, as well as to retain dust. The piece to be peened is introduced mechanically into 
the shot stream. The shot has spherical shape and is made of different materials and sizes 

ranging from 0.18 to 2.4 mm in diameter. 

The classification of the shots are as follows: high carbon steel (SAEJ827), low 

carbon steel (SAEJ2175), cast iron, cut wire (SAEJ441), case hardened balls (AMS 

241/5), atomised steel powders, glass beads (SAEJ 1173), and ceramic beads (SAEJ1830). 

The impact velocity ranges from 20 to 150 m/s. There are three different types of machine 

to carry out the shot peening process, pneumatic, centrifugal and vapour slurry machines. 

As the surface is impacted by the sphere a dimple is created as a result of plastic 
deformation fig. 2.7, after the ball strikes the surface and rebounds the deformed region 

tries to expand but the surrounded material restrains its expansion, creating compressive 

residual stress [681. The residual stress magnitude depends of the dynamic force on the 

shots, the exposure time, relative hardness between the shots and the tested material, and 

the size of the shots [691. 

For every material there is a specific shot peening condition in order to get the 

best improvement in material properties, too much time in shot peening could cause 

detrimental results in fatigue [68,701. 
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Shot peening improves fatigue life of aluminium alloys 7050 [711,7075-T7351 [721, 
2024-T351 [731,6061-T652 [691, and aluminium zinc alloy [741 by prolonging crack arrest 

and reducing crack growth with a lower R ratio. As the surface finish after shot peening 
treatment in high strength aluminium alloys iI is a is not as smooth as desired, the roughness i 

problem to the fatigue life of the material, but the residual stress distribution should be 

enough to counteract its effects. If shot peening parameters are controlled such 

disadvantages can be overcome to give improvement of fatigue life at high values of 

stress ratio, improvement in crack arrest at low values of stress ratio. Otherwise without 

any control in the parameters, shot peening (SP) may not generate any improvement and 

even can cause damage [751. 

Illipact at 1111J., I Speed 
Create, a dimple 

Dilliple 

Stretched stuface 

Shot 

Figure 2.7 Diagram of shot peening, how it impinges on the surface of the materials leaving a compressive 

residual stress after the impact of a metallic sphere as well as a dimple increasing roughness [761. 

Shot peening in steels such as 316L stainless steel [771, Hadfield steel [781,08OM40 

medium carbon steel [741,304 stainless steel [79], ICrl8Ni9Ti stainless steel [801 generated a 

layer of nanocrystallization on the surface as well as severe plastic deformation 

improving fatigue life. This was seen to be due to production of martensite and the 

amount of phase transformation (martensite) depends of the SP treatment time. Every 

material has an specific treatment time to get the maximum amount of phase 
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transformation, and after that time a small decrease is followed [79,801. The martensitic 
layer provides a significantly harder material than the base steel at the surface. 

A comparison of SP between aluminium alloys and steels shows that SP promotes 
the subsurface crack initiation in aluminium alloy meanwhile in steels there was not any 
such effect. On the other hand, after being shot peened and partially fatigued and then 

peened again, in steels a fatigue life improvement after re-peening was observed whilst in 

aluminium no fatigue life improvement was seen [741. 

Fatigue life improvements in Fe-2Cu-0.5C [701 and corrosion fatigue in cold 
worked commercially pure Niobium and commercially pure tantalum [81], as well as 
fretting fatigue life of titanium alloy, Ti-6AI-4V[82i are attained by shot peening. 

It was observed that when a crack is approaching a peened zone (compressive 

residual stress) the growth rate rapidly decreases but once the crack has already 

penetrated and is fully inside the compressive residual stress region, it accelerates to reach 

the same growth rate as the un-peened zone [741. 

ULTRASONIC SHOT PEENING 

Ultrasonic Shot peening (USSP) is a method that is quite similar to shot peening. 

This method is based on impact of the surface to be treated with spherical shots using 

high-frequency ultrasonic energy, creating plastic deformation on the surface and 

nanocrystalization, inducing compressive residual stress. Another difference from shot 

peening is that in Ultrasonic Shot Peening a bigger shot is used (between 0.4 min and 3 

mm), the shot is harder and perfectly spherical and the shot velocity is variable between a 

range of 5 and 20 m/s. The surface after ultrasonic shot peening is smoother than in shot 

peening because of the size of the shot and its hardness. The compressive stress level is 

higher in the case of ultrasonic shot peening [831. This method does not require of cabinet 

and dust collector, it is manual and counts as portable equipment as shown in fig. 2.8. 

Actually this method is used in aerospace, automotive, power plants, etc. [841. 
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USSP treatment in soft steel [851 and in Iron [86-881 leaves compressive residual 
stress, being in the former of around 309 MPa. Creation of ultra-fine grains was carried 
out in Iron, 304 stainless steel, aluminium alloy 7075 and pure Fe [88,891, the variation of 
the grain size from the surface through the depth is uniform [goi. The time of USSP does 

not change significantly the size of the grain on the top layer, but increases the depth of 
grain refinement shown on 316L stainless steel [91j. 

Figure 2.8 Ultrasonic shot peening Handset to be carried by one person [841. 

Reduction of wear rate in materials on fretting process is another good 

characteristic due to USSP but this is limited by the opposite effect of roughness 

modification due to the peening process [921. But in JIS SNCM439 material treated with a 

polished bearing ball, instead of a conventional ball, besides leaving a compressive 

residual stress on the surface of 1000 MPa higher than other treatments an increment of 

I OOHV in hardness was also generated, and a smoother surface [931. 

In Weld toe treatment by ultrasonic peening of 16Mn steel USSP shows an 

increment in fatigue strength of around 84% at 2X 106 cycles at constant amplitude but at 

variable amplitude at the same number of cycles the improvement was 80% comparing 

with as welded. It was observed an improvement of 3.5-27 times of fatigue life attained at 

constant amplitude, meanwhile the improvement at variable amplitude was 2.5-17 times 

at the same applied stress level [941. 
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LASER SHOT PEENING 

Studies on Laser Shot Peening (LSP) have been carried out since the 1960s, as 

well as other methods it have shown that can generate greater compressive residual stress 

on the surface. At the same time not much changes to the finish of the surface or 

component shape happens because of it. Its process parameters were easier to control than 

shot peening [951. Laser surface modification produces a fine-grained structure layer, low 

porosity and a relatively smooth surface; although it was found in 1080 steel that 

tribological properties of a sliding surface were improved, reducing friction [961. 

This mechanical process is carried out as follows where a laser beam with a very 

short pulse, 15-30 ns, a wavelength of 1.06 pm, and energy per pulse of 50 J or more is 

used. The surface to be treated must be coated with an absorbent layer such as black 

paint, and a second transparent layer must be used. Distilled water is used as a transparent 

layer, because of this, there is a solid-fluid interaction. 

Laser Pulse 

Shock-wave -, ' 
deforms surface 

Figure 2.9 Laser shot peening process. The black coat creates plasma when a laser beam hits it driving into 

the metal shock waves, through the time plasma is increasing and with the aid of the water and the shock 

wave magnitude as well, it deforms plastically the surface. 
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The laser Shot Peening mechanism is as follows; The laser beam hits the surface 

with the black coating generating plasma because of it, as the plasma increases a shock 

wave is driven into the metal fig. 2.9, the strength of the impacts is given by the 

transparent layer. It peens the surface at repetition rate up to 0.5 Hz [971. 

LSP in Aluminium alloys A356, A112Si, 6061-T6,7075 and 2024 creates 

compressive residual stresses which are, bigger and deeper (I mm) than the conventional 

method of shot peening [981. In these alloys, hardening levels achieved by LSP are not 

more than 50% of those obtainable by shot peening (SP). On the other hand, LSP creates 

a uniform depression along the surface with a smoother finished surface than SP, 

eliminating high roughness along with potential crack initiation sites [991. 

In aluminium alloy 7049-T73 the residual stress profile through the depth is 

influenced by several parameters, four of them considered as important are cited. One 

basic parameter is the influence of laser pulse (Laser energy per spot area), a second one 

important is the size of the laser spot, a third one is the number of layers of peening 

applied to a component and a fourth one is the spatial offset, or "overlap", from one 

peening to another [ion 

LSP can be used as a final treatment after welding as observed in a welded zone 

made by the Friction Stir Welding (FSW) method in aluminium alloy 7075-T7351 poi, 

1021, where tests showed an improvement in fatigue life eliminating tensile residual 

stresses, that are harmful, due to the welding. 

LSP in Ti-6AI-4V titanium alloy shows the same behaviour as in aluminium 

alloys leaving compressive residual stresses near the surface deeper than for the shot 

peening method and giving a fatigue improvement and fretting fatigue improvement 

under ambient temperatures up to 450'C [103,1041. 

In steels such as SUS304 (Type 304) austenitic stainless steel treated with LSP 

and subjected to a corrosive-water environment, tests showed a prevention of stress 

corrosion cracking initiation. The same steel under a corrosion condition of NaCl showed 

a reduction of pitting corrosion, given an improvement due to large compressive residual 

stress and work hardening. Inhibition of the propagation of small cracks in a pre-cracked 
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specimen, in SUS316L (Type 316L) was observed after LSP, improving fatigue strength 
[105,1061. 

NANOCRYSTALLIZATION 

It is known that the smaller the grain size the bigger the yield strength, a rule 

which is given by the Hall Petch relation [107,1081. Although Hall and Petch were studying 
different behaviours in and around the 1950's, both of them arrived at the same 

conclusion, which is represented by the Hall Petch relation, and it is: 

(TY = (yo +K 
V-d 

Where "K" and "cTo" are constants and "d" is the mean grain size, "(70" is the flow 

stress of an undeformed single crystal oriented for multiple slip or approximately the 

yield stress of a very coarse-grained, untextured polycrystal [log]. As it can be seen in this 

relation yield stress is inversely proportional to the mean grain size, and this has been 

proved by several tests in many materials through the time. 

Experiments in Fe showed that during plastic deformation, high strain with a high 

strain rate was enough to form dense dislocation walls and dislocation tangles within the 

grains creating nanocrystallization [iloi. Different methods based in plastic deformation 

were developed to generate nanocrystallization, these methods create a layer of 

nanocrystals of different depths, being at the surface the smallest grain size and increasing 

the grain size through the depth. 

A comparison between Airblast Shot Peening (ABSP) and Ultrasonic Shot 

Peening (USSP) in steels shows that the nanocrystallization depth is different in every 

method [im. Other treatment methods used successfully are Surface Mechanical Attrition 

Treatment (SMAT) [112,1131 and the Equal-Channel angular rolling method (ECA) [1141. 
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Improvement in fatigue life was observed with nanocrystallization, in Nickel- 
based C-2000 alloys of around 50%[1151, as well as in nanocrystalline pure Ni and ultra- 
fine-crystal line Al-Mg alloy produced by electrodeposition [1161. 

Creation of nanocrystallyzation can be carried out successfully by severe plastic 
deformation with the aid of the most popular methods like shot peening [74,77-801, 

Ultrasonic Shot Peening [88,891 and Laser Peening [961 improving fatigue life of different 

metallic materials as Aluminiurn alloys, steel, Iron and Ti alloys. However tests on copper 
subjected to ECA pressing gave contradictory results [1171. 

Nanocrystallization improves other material properties, such as heat capacity, 
thermal expansion, electrical properties, magnetic properties, micro-hardness, yield 
strength and ultimate tensile strength, some of these improvements being considerable 
[118-1211. 

ROUGHNESS 

Roughness means that the small scale irregularities of a surface [1221, are present in 

all mechanical surfaces. The roughness of a surface in a mechanical piece or part of a 

machine is formed generally by mechanical processes in order to get a desired shape, for 

example cutting, milling, etc. Roughness parameters have been established as can be seen 

in figure 2.10, where a magnified profile of a surface is depicted. In figure 2.10 it can be 

observed that the profile has peaks and valleys, which can be measured from a specific 
direction over the surface and distance along it. From here the maximum roughness depth 

(Rt) can be defined as the sum of the height of the highest peak above the mean line (Rp) 

plus the lowest valley below the mean line (Rm). 

Actually Rt does not provide much information for roughness, and in order to 

quantify surface roughness two parameters were developed, Rq (root mean square 

deviation or standard deviation) the RMS roughness, and Ra (average roughness or CLA 

centre line average or arithmetic average AA) the average CLA roughness. Both 

parameters were commonly used, Rq for Americans and Ra for Europeans. 
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Figure 2.10 Surface profile magnification of a specific distance and direction, denoting the maximum 
roughness depth (R), the highest peak above the mean line (Rp) and the lowest valley below the main line 
(Rm). 

R,, is defined as the total area of the material-filled profile above and the total area 
of voids below the mean line, both of them being equal as seen in figure 2.11 and this is 

given by the formula: 

1r Ra 

Where "L" is the evaluation length and 'Y' is measure from the mean line. Rq is 

defined with the formula: 

Rq 
fZ2 

dx 

Nowadays Rq is not used so commonly; even in USA Ra is being used most 

widely. There is a problem with these parameters and others used in roughness among 

nations, because everyone has its own symbols to represent each parameter [123,1241. 

Roughness in mechanical surfaces is of great importance. In fatigue it plays a role 

where it affects the fatigue life of components according to the roughness grade, even for 

surfaces with the finest polish. The fatigue life shows a fall with increase of surface 

roughness Ra, dramatically in the first 10% of the initial crack life given the origin of 
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cracks due to peaks and valleys and to slip dislocations. Afterwards the incremental 
effects of roughness is lower up to the first major crack appearance, as experiments on 
AIS 13 10 stainless steel confirm[1251. 

z 

Ra -- ». x 

Figure 2.11 Representation of "Ra", the grey zone represents the total area of the material-filled profile 
above (peaks) and the total area of voids below (valleys) the mean line of a specific length and direction of 

a surface that gives Ra. 

Test on nickel-based super alloys GH33A and steel SAE 5115 [126,1271 showed that 

roughness affects high cycle fatigue and low cycle fatigue. On the other hand in high 

strength steel (Ni-Cr-Mo steel) showed that just short fatigue life is affected by 

roughness, with the valleys acting as notches where fatigue cracks initiate, or the valley 

may be considered as flaws (studied in Ti-5AI-2.5Sn ELI alloy [1281). Meanwhile in long 

life regimes surface roughness does not make any effect because crack initiation takes 

place inside the specimen (fish eyes). The transition from surface crack initiation to 

internal crack initiation is affected by the roughness of the surface too [1291. 

Roughness in materials is present due to a material's manufacture and handling 

process such as scratches, pits and machining marks. Because of this surface machining 

plays a role in fatigue life as well as the manufacture of specimens [1301, as for example in 

specimens of Al-7SI-Mg aluminium alloy from sand-cast formation it is possible to find 

hollows in the surface considered as peaks and valleys in roughness measurements [1311, 

which are much less damaging in fatigue than sharper notches from a machined surface 

with the same Ra value. For another example in EN X155CrMoVI2 tool steel, a surface 

roughness comparison between milling and Electro Discharge Machining (EDM) 

showing that the milling machine leaves a better surface quality than EDM, but being 

more prone to early fatigue fracture than the specimen machined with EDM[1321. 
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UTRASONIC IMPACT TREATMENT 

The development of the UIT method dates back to 1950 when initially an existing 
method used ultrasonic vibrations to deform the surface and to produce redistribution of 
residual stresses. The method consisted of producing continuous ultrasonic vibration at 
the ultrasonic transducer output end strengthened with hard materials (carbide-containing 

alloys, artificial diamonds, etc. ) and being in contact with the surface to be treated. Ten 

years later a free ball was introduced between the output end of the ultrasonic transducer, 

although the impacts were generated in a random way with a frequency significantly 
lower than that of initiating ultrasonic vibration, the surface to be treated enhancing 
somewhat the intensity of the layer plastic deformation. The excess freedom of the ball 

could not provide enough consistency of effects in depth. 

Ten years or more elapsed before proposal of the method that nowadays is known 

as Ultrasonic Impact Treatment (UIT) by E. Sh. Statnikov in the former Soviet Union. 

This method eliminated the idea of the free ball that impacted in a random way and 

replaced it with the idea of installing indenters separately with guiding holes and 

excitation by modulation pulses of the carrier resonance frequency of the ultrasonic 

oscillation system. This method uses ultrasonic frequency waves which accelerate 
hardened tools that, in turn impact the surface of the material. This new method gave high 

intensity ultrasonic impact together with ultrasonic vibration of the indenters at the same 

time. It was seen that this method can provide modification of the mechanical properties 

and condition of the surface and subsurface material at specific depth[8]. 

The UIT technology initially was developed for use in welded joints in the 

shipbuilding industry in order to reduce tensile residual stresses and deformations, to 

introduce compressive residual stress, to increase corrosion fatigue strength and 

specifically to enhance the fatigue resistance at subzero temperatures [10,133-1361. 

The UIT mechanism's operation is represented in figure 2.12 and figure 2.13, the 

UIT device has 3 parts, an ultrasonic transducer (where ultrasound waves are created at 

specific frequency), a waveguide (where ultrasound waves are transferred to cyclic 

movement) and an indenter (which receives the excitation produced by the wave guide as 

31 



an impulses and transmit them on the surface of the material to be treated), shown in 
figure 2.12. 

The force pulses are the impacts that the indenter gives to the surface to be treated 
due to the ultrasound waves, resulting in plastic deformation at and under the surface to 
be treated. These force pulses set off forced oscillations of the indenter and in the surface 
to be treated, as well as the indenter rebound off the surface to be treated. Because of this 

some interactions [137] between indenter and the work piece surface can be experienced 
during the process, figure 2.13, which are described below. 

Ultrasonic periodic forced oscillations (3po) in figure 2.13a of the indenter on the 

surface to be treated with continuous contact of indenter and treated surface 
(ultrasonic periodic impact). This indenter oscillation on the surface gives origin of 

ultrasonic periodic stress waves, figure 2.12, into the material. 

Ultrasonic non-periodic forced oscillations (3np) figure 2.13b of the indenter with the 

indenter rebounding off the surface to be treated (ultrasonic non-periodic impact). 

The indenter rebound off the surface set off propagation of ultrasonic (non-periodic) 

stress pulses into the material. 

Single contact 3, figure 2.13c of the indenter with its rebound off the surface to be 

treated causes propagation of single stress pulses into the material. 

In order to know the magnitude by which UIT affects the material, an analysis of a 

single impact of UIT in aluminium with different indenters (ball and needle) was carried 

out. It was shown that micro-hardness in terms of its distribution and magnitude has a 

better performance with a needle than with a ball, getting a maximum hardening depth of 

0.4 mm. It should be considered that the analysis is for one impact only and in the real 

process there is going to be more than one. It was observed that along with the impulse 

deformation of the impacted surface that ultrasonic impact is accompanied by ultrasonic 

deformation of the surface, modification of material properties and the generation of 

ultrasonic waves within the work piece material. This analysis showed as well that 

ultrasonic impact is accompanied by two effects: the activation of the relaxation of 

deformation caused by processing factors and external forces upon different materials, 
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and the extension of time of the impact action on the surface of the indenter with and 

without rebounding. 

Ultrasonic 

trans(hicei Wavewilde Illclelite, 

Plashc defollilaholl 
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Figure 2.12 UIT components and the mechanisms transmitting force between the UIT device and the 

surface to be treated. Forced oscillation and the force pulse generate a deeper compressive residual 

stress in the material [1371. 

8) b) C) 

Figure 2.13 Force pulses (2 in blue) and forced oscillation (I in red) representation of the three 

possible interactions that could be found during the UIT process. a) Ultrasonic periodic forced 

oscillation, b) Ultrasonic non-periodic forced oscillation and c) Single contact 11371. 
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The percentage of plastic deformation in a single impact of UIT method is 
3.6% compared with the total amount it can be produced by an uninterrupted process, 

while considering impacts over the same amount of time as an uninterrupted process 
it can reach 78% figure 2.14 11381. 
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Figure 2.14 Plastic deformation Vs time. Percentage of plastic deforination due to a single impact, and 

due to uninterrupted process (based on [1381). 

The effects observed at each depth in a welded material after UIT method in 

different hardness steels, titanium alloys, aluminium alloys and bronze are shown in 

figure 2.15, where a white layer, created because of the process, gives wear and 

corrosion resistance and is located on the top of the surface. Plastic deformation 

which is due to the combination of ultrasonic impact and the ultrasound waves 

transmitted into the material at the same time, is relaxed through the depth. The UIT 

process is accompanied by a quick local heating and a quick local cooling that 

together with intense local plastic deformation produce the material with new 

Ie layer [8,1391. properties appeanng in metallographic pictures as a whit 
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Figure 2.15 Ultrasonic Impact profile through the depth. White layer for steel is localized on the surface 
and on the top of the plastic deformation. Representation of the impulse relaxation and ultrasonic relaxation 
into the bulk for different materials as hardened steel, titanium alloys, aluminium alloys and bronze [8, io, 
11]. 

In comparison with other methods such as hammer peening, shot peening, needle 
peening [1331, TIG dressing, etc., UIT is more successful at improving fatigue life in steel 

welded joints, reducing bbbbmicro discontinuities at the weld toe through surface erosion, 

plastic deformation and change in micro structure, and raising fatigue strength by up to 

120 %, (in aluminium alloys the increment obtained was 80%). The enhancement in 

fatigue strength depends on the stress ratio R, being more at low R values, particularly at 

lower minimum stress (Smin) and lower stress range (Sr), as well as on UIT parameters [140- 

1421. Increments in fatigue strength can reach 46% more than as-welded [91. Even though 

UIT was used successfully in high-strength steel welded structures [81 under variable 

loading conditions that is not viewed as practical procedure. Considerable speed reduction 

of fatigue crack growth and reduction of stress concentration factor in structures have 

been obtained successfully [1431. 

The UIT method has been used successfully in welded joints of different 

materials, namely medium strength steel [1351, carbon steels of average -strength [9,10,133, 

140,1421, high-manganese steels [iol, high strength steels [1441, titanium alloys [loi, aluminium 

alloys [8,133,145) and bronze [8,1461 in different environments. 
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Because of the amount of residual stress that UIT produces, it was decided to 
abandon thermal treatment in a furnace, taking advantage of the fact annealing of 
unwanted residual stress is no longer required because it is accompanied with a UIT 
process too, being more efficient over the depth of the heat affected layer left than the 
shot peening technique that is widely used. Another advantage is its application, which 
can be utilised in hard to access areas, and it is the most efficient method to increase 
fatigue strength of welded joints at subzero temperatures [ioi. 

Other types of apparatus that are used manually in order to get good effectiveness 
in peening require a pressure force against the surface to be treated of no less than 20 kgf. 
As the frequency used in those instruments is in the range of 50 to 100 Hz, basically the 

vibrations caused by the tool are transmitted to the hands of the operator, and because of 
that the peening tool moves in an uncertain direction, requiring to the operator to exert 
great effort to keep the tool aligned on the weld toe line during treatment. On the other 
hand, the UIT method is based on the generation and utilization of impacts from 

ultrasonic vibrations at a carrier frequency of 27 kHz approximately. Because of this, the 

pressure on the tool is not related to the effectiveness of the treatment and the pressure 
force required against the surface to be treated is no more than 3 kgf, making the noise 

and the vibration much lower than other methods. Because of this, the method is easer to 

use and less hazardous for the operator [1331. Some characteristics that help this method to 

carry out properly a neat job are [ill: 

Good ergonomic design 

System light and portability 

Low noise 
Negligible vibration transmission to operator 

Compactness and easy of handling of tool 

Compliance with safety standards 

Compliance with environmental standards 

Investigations about UIT parameters for specific joints and materials were done 

previously in laboratories of Northern Scientific & Technology Company (NSTC) in 

Severodvinsk, Russia and at the E. 0. Paton Electric Welding Institute in Kiev, Ukraine, 

where successful results in fatigue were found for welded joints in metal structures. In the 
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last years UIT has been developed by laboratories of Applied Ultrasonics in Birmingham, 

Alabama, USA in cooperation with NSTC[133,1351. 

A methodical plan was followed in order to get improvement of limiting 

characteristics of materials according to the criteria of endurance limit, resistance to 

corrosion fatigue damage, corrosion under stress, corrosion exfoliation and cracking and 

restoration of properties of material, degraded on the basis of resistance to corrosion 

exfoliation and cracking[1471. 

A manual to apply UIT to welded zones has been completed [1431, and the people 

who work on this technique must be trained professionally. The UIT process is applied to 

the fusion zone of added metal where tensile residual stresses exist due to the welding 

process. 

UIT has been used successful in bridges reducing the costs of maintenance and 

repair [139,142,148-1501. 
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CHAPTER III 

EXPERIMENTAL PROGRAM 

MATERIAL 

The material used in this project was Aluminium alloy 2024-T3, commonly used 
in fuselage skin, wing tension members, shear webs and ribs; and Aluminium alloy 7150- 

T65 1, commonly used in upper wing skins on large commercial aircraft[1511. The material 

was produced by "ALCOA mill products", an industrial producer of aluminium alloy. 
This company supplies aluminium alloys to Airbus industry for manufacture of airplanes, 

among them the A380, the biggest civil airplane at this moment, as well as the Boeing 

Company. 

Aluminium alloy 2024-T3 was received in plates of 5mm of thickness and 400 X 

400 mm. Aluminiurn alloy 7150-T651 was obtained from Airbus industry from a panel of 

A380 material with a minimal thickness of 6 mm. 

The chemical composition and mechanical properties of both materials are shown 

in tables 3.1 and 3.2 respectively. These data were taken from ALCOA and the temper is 

designated according to the standard designations for wrought aluminium alloys. 

The values of mechanical properties could vary slightly from the company 

specifications to the data given in specifications as MMPDS-01 document [1521, 

documents from NASA[1531 or others sources in the web as [154,1551. The specifications 

used through this research were the ones from ALCOA Company shown in table 3.1. 
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Table 3.1 Mechanical properties and chemical composition of Aluminium alloy 2024-T3 and 7150-T651 
[1511. 

Chemical composition [cl'c] 
2024 

Cr Si Mg Mn Ti Cu Zn Fe Others, 
each 

Others 
total 

Balance 

0.1 0.5 1.2-1.8 0.3-0.9 0.15 3.8-4.9 0.25 0.5 0.05 0.15 Aluminjum 

7 150 
Cr Si Mg Mn Ti 

I 
Cu 

II 
Zn Fe Zr Others, 

each 
Others 
total 

1 
Balance 

0.04 0.12 2.0-2.7 0.1 1 0.66 1 1.9-2.5 1 5.9-6.9 0.15 0.08-0.15 0.05 0.15 1 Al 
_j 

Thickness Tensile Strength Yield Strength Compressive 
Temper (MM) (MPa) (MPa) Yield Strength Elongation % 

(MPa) 
T3-Flat (2024) 0.203-6.32 434-441 289 10-15 
T6-Flat Sheet 12.7-25.4 496 421 496 7 (7150) 

E 72 GPa 
y 0.33 

Table 3.2 Principal alloying elements in standard designation for wrought aluminium alloy [156,157]. 

Series Major alloying element Series Major alloying element 
1 xxx None 5xxx Magnesium 
2xxx Copper 6xxx Magnesium-silicon 
3xxx Manganese 7xxx Zinc-Magnesium-Cu 
4xxx Silicon 8xxx Miscellaneous 

Aluminiurn alloy 2024-T3 has as a principal alloying element Cu, and 7150-T651 

has Zinc and Magnesium as the principal alloying elements. The aluminium alloy plates 

were treated before delivering, the treatments given to them are specified with a prefix T 

followed by the standard designation number given by a temper system. According to the 

temper system the treatments are: 

T3. Solution heat-treated, cold worked, and naturally aged to a substantially stable 

condition. Applies to products that are cold worked[14,1571. 

T6. Solution heat-treated, and artificially aged. 
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T-51. Applies to cold finished rod or bar when stress-relieved by stretching I to 3% 
permanent set. Stretching is performed after solution heat treatment or after cooling from 

an elevated temperature shaping process. No straightening takes place after stretching 
[1581. 

SPECIMEN 

The specimen shapes used in fatigue specially for this research were two, a dog 
bone shape and a centre-cracked tension specimen M(T). The former was used to create 
S-N curves at constant amplitude and the latter to create a graph of the crack growth rate. 
Small plates of around 10 cm x 10 cm were also used; the only restriction for these plates 

was that they should be big enough to measure the residual stress with the aid of the hole 

drilling technique. 

Dog bone specimen 

The specimen design was made according to ASTM standards. As the material 

supplied was in plates with 5mm thickness, one of the shapes suggested by ASTM 

standards is one similar to a flat bone [1591. Because of the geometry of the material 

supplied it was not possible to choose one with a circular cross section. 

Restrictions of the dimensions according to ASTM standards are as follows. The 

ratio of specimen test section width to thickness should be between two and six, as the 

thickness is 5 mm the selected width of the test section is 10 mm, given a ratio of 2. The 

reduced area should preferably be between 19.4 mm 2 and 645 M_M2 , as the cross section 

dimensions are 5 mm x 10 mm the cross section area is 50 mrn 2. 

The specimen design is showed in figure 3.1 with all its dimensions. As the 

material is rolled the specimens were cut out from the plate with the mean axis along the 

rolling direction. The specimen was designed for use in a hydraulic wedge grips machine, 

so no holes in the fastening area were necessary. 
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Figure 3.1 Dog bone shape specimen used to fatigue under different stress amplitude and obtain points in 
an S-N graph. The specimen was cut out from the plate along the rolling direction. All dimensions in mm. 

UIT METHOD 

The UIT method to be analysed, as was said before has parameters to be varied. In 

the present work three parameters were varied in two different frequencies 27 kHz and 36 
kHz. The former was carried out in USA and the latter in Russia. Designations were 

assigned to each condition of treatment as these were used. UIT conditions used in both 

materials Al 2024-T3 and Al 7150-T651 are shown in table 3.3. Further conditions were 

used in Al 7150-T651 and their parameters can be seen in table 3.4. 

Table 3.3 UIT conditions and designations used in the present work. 

Designation UIT-1-27 UIT-1-36 UIT-2-36 UIT-3-36 
Carrier frequency (kHz) 27 36 36 36 
Indenter, Pin 0 (mm) 6.35 x 25 5x17 5x17 5x17 
Normalized impact (Impulses) 64 64 64 64 
Amplitude under load (microns) 22 18 15 10 
Pressure force (kg) 7 3 3 3 
Impact frequency (kHz) 236 260 220 220 
Feed rate mm/min 400 400 1000 1000 

Table 3.4 UIT conditions used specially in Al 7150-T651 alloy. 

Designation UIT-4-36 UIT-5-36 UIT-6-36 
Carrier frequency (kHz) 36 36 36 
Indenter, Pin 0 (mm) 5X 17 5X 17 5X 17 
Normalized Impact (Impulses) 64 64 64 
Amplitude under load (microns) 20 20 20 
Pressure force (kg) 3 4 5 
1 act frequency (kHz) m0 11 178 184 184 
Feed rate nu-n/Min 

ý 
1000 1666 1000 1 

UNIVERSIT" 
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LIBRARY 
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The four conditions of UIT were given to the full dog bone specimen of 2024 

alloy; this means the specimens were treated all around the body, including the edges in 
the curved section. Three different lengths in the gauge zone were treated, especially for 

those of 27 kHz, and only one length for the 36 kHz condition. The three different lengths 
in the specimens can be shown in fig. 3.2. 

74 nim 

Eý TREATED E! 
ZONE 

44 mm 

E 
E: 

ZONE 

35 mm 

El 
TREATED E 

............. 

Figure 3.2 Three different lengths to be treated along the dog bone specimen including the edge. All cases 

were used for UIT- 1-27condition, and for UIT- 1-36 condition the length of 74 mm was used. 

Middle-tension specimen M(T) 

In order to carry out fatigue crack growth test, the M(T) specimen was chosen 

from the ASTM standards E 647 (1601 . The design was followed as suggested by ASTM 

standards. Fig. 3.3 shows the M(T) design that, like the dog bone specimen, was cut out 

from the plate with its mean axis parallel to the rolling direction. 

The size requirements for the M(T) specimen are as follows. As the thickness of 

the specimen can not be modified the specimen design is based on it. The upper limit 

recommended on thickness is given by W/8, ("W" is the width of the specimen), so the 

minimum value of W is 40 min. The value of 80 mm was taken. 

The length of the gauge zone is related to the width of the specimen, the total 

length must be three times the width as minimum. The maximum gauge length "L" is 3x 

80rnrfl = 240 mm. 
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As the test would be carried out in a hydraulic wedge grips machine, the fastening 

section did not require any hole, so the area to be occupied for grips must be included. 
ASTM standards suggest that the minimum gauge length requirement for clamped 
specimens is relaxed to 1.2W. The clamping area of the wedge grip in the machine is 

smaller than that specified by the ASTM, so the full clamping area available in the grips 
was employed. 

The centre crack was machined with the aid of the Electric Discharge Machining 

(EDM) method, the notch length from the centre was 1.5 mm and its width around 0.2 

mm. The maximum notch root radius suggested by ASTM is 0.25 mm so the value of 0.1 

mm in the specimen is within the limit. 

GAUGE SECTIDN 
30mm 240mm - 30mm +- 

I 

13 ROLLING DIRECTION L: l 

80mm 
I 

r- II 5mm 

3 
:3 

0,2r, )m 

Notch dimeiLloms 

Figure 3.3 M(T) Specimen design, on the right side the notch dimensions are shown, where the notch is in 

the centre of the plate. 

In order to compare results from bare material and treated conditions, in the 

specimen to test UIT conditions was set up two strips of the same treatment on each side 

of the middle notch in both faces, there were two specimens with UIT-1-36 and two with 

UIT-2-36 conditions. As the notch is central and the treatments should be at a specific 

distance from the notch to see the effect they have over the material, two bands of 

treatment were placed in each side of the notch, one at a distance of 10 mm and the other 

at a distance of 15 mm. from the centre line of the specimen for both sides of the plate. 

The specimen design is shown in fig. 3.4. 
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Figure 3.4 Two bands of treatment over the specimen to be tested for crack growth rate, each one at 
different distance from the centre with the same width band, both faces of the plate were treated. 
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AREA 

0 

0 

0 
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Figure 3.5 Specimen design modified to carry out EPD method, with holes placed to attach wires with 

electric current and Isolators to insolate the plate and the machine. 

The specimen designed for crack growth was prepared in order to use Electric 

Potential Difference (EPD) method with direct current. As the specimen is required to be 

insulated because current must past through it holes were placed to attach wires with bolts 

to the plate which would supply the electric current. Figure 3.5 shows the specimen with 

the holes and the areas to be insulated. Plates of composite material were stuck on the 

area to be clamped in order to insulate the machine from the plate. 
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FATIGUE CONDITIONS 

The fatigue loading conditions of the material in SN tests and crack growth tests 

are at constant amplitude and under frequency from 20 to 25 Hz, depending of the 

machine. The shape of the wave was sinusoidal. The load ratio used throughout the 

research was the same, R=0.1 (R = minimum stress/ maximum stress). The temperature 

was at ambient, no corrosive material was used. Surface preparation of the material or 

polishing was not necessary. The flat surfaces were as received, and the curved edge was 

milled, to be representative of surface conditions employed in the aircraft industry. 

Failure was defined as final fracture. 

The machines used for this research were a "Mayes DH50" and an "Instron 85 10", 

both of them work with hydraulic wedge grips. 
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CHAPTER IV 

TECHNIQUES TO CHARACTERISE RESULTS 

HOLE DRILLING 

When a hole is drilled in a surface with residual stresses, the surrounding area 

tends to deform because of the residual stress relaxation. The micro stresses surrounding 

the hole are relieved a little given each time the hole is drilled deeper incrementally until 

a specific depth. The micro strains are recorded by an arrangement of three gauges spaced 

around the hole (this special arrangement is called rosette) within a specific radius with 

respect to a point placed at the centre of the hole, the diameter of the strain gauge circle is 

denoted as D. Typical rosettes are illustrated in Appendix Al, where type A is the one 

used in this work. Readings from each gauge are taken at different depths of hole getting 

values of "F-" and 'Y' (strain and hole depth respectively); this procedure is called hole 

drilling. This method is frequently used to evaluate the residual stress through the depth 

from the surface, and in this case it is used to measure residual stress left by the 

mechanical treatment UIT at different conditions, and so to evaluate the effect it can have 

on fatigue resistance for the material. 

If the stress is uniform with depth readings Of F-1ý F-2 and F-3 are enough to calculate 

P (Angle measured clockwise from gauge I to the direction Of Gmax). With the strain 

values and 0 it is possible to apply equations (1) to (3) to calculate the principal stresses. 

E3 + EI 
ý(e, 

-E 1)2 
+ (E3 + 'C'1-2"ý'2 

)2 
Cymax, Gnün 

-+ 4A 4B 
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Here A and B are calibration constants and are calculated with the next 
equations: 

A -a (I +v)/(2E) 

-b /(2E) 3 

Where a and b are dimensionless coefficients that vary with hole depth and v 

and E are Poisson's ratio and Young's modulus respectively. The values of a and -b can 

be calculated by different methods such as incremental strain method, average stress 

method, integral method and finite elements [161,1621. Values of a and b are tabulated in 

reference [1631 and reproduced in a table in Appendix Al for three different rosettes. Each 

value can be obtained from normalized values using depth, and diameter of strain gauge 

circle data for a blind hole and a through hole. 

The curve of a graph of normalized percent strains versus normalized hole depth, 

as shown in ASTM standards and in Appendix Al should yield data points close to it, 

otherwise the strain indicates either stress non-uniformity through the material thickness, 

or strain measurement errors. If there is a strain gradient which provides non-uniformity a 

more complex analysis is needed to adjust the a and b values to include the influence 

into stress gradient. This analysis has been programmed in the RESTRESS software for 

the uniform stress case. 

To carry out the hole drilling method in this work a High Speed Milling method 

was used in order to mill the surface bit by bit creating a hole. In order to get the best 

precision in drilling, this method uses a precision milling guide model RS-200 from 

VISHAY products that compresses air to drill as shown in Fig. 4.1. The diameter of the 

drill tip (Do) was 1.6 mm (although the diameter can be different). A strain gauge rosette 

type CEA-06-062UL-120 was chosen and stuck on the surface of the material (according 

to the procedure showed in Appendix A2), in order to achieve the method. The diameter 

of the strain gauge circle (D) for this rosette is 5.2 mm. 

47 



The method starts milling 0.05 mm depth in order to eliminate the film of the 

gauge. The next step is to get zero readings from each gauge before starting the drilling 

operation. The drilling stages of the hole depth are done in steps of each 0.1 mm, until 1.5 

mm. The small plate and the equipment are shown in Fig. 4.1 where the strain gauge type 

used and the position of the hole can be seen. Calculation of the biaxial residual stress is 
performed by the RESTRESS software supplied by VISHAY Micro measurements, 

where data reduction is provided in accordance with ASTM E 837, as well as an 
approximate determination of residual stress variation with depth. The test was done at 

ambient temperature. 

Milhiva Bai-, 
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adJu, stment 
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Figure 4.1 Hole drilling equipment (model RS-200) [1641, plate tested and rosette gauge type (model CEA- 

06-062UL- 120) used in the test to measure residual stresses of UIT on aluminium alloy. 

MMH Method 

A method developed in collaboration with Professor Brown was used in order to 

get results of residual stress showing the balance into the material, this method is named 

MMH method and is described in Appendix A3. Values obtained directly from hole 

drilling method are used in this method. 
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MMX Method 

As XRD results were used in this work in order to get information of residual 

stress through the depth, a method called MMX was developed in order to consider the 
changes of residual stresses through the depth due to layering removal every time a 
reading of residual stress was required. The development of this method is shown in 
Appendix A4 and its results were obtained using those obtained by XRD method. 

X-RAY DIFFRACTION 

Solid matter can be amorphous, where atoms are arranged in a random order, or 

crystalline, where atoms are arranged in a regular pattern. An element with the smallest 

volume with the same arrangement in three dimensions is called crystal. Lattice spacing 

within a crystal is constant unless something affects it. 

When X-ray interact with a crystalline substance (phase) one gets a diffraction 

pattern, which for every material is different being like its fingerprint. This diffraction 

gives information about the crystal. This is a method used for many purposes as phase 

identification in materials, determination of unit cell parameters of new materials, to 

calculate the amount of crystallinity in materials, the orientation of the unit cell most 

common in the material, and residual stresses in materials. This method is considered as 

non-destiructive [1651. 

As stress is an extrinsic property, the way to calculate it is by measuring the strain 

directly from the material. As the mean lattice spacing changes by the elastic strain, stress 

can be possible to calculate from variation of lattice spacing in the crystals. Because of 

Poisson's ratio effect, if a tensile stress is applied, the lattice spacing will increase for 

planes perpendicular to the stress direction, and decrease for planes parallel to the stress 

direction. This new spacing will be the same in any similarly oriented planes, with respect 

to the applied stress [1661. The interaction of a monochromatic X-ray with a crystalline 

material, fig. 4.2, gives enough data to get the crystal lattice distance. 
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The lattice spacing is calculated from the diffraction angle 20 caused by a 
monochromatic X-ray wavelength using Bragg's Law, equation 4, where any change in 
the lattice spacing, d, results in corresponding shIft in the diffraction angle 20, >120' [165- 
1691. 

// 

C; e ýM- (7 

4 
C 

Figure 4.2. Interaction of a monochromatic X-ray with a crystalline material at 2 different angles y, 

resulted a diffracted o reflected beam at an angle 20 [167,1681. 

nk = 2d sin 0 

Where n. - Integer denoting the order of diffraction. 

k. - X-ray wavelength. 
d. - Lattice spacing of crystal planes. 
0. - Diffraction angle. 

4 

Fig. 4.2 shows the surface of a sample under stress at two different orientations 

with respect to the X-ray beam. Where N represents the normal of the surface, y 

represents the angle between the normal of the surface and the normal to the diffracting 

lattice planes. 

The apparatus used to carry out x-ray diffraction where the sample, detector arm 

and associated gearing are set up is referred to as goniometer. There are two different 

goniometers, one with the X-ray tube sets stationary, the sample moves by the angle 0 

and the detector simultaneously moves by the angle 20, and the other one with the sample 
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sets stationary in the horizontal position, the X-ray tube and the detector both moves 

simultaneously over the angular rangeO [1651. 

With the aid of X-ray diffraction the strain from crystal lattice is measured and 
then the residual stress that causes such strain is calculated, assuming a linear elastic 

distortion of the crystal lattice. Because of the shallow penetration of the X-ray (< 0.025 

mm) the existence of plane stress is assumed. So stress distribution is represented by 

principal stresses (71 and(y2which act in the plane of the surface. The principal stress (Y3 

and the shear stresses G 13 ý_- (73, and(Y23 -` G32acting out of the plane of the sample surface 

are zero. A strain component acting out of the surface perpendicular, C3, exist as a result 

of the Poisson's ratio contraction caused by the two principal stresses, figure 4.3 [166-1681. 

N 

Figure 4.3. Principal stress and strain components in a plate under stress, considering the existence of plane 

stress [166,1671. 

The strain F-O,, shown in figure 4.3, caused by stress c7o is located at an angle 0 

from the principal stress (71 in the sample surface, is given by: 

I+v 
a0 sin 

2V (a, + 072)] 

E 
VI 

E 
5 

This equation relates the surface stress (70 to the strain Eo,, and the principal 

stresses in the surface. Considering do, as the spacing measured between the lattice planes 
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in direction defined by 0 and y due to the stress, ao, and do, as the stress free lattice 

spacing, the strain can be expressed as: 

F-OW = 
Ad 

_ 
doyl - do 

do do 

Substituting equation 6 into equation 5 and solving for do,, yields: 

2 Vf d7 
(hkl) 

codo 
I 

sin _V 
(hkl) 

0 
(Ul + U2)+do E 

Equation 7 relates lattice spacing, do., and the biaxial stress, (70, in the surface of 

the sample. The elastic constants (1+'u/E)(hki) and (1)/E)(hkl) now are values of the 

crystallographic direction normal to the (hkl) lattice planes (Miller indices), where the 

strain is measured. It has been shown that the lattice spacing, dý., is a linear function of 

sin 
2W 

[166-1681. A plot sin 
2W 

vs d, made with different values obtained varying the W angle 
from 0' to 45' yields a linear dependence, where the intercept of the plot at sin 

2W=0 

equals the unstressed lattice spacing, do, minus the Poissoon's ratio contraction due to the 

sum of the principal stresses; from equation 7 it is obtained: 

doo=do- -V) do ((Tl+ G2) 
E (hkl) 

do v +172) 

E (hkl) 

The slope of the linear pattern is given by: 

adoy +V 
(hkl) 

codo a sin' E 

Solving for (YO yields: 
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(yo =(EI 
'+V)(hkl)do asin'V/ 

10 

The X-ray elastic constants can be calculated empirically, but the free stress lattice 

spacing, do, cannot be calculated and is unknown. However, as E >> ((Yl + (72), the value 

obtained from equation 8, doo, does not differ from do by more than ± 0.1 %. Therefore, 

(YO may be approximated to this accuracy by substituting doo for do in equation 10. The 

method is considered as differential technique and no stress-free reference standards are 

required to calculate do for the plane-stress model. 

There are three most common techniques used which all of them assume plane 

stress at the sample surface and are based on the relationship between lattice spacing and 

stress. These techniques are single angle technique, two angle technique and the sin 2 

technique. The single angle technique is considered less sensitive than the other two but is 

used when a high-speed measurement is required. Two-angle technique determines the 

lattice spacing considering two y angles which are the extreme typically 0' and 45'. The 

Sin 2y technique is basically the same as two-angle technique, except lattice spacing is 

calculated using more than two y angles. 

Residual stress determined using X-ray diffraction is the arithmetic average of 

stress in a volume of material defined by the irradiated area, which may vary from square 

centimetres to less than a square millimetres and the depth of penetration of the X-ray 

beam[167,1681. 

MICRO-VICKERS HARDNESS 

The concept of hardness is as follows, and according to Ashby, the best general 

definition that can be given. "Hardness is a measure of the resistance to permanent 

deformation or damage" (1701. Basically there are many methods to measure hardness and 

many authors have attempted to classify them into groups, however they can divided and 

explained as below[170,1711: 
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1) Static indentation test: A steady load is applied to an indenter which may be a 
ball, diamond cone or diamond pyramid and the hardness is calculated from 

the area or depth of indentation produced. 
2) Dynamic indentation test: A ball, cone or a number of small spheres is allowed 

to fall from a definite height and the hardness number is obtained from the 
dimensions of the indentation and the energy of the impact. 

3) Scratch test: This can be subdivided into two types; (a) a comparison test in 

which one material is said to be harder than another if the second material is 

scratched by the first; (b) a scratch is made with a diamond or steel indenter 

traversing the surface at a steady rate and under definite load. The hardness 

number is expressed in terms of the width or depth of the groove formed. 

4) Rebound test: The hardness is given by the height of rebound of a diamond 

tipped weight falling on the surface from a fixed height. 

5) Pendulum recoil test: A jewel or steel ball is attached to a pendulum which is 

made to swing; the amplitude of the first swing or the time of oscillation of a 

number of swings is taken as a measure of hardness. 

6) Abrasion or machinability test: Various types of mechanical test to measure 

the resistance to wear when subjected to a sliding or rotary motion or to 

various cutting operations. 
7) Erosion test: In which sand or abrasive grain is caused to impinge upon the 

test surface under standard conditions, and loss of materials in a given time is 

taken as the measure of hardness. Hardness of grinding wheels is measured 

thus. 

In order to know the hardness of the material near the surface where residual 

stresses lie, the micro-Vickers hardness indentation method is used because others 

methods would be impossible to measure hardness representative of such a depth, since 

the load applied was less than I kgf specially for soft materials. Measurements were made 

at room temperature through the thickness of the plate, on a transverse cross section of the 

material. An apparatus similar to the one shown in Fig 4.4a, is used for the test. 

This method is similar to standard Vickers Hardness but with the variant that the 

load applied does not exceed I kgf. It consists in an indenter tip normal to the surface that 

is driven into the specimen under a known static load. This process leaves a mark with the 
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shape of the indenter tip, generally a pyramoidal shape; the indenter is either the Vickers 

diamond pyramid or the Knoop elongated diamond pyramid. In this case the former was 

used. With the data obtained from the mean diagonal lengths "d", the hardness over the 

surface can be calculated. 

a) 

/ H 

b) 

Figure 4.4 a) Apparatus used to measure micro hardness, b) Indenter shape and mean dimensions 

measurement "d". 

In order to get the data it is necessary the use of a microscope to see and measure 

the size of the indentation left by the indenter. To get a good precision in the indentation 

measure a metallographic finish of the surface is needed, the smaller the load used, the 

higher the surface finish required. 

The Vickers Diamond Pyramid hardness number is the applied load (kgf) divided 

by the surface area of the indentation (mm 2) [1721. As the shape of the indenter used is the 

pyramidal one the formula to get the value of the micro hardness is: 

2FSin 
136' 

HV =22- 

HV = 1.8544 
F 

approximately 12 
d2 
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Where: 

F= Load in kgf. 

d= Arithmetic mean of the two diagonals (mm). 

HV = Vickers Hardness. 

The Vickers Diamond Pyramid indenter has the shape of a pyramid with a square 
base and an angle of 136' between sides as seen in fig. 4.4b. 

REPLICATION 

There are many methods to detect and follow a crack such as visual inspection, 

eddy-current methods, ultrasonic methods, etc [1731. Some of them are too sophisticated 
for this study and require a preparation of the specimen and special equipment. In order to 

follow and have a permanent record of the crack length at different numbers of cycles 
during the fatigue life, the replication method was chosen. This method does not require a 

special preparation of the specimen apart from polishing the surface and changes in crack 

length less than 10 pm can be detected with a well prepared surface [1741. This method has 

two technical disadvantages: 1) it only provides information from the surface of the crack 

growth, which may be quite different from its behaviour in the centre of the specimen, 

and 2) the test must be stopped every time a replica should be taken, this period of rest 

each time the test is halted may affect the subsequent crack growth. 

As before mentioned the replication test method was chosen because it is the 

easiest way to set up the equipment to permanently record crack length data and the 

definition obtained could be 10-4 m on a good quality unpolished surface, the requirement 

needed in UIT treated specimens. Replicas were obtained during the process of fatigue 

testing for a few dog bone samples. The number of cycles between taking each replica 

would be calculated according to S-N curve to give a total of at least 15 data points before 

failure. Specimens, treated and untreated, would not have any additional preparation on 

the surfaces such as polishing, to avoid influencing the fatigue life or changing conditions 

compared to the S-N curves. 
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The replica materials used to carry out the process are: 

- Acetone, 99+% 

- Replication material (cellulose acetate of a thickness 35 micron, 0.0014 inch) 

- Microscope slides 

- Surgical blades 

The procedure to achieve this method is as follows: 

After a specific number of cycles halt the test and load the specimen up to 80% of 

the maximum load applied, in order to open a crack if already initiated. Spray the surface 

with acetone where the replica is required and immediately place a piece of replica film 

on the surface (Allowing surface tension forces to pull it down, no pressure is required on 

the replica film). The film should left to dry for about 2 minutes (Actually it should left 

up to the replica pull out from the surface completely or part of it). Replica is already 

taken from the surface, fig. 4.5, at that moment set up in a microscope slide in order to be 

examined afterwards. 

a) 
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c)71 

Figure 4.5 Replication procedure, a) Acetone application in the region of expected fatigue crack initiation, 

b) Cellulose acetate placed over the zone where the acetone was sprayed without any pressure on it and c) 

Cellulose acetate removed from the specimen with the replica of its surface. 

DETERMINATION OF CRACK GROWTH RATE 

The method is based in a precracked notched specimen under fatigue where 

information from measurements of the crack will be obtained. The measurements can be 
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visual or by the aid of any other means. Crack growth rate is expressed as a function of 
stress intensity factor range which is calculated from expressions based on linear elastic 
stress analysis. For replica work, the secant method below was used, as the amount of 
data was small. 

In order to carry out crack growth rate measurements in Aluminium alloy 
considering that the material is supplied in plates of 5 mm thickness, the specimen design 

and the procedure to follow were based on ASTM Standard E 647 [1601. As fatigue crack 
growth rate is expressed as a function of the crack tip stress intensity factor range, da/dN 

versus AK, the stable crack extension under fatigue can be differentiated from one 
material to another. 

The concept of similitude is assumed here, which says that cracks from different 

sizes will increase by the same amount of distance per cycle under the same nominal 

value of AK. The parameters to be considered here are the environmental condition which 

can have an effect on the results especially in small crack growth, and the residual 

stresses which in this case are of some importance because of the treatment used in this 

work. 
Specifications about the notch were mentioned in chapter 111. There exist 

different methods to realize it, such as electrical-discharge machining (EDM), milling, 
broaching or sawcutting; every method is recommended for specific material. The length 

of the notch in this kind of specimen does not have any restriction according to ASTM 

except the need to exceed threshold, and will be given by practical machining 

considerations. 

The design of the specimen was given in chapter III where its dimensions were 

determined, but apart from its dimensions before starting the test more specifications are 

required in order to get valid results. The requirements to get valid data in M(T) 

specimens for linear elastic behaviour are: 

(W-2a) > 1.25 P. a,, /(Bcyys) 13 
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where: 

(W-2a) = specimen's uncracked ligament 

B= Specimen thickness 

ays = 0.2 % offset yield strength determined at the same temperature as used when 

measuring the fatigue crack growth rate data. 

One other requirement is the difference between crack lengths from one face to 

the other; it means the crack length on one side must be within 0.25B value of difference 

with the other side face of the same crack, otherwise data is considered invalid. 

ASTM standards suggest recording measurements intervals according to the next 

formula which is special for M(T) specimen: 

Aa < 0.03 W for 2a[W < 0.6 

Aa < 0.02 W for 2a/W > 0.6 

14 

15 

The way to calculate AK for the M(T) specimen under load range AP is with the 

use of the next expression: 

AK = 
AP u 

sec 
a 

B 2W 2 
16 

Where: a= 2a/W; expression valid for 2a/W < 0.95. The R ratio is assumed to be 

positive. 

The values of crack length "a7 and number of cycles "N" can be obtained from 

different methods such as visual or non-visual (ultrasound, potential drop, eddy current, 

etc. ). When the values are obtained they would exhibit a scatter in the plot "a" vs "N". 

There are many methods to fit those values to a curve, such as secant method or 

incremental polynomial; these methods are suitable to create curves of da/dN Vs AK as 

well. 
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Secant method 

This method is based on the technique of point-to-point evaluation, which 
basically consists in the calculation of the slope of a line which connects one point with 
the next, taking into account just two data points of the crack growth on the "a" vs "N" 

curve. It is expressed as follows: 

(da/dN)a = (ai, l - ai) / (Ni, l - Ni) 17 

Since the value of da/dN represents the average range of two values of crack 
length (ai, j - aj), the crack length value to work out AK is from: 

1/2 (ai, I- ai) 

Incremental polynomial method 

18 

This method is used to fit values of da/dN to a second-order polynomial (parabola) 

to sets of (2n + 1) successive data points, where "n" can take values of 1,2 3 and 4. The 

equation of the curve for the local fit is as follows: 

2 
Ni - C, ai=bo+bl Ni-C, +b2 19 

( 

C2 

) 

C2 

where: 

-1< 
Ni-C, <+I 20 

C2 

The parameters bo, b, and b2 are the regression parameters that are determined 

using a least squares method (that is, minimization of sum of the squares of the deviations 

between observed and fitted values of crack length) over the range ai-n -< a< ai+n. In order 

to obtain the values of the regression parameters the next expression was used: 
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m 

I: mNi 
., i= 

Im N2 

Where: 

Ni Yn N2 
Ym N2 Y'n, N' 

i ýi- i 
YM N3I: mN 4 

m bo Y,., ai 
b, GmNa 

i=l ii 
b2 YM, 

N2a 
_. Ji= ii 

21 

m= the number of successive data points to be fit into the local curve which is equal to 

(2n + 1) 

N Number of cycles for every crack length in the rank of Ni to Nrn. 

a crack length values within the rank of ai to a, 

In an arrangement of the matrix Ab =G and using matrix solutions is possible to 

get the values of matrix "b" with b= A-' G. 

The value of the crack length ai is the fitted value corresponding to Ni. C, andC2 

are parameters to scale the input data, thus avoiding numerical difficulties in determining 

the regression parameters. The parameters to scale the input data are expressed as 

follows; 

1/2 (Ni-n + Ni+n) 22 

C2` 
-'-- 

'/2 (Ni+n- Ni-n) 23 

To obtain the crack growth rate at Ni is necessary to differentiate the equation of 

the curve (parabola) given above which finally is given as follows: 

C2 (dlaldN). 
i = (bl)/(C2)+ 2b2(Ni-C, )/ 2 24 

In order to get the value of AK for the crack growth rate 
(dal the value of di k IdN)., ' 

corresponding to Ni is taken and computed from equation 16. 

A Fortran computer programme based on the incremental polynomial method was 

written and utilized for the n values of n=l, 2 and 3, that is m=3,5 7 successive data 
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points. This programme was based on the principles given in ASTM standards and stress 

intensity factor calibrations. The programme can be seen in Appendix A6. 

CRACK GROWTH MEASUREMENTS 

The crack length measurements achieved in this work were travelling microscope, 
CCTV camera recording, replication, and by means of electric potential difference. There 

are many methods to get measurements of crack length at a specific number of cycles of a 

specimen under cyclic fatigue and there are some advantages and disadvantages among 
them. The methods used were selected because of the facilities in the department and 

equipment available. 

Electric Potential Difference (EPD) Method 

The electrical potential or potential drop technique is one of the methods used 

commonly in fracture research. This technique is considered one of the most accurate and 

efficient methods to monitor the crack growth extension in metallic materials and in non- 

metallic materials by firmly attaching a conducting foil or film and treating it as replicate 

specimen to be monitored. 

This method is based in the electric potential field or voltage drop disturbance due 

to a discontinuity in a current-carrying body. The magnitude of the disturbance depends 

of the size and shape of the discontinuity [1751. It means that if a constant current (keeping 

it constant from an external means) passing through a crack plane is affected by the 

modification of the uncracked ligament (or increment of the crack length), the electric 

potential or voltage drop will increase. Monitoring potential difference between two 

points (one on each side of the crack plane) through the test the change of the potential 

difference between those points will indicate the increments of the crack, and the crack 

length value. 
As all methods, this one has some disadvantages. In principle elastic and plastic 

deformation can affect material resistivity, as well as variation of temperature. The 
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current must be large enough to produce measurable potential but at the same time must 
be checked because an excess of current can raise the temperature of the specimen which 
must be avoided. Accuracy of the technique can be affected by electrical contact between 

crack surfaces where the fracture morphology is particularly rough or because of the 

crack closure effect. 

Within the equipment required to carry out this technique is the current supply 

unit (can be alternating current AC or direct current DC). This unit must provide a 

constant current during the total test. Both AC and DC have some limitations. DC is 

susceptible to thermoelectric effects, that even are present without the input current, this 

can be sorted out simply by subtracting the voltage measured when current off from that 

measured when the current on. Alternatively, all thermoelectric junctions between 

dissimilar materials must be kept at the same temperature. The circuit using DC is simpler 

than using AC. The main consideration using AC is the frequency, which if it is less than 

100 Hz the field is approximately two dimensional in a plate as in DC, so current is 

constant through the thickness in all points. For frequencies higher than 100 Hz a non- 

uniform current distribution though the thickness occurs, this effect is called "skin effect" 

because the current tends to be carried only near the surface of the specimen. 

The leads used to get readings of potential difference from the plate were made of 

18-8 stainless steel and the way they were attached was by spot welding on the point 

where the readings of potential should be acquire with the aid of high-current. In order to 

get readings in voltmeters the wires made of steel were jointed to wires made of copper, 

because of that junction a variation in temperature would induce a thermoelectric voltage 

as an error in crack length. A constant-temperature junction box was used to solve that 

problem, for all steel to copper junctions. Stainless steel is very close to aluminium in the 

thermoelastic series, and so no significant errors in potential can arise at the spot-welded 

junctions on the specimen. 

As the machine used to fatigue the material does not have electric insulation in the 

grips a plate of composite material was used. The current throughout the test was DC and 

the equipment used to perform this technique was: 
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50 amp constant DC Current supply 
4 Voltmeters as voltage measurement equipment, with IEEE digital outputs. 
Constant-temperature junction box 

Computer (To record the data in a file to compute them later) 

In ASTM standard E 647 [1601 there are recommended positions of the leads for 

voltage measurement on the M(T) specimen and an equation to use specially for that 

configuration. The purpose of this work is to try to get the crack growth rate for each side 

of the crack because the distance of the treated zone is different for each side producing 

unsymmetrical crack growth, so the lead configuration proposed to attain it is shown in 
fig. 4.6a. 
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Figure 4.6 a) Wire placement location for this work, the positions close to the crack tip on the "y" direction 

were as close as possible considering y=0. b) Nomenclature used for the equations considering 

eccentricity. 

Figure 4.7 Schematic diagram of the equipment set up to perform fatigue crack growth measurement by 

EPD method. 
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The equipment used to carry out the test was set up as in fig. 4.7. The current of 
20 amps was supplied by a DC current source, the leads were attached to the plate as the 

configuration in fig. 4.6a), the junctions between leads made of steel and wires made of 

copper were put into a constant-temperature junction box in order to keep a constant 
temperature. The voltage readings reach their destination in the four voltmeters, which 

send that information to the computer wherever requested to be stored for analysis later. 

The equation to calculate the crack length for this specific arrangement was the 

Gilbey and Pearson equation that is expressed as follows: 

s2 Cosh 2e 

C0S2 
.mj= 

Co 

2W 
iw- 

(2W 
Cosh (KV) 

I_ COS2 7"ýc 
Cosh 2 ITY 

2W 2W 
Cosh'(KV) -I 

25 

As the coordinates for the leads in the plate are for the point close to the crack tip 

x= "constant" and y=0 (considering this value because is close to the 'Y' axis), and 

there are two leads one each side of crack tip, and the other two points placed on the edge 

their coordinates are x=W and y= "constant", the total of number of equations obtained 

are four. Considering eccentricity, as seen in fig. 4.6b, between the mid axis of the plate 

and the mid axis of the total crack the equations finally are expressed: 

Cos ir(x,, e) 

Cosh (K,, V,, ) 2(W + e) 26 

Cos ir(aa+ e) 
2(W + e) 

Cos 
)r(Xb - e) 

Cosh (KbVb) 2(W - e) 27 

Cos ir(ab - e) 
2(W - e) 
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Cosh 2 )ZY 
I-I 

Cosh (K,, V, ) = 
2(W + e) 

COS 2 ir(a. + e) 

2(W + e) 

Cosh 2 7ty 
I-I 

Cosh (KbVd) = 2(W - e) 

COS 2 )r(ab -e) 
2(W - e) 

Where: W- Distance from the centre of the plate to the edge 

28 

29 

Xa and Xb - Distance from the plate centre to the point where the lead is attached. 
Yc and Yd - Distance from the crack plane to a certain point in "y" direction. 

Vaý Vbq V, and Vd - Volts readings from the voltmeter for each point on the plate. 
Ka, Kb - Constants for each crack tip. 

aa, ab - Crack lengths evaluated from the volts reading. 

e- Eccentricity measured from the centre of the plate to the dividing line between 

current flows to each side of the specimen. 

As it can be seen there are four equations and five unknowns. A programme was 

written in order to calculate the unknowns and the values of the crack tips length. The 

method for solution of the equations is in Appendix A7 and the programme is in A8. 

Clearly a fifth equation is needed. It is assumed that the "e-line" in fig 4.6b is the 

dividing line between current that flows round the left tip and current that flows to the 

right. If that line is straight, a further Gilbey and Pearson equation may be derived, to 

evaluate the potential gradient far from the crack (see Appendix A7). 
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CHAPTER V 

EXPERIMENTAL RESULTS 

Results of the experimental tests are shown in this chapter in tables and graphs. 
The way they were planned and achieved is covered in previous chapters. There were two 

materials tested, A12024-T3 Alloy with 74 fatigue tested specimens and A17150-T651 

Alloy with 19 fatigue tested specimens. A12024-T3 was the main material to generate 

results because of the amount of testing and breadth of investigation. Discussions and 

conclusions are in further chapters. 

FATIGUE TESTS 

As the objective of this work is to know the effect of UIT on the fatigue life of 

A12024-T3 and A17150-T651, fatigue test on both materials after treatment were carried 

out and compared with bare material in the as received state. 

2024-T3 

Fig. 5.1 shows the plot of number of cycles to fracture (N) versus stress amplitude 

of treated and bare materials, best known as the S-N curve. Here can be seen the data 

obtained from fatigue under the conditions given in chapter 111. There are five different 

batches tested at different loads (NUIT, UIT-1-27, UIT-1-36, UIT-2-36 and UIT-3-36). 

Bare material is the first to appear in the table specification of the graph. There 

were 8 specimens tested, and with the aid of these specimens a curve was fitted in order 

to have an indication where the average fatigue life is placed. The curve that fits the 
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points was obtained from a second order equation, which at the same time was used to get 
the best fit curves for the rest of the fatigue data. The fatigue limit of virging material can 
be inferred from the graph, with a value of stress range of around 210 MPa. Strictly for 

aluminiurn alloys which do not show a clear knee in the S-N curve, the fatigue limit used 
in this thesis is the fatigue strength at 107 cycles to failure. Specimens treated with UIT-1- 

27 condition numbered 12 and their values are represented by a square with a cross inside 

in fig. 5.1. A specimen tested with this condition reached 107 cycles without fracture, 

meaning that fatigue limit for that condition might have been reached. Fatigue limit for 

this condition is around 130 MPa stress amplitude. All the data obtained from UIT-1-27 

treated specimens gave stress ranges that were below the data obtained from bare 

material. Table 5.1 shows the data obtained in every single fatigue test for NUIT and for 

different UIT conditions. 

Table 5.1 Results from fatigue test with R=0.1 at constant amplitude loading in A12024-T3 under different 

treatments conditions. 

Stress 
Range 
[upa] 

Max 
Stress 
tmpaj 

Untreated 
[Cycles] 

UIT-1-27 
JCyclesI 

UIT-1-36 
[Cycles] 

UIT-1-27 
74 mm 

[Cycles] 

UIT-1-27 
44 mm 

lCycles] 

UIT-1-27 
35 mm 

[Cycles] 

UIT-1-36 
74 mm 

[Cycles] 

UIT-2-36 
[Cycles] 

UIT-2-36 
74 mm 
Milled 

I Cycles] 

UIT-3-36 
lCycles] 

117 130 9999872* 
135 150 3384320 

148.5 165 584448 
153 170 317264 
162 180 460784 4303104* 
171 190 208872 5014986* 
180 200 315792 228920 1268800 10000000* 
184 210 1850000* 

193.5 215 130640 1 
198 220 178392 553280 
207 230 

210.6 234 9814420 338000 
216 240 84584** 124056 721700 

220.5 245 6883414 147992 

225 250 154824** 
403536*** 

87232 103604 82300*** 278500 

234 260 268592 142430 68400 197660 1720718* 

243 270 267888 
226288*** 

1 

67176 111760 118892 77712 72284 
114000*** 

107204 
131936 

524039* 
790990*' 

197600 909258* 
2000000* 

252 280 
256.5 285 66472 

270 u 300 d 186512 47404 70616 81468 75852 59282 

94324 
65094 

156180*' 
144371*' 

126000 233837 
285878 258541 

297 330 89708 44232 42234 58800 
306 340 95300 68000 

- 369 410 

- 
ý7281 

*Not fractured, "Erroneous data obtained due hydraulic transient, not considered in plot to fit the curve ***Replica, *aMilled 

The UIT-1-36 condition gave data quite similar to the UIT-1-27 condition, in 

comparison to the bare material. The fatigue limit for this condition is a bit higher than 

UIT-1-27 condition, given by a test passing 4x 106 cycles of fatigue life without fracture, 
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fig. 5.1. The fatigue limit for this condition is around 140 MPa stress range and the 
difference in fatigue life is small with respect to UIT-1-27 condition. At higher stress 

ranges, behaviour is quite similar to the UIT- 1-27, and even is a bit lower than UIT- 1-27 

condition. 

The UIT-2-36 condition generated a curve that, like the last two is underneath the 

bare material curve, fig. 5.1. A difference of this curve from the other two last conditions 
is that at higher stress ranges the curve joins the bare material response. The pattern of the 

test showed that fatigue limit is around 170 MPa stress range, where two tests were 

suspended and left as run outs because of the loos of hydraulic pressure. 

The UIT-3-36 condition is represented by 8 empty square points on fig. 5.1, and 

shows that there is no effect of this condition on the fatigue life of the material because 

the curve is almost in the same place as the bare material. The fatigue limit of the UIT-3- 

36 condition is almost the same as the bare material. 

Fig. 5.2 shows three S-N curves, bare material, UIT-1-27 and UIT-1-36 in order to 

observe the effect of UIT on the material over different lengths of treatment in the gauge 

section. The two reduced lengths were selected such that the cross-section width of 10 

mm. was enlarged by 30% and 50% (13 mm and 15 mm) as shown in fig. 5.3. The section 

of 74 mm. in length occupied the whole curved part. Two specific load amplitudes were 

used to study fatigue endurance of these specimens; the load amplitudes were chosen 

from the loads already employed to test bare, UIT- 1-27 and UIT- 1-3 6 conditions. 

There were 2 specimens treated at UIT-1-27 condition along a 74 mm length, two 

more at 44 mm length and two more at 35 mm. length. Almost all of them gave results for 

fatigue life close to the S-N curve of the UIT-1-27 condition. The best fatigue life 

obtained from these specimens was from the samples treated at 74 mm length for both 

loads as shown in fig. 5.2, numerical data are in table 5.1. 

For UIT- 1 -3 6 condition there were 4 specimens, all of them were treated over a 74 

mm length along the gauge section; no shorter lengths were treated due to the results 

previously obtained with UIT-1-27 condition. The loads used for these specimens were 

the same as used in UIT-1-27 conditions and in the graph, fig. 5.2, are represented by 
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empty triangles. Data for these conditions behave similar to those in UIT-1-27, being the 

results close to the previous tests at 74 mm length. 
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Figure 5.2 S-N curve of specimens treated at different lengths compared to Al 2024-T3 Bare material, UIT- 

1-27 and UIT-1-36 S-N curves in order to show the effect of treatment for a specific length of treated zone. 
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According to the failed zone in these specimens, fig. 5.3, the fracture did not occur 
in the untreated zone but in the treated zone. It means that the UIT conditions introduced 
affect in a bad manner the fatigue life of Aluminium alloy 2024-T3, giving a decrement in 

its endurance and having no improvement at all for UIT-1-27 and UIT-1-36. 

Figure 5.4 shows the fatigue life of specimens after take some replications from 

their surfaces. The replication method was used in specimens treated at UIT-1-27 and 
bare in order to measure crack propagation of small cracks. As described in chapter IV, 

in the replication method it is necessary to spray acetone on the surface with an open 

crack, and therefore it is important to know how much the fatigue life could be affected 
by this substance. A load of 80% of the maximum load was applied during the replication 

process that sometimes lasted more than 5 minutes. This period of time with that specific 
load did not affect much the fatigue life, as shown by comparison with expected values 
from previous tests, data can be found in table 5.1 in the untreated column. 

stless 300tlpa 
27 KHz. 35inin 127 KHz. 44min 

7 

Tre-ated ioue Treated Zone 

Figure 5.3 Al 2024-T3 specimens treated with UIT-1-27 over different lengths and fractured in the treated 

zone. 

In Fig. 5.5 can be seen some data points acquired from eight fatigue tests on 
ir surfaces after being treated at UIT-1-36 and specimens milled 0.05 mm (50[tm) on thei 1 

UIT-2-36 conditions. For UIT-1-36 some places were difficult to mill 50 Pm deep 

because of the severity of the treatment which left some curvature of the surface, 

especially on the edge where the treatment was so severe that the finish of the surface was 

odd. As it can be seen in figure 5.5, a bare material fatigue test curve is plotted and 

compared with points data obtained from milled specimens at different load ranges and 
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UIT conditions. Milling the surface improves fatigue life of most specimens, and more so 
for those of UIT-2-36 than UIT-1-36 condition in the long fatigue life zone. Load 

magnitudes were chosen to correspond with those in replication method and those of 
different treatment length. The maximum stresses used here were 300 MPa and 270 MPa. 

Numerical data for this graph is found in table 5.1 in the columns of UIT-1-36 (74 mm) 

and UIT-2-36 (74 mm) milled. 

Table 5.1 shows all the data values acquired from fatigue tests of bare material 

and different UIT treatments, as well as those milled and used to take replicas. Two data 

points were taken as erroneous because of a failure of the constant hydraulic fluid 

pressure. The supply pressure from the ring main dropped periodically on the machine; 

this could generate a single overload, and cause an erroneous data for fatigue life, as 

observed. 
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Figure 5.4 Bare Al 2024-T3 and UIT-1-27 S-N curves in a plot where some data from replication method 

were tested and the data was close to the curves. 
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Figure 5.5 S-N curve from Al 2024-T3 Bare material and some points data from milled specimens after 
being treated with UIT-1-36 and UIT-2-36 conditions, showing an improvement in their fatigue life. 

7150-T651 

Fatigue tests for specimens made of A17150-T651 were made as well for bare and 
different treatment conditions. Fig. 5.6 shows the S-N curve obtained from bare specimen 

fatigue tests and the data points of bare material and 5 different conditions of UIT. The 

effects of UIT conditions on this material were similar to those on A12024-T3. As UIT-3 

in A12024-T3 did have not a big effect in fatigue life, it was omitted. The treatment 

having the greatest effect on fatigue life was UIT-4, decreasing rather more fatigue life of 

the material than the others, and then that was followed by UIT-1-36, UIT-6-36, UIT-5- 

36 and finally UIT-2-36. However the scatter of data was significantly (±80000), 

compared to these trends (106000 mean life improvement). Loads were chosen from the 

zone of longer fatigue life of the bare material in order to get more remarkable fatigue life 

differences among all the conditions used in this material. Two specimens of every 

condition under the same stress amplitude were tested in order to analyse fatigue effects. 
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Table 5.2 shows data values obtained from fatigue tests and used to create the plot shown 
in fig. 5.6. 
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Figure 5.6 S-N curve fitted from data points obtained from specimens made of A17150-T651 and tested at 

different loads. Within this plot can be seen data points from specimens previously treated at different UIT 

conditions and fatigued with a maximum load of 290 MPa, listed in table 5.2. A small square within the plot 

represents the vertical position of every symbol on the graph. 

Table 5.2 Results from fatigue test with R=0.1 at constant amplitude loading in A17150-T651 under 

different treatments conditions. 

Stress 
Range 
[MPa] 

Maximum 
Stress 
Wal 

Untreated 
[Cycles] 

UIT-1-36 
[MPal 

UIT-2-36 
[MPaj 

UIT-4-36 
[MPa] 

UIT-5-36 
Wal 

UIT-6-36 
[MPa] 

243 270 371340 
252 280 259716 

261 290 2875709 109914 
63596 

259529 
99141 

97593 
48872 

123721 
88887 

75393 
129074 

270 300 239161 
279 310 279312 
288 320 67551 
297 330 137354 
306 340 81052 

44493 
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RESIDUAL STRESS 

Measurements of residual stresses in both materials were carried out through the 
depth of the sample. There were two methods used to obtain residual stress values. The 

main method used was hole- drilling (previously described in chapter IV), and raw data 
from this method is given in Appendix A5, the other was the XRD (x-ray diffraction) 

method. Results of the hole-drilling method and XRD are shown below for Al 2024-T3, 

and residual stresses were computed with different methods mentioned in chapter IV. 

Residual stress data for Al 7150-T651 were only obtained from the XRD method. Stress 

plotted in the following figures are ((Y. ax + (T. in)/2, where amax and Gmin are the principal 

values. The X-ray diffraction measurements were provided by Dr. C. Rodopoulos of 
Sheffield Hallam University, data was obtained for every depth variation removing 

material by machining and taking readings of XRD. 

Al 2024-T3 

As before mentioned there were different UIT specifications used on the surface 

of the material, and every UIT condition developed residual stresses on the surface and 

through the depth. Fig. 5.7 shows results from plates treated under condition UIT-1-27 

using the Re-stress programme (provided by Vishay Company) and data obtained using 
MMH equation described in chapter IV. Fig. 5.7a shows data from two tests leaving the 

compressive residual stresses close to the surface within the rank of 160 and 220 MPa 

decreasing through the depth. Results obtained from MMH equation are shown in fig. 

5.7b, where it can be seen that compressive residual stress left close to the surface are in 

the same rank as those in fig. 5.7a. The reduction of compressive residual stresses is faster 

through the depth according to MMH equation than results from Re-stress programme, 

the equilibrium balance of the internal stresses can not be seen either in fig. 5.7b but 

should be after 2 mm depth where tensile residual stresses are present in the treated 

material. In both figures it can be seen that the UIT-1-27 condition considerably affects 

the internal stress of the material leaving at 0.1 mm depth, close to the surface a 

compressive residual stress from 160 to 220 MPa. 

Fig. 5.8 shows data obtained from UIT-1-36 condition using hole-drilling together 

with Re-stress programme and MMH equation. Fig. 5.8a shows five tests where four of 
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them are close each other and the fifth one shows more compressive stresses. The 

compressive residual stresses left by UIT-1-36 condition at 0.1 mm depth from the 

surface is in the rank of 40 to 320 MPa and according to fig 5.8b at 1.1 mm depth tensile 

residual stresses can be present. In fig 5.8b it can be seen clearly with the aid of several 
tests there is an area enveloped where residual stresses due to that specific UIT condition 

can be found. In this graph plotted with values obtained from MMH equation the 
transition from compressive residual stresses left by the treatment to tensile residual 

stresses tend to be present in the bulk due to the internal balance of stress in the material. 

In fig. 5.9 data points can be seen for three tests carried out on A12024-T3 after 
UIT-2-36 treatment condition. Actually hole-drilling tests of material under treatment of 
this condition were not as many as previous treatment conditions. In fig 5.9 it can be 

observed that compressive residual stresses left on the material at 0.1 mm depth are 

within a small rank which is from 16 to 30 MPa, and then a small reduction through the 

depth is observed compared to the previous conditions. The MMH formula was not used 
in this batch because residual stresses level was too low compared to the last one. It is 

pointed out that before UIT treatment material was rolled and a possible compressive 

residual stress could exist near the surface, so the effect due to this UIT condition should 
be combined with the pre-existing residual stress from rolling to give the residual stresses 

obtained. Hole drilling tests were carried out on both sides of a plate treated under UIT-2- 

36 condition and data from these were computed and results are shown in fig. 5.9. 

Fig. 5.10 shows two lines from two tests performed in a plate of Al 2024-T3 after 

being treated under UIT-3-36 condition, leaving residual stress that in one of them is 

around 23 MPa compressive, meanwhile in the other is around 3 MPa tensile. Comparing 

these results with previous graphs the effect of this kind of treatment is not much. The 

values of compressive residual stress are smaller than those obtained from UIT-2-36 

which were considered negligible, so these values are within that range of UIT-2-36 and 

can be considered negligible too by the same reason. 
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Figure 5.7 a) Plot of two different tests in UIT-1-27 condition in Al 2024-T3 using Vishay programme 

"Re-stress. b) Plot from the two tests already shown in "7a" using MMH equation in order to get stress 

internal balance. 
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Figure 5.8 a) Plot of five different tests of hole drilling obtained using Re-stress programme showing 

compressive residual stress left on Al 2024-T3 due to UIT-1-36 condition at 0.1 mm from the surface in the 

rank of 40 to 310 MPa and reducing through the depth. b) Plot showing the five tests included in fig. 5.8a 

analysed using MMH equation in order to get internal balance. 
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Figure 5.9 Graph of data obtained from hole drilling method of UIT-2-36 condition on Al 2024-T3. Here 

are shown three different tests where a rank of compressive residual stresses left closer to the surface at 
0. Imm depth is within 16 to 30 MPa, 

5 

0 

-5 

-10 

-15 

-20 

-25 
0.0 

Figure 5.10 Plot of two hole drilling tests of Al 2024-T3 after UIT-3-36 condition showing a small 

compressive residual stress left close to the surface at 0.1 mm depth from the surface and then reduced 

though the depth. 
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Figure 5.11 a) All UIT conditions on Al 2024-T3 plotted in this graph where can be compared among them 

and see the effect everyone has over the material according to Re-stress programme, b) UIT-1-27 and UIT- 

1-36 conditions obtained from MMH equation are plotted here, where the effect of every condition in the 

material through the depth is observed. 
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In fig. 5.11 a all the data points from all the UIT conditions can be compared. Data 

points connected with black wide solid lines represent the UIT-1-36 condition, which Is 

one of the UIT conditions that left higher compressive residual stresses together with 
UIT-1-27 condition represented by points connected with dotted lines, the maximum 

compressive residual stress obtained by these two conditions is around 320 MPa. 

Compressive residual stress represented by black dashed lines and thin black solid 
line correspond to UIT-2-36 and UIT-3-36 conditions respectively. Comparing the last 

two conditions mentioned with the other two, it is evident that the former do not have as 

much effect on the material as the latter, as can be seen in the ranks of compressive 

residual stresses. 

In fig. 5.11b all the data points from UIT-1-27 and UIT-1-36 conditions are 

presented as in fig. 5.11 a, but as before points were considered to show the equilibrium 

balance presented in the bulk due to residual stresses. The graph is different showing that 

compressive residual stresses in the first point at 0.1 mm depth are similar to those 

obtained from Re-stress programme but compressive residual stress decrease faster than 

those from hole drilling technique. An envelope of residual stresses is generated where 

data points can appear due to UIT- 1-27 and UIT- 1-36 conditions. 

Residual stresses obtained by XRD technique are shown together with results 

using MMX method in order to show the balance of residual stresses through the depth 

after UIT treatment. 

Figures 5.12 a and b show two graphs obtained from UIT- 1-27 treatment 

condition using XRD readings and MMX method which uses data obtained from XRD. 

Fig. 5.12a shows a comparison between residual stresses before UIT-1-27 treatment 

condition and after. Residual stresses in bare material are nearly zero; close to the surface 

residual stresses are around 10 MPa and through the depth are negligible. Residual 

stresses after UIT-1-27 treatment compared to those obtained from bare material exhibit 

bigger compressive residual stresses and the values at the surface are around 200 to 230 

MPa. After UIT-1-27 condition treatment values in compressive residual stresses increase 

around 190 to 210 MPa generally. 
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Fig. 5.12b shows both data XRD and MMX from UIT-1-27 treatment condition. 
Here can be seen the early appearance of tensile residual stress at greater depths, around 
1.3 mm, after using the MMX method. However the straightforward XRD data does not 
show any tensile stress, even on the plate centre line at 2.5 mm depth. Since tensile stress 

must exists at the centre of the plate to balance the surface compressive residual stresses 

after UIT-1-27 described by MMX lines are more reasonable than the XRD lines. 

Although the residual stresses on the surface are the same for XRD and MMX, the values 

of these diverge from each other through the depth. Dotted lines represent XRD data and 
black solid lines represent MMX values reaching a maximum tensile residual stress of 

around 160 MPa. 

Fig. 5.13 shows, similar to fig. 5.12, data obtained from both techniques where in 

fig. 5.13a a comparison between bare material data and UIT-1-36 condition data can be 

observed. Data from material treated after UIT-1-36 condition give information of 

residual stress on the surface being around 150 to 170 MPa. These values are closed to 

those obtained by UIT-1-27 condition. Residual stresses profile obtained by XRD due to 

UIT-1-36 is interesting because after the surface compressive residual stresses tend to 

reduce, but after 0.1 mm depth start to increase up to a maximum value of 200 MPa at 0.4 

mm depth and then tend to reduce again. 

Fig. 5.13b shows both graphs obtained by XRD and MMX methods and can be 

compared in the same way as in figure 5.12b. There are two XRD tests represented by 

dashed lines which indicate that tensile residual stresses are just about present but 

insignificant after 2.25 mm depth which it is not totally credible because there is no 

equilibrium tension and compression. Using the MMX method which is represented by 

solid black lines indicates the most likely profile of residual stresses through the depth, 

and a much more credible one. They indicate that tensile residual stresses starts at around 

1.25 mm depth getting a maximum tensile residual stress of around 125 MPa before the 

middle of the plate thickness, indicating an asymmetric profile of residual stresses due to 

the treatment of the two surfaces at different times. 
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Figure 5.12 a) Residual stresses obtained by XRD (X-ray) method at different depth through the thickness 

for bare material and after UIT-1-27 condition on Al 2024-T3. b) Comparison between residual stresses 

obtained by XRD method and MMX method. 
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Figure 5.13 a) Residual stress obtained by XRD method through the thickness before and after UIT-1-36 

treatment condition. b) Data obtained from XRD technique and using MMX method after UIT-1-36 

treatment condition in Al 2024-T3 aluminium alloy. 
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Figure 5.14 a) Plot of residual stress obtained by the aid of XRD technique from a plate after UIT-2-36 

treatment condition in Al 2024-T3. b) A comparison between residual stress results obtained by XRD and 

MMX method from a plate after UIT-2-36 treatment condition. 
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Fig. 5.14 shows results from UIT-2-36 treatment conditions in A12024-T3 alloy. 
Fig. 5.14a shows a comparison between data obtained from bare material and material 

after UIT-2-36 treatment condition with the aid of the XRD technique. The pattern 
followed by the curve created by the data points shows compressive residual stresses 

increase from the surface through the depth up to around 0.25 mm depth, after that a 

reduction is presented. 

Fig. 5.14b shows the results of data obtained from XRD and MMX methods 

which both have the same pattern. In this treatment data up to 2mm. depth was obtained 

where for XRD technique, dashed line, until that depth tensile residual stresses are not 

present. Meanwhile from the MMX data, solid black line, tensile residual stresses start at 

around Imm. depth and obtaining a maximum tensile residual stress of around 120 MPa 

near 2mm depth suggesting an asymmetric pattern of residual stress balance due to the 

treatment of the plate on both sides at different times. 

Fig. 5.15 shows data points obtained from plates after UIT-3-36 treatment 

condition and are compared to those data obtained from bare material with the aid of 

XRD technique. Fig. 5.15a shows data obtained from XRD technique from two plates, 

one without treatment and other after UIT-3-36 treatment condition, where one may 

observe an influence due to UIT treatment. At 100 MPa, this is the smallest residual stress 

level of all UIT treatments investigated. Table 5.3 of chapter III shows this corresponds 

to the smallest amplitude of 10 microns in UIT. 

Fig. 5.15b shows the comparison between data obtained from XRD, chain dotted 

line, and MMX, black solid line, after UIT-3-36 treatment condition. As in the last 

treatment conditions, in this figure it can be appreciated that XRD data does not show any 

tendency to balance of residual stresses left after UIT treatment conditions. The maximum 

depth analysed was at 2mm. Data from MMX method can show a sensible balance 

through the depth of residual stresses, suffering a transition between compressive to 

tensile residual stresses at around Imm depth and a maximum tensile residual stress of 

around 60MPa at 2mm. depth. 

Fig. 5.16 shows all the graphs plotted together using XRD technique and MMX 

method. Fig. 5.16a shows the data obtained by XRD technique after all the treatment used 
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in Al 2024-T3, the black solid line represents the condition of the material before 

applying UIT treatment, where just one test was carried out. The rest of the curves 

represent residual stress state after UIT treatment and can be seen that for every treatment 

condition the internal stress state is affected in different amounts. The UIT-3-36 condition 
had the lowest compressive residual stresses compared with the rest of the UIT treatment 

conditions, and UIT 1-27 shows the higher penetration of stress, corresponding to the 
highest amplitude of UIT at 22 microns. 

UIT-1-36 and UIT-1-27 treatment conditions showed an interesting path in the 

residual stresses left through the depth having a specific amount of residual stress at the 

surface and then through the depth they were decreasing up to a specific distance and then 

increase again even more than the stresses acquired at the surface, as in the case of UIT- I- 

36 treatment condition the highest stress internally. This unusual response indicates that 

enhanced stress levels are obtained when removing layers of materials, due to plastic 
bending as residual stresses are released. Therefore the revised calculation of XRD stress 

is necessary to include the contribution of plate bending. Considering residual stresses left 

on the surface UIT-1-27 condition has more effect followed by UIT-1-36 and UIT-2-36 

conditions. 

Fig. 5.16b shows data obtained after different UIT treatment using MMX method, 

and where the profile obtained of the first 0.25mm. is quite similar to that using XRD 

technique. Here the transition between compressive residual stresses to tensile residual 

stresses is observed in the earlier depth. The highest compressive residual stresses were 

obtained by UIT-1-27 treatment on the surface or close to the surface having as well the 

highest tensile residual stress though the depth. The balance of residual stresses though 

the depth is more sensible in this graph for all the UIT conditions. Treatments UIT-1-36 

and UIT-2-36 have almost the same magnitudes of residual stresses after 0.5 mm depth. 
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Figure 5.15 a) Data points obtained from plates before and after UIT-3-36 treatment condition on Al 2024- 

T3 plotted in a graph stress Vs depth with the aid of XRD technique. b) Comparison between data obtained 

from XRD and data obtained from MMX method after UIT-3-36 treatment condition. 
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Figure 5.16 a) Plots of all UIT conditions in Al 2024-T3 obtained from XRD technique are represented 

here in this graph and can be compared each other. b) All UIT conditions data obtained with the aid of 

MMX method are plotted and can be compared each other. 
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Figure 5.17 Comparison between data obtained by hole-drilling technique using Re-stress programme and 

XRD technique in Al 2024-T3 after being treated by UIT-1-27 condition. 

Residual stresses obtained from the XRD technique were compared to those 

obtained by hole-drilling technique. Fig. 5.17 shows the data plotted and compared to 

bare material using the XRD technique and data obtained from the hole-drilling method 

from Al 2024-T3 after UIT- 1 -27 treatment. 

The comparison between values obtained from XRD and the hole-drilling 

technique shows that are quite similar describing a rank where residual stresses for that 

specific treatment can be developed, this rank of values can be taken as scatter. 

Fig. 5.18 shows a comparison between data from hole-drilling and XRD 

techniques used in Al 2024-T3. XRD data appears within the zone enveloped by the 

values acquired by 5 test of hole-drilling. Hole drilling data except from one test says that 

compressive residual stresses close to the surface, specifically at 0.1 mm depth, are 

between 40 and 180 MPa, where data is obtained from XRD. After 0.2 mm depth the 

variation between the big group of data from hole drilling and the one obtained by XRD 

increase. The XRD data fell within the scatter of the hole drilling technique. 

90 



Depth (mm) 

1 4 
100 1 11111 1 - 

0 
--0-- 1TII 

4L 

-100 

N 

-200 

UIT-1-36 
UIT-1-36 2 

-300 
UIT-1-36 3 
UIT-1-36 4 
UIT-1-36 5 
XRD Bare Material 

-400 
XRD UIT-1-36 
XRD UIT-1-36 2 

Figure 5.18. Comparison between da ta obtained from XRD and hole drilling from Al 2024-T3 after UIT-1- 

36 condition and bare material. 
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Figure 5.19 Data comparison obtained by hole drilling technique and XRD technique from Al 2024-T3 

after UIT-2-36 condition. 
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Fig. 5.19 shows data points of residual stresses obtained from a bare material and 
from a plate after UIT2-36 treatment condition with the aid of two techniques, the XRD 

technique and the hole-drilling technique. As it can be seen from the figure a big 

difference in residual stress is obtained from XRD and hole-drilling technique from this 

particular UIT condition. The black solid line represents the pattern obtained from data 

points taken from bare material where negligible compressive residual stresses exist. Data 

points acquired from the hole-drilling technique pointed out that compressive residual 

stresses left after UIT-2-36 treatment condition are close to those before the treatment, but 

on the other hand XRD technique says that compressive residual stresses left by UIT-2-36 

condition can not be negligible having a difference between values at 0.1 mm. depth of 

around 160 MPa. From hole-drilling technique compressive residual stresses closer to the 

surface are the maximum and are around 10 to 40 MPa, meanwhile from XRD at that 

depth residual stress is around 200 MPa. 

Fig. 5.20 shows as a comparison between data obtained from the hole-drilling 

technique and XRD in a material treated under UIT-3-36 condition. As in UIT-2-36 

condition, here can be seen the same behaviour of the data obtained which results in a big 

difference in stress levels. In the graph it can be seen that from hole-drilling technique 

data indicates that almost no compressive residual stresses are obtained after UIT-3-36 

condition, meanwhile data from XRD suggest the contrary that significant compressive 

residual stresses are left after UIT-3-36 treatment condition. The difference here at a 

depth of 0.1 mm is around 70 or 90 MPa. 

Fig. 5.21 shows data obtained from MMH and MMX methods used in order to get 

residual stress balance through the depth in Al 2024-T3 alloy after UIT-1-27 condition. It 

is clear that both methods converge on one path followed by residual stresses through the 

depth, of course with some scatter, but at the end of the day both tend to indicate the 

balance of residual stress. 

Fig. 5.22 shows data plotted obtained from two methods, MMH and MMX, which 

are based from data acquired from hole drilling technique and XRD technique 

respectively from Al 2024-T3 after being treated under UIT-1-36 condition. Both 

methods are within a similar range of residual stresses for the first millimetre depth, 

except for one test obtained from MMH method which gave more compressive results. 
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After I mm depth the two methods seem to diverge, but the MMX results tend to 
converge to produce the balance of residual stresses through the depth. 

t) 

200 

100 

0 

-100 

-200 

-300 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 

Depth (mm) 

Figure 5.20 Data plotted from XRD and hole drilling techniques use to obtain residual stresses from Al 

2024-T3 alloy before and after UIT-3-36 condition. 
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Figure 5.21 Data plotted obtained from MMH and MMX methods from Al 2024-T3 alloy after UIT-1-27 

condition. 
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Figure 5.22 Graph of data obtained by different methods, MMH and MMX, in order to get residual stress 
balance through the depth in Al 2024-T3 after being treated under UIT-1-36 condition. 

Al 7150-T651 

In this material residual stresses left by different UIT treatments were measured 

only with the aid of the XRD technique. Others UIT parameters were added to the ones 

already used, and were called UIT-4, UIT-5 and UIT-6. As seen before those were tested 

in fatigue and there were just two specimens treated with each added condition. Material 

treated with these same conditions was used to get information about residual stresses left 

through its depth. 

Fig. 5.23 shows residual stresses left through the depth of A17150-T651 after 

different UIT treatment conditions. A solid black line represents the pattern of residual 

stresses before UIT treatment (bare material) indicating the presence of compressive 

residual stresses in the surface no higher than 20 MPa. As residual profile stresses 

obtained from this material were acquired with the aid of only one technique the 

comparison will be with the data obtained with the same technique used in A12024-T3. 
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Figure 5.23 Residual stresses measured by X ray diffraction method. Residual stresses through the depth of 

the material A17150-T651 at different UIT conditions and bare material. 

At the surface the highest compressive residual stresses left was created by UIT-3 

condition with an amount of around 265 MPa followed by UIT-5 with an amount of 

around 190 MPa, UIT-4 of around 165, UIT-2 of around 160, UIT-1 of around 120 and 

finally UIT-6 of around 118 to 120 MPa. As it is seen UIT-3 condition left a high 

compressive residual stress in the surface but a rapid reduction is observed through the 

depth faster than the rest of the UIT conditions. UIT-1 condition has almost the lowest 

compressive residual stress at the surface but this increase through the depth up to a 

maximum amount of around 240 MPa at 0.25 mm depth before starting to reduce through 

the depth at that point. These two types of behaviour are presented for just two UIT 

conditions, where one starts to reduce faster, the other starts to increase its compressive 

residual stresses and then reduce them at greater depth. In comparison with 2024-T3, it is 

observed that UIT-1 and UIT-3 gave highest and lowest surface stresses respectively, 

opposite to fig. 5.23. 
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The rest of the patterns represented by compressive residual stresses left by 

different UIT conditions follow a third general profile, and close to the surface these are 
bounded within the patterns for UIT-3 and UIT-I conditions. Residual stress at the 

surface tends to reduce in a shallow zone and then increases, but no more than that 

obtained by UIT- I condition but generally more than the obtained in the surface, after that 

the reduction is followed. 

Fig. 5.24 shows residual stresses obtained for all the UIT conditions in Al 7150- 

T651 with the aid of the MMX method. Figure 5.24a shows residual stresses developed 

through the depth by UIT-1,2 and 3 conditions and those which already existed before 

the surface treatment (bare material). Residual stresses on the surface for all cases have 

the same values as those obtained by XRD as shown in fig. 5.23. The profile obtained by 

XRD gradually diverges from those obtained by the MMX method. The MMX method is 

designed to satisfy axial load and bending moment equilibrium, and therefore it should 

provide a more credible profile than XRD concerning the balance of residual stress 

through the depth. This trend can be seen in fig. 5.24a, and a similar trend is seen in fig 

5.24b for UIT conditions 4,5 and 6 on Al 7150-T651 after using MMX method. The 

highest tensile residual stress in the interior of the specimen was obtained by UIT-1-36 

condition with the aid of the MMX method with an amount of 100 MPa at I mm depth. 

However with data from XRD the tensile residual stresses were never higher than 20 MPa 

for all of the UIT conditions. 

MICRO HARDNESS 

Micro-harness testing was carried out in both materials, A12024-T3 and A17150- 

T651 alloys through the thickness of 5 mm before and after different UIT conditions. The 

results are shown in the following pages. 

Al 2024-T3 

Fig. 5.25 shows data results from Vickers test on Al 2024-T3 alloy for bare 

material and material after UIT-1-27, UIT-1-36, UIT-2-36 and UIT-3-36 treatment 
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conditions. The wider black solid line represents the micro-hardness profile obtained from 

bare material through the depth. The closest point to the surface where the first value was 

obtained is at 0.1 mm depth, for bare material the micro-hardness at that point is around 
I 13Hv. The profile that micro-hardness follows through the depth is increasing up to 0.5 

mm depth and then oscillates in a constant rank between 128 and 136 Hv. 

The UIT-1-27 treatment condition was the only one where micro-hardness was 

obtained at 0.05 mm depth until 0.6 mm depth. At 0.05 mm from the sample edge, the 

hardness measurement may be an underestimate. Even for 0.1 kg load, the indentation 

diameter becomes comparable with distance from the edge, so distortion of the edge may 

occur. The behaviour of micro-hardness through depth is decreasing from the closest 

point to the surface until 0.6 mm depth where bare material micro-hardness is attained. 

UIT-1-36 treatment condition produced a micro-hardness at 0.1 mm depth of around 144 

Hv, bigger than that obtained from bare material. The profile decreases down to the same 

level as bare material at 0.5 mm depth. 
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Figure 5.25 Micro-hardness Vs Depth graph from Al 2024-T3 alloy before and after UIT-1-27, UIT-1-36, 

UIT-2-36, and UIT-3-36 conditions. 
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For UIT-2-36 and UIT-3-36 treatment conditions at 0.1 mm depth has almost the 

same level of micro-hardness as bare material. As before mentioned the bare material 

profile tends to increase through the depth, but in UIT-2-36 and UIT-3-36 treatment 

conditions it appears different. In UIT-2-36 treatment condition hardness tends to increase 

but no more than bare material and then oscillate within a rank of around 120 and 128 Hv, 

being always below the bare material profile. In the case of UIT-3-36 the profile is always 

oscillating between 112 and 124 Hv. 

Al 7150-T651 

In Al 7150-T651 alloy the Vickers test was used to get information about micro- 
hardness through the depth before and after different UIT treatments conditions. Fig. 5.26 

shows micro-hardness data points from material after different UIT treatments conditions 

compared to bare material. Fig. 5.26a shows hardness profiles through the depth of bare 

material and UIT-1-36, UIT-2-36 and UIT-3-36 treatment conditions applied to the 

material. The bare material profile is represented by a solid black line which starts at 0.05 

mm depth with a hardness of around 200 Hv and then oscillates through the depth 

between 190 and 210 Hv. At that depth the hardness values obtained from material treated 

by UIT-1-36 and UIT-2-36 conditions are quite similar, being a little higher for the UIT- 

2-36 condition but from 0.1 mm depth hardness in UIT- 1-36 is above UIT-2-36 and UIT- 

3-36 treatment conditions and also the profile of bare material. But such differences are 

small and not much more than general scatter of experimental data. 

Fig. 5.26b shows the micro-hardness profile due to UIT-4-36, UIT-5-36 and UIT- 

6-36 and compared to that obtained from the bare material, all three produce more 

hardness through the depth. In this plot it can be observed that UIT-4-36 condition 

produces more hardness in the material than the other two UIT conditions. UIT-5-36 and 

UIT-6-36 did not produce as much hardness as UIT-4-36 condition but have small effects 

over bare material through the first millimetre. 
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Figure 5.26 a) Micro-hardness data points from bare material and material after UIT-1-36, UIT-2-36 and 

UIT-3-36 treatment condition on Al 7150-T651. b) Micro-hardness data points from bare material and 

material treated after UIT-4-36, UIT-5-36, and UIT-6-36 treatment conditions. 
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Figure 5.27 Graph of all micro-hardness profiles due to UIT-1-36, UIT-2-36, UIT-3-36, UIT-4-36, UIT-5 

and UIT-6-36 treatment conditions in Al 7150-T651 and bare material 

Fig. 5.27 shows all profiles due to all conditions used in Al 7150-T651 alloy as 

well as the profile due to bare material. In this graph can be compared clearly all the 

conditions and one may see which one creates more hardness through the depth. As seen 

separately in fig. 5.26a and fig 5.26b UIT-1-36 and UIT-4-36 conditions created more 
hardness in the material than the other conditions. In this graph can be compared both of 

them and is observed that at 0.05 mm depth both of them are quite similar to the UIT-2- 

36 condition, and their patterns through the depth are similar over the first 0.2 mm depth, 

then decreasing in hardness magnitude. The difference in these first readings is not much, 

being around 8 Hv the maximum one. At 0.2 mm depth both of them have almost the 

same hardness magnitude and after that UIT-1-36 condition creates the hardest zones 

before decreasing its magnitude. Basically this zone is where both conditions develop 

bigger hardness magnitudes than that in bare material. 
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CRACK INITIATION LOCATION 

In order to know how the material is affected by the UIT treatments inspection on 
the surface with the aid of an optical microscope was achieved in specimens after being 

subjected to fatigue testing and failure. Specimens made of both materials Al 2024-T3 

and Al 7150-T651 alloys were inspected, and the results are as follows. 

Al 2024-T3 

Observation under a light microscope at 50X magnification of specimens from Al 

2024-T3 to localize the crack initiation gave information about how many visible cracks 

are present and their localization after fracture, in order to know the behaviour of the 

material with and without treatment on the surface. Fig. 5.28 shows the places where it is 

more probable to see crack initiation along the cross section area. 

a) Untreated specimen. 

b) Treated specimen. 

Cross section 
Area 

ab 

Cross section 
Area 

Figure 5.28 Map of cracks on the Al 2024-T3 specimens treated and untreated, showing the cross section 

area where the fracture occurs and the points where commonly started. 

In specimens without treatment it was more common to see that the crack 

initiation was at the edge and near the comer as can be seen in Fig. 5.28a at the points a 

and b. While in specimens with treatment the initiation point was more common to be 
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localized on the face in both cases (27 kHz and 36 kHz treatments), almost at the middle 
of the specimen as can be seen in Fig. 5.28b for points a and b. In specimens with 
treatment present, there are plenty of cracks near crack fracture in the four sides as shown 
in Fig. 5.28b by grey areas. The grey areas represent the zones where it was more 

common to see cracks. In specimens without treatment there were not many cracks, so 
treated specimens look susceptible to initiation of cracks because in many samples on the 
fracture surface more than one crack initiation site appears and mainly on the flat faces, as 

well as small cracks around the specimen near the fracture. 

Al 7150-T651 

The same procedure to examine the gauge zone after fracture was followed for 

specimens made of Al 7150-T651 alloy with the aid of a light microscope. Fig. 5.29 

shows the places where crack initiation was more common for bare material and for 

material treated with different treatment conditions. 

Fig. 5.29 shows the zones in the specimens where cracks initiation took place to 

lead to the final fracture. Fig 5.29a shows the cross section area of the fracture surface in 

order to see the place where in treated specimens it was most common to start the crack to 

fracture. As it can be seen in the figure in all specimens with only one exception crack 

started at the comer. In the left hand side figure the zones where small cracks after 

fracture where found are marked with a grey circle. Actually in this material not many 

cracks were found close to the fractured zone, and just in three specimens a single small 

crack was found and seems its initiation was in the comer. 

Fig. 5.29b shows a diagram of the crack initiation in bare material. In the right 

hand side figure is shown the cross section area of the specimen that is seen because of 

the fracture surface, where it can be appreciated how the crack initiation was placed 

according to the specimen. It was observed that for bare material it is more likely to find a 

crack initiation on the face than on the edge or in the comer, as in treated material. All the 

specimens made of bare material analysed presented the crack initiation in that zone and 

not one showed small cracks close to the fracture zone. 
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Figure 5.29 The most common zones where crack initiated to finally fail in fatigue test and small cracks 

observed after fatigue failure near the fracture surface for a) treated material with different UIT conditions 

and b) Untreated material Al 7150-T651 alloy. 

ROUGHNESS FOR Al 2024-T3 

Roughness is important because it can affect fatigue life of the material and it 

varies depending on the condition of the treatment. This test was carried out on small 

square plates of around 6x6 cm, for as received and after UIT-1-36, UIT-2-36 and UIT- 

3-36 treatment conditions. 

Fig. 5.30 shows a graph where is represented different roughness surface of 

material before and after different UIT treatment. Six separated measurements were taken 

along the rolling direction, which is parallel to the treatment direction, and perpendicular 

to it, for every UIT condition. Along the 'Y' axis are placed the six results, grouped by 

treatments and direction for every plate and in "y" axis is placed the value of the 

roughness in pm, using Ra, the CLA (Center-Line Average) measure of roughness. 

As one can see in the graph bare material has quite similar roughness along and 

perpendicular to the rolling direction and take values within a large rank of values which 

are from 0.05 to 0.28 pm in all the 12 tests. It can be appreciated that roughness due to 

UIT-3-36 condition especially at longitudinal direction kept in a small rank compared to 

those of different conditions, meanwhile the rest of the treatments including bare material 

show large variability. 
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Fig. 5.31 gives the average values of roughness considering the total number of 
tests done for every condition in longitudinal and transversal directions as mentioned 
before. In this plot the different materials are compared, treated and untreated, and plotted 
on the 'Y' axis. The total average value of six roughness tests is placed in "y" axis, so that 
longitudinal as transversal roughness can be compared for every condition. 

As it can be seen in fig. 5.31 average roughness in both directions is nearly the 

same in bare material and is within the rank of 0.15 to 0.165 pm. The UIT- 1 -36 treatment 

condition increases the average roughness compared to bare material, having a bigger 

increment for transversal direction. UIT-2-36 condition does not have much effect in 

roughness in transverse direction compared to bare material but in longitudinal direction 

this condition improves the average roughness, diminishing it. 
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Figure 5.30 Groups of roughness measurements from small plates made of bare material and material after 

UIT-1-36, UIT-2-36 and UIT-3-36 conditions on Al 2024-T3. The direction of the readings of roughness 

are according to rolling direction which is parallel to the treatment direction and were taken along the 

rolling direction (L) and transversal to that (T). 
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Figure 5.31 Average roughness comparison among different UIT conditions and Al 2024-T3 bare material 

in longitudinal and transversal direction obtained from small plates of dimensions about 6x 6cm. 
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Figure 5.32 Roughness obtained from plates made of Al 2024-T3 designed to get information of crack 

growth ratio from places with and without treatment in both directions longitudinal and transversal. 
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Figure 5.33 Average roughness acquired from the total amount of readings done in specimens made of Al 

2024-T3 designed to get information of crack growth ratio in both directions longitudinal and transversal. 

The UIT-3-36 condition improves the roughness in longitudinal direction 

comparing it with bare material meanwhile in transversal direction the average roughness 
kept within the rank of average roughness obtained from bare material. This graph shows 

that UIT-3-36 condition improves the surface roughness of the material especially along 

the rolling direction (same as treatment direction) compared to other conditions but a big 

difference between roughness along and perpendicular to rolling direction exists after 

UTT-3-36 treatment. 

Fig. 5.32 shows the results of roughness obtained from plates designed to get 

information of crack growth ratio. There are 4 different tests where roughness is acquired 

for every specification. As the treatments to be studied are UIT-1-36 and UIT-2-36 

conditions for Al 2024-T3 just those specifications are mentioned as well as bare 

material. Readings were along and across the specimen. The results show that bare 

material has values of roughness across the specimen within a rank of 0.02 and 0.06 Pm 

and along the specimen this value increases and keep between the rank of 0.13 and 0.2 
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pm. Actually the rougher surface is left by UIT-1-36 treatment across the feed direction 

oscillating between the values of 0.29 up to 0.47 pm. 

In order to get clear information about roughness left by UIT treatment conditions 
in the specimen it was necessary to get another average, but from the four tests done for 

each condition and direction. Fig. 5.33 shows the values obtained from the average 
roughness obtained from all the amount of data acquired from specimens to be tested in 
fatigue crack growth. Results illustrate that bare material has less roughness surface 
across rolling direction than along it. The UIT-1-36 treatment condition increases 

roughness in both directions especially across the specimen. The UIT-2-36 treatment 

condition improves roughness along the rolling direction compared to bare material but 

increases it across the rolling direction. Comparing UIT-1-36 and UIT-2-36 conditions 
the best results in roughness can be obtained from UIT-2-36 conditions which improve 

roughness in one direction, as the amplitude of UIT oscillation is reduced from 18 to 15 

microns, but more significantly the feed rate is increased from 400 to 1000 mm/min. 

MICRO STRUCTURE 

Analysis of the material must be carried out in order to know the effects of the 

UIT treatment causes in the material. Micro structure has been analysed in different ways 

with the aid of different techniques. In order to get an image of the microstructures of the 

material before and after UIT treatment, the use of Scanning Electronic Microscope 

(SEM) was required, and together with other methods information will be collected. 

Images from fracture surfaces from specimens made of Al 2024-T3 

Analysis in the SEM was carried out in order to get more information about crack 

initiation, as well as the influence of UIT treatment on microstructure. Fig. 5.34 shows 

crack initiation of two different specimens loaded at different loads without UIT 

treatment condition. 
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a) 

b) 

c) 

Figure 5.34 a) Magnification of the crack initiation zone from specimen of Al 2024-T3 bare material 

subjected to a maximum load of 270 MPa. b) Higher magnification of the crack initiation zone of the same 

specimen showing some river marks. c) Magnification of the crack initiation zone from different specimen 

loaded with a maximum load of 300 MPa. 
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Fig. 5.34a shows the crack initiation of a specimen subjected to a maximum load 

of 270 MPa placed on the edge of the specimen (left side of the photo) and its propagation 

through the bulk, which is radially. It can be appreciated that crack initiation could be on 
the surface or in the bulk close to the surface. Fig. 5.34b shows a close up of the crack 

initiation place from the same specimen seen in fig. 5.34a where can be seen that crack 
initiation occurred from the surface propagating to the bulk given by some river marks 

observed in the picture. 

Fig. 5.34c shows the crack initiation zone from a different specimen subjected to a 

maximum load of 300 MPa of bare material. The same as the other specimen, the crack 

initiation was from the surface of the machined edge of the specimen propagating radially 

through the bulk; some river marks can be observed. 

Figure 5.35 Magnification of the fracture surface of a specimen treated at UIT-1-27 treatment condition on 

Al 2024-T3 of the crack initiation zone and fatigued under a maximum load of 270 MPa. 

110 



In order to see the effects of UIT treatments in the material an analysis in 

specimens already treated before fatigue, and then fractured was achieved. Fig. 5.35 

shows magnification of a surface fracture of the crack initiation site of a material treated 

at UIT- 1-27 condition loaded under a maximum load of 270 MPa. 

Here the crack nucleus is marked and its propagation through the bulk can be 

followed with the aid of the river marks. In this picture the presence of some voids is 

observed which can affect the fatigue life of the specimen by joining to the main crack 

and accelerating crack growth rate. 

Magnifications of fracture surfaces of specimens treated with UIT-1-36 condition 

are shown in fig. 5.36. It can be appreciated that cracks initiate in the harder zone (fig. 

5.36a) and propagate through the specimen. In fig. 5.36a the presence of a small second 

crack is appreciated which later would be joined to the main one which is located on the 

right side. The propagation of both cracks can be followed by the river marks appreciated 

in this figure. 

In order to get a better resolution of the fracture zone and the crack initiation point 

a higher magnification in another specimen is given. This specimen was under fatigue 

with a maximum load of 170 MPa and its crack initiation place is observed in fig. 5.36b. 

In this picture the presence of voids can be appreciated, where in this case it is seems as if 

the quantity of voids is high. 

Even near the surface some voids were found, as seen on the right side. Here one 

can see just one place where crack started and river marks of the pitted fracture path go 

from the bottom center to the left top comer through an area of dense voids, and from the 

bottom center to the right top comer. It is worth noting that the presence of voids causes a 

faster crack growth because those voids joining each other and/or the main crack, losing 

the capability to retard or stop crack growth. 
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a) 

b) 

Figure 5.36 Magnifications from specimens treated with UIT-1-36 condition on Al 2024-T3 material. a) 

From the crack initiation showing a second crack nucleus and their propagation direction from a specimen 

load at a maximum load of 260 MPa. b) Higher magnification from other specimen subjected to a 

maximurn load of 170 MPa and where it can be seen the presence of voids. 
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Cross sectional view of samples made of Al 2024-T3 

Alteration of copper as a secondary particle phase after the UIT process is 

investigated with the aid of EDS (Energy Dispersive Spectroscopy) and SEM. Fig. 5.37 

shows part of the surface of material already treated and the EDS spectrum from two 

different particles found in the bulk material apart from base material which is 

Aluminium. EDS spectrum shows the presence of Oxide as black spots, these particles are 

rich in 0, Al, Mg, Si and small quantities of Mn, Fe and Cu. Actually this kind of particle 

is due to the Oxygen trapped during the rolling process. 

The EDS spectrum from white particles shows a rich composition of Al, Cu, Mg, 

Mn, S1 and Fe. Basically these particles are the secondary compound elements of the 

material and their distribution will change the mechanical properties of Aluminium alloy. 
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Figure 5.37 a) View of the surface of A] 2024-T3 material treated with UIT showing an oxide particle 

(black particle, rich 0, Al, Mg, Si) and secondary particles phases (white particles rich Al, Fe, Mn, Cu, Si), 

b) EDS spectrum from precipitation phase and c) EDS spectrum from oxide. 
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Fig. 5.38 shows cross section view magnifications from plates as received and 
after being treated with the UIT method. In the left hand side column can be seen 
different cross section pictures at the same magnification having a calibration bar with a 
value of 200 pm. A comparison among bare material and the rest of the treated materials 
just for the left column shows that materials are quite similar in the distribution of the 

secondary particles through the depth. There is a difference that can be appreciated in this 

column between bare material and UIT-2-36 condition, it is clear that the size of 
secondary particles in UIT-2-36 condition is bigger close to the surface that in the bulk; 

meanwhile in bare material secondary particles there is not a big difference between 

secondary particles close to the surface and in the bulk. 

The right hand side column of fig. 5.38 also shows figures from cross sections of 
the material with and without different UIT treatments. The magnification in these figures 

is higher than the left ones having a scale bar equal to 50 pm. A comparison among them 

says that in bare material secondary particle distributions are quite similar close to the 

surface and in the bulk, but compared to UIT-1-36 condition the distribution is not 

uniform. UIT-1-36 condition has less secondary particles close to the surface and the 

mean size of the particles is bigger than that close to the surface even in comparison with 
bare material these secondary particles are bigger too. For UIT-2-36 and UIT-3-36 

condition the only difference observed in comparison with bare material is the mean 

secondary particle size that is bigger than in bare material. 

Fig. 5.39 shows the results obtained from GDOES (Glow Discharge Optical 

Emission Spectrometer) analysis from bare material and three different UIT treatment 

parameters. These graphs represent the mass quantity of every element presented from the 

surface towards the depth. It is observed in general that the quantity of every element is 

the same in bare material as in material treated with different UIT conditions after a depth 

of around 2 pm having the expected average quantity of every element. Al 90-95%, Cu 

4%, Mg 1 %, Fe 0.7% - I% and the quantity for the rest of the elements is less than 0.5%. 
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a) 
Bare material 

b) 
UIT-1-36 

c) 
UIT-2-36 

d) 
UIT-3-36 

Figure 5.38 Magnification of cross section view from specimens as received and after a specific UIT 

treatment parameters on Al 2024-T3 where can be appreciated the distribution of secondary particle of Al 

alloy. Right side figures have a bar calibration equal to 200 pm, meanwhile left side figures have a bar 

calibration equal to 50 pm. 
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Figure 5.39 GDOES results from Al 2024-T3 bare material and UIT- I 
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Figure 5.39 Cont. GDOES results from Al 2024-T3 bare material and after different UIT conditions 

treatment though the depth. 

The amount of mass material for every element varied after every UIT condition 

throughout the first 2 pm. In Bare material can be seen that after Al (around 80%) there 

was a higher quantity of Mg material (around 19%) followed by Fe and Cu (around 2% 

each one) and the rest of the elements in minimal proportions. 
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On the other hand UIT- 1 -36 condition increased the amount of Mg on the surface 
from around 19% to around 24% and reduced the Cu amount from around 2% to around 
0.8%, the amount of Al kept constant but Fe element quantity was reduced to less than 
0.5%. 

UIT-2-36 condition the amount of Fe material on the surface increased a lot to 

around 18%, decreasing in the first pm to around 1%. The amount of Mg on the surface 

was quite similar to that of Fe being around 17 % followed by Cu with around I% and 

the rest of the elements less than 0.5 %, Al percentage was around 80 %. 

For the UIT-3-36 condition, as well as UIT-2-36, the amount of Fe material on the 

surface increased in the same proportion followed by Mg material quantity of around 16 

%, then by the rest of the elements less than 0.5 %, Cu material in this case was as much 

as in bare material, and Al is around 80%. 

Grain size Al 7150-T651 

The revelation of grains in etched cross-section for Al 7150-T651 alloy material 

can be seen in fig. 5.40 where elongated and thin grains can be observed in bare material 

due to the cold-rolling preprocess the material had. Here can be seen as well the grain size 

for every UIT condition, there are two columns, on the left one the grain size can be 

observed for every material at 500x magnification and on the right hand side column the 

magnification is higher at 1000x. 

As one can see, the columns are divided by different kind of materials. In the first 

row are the pictures of bare material followed by the microstructure for each condition 

given to the Al 7150-T651 alloy. The next row is occupied by photos from microstructure 

of material treated under UIT-1-36 conditions, here can be seen the reduction of the grain 

size on the surface at a shallow depth and some original grain boundaries still preserved 

as well as the grain refinement, not uniform through the depth. 

Figures from the UIT-2-36 condition show that just at the surface small grain size 

is achieved by this condition and grains just bit smaller than those from bare are observed 

in the bulk. Microstructure due to UIT-3-36 treatment does not develop a refined grain 
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size, as can be seen in fig. 5.40d. The grain size obtained due to this condition is as if the 

pancake shape obtained originally is lost and divided longitudinally. 
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Figure 5.40 Micro grain size of bare material and after different UIT treatments conditions at 50OX (Left) 

and I OOOX (Right) magnifications for aluminium 7150-T651 alloy. 

UIT-4-36 condition creates small grains but not uniformly, the grains obtained are 

small and medium grain sizes shown in fig. 5.40e. Close to the surface small and medium 

grains are found and the presence of pits can be seen on the surface. UIT-5-36 condition 

does not affect much the microstucture. Some small grains are obtained between bigger 
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grains but in small proportions. UIT-6-36 condition as well as UIT-5-36 creates small 
grain refinement on the surface and between grains, as well as some pits on the surface. 

CRACK GROWTH RATE - Al 2024-T3 

Crack growth rate was necessary in order to know the magnitude of the influence 

of UIT treatment in Al 2024-T3 alloy and the relative roles of initiation and propagation 

on fatigue endurance. There were different techniques used in this work to try to get 
information about it. 

Replication technique 

In order to get information about crack growth rate effects due to UIT treatments 

replicas were taken from specimens used in fatigue tension tests (dog bone shape). 
Specimens made of virgin material under 225 MPa and 243 MPa stress ranges, as well as 

specimens treated with UIT-1-27 condition within a length of 35 mm in the gauge zone at 

the same stress range were monitored using the replication technique. It was expected an 

alteration in fatigue life of the specimen due to the repetitive halting of the test and the 

use of acetone in the cracks, but comparing the results obtained here with those obtained 

for S-N curves, they fall close to the curve (Fig. 5.4). 

The replication technique was used for four sides of the specimen the edge being 

the most difficult to get replicas because of the curved shape, for the case of bare 

material. In treated specimens it was possible to take replicas just from the flat faces, and 

good replicas could not be obtained from the edges due to the severe deformation. 

Table 5.3 shows the data obtained from the replication technique taken from bare 

material for both amplitudes of load. Crack lengths observed on the four sides were 

registered in this table and the presence of a secondary crack was observed which later 

joins the main crack accelerating its propagation. A column of da/dN (m/cycle) is in this 

table and a different formula to the secant formula was used to calculate da/dN when two 

cracks join to form one, this formula is: 
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da/dN = (ai, l - (ai + aj))/(Ni, l - Ni) 

Where aj is the crack length of the small crack considered that joins up with the bigger 

one and ai is the crack length of the bigger crack [1761. 

Table 5.3 Data of crack length "a" and crack growth ratio "da/dN" from A12024-T3 bare material tested at 
two different stress ranges. 

Cycles Crack length 2 nd Crack 
2a pn length 2awn a (m) 

a (M) 
2 nd crack 

da/dN da/dN 
(m/cycle) (nL/cycle) 

Specimen at stress range of 225 MPa (Untreated) 

Side A (Front Face) 

280500 45.35 

306000 108.88 38.557 E-6 1.245 E-9 
331500 253.94 90.705 E-6 2.844 E-9 
357000 483.77 184.428 E-6 4.506 E-9 
382500 893.95 344.43 E-6 8.042 E-9 

Side B (Back Face) 

306000 1 39.62 

331500 93.39 33.252 E-6 1.054 E-9 
357000 295.73 97.28 E-6 3.967 E-9 

382500 519.37 203.775 E-6 4.385 E-9 

Specimen at stress range of 243 M Pa (Untreated) 

Side A (Front Face) 

208000 106.01 

216000 276.65 95.665 E-6 10.665 E-9 

224000 655.2 232.963 E-6 23.659 E-9 

Side B (Back Face) 

168000 14.31 

176000 141.41 38.93 E-6 7.943 E-9 

184000 193.59 83.75 E-6 3.261 E-9 

192000 224 104.398 E-6 1.9 E-9 

200000 1 268.32 231.15 123.08 E-6 2.77 E-9 

208000 301.69 270.27 142.503 E-6 125.355 E-6 2.085 E-9 2.445 E-9 

216000 415.2 454.96 179.223 E-6 181.3 E-6 7.094 E-9 11.54 E-9 

224000 1983.32 599.63 E-6 69.57 E-9 

Side C (Right Edge) 

208000 55.24 

216000 454.34 127.395 E-6 24.943 E-9 

224000 1656.77 527.778 E-6 75.151 E-9 

Side D (Left Edge) 

224000 1 850 425 E-6 

Data obtained in table 5.3 were plotted and compared as seen in fig. 5.41 where 

basically three flat faces were important, two from the specimen under 225 MPa stress 

range and one from specimen under 243 MPa stress range where a coalescence of two 
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cracks was observed. It is observed that crack propagation for specimen under 243 MPa 

stress range is faster than that under 225 MPa stress range. As it can be seen in table 5.3 
the quantity of cracks observed in specimen under 243 MPa stress range is bigger than 
that under 225 MPa stress range, finding on each side at least one crack. 

10-1 
.... Side A (225 MPa) 
.... Side B (225 MPa) 

--0- Main crack (243 MPa) 
Secondary crack (243 MPa) 

............ 

10-8 

Its . .......... ....... 
I Cýl .0 

10-1 11. AL 
II... 

iIII.. 

i 
10-1 104 10ý3 

a (m) 

Figure 5.41 Plot of crack growth data obtained from dog bone shape specimens made of Al 2024-T3 virgin 

material using the replication technique under 225 MPa and 243 MPa stress ranges. Picture on the right 

shows the secondary crack (top) and the main crack (bottom). 

Table 5.4 Data of crack length "a" and "da/dN" from Al 2024-T3 material treated under UIT-1-27 

condition at two different stress ranges. 

Cycles 
I Crack length 

2a (gm) 

I Crack length 
a (m) a (M) da/dN 

(nVcycle) 
Specimen at stress range of 225 MPa (UIT-1-27 35 mm) 
Side A (From face) 
72900 147.109 7.355413-05 
75600 1071.668 53.5813-05 30.4713-05 1.7121E-07 
81000 2104.253 105.21E-05 79.39E-05 9.56E-08 
Specimen at stress range of 243 MPa (UIT-1-27 35 mm) 
Side A (Front face) 
86048 476.829 23.84E-05 
88300 484.7 24.2313-05 24.03E-05 1.747E-09 
90350 515.58 25.77E-05 25.007E-05 7.5317E-09 
92400 

_ _564.02 
28.201E-05 26.9913-05 11.814E-09 

94500 579.98 28.99E-05 28.613-05 3.813-09 
98780 630.924 31.54E-05 30.2713-05 5.9514E-09 
102200 1385.22 69.26E-05 50AE-05 110.277E-09 
105200 1399.53 69.97E-05 69.6 1 E-05 2.38513-09 
109200 1435.48 71.7713-05 70.87E-05 4.493E-09 

, 06.71 80.33E-05_ 76.05E-05 17.8313-09 
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Table 5.4 shows the data obtained from specimens treated under UIT- 1-27 

condition at two different stress ranges which are the same as those used for bare 

material, and a difference from specimens made of bare material that it was not possible 
to get information from the edges. Using data from table 5.4 a graph of "a" Vs da/dN was 
obtained and is showed in fig. 5.42. Here it is not possible to see a pattern that the crack 
follows in the specimen under stress range of 225 MPa because of the small number of 
scattered points. Points obtained from specimen under stress range of 243 MPa were more 
numerous. The graph obtained from replicas of the specimen treated at UIT-1-27 

condition along 35 mm and loaded at stress maximum of 270 MPa looks like acceleration 

and after that deceleration, twice before the final crack. 

This behaviour is observed in the specimen made of bare material and under the 

same stress range but it happened only one time meanwhile in treated specimens it 

happens twice and it seems as if crack growth rate decrease is always at around 2XIO-9 

m/cycle to increase again drastically. 

Fig. 5.43 shows the mix of the data plotted for bare material and for material 

treated under UIT-1-27 condition comparing the behaviour of two stress ranges used. 
Open symbols represents data obtained from specimens subjected to a stress range of 225 

MPa and closed symbols represent the data obtained from specimens loaded under stress 

range of 243 MPa. In this plot it is observed that only in specimens made of bare material 

were smaller cracks found compared to those from treated specimens. 

Specimens loaded under the same stress range of 225 MPa bare and treated are 

compared in this plot, and it is observed that in untreated specimens a steady increment in 

crack growth rate in two cracks, one each side, is achieved with longer crack increments. 

In treated specimens a dramatic decrement from a very high crack growth rate is obtained 

but for shorter crack increments. 

Specimens loaded with higher stress range show that for untreated material a 

decrement and an increment before failure are observed with shorter crack increments, 

meanwhile in treated specimens an increment, decrement, massive increment, massive 

decrement and increment before failed are achieved in longer crack increments. 
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Figure 5.42 Crack growth ratio graph from data obtained from dog bone specimens made of Al 2024-T3 

alloy treated in four sides at UIT-1-27 condition along 35 mm in the gauge zone. 
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Figure 5.43 Comparison among the data obtained in specimens made of Al 2024-T3 without treatment and 

treated at UIT-1-27 condition along 35 mm. in the gauge zone and under the same stress range. 
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Optical technique 

This technique was carried out with the aid of a high resolution camera and a high 

magnification lens. Images were stored on a computer and with the aid of a programme 

especially to measure lengths the cracks were monitored through the test. Fig. 5.44 shows 
the last crack length of a specimen designed to get information of crack growth rate 
before it fractured. 

Here the notch shape (centre) can be seen and the pattern the crack followed as 

well as the way the crack was monitored. Highlighted are the start and the end of the 

treated zone for each side of the notch tip, and it can be observed the right side treated 

zone is closer to the notch than the left one. The specimens with treatment were designed 

in that way so each crack tip was named with the suffix "10 mm" or "15 mm" meaning 

the distance the treated zone is placed from the centre of the plate. Because of that in fig. 

5.44 the left crack will have as a suffix 15 mm and the right one 10 mm. 

I 
UIT Zone 

I I 
UIT Zone 

I 

treated zone in every side of the notch tip. Last photo obtained before the specimen fractured. 

Crack propagation was unsymmetrical between left and right crack tips, and 

because of that Laurent's expansions of complex stress potentials method to analyse an 

eccentric crack was chosen [1771. These are described in Appendix A9. Fig. 5.45 shows a 

da/dN Vs AK graph of the data obtained from a specimen without any UIT treatment 

using 5 points incremental polynomial method as mentioned in chapter IV. The closed 

symbols linked with a solid black line represent the data obtained from the equation for 

AK not considering eccentricity, meanwhile the open symbols linked with dotted lines 

represent data obtained using the equation considering eccentricity between two crack 

tips, left and right. 
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Figure 5.45 Crack growth ratio plot from M(T) specimen Al 2024-T3 bare material using 5 points method 

together with and without eccentricity considerations. 

It is seen that the data are quite similar and they do not differ much in most of the 

process, but in the last readings (higher AK's) they do. The data plotted were obtained 

using Laurent's expansions of complex stress potentials method together with a 

incremental polynomial 5 points method, for each crack tip independently. 

Fig. 5.46 shows data comparison between a specimen made fully of virgin 

material and a specimen in the same conditions but with two strips of UIT-1-36 treatment 

placed one on each notch tip side at different distances from the plate centre. Closed 

symbols linked with the wider solid black lines are from specimens without any 

treatment, the rest represent the crack growth rate pattern obtained from material with 

treatment. It is observed that at lower stress intensity values a constant slope is followed 

by both specimens with their respective crack tips growth. This slope is altered before 20 
1/2 

MPa m AK value in specimens with treated zones suggesting that retardation in crack 

growth exists. 
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Figure 5.46 Data from Al 2024-T3 bare material and bare material with two strips of UIT-1-36 condition 
treatment placed one in every side of the tips are compared considering eccentricity. 

10-1 

10-2 

i 10-3 

104 

Bare material Left 
Bare material Right 

v With UIT-1-36 (10 mm) 
--o- With UIT- 1 -36 (15 mm) / 

-4- 

10-1 
100 101 102 

, dK (mPa M112) 

Figure 5.47 Comparison data from specimen of Al 2024-T3 bare material and from a second specimen with 

two strip of UIT-1-36 condition treatment. 
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Retardation of the crack tip with a strip at 10 mm is smaller but it can be observed 

clearly, meanwhile the crack tip with strip at 15 mm suffered retardation after 20 MPa 
1/2 

m, probably when crack tip entered to the treated zone, a big difference in crack growth 

retardation is observed in the last value of crack tip with a strip at 15 mm. from the centre 

Fig. 5.47 shows the same pair of curves from the bare material specimen and a 
different couple of curves taken from a second specimen with the same configuration of 

strip positions and with the same UIT treatment condition and load. Those curves are 

referenced in a key in the top left region of the graph, and can be used to assess the 

expected curves from full treated material, where crack retardation will occur for all AK 

values. 

Here almost the same pattern as the last specimen can be seen under the same 

conditions of treatment and loads. An alteration in the pattern of the slope happens around 

the same AK value as in the first specimen (probably at the beginning of the treatment 

zone at 10 mm), then a second crack growth retardation is followed after 20 MPa m 1/2 
, not 

as clearly marked as in the above but it is of considerable magnitude at the last point 

obtained. 

Fig. 5.48 shows data results from M(T) specimen with two strips of UIT-2-36 

condition treatment with the same configuration as the previous ones. In this figure is 

included data from a completely bare specimen in order to see the effect of the crack 

growth rate due to the two strips of UIT-2-36 condition treatment placed at two different 

distances from the centre in every side of the crack tip. 

Here as in previous specimens with UIT-1-36 condition treatment; a similar slope 

is followed by the data obtained in bare material zone from the specimen with UIT-2-36 

condition, joining to the data from the full bare material specimen. A small effect, almost 

negligible of fatigue crack growth is observed around AK value of 20 MPa m1/2 , taking as 

a reference those values of fully bare material specimen. A bigger effect was found for 

the tip which has the strip of treatment at 15 mm from the centre. 

Fig. 5.49 shows data obtained from a second specimen with strips of UIT-2-36 

condition treatment and is compared to that obtained from a fully bare material specimen. 
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Figure 5.48 Curves obtained from the first Al 2024-T3 M(T) specimens with two strips of UIT-2-36 

condition treatment comparing with curves already obtained from full bare material. 
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Figure 5.49 Curves from a second Al 2024-T3 M(T) specimen with two strips of UIT-2-36 condition 

treatment comparing with full bare material results. 
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Closed symbols linked with wider black solid lines represent the data obtained 
from bare material, open symbols linked with thinner black solid lines represent 
specimens with UIT-2-36 condition treatment. 

It is observed that the influence of crack growth rate due to UIT treatment starts 
before 20 MPa MI/2 of AK experiencing crack growth retardation in both crack tips 

comparing to that obtained from bare material. Crack growth retardation is more marked 
in both crack tips in this graph, specially the first one. 

A second slight crack growth retardation is experienced after 20 MPa m1/2 by the 

crack tip with a strip of treatment at 15 mm from the centre, probably when the crack tip 

enters into the treated zone. 

As in previous figures it was not easy to differentiate data obtained from the bare 

zone and data obtained from the treated zone in specimens with strips of UIT treatment at 
different distances from plate centre. In the next figures a line is added to point out where 

each treated zones starts and where it ends. 

Fig. 5.50 shows data from both sides of the crack in specimens without treatment 

represented by closed symbols linked with wider solid black lines. In this figure data are 

plotted as well from specimens with strips of UIT- 1-36 and UIT-2-36 condition treatment. 

For specimens with UIT treatment data are only from one crack tip with a strip at 10 mm 
from the plate centre. Two vertical wider dark grey lines settle in the plot represent the 

limits of the strips. Because of the zone delimited it can be inferred what data belongs to 

the treated zone and what data belongs to the bare zone. 

In this figure is possible to observe that before the treated zone all data fall within 

the same pattern, and follow the path obtained from bare material, but it is clearly seen 

that an alteration is achieved where the grey line marks the initiation of treatment getting 

a different pattern for data from treated material. It is not possible to see the effect of the 

transition from treated material to bare material again, expecting a small acceleration in 

crack growth, because the total fracture occurred before the crack tip left the treated zone 

at 25 mm from the centre of the plate. 
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Figure 5.50 Plotted data from Al 2024-T3 bare material (both sides) and data from specimens wIth strips of 
UIT-1-36 and UIT-2-36 condition treatment at 10 mm, from the centre pointed out treated zone in the graph. 
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Figure 5.51 Plotted data from Al 2024-T3 bare material (both sides) and data from specimens with strips of 

UIT- 1-36 and UIT-2-36 condition treatment at 15 mm from the centre pointed out treated zone in the graph. 
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Fig. 5.51 shows only the data obtained from the crack tip with the strip at 15 mm 
from the centre of UIT-1-36 and UIT-2-36 treatments conditions of all the plates with 
treatment, compared to data from both crack tips from specimens without treatment. In 

this graph is delimited the zone where the treated zone were placed by a wider solid grey 
line pointed out the distance of 15 mm from the centre of the plate. 

In this plot can be observed that before reaching treated zone for that particular 

side of the plate, a small deviation of crack growth rate happened. For UIT-1-36 condition 
it can be seen that for the first plate a small retardation before the treatment took place 

and then abrupt crack growth retardation happened at the point where treated zone starts 

meanwhile for the second plate a gentler retardation was accomplished a little bit before 

the treated zone. Both tests gave a greater retardation effect compared to that of UIT-2-36 

condition. The same behaviour is observed in the UIT-2-36 line pattern where a gradual 

retardation compared to a sudden retardation obtained in the second plate happened a 

little bit before reaching the treated zone. 

Marking of the crack front shape was achieved in order to get more information 

about the crack growth through the thickness before and after entering the treated 

material. The procedure for marking was making some decades of cycles with a different 

load ratio "R". As normal the R value is 0.1, and the R value to mark crack front shape 

was changed to 0.5, keeping constant maximum load. 

Crack front marking was not successful for all the places it was intended. 

However one clear mark was stored in one of the samples when the crack front was in the 

treated zone. Fig. 5.52 shows the crack shape front when R ratio changes from 0.1 to 0.5 

and then to 0.1 again were done. The mark can be appreciated as a black line with flat 

shape close to the surface in both sides and then a curved shape in the matrix inferring 

that retardation happened close to the surface and a possible acceleration in the matrix 

material, giving enhanced crack tunnelling. 

The results in fig. 5.45 to 5.51 were all collected by the optical technique with a 

high resolution camera. Crack length in these test were monitored by electric potential 

drop simultaneously. The potential drop readings were in agreement with the results 

presented in these figures. 
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Figure 5.52 Crack front shape marked in the side of the treated zone under UIT-2-36 condition on Al 2024- 

T3. Flat lines close to the surfaces showing retardation compared to that in the matrix with a curved shape. 
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CHAPTER VI 

DISCUSSION 

Discussions of experimental results are presented in this chapter in order to clarify 

the effects of different UIT conditions on aluminium alloys. 

As seen in early chapters there were two different aluminium alloys which have 

been worked with. Because of the facilities more experiments were done in Al 2024-T3 

than in Al 7150-T651. Distinct advantages of UIT treatment have been highlighted from 

various materials, previously affected by welding which left tensile residual stresses, 

thereby reducing fatigue life and other mechanical properties. The main effect on these 

materials was the increase in fatigue life which is reduced considerably by the weld. 

Al 2024-T3 

First batch of UIT at 36 KHz and 27 KHz 

As a general observation, fatigue life data can give the first indication of the 

effects this treatment produces in Al alloys. Different UIT conditions were tested on all 

surfaces of Al 2024-T3 samples. Comparison among specimens treated on four sides of 

the gauge section and bare material shows a great fatigue life reduction, as the effect UIT 

treatment causes in the first batch of UIT-1-36 and UIT-1-27 is almost the same loss of 

fatigue strength in HCF as in LCF, considering [131 and [141 definitions. 
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Because of the data obtained in fatigue tests, a residual stress analysis on the 

surface and through the depth was done and according to the results tensile residual 

stresses would be expected in the middle of samples, and compressive on the surface. 

UIT at 27 KHz has the pin diameter bigger (0 6.35 mm) than that carried out for 

UIT at 36 KHZ (0 5 mm. ), as well as the pressure force (7 kg for UIT at 27 kHz and 3 kg 

for the UIT at 36 kHz). Parameters varied, mainly in both materials, throughout this 

research were feed rate, amplitude under load and impact frequency. Two parameters 

were different between these two conditions, amplitude under load (22 microns for 27 

kHz and 18 microns for 36 kHz) and impact frequency (236 kHz for 27 kHz and 260 kHz 

for 36 kHz), in both conditions the feed rate was of 400 mm/min. The amount of impacts 

on the surface treated was higher for the condition at 36 kHz than at 27 kHz. 

As it is known, fatigue life will depend on the competition between beneficial 

effects and detrimental effects produced by the UIT process. 

The research done in this work shows that UIT creates different reactions with 

different intensities on aluminium alloys in its mechanical properties. Results in Al 2024- 

T3, shows a variation in precipitation population and size close to the surface after using 

UIT treatment over the surface of this material. With the aid of GDOES, the percentage of 

mass for every alloying element was observed that varied throughout the first 2pm depth. 

Change in grain size in Al 7150-T651 was observed using different UIT 

conditions, from no much grain size change to significant grain refinement. Its biggest 

effect was observed for UIT- 1-36 condition where grain refinement was developed on the 

surface. So the increment in yield strength was expected because of the Hall Petch 

relation [107,108]. Nanocrystallization improves fatigue life of different materials, such as 

Al alloys. Nanocrystallization results from plastic deformation due to methods like, 

ultrasonic shot peening, laser peening, and shot peening, with different penetration 

through the depth depending in strain distribution [74,77-80,88,891. 

Beneficial effects observed by UIT treatment were high compressive residual 

stresses below the surface. The highest compressive residual stress observed (310 MPa) 
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was obtained for the UIT-1-36 condition, but for the UIT-1-27 condition the average was 
between 160 and 220 MPa in Al 2024-T3. In aluminium 7150-T651 the highest 

compressive residual stress in the surface was registered for the UIT-3-36 condition, but 

the less depth penetration. Residual stresses are important because they can fracture the 

material, if they are tensile on the surface [521, or can increment their fatigue life, if they 

are compressive [531. Compressive residual stresses originated by UIT are due to the 

plastic deformation due to the impact of the indenters together with ultrasonic pulses, 

which introduce a layer with permanent stretch in the surface. The material in the bulk 

tries to recover its initial state, forcing the layer at the surface to compress. The increment 

of compressive residual stresses agrees with results on welding joints of aluminium alloys 

[loi, where tensile residual stresses were removed with this treatment. 

Grain refinement improves micro-hardness as seen in [118-121]. SOmicro-hardness 

is affected by the UIT treatment, as can be deducted from the change of size in crystals 

after UIT treatment. Measurements of micro-hardness after UIT-1-36, UIT-2-36, and 

UIT-3-36 conditions in Al 2024-T3 and Al 7150-T651, showed that UIT treatment affects 

in different ways each material. The highest micro-hardness obtained in Al 2024-T3 was 

due to UIT-1-36 condition, meanwhile for Al 7150-T651 was due to UIT-2-36 condition. 

Basically, an increment of micro-hardness in Al 7150-T651 was observed with the three 

conditions considered; meanwhile in Al 2024-T3 only one condition could increase the 

micro-hardness. Much more increment of micro-hardness was obtained in Al 7150-T65 1. 

Results for Al 2024-T3 show that roughness can be decreased or increased by 

different UIT treatments depending of the amount of impacts and how severe these are. 

Observations in Al 2024-T3 between UIT-1-36 and UIT-3-36 conditions showed that if 

the number of impacts and amplitude under load increase, roughness will increase too 

(UIT-1-36); on the other hand, if the number of impacts and amplitude under load 

decrease, roughness will decrease (UIT-3-36). 

The presence of porosity in material treated was observed, although no evidence 

of implication in the increment of crack growth rate was observed. Even so, this is 

considered as an intrinsic mechanism which acts ahead of the crack tip when porosity 

coalescences with the crack, increasing the crack length [21,34,351. 
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Even though UIT treatments can potentially cause great beneficial effects to the 
fatigue life, results from this study showed a reduction of the fatigue life due to 
detrimental effects, which were stronger than beneficial effects. Fatigue life of both 

materials, Al 2024-T3 and Al 7150-T651 were affected by UIT treatments. 

Nevertheless, an improvement in crack growth rate was observed in Al 2420-T3 

for UIT-1-36 and UIT-2-36 conditions, retarding the crack growth rate of the material 

when approaching a treated zone, where compressive residual stress exist, having the 

same effect as in shot peening (741. Once the crack is totally into the treated zone, 

accelerates to reach the growth rate as in untreated material. 

It was observed that variation of amplitude under load produced changes in 

mechanical properties of both Al alloys, affecting their fatigue life in different ways. A 

comparison between the effects produced by UIT-2-36 and UIT-3-36 conditions in Al 

2024-T3 where amplitude under load was the only parameter varied, showed that 

increasing amplitude under load reduce its fatigue endurance. It was observed within this 

comparison that residual stress and precipitation close to the surface varied proportional 

to amplitude under load. 

In Al 7150-T651 alloy, amplitude under load affected the penetration of residual 

stress, considering XRD results. It means that the less amplitude under load the less 

penetration compressive residual stress. Micro-hardness and grain size were affected 

proportionally to amplitude under load. 

Considering feed rate and impact frequency as a single parameter, which gives the 

amount of treatment per area, its effects can be seen comparing UIT-1-36 and UIT-2-36 

conditions. It was observed that compressive residual stress and micro-hardness increase 

with the increasing of the amount of treatment in Al 2024-T3, but a reduction of 

precipitation close to the surface as well as increase in roughness was achieved. 

On the other hand, in Al 7150-T651 comparison between UIT- 1 -36 and UIT-2-36, 

the increment of amount of treatment per area reduced compressive residual stress on the 

surface. Micro-hardness does not seem to have much effect due to the increment of 
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amount of treatment per area. Grain refinement is also affected by this parameter, 

showing an increase of the grain refinement proportional to the amount of treatment. 

Effects observed exclusively for Al 7150-T651 were achieved comparing UIT-1- 

36 with UIT-4-36 conditions where the impacts were the most severe of all the UIT 

conditions. Considering feed rate and impact frequency as a single parameter, it was 

observed that micro-hardness, compressive residual stress (considering XRD) and grain 

refinement increase by reducing feed rate and impact frequency. Fatigue life was also 

reduced. 

A fourth parameter varied for UIT conditions used exclusively in Al 7150-T651 

was pressure force by increment of I kg. The effects of this were observed comparing 
UIT-5-36 and UIT-6-36 conditions. Increasing the pressure force, caused some grain 

refinement, a reduction in the amount of compressive residual stress and micro-hardness. 

Fatigue life did not vary much. 

UIT did not increase fatigue strength in Aluminium alloys unlike in previous 

research done in aluminium alloys where an increment of 80% was obtained after treating 

weldedjoints [140-1421, but crack growth retardation was observed as in previous work[1431. 
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CHAPTER VII 

CONCLUSION AND FURTHER WORK 

Results obtained in this work are valid just for R=0.1 under ambient conditions. 
Two UIT frequencies were used 27 KHz and 36 KHz being the last one used meanly in 

both materials Al 2024-T3 and 7150-T651, for this work. The implementation of UIT in 

aluminiurn alloys, generally used in aerospace industry, without prior welding was 
investigated in order to get a new possible treatment to extend the fatigue life. Data 

collected throughout this research gave the next conclusions. 

Fatigue crack retardation in plates of Al 2024-T3 was noticed in mode I when 

passes from virgin material to treated material in M(T) specimens. Crack 

retardation was greater on the surface than in the bulk as observed over the 

fracture surface after fail marks were done with increments of load ratio during 

few thousands cycles keeping maximum load constant then returning to R=0.1. 

Fatigue life in dog bone specimens was affected due to the UIT process 

accelerating crack initiation. The process creates subsurface voids which can 

coalescence and accelerates crack growth. UIT process can be severe increasing 

surface roughness that together with surface defects, as pits, accelerates crack 

initiation. 
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e Increment of micro-hardness, variation of amount and size of precipitation 
hardening dispersion and in change in grain size was observed close to the 

surface of the two different aluminium alloys after the UIT treatment. 

9 Variations in parameters in UIT process can bring variations in the magnitude of 
materials properties. The highest effect in both materials was done by UIT-1-36 

condition which the time of treatment per area was the highest. 

* Different magnitudes of compressive residual stress were achieved by different 

UIT treatment conditions. 

* Improvement over the bare material was observed in dog bone specimens after 

milled them 50 pm, removing superficial defects and voids as well as, micro- 
hardness and residual stresses. Surface milled is limited by the depth of 

compressive residual stresses and micro-hardness. 

FURTHER WORK 

The work done in this thesis showed that material can get improvement in fatigue crack 

growth rather than in fatigue crack initiation where no improvement at all was obtained. 
Further work is suggested in order to get just improvement effects. 

o Selection of the best combination of amplitude under load, impact frequency, feed 

rate and press force in order to get the best fatigue crack growth retardation in 

2024-T3 aluminium alloy. 
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* Research on 7150-T651 Aluminium alloy using the same UIT conditions as in 

2024-T3 Aluminium alloy would need to be done, compare results between them 

and look for the best combination of parameters in UIT effective for this 

aluminium alloy. 

* Research on constant amplitude should be concluded and then start with variable 

amplitude which can give information closer to the reality. 
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APPENDIX 

Al : Table and graphs for different rosettes used in hole-drilling method [1631. 

Table Al: Numerical values of coefficients 5 and b 

Rosette A b 
Blind Hole Hole diameter, DO/D Hole Diameter, DO/D 
Depth/D 0.3 0.035 0.40 0.45 0.50 0.30 0.35 0.40 0.45 0.50 

0.00 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
0.05 . 027 . 037 . 049 . 063 . 080 . 051 . 069 . 090 . 113 . 140 
0.10 . 059 . 081 . 108 . 138 . 176 . 118 . 159 . 206 . 255 . 317 
0.15 . 085 . 115 . 151 . 192 . 238 . 180 . 239 . 305 . 375 . 453 
0.20 . 101 . 137 . 177 . 223 . 273 . 227 . 299 . 377 . 459 . 545 
0.25 . 110 . 147 . 190 . 238 . 288 . 259 . 339 . 425 . 513 . 603 
0.30 . 113 . 151 . 195 . 243 . 293 . 279 . 364 . 454 . 546 . 638 
0.35 . 113 . 151 . 195 . 242 . 292 . 292 . 379 . 472 . 566 . 657 
0.40 . 111 . 149 . 192 . 239 . 289 . 297 . 387 . 482 . 576 . 668 

Through Hole . 090 . 122 . 160 . 203 . 249 . 288 . 377 . 470 . 562 . 615 

Rosette B b 
Blind Hole Hole Diameter, Do/D Hole diameter, DO/D 
Depth/D 0.30 0.35 0.40 0.45 0.50 0.30 0.35 0.40 0.45 0.50 

0.00 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
0.05 . 029 . 039 . 053 . 068 . 086 . 058 . 078 . 102 . 127 . 157 
0.10 . 063 . 087 . 116 . 148 . 189 . 134 . 179 . 231 . 286 . 355 
0.15 . 090 . 123 . 162 . 205 . 254 . 203 . 269 . 343 . 419 . 504 
0.20 . 107 . 145 . 189 . 236 . 289 . 256 . 336 . 423 . 511 . 605 
0.25 . 116 . 156 . 202 . 251 . 305 . 292 . 381 . 476 . 571 . 668 
0.30 . 120 . 160 . 206 . 256 . 309 . 315 . 410 . 509 . 609 . 707 
0.35 . 120 . 160 . 206 . 256 . 308 . 330 . 427 . 529 . 631 . 730 
0.40 . 118 . 158 . 203 . 253 . 305 . 337 . 437 . 541 . 644 . 743 

Through Hole . 096 . 131 . 171 . 216 . 265 . 329 . 428 . 531 . 630 . 725 

Rosette b 

Blind Hole Hole diameter, DO/D Hole diameter, DO/D 
_ Depth/D 0.40 0.45 0.50 0.55 0.60 0.40 0.45 0.50 0.55 0.60 

0.00 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 . 000 
0.05 . 065 . 084 . 106 . 130 . 157 . 105 . 132 . 158 . 185 . 217 
0.10 . 147 . 191 . 238 . 293 . 361 . 250 . 314 . 373 . 440 . 519 
0.15 . 218 . 281 . 347 . 420 . 506 . 391 . 484 . 570 . 658 . 754 
0.20 . 270 . 343 . 421 . 504 . 595 . 506 . 617 . 719 . 816 . 912 
0.25 . 302 . 381 . 465 . 554 . 648 . 591 . 712 . 823 . 923 1.015 
0.30 . 321 . 403 . 491 . 583 . 679 . 650 . 778 . 893 . 994 1.081 
0.35 . 331 . 415 . 505 . 599 . 698 . 690 . 822 . 939 1.041 1.125 
040 . 336 . 421 . 512 . 608 . 709 . 719 . 851 . 970 1.073 4 LI 

ThroughHole . 310 . 399 . 494 . 597 
. 707 

+ 
623 . 723 . 799 . 847 

L ] 
ig ig . 959 
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Figure Al: Plots of percent of strain Vs Hole Depth /D for three different rosettes for case of DO/D. 
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A 2: Strain gauge installation 

Materials used 

Silicon carbide paper 

Conditioner M-PREP 

e Cotton bud 

* Neutralizer M-PREP 

o Tweezers 

Cellophane tape 

M-Bond 200 Catalyst 

o M-bond 200 Adhesive 
* M-flux 

o Wires 

9 Solder equipment 
9 Cement 

9 Cement liquid 

Gauge application technique 

1. Abrade the surface if it is too smooth with the silicon carbide paper in order to 

facilitate adhesion of the gauge to the surface. 
2. Throw two or three drops of conditioner M-PREP over the surface then wipe it 

with gauze. 

3. With the aid of a cotton bud apply neutralizer M-PREP throughout the surface to 

be used. Wipe the surface with new gauze in a specific direction without wiping 

back and forth because it introduces deposited contaminants. 

4. Picking up the strain gauge using tweezers, taking it from the transparent 

envelope, place it in the position required and then put cellophane tape on the 

gauge. 

5. Lift the tape with gauge at around 45' until the whole gauge releases from the 

surface, holding the loose end and sticking down the other side leaving the gauge 

exposed. 
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/7 

6. M-Bond 200 catalyst is applied on the surface exposed from gauge in small 

quantity leaving dry for a moment. 

11 

7. Add one or two drops of adhesive M-Bond 200 on the base where tape is stuck to 

the surface and then return the gauge in the original position slipping gauze over 

the tape in order to eliminate great amounts of M-Bond 200 between the gauge 

and the surface, the thinner the layer of adhesive the more optimum performance 
is. 

8. Apply pressure with the aid of the fingers for about 5 mins. Remove the tape with 

an angle of around 150' or 160'. 

N 
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9. Protect part of the gauge with masking tape leaving solder terminals free. 

10. Use 3-conductor flat cable with colours black, white and red. Strip the wire tips 

about 2 mm length and twist black and white wires together. 

11. Apply M-Flux on the gauges terminals and weld the wires on every terminal. 

Solder Tabs 

12. Wires are connected to the Vishay measuring unit in the next order: 

p............. Red 

............. 
White 

s .............. Black 
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A 3: Procedure of the MMH method. 

A method developed in collaboration with Professor Brown was used in order to 

get results of residual stress showing the balance of stress into the material depth. For the 

case of a residual stress field including a stress gradient, this method was developed 

considering that the deformation on the surface due to drilling a small distance "t" at a 
depth 'Y' in a thick plate should be equal to that in a hypothetical plate of uniform 

residual stresses equal to (Tj as seen in fig. A. 3.1, drilling through the same distance "t". 

E i-i 

z 

Hole drilled to depth Z i-I 

zi-I 

Ei 

AE =Fi - sj- I 

Strain change due to relief of (5i 
over Z, 

-, to Z,. 

Figure AM Comparison of residual stresses relieved due to a small drilled distance "t" between two thick 

plates being one of them an hypothetical plate of uniform residual stress. 

From equation I in chapter 4 to get Gma, and (7, nin previously mentioned, the two 

main terms can be written as: 

E3 + ei 
- 

cm 
m= 

--ý -G 
A3-1 

4A A 

N+ 
(E3 

+ EI - 'ý2 A3-2 
4B B 

Where G and H are constants. 
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Consider a uniform residual stress field where: 

EmG H 
.=, 

En 
ou A3-3 AB 

dM AG 
- de. -e'G dA = 

1 
de. -1 A- A3-4 m emG AA2 cm A 

dN HH- n dB dB A3-5 den 
-L 21 

den 
1 

N enH BB en B 

Grouping the terms into the brackets we have: 

(c 
.. 
G de. 

_ 
A- 

+ 
C� H de, 

_ 
dä du. = A3-6 

A cm A en B 

dem dA 
_den 

dB If we assume that A3-7 
EM A 'en B 

Putting A3-3, A3-4, A3-5 and A3-7 into A3-6 

dM 
+ 

dN) I 
A3-8 

MN2 

From fig. A3.1, for the real case of a stress gradient, the stress increment du is 

equivalent to d(yu in equation A3-8. Thus the stress at the depth for increment "i" is (a 

d(y) where: 

cy da = ai-i + au 
1 

dM +1 dN 1 IM 

N 

]2 
A3-9 

Even though the stress is not uniform at the surface, considering the shallowest 

hole due to the first hole drilling stage equation A3-3 gives the stress, assuming that the 
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first depth is small enough that the stress does not change significantly over that depth. 
Therefore equation A3-9 uses the initial values of c7m. obtained from equation A3-3, and 
a second value of stress is obtained for second increment of hole drilling. This value 
includes the amount of stress due to the strains in the surface and the amount of additional 
stress introduced over the increment in depth. This will be repeated for every stage 
drilled, increasing iteratively the considering those stresses computed by equation A3-9. 

Making an arrangement to equation A3-9 in order to use it directly gives: 

Gi = (Yi-l + GU 
mi -mi-I-+ Ni - Ni-, 1 1 

mi-i Nil 

]2 

Where: 

(7j. Maximum residual stresses at a specific depth. 

(: Fi-,. Stress from the last depth worked out with equation A3-10. 

a,,. Maximum stress at that depth worked out with equation A3-3. 

A3-10 

This method was chosen for use in this work because it is cheap and used widely 
by industry compared to others like the non-destructive method "neutron-beam stress 

measurement". The latter method is advantageous, as the material can be used 

subsequently in other kinds of test like fatigue test, however it is expensive and 
inaccessible. 
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A 4: Procedure of the MMX Method. 

A method of analysis is required to allow for bending of plates after removal of a 
thin layer in order to measure residual stresses through the depth with the X-ray 
diffraction technique. This is needed to avoid getting unreal values, because every time a 
layer is removed, the plate will "spring", or bend as residual stress is released by layer 

removal. 

Initially when no layering action has been taken on the material we have two 

equations which give us the equilibrium for axial tension and bending moment of the 

plate of thickness W, and are represented by: 

UR -dy =0 A4-1 

UR - ydy =0 A4-2 

whereGR is the residual stress distributed through the plate. 

But as material tends to relax after layer removal, modifying residual stresses 

throughout the depth due to internal moments, equations A4-1 and A4-2 will change to 

equations A4-3 and A4-4 respectively after the first layer removal: 

f-tj 
WR +A, +Bly)-dy=0 

and using equation A4-1, this becomes 

f-tj (A, +Bly)-dy= 
f-ti 07R 'dY 

'ý ((TR I+ GRO) ti/2 

assuming GR can be taken as 
(URI 

+ CRO )/ 2 across the thin layer ti. 

A4-3 
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r-t, 

(UR+AI+Bly). ydy =O 

using equation A4-2, this becomes: 

f (A, + Bý y) - ydy = alz - ydy 

t12 ((YR I+ GRO) (2Wt, )/4 A4-4 

where (A, +Bly) represents the change of stress as the plate springs assuming unloading is 

linear elastic. (FRO and (FRI are the original valuesOf GRat y=W and y= W-tj respectively. 

As layer removal continues, equations for residual stresses after the second layer 

removal are as follows: 

(UR +A2+ B2Y) - dy =0 

-t2 

(A2+B2y) 
tt2l 

(TR *dy +f 
tj 

UR 

'ýý ('GR2 + GRO (t2 
- tl)/2+ (OR I+ (FRO) t1/2 

-t2 

+A +B '-ý 0 WR 
2 2Y) * ydy'- 

f-t2 

(A2+ B2Y) * ydy --": 
f 

t2 

'07R -t ydy + 
r_t, 

o7R - ydy 

':: 5 (GR2 + (FRI) (2W(t2 - tO + t12 - t2 2)/4+ (GRI + GRO) (2WtI _ tl2)/4 

Similar equations follow for the third and subsequent layers. 

A4-5 

A4-6 

As the second terms on the right hand side in both equations A4-5 and A4-6 are 

similar to those in A4-3 and A4-4 respectively, it is enough to solve the residual stresses 
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of the first equations once only, and then just add the values obtained into the equations 
derived for subsequent layers, e. g. equations A4-5 and A4-6. In order to solve for An and 
Bn, in the general case, equations such as A4-5 and A4-6 will be represented as follows: 

tn 

(A B 
nn Y) * 

dY R+S A4-7 

f (A,, + B, y) - ydy=(UR, + CR"_, ). T+U A4-8 

Where: 

R =(tn - tn-l)/2 A4-9 

n-I 
(CRi 

+ aRi-I 
Xti 

- ti-1) 

A4-10 
2 i=l 

II 

T= (2W (tn - tn-1) + tn-I 
2_ tn 2 )/4 A4-1 I 

n-I 
(47Ri 

+ aRj-jX2W (ti -t i_j 
)+ti_12 

_ti2) U= A4-12 
4 

where to =0 

Integrating left hand of equation A4-7 and multiplying the equation by(W-tn): 

An (W- tn) 2+ Bn (W- tn )3 /2 = 
(qR. 

+ qRý_ý ) R(W - tn) + S( W- tn) A4-13 

In the same way integrating the left hand of equation A4-8 and multiplying by 2, 

then subtracting equation A4-13, we have an equation with one unknown B,, as follows: 

B, (W - tn )3 /6 = (orRý + aRý_ý ) (2T - R(W - tn)) + 2U -S (W - tn) A4-14 

Having found B,,, equation A4-13 provides A, 
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Considering each residual stress value read (with the aid of XRD technique) in 

every layer as" ormeasured, ", we have: 

07. 
easured, 

= UR,, + An + Bn (W - tn) A4-15 

Where aR" is the original residual stress. Equation A4-15 takes into account the 

redistribution of residual stresses after layering every time. Substituting equations A4-14 

and A4-13 into equation A4-15 to eliminate An and Bn finally we have: 

07. 
easured,, 

= 

\2 

[UR 
(W (6T 

I-_ 
tn )2 + aR (6T 

- 
2R(W 

- tn)) + uR,. - 
2R(W 

- t,, )) + 6U 
- 

2S (W 
(W 

- t") 

A4-16 
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A 5: Raw data for Hole-drilling. 

Depth Ga ge read ings CY 
(mm) 1 2 3 (MPa) 
0.1 61 37 19 -216.54 
0.2 107 75 45 -195.91 
0.3 150 115 74 -189.47 
0.4 188 153 106 -176.84 
0.5 220 187 134 -168.1 
0.6 24 216 161 - 162.4 
0.7 228 177 115 -119.02 
0.8 247 202 141 -120.71 
0.9 260 222 167 -122.3 
1 254 202 161 -113.46 

1.1 257 206 163 -108.78 
1.2 254 210 166 -105.26 
1.3 255 218 171 -104.82 
1.4 234 206 160 -96.07 
1.5 228 208 152 -91.83 

Depth Gau ge read ings cr 
(MM) 1 2 3 (M[Pa) 

0.1 29 15 38 -190 
0.2 55 29 58 -141.5 
0.3 78 44 54 -102.5 
0.4 99 57 82 -101 
0.5 120 69 82 -89 
0.6 132 78 97 -84 
0.7 141 84 99 -76.5 
0.8 146 94 96 -69.5 
0.9 151 92 84 -63 

1 152 88 98 -63 
1.1 154 95 95 -60 
1.2 155 103 98 -60 
1.3 153 100 99 -58 
1.4 152 100 101 -58 
1.5 155 103 99 1 -57 

UIT-1-27 

Depth Ga ge read ings 0 
(nun) 1 2 3 (MPa) 
0.1 68 31 -7 -165.11 
0.2 140 69 -1 -179.16 
0.3 196 105 12 -175.93 
0.4 250 142 26 -166.01 
0.5 285 172 40 -154.33 
0.6 315 201 57 -148.07 
0.7 342 225 74 -144.36 
0.8 369 238 92 -143.42 
0.9 386 251 106 -140.92 
1 396 263 118 -140.53 

1.1 405 271 125 -137.28 
1.2 408 276 131 -135.08 
1.3 412 279 136 -1 34.84 
1.4 411 283 141 _ 

-134.6 
1.5 409 285 145 -133.88 

UIT-1-36 

Depth Gauge rea ings cr 
(mm) 1 2 3 (MPa) 

0.1 2 2 35 -114 
0.2 12 50 64 -104 
0.3 25 32 90 -97.5 
0.4 40 51 119 -97 
0.5 53 67 144 -94.5 
0.6 65 79 163 -91.5 
0.7 75 89 180 -89 
0.8 81 95 194 -86.5 
0.9 85 100 203 -83.5 

1 88 101 209 -81.5 
1.1 90 104 215 -80.5 
1.2 92 107 219 -80 
1.3 92 107 222 -76.5 

Depth Gau ge read ings cr 
(MM) 1 2 3 (Mpa) 
0.1 2 8 26 -75.78 
0.2 19 25 52 -91.51 
0.3 45 58 86 -110.8 
0.4 72 85 118 -114.28 
0.5 95 115 145 -113.96 
0.6 118 138 167 -113.44 
0.7 205 162 182 -134.29 
0.8 220 181 193 -128.49 
0.9 227 190 199 -122.01 
1 234 198 205 -120.02 

1.1 236 206 208 -115 
1.2 236 208 213 -112.53 
1.3 236 

- - 
212 216 -111.22 

1.4 ýý3 6 213 219 -110-95 
1.5 222 -110.68 

Depth Gau ge read ings CY 
(nun) 1 2 3 (MPa) 

0.1 28 60 88 -313.98 
0.2 59 115 158 -279.69 
0.3 90 167 231 -271.52 
0.4 122 218 299 -253.23 
0.5 147 256 351 -236.48 
0.6 168 287 394 -223.7 
0.7 191 318 434 -216.88 
0.8 207 340 466 -209.38 
0.9 220 356 487 -202.5 

1 231 370 502 -200.41 
1.1 236 377 511 -193.48 
1.2 239 382 519 -189.97 
1.3 242 387 524 -188.48 
1.4 244 1 390 528 -188.2 
1.5 249 393 532 1 -188, 

Depth Gau ge read ings CY 
(MM) 1 2 3 (M[Pa) 
0.1 3 7 12 -40.6 
0.2 14 21 35 -65.16 
0.3 32 43 66 -78.34 
0.4 58 72 105 -87.33 
0.5 79 92 128 -78.84 
0.6 97 111 149 -71.73 
0.7 115 122 164 -66.32 
0.8 128 133 175 -59.17 
0.9 137' 138 180 -52.6 
1 144 141 184 -49.86 

1.1 149 140 183 -46.12 
1.2 153 141 184 -43.72 
1.3 155 138 185 -46.26 
1.4 159 139 185 -45.26 
1.5 162 138 186 -47.25 
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UIT-2-36 

Depth Gau ge read ings CF 
(mm) 1 21 31 (MPa) 
0.1 2 4 6 -21.65 
0.2 6 7 9 -19.33 
0.3 7 10 6 -10.99 
0.4 1 10 6 14 -14.43 
0.5 15 4 18 -15.67 
0.6 14 7 7 -8.35 
0.7 19 4 18 -12.83 
0.8 19 3 5 -7.466 
0.9 20 2 18 -10.88 
1 23 5 10 -9.02 

1.1 23 8 11 -8.8 
1.2 22 5 7 -7.26 
1.3 21 5 15 -8.85 
1.4 -ý 1 2 7 -6.82 
1.5 ýl 

-3 8 -7 

Depth Gaug e readi ngs cr 
(mm) 11 21 3 (MPa) 
0.1 3 2 3 -16.24 
0.2 7 3 5 -15.46 
0.3 12 6 5 -14.37 
0.4 14 8 6 -12.03 
0.5 18 10 8 -12.34 
0.6 20 12 7 -10.74 
0.7 22 12 7 -10.06 
0.8 24 14 8 -9.95 
0.9 25 14 6 -8.87 
1 26 16 6 -8.74 

1.1 26 16 6 -8.28 
1.2 28 15 6 -8.52 
1.3 27 15 5 -7.87 
1.4 27 14 4 -7.55 
1.5 

. 
26 

. 
15 4 -7.25 

UIT-3-36 

Depth Gau ge rea ings cy 
(mm) 11 21 3 (MPa) 
0.1 2 5 -6 -23 
0.2 6 6 3 -6 
0.3 9 10 3 -6.5 
0.4 15 10 3 -8 
0.5 13 14 7 -7.5 
0.6 12 13 10 -6.5 
0.7 15 14 8 -6.5 
0.8 17 17 6 -5.5 
0.9 15 11 6 -4.5 
1 . 12 14 9 -4 

1.1 14 10 10 -5 
1.2 13 11 8 -4 
1.3 15 7 9 -4 
1.4 12 8 10 -3 
1.5 13 16 8 _ 2.5 

Depth Ga" ,e read L_ in ýs 
(mm) 11 _ 21 _ 31 (MPa) 
0.1 6 5 5 -29.77 
0.2 9 8 8 -21.91 
0.3 14 12 12 -21.99 
0.4 18 15 14 -19.24 
0.5 20 17 14 -16.14 
0.6 22 18 15 -14.72 
0.7 22 18 15 -12.83 
0.8 19 -1 7 -8.08 
0.9 21 7 5 -7.44 
1 22 11 8 -8.2 

1.1 22 12 9 -8.02 
1.2 22 11 8 -7.51 

22 11 8 -7.38 
22 10 8 -7.31 
21 9 8 -7 

Depth Gau e read ings cr 
(mm) 11 21 3 (MPa) 
0.1 -3 -3 2 2.7 
0.2 -3 1 8 -6.44 
0.3 -10 3 7 2.53 
0.4 -13 -5 8 3 
0.5 -16 -5 13 1.42 
0.6 -20 -4 16 1.59 
0.7 -25 -6 18 2.42 
0.8 -27 -7 20 2.17 
0.9 -26 -7 21 1.43 
1 -27 -4 24 0.82 

1.1 -29 -8 25 1.03 
1.2 -29 -19 25 1 
1.3 -31 -18 25 1.47 
1.4 -30 -17 26 0.97 
1.5 -32 18 26 1 1.45 
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A 6: Fortran Programme used to analyse crack growth rate. 

THIS PROGRAM USE THE FIVE POINT INCREMENTAL POLYNOMIAL METHOD FOR 

DETERMINING DA/DN AND NUMBER OF CYCLES AND CAN BE MODIFIED TO USE 

5& 7 POINT INCREMENTAL POLYNOMIAL METHOD 

INTEGER NPTS, N, I, J, QQ, L, K, K1, RESP, KIND, M, IFAIL 

DIMENSION A(100), N(100), DADN(100), DELK(100) 

DIMENSION AA(IO), NN(IO), BB(3) 

REAL PMIN, PMAX, FA, B, B 1, W, W 1, AM, AM 1, TEMP, R, C1, C2, YS 

CHARACTER ID *20, DATE* I 1, NAME* 12, SPE*4, ENVIRO* I 5, CRACKL* 12, CYCLI* 12 

130 FORMAT(/IX, 'FIVE POINT INCREMENTAL POLYNOMIAL METHOD FOR DETERMINING DA/DN') 

200 FORMAT(//I X, 'DATE: ', Al 1,2X, 'SPECIMEN ID: ', 3X, A20,7X, 'NO. POINTS =', 13) 

300 FORMAT(/ I X, 'Pmin=', I X, F7.2, I X, 'KNw', 5X, 'Pmax=', I X, F6.2,1 X, 'KNw', 5X, 'R=', F6.3,5X, 'TEST FREQ=', F6.3, I X, 'HZ. ') 

400 FORMAT(/IX, 'M(T)SPECIMEN', 5X, 'B=', IX, F6.3, IX, 'm. ', 6X, 'W=', IX, F6.3, IX, 'm. ', 6X, 'AN=', IX, F6.3, IX, 'm. ') 

401 FORMAT(/IX, 'C(T) SPECIMEN', 5X, 'B=', IX, F6.3, IX, 'm. ', 6X, 'W=', IX, F6.3, IX, 'm. ', 6X, 'AN=', IX, F6.3, IX, 'm. ') 

500 FORMAT(/ I X, 'TEM. =', F4.0, I X, 'C', 2X, 'ENVIRONMENT=', A I 5,2X, '0.2% YIELD STRESS =', Ix, F6.2, lx, 'MPa') 

600 FORMAT(/'OBS. NO. ', 2X, 'CYCLES', IX, 'A(MEAS. )nun', IX, 'A(REG. )mm', IX, 'M. C. C. ', IX, 'DELK(MPa MAI/2)', IX, 'DA/DN 

(nurdcy), //) 

700 FORMAT(/80('-')/) 

800 FORMAT(IX, '*-DATA VIOLATE SPECIMEN SIZE REQUIREMENTS, ) 

900 FORMAT(13,4X, 18, I X, F6.3) 

150 FORMAT(I3,4X, I8, IX, F6.3,5X, F6.3,4X, F7.5,3X, F5.2,7X, E8.3) 

250 FORMAT(13,4X, 18, IX, F6.3,5X, F6.3,4X, F7.5,3X, F5.2,7X, E8.3, '*') 

WRITE(5, *)'DATE? ' 

READ(5, *)DATE 

WRITE(6, *)'ID OF THE SPECIMEN? ' 

READ(5, *)ID 

WRITE(6, *)'NUMBER OF DATA POINTS (a, N)? ' 

READ(5, *)NPTS 

WRITE(6, *)'Pmin (KN)? ' 

READ(5, *)PMIN 

WRITE(6, *)'Pmax (KN)? ' 

READ(5, *)PMAX 

WRITE(6, *)'TEST FREQUENCY(Hz)' 

READ(5, *)F 

WRITE(6, *)'SPECIMEN THICKNESS (B)(mm)? ' 

READ(5, *)B 

WRITE(6, *)'SPECIMEN WIDTH (W)(mm)? ' 

READ(5, *)W 

WRITE(6, *)'MACHINE NOTCH LENGTH (AM)(nun)? ' 

READ(5, *)AM 

lo WRITE(6, *)'WHAT KIND OF SPECIMEN ARE YOU WORKING WITH? ' 

WRITE(6, *)'TYPE I FOR C(T), TIPE 2 FOR M(T)' 

READ(5, *)KIND 
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IF (KIND. GE. 3)GO TO 10 

WRITE(6, *)'WHAT IS THE NAME OF THE FILE WHERE CRACK LENGHTS ARE (in mm)? ' 

READ(5, *)CRACKL 

OPEN(20, F]ILE--CRACKL) 

READ(20, *)(A(l), I=I, NPTS) 

CLOSE (20) 

WRITE(6, *)'WHAT IS THE NAME OF THE FILE WHERE CYCLES READINGS ARET 

READ(5, *)CYCLI 

OPEN(40, FILE--CYCLI) 

READ(40, *)(N(l), I=I, NPTS) 

CLOSE (40) 

WRITE(6, *)'TEMPERATURE DREGREES C' 

READ(5, *)TEMP 

WRITE(6, *)'ENVIRONMENT (Air, Vacuum, salted water, etc. )' 

READ(5, *)ENVIRO 

WRITE(6, *)'MATERIAL 0.2% YIELD STRESS (MPa)' 

READ(5, *)YS 

WRITE(5, *)'WOULD YOU LIKE TO SAVE THE DATA IN A FILET 

160 WRITE(5, *)'PRESS I IF YES, PRESS 2 IF NOT' 

READ(6, *)RESP 

IF(RESP. GE. 3)GO TO 160 

IF(RESP. EQ. 2)GO TO 140 

IF(RESP. EQ. 1) THEN 

YVRITE(5, *)'ENTER THE NAME OF THE FILE, NO MORE THAN 10 CHARACTERS' 

READ(6, *)NAME 

OPEN(5, FILE = NAME) 

PRINT *, 'YOUR DATA HAVE BEEN SAVED IN', NAME, 'FILE' 

END IF 

140 VY'RITE(5,700) 

R=PMIN/PMAX 

WRITE (5,130) 

WRITE(5,200)DATE, ID, NPTS 

BI=B/1000 

WI=W/1000 

AMI=AM/1000 

IF (KIND. EQ. I)THEN 

WRrrE(5,401)BI, WI, AM1 

END EF 

VirRITE(5,400)BI, WI, AMI 

WRITE(5,300)PMIN, PMAX, R, F 

WRITE(5,500)TEMP, ENVIRO, YS 

WRITE(5,700) 

WRFrE(5,600) 

DO 31 I=I, NPTS 

A(f)=A(I)+AM 

31 CONTINUE 

K=O 

PI=3.1416 

pp=pMAX-PMIN 

DO 110 I=1,2 
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WRITE(5,900)1, N(l), A(l) 

110 CONTINUE 

NPTS=NPTS-4 

DO 100 I=I, NPTS 

L--o 

K=K+ I 

KI=K+4 

DO 60 J=K, KI 

L--L+I 

AA(L)=A(J) 

NN(L)=N(J) 

60 CONTINUE 

CI=0.5*(NN(I)+NN(5)) 

C2 = 0.5*(NN(5)-NN(l)) 

SX=O 

SX2--O 

SX3--O 

SX4--O 

SY=O 

SYX=O 

SYX2--O 

DO 70 J=1,5 

X=(NN(J)-Cl)/C2 

YY=AA(J) 

SX=SX+X 

SX2--SX2+X**2 

SX3=SX3+X**3 

SX4--SX4+X**4 

SY=SY+YY 

SYX=SYX+X*YY 

SYX2--SYX2+YY*X**2 

70 CONTINUE 

DEN=5.0*(SX2*SX4-SX3**2)-SX*(SX*SX4-SX2*SX3)+SX2*(SX*SX3-SX2**2) 

T2=SY*(SX2*SX4-SX3**2)-SYX*(SX*SX4-SX2*SX3)+SYX2*(SX*SX3-SX2**2) 

BB(I)=T2/DEN 

T3=5.0*(SYX*SX4-SYX2*SX3)-SX*(SY*SX4-SYX2*SX2)+SX2*(SY*SX3-SYX*SX2) 

BB(2)=T3/DEN 

T4=5.0*(SX2*SYX2-SX3*SYX)-SX*(SX*SYX2-SX3*SY)+SX2*(SX*SYX-SX2*SY) 

BB(3)=T4/DEN 

YB=SY/5.0 

RSS=O 

TSS=O 

DO 75 J=1,5 

X=(NN(J)-Cl)/C2 

YHAT=BB(I)+BB(2)*X+BB(3)*X**2 

RSS=RSS+(AA(J)-YHAT)**2 

TSS=TSS+(AA(J)-YB)**2 

75 CONTINUE 

R2=1.0-RSSfrSS 

DADN(I)=BB(2)/C2+2.0*BB(3)*(NN(3)-Cl)/C2**2 
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X=(NN(3)-Cl)/C2 

AR=BB(I)+BB(2)*X+BB(3)*X**2 

S=IE+10 

SNET=O 

QQ=1+2 

IF (KIND. EQ. 1) GO TO I 

IF (KIND. EQ. 2) GO TO 2 
I CONTINUE 

T=AR[W 

FF=((2+T)*(0.886+4.64*T-1 3.32*T**2+14.72*T**3-5.6*T**4))/(I -T)** 1.5 

S=YS*SQRT(PI*Wl *(I -T))/2 
GO TO 190 

2 CONTINUE 

T=2*AR/W 

SEC= 1.0/(COS(PI*T/2)) 

Fr=SQRT((PI*T*SEC)/2.0) 

SNET=(PMAX* I 000)/(B*W*(l -T)) 
190 DELK(I)=(Fr*PP)/(B*SQRT(Wl)) 

AX=DELK(I)/(I-R) 

EF(AX. GE. S) GO TO 97 

EF(SNIET. GE. YS) GO TO 97 

WRITE(5,150)QQ, N(QQ), A(QQ), AR, R2, DELK(l), DADN(l) 

GO TO 100 

97 WRITE(5,250)QQ, N(QQ), A(QQ), AR, R2, DELK(l), DADN(l) 

100 CONTINUE 
J=NPTS+3 

K=NPTS+4 

DO 120 I=J, K 

WRITE (5,900)1, N(l), A(l) 

120 CONTINUE 

Yv'RITE(5,700) 

WRITE(5,800) 

CLOSE(20) 

CLOSE(40) 

STOP 

END 
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6.1: Example output from crack growth programme using five incremental 

polynomial method. 

FIVE POINT INCREMENTAL POLYNOMIAL METHOD FOR DETERMINING DA/DN 

DATE: 26-Oct-2006 SPECIMEN ID: NUITL NO. POINTS = 12 

M(T) SPECIMEN B= 0.005 m. W= 0.080 m. AN= 0.002 m. 

Pmin= 4.13 KNw Pmax= 41.33 KNw R= 0.100 TEST FREQ= 7.000 HZ. 

TEM. = 20. C ENVIRONMENT=Air 0.2% YIELD STRESS = 450.00 MPa 

OBS. NO. CYCLES A(MEAS. )mm A(REG. )nun M. C. C. DELK(MPa m^1/2) DA/DN (MM/Cy) 

1 55227 5.130 
2 62443 7.960 
3 65003 8.830 
4 70002 12.050 
5 71998 13.750 
6 73502 15.760 
7 74901 18.270 
8 75989 21.320 
9 76454 24.370 

10 76685 24.930 
11 76848 28.980 
12 76900 32.380 

9.022 0.99739 16.17 . 549E-03 
12.001 0.99865 19.13 . 879E-03 
13.950 0.99663 21.07 . 122E-02 
15.744 0.99812 22.91 . 171E-02 
18.416 0.98659 25.83 . 281E-02 
21.793 0.99190 30.05 . 421E-02 
24.235 0.95276 33.68 . 839E-02 
26.440 0.91486 37.61 . 182E-01 

*-DATA VIOLATE SPECIMEN SIZE REQUIREMENTS 
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A 7: Procedure to work out constants and crack length values from EPD readings. 

From equations obtained in chapter 4 showed below, values for Ka, Kb, e, aa and 

ab will be worked out. 

Cosh (KzVa) = 

Cosh (KbVb): ` 

Cos 
(; r(x. + e) 

2(W + e) 

Cos IT(a. + e) 
2(W + e) 

A7-1 

A7-2 
Cos 

ý'T(Xb- 
e) 

ý2(W-e) 

Cos )r(ab -e) 
2(W - e) 

Cosh 2 Ay 
ý-I 

Cosh (K,, Vc) = 1+ 
2(W + e) 

COS 2 ir(a,, e) 
2(W + e) 

Cosh 2 Ily 
I-I 

Cosh (KbVd) ý 1+ 

ý 
2(W - e) 

ý, 

COS 2 IT(ab -e) 
2(W - e) 

A7-3 

A7-4 

1". Solving equations A7-1 and A7-3 eliminating the term where crack length appears 

and doing the same for equation A7-2 and A7-4 we have two equations and three 

unknowns. The equations are shown below. 

Cosh 2 Ryl 

Cosh 
2 (K,, V, ) -I 2(W + e) A7-5 

Cosh 
2 (K,, V,, ) COS 2 lr(Xa + e) 

2(W + e) 
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Cosh' Ayl 
Cosh'(KbVd)-l 2(W - e) 

Cosh 2 (KbVb 
COS 2 ; r(Xb- e) 

2(W - e) 

A7-6 

2 nd 
. Giving an initial estimated value for "e" solve equation A7-5 for Ka and A7-6 for Kb 

using bisection method. 

Using a fifth relationship assuming the "e" line is straight and considering local 

coordinates (x*, y*) for the moment, with origin on the "e" line, where for one half of 

the specimen divided along the "e" line: 

Cos =*1 (2W 

*) = 

So for equation 22 in chapter 4, 

Cosh 
Cosh (KV) 2W 

lly* 

ma Cos( 
2W 

Solving equation A7-7 for KV we have that: 

KV -ly* - In (Cos ma 
2W * 

(2W 

for x* =0 

A7-7 

A7-8 

Remote from crack, potential gradient 6V/- 
, 

is the same for sides A and B of the 
/ bý 

specimen: 

bv/- = 
Ir 

x OY * (2WK*) 

So Ka(w+e)=Kb(w-e) 

Solving for "e59: 

w (Kb - Ka)/(Kb + Ka) 

A7-9 

(fifth relationship) 

A7-10 
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Equation A7- 10 gives a new estimated value for "e", this value must be reused in the 

second step above mentioned and iterate until "e" value converges. 

4 th 
. Finally solving equation A7-1 for crack tip A and equation A7-2 for crack tip B we 

have: 

Cos 
T(x, +e 

aA ý 
2(W + e) Arc Cos 2(W + e) -e A7-11 

/T Cosh(K, V, ) 

Cos 
lr(Xb - e) 

aB ": 
2(W - e) Arc Cos 2(W - e) +e A7-12 

/T Cosh(KbVb ) 
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A8: Fortran Programme used to get crack length from AC-EPD readings from M(T) 

specimen, for an eccentric crack. 

Program to calculate the crack length using Electrical Potential Drop Technique 

Gilbey and Pearson Equation (For unequal cracks, al and a2) 

((Cos^2((pi*x)/(2*w))*Cosh A 2((pi*y)/(2*w)))/CoshA2(K*V))+ 
((I 

-(COSA 2((pi*x)/(2*w))))*(Cosh A 2((pi*y)/(2*w))-I))/(Cosh A 2(K*V)-1) 
COSA 2((pi*a)/(2*w)) 

Known Variables Va, Vb, Vc, Vd, Xa, Xb, Yc, Yd &W 

Unknow variables Ka, Kb, Aa, Ab &e 

CHARACTER VOLTFI*12, NAME*10 

Real AaAb, e, el, Ka, Kb, W, Xa, Xb, Yc, Yd ! Unknown 

Real A, B0, BI, B4, C, D0, DI, D4, eccen, F, G0, GI, G4, H, I0,11,14, JO, JI, J4, KO, KI, K2, K3, K4 

Real LO, Ll, L4, M, Pi, Va, Vb, Vc, Vd 

Integer 1, N, LIN41T, NVOLT, Q, RESP 

PARAMETER (LIMIT = 500) ! How many values are the maximum to input 

REAL Vola(LIN4IT), Volb(LIMIT), Volc(LIMIT), Vold(LIN4IT) 

WRITE(5, *)'PROGRAM TO CALCULATE THE VALUES OF A CRACK GROWTH IN A PLATE WITH' 

WRITE(5, *)'A CRACK IN THE CENTER USING ELECTRICAL POTENTIAL DROP TECHNIQUE' 

WRITE(5,400) 

V*rRFrE(5, *)'Input the next values' 

Y-IRITE(5, *)'Xa (Distance from the crack centre to the point "a")' 

READ(6, *)Xa 

WRITE(5, *)'Xb (Distance from the crack centre to the point "b")' 

READ(6, *)Xb 

YY'RITE(5, *)'Yc (Distance from the crack centre to the point "c" in "Y" direction)' 

READ(6, *)Yc 

Y, rRITE(5, *)'Yd (Distance from the crack centre to the point "d" in "Y" direction)' 

READ(6, *)Yd 

VvFRITE(5, *)'W (The width of the specimen)' 

READ(6, *)W 

WRITE(5, *)'Propose an intial value for "e" (Eccentricity)' 

READ(6, *)eccen 

VVRITE(5, *)'How many values of volts will be calculated' 

READ(6, *)NVOLT 

WRITE(6, *) 

WRITE(5, *)'Enter the values in the next sequence' 

WRITE(6,50) 

WRITE(5, *)' Va Vb Vc Vd' 

WRITE(5,50) 

WRrM(5, *)'VMAT IS THE NAME OF THE FILE WHERE DATA IS ALOCATEDT 

READ(6, *)VOLTFI 

OPEN(20, FILE--VOLTFI) 
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READ(20, *)(Vola(l), Volb(l), voic(l), Vold(l), I=I, NVOLT) 

CLOSE (20) 

WRITE(5,50) 

WRITE(5, *)'Give the two initial points for "Ka" and "KV as this program is going' 

WRITE(5, *)'to use the bisection method' 
45 WRITE(5, *) 

WRITE(5, *)'KO' 

READ(6, *)K2 

WRITE(5, *)'Kl' 

READ(6, *)K3 

WRfTE(5,400) 

50 Fonnat(/80('-')) 

100 FORMAT(/80('-')/'Values from Ka', Fl 0.6, ', ', Fl 0.6, /'Values from Kb Wl 0.6, ', ', Fl 0.6/) 

200 Format(/'Xa =', F6.3,2x, 'Xb =', F6.3,2x, 'Yc =', F6.3,2x, 'Yd =', F6.3/) 

400 Format 

600 Format(F7.4,1 x, FIO. 4, Ix, F10.4, lx, F7.4, lx, F7.4, lx, F8.6, lx, F8.6, Ix, F8.6, lx, F8.6) 

WRITE(5, *)'WOULD YOU LIKE TO SAVE THE DATA IN A FILET 

160 WRITE(5, *)'PRESS I IF YES, PRESS 2 IF NOT' 

READ(6, *)RESP 

EF(RESP. GE. 3)GO TO 160 

IF(RESP. EQ. 2)GO TO 140 

IF(RESP. EQ. 1) THEN 

WRFrE(5, *)'ENTER THE NAME OF THE FILE, NO MORE THAN 10 CHARACTERS' 

READ(6, *)NAME 

OPEN(5, FILE = NAME) 

PRINT *, 'YOUR DATA HAVE BEEN SAVED IN', NAME, 'FILE' 

END UF 

140 DO 35 1= I, NVOLT 

Va=Vola(l) 

Vb=Volb(I) 

VC=VOIC(I) 

Vd=Vold(I) 

e=eccen 
N--O 

Do 15 N=1,10 

M=O 

KO=K2 

KI=K3 

Pi=3.141592654 
20 A=((COSH((Pi*Yc)/(2*(w+e))))**2)-I 

BO--((COSH(KO*Va))**2) ! For points A and C in the plate 

B 1=((COSH(KI *Va))**2) 

C=(COS((Pi*(Xa+e))/(2*(w+e))))**2 !A (Xa, O) and C (W, Yc) 

DO=((COSH(KO*Vc))**2) 

Dl=((COSH(KI *Vc))**2) 

Solving equation I and 3 for Ka elin-dnating Aa 

JO=I-DO+((A*BO)/C) ! Equation to solve Ka 

jl=J-Dl+((A*Bl)/C) 

Checking there are a positive and a negative value in the initial two points 

IF (JO. GT. O. AND. O. LT. Jl) THEN 
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WRITE(5,50) 

WRITE(5, *)'Between those two initial points (K) is no one value for Ka' 

WRITE(5, *)'and both of them are positives' 
M=1.5 

GOTO 10 

END IF 

IF (JO. LT. O. AND. JI. LT. 0) THEN 

WRITE(5,50) 

WRITE(5, *)'Between those two initial points (K) are no one value for Ka' 

WRFrE(5, *)'and both of them are negatives' 

M=1.5 

GOTO 10 

END EF 

Dividing the two initial points and obtaining the middle one 

K4=(KO+Kl)/2 

B4--((COSH(K4*Va))**2) 

D4=((COSH(K4*Vc))**2) 

J4=1-D4+((A*B4)/C) 

Checking if that point is close to cero in order to get the approach to the real value of Ka 

IF (M. LTAOLAND. A. GTA. 01) THEN 

Ka=K4 

M=I 

GOTO 10 

END EF 

Getting the new point on the method 

IF (JO. LT. O. AND. J4. LT. 0) THEN 

KO=K4 

GOTO 20 

END IF 

IF (JO. GT. O. AND. J4. GT. 0) THEN 

KO=K4 

GOTO 20 

END EF 

IF (JI. LT. O. AND. J4. LT. 0) THEN 

Kl=K4 

GOTO 20 

END IF 

IF (JI. GT. O. AND. J4. GT. 0) THEN 

Kl=K4 

GOTO 20 

END IF 

Start with the value of Kb 

10 KO=K2 

Kl=K3 

25 F=((COSH((Pi*Yd)/(2*(w+e))))**2)-I 

Go=(COSH(KO*Vb))**2 ! For points B and D in the plate 

Gl=(COSH(KI*Vb))**2 

H=(COS((Pi*(Xb-e))/(2*(w+e))))**2 !B (Xb, O) and D (W, Yd) 

lo=(COSH(KO*Vd))**2 

ll=(COSH(KI*Vd))**2 
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! Solving the equation 2 and 4 

LO=I+((F*GO)/H)-lo 

Ll=l+((F*Gl)/H)-Il ! Equation to solve Kb 

Checking the inifial, point for Kb 

IF (LO. GT. O. AND. O. LT. Ll) THEN 

WRITE(5,50) 

WRITE(5, *)'Between those two initial points (K) is no one value for Kb' 

WRITE(5, *)'and both of them are positives' 

GOTO 30 

END IF 

IF (LO. LT. O. AND. LI. LT. 0) THEN 

WRITE(5,50) 

VvIRITE(5, *)'Between those two initial points (K) are no one value for Kb' 

WRITE(5, *)'and both of them are negatives' 

GOTO 30 

END IF 

Dividing the two initial points and obtaining the middle one 

K4=(KO+Kl)/2 

G4=(COSH(K4*Vb))**2 

14=(COSH(K4*Vd))**2 

L4=1+((F*G4)/H)-14 

Checking if that point is close to cero in order to get the aproch to the real value of Kb 

IF (L4. LT. 0.001. AND. LA. GT. -O. 001) THEN 

Kb=K4 

GOTO 60 

END EF 

Getting the new point on the method 

EF (LO. LT. O. AND. L4. LT. 0) THEN 

KO=K4 

GOTO 25 

END IF 

IF (LO. GT. O. AND. IA. GT. 0) THEN 

KO=K4 

GOTO 25 

END IF 

IF (LI. LT. O. AND. LA. LT. 0) THEN 

Kl=K4 

GOTO 25 

END IF 

M (LI. GT. O. AND, L4. GT. 0) THEN 

Kl=K4 

GOTO 25 

END UF 

30 WRrFE(5, I OO)JO, J l, LO, LI 

GOT055 

60 IF (M. EQ. 1.5) T14EN 

"ITE(5,1 00)JO, JI, L)O, Ll 

GOTO 55 

END IF 

el=(W*(Kb-Ka)/(Kb+Ka)) 
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e=e 1 

15 Continue 

Aa=((2*(W+e)/Pi)*ACOS(COS((Pi*(Xa+e))/(2*(w+e)))/COSH(Ka*Va)))-e ! From eq I 

Ab=((2*(W-e)/Pi)*ACOS(COS((Pi*(Xb-e))/(2*(w-e)))/COSH(Kb*Vb)))+e ! From eq 2 

IF (I. EQ. 1) THEN 
Write(5,50) 

Write(5,200)Xa, Xb, Yc, Yd 

Write(5, *)'W =', w 

WRFrE(5,50) 

WRITE(5, *)' e Ka Kb Aa Ab Va Vb Vc Vd' 

Write(5, *) 

WRrFE(5,50) 

END IF 

Write(5,600)e, Ka, Kb, Aa, Ab, Va, Vb, Vc, Vd 

35 CONTINUE 

Write(5,50) 

GOTO 40 

55 Write(5, *)'Would you like to try new values for KO and KIT 

Write(5, *)'Type I if yes' 

Read(6, *)Q 

IF (Q. EQ. 1) THEN 

GOTO 45 

END IF 

Write(5,50) 

40 Stop 

End 
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8.1 : Example output from programme obtaining crack length from voltage 

difference. 

Xa = 1.600 Xb = 1.600 Yc = 20.000 Yd = 20.000 

40.0000 

--------- ----------- 
Ka 

---------- 
Kb 

-------- 
Aa 

-------- 
Ab 

--------- 
Va 

--------- 
vb 

--------- 
Vc 

------- 
Vd 

--------- 
0.0217 

----------- 
561.5234 

---------- 
562.1338 

-------- 
1.8128 

-------- 
1.8045 

--------- 
0.000060 

--------- 
0.000058 

--------- 
0.001400 

------- 
0.001400 

-0.4066 576.1719 564.5752 1.8587 1.7528 0.000057 0.000055 0.001380 0.001410 

-0.1949 566.4063 560.9131 1.8278 1.7833 0.000058 0.000058 0.001390 0.001410 

-0.1080 566.4063 563.3545 1.7965 1.7740 0.000055 0.000055 0.001390 0.001400 

-0.1080 566.4063 563.3545 1.8171 1.7989 0.000058 0.000059 0.001390 0.001400 

-0.1080 566.4063 563.3545 1.7965 1.7989 0.000055 0.000059 0.001390 0.001400 

-0.1949 566.4063 560.9131 1.8351 1.7833 0.000059 0.000058 0.001400 0.001410 

-0.3203 576.1719 567.0166 1.8611 1.8010 0.000059 0.000062 0.001380 0.001400 

-0.4066 576.1719 564.5752 1.8671 1.7749 0.000058 0.000059 0.001380 0.001410 

-0.1732 566.4063 561.5234 1.8547 1.8303 0.000062 0.000065 0.001390 0.001410 
0.0217 561.5234 562.1338 1.8062 1.8460 0.000059 0.000064 0.001400 0.001400 

-0.1949 566.4063 560.9131 1.8811 1.8018 0.000065 0.000061 0.001390 0.001410 

-0.1080 566.4063 563.3545 1.8608 1.7989 0.000064 0.000059 0.001390 0.001400 

-0.1080 566.4063 563.3545 1.8386 1.7989 0.000061 0.000059 0.001390 0.001400 
0.0000 566.4063 566.4063 1.8119 1.7856 0.000059 0.000055 0.001390 0.001390 
0.0000 561.5234 561.5234 1.8085 1.7889 0.000059 0.000056 0.001400 0.001400 
0.0217 561.5234 562.1338 1.7805 1.8180 0.000055 0.000060 0.001400 0.001400 
0.0000 561.5234 561.5234 1.7889 1.7763 0.000056 0.000054 0.001400 0.001400 

-0.1949 566.4063 560.9131 1.8426 1.7894 0.000060 0.000059 0.001400 0.001410 

-0.3203 576.1719 567.0166 1.8218 1.7888 0.000054 0.000060 0.001380 0.001400 

-0.4066 576.1719 564.5752 1.8755 1.7749 0.000059 0.000059 0.001380 0.001410 

-0.1080 566.4063 563.3545 1.8313 1.7801 0.000060 0.000056 0.001390 0.001400 

-0.3203 576.1719 567.0166 1.8611 1.7655 0.000059 0.000056 0.001380 0.001400 

-0.1286 571.2891 567.6270 1.8089 1.7748 0.000056 0.000055 0.001380 0.001390 

0.2181 556.6406 562.7441 1.7671 1.8208 0.000056 0.000057 0.001400 0.001390 

-0.3203 576.1719 567.0166 1.8295 1.7655 0.000055 0.000056 0.001380 0.001400 

-0.1949 566.4063 560.9131 1.8205 1.7833 0.000057 0.000058 0.001390 0.001410 

0.0000 566.4063 566.4063 1.7920 1.8256 0.000056 0.000061 0.001390 0.001390 

0.2181 556.6406 562.7441 1.7787 1.8580 0.000058 0.000062 0.001400 0.001390 

-0.3203 576.1719 567.0166 1.8775 1.7770 0.000061 0.000058 0.001380 0.001400 

0.0000 566.4063 566.4063 1.8326 1.7730 0.000062 0.000053 0.001390 0.001390 

-0.3203 576.1719 567.0166 1.8531 1.7598 0.000058 0.000055 0.001380 0.001400 

0.0000 566.4063 566.4063 1.8119 1.7856 0.000059 0.000055 0.001390 0.001390 

-0.1286 571.2891 567.6270 1.8160 1.7871 0.000057 0.000057 0.001380 0.001390 

-0.3203 576.1719 567.0166 1.8611 1.7435 0.000059 0.000052 0.001380 0.001400 
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A9: Methods to get K values for eccentric cracked plate under uniform tension[1771. 

Two solutions have been used in this work. 

A 8.1 : Empirical formulation. 

Having an eccentric crack in a plate under uniform tension as the next figure, K solutions 

are given by the following table [1771. 

. 04 A6 No 

. 110 

. 001 
-1 a WN 

Ae 

ow 

[KIIA ý GN, 70' [Fl (a, PAAý 

2a 2e 
W-2e w 

[FII A --2 (sec Ica - 
Sin2aß )1/2 

2 aß 

for±3%accuracy, 0.1: ýa<-0.9,0<0<0.4and/orO. I<a<0.7,0: 50<1.0 
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A 9.2 : Laurent's expansion of complex stress potentials. 

Taking the figure sown above as a reference, nomenclature can be used in this method. 
[KIIA, B -«z Cy 

ýM 
- [FI «x, ß)IA, 

B 
2a ß- 2e 

W-2e 

Table boundary correction factors, [F, (a, NIA 
, for upper crack tip A 

[ (F, «x, ß) 1A 
-«-2 

1 Ki 1 A/ Cy 
ýAa 1 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

0 1.0060 1.0246 1.0577 1.1094 1.1867 1.3033 1.4881 1.811 2.47 
0.02 1.0058 1.0239 1.0564 1.1073 1.1837 1.2994 1.4832 1.806 2.47 
0.04 1.0056 1.0234 1.0553 1.1056 1.1814 1.2965 1.4799 1.804 2.48 
0.06 1.0055 1.0229 1.0544 1.1042 1.1795 1.2943 1.4777 1.803 2.49 
0.08 1.0054 1.0225 1.0537 1.1031 1.1781 1.2927 1.4764 1.804 2.50 
0.1 1.0053 1.0222 1.0530 1.1022 1.1770 1.2916 1.4758 1.805 2.51 
0.2 1.0050 1.0212 1.0513 1.0999 1.1745 1.2898 1.4765 1.814 2.54 
0.3 1.0049 1.0208 1.0507 1.0989 1.1732 1.2881 1.4743 1.810 2.54 
0.4 1.0048 1.0205 1.0497 1.0969 1.1695 1.2812 1.4614 1.784 2.47 
0.5 1.0046 1.0197 1.0476 1.0926 1.1613 1.2664 1.4344 1.732 2.36 
0.6 1.0043 1.0183 1.0442 1.0855 1.1483 1.2436 1.3943 1.657 2.20 
0.7 1.0039 1.0164 1.0395 1.0762 1.1316 1.2152 1.3460 1.572 2.03 
0.8 1.0034 1.0142 1.0341 1.0659 1.1136 1.1854 1.2972 1.489 1.88 
0.9 1.0029 1.0122 1.0295 1.0569 1.0985 1.1608 1.2583 1.426 1.77 
1.0 1.0026 TTýýý 1.0272 1.0528 1.0915 1 1.1497 1.2407 1.397 1.72---ý 

Table boundary correction factors, [Fj (a, PAB , for lower crack tip B 

(a, P)IB " JKI IB I 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

0 1.0060 1.0246 1.0577 1.01094 1.1867 1.3033 1.4881 1.811 2.47 
0.02 1.0057 1.0234 1.0544 1.1021 1.1724 1.27 59 1.4342 1.695 2.18 
0.04 1.0055 1.0223 1.0516 1.0959 1.1602 1.2531 1.3910 1.608 1.98 
0.06 1.0053 1.0214 1.0491 1.0906 1.1500 1.2341 1.3562 1.542 1.85 
0.08 1.0052 1.0206 1.0470 1.0861 1.1413 1.2184 1.3280 1.490 1.75 
0.1 1.0050 1.0199 1.0452 1.0823 1.1340 1.2053 1.3051 1.450 1.67 
0.2 1.0046 1.0179 1.0399 1.0709 1.1127 1.1680 1.2426 1.348 1.51 
0.3 1.0045 1.0172 1.0380 1.0672 1.1058 1.1565 1.2249 1.324 1.48 
0.4 1.0044 1.0170 1.0374 1.0660 1.1040 1.1540 1.2218 1.321 1.48 
0.5 1.0042 1.0165 1.0364 1.0645 1.1018 1.1510 1.2177 1.315 1.47 
0.6 1.0040 1.0155 1.0343 1.0608 1.0960 1.1424 1.2047 1.294 1.44 
0.7 1.0036 1.0139 1.0309 1.0546 1.0860 1.1269 1.1813 1.258 1.38 
0.8 1.0031 1.0120 1.0264 1.0465 . 0729 1.1068 1.1511 1.212 1.31 
0.9 1.0026 1.0101 1.0222 1.0388 1.0603 1.0876 1.1227 1.170 1.24 
1.0 1.0024 1 1.0092 1.0201 1.0349 1.0540 1.0779 1.1084 1.149 1.21 
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