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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 etfects 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) 1s the method used 1n 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 1in aluminium
alloys 1s conducted here in order to know how fatigue life can be affected. UIT 1s
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 betore 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 1n 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 tor 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 um) 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 lite, 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 ot 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 1.

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
polnts are stress concentrators which may lead to tatigue 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.f1,2), 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.n)). 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 f1ll the gap left by the techniques already in use 3.

Ultrasonic Impact Treatment (UIT) method was developed in Russia in the early
1970s (81 and 1ts 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 1in submarines of Russia’s Navy, introducing compressive residual stresses.
Initially 1t was successtully applied 1n 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 [9). 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 s, 10 & 11]. Nevertheless, the effects of UIT

process 1n 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



by the excitation of a modulation pulse of the carrier resonant frequency of the ultrasonic

oscillation system.

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

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

are Al 2024-T3 and Al 7150-T651.

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 1s largely due to compressive residual stresses left in those areas. Its use

in materials without prior welding 1s uncertain because no studies have been done before,

and this 18 where this research will be focused on.

The aim of this research i1s to evaluate the effects caused by different UIT
conditions in Al 2024-T3 and Al 7150-T651, and to compare these etfects 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 ditferent
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 i1s 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.



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

ot their fatigue lite.



CHAPTER I1

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 1s called Fatigue 1, 12). All the machines and some structures like bridges
and buildings are under tatigue 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 1s 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 o1l well platforms), are some of the combined etfects 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 1t is termed high-cycle fatigue. If the number
of cycles is less than one million it is termed low-cycle fatigue. But [14] it 1s msutficient
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 10” to 10" cycles for

most metals, where the plastic strain is 50% of the applied strain range.



Initially fatigue is considered as a constant cyclic loading condition, figure 2.1a.
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,
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Figure 2.1 Constant and variable amplitude load, the former is idealised, and the latter is the physical load

case that 1s 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 1s 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



Persistent Slips Bands (PSB) first published by Forsyth & Ryder in their research in

Copper [1,15].

Actually slip bands are the fatigue crack embryo and tend to grow in a plane of
maximum shear stress range. After that there 1s 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 II respectively tig 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-granularyi, 16]. The fact

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

properties occurs on every cycle [13,14).
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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.



When a material is under stress amplitude control and it enters in the high cycle
fatigue zone (More than 1 million cycles), then 1t could be close to the fatigue limit or
endurance limit o. 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

turther propagation. This may also apply for materials that do not present any crack on

the surtace, 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.
S0 1t 1s clear that the conditions for a fatigue limit based in non-propagating cracks are

satisfied 1n a narrow band of stress amplitude conditions [17).

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 (o.) 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 10°
cycles. This point 1s 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 1s considered to occur

when the number of cycles reaches 10" or 10° and material has not fractured.

A proper definition for fatigue limit 1s given as “Cyclic stress amplitude below

which initiated or pre-existing cracks do not propagate to tinal fracture” [18].
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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 1n a brittle and others in a ductile manner. Pieces may have small
defects tfrom manutfacture or they may initiate cracks during the service life. Many
methods to identitfy a small detect 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 1S

obtained from a specific load condition, which means, if two pieces with the same



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

G
|
!
|
—, G f
= G, > 0, |
— |
- |
O |
- g, |
m ac ____________________ |
—~ |
E :
|
]
dN |
|
|
I
a{l |
!
|
|

Cycles (N}

Figure 2.4 Crack growths from a detectable crack length a4 to a fracture crack length a. under constant

amplitude.

Fatigue crack growth rate 1s 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 [1].

It 1s observed that some discrepancies arise in crack growth rate for short cracks

compared to long cracks, and due to this crack growth 1s divided 1n 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) 1s

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 - Kmin

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.
R = Omin / O max

For a given material tested under fatigue with stress amplitude constant, AK
versus da/dN data are plotted 1n a logarithmic scale for both axes, and fitted to a curve fig.
2.5. It 1s 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 lite 119). Ritchie divided in three the fatigue crack
growth regimes [20], 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) [21].

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 1s
called stress intensity factor range threshold AK¢,. Below this point cracks either remain
dormant or grow at undetectable rates. From this point a higher growth rate 1s 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 1dentified 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, AKy, 1s affected sometimes by the thickness of the

11



Specimen, increasing when specimen thickness 1s reduced 241. Basically this stage is

influenced by microstructure, mean stress and environment [21).

Stage II 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 I, but in mode II and III 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 1nitially is smooth, and it will remain
smooth if the mode I persists (26]. Forsyth who was the first in recognize the first two
stages 1n crack growth stated “in stage II crack growth takes place in a direction normal to
the applied stress™ [27). The crack directional stability 1s 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 1n positive T-Stress a directionally stable crack has been seen [295. A formula
relating crack growth increment with stress intensity factor range knows as Paris law (30,31)

represents the logarithmic line obtained in stage II. The relationship given by Paris 1s;

da

i C(AK)™ where AK=YAc Vm

Where C and m are constants, m 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 (323, or striations (in
Aluminium) (1, 33). The linear behaviour (on a logarithmic scale) is shown in fig. 2.5,
representing the stage II crack growing up to a point where the path starts to change. Up

to this point stage II is dominated by Paris law equation, where the last stage, I1I, 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
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of inelastic zone around the crack wake, or to introduce physical contact by grain bridgin g
and fibre bridging. The crack growth depends of the competition between the presence of
these two types of mechanism. Stage II 1s mainly influenced by the combination of

environment, mean stress and frequency, and little by microstructure and thickness (3, 21.

34].

Stage III 1s 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 K,,., = 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

fluences in every stage to the fatigue crack growth rate [20] and the trend that small cracks follow

depending on the specimen (notched or smooth) [36]
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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 [37,38). 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
tatigue crack can be considered up to a length of few grains, or up to a few millimetres 14,
40]. 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, 42). Results from Carbon steel
St3’7 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 um and the density of micro cracks is as high as 86/mm”.

After that the increment in number and length 1s rapidly increased. At 60% of fatigue life

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

as 298/mm” [42].

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) 1s
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, 136} with the crack closure transient being one ot
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) (s0). But

on¢ 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 [42).

According to (1] 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 detend or to conquer, the army who had the
strongest swords was the more powertul 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 1s one of the process used to improve some

characteristics of metals.

Nowadays the field where metals are employed is huge and 1t 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 1nternal state of stress or change into another internal state of stress in the
material 1s 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 [52). 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 1141. 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

(53]. 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

" [54].

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 (s5).

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, 16].
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Internal stresses are divided by three different types (ss): 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.
coetficient of expansion, etc.) that interact between crystalline grains can increase the
Internal stress (s, 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 (subsurtace) tensile

residual stresses are developed and subsurface cracks could appear (12, 14).

RESIDUAL STRESS MEASUREMENTS

Residual stress magnitude is important for engineers and it is necessary to
measure 1t, but for stresses it 1s usually not possible to measure them directly. Stress in a
body 1s accompanied by strain which can be measured physically, as can be seen when a
metallic bar 1s under tensile stress and 1t 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 ot stress.

As residual stress i1s 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 1s 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 (s8), 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 1s uniform, and the contour method s9;.

RESIDUAL STRESS RELAXATION UNDER MONOTONIC LOADING

The stress relaxation in a material 1s observed under constant strain which at the
same time permits stress to be relieved, since applied stress 1s proportional to the applied
stress; this situation 1s known as viscoelasticity. For small loads the behaviour 1s linear
and the behaviour 1s 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 1s 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 apphed

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, 14).

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

mitial 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 AA6110 (Al-Mg-Si-Cu)
(611 aged at different conditions and subsequently rolled, in polycrystalline nickel super
alloy “Udimet 720L1" [62) shot peened and subjected to a cyclic fatigue at different high
temperatures, and steel AISI 4140 (German grade 42 CrMo4) [63] shot peened, were
measured on the surtface 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 1s 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 r651, 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 1n 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 1s called thermomechanical 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 1s negligible and residual stress
relaxation 1s controlled by mechanical stress relaxation, after that residual stress

relaxation is controlled by both thermal and mechanical stress mechanisms [66].
Stress relaxation 1s mainly affected by [64):

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 1t, 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 (SAEJ1173), 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 surtace 1s impacted by the sphere a dimple 1s created as a result of plastic
deformation fig. 2.7, after the ball strikes the surtace and rebounds the detformed region
tries to expand but the surrounded material restrains its expansion, creating compressive

residual stress [68]. 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 [69].

For every material there is a specific shot peening condition in order to get the
best improvement i1n material properties, too much time in shot peening could cause

detrimental results in fatigue (68, 70).
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Shot peening improves fatigue life of aluminium alloys 7050 (711, 7075-T7351 [72).
2024-T351 731, 6061-T652 (691, and aluminium zinc alloy (74] 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 1s not as smooth as desired, the roughness is a
problem to the fatigue life of the material, but the residual stress distribution should be
enough to counteract its effects. It 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 [7s).
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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 [76].

Shot peening in steels such as 316L stainless steel (771, Hadfield steel 781, 080M40
medium carbon steel (741, 304 stainless steel (79, 1Cr18Ni19Ti stainless steel [80] 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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transtormation, 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
