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Resumen
El objetivo de este proyecto es la caracterización de las propiedades
mecánicas de dos aleaciones de aluminio de uso muy amplio en el sector
aeronáutico, 2024-T3 y 7075-T6, usando diversas máquinas de ensayos.
Al final de este proyecto las diferencias entre ambas aleaciones deberían ser
claramente identificadas comparando la información extraída de ambas
mediante los ensayos hechos con las máquinas.
Como característica principal se requiere para el desarrollo correcto de este
proyecto, el usuario tiene que estar familiarizado con el empleo de las
máquinas de ensayo y los procedimientos y las técnicas que deben aplicarse
sobre las muestras.
En la primera parte de este documento, hay una breve introduccion de las
leyes de ciencia de los materiales que afectan a los eensayos realizados
directamente. Estas son la teoría de elasticidad, resistencia, dureza y fatiga.
En segundo lugar, se presenta el informe de las diferentes pruebas y
procedimientos hechos durante la investigación, con el fin de extraer las
propiedades mecánicas de cada muestra. En esta parte, hay también la
información sobre las máquinas usadas: UTM, el durómetro y el difractómetro,
se muestran todas las técnicas usadas y los procedimientos necesarios para
cada prueba también.
Finalmente los resultados son presentados y discutidos comparándolos entre
ellos y con los resultados teóricos esperados, presentando finalmente las
conclusiones extraídas tras la realización del trabajo
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Overview
The aim of this project is the characterization of the mechanical properties of
two aluminium based alloys with extremely wide use in the aeronautical
environment, 2024-T3 and 7075-T6, using diverse test machines.
At the end of this project the differences between both alloys should be clearly
identified by comparing the information extracted from the tests done with the
test-machines.
As a main require for the correct development of this project, the user has to be
familiarized with the use of the test machines and the procedures and
techniques needed to apply on the samples.
In the first part of this document, there is a brief resume of the laws of science
of materials that affect the experiments directly. They are the theory of
elasticity, resistance, hardness and fatigue.
Secondly, it is presented the report of the different tests and procedures done
during the research, to extract the mechanical properties of each piece. In this
part, there is also information about the used machines: UTM, the durometer
and the diffractometer all the techniques used and the procedures needed for
each test are shown too.
After that, the results extracted from each test during the research are
reported, together with a discussion about the results obtained, which are
compared to the results that might have been expected, and hypothesis of why
there may be differences between them.
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1. INTRODUCTION
The aim of this project is the characterization of the mechanical properties of
two aluminium based alloys with extremely wide use in the aeronautical
environment, 2024-T3 and 7075-T6, using diverse test machines.
At the end of this project the differences between both alloys should be clearly
identified by comparing the information extracted from the tests done with the
test-machines.
As a main require for the correct development of this project, the user has to be
familiarized with the use of the test machines and the procedures and
techniques needed to apply on the samples.
The distribution of this document is based on the typical index of technical
report publications for experimental tests results and discussion.
In the first part of this document, there is a brief resume of the laws of science
of materials that affect the experiments directly. They are the theory of elasticity,
resistance, hardness and fatigue. For instance, there are presented also, in this
introductory part, references to the generic characteristics of metals and
aluminium alloys, and a brief contextualization of the use of aluminium alloys in
the aeronautic sector, and how important has been the aluminium for the
aerospace industry, as the modern commercial aviation industry would never
have succeeded without aluminium. The Wright brothers' first airplane, which
flew in 1903, had a four-cylinder, 12-horsepower auto engine modified with a
30-pound aluminium block to reduce weight. Aluminium gradually replaced the
wood, steel and other airplane parts in the early 1900s, and the first allaluminium plane was built in the early 1920s. Since then, airplanes of all kinds
and sizes have been made very largely of aluminium.
Secondly, it is presented the report of the different tests and procedures done
during the research, to extract the mechanical properties of each piece. In this
part, there is also information about the used machines: UTM (universal test
machine), the durometer and the diffractometer all the techniques used and the
procedures needed for each test are shown too.
After that, the results extracted from each test during the research are reported,
together with a discussion about the results obtained, which are compared to
the results that might have been expected, and hypothesis of why there may be
differences between them.
Finally, the conclusions deducted from the realization of this project, all the
troublesome found and the degree of accomplishment of the research are
evaluated and reported.
As appendix there are the quick user guides for the test machines that are at
EPSC, information about the environmental impact of the aluminium, heat
treatments and nomenclature of aluminium and the different aircraft used alloys.
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2. INTRODUCTION TO THE SCIENCE OF MATERIALS
2.1.

General Metal Properties

Metals are a group of chemical elements that exhibit all or most of the following
physical qualities:
-

They are usually shiny
Have a relatively high density
Are ductile
Malleable
Usually have a high melting point
Are usually hard
They conduct electricity and heat well
Have a crystalline structure when in the solid state

The electrical and thermal conductivity of metals originate from the fact that in
the metallic bond the outer electrons of the metal atoms form a gas of nearly
free electrons, moving as an electron gas in a background of positive charge
formed by the ion cores.

2.2.

Aluminium

Aluminium is a soft, lightweight metal normally with a dull gray appearance
caused by a thin layer of oxidation that forms quickly when the metal is exposed
to air, Alumina (Al2O3). Aluminium oxide has a higher melting point than pure
aluminium. Aluminium has a Pilling-Bedworth factor of 1.3 [X]. Aluminium is
nontoxic, diamagnetic, and nonsparking. It has an ultimate tensile strength of
about 49 megapascals (MPa) in a pure state and 400 MPa even 700 MPa as an
alloy as stated in Metalotecnia (Guiones) (see [1]). Aluminium is about one-third
as dense as steel or copper; it is malleable, ductile, and easily machined and
cast. It has excellent corrosion resistance and durability because of the
protective oxide layer.
Aluminium is one of the few metals which retain full silvery reflectance, even in
finely powdered form, which makes it a very important component of silver
paints.
Aluminium's crystal structure is an FCC structure, hence the high ductility of the
pure metal.
It is the second-most malleable metal (after gold) and the sixth-most ductile.
Aluminium is a good thermal and electrical conductor, by weight better than
copper. Aluminium is capable of being a superconductor, with a
superconducting critical temperature of 1.2 Kelvin.
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Aluminium possesses a host of advantageous properties that make it the choice
of material for so many applications. These include:
Lightweight with a density approx 2.7g.cm3 (compared to steel with
density typically 7.75-8.05g.cm3)
High strength to weight ratio
Excellent corrosion resistance which can be enhanced by anodizing,
painting or lacquering
Excellent conductor of heat and electricity
Good ductility
Good reflective properties
Impermeability
Odourless
Recyclable
Formability
Availability

2.3.

Aluminium in Aerospace technology

The aerospace industry demands a lot from the materials it uses. Demands
include improved toughness, lower weight, increased resistance to fatigue and
corrosion. The boundaries of material properties are being constantly extended
as manufacturers strive to give the next generation of aircraft improved
performance while making them more efficient. Aluminium is one of the key
materials facing these challenges. Aluminium alloy plate is used in a large
number of aerospace applications, ranging in complexity and performance
requirements from simple components through to primary load bearing
structures in aircraft such as the Airbus A340 and Boeing 777.
Its combination of lightness, strength and workability makes it the ideal material
for mass produced commercial aircraft. Strong aluminium alloys take the
extraordinary pressures and stresses involved in high altitude flying; wafer thin
aluminium panels keep the cold out and the air in. Many internal fittings like the
seating on planes are made from aluminium or aluminium composite in order to
save weight and thus save fuel, reduce emissions and increase the aircraft's
payload.
Today, there are around 5,300 commercial passenger aircraft flying in the
world, and many thousands of light aircraft and helicopters. Demand for
commercial aircraft is forecast to rise by around 60% over the next decade.
Aluminium is the primary aircraft material, comprising about 80% average of an
aircraft's unladen weight (based on a Boeing 747). The standard Boeing 747
jumbo jet contains approx. 75,000kg of aluminium. Because the metal resists
corrosion, some airlines don't paint their planes, saving several hundred
kilograms of weight.
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Figure 2.1 Distribution of metallic structural alloy systems in a Boeing 747

2.4.

Alloys

An alloy is a mixture of two or more elements in solid solution in which the major
component is a metal. Most pure metals are either too soft, brittle or chemically
reactive for practical use (structural function, operation…). Combining different
ratios of metals as alloys modify the properties of pure metals to produce
desirable characteristics. The aim of making alloys is generally to improve their
properties, for instance mechanical properties can be enhanced making the
results more can make them less brittle, harder or resistant to corrosion.
Examples of alloys are steel (iron and carbon), brass (copper and zinc), bronze
(copper and tin), and duralumin (aluminium and copper). Alloys specially
designed for highly demanding applications, such as jet engines, may contain
more than ten elements.
In this project the tested alloys are from the families of 2000 and 7000
aluminium alloys.
2000 series are mainly alloyed with copper, and can be precipitation hardened
to strengths comparable to steel. Formerly referred to as duralumin aluminium
from Duren Industries, they were once the most common aerospace alloys, but
were susceptible to stress corrosion cracking and are increasingly replaced by
7000 series in new designs.
7000 series are mainly alloyed with zinc, and can be precipitation hardened to
the highest strengths of any aluminium alloy.
The most commonly used alloys in the aerospace technology are: 7075
aluminium, 6061 aluminium, 6063 aluminium, 2024 aluminium and 5052
aluminium.
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2024 is one of the best known of the high strength aluminum alloys. With its
high strength and excellent fatigue resistance, it is used to advantage on
structures and parts where good strength-to-weight ratio is desired. It is readily
machined to a high finish. It is readily formed in the annealed condition and may
be subsequently heat treated. Since corrosion resistance is relatively low, 2024
is commonly used with an anodized finish or in clad form (“Alclad”) with a thin
surface layer of high purity aluminum. It is used for components loaded in
tensile such as wing lower surfaces and fuselage skins. It is primarily utilized in
the naturally aged condition.
7075 is one of the highest strength aluminum alloys available. Its strength-to
weight ratio is excellent and it is ideally used for highly stressed parts. It may be
formed in the annealed condition and subsequently heat treated. It is available
in the clad (“Alclad”) form to improve the corrosion resistance with the over-all
high strength being only moderately affected. It is used principally for forgings
and structures loaded in compression such as upper wing surfaces.
Also there are much more aerospace alloys, but they are less widely used.

2.5.

Young's modulus

Young's modulus (E) is a measure of the stiffness of a given material. It is also
known as the Young modulus, modulus of elasticity, elastic modulus or tensile
modulus. It is defined as the ratio, for strains that are in the range of linearity of
the material, of the rate of change of stress with strain. This can be
experimentally determined from the slope of a stress-strain curve created during
tensile tests conducted on a sample of the material, as done during the UTM
essays.

E=

tensile _ stress σ
F / A0
FL0
= =
=
tensile _ strain ε ∆L / L0 A0 ∆L

(2.1)

Young’s modulus is one of the main properties that, due to its simplicity of
calculation, could be used to identify each aluminium. The magnitude order for
a Young’s modulus in aluminium is over the 69 GPa, that can give an
approximate idea of the huge efficiency of those light materials in the aeronautic
sector. The bigger that the Young’s modulus is, the material has less strain for
the same stress.

2.6.

Yield strength

Yield strength, or the yield point, is defined in engineering and materials science
as the stress at which a material begins to plastically deform. Prior to the yield
point the material will deform elastically and will return to its original shape when
the applied stress is removed. Once the yield point is passed some fraction of

INTRODUCTION TO THE SCIENCE OF MATERIALS

Page 7

the deformation will be permanent and non-reversible. Knowledge of the yield
point is vital when designing a component since it generally represents an
upper limit to the load that can be applied. It is also important for the control of
many materials production techniques such as forging, rolling, or pressing.
Because of the practical difficulty of locating this point, the Offset Yield Point is
used in tabulations of material properties.

Figure 2.2.Typical Stress-Strain curve
At the Offset Yield Point the sample has deformed plastically to an extent that
will leave the material with a permanent strain of 0.002 (0.2%) when it is at zero
stress. The stress at which this occurs is the Offset Yield Stress.
The diagram opposite illustrates this deformation condition, and locates the
0.002 Offset Yield Point on the stress/strain curve.
The yield stress for tested alloys is 344 MPa in the case of 2024-T3 and 505
MPa in 7075-T6.

2.7.

Fatigue

In engineering and, especially, in science of materials, the fatigue of materials
refers to a phenomenon for which the break of the materials under dynamical
cyclical charges is produced easier than with static charges. The fatigue is a
form of fracture that happens in structures submitted to dynamical and
fluctuating tensions (bridges, planes). It can happen to a minor tension that the
resistance to traction or the elastic limit for a static load.
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FIgure 2.3 Load profile for a dynamic Test

FIgure 2.4 Typical S-N Curve for aluminium

In Figure 2.3 there is a typical load profile for a dynamic load test, in this case
the load actuates both positive and negative forces, in the tests done during the
research only actuate tensile strength forces, these forces are set as positive by
convention.
In Figure 2.4 a profile of the behaviour of materials under fatigue stress is
represented; the graphic shows the life-stress curve. This curve represents the
number of cycles needed to break a certain material. As can be extract from this
plot, as the number of cycles increases the necessary effort to break the sample
becomes lower. In some materials there is a minimum level of effort (fatigue
limit), which means that under this level this material can’t be broken no matter
the number of cycles applied.
In cases where there is no fatigue limit, this maximum value of cycles refers to
5·108 cycles, in the case of aluminium 7075-T6 it has a fatigue resistance of 160
MPa.
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Hardness

Primarily used in engineering and metallurgy, indentation hardness seeks to
characterise a material's hardness; its resistance to permanent, and in particular
plastic, deformation. It is usually measured by loading an indenter of specified
geometry onto the material and measuring the dimensions of the resulting
indentation.
There are several alternative definitions of indentation hardness, the most
common of which are:
 Brinell hardness test (HB);
 Rockwell hardness test (HR), principally used in the USA;
 Vickers hardness test (HV), has one of the widest scales;
 Janka Wood Hardness Rating;
 Knoop hardness test (HK) or microhardness test, for measurement over
small areas;
 Meyer hardness test;
 Shore durometer hardness, used for polymers;
 Barcol hardness test, for composite materials, scale from 0 to 100.
There is, in general, no simple relationship between the results of different
hardness tests. Though there are practical conversion tables for hard steels, for
example, some materials show qualitatively different behaviours under the
various measurement methods.
Hardness increases with decreasing particle size. This is known as the HallPetch effect (see glossary). However, below a critical grain-size, hardness
decreases with decreasing grain size. This is known as the inverse Hall-Petch
effect.
The machine used to determine hardness, is the durometer. The durometer
used during the tests is a Rockwell durometer from the company Metrotec. The
different Rockwell tests are explained below.

2.9.

X-Ray Diffraction

X-rays are electromagnetic radiation of wavelength about 1 Å (10-10 m), which is
about the same size as an atom. They occur in that portion of the
electromagnetic spectrum between gamma-rays and the ultraviolet. The
discovery of X-rays in 1895 enabled scientists to probe crystalline structure at
the atomic level. X-ray diffraction has been in use in two main areas, for the
fingerprint characterization of crystalline materials and the determination of their
structure.
Each crystalline solid has its unique characteristic X-ray powder pattern which
may be used as a "fingerprint" for its identification. Once the material has been
identified, X-ray crystallography may be used to determine its structure. X-ray
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diffraction is one of the most important characterization tools used in solid state
chemistry and materials science.
We can determine the size and the shape of the unit cell for any compound
most easily using the diffraction of x-rays.

Figure 2.5 Reflection of x-rays from two planes of atoms in a solid.
The path difference between two waves:

2 x wavelength= 2dsin (theta)

(2.2)

For constructive interference (Figure 3.7, see also the glossary) between these
waves, the path difference must be an integral number of wavelengths. For
different values of path the interference tends to be destructive and therefore
tends to cancel (Figure 3.8):

n x wavelength= 2x

(2.3)

This leads to the Bragg equation:

n x wavelength = 2dsin (theta)

Figure 2.6 X-ray diffraction patterns from layered structure

(2.4)
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Figure 2.6 shows the x-ray diffraction pattern from a single crystal of layered
clay. Strong intensities can be seen for a number of values of n; from each of
these lines we can calculate the value of d, the interplanar spacing between the
atoms in the crystal.
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3. EXPERIMENTAL
3.1.

Samples

The samples were cut in two different sizes that permits recognize them, both
are rectangular, but one is 300x100x2 mm, and the other one is 200x100x2
mm.
From now on, sample A will be the sample with a height of 300 mm, and sample
B the one with 200 mm.
The theoretical properties for both alloys are:
Table 3.1 Fabricant stated mechanical properties
Young’s
Elongation
Alloys
Modulus
Yield Stress (MPa) UTS (MPa)
at break (%)
(GPa)
2024-T3
73.1
344
482
19
7075-T6
72
505
570
11

3.2.

UTM

The first procedure used to extract some mechanical properties of the pieces
was the use of the UTM (universal test machine). This machine allows the user
to charge a load profile in to the piece. There is the possibility to choose either
to make a compressive load or tensile strength load.
There is a new version of the software that also permits to make dynamic loads.
The machine can be controlled by the control panel installed at the machine or
using the computer, using the Metrotec software (see [12]).
The UTM has a work zone, located between the two transoms, to do tensile
strength tests, compressive tests or flexile strength tests to our pieces.
The universal load cell, is situated over the superior transom, it takes the
strength lectures during the tests, turning them to electrical signals that are
processed afterwards.
The frame is formed by a table load with motherboard, two guides of steel and a
top plate. It has a central screw that with its draft provokes the displacement of
the mobile transom.
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Different settings can be configured from the software, for example the units
used on the test (they can also be changed from the control panel), the scale for
the graphics, the parameters of the test, plotting parameters...

Figure 3.1 Metrotecs UTM

This software represents a graphic with the plotted data of the test, and it also
calculates some typical results as: Young Modulus or Yield Stress, but during
the tests that were done, several difficulties appeared with those calculations,
as they showed impossible results. The hypothesis about what could have
caused these errors is explained at the discussion section.
The UTM works into a load range until 15.000 Kgf, the equivalent for 12090000
Newtons, this will directly affect the tests; dimensions of the pieces need to be
well dimensioned, so that the machine is capable to break them. As shown
before, the force and the section of the piece are the parameters that will
determine the effort that the piece is set to (equation 2.1). This is a theoretical
aspect of the test, but there are also real practical aspects for the UTM, for
example the samples need to be sufficiently larger so that the UTM can grave
them correctly, it is also important that the sample is less wider than the gags,
this has been proved experimentally, as the results extracted from the samples
that were wider than the gags, gave incorrect information about the real
characteristics of the material, also the hypothesis for this error are found at the
discussion section.
In the graphics obtained from the UTM, there are several low level peaks that
contrast with the behaviour of the sample, as we can see in the figure below.
This is caused by the slides of the sample in the gags. It is correlated with a
metallic noise, when this slides occur, the machine detect a decrease of the
force it needs to strain the sample, so they are represented as this low level
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peaks that immediately return to their original curve (figure 3.2). This can be
visually explained with the marks that the gags leave all over the subjection
area of the samples; they show the movement of the sample in the gags during
the test.

Figure 3.2 Low level peaks during a test

The tests that were done to determine the fatigue of the materials, were realized
at Escola Técnica Superior d’Enginyeria Industrial de Terrassa (UPC), using a
Supezcar UTM. That UTM had less force range than Metrotec UTM but its
software was more accurate and versatile, that allowed that the fatigue tests
were done properly.
For those tests the sheets needed to be from 1 to 2 cm, so that the machine
could bring them to plastic behaviour.
With this UTM the dynamic test is configured by selecting the range of forces,
and then selecting the velocity of the test, in Metrotecs UTM the velocity is
given in mm/min; the machine regulates the force needed to make this constant
elongation on the sample, but in Supezar UTM the velocity is configured in N/s,
with this setting, the load profile is constant with time, but elongation is not.
In the tests samples were loaded from 1 KN to 10.5 KN in the case of sample B,
and from 1 KN to 8 KN for sample A, this settings were based on the hypothesis
done that were stating that sample A was 2024-T3 and sample B 7075-T6

3.3.

Durometer

The durometer is the machine used to determine the indentation hardness of
the pieces. In our case the durometer is a Rockwell durometer, so Rockwell
tests can be realized samples.
The hardness test is one of the more common tests used in the selection and
quality control of metals. Intrinsically the hardness is a condition of the surface
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of the material and it doesn’t represent a fundamental property of the material. It
is usually evaluated for two procedures.
Most used in metals it is the resistance to the penetration of one tool of certain
geometry. The hardness test is simple; it has high efficiency since it does not
destroy the sample and particularly useful to evaluate properties of the different
microstructural components of the material. The hardness test is realized with
indentators in the shape of spheres, pyramids or cones. These elements are
loaded against the material and then the durometer proceeds to measure the
size of the fingerprint that they left. The classification and the methods change
with every material, giving origin to the numbers of Hardness that we have
already seen.

Figure 3.3 Metrotec Rockwell Durometer

In the case of Rockwell tests the method is based on the measurement of the
depth of penetration of a certain indentator under the action of a prearranged
load. The number of hardness Rockwell (HR) is measured in conventional units
and is equal to size of the penetration on certain charges. The method can use
different penetrators, being these spheres of tepid steel of different diameters or
cones of diamond. A certain combination constitutes a "scale of measurement",
characterized like A, B, C... and being the reading an arbitrary number being
necessary to indicate in what scale it was obtained (HRA, HRB, HRC...). The
process of measurement with penetrator of diamond (used for hard materials,
as for example the tepid ones) it is outlined in the following figure:

Figure 3.4 Rockwell hardness diamond test
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The total load P is applied on the penetrator in two stages: the previous one P0
and one posterior P1 such that results in the equation 3.1:
P = P0 + P1

(3.1)

Initially the cone penetrates in to the surface a quantity h0 on the action of the
load P0 that will be kept up to the end of the test. This initial penetration allows
eliminating the influence of the superficial conditions. Then, there is applied the
load P1 and the penetration increases. Finally, the load P1 is withdrawed and
the depth h remaining (only acts P0) determines the number of Hardness HR.
To select the correct method, select the type of sample that is going to be
tested at the methods table from Metrotec Manual (see [11]).
For the procedures to do Rockwell tests see Appendix B.
For the different Rockwell methods tests used are described below:

3.3.1.

Rockwell test A, C, D

- Penetrator: diamond cone (HRA, HRC, HRD)
- Load:
PA = 60 kgf
PC = 150 kgf
PD = 100 kgf
- Formula: HRA, HRC, HRD = 100 - 500t

(3.2)

Figure 3.5 steel cone hardness test

3.3.2.

Rockwell Test B, F, G, E

- Penetrator: Steel sphere
f = 1/16" HRB, HRF, HRG
Steel sphere
f = 1/8" HRE
- Load:
PB & PE= 100 kgf
PF = 60 kgf
PG = 150 kgf
- Formula: HRB, HRF, HRG, HRE = 130 - 500t

(3.3)
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Figure 3.6 Steel sphere hardness test

3.4.

Diffractometer

A Diffractometer is a measuring instrument for analyzing the structure of a
usually crystalline substance from the scattering pattern produced when a beam
of radiation or particles (as X rays or neutrons) interacts with it. In this case the
Diffractometer used during the research, used an X ray scattering.
X-ray diffraction is used to determine the identity of crystalline solids based on
their atomic structure. During x-ray diffraction analysis, x-ray beams are
reflected off the parallel atomic layers within a mineral over a range of diffraction
angles. Because the x-ray beam has a specific wavelength, for any given
spacing (distance between adjacent atomic planes) there are only specific
angles at which the exiting rays will become constructive interference (see
glossary) and therefore, will be picked up by the detector producing a peak on
the diagram (figure 3.5), when those exiting rays are not at this specified
angles, they tend to form destructive interference (see glossary) and so to
cancel, this is represented as the noise in the diaffractograms. Just like a
fingerprint, every mineral has its own distinct set of diffraction peaks that can be
used to identify it, after the data is extracted and the diagram is done, the data
has to be compared using specific software with a high number of metals
database.

Figure 3.7 Demonstration of how two waves (labelled 1 and 2) that have the
same wavelength λ and remain in phase after a scattering event (waves 1’ and
2’) constructively interfere with one another. The amplitudes of the scattered
waves add together in the resultant wave.

EXPERIMENTAL
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Figure 3.8 Demonstration of how two waves (labelled 3 and 4) that have the
same wavelength and become out of phase after a scattering event (waves 3’
and 4’) destructively interfere with one another. The amplitudes of the two
scattered waves cancel one another.

A typical diffractometer consists of a source of radiation, a monochromator to
choose the wavelength, slits to adjust the shape of the beam, a sample and a
detector. In more complicated machines also a goniometer can be used for fine
adjustment of the sample and the detector positions. When an area detector is
used to monitor the diffracted radiation a beamstop is usually needed to stop
the intense primary beam that has not been diffracted by the sample. Otherwise
the detector might be damaged. Usually the beamstop can be completely
impenetrable to the x rays or it may be semitransparent. The use of
semitransparent beamstop allows the possibility to determine how much the
sample absorbs the radiation using the intensity observed through the
beamstop.

Figure 3.9 Schematic of an X-ray powder diffractometer
The X-ray radiation most commonly used is that emitted by copper, whose
characteristic wavelength for the K radiation is =1.5418Å. When the incident
beam strikes a powder sample, diffraction occurs in every possible orientation
of 2theta. The diffracted beam may be detected by using a moveable detector
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such as a Geiger counter, which is connected to a chart recorder. In normal
use, the counter is set to scan over a range of 2theta values at a constant
angular velocity. Routinely, a 2theta range of 5 to 70 degrees is sufficient to
cover the most useful part of the powder pattern. The scanning speed of the
counter is usually 2theta of 2degrees min-1 and therefore, about 30 minutes are
needed to obtain a trace.

Figure 3.10 Bruker’s D8 advance X-ray diffractometer

The research was done at Campus Nord at ETSEIB using a D8 Advance from
the company Bruker, as shown in figure 3.6.

3.5.

X'Pert Graphics & Identify

This software identifies the peaks in a diffraction diagram, and then proceeds to
compare the results obtained with the PDF (powder diffraction files) databases.
The search-match routine used to identify minerals in a specimen must be
preceded by a peak search of the diffraction data. Peak search parameters
specify how peaks are differentiated from background and noise. Peaks found
during the peak search are compared to powder diffraction data for minerals
and other crystalline substances in a large database. Search-match parameters
specify how the database is searched, what constitutes a match, and how the
matches are scored.

RESULTS
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4. RESULTS
4.1. UTM
UTM Test

Aluminium:
 Sample A
 Sample B

 Test ID code:

A_UTM_01_08-02

 Test type:
 Static
 Dynamic
 Test result’s:
Table 4.1 A_UTM_01_08-02 testing results.
Measurement
Area
Inicial Longitude
Young’s modulus
Yield stress
Ultimate tensile strength (static)
Maximum Force
Maximum Strain
Relative elongation (%)
Selected stress (Dynamical)
Number of cycles(Dynamical)
 Test graphic:

Figure 4.1 A_UTM_01_08-02 results

Result
200 mm2
105 mm
8.96 GPa
218.11 MPa
433.49 MPa
86697.06 N
19.23 mm
18.3%
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UTM Test

Aluminium:
 Sample A
 Sample B

 Test ID code:

A_UTM_02_08-02

 Test type:
 Static
 Dynamic
 Test result’s:
Table 4.2 A_UTM_02_08-02 testing results.
Measurement
Area
Inicial Longitude
Young’s modulus
Yield stress
Ultimate tensile strength (static)
Maximum Force
Maximum strain
Relative elongation (%)
Selected stress (Dynamic)
Number of cycles(Dynamic)
 Test graphic:

Figure 4.2 A_UTM_02_08-02 results

Result
200 mm2
105 mm
9.94 GPa
263.86 MPa
424.88 MPa
84965.05 N
16.08 mm
15.3%
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UTM Test

Aluminium:
 Sample A
 Sample B

 Test ID code:

B_UTM_03_08-02

 Test type:
 Static
 Dynamical
 Test result’s:
Table 4.3 B_UTM_03_08-02 testing results.
Measurement
Area
Inicial Longitude
Young’s modulus
Yield stress
Ultimate tensile strength (static)
Maximum Force
Maximum strain
Relative elongation (%)
Selected stress (Dynamic)
Number of cycles(Dynamic)
 Test graphic:

Figure 4.3 B_UTM_03_08-02 results

Result
200 mm2
50 mm
11.64 GPa
341.63 MPa
435.02 MPa
87004.23 N
6.12 mm
12.2%
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UTM Test

Aluminium:
 Sample A
 Sample B

 Test ID code:

B_UTM_04_08-02

 Test type:
 Static
 Dynamic
 Test result’s:
Table 4.4 B_UTM_04_08-02 testing results.
Measurement
Area
Inicial Longitude
Young’s modulus
Yield stress
Ultimate tensile strength (static)
Maximum Force
Maximum strain
Relative elongation (%)
Selected stress (Dynamic)
Number of cycles(Dynamic)
 Test graphic:

Figure 4.4 B_UTM_04_08-02 results

Result
200 mm2
50 mm
11.03 GPa
314.04 MPa
433.28 MPa
86656.92 N
5.47 mm
10.9%
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UTM Test

Aluminium:
 Sample A
 Sample B

 Test ID code:

A_UTM_05_27-03

 Test type:
 Static
 Dynamic
 Test result’s:
Table 4.5 A_UTM_05_27-03 testing results.
Measurement
Area
Inicial Longitude
Young’s modulus
Yield stress
Ultimate tensile strength (static)
Maximum force
Maximum strain
Relative elongation (%)
Selected stress (Dynamic)
Number of cycles(Dynamic)
 Test graphic:

Figure 4.5 A_UTM_05_27-03 results

Result
200 mm2
105 mm
8.82 GPa
245.71 MPa
412.21 MPa
82442.16 N
14.31 mm
13.7%
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UTM Test

Aluminium:
 Sample A
 Sample B

 Test ID code:

B_UTM_06_27-03

 Test type:
 Static
 Dynamic
 Test result’s:
Table 4.6 B_UTM_06_27-03 testing results.
Measurement
Area
Inicial Longitude
Young’s modulus
Yield stress
Ultimate tensile strength (static)
Maximum Force
Maximum Elongation
Relative elongation (%)
Selected stress (Dynamic)
Number of cycles(Dynamic)
 Test graphic:

Figure 4.6 B_UTM_06_27-03 results

Result
200 mm2
55 mm
10.65 GPa
331.59 MPa
432.73 MPa
86546.10 N
7.41 mm
12.8%
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UTM Test

Aluminium:
 Sample A
 Sample B

 Test ID code:

A_UTM_07_26-05

 Test type:
 Static
 Dynamic
 Test result’s:
Table 4.7 A_UTM_07_26-05 testing results.
Measurement
Area
Inicial Longitude
Young’s modulus
Yield stress
Ultimate tensile strength (static)
Maximum Force
Maximum strain
Relative elongation (%)
Selected stress (Dynamic)
Number of cycles(Dynamic)
 Test graphic:

Figure 4.7 A_UTM_07_26-05 results

Result
80 mm2
38 mm
15.78 GPa
368.03 MPa
455.78 MPa
36462.41 N
7.05 mm
18.5%
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UTM Test

Aluminium:
 Sample A
 Sample B

 Test ID code:

A_UTM_08_26-05

 Test type:
 Static
 Dynamical
 Test result’s:
Table 4.8 A_UTM_08_26-05 testing results.
Measurement
Area
Inicial Longitude
Young’s modulus
Yield stress
Ultimate tensile strength (static)
Maximum Force
Maximum strain
Relative elongation (%)
Selected stress (Dynamic)
Number of cycles(Dynamic)
 Test graphic:

Figure 4.8 A_UTM_08_26-05 results

Result
80 mm2
38 mm
15.49 GPa
360.94 N
465.87 MPa
37269.61 N
9.21 mm
24.3%
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UTM Test

Aluminium:
 Sample A
 Sample B

 Test ID code:

B_UTM_09_26-05

 Test type:
 Static
 Dynamic
 Test result’s:
Table 4.9 B_UTM_09_26-05 testing results.
Measurement
Area
Inicial Longitude
Young’s modulus
Yield stress
Ultimate tensile strength (static)
Maximum Force
Maximum Elongation
Relative elongation (%)
Selected stress (Dynamic)
Number of cycles(Dynamic)
 Test graphic:

Figure 4.9 B_UTM_09_26-05 results

Result
80 mm2
47.5 mm
14.57 GPa
469.86 MPa
536.98 MPa
42958.31 N
5.05 mm
10.6%
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UTM Test

Aluminium:
 Sample A
 Sample B

 Test ID code:

B_UTM_10_06-06

 Test type:
 Static
 Dynamic
 Test result’s:
Table 4.10 B_UTM_10_06-06 dynamic testing results.
Measurement
Area
Maximum strain
Minimum Force
Maximum Force
Number of cycles(Dynamic)
Speed
Test duration

Result
20 mm2
3.24 mm
1000N
10500N
10 cycles
100N/s
1986 s

 Test graphics:

Figure 4.10 B_UTM_10_06-06 graphics for force and elongation results
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UTM Test

Aluminium:
 Sample A
 Sample B

 Test ID code:

A_UTM_11_06-06

 Test type:
 Static
 Dynamic
 Test result’s:
Table 4.11 A_UTM_11_06-06 dynamic testing results.
Measurement
Area
Maximum strain
Minimum Force
Maximum Force
Number of cycles(Dynamic)
Speed
Test duration

Result
20 mm2
2.64 mm
1000N
8000N
10 cycles
100N/s
1485 s

 Test graphics:

Figure 4.11 A_UTM_11_06-06 graphics for force and elongation results
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Durometer

Durometer Test

Aluminium:
 Sample A
 Sample B

 Test number:

A_DUR_01_06-06

 Test result’s:
Table 4.12 A_DUR_01_06-06 hardness testing results.
Measurement
Method used
Preload
Load
Diameter:
Brinell Hardness
Rockwell Hardness
Vickers Hardness
Distance:
Load time:

 Observations:
- No convertion allowed for this type of method.
- Indentator: 1/8 diameter steel sphere

Result Conversion?
HRH
10 Kgf
60 Kgf
1/8
Yes/No
86.5 Yes/No
Yes/No
87.0µ
2s
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Page 33

Durometer Test

Aluminium:
 Sample A
 Sample B

 Test number:

A_DUR_02_06-06

 Test result’s:
Table 4.13 A_DUR_02_06-06 hardness testing results.
Measurement
Method used
Preload
Load
Diameter:
Brinell Hardness
Rockwell Hardness
Vickers Hardness
Distance:
Load time:

 Observations:
- No convertion allowed for this type of method.
- Indentator: 1/8 diameter steel sphere

Result Conversion?
HRH
10 Kgf
60 Kgf
1/8
Yes/No
86.6 Yes/No
Yes/No
86.8µ
2s
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Durometer Test

Aluminium:
 Sample A
 Sample B

 Test number:

B_DUR_03_06-06

 Test result’s:
Table 4.14 B_DUR_03_06-06 hardness testing results.
Measurement
Method used
Preload
Load
Diameter:
Brinell Hardness
Rockwell Hardness
Vickers Hardness
Distance:
Load time:

 Observations:
- No convertion allowed for this type of method.
- Indentator: 1/8 diameter steel sphere

Result Conversion?
HRH
10 Kgf
60 Kgf
1/8
Yes/No
97.1 Yes/No
Yes/No
64.9µ
2s
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Durometer Test

Aluminium:
 Sample A
 Sample B

 Test number:

B_DUR_04_06-06

 Test result’s:
Table 4.15 B_DUR_04_06-06 hardness testing results.
Measurement
Method used
Preload
Load
Diameter:
Brinell Hardness
Rockwell Hardness
Vickers Hardness
Distance:
Load time:

 Observations:
- No convertion allowed for this type of method.
- Indentator: 1/8 diameter steel sphere

Result Conversion?
HRH
10 Kgf
60 Kgf
1/8
Yes/No
97.8 Yes/No
Yes/No
64.4µ
2s
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Diffractometer:

In the figure 4.12 there is represented the data extracted from the diffractometer
for sample A; this is the graphic that includes all the test angle range.

Figure 4.12 Diffractogram, intensity of the peak vs the angle

There are 3 important peaks; those peaks appeared for both alloys, as they
have very similar components but in different proportions.
As aluminium is the predominating component in both alloys, the two graphics
have a very similar profile, and they have peaks at more or less the same
angles, the important information is in the peaks that just appear in one of the
graphics, or that are sufficiently different.
With this graphic it is difficult to see the peaks and when they occur. There is no
valuable data between 20 to 35 degrees and the main information is between
37 and 46, so a zoom can be made for the most important areas.

Figure 4.13 Diffractogram for both alloys between 37 to 46 degrees
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The forecast peaks are, ordered in decreasing importance:
For figure 1, the most important peak is centred at 44.8º, another peak is
located at 38.5º, and a low intensive peak is found at 40º, therefore may seem
noise but it isn’t.
Figure 2 has the same peaks as figure 1, but the peak at 38.5º has a lower
intensity and the peak at 40º seems to be clearer differenced from noise in this
graphic.
When the data from the diffractometer is ready, a database with metals and its
scattering patterns is needed to compare the results and extract conclusions
about the composition of the samples.
During the research the program X'Pert Graphics & Identify was used to
determine the possibilities that the graphics showed.
The program detects the peaks and processes them to compare their properties
to the PDF database.
After comparing the data extracted with the database, the program gives
different possibilities based on the distance and the relative intensity of these
peaks.
The program can autogenerate suggestions of different materials that could
agree with the requests, but in this specific case, most of the components have
peaks at similar angles, which means that the peaks with more intensity can
hide less intensity peaks that are near to them.
Due to this fact, a manual search would be needed
The results used to compare with the database are show in table 4.16:
Table 4.16 High intensive peaks at diffractometer diagram.
Peak 1 (100%)
Distance
Sample_A
(Armstrongs)
Distance
Sample_B
(Armstrongs)

Peak 2

Peak 3

2.25

2.09

2.38

2.25

2.08

2.31/2.24

Page 38

Characterization of the mechanical properties of light aeronautic alloy samples.

DISCUSSION

Page 39

5. DISCUSSION
5.1.

UTM

Alter all the tests that were done to verify the properties of the analyzed
aluminium, now it is time to come back to the main purposes and see in what
direction have these tests lead the research.
As can be deduced from the results seen before, the UTM tests results were
very similar for both aluminium, when the first 300 mm and 200 mm length
sheets were used.
The shape being non standardized (non applying the tests regulation) was a
dominant parameter in the tests, hiding the real differences between both
alloys.

Figure 5.1 Normalized sample.

A standardized sample is shown at figure 5.1, L0 is the initial longitude of the
sample, extremes are not taken into account because this is the part where the
gags subject the sample and this part is not loaded in tensile as the rest of the
sample, between the L0 range is where the tensile load is affecting. This may be
taken into account when realizing elongation calculations.
Because of the samples not being standard some errors could have been done
during the post-test process of the samples, for example for relative elongation
calculations, this is caused for the difficulty to measure L0 in a non standard
sample, but this is not an important error source since the tolerance of this
measure is relatively low.
Tests done with the UTM that were out of this research showed that a
cylindrical sample had a more controlled fracture than the rectangular ones, this
can also induce an error in the results, as when the fracture occurs it is much
faster, and the lecture values at this critical points can not be properly achieved.
What can be extracted of this fact is that the shape of the samples conditions
the tests heavily. When sheets were tested and afterwards analyzed, there was
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a singular behaviour of the piece; it had a curvature from the side that was
totally subjected by the UTM, to the free side of the sample.
This might appear because the stress distributions are not homogenous; that
cause a curvature in the piece that provoked the sum of both flexile and tensile
strengths that affected the results of the tests realized, making the resistance
levels decrease, so the first tests realized do not have a quantitative value to
the research, but their value lies in the experience achieved in using the UTM in
this first tests.
Also, as could have been verified experimentally, the results from both alloys
can be compared qualitatively, this means that tests data was erroneous but still
logical, aluminium 2024-T3 always showed less yield stress or UTS than 7075T6.
The hypothesis extracted from this firsts tests are based mostly in the
differences between the maximum elongations found.
Sample A had a maximum elongation of 17 mm, as sample A had
approximately 200 mm of initial longitude, this 17 mm correspond to a 11.2%
strain, and sample B had 6 mm of elongation with 100 mm of L0, that result in a
6% strain. This means that sample A would be 2024-T3 due to its greater
elongation at break, and sample B, 7075-T6.
This can be confirmed with the graphics of the first day’s tests; sample A has a
greater ductibility than sample B, as clearly its maximum elongation shows.
The Young’s Modulus values are both erroneous. The supplier states that the
alloys have an Elasticity Modulus over 70 GPa, while the results extracted from
the software are around 10 GPa, which is an important difference. Software
malfunction was thought to be the case. At this point there are two different
possible error sources:
- Sample’s shape, as it has already been commented this might be an
important source of error, but due to the results of the third day’s tests, this has
to be discarded. In the third testing day, samples were sawed to 4 cm wide, so
the UTM could subject them totally, and these tests had results that agreed with
the theory for UTS and Yield Stress, but not for young’s modulus.
- Software malfunction is thought to be the main problem for the
erroneous values, as sample’s shape has been discarded.
In this erroneous Young’s Modulus sample B has a greater modulus than
sample A. In the initial data given by Alustock S.A. 2024-T3 has 73.1 GPa and
7075-T6 has 72 GPa, this contrarieties the previous conclusion found, but as
this results are very incorrect, and the differences between both alloys
theoretical results is just about a 2% they won’t have a reliable importance in
the identification of the samples.
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Another important result that could determine the identity of these samples is
the Yield Stress. As seen before, 7075-T6 has a much higher yield stress than
2024-T3. In the data obtained with the UTM, Sample B shows a greater elastic
limit, this agrees with the ductile behaviour of both alloys, so it should be 7075T6.
Samples used during the first and second tests days, showed that pieces from
aluminium B had a greater yield stress but the results were not much accurate
to what we expected, this yield stress was much lower than expected. This
might be caused by the sample’s shape or a software error. Comparing these
results with the third day ones, where the tests were much closer to the theory,
it is clear that the parameter that affected negatively the tests was the wide of
the samples.
In that third day, the UTS results for both alloys were almost what we expected;
that is be a confirmation of the hypothesis extracted from the first days, as
sample A had a Yield stress of 360 MPa which is near to the 344 MPa expected
and sample B had 470 MPa which is much greater than sample A but it is lower
than expected (505 MPa), we found the same in the UTS, as sample B had a
UTS of 536 that is lower compared to the real 570 MPa, but sample A had 470
MPa near the 482 expected.

Table 5.1 Average day 1 results
Measurement
Young’s modulus
Yield stress
Ultimate tensile strength
Relative elongation (%)

Average Result (A)
9.45 GPa
240.98 MPa
429.18 MPa
16.8

Average Result (B)
11.33 GPa
327.83 MPa
434.15 MPa
11.55

Table 5.2 Average day 2 results
Measurement
Young’s modulus
Yield stress
Ultimate tensile strength
Relative elongation (%)

Average Result (A)
8.82 GPa
245.71 MPa
412.21 MPa
13.7

Average Result (B)
10.65 GPa
331.59 MPa
432.73 MPa
12.8

Table 5.3 Average day 3 results
Measurement
Young’s modulus
Yield stress
Ultimate tensile strength
Relative elongation (%)

Average Result (A)
15.63 GPa
364.48 MPa
460.82 MPa
21.4

Average Result (B)
14.57 GPa
469.86 MPa
536.98 MPa
10.6
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The results extracted from the dynamical tests do not have an important
numeric value for the objective of the characterization of both alloys.
Their number of cycles was very low compared to typical fatigue tests for
aluminium. They did not show relevant information. This tests have been more
important in the experience achieved in using the UTM and how working with it
in different configurations.
The results plotted in the dynamic test graphics show how the theory and the
reality matches perfectly.
The cyclical charge for both tests, make the elongation increases with the
number of cycles, it is difficult to appreciate it because of the low cycle range,
but elongation increases with N.

5.2.

Durometer

From the results extracted from the durometer, it is clear that those tests are a
reaffirmation of the hypothesis done until now.
By comparing both samples, these tests show a greater hardness value for
sample B (97) than sample A (86), this agrees with the idea that sample B is
7075-T6, as there is a direct correlation between this superficial hardness and
the tensile strength as it is stated by Vázquez and De Damborenea (see [9]),
and aluminium 7075-T6 has a bigger ultimate tensile strength.
There are no values of reference that can be used to compare with these
results as conversions from the different hardness scales are not recommended
until there is a practical demonstration of these conversions, and the mostly
used test for aluminium alloys is the Brinell test.

5.3.

Diffractometer

The results of the diffractometer tests have been very confusing. As both alloys
had the same composition except for one component, but in different
proportions it is very hard to identify them properly.
Also most of the materials that compose those alloys have peaks for similar
angles that mean that probably most of the peaks were hide by most intensive
peaks that occurred in the same range, which means that the use of this test
cannot be a sufficient proof by itself to determine the identity of both alloys.
The use of the software X'Pert Graphics & Identify showed that probably sample
A is alloyed with copper mostly, comparing this to the composition table given
by the fabricant it would be Aluminium 2024-T3, and sample B is alloyed with
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Zinc mostly so it could be Aluminium 7075-T6, this agrees perfectly with the
conclusions extracted from the other tests.
This can also be verified by the relation between the grain size and the wide of
the peaks shown at the diffraction diagram, when wider are the peaks the grain
size for these components is smaller, that gives them a higher hardness (see
Hall-Petch effect at glossary).
By comparing the resultant graphics, sample A has a wider peak so that means
that it has smaller grain size, so it is harder, Zinc is told to have a smaller grain
size, this can be seen at the fact that it has a lower UTS (110-200 MPa) than
Copper (210 MPa), but in contrast with the previous hypothesis and all the
mechanical properties tests done.
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6. CONCLUSIONS
After doing this research, several conclusions can be extracted, it is time to go
back to our main objectives at the beginning of the project and verify if they
have been achieved.
The tests have not shown any conclusive proof of the identity of the samples by
themselves, as the results extracted from them were not exactly what we
expect. But all the tests have lead the results to the same hypothesis, sample A
belongs to 2024-T3 and sample B to aluminium 7075-T6, so it can be guessed
that this is probably the real fact.
Factors that agree with the fact that sample A is aluminium 2024-T3 and sample
B is aluminium 7075-T6:
- All yield stress values extracted from UTM.
- All ultimate tensile strength values extracted from UTM.
- Elongation at break values extracted from UTM.
- Hardness values from Durometer.
- X’pert Graphics & Identify results for the samples composition, (sample
A alloyed mainly with copper (2024-T3), and sample B alloyed mainly with Zinc
(7075-T6)).
- The Young Modulus calculations during testing day 3. Sample A elastic
modulus is greater than on sample B.
Factors that disagree with the fact that sample A is aluminium 2024-T3 and
sample B is aluminium 7075-T6:
- The analysis of the wide of the peaks in the diaffractogram, which
states that sample A has lower particle size, so it has to have a bigger Ultimate
Tensile Strength. So that would mean that sample A is 7075-T6 and sample B
2024-T3.
- Relation between young modulus from both samples, except the one
from the third day tests.
The objective of learning the use of the different machines has been
accomplished by the study of the different manuals from Metrotec Machines
and the realization of several tests during the duration of the project.
During the research many problems have been found. As it was the first
experience where the machines were used regularly, many problems occurred.
Several obstacles appeared when dealing with the software, and also some
components error was found during the inventory. This has complicated the
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accomplishment of the requests heavily. It could have helped that the Service
Attention from the suppliers had been quicker.
But those difficulties had also been an important learning source. As the
projects at university are sometimes a little bit isolated from the real world
projects, and TFC is just an approximation to the real world issues, these
problems had given a much more realistic vision to the project.
This project has been a good learning process, not just in the specific area of
characterization of materials but moreover in many aspects of what can be
expected of a real project development.
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7. GLOSSARY
- Alclad: Composite wrought product comprised of an aluminum alloy core
having one or both surfaces a metallurgically bonded aluminum or aluminum
alloy coating that is anodic to the core and thus electrochemically protects the
core against corrosion.
- Constructive interference: Consider two waves that are in phase,with
amplitudes A1 and A2. Their troughs and peaks line up and the resultant wave
will have amplitude A = A1 + A2.

π
- Destructive interference: If the two waves are
radians, or 180°, out of
phase, then one wave's crests will coincide with another wave's troughs and so
will tend to cancel out. The resultant amplitude is A = | A1 − A2 |. If A1 = A2, the
resultant amplitude will be zero.
- Pilling-Bedworth: Physical metallurgy relies on a set of guidelines to identify
protective oxide coatings for corrosion protection. Such coatings should be
pinhole-free.
Accordingly, guidelines developed for protective oxide coatings in physical
metallurgy can be applied to the protective metal oxides in integrated circuits.
In their 1923 paper "The oxidation of metals in high temperature" presented to
the Institute of Metals, N. B. Pilling and R. E. Bedworth first correlated the
porosity of a metal oxide with the specific density1. The Pilling-Bedworth ratio,
(P-B ratio) R, of a metal oxide is defined as the ratio of the volume of the metal
oxide, which is produced by the reaction of metal and oxygen, to the consumed
metal volume:
R≡

Vmetaloxide _ produced
Md
=
Vmetal _ consumed
amD

(7.1)

M and D are the molecular weight and density of the metal oxide whose
composition is (Metal)a (oxygen)b; m, and d are the atomic weight and density of
the metal.
Pilling and Bedworth realized that, when R is less than 1, a metal oxide tends to
be porous and non-protective because it cannot cover the whole metal surface.
Later researchers found that, for excessively large R, large compressive
stresses are likely to exist in metal oxide, leading to buckling and spalling. In
addition to R, factors such as the relative coefficients of thermal expansion and
the adherence between metal oxide and metal should also be favourable in
order to produce a protective oxide.
- Grain boundary: Bounding surface between crystals. When alloys yield new
phases (as in cooling), grain boundaries are the preferred location for the
appearance of the new phase.
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- Fatigue Limit: The maximum value of the applied alternating stress which a
test piece can stand indefinitely.
- Hall-Petch effect: The Hall-Petch relationship or Hall-Petch Law is a relation
in materials science that deals with the connection between the grain size, or
crystallite size, and the yield point of a material. This relation says that the
larger the grain size of a crystalline material, the weaker it is, and that is the
smaller its yield strength. The relation is described mathematically by the HallPetch equation which is equation:

σY = σ0 +

ky
d

(7.2)

Where ky is the fitting parameter (a material constant), σo is a materials constant
for the starting stress for dislocation movement, d is the grain diameter, and σy
is the yield stress.
- Inverse Hall-Petch effect: The Hall-Petch relationship has been well
established experimentally for grain sizes in the millimeter through
submicrometre regimes. Consequently it was thought that nanosized grains
would produce materials with even greater mechanical integrity. Modern
computer simulations, however, have shed light on what may actually occur in
materials with grains 10-20 nm in size. Consequently, it has been proposed that
there is a "reverse Hall-Petch relationship" at ever-decreasing grain sizes, in
which material hardness and yield stress likewise decrease.
The classic Hall-Petch relationship is based on the idea that grain boundaries
act as obstacles to dislocation glide. Dislocations require greater amounts of
energy to overcome these barriers to motion. Because dislocations are carriers
of plastic deformation, this phenomenon manifests itself macroscopically as an
increase in material strength. For very small grains (~12 nm) the deformation
mechanism is different. It has been proposed that plastic deformation is no
longer dominated by dislocation motion but by atomic sliding of grain
boundaries. In this small grainsize regime, this sliding effect would tend to
dominate because of the larger ratio of grain boundary to crystal lattice. This
mode of deformation leads to observed softening of a material.
Other explanations that have been proposed to rationalize the apparent
softening of metals with nanosized grains include poor sample quality and the
suppression of dislocation pileups.
Many of the early measurements of a reverse Hall-Petch effect were likely the
result of unrecognized pores in samples. The presence of voids in
nanocrystalline metals would undoubtedly lead to their having weaker
mechanical properties.
The pileup of dislocations at grain boundaries is a hallmark mechanism of the
Hall-Petch relationship. Once grain sizes drop below the equilibrium distance

GLOSSARY

Page 49

between dislocations, though, this relationship should no longer be valid.
Nevertheless, it is not entirely clear what exactly the dependency of yield stress
should be on grain sizes below this point.
- Mechanical properties: Those properties that reveal the reaction, either
elastic or plastic, of a metal to an applied stress. Tensile strength, yield
strength, elongation, reduction of area, hardness, impact strength, and bend
ability are mechanical properties.
- Oxidation: A common form of chemical reaction which is the combining of
oxygen with various elements and compounds. The corrosion of metals is a
form of oxidation; rust on iron for example is iron oxide.
- Precipitation hardening: Hardening in metals caused by the precipitation of a
constituent from a supersaturated solid solution.
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10. APPENDIX
Appendix A: Quick User Guide for UTM
Before proceeding with the test, verify that the parameters of the test are the
wished ones. Accede to the Menu of Configuration of the control panel.
Consult the different parameters of configuration in the paragraph 14.2. Option
Menu – configuration (see [9]).
There are several parameters to change, select the values for maximum force,
velocity…
It is important, due to the nature of the tests, to maintain a security distance
when the machine is working
Fix the sample between the gags of the UTM, so that it remains totally vertical
and well subjected, to avoid slides during the test.
For a correct placement of the sample it will be necessary to displease the low
gag up to placing it so that the sample remains perfectly stingy. An incorrect
fixing of the sample can provoke slides during the test, with the consequent
mistake in the lectures.
If the test is realized from the control panel, it is not possible to use the
extensometer, since the reading of this one only can be realized in the
computer.
Once placed correctly the gag, and checked all the parameters, is possible to
begin the test. For it, from the screen MONITOR press the button TEST.

Fig 9.1 Initial display

When pushing TEST button, a message to select the test type shows up
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Fig 9.2 Test display

To realize a compressive test, pulsate . The transom will begin to move up. To
realize a test of tensile strength, pulsate . The transom will begin to move
down. Pressing STOP the equipment will abort the test.
Then, the system will proceed to realize of automatic form the zero of the
indicators of force and extension.
In case a preload value has been selected, the following message will appear:

Fig 9.3 Preload display

On having reached the value of preload selected, the system will put to zero the
extension display, but not the force.
If during the application of the value of preload, STOP's button is touched, the
top plate does not stop, but the system stops the application of the preload and
beginning gives directly the test.
Later in the display of the control console the following message will appear:

Fig 9.4 testing display
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The test will not give be finished until the system has not detected the break of
the sample. (Sees paragraph 14.2.5 Option Submenu-parameters of test [9]).
If during the accomplishment of the test, STOP is pressed; in the display of the
console of control the following message will be visualized:

Fig 9.5 Null display
If the option RETORNO is selected, the mobile transom will come back to the
initial position before the realization of the test and the current test will be
finished.
If the option ANULAR is selected, the transom will remain stopped in same
position as it was stopped by pressing STOP and the test will be finished

A.1 Quick Steps for Using the Metrotec Software:
The procedure to follow to do a test with the UTM is the one that follows:
1.
2.
3.
4.

Turn on the UTM, using the keys provided with it.
Turn on the computer; put the license in the USB port.
Start the Metrotec Software.
Select Archive – New Project – Insert a name for the project and a
reference
5. Select the kind of test you want to do (tensile, compressive, dynamic)

Figure 9.6 Main Software screen
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6. Configuration, here configure the test parameters; select the units, the
force range, velocity...

Figure 9.7 Parameter window
7. Graphics – Escales, choose the scales for the test

Figure 9.8 Scale selection window
8. Once you have configured all the parameters, put the piece you want to
test in the UTM gags, to do so move the transoms with the arrows in the
control panel of the machine, until they both can subject the sample.
9. When the piece is correctly placed, press the 0 buttons in the software,
so the initial extension and the initial force, return to value 0.
10. Press test button.
11. In case of strange behaviour of the machine press the stop button or the
emergency one if needed.
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Appendix B: Quick User Guide for Durometer:
Select the appropriate method by looking at the Method tables on Metrotec
Durometer Manual (see [11]).
Select the parameters specified for the Method selected.
Once selected the testing method, as well as all those parameters that form it,
from the MENÚ 1 proceed as is detailed:

Fig 9.9 Initial test display

Pulsate › to begin the test. In case that on the carrier plate there is any piece
and this is in touch with the penetrator the following message will appear:

Fig 9.10 Remove display

The following message will appear:

Fig 9.11 Ready for test display

B.1 Preload aplication
Place the testing piece in the plate and turn slowly the steering wheel of the
screw until the piece is in touch with the penetrator, in the display the following
screen will appear:

Fig 9.12 Preloading display
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The pilot> blinks indicating that we must continue turning the steering wheel
until the preload is applied completely. This will happen when the low line of the
display is:

Fig 9.13 Preload finished display

Once the preload has been applied totally, in the second line the symbols
disappear >>>> and appear = = = =:

Fig 9.14 Loading display

As soon as they appear these symbols, stop the advance and wait to the test
becomes stabilized. When the preload is stable the pilot = stops blinking and
the pilots > and› begin to blink, indicating that the system has begun to apply
the test load (automatically form).

B.2 Load Application
When the microprocessor detects that it is had applied load on the piece begins
to indicate:

Fig 9.15 Testing display
The value of the load that is being applied blinks in the superior line of display
indicating that the load is increasing.
When the microprocessor detects the stability of the load, the blinking stops and
waits the time of application of the load that was selected previously.
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B.3 Unload
When finishing the time of load, the motorized system automatically retires the
selected load, but still maintaining the preload.

Fig 9.16 Hardness Lecture display
When it is detected that the load is being retired, the pilot < and the value of
preload blinks slowly until the stability of the lecture with the applied preload is
detected. Then, the microprocessor fixes the value of hardness obtained:

Fig 9.17 Final test results display
Meaning
- Hardness result for test C: 55.8 HRC
- Test numbers: n = 1
- N.C.: No conversion selected/avalaible.
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Appendix C: Aluminium alloys in Aircrafts:
As the twentieth century progressed, aluminium became an essential metal in
aircraft. The cylinder block of the engine that powered the Wright brothers’
plane at Kitty Hawk in 1903 was a one-piece casting in an aluminium alloy
containing 8% copper; aluminium propeller blades appeared as early as 1907;
and aluminium covers, seats, cowlings, cast brackets, and similar parts were
common by the beginning of the First World War.
In 1916, L. Brequet designed a reconnaissance bomber that marked the initial
use of aluminium in the working structure of an airplane. By war’s end, the Allies
and Germany employed aluminium alloys for the structural framework of
fuselage and wing assemblies.

C.1 Alloys for Airframe Components
The aircraft airframe has been the most demanding application for aluminium
alloys; to chronicle the development of the high-strength alloys is also to record
the development of airframes. Duralumin, the first high-strength, heat treatable
aluminium alloy, was employed initially for the framework of rigid airships, by
Germany and the Allies during World War I. Duralumin was an aluminiumcopper-magnesium alloy; it was originated in Germany and developed in the
United States as alloy 17S-T (2017-T4). It was utilized primarily as sheet and
plate.
Alloy 7075-T6 (70,000-psi yield strength), an Al-Zn-Mg-Cu alloy, was introduced
in 1943. Since then, most aircraft structures have been specified in alloys of this
type. The first aircraft designed in 7075-T6 was the Navy’s P2V patrol bomber.
A higher-strength alloy in the same series, 7178-T6 (78,000-psi yield strength),
was developed in 1951; it has not generally displaced 7075-T6, which has
superior fracture toughness. Alloy 7178-T6 is used primarily in structural
members where performance is critical under compressive loading.
Alloy 7079-T6 was introduced in the United States in 1954. In forged sections
over 3 in. thick, it provides higher strength and greater transverse ductility than
7075-T6. It now is available in sheet, plate, extrusions, and forgings.
Alloy X7080-T7, with higher resistance to stress corrosion than 7079-T6, is
being developed for thick parts. Because it is relatively insensitive to quenching
rate, good strengths with low quenching stresses can be produced in thick
sections.
Cladding of aluminium alloys was developed initially to increase the corrosion
resistance of 2017-T4 sheet and thus to reduce aluminium aircraft maintenance
requirements. The coating on 2017 sheet - and later on 2024-T3 - consisted of
commercial-purity aluminium metallurgically bonded to one or both surfaces of
the sheet.
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Electrolytic protection, present under wet or moist conditions, is based on the
appreciably higher electrode potential of commercial-purity aluminium
compared to alloy 2017 or 2024 in the T3 or T4 temper. When 7075-T6 and
other Al-Zn-Mg-Cu alloys appeared, an aluminium-zinc cladding alloy 7072 was
developed to provide a relative electrode potential sufficient to protect the new
strong alloys.
However, the high-performance aircraft designed since 1945 have made
extensive use of skin structures machined from thick plate and extrusions,
precluding the use of alclad exterior skins. Maintenance requirements increased
as a result, and these stimulated research and development programs seeking
higher-strength alloys with improved resistance to corrosion without cladding.
Aluminium alloy castings traditionally have been used in non-structural airplane
hardware, such as pulley brackets, quadrants, doublers, clips, ducts, and wave
guides. They also have been employed extensively in complex valve bodies of
hydraulic control systems. The philosophy of some aircraft manufacturers still is
to specify castings only in places where failure of the part cannot cause loss of
the airplane. Redundancy in cable and hydraulic control systems "permits" the
use of castings.
Casting technology has made great advances in the last decade. Time-honored
alloys such as 355 and 356 have been modified to produce higher levels of
strength and ductility. New alloys such as 354, A356, A357, 359 and Tens 50
were developed for premium-strength castings. The high strength is
accompanied by enhanced structural integrity and performance reliability.
Electric resistance spot and seam welding are used to join secondary
structures, such as fairings, engine cowls, and doublers, to bulkheads and
skins. Difficulties in quality control have resulted in low utilization of electric
resistance welding for primary structure.
Ultrasonic welding offers some economic and quality-control advantages for
production joining, particularly for thin sheet. However, the method has not yet
been developed extensively in the aerospace industry.
Adhesive bonding is a common method of joining in both primary and
secondary structures. Its selection is dependent on the design philosophy of the
aircraft manufacturer. It has proven satisfactory in attaching stiffeners, such as
hat sections to sheet, and face sheets to honeycomb cores. Also, adhesive
bonding has withstood adverse exposures such as sea-water immersion and
atmospheres.
Fusion welded aluminium primary structures in airplanes are virtually
nonexistent, because the high-strength alloys utilized have low weldability and
low weld-joint efficiencies. Some of the alloys, such as 2024-T4, also have their
corrosion resistance lowered in the heat-affected zone if left in the as-welded
condition.
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The improved welding processes and higher-strength weldable alloys
developed during the past decade offer new possibilities for welded primary
structures. For example, the weldability and strength of alloys 2219 and 7039,
and the brazeability and strength of X7005, open new avenues for design and
manufacture of aircraft structures.

C.2 Light Aircraft

Light aircraft have airframes primarily of all-aluminium semi-monocoque
construction; however, a few light planes have tubular truss load-carrying
construction with fabric or aluminium skin, or both.
Aluminium skin is normally of the minimum practical thickness: 0.015 to 0.025
in. Although design strength requirements are relatively low, the skin needs
moderately high yield strength and hardness to minimize ground damage from
stones, debris, mechanics’ tools, and general handling. Other primary factors
involved in selecting an alloy for this application are corrosion resistance, cost,
and appearance. Alloys 6061-T6 and alclad 2024-T3 are the primary choices.
Skin sheet on light airplanes of recent design and construction generally is
alclad 2024-T3. The internal structure comprises stringers, spars, bulkheads,
chord members, and various attaching fittings made of aluminium extrusions,
formed sheet, forgings, and castings.
The alloys most used for extruded members are 2024-T4 for sections less than
0.125 in. thick and for general application, and 2014-T6 for thicker, more highly
stressed sections. Alloy 6061-T6 has considerable application for extrusions
requiring thin sections and excellent corrosion resistance. Alloy 2014-T6 is the
primary forging alloy, especially for landing gear and hydraulic cylinders. Alloy
6061-T6 and its forging counterpart 6151-T6 often are utilized in miscellaneous
fittings for reasons of economy and increased corrosion performance, when the
parts are not highly stressed.
Alloys 356-T6 and A356-T6 are the primary casting alloys employed for
brackets, bellcranks, pulleys, and various fittings. Wheels are produced in these
alloys as permanent mold or sand castings. Die castings in alloy A380 also are
satisfactory for wheels for light aircraft.
For low-stressed structure in light aircraft, alloys 3003-H12, H14, and H16;
5052-O, H32, H34, and H36; and 6061-T4 and T6 are sometimes employed.
These alloys are also primary selections for fuel, lubricating oil, and hydraulic oil
tanks, piping, and instrument tubing and brackets, especially where welding is
required. Alloys 3003, 6061, and 6951 are utilized extensively in brazed heat
exchangers and hydraulic accessories. Recently developed alloys, such as
5086, 5454, 5456, 6070, and the new wieldable aluminium-magnesium-zinc
alloys, offer strength advantages over those previously mentioned.
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Sheet assembly of light aircraft is accomplished predominantly with rivets of
alloys 2017-T4, 2117-T4, or 2024-T4. Self-tapping sheet metal screws are
available in aluminium alloys, but cadmium-plated steel screws are employed
more commonly to obtain higher shear strength and driveability. Alloy 2024-T4
with an anodic coating is standard for aluminium screws, bolts, and nuts made
to military specifications. Alloy 6262-T9, however, is superior for nuts, because
of its virtual immunity to stress-corrosion cracking.
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Appendix D: Environmental impact of aluminium production
D.1 Alumina Obtainment
To produce primary aluminium metal, bauxite ore is mined, transported to
processing plants called refineries, crushed, digested precipitated and calcined
to produce alumina (Al2O3) powder in the Bayer Process.
On average, alumina refining consumes 75 kg of caustic soda and 48 kg of lime
per metric tonne of alumina. Greenhouse gas emissions of 991 kg of CO2e
(carbon dioxide equivalents) per metric tonne of alumina are generated
primarily from fuel consumption and from energy consumed in producing the
lime and caustic soda ancillary materials.

Figure 9.18 Alumina obtainment process

D.2 Aluminium obtainment
There exists a significant potential to reduce greenhouse gas emissions through
the increased use of aluminium in transportation applications and from the
increased use of recycled aluminium. But there also is a challenge because of
the relatively high-energy consumption and greenhouse gas emissions
associated with the production of primary aluminium.
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In 1997 the Member Companies of the International Aluminium Institute (IAI)
(who represent most of the World’s production of primary aluminium excluding
Russia and China) concluded that the Industry needed to develop as complete
an understanding as possible of the positive contributions that aluminium makes
to the environmental and economic well-being of the world’s population as well
as of any negative economic or environmental impacts that its production might
cause. Therefore a Life Cycle Analysis study was initiated. The scope of the
study goes far beyond the production processes alone. It also covers the
impacts and benefits of the material throughout the lifespan of the different
aluminium products including its reuse and recycling.

Figure 9.19 Aluminium obtainment process
The IAI therefore chose as its first task the quantification of the carbon dioxide
and perfluorocarbon greenhouse gas (GHG) emissions from the worldwide
aluminium industry and secondly the development of estimates of the
implications in terms of Greenhouse Gas Emissions of the increased use of
aluminium for the manufacture of cars and trucks. Data on energy consumption
and greenhouse gas emissions associated with aluminium production, product
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utilisation and recycling was gathered from over 80% of the worldwide industry
including estimates from Russia and China.

D.3 Aluminium Smelting
Primary aluminium is produced by the Hall-Heroult electrolytic process in which
alumina is reduced to aluminium metal at a carbon electrode or anode in the
following reaction:

2Al2O3 + 3C -----> 4Al + 3CO2

(9.1)

This alumina is dissolved in a molten cryolite bath, and electric current is
passed through this solution, thereby separating the alumina into aluminium and
oxygen. The oxygen immediately reacts with the carbon anodes to produce
carbon dioxide as an offgas.
Data was received in 1999 from worldwide aluminium smelters producing 19.8
million metric tonnes of primary aluminium that represents 89% of worldwide
aluminium smelting operations. Across all technologies, electricity consumption
averaged 15.95 kWh per kg of molten metal. The consumption of fuels to
produce this electricity generated 5.8 metric tonnes of CO2 per tonne of metal.
An additional 1.6 metric tonnes of CO2 per metric tonne are generated in the
electrolytic process.
The most recent IAI Anode Effect Survey estimated Perfluorocarbon (PFC)
emissions at 0.30 kg of CF4 per metric tonne of aluminium and 0.03 kg of C2F6
per metric tonne respectively in 1997. Applying the global warming potential
factors recommended by the Intergovernmental Panel on Climate Change, PFC
emissions from aluminium smelting generates the equivalent of 2.2 metric
tonnes of CO2 for every tonne of primary aluminium.
Since most of the greenhouse gas emissions from an automobile are generated
from burning of gasoline, and not from the production of the materials to
manufacture the car, it is important that the materials selected provide a strong
and safe vehicle, but also one that can be fuel efficient. Aluminium
accomplishes all of these goals.
The report addresses the effects that aluminium production and use in
automotive applications has on climate change, expressed in tonnes of CO2
equivalents. There is no attempt to address other environmental aspects
associated with aluminium production or use. It is a first step toward meeting
the goals established by the Board of Directors of the International Aluminium
Institute for quantifying the positive and negative environmental implications of
aluminium production and aluminium applications.
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Appendix E: Aluminium alloys treatment nomenclature
Definition of heat treatment designations for aluminium and aluminium alloys.
T1: Cooled from an elevated temperature shaping process and naturally aged
to a substantially stable condition.
This designation applies to products which are not cold worked after cooling
from an elevated temperature shaping process, or in which the effect of cold
work in flattening or straightening has no effect on mechanical properties
T2: Cooled from an elevated temperature shaping process, cold worked and
naturally aged to a substantially stable condition.
This designation applies to products which are cold worked to improve strength
after cooling from an elevated temperature shaping process, or in which the
effect of cold work in flattening or straightening does have an effect on
mechanical properties.
T3: Solution heat-treated, cold worked and naturally aged to a substantially
stable condition.
This designation applies to products which are cold worked to improve strength
after solution heat-treatment, or in which the effect of cold work in flattening or
straightening does have an effect on mechanical properties.
T4: Solution heat-treated and naturally aged to a substantially stable condition.
This designation applies to products which are not cold worked after solution
heat-treatment, or in which the effect of cold work in flattening or straightening
does not affect mechanical properties.
T5: Cooled from an elevated temperature shaping process and then artificially
aged.
This designation applies to products which are not cold worked after cooling
from an elevated temperature shaping process, or in which the effect of cold
work in flattening or straightening does not affect mechanical properties.
T6: Solution heat-treated and then artificially aged.
This designation applies to products which are not cold worked after solution
heat-treatment, or in which the effect of cold work in flattening or straightening
does not affect mechanical properties.
T7: T7 Solution heat-treated and overaged/stabilised.
This designation applies to products which are artificially aged after solution
heat-treatment to carry them beyond a point of maximum strength to provide
control of some significant characteristic other than mechanical properties.
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Appendix F: Practical didactic exercise
- There is an unknown material that has been tested using a UTM. The
cylindrical sample had a initial longitude of 20 cm (longitude between the gags),
and an initial area of 12 cm2.
The graphics below represent the tensile strength of this material, using the
data extracted from the graphics, answer the following questions:

Figure 9.20 Strain-Stress curve
1.
2.
3.
4.
5.
6.
7.
8.

Figure 9.21 Zoom plastic area

Which is the Young’s Modulus of the given material?
Which is its elastic limit?
Which is its UTS?
Which is its maximum force?
Which is maximum elongation?
Which is maximum relative elongation?
Determinate the value for resiliency
Using the obtained data, and looking for a metals database, determine
which material could be the sample made of.

