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ABSTRACT

The main objective of this project is to determine the activation energy of
aluminium-copper alloy using interrupted of tensile test procedure. The interrupted
process was conduct at recovery stage, which is to investigate effect of recovery due
to influence of pre-strain. The process of recovery is to relieve the internal residual
stresses during cold work. The specimens were tested at variable pre strain (2.5%,
5%, 7.5%, 10%.), temperature (100 °C, 150 °C, 200 °C and 250 °C) and at different
annealing time (1 hour, 2 hour, 3 hour and 4 hour). The specimens were machining
using lathe machine from larger stock before go to the annealing process. The
process of annealing was carried out using box furnace by holding the specimens at
an elevated temperature. After the annealing process, the specimens were tested using
tensile test machine. This process is required to find the value of yield stress of
undeformed material, deformed and at static recovery condition. The value of yield
stress depends on the condition of the annealing process. From the data of yield
stress, the graph of the X, (degree of recovery) versus pre-strain, temperature and
time can be plot. By using linear line equation of the graph, the activation energy can
be calculate by implement the equation of Friedel’s model. The value of activation
energy depends on the value of the temperature and time that has been used. From
the experiment, the value of activation energy at variable temperature is 630 kJ/mol
and for the variable time is 211 kJ/mol. From the data of the research it can be use to
validate the equation of Friedel’s model by make a comparison between the value of

activation energy with the data from the journal.
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ABSTRAK

Objectif utama dalam kajian ini adalah untuk menentukan tenaga pengaktifan pada
aluminium kuprum aloi menggunakan proses gangguan ujian tegangan. Proses
gangguan telah dijalankan pada keadaan pemulihan, yang mana untuk menyisat kesan
pemulihan terhadap pra-terikan. Proses pemulihan adalah untuk melegakan baki
tekanan dalaman sepanjang kerja sejuk. Spesimen-spesimen adalah diuji pada pra-
terikan berubah-ubah (2.5%, 5%, 7%, 10%), suhu (100 °C, 150 °C, 200 °C dan 250
°C) dan dipelbagai masa penyepuhlindapan (1 jam, 2 jam, 3 jam dan 4 jam).
Spesimen-spesimen telah dimesin menggunakan mesin larik daripada bahan mentah
sebelum pergi kepada proses penyepuhlindapan. Proses penyepuhlindapan telah
dijalankan menggunakan relau dengan meletakkan spesimen-spesimen di satu suhu
yang tinggi. Selepas proses penyepuhlindapan, spesimen-spesimen telah diuji
menggunakan mesin ujian tegangan. Proses ini adalah diperlukan bagi mendapatkan
nilai tegasan alah bahan yang belum berubah, yang telah berubah dan pada keadaan
pemulihan statik. Nilai tegasan adalah bergantung kepada keadaan proses
penyepuhlindapan Daripada data bagi tegasan, graf untuk Xrec(darjah pemulihan)
melawan pra terikan, suhu dan masa boleh di lukiskan Dengan menggunakan
persamaan garis lurus, nilai untuk pengaktifan tenaga boleh ditentukan oleh
persamaan “Friedel’s model”. Nilai tenaga pengaktifan adalah bergantung kepada
nilai suhu dan masa yang telah digunakan. Daripada eksperimen, nilai tenaga
pengaktifan untuk suhu adalah 630 kJ / mol dan untuk masa adalah 211 kJ / mol.
Daripada data kajian, ia boleh digunakan untuk menentukan samada persamaan
“Friedel’s model” boleh disahkan dengan membuat perbandingan dengan nilai

pengaktifan tenaga yang diperoleh daripada jurnal.
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CHAPTER1

INTRODUCTION

1.1  PROJECT BACKGROUND

Mechanical properties of metals can be changed by thermo-mechanical
processing. This is tyi)ically done by combining various types of mechanical
deformation and annealing processes. One stage of annealing process is the static
recovery process which occurs at temperature below recrystallization temperature
and without mechanical deformation effect. Static recovery usually involve motion
annihilation of point deflects as well as annihilation and rearrangement of dislocation

resulting in the formation of subgrain and subgrain boundaries.

A unique feature of recovery process is that it does not involve any change in
the grain structure of the cold worked metal. The only changes taking place are the
dislocation arrangement within existing grain. This project will study about static
recovery of aluminium-copper alloy. By using static recovery behavior, it will be
then used to develop a mathematical model using Fridel’s model. The mathematical
model will be useful as a tool for predicting commercial product of mechanical

properties.

12 PROBLEM STATEMENT

To investigate of static recovery process due to influence of pre-strain of

aluminium-copper alloy.




1.3 THE OBJECTIVE OF THE RESEARCH

To validate Friedel’s model of static recovery process of aluminium-copper

alloy for tensile test with the pre-strain 5% at different temperature and time.

14  SCOPES OF THE PROJECT

This research is focus on the effect of pre-strain due to static recovery process

at different time and temperature. The scopes of this project are:

(i)  The material that used in this project which is limited to aluminium-copper
alloy.

(ii)  Operate lathe machine to making the specimens.

(iii) Annealing using box furnace.

(iv) Pre-strain at 2.5%, 5%, 7.5% and 10%

(v)  Test specimen using tensile test machine.




CHAPTER 2

LITERATURE REVIEW

2.1  ANNEALING PROCESS

Annealing is one of the processes of heat treatment. Heat treatment is the
process that involves the heating and cooling process for the purpose of achieving the
desired mechanical properties and performance of a material by changing its
microstructure or its residual stress pattern.

In the annealing process the structure and properties of the material will
changes after heated and held at suitable temperature and then cooled at a fairly slow
rate. There are three stage of annealing process which is recovery, recrystalization

and grain growth. This process will occur due to the increasing of temperature.

The purpose of the annealing process is to reduce hardness, refine the grain
structure, restore ductility, and remove internal stresses of the material. This process
also will improving machinability, facilitating cold working, producing a desired
microstructure and obtaining desired physical, mechanical, or other properties.

Figure 2.1 show the effect of structure and properties of the material due to
increasing of temperature. In this research, the annealing process that involve is the
static recovery stage. At the static recovery stage the internal residual stress will

decrease while the ductility will decrease and no changes occur for strength.
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Figure 2.1; Effect of annealing on the structure and mechanical property changes
of the cold-worked metal [6]

The rate of heating and cooling may have to be controlled. In alloy systems,
the solubility of an alloying element changes with temperature [2]. Annealing will
homogenize the structure so that mechanical properties are uniform [1]. It may allow
some grains to grow at the expense of others, and the coarse grained structure will
have lower strength [2].

2.2 RECOVERY

The slightest stage of annealing is recovery. Recovery is the process of
reduction residual stresses in a cold-worked that is affected by holding the specimen
at an elevated temperature. No gross microstructure will change occurs in this
process [5]. During recovery there is some polygonization which is caused by
formation of minute subgrains within the stressed grains. Recovery occurs over
specific temperature range for each metal or alloy family. When temperature
reached, increased of atomic mobility allows the rearrangement of dislocations into

normal array.




In this stage of annealing, the movement of dislocations into less stressed
arrangement reduces the elastic stresses in the metal grains. With low levels of cold
work this is all that occurs, there being insufficient strain energy left to power
subsequent annealing. At this stage there is slight decrease in hardness and strength,

but the metal becomes much more resistant to stress corrosion cracking.

At the recovery stage, the material will restores some of the original softness
without changing the visible grain structure. In most metals, ductility drops rapidly
with even a small degree of cold work while recovery increases ductility without
greatly affecting strength. Recovery anneal is a useful method for producing a
material of higher strength yet reasonable ductility [2].

23 RECRYSTALLIZATION

Recrystallization is a process of heat treatment that occurs when heating is
continued to temperature of about one-third to one-half times absolute melting point
(Tm). This process will changes the grain structure of the metal. At this condition
crystals begin to grow from nuclei in the most heavily deformed part of metal. It will
cause the formation of new and refined grains structure. Recrystallization affected
the hardness and strength of material to become decrease but it will more ductile and

increase the elongation [4].
The factors affecting recrystallization are:

()  Small amount deformation necessary before recrystallization can occur. The

amount of deformation is depends on the material.

(i) Highest amount of cold work will lowered the crystallization temperature for
particular metal.

(iii) Alloying increases the recrystallization temperature.




(iv) Recrystallization only happens above recrystallization temperature. Higher
temperature of recrystallization will shorted the time needed at that
temperature for given crystal condition to be achieve.

(v) The structure of grain size depends on the temperature, the higher the

temperature the larger the grain size.

(vi) The amount of cold work prior affects the size of grains. The largest amount

of cold work the smaller resulting grain size.

2.4  TENSILE TEST

Tensile test is used to measures the strength of material [3] Tensile test
sample used in this project are typically cylindrical rods with reduced diameter in the
center. Prior to testing, the original cross-sectional area of the reduced section of the
tensile sample is measured and two gage marks of known separation distance are
place on the sample. The test sample is mounted in a tensile test machine using
grippers or jaws. One jaw is fixed to the base of the testing machine, and the other is
affixed to a movable crosshead. During test, the crosshead is moved to create tensile
force in the test sample. The force is measured by the force transducer and the tensile
stress is calculated by dividing the force by the original cross sectional area. The
strain is calculated by dividing the change in length of the sample by the original
length. The stress-strain curve is approximately linear and the slope of that curve is
elastic modulus. The modulus of elasticity is the slope of the linear portion of the
stress-strain curve [1].
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Figure 2.3 Stress-Strain curve [1]

Figure 2.2 and 2.3 show the force displacement of ductile metals. Using static
recovery, differential of stress (Ao ) can be determined. 0.2% of elastic range often

considers the yield point to occur at an offset strain.




2.5 EFFECT OF THE RATE OF LOADING

The rate of loading can have a significant effect on the stress-strain curve of
materials. This is particularly so at elevated temperatures. At room temperature the
stress-strain curve of metals may be considered independent of the rate of loading for
a certain range of rates of loading of practical interest. At high rates of loading the
yield stress and modulus of elasticity of ductile materials increase with the rate of

loading.

Moreover, the magnitude of the plastic component of strain that precedes
fracture of ductile materials is reduced considerably as the rate of loading is
increased. That is, the material becomes less ductile. In the fact at very high rates of
loading materials, which are ductile at ordinary rates of loading, behave as brittle.

These effects are more pronounced at elevated temperature.

At high rates of loading, it is difficult to maintain a constant temperature
during a test since there is not enough time for heat generated to dissipate into the
environment. That is, a high rate of loading the process of deformation is
approximately adiabatic. In order to take into account the effect of the rate of loading
on the stress-strain curve of a material, it must be consider as time dependent. That
is, first or higher time derivatives of stress or strain must be included in its stress-

strain relation.

2.6 EFFECT OF TEMPERATURE

A change in the temperature of the particles of a body produces a change of
their dimensions (deformation). The particles of ordinary materials expand when
heated and contract when cooled. That is the normal component of strain increase as
the temperature increases and decrease as the temperature decreases, while shearing

components of strain are not affected by changes of temperature.

v Generally, all the mechanical properties of material are affected by changes
of temperature. The ductility and brittleness of materials depends on their

temperature. Moreover, if a metal specimen is subjected to a constant axial centroidal




force at a temperature higher than its recrystallization temperature, its normal
components of strain will continue to increase with time until the specimen fractures.

2.7 EFFECT OF TIME

When a thermally isolated body made from an elastic material is subjected to
external forces, all the work performed by these forces is stored in the body as elastic
energy. Upon unloading, this energy is used to restore the body to its undeformed
configuration. Consider a thermally isolated body made of an elastropic material in
an unstressed unstrained state of thermodynamic equilibrium at the uniform
temperature. When the body is subjected to external forces inducing plastic
component of strain, only part of work performed by these forces is stored in the
body as elastic energy.

The remaining is converted to heat and raises the temperature of the body.
Moreover, upon removal external forces, the body does not revert to its undeformed
configuration and its temperature remain higher than that at its underformed stress-
free, strain-free state. The total amount of energy used to raise the temperature of a
particle depends not only upon the final state of stress at this particle. but also upon
the way this particle was stressed.

However, the total amount of energy used to raise the temperature of a
particle is not dependent upon the time history of stress acting on this particle. For
example, the total amount of energy used to raise the temperature of a particle
depends on the number of cycles of loading and unloading and on the magnitude of
the components of stress acting on the particle during each cycle. It does depend on
the rate of loading and unloading or on the time it remained under load.

28 ALUMINIUM-COPPER ALLOY

Aluminiumalloy are best known for low density and corrosion resistance.

Electrical conductivity, ease fabrication and appearance are also attractive features.
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The importance of aluminium within others metal has increased due to its low
density. With the aid of solid solution and precipitation hardening mechanisms,
materials great strength can be produced with an often very high strength to weight
ratio. Aluminium alloy have been the main constructional material for aircraft and
are beginning to make larger inroad into the construction of land vehicles as
bumpers, wheels, and some body component. In this project aluminium-copper alloy

was selected to done the analysis.

Aluminium-copper alloy is one of the aluminium alloys in group of non-
ferrous metal. The 2024 series Al-Copper alloy acquire great strength and reasonable
ductility in the age-hardened condition. This group includes copper (Cu) as the major
alloying element. Silicon (Si), manganese (Mn), magnesium (Mg), nickel (Ni) and
titanium (Ti) may be added to the alloys of 2024 series as minor alloying elements.
Aluminium-copper alloys are heat-treatable. Solution treatment followed by either
artificial or natural aging allows considerable increasing the yield strength (4-6
times). Ductility of the alloy decreases as a result of the heat treatment. Aluminium-
copper alloys (2024 series) usually are used in aircraft structures and propellers,
automotive body part and screw fittings [7].

Table 2.1: Themal properties of Al-Cu alloy

Thermal Properties Metric
Specific Heat Capacity 0.880 J/g-°C
Thermal Conductivity 170 W/m-K

Melting Point 540.6 - 643 °C
Annealing Temperature 413 °C
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29 FRIEDEL’S MODEL

Friedel’s model is an empherical method to determine relationship between
the amount of recovery, time and temperature. By using true stress — true strain curve

of static recovery process the degree of recovery (Xrc) can be determined [8].

Using tensile test machine the graph of stress versus strain can be plot. Figure
2.2 shown the point of yield stress of deformed material (o, ), yield stress of

undeformed material (o, ) and yield stress of recover material (o, ).

fress

02%06&31; s;train £

Figure 2.4 Stress versus strain of recovery process

I

X rec - ; @.1)

X,,.= degree of recovery

a, = yield stress of deformed material
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o, = yield stress of recover material

o, = yield stress of undeformed material

From the data that get from tensile test the value of degree of recovery (Xrec)
can be calculate. From the equation, the graph of degree of recovery versus time and
temperature can be plot. From the graph, the equation of linear line equation can be
finding. The equation of linear line equation can be express in the equation of

Friedel’s model equation (e.q 2.2).

X =c¢, Int - = (22)

where ¢, =constant
t=time (second)
Q=activation energy (kJ/mol)
R = molar gas constant (8.3144 J/mol.K)
T = temperature (Kelvin)

2.9.1 Reverse Calculation

The activation energy from the journal was used to make a comparison
between the values of research to make sure the value of activation energy is correct.
Equation 2.2 was applied to data depicted in Figure 2.5 to find the value of activation
energy of the journal to compare between the results of the research. The value of
degree of recovery, Xy at constant time at 1 hour has been selected from the graph.
From the data, the graph degree of recovery, X, versus 1/time can be plot to find the
value of linear line equation. From the equation, the slope is use to find the activation
energy by using Friedel’s model equation. Figure 2.5 below show the degree of

recovery, X Versus time.
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Figure 2.5 show the fraction residual strain hardening (R) of iron versus time.
From the graph, re-plot the graph of each temperature at constant time to get the

linear line equation. From the linear line equation, applied the equation of Friedel’s

model to find the value of activation energy (Q). The data of degree recovery are

show in the table below.

Table 2.2: Degree of récovery at different temperature

Temp.(Celsius) Xrec.
| 100 4.814815
200 33.14815
250 46.66667
300 59.44444
400 780.74074
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From the data re-plot the graph of fraction of recovery (Xec) versus
1/Temperature to find the linear line equation.

Degree of recovery vs. 1/Temperature

. 100 y = 62638 + 169.47
2 =
80 R? = 0.9832 .

60 \

: AW

T T

0 0.0005 0.001 0.0015 0.002 0.0025 0.003
)

Degree of recovery (Xrec.)
8

Figure 2.6: Fraction of recovery versus 1/Temperature

From the data of the graph, the value of the activation energy can be calculate
using Friedel’s model equation (e.q 2.2). The calculation of activation energy as

shown as following:

Linear line equation:
y = —-62638 x +169 .47

Friedel’s model:

X =€ lnt—--—g—
' RT

Gas constant (R)= 831432

mol

Equalize equation of linear line and Fridel’s model:
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- 62638 =~

SIS

Calculate activation energy

0 = 62638x 831432-
mo
Q= 521_75_]_
mol

The value of activation energy of data from figure 2.5 has been calculate
using Friedel’s model equation. The value activation that has been calculate from the
journal is 521 kJ/mol.

2.9.2 Arrhenius Equation

The relationship for the energies of molecules in a gas had found by
Arrhenius experimentally for the effect of temperature on chemical reaction rates.
Arrhenius found that the rate of many chemical reactions as a function of

température could be expressed by the relationship [1]:
Arrhenius rate equation:  Rate of reaction = Ce '™ 2.3)

where Q=activation energy (kJ/mol)
R = molar gas constant (8.3144 J/ mol.K)
T = temperature (Kelvin)

C =rate constant, independent of temperature

The Arrhenius equation (2.3) is commonly rewritten in the natural

logarithmic form as:

Q

In rate=In constant - =— 24
RT
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From the figure 2.5 of fraction of residual strain hardening versus annealing
time at varies temperature is used to plot graph relation of reaction time and
temperature at different residual strain hardening. From the graph, the slope of each
strain is use to determine the activation energy at different reaction of strain
hardening by using the equation of 2.4. The relation between slope and activation

energy can describe as equation follow:

slope,m =—-%— 2.5

Intversus 1/T

-
N

y =21321x - 34.595

pa A
y =28518x - 43.724 / /
P

-
o

_ 8
€ / _// s 065
< 6 >
£ . y = 16925x - 27.083 = 06
x 0.4
2
0 , : : . : :
0.0015 00016 0.0017 00018 00019 0002 00021  0.0022

1T(IK)

Figure 2.7: Reaction rate versus 1/Temperature

Figure 2.7 show the reaction rate of annealing versus inverse temperature at
0.4, 0.6 and 0.65 fraction of strain hardening. By using equation 2.5, the value of
activation energy could be determined at different fraction of strain. The relation of

activation energy and fraction of strain could be express by figure 2.8:
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Activation energy vs. Strain

300
§ 250
2 0 \ ’
P \
g 150 ~
o y =-360.86x +383.5
[
e 100
]
§ 50
<

0.3 0.35 04 045 0.5 0.55 0.6 0.65 0.7
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Figure 2.8 Relation between activation energy and fraction of strain

Figure 2.8 show the relationship between activation energy and fraction of
strain hardening at 0.4, 0.6 and 0.65. From the figure, show that the value of

activation energy is decrease due to the increases of fraction of strain.




CHAPTER 3

METHODOLOGY

3.1 INTRODUCTION

In order to complete a research, methodology is the one of the most important
thing to be considered to make sure that the thesis or research run smooth and will
get expected result which is needed. Methodologies also use to determine the
research follow the objective that had been stated earlier or in other word, to follow

the guideline based on the objective.

In methodology, the structure of the research is a significant thing that should
be considered. Methodology also can be described as a framework of the research
that contains the elements of work based on the scope and the objectives.
Frameworks also use to facilitate the supervisor to view the overall process of the
research. Any mistaken or default can be correcting and adding the elements which

lacking in the research.
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FLOW CHART
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Equation modeling
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Figure 3.1: Flow Chart
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3.3 MACHINING

For the first step the material need to cut from the larger stock. The specimen
that use for this project is aluminium-cooper alloy. The raw material came out with
dimension 13mm of diameter. The rod of aluminium-copper alloy must be cut from
larger stock into 36 pieces with dimension 160mm of length. This process is using
band saw machine (Figure 3.2). In this process the cutting speed and feed rate must

be set depends on the material.

Figure 3.2 Band saw machine

After cut the material the next step is to make the specimen into dog-bone

shape with the code of ASTM ES8. Figure 3.2 show the dimension of the specimens.
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50mm dia. 5mm 50mm

al 135° g
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N\
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4+ I 50mm

160mm
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\/

diameter 10mm

Figure 3.2 Dimension of specimen

The specimens will machine using lathe machine (Figure 3.4). There are
many step involve for this process. First of all the edge of the rod must be facing to
remove the burr. The next process is roughing the surface of the aluminium-cooper
alloy rod to the dimension 10mm of diameter. The speed that use for this process is
1305 rpm.

Figure 3.4 Lathe machine
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After completing the roughing process the next step is to make an angle
with the gauge length 50mm and Smm of diameter. For this process the angle that
use is 30 degree (Figure 3.5). The cutting tool table must be adjusting to 30 degree to

feed the specimen.

Figure 3.5 Angle setting of lathe machine

Figure 3.6 Specimens
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34 ANNEALING

Annealing is a softening process where the material is heated to the
annealing temperatures and then slowly cooled. The annealing processes carry out
using box furnace (Figure 3.7). The temperature of aluminium-copper alloy that use
for annealing process is 413 degree. The process of annealing that use for this
experiment is full annealing which the specimen is keep in the furnace while it cool

down to the normal temperature.

Figure 3.7 Box furnace

In this process temperature must be set and the rate of increasing
temperature must be calculated. The rate of increasing of the temperature is 5 degree
per minute. After reach the annealing temperature it will hold at that temperature in 1

hour before it cool down to the normal temperature.

35 PRE-STRAIN

Pre-strain is a process of tensile that is below the point of elongation. Using

tensile test machine (Figure 3.8) In this experiment the value of pre-strain that use is
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2.5%, 5%, 7.5% and 10 %. The process of pre-strain is using tensile machine. The
load that use for the tensile test machine is SOkN.

Figure 3.8 Tensile test machine

3.6 STATIC RECOVERY

Recovery is the reduction of residual stresses in a cold-worked that is affected
by holding the specimen at an elevated temperature. The process of static recovery is
heated the specimen using box furnace with the temperature below recrystallization
temperature. In this process the material is holding at certain time and temperature to
reduce residual stresses and cooling it in the oven to minimize the development of
new residual stresses. In this process, the specimens will heat at different time and
temperature. For the variable time, the times that use to heat the specimens are one
hour, two hour, three hour and four hour. These specimens will heat at 150 °C. For
the variable temperature, the specimens will heat at 100 °C, 150 °C, 200 °C and 250
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°C in one hour. For the different pre-strain, the specimens will heat at 205 °C at one
hour with the pre-strain at 2.5%, 5%, 7.5% and 10%.

3.7 TENSILE TEST

After heated the specimen at static recovery temperature, the specimen must
redo the pre-strain using tensile test machine. The specimens will test at pre-strain

1%. The purpose of this process is to find the yield stress of recovery material.

38 EQUATION MODELLING

From the data gather of pre-strain using tensile test machine, the degree of
recovery can be find using equation 2.1. By using the equation of 2.1 the graph of
degree of recovery versus time and temperature can be plot. From this graph the
value of linear line equation can be find. Then using Friedel’s model equation (eq.
2.2) the value of activation energy (Q) of aluminium-copper alloy at different time
and temperature can be calculate.




CHAPTER 4

RESULTS AND DISCUSSION

41 INTRODUCTION

Aluminium-copper alloy is the material that use in this research. The objective of
the research is to validate Friedel’s model of static recovery using tensile test machine at

different time and temperature of aluminium-copper alloy.

In this chapter the result from the testing using tensile test machine will be
assessed and also tensile properties of the specimen from the different type of pre-strain,
temperature and time will be study. From the data the degree of recovery will be

determined.

The result of tensile test from the different type of pre-strain, temperature and
time will be shown in figure below. The result from the testing will be use to calculate

activation energy to compared with the result from the literature review.
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4.1.1 Result of Tensile Test at Different Pre-strain

Table 4.1 show the result for the yield stress at different pre-strain of the
aluminium-copper alloy. For the tensile test using different pre-strain, the specimens

were tested at variable prestrain. The values of pre-strain are 2.5%, 5%, 7.5% and 10%.

Table 4.1: Yield stress at different pre-strain

Pre-strain Om o; Go

92.85 70.66 54.22

2.5% 8838 T 7017 4741
9534 64.93 55.15

1033 83.02 50.32

5% 104.0 82.03 51.94
104.3 81.12 50.80

107.0 87.71 49.78

7.5% 1097 83.94 50.39
108.0 92.77 50.01

109.3 93.22 50.51

10% 108.9 96.94 4854
1126 94.83 50.72

Table 4.1 shows the data of tensile test with different of pre-strain that heated at
205 degree Celsius in 1 hour .Three specimen for each pre-strain was tested using tensile

testing machine. From the table, we can see the value of o, (yield stress of deformed
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material), o, (yield stress of recover material) and o, (yield stress of undeformed

material).

Sample calculation of degree of recovery (Xrec):
Pre-strain at 2.5%

o,=92.85

o,=70.66

o,=54.22

Equation of degree of recovery:

In—0r
rec

O-m _0-0

Substitute the value yield stress into the equation:

_92.85-70.66
" 92.85 - 54.22
X, =0.5744

Table 4.2: Degree of recovery at different pre-strain

Pre-strain ' Om~Or Om-Co | Xrec

22.19 38.63 0.5744

2.5% 1821 40.97 0.4445
30.41 40.19 0.7568

2028 52.98 0.3828

5% 21.97 52.06 0.4218
23.18 535 0.4333

7.5% 19.29 57.22 0.3371
25.76 59.31 0.4343
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1523 "~ 57.99 0.2626
16.08 58.79 0.2735
10% 11.96 60.36 0.1981
1777 61.88 0.2877

Using equation of 2.1 the value of degree of recovery can be calculate using data
from table 4.1.Table 4.2 show the value of degree recovery at difference pre-strain of
aluminium-copper alloy. From the table 4.2, the graph of degree of recovery (Xre)

respect to pre-strain can be plot.

Degree of Recovery vs Pre strain

0.8
. .| 205 degree Celcius (1 |
0.7 .
y=-4.3375x+ 06717
0.6 R?=0.6918

Degree of Recovery (X
o o
>
* /
/
.

o
w
*

o
X
L

0 0.025 0.05 0.075 0.1 0.125
Pre-strain (mm/mm)

Figure 4.1 Degree recovery versus Pre-strain

Figure 4.1 show the degree recovery (Xec) versus pre-strain (mm/mm) of

specimen. The data are getting from the specimen of aluminium-copper alloy with
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different pre-strain. From the journal of Recovery Revisited, (E.Nes, 1994) said that the

value of degree recovery will decrease due to the increasing of pre-strain.
4.1.2 Result of Tensile Test at Different Temperature of Annealing

The specimens were tested at different temperature of annealing process. The
temperature must be below the recrystallization temperature. For the different
temperature, specimens were tested at temperature 100 °C, 150°C, 200 °C and 250 °C.

Table 4.3 shows the value of yield stress at difference temperature.

Table 4.3: Yield stress at different temperature

Temp. om  or Go
104.5 97.84 51.62
100 °C 1035 100.5 49.06
103.9 96.90 50.23
101.5 84.92 48773
150°C T 9873 "~ 88.77 4781
102.6 9428 49.86
102.4 76.56 4853
200 °C 102.0 71.56 4842
98.96 7483 46.89
102.6 62.86 49.46
250°C T 1031 69.96 750,01
101.7 69.23 50.19
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Table 4.3 shows the data of tensile test with different of temperature that pre-

strain at 5% in 1 hour .Three specimen for each temperature was tested using tensile

testing machine. From the table, we can see the value of on (yield stress of deformed

material), o, (yield stress of recover material) and o, (yield stress of undeformed material.

Sample calculation of degree of recovery (Xrec):

Temperature at 100 °C
o,=104.5

o,=97.84
0,=51.62

Equation of degree of recovery:

X =0m_o-r

rec

O-m _0.0

Substitute the value yield stress into the equation:

_104.5-97.84
™ 104 .5 - 51.62
X, =0.1259

Table 4.4: Degree of recovery at different temperature

Temp. Om-Or | Om-Go UT Xreo
6.660 52.88 0.1259

373K 3.000 54.44 0.002680965 0.0551
7.000 53.67 0.1304

423K 16.58 52.77 0.002364066 0.3142
9.960 50.92 0.1956
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8.320 52.74 0.1577

25.84 53.87 0.4797

473K 30.44 53.58 0.002114165 0.5627

24.13 52.07 0.4634

39.74 53.14 0.7478

523K 33.14 53.09 0.001912046 0.6242

32.47 51.51 0.6304

Using the equation 2.1 the value of degree of recovery can be calculate using the
data from table 4.3.Table 4.4 show the value of degree of recovery (Xy) at different
temperature. From the data from table 4.4 plot the graph of degree recovery (Xrec) with
respect to 1/Temperature.

Degree of Recovery (R) vs. 1/T
80 —
*
70
_. 60 ™~
g N
< 50 y = -75810x + 209.32
g \ R? = 0.9069
g 40
‘g 30
g 20 -
¢ \ *
10 - -
1 hour anneling at 5% pre-strain \
0 ; ; ; T T .
0.0015 0.0017 0.0019 0.0021 0.0023 0.0025 0.0027 0.0029
1T

Figure 4.2 Degree recovery versus 1/T
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Figure 4.2 show the degree recovery (Xr.) versus 1/Temperature of specimen.

The data are getting from the specimen of aluminium-copper alloy with different

temperature. From the graph, the value of linear line equation can be determined. From

the equation the value of activation energy of aluminium-copper alloy at constant time

with different temperature can be calculate using equation 2.2. The calculation of

activation energy show below:

Linear line equation:

y =-75810 x + 209 .32

Friedel’s model:
0

X, =€ Int —=
' RT

rec.

Gas constant (R)= 831432-L_
mol

Equalize equation of linear line and Fridel’s model:

-75810= 2
R

Calculate activation energy

0= 75810x8.31432——
mol
0=6302_
mol

4.1.3 Result of Tensile Test at Different Time of Annealing

The specimens were tested at different time of annealing process. The times that

have been selected were one hour, two hour, three hour and four hour. Table 4.5 show the

value of yield stress at different time.




Table 4.5: Yield stress at different time

Time (hour) Om C; G,
101.1 94.48 49.69
1 106.1 96.87 5055
104.2 98.49 50.85
100.2 79.08 48.50
2 103.5 92.86 50.20
103.1 90.38 49.24
101.3 85.64 47.84
3 106.2 94.64 50.71
100.2 85.50 48.28
101.2 85.14 48.30
4 100.2 88.00 47.23
99.30 88.28 46.89
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Table 4.5 shows the data of tensile test with different of time that pre-strain at 5%

and heated at 150 degree Celsius. Three specimens for each time were tested using tensile

testing machine. From the table, we can see the value of o, (yield stress of deformed

material), o (yield stress of recover material), o, (yield stress of undeformed material)

and X, (degree of recovery).

Sample calculation of degree of recovery (Xrec):

When time at 1hour
o,=101.1
o,=94.48




0,=49.69

Equation of degree of recovery:

In =9,
rec

Um—o.o

Substitute the value yield stress into the equation:

_101.1-94.48
= " 101.1- 49.69
X, =0.1288

Table 4.6: Degree of recovery at different time

Time Om-Or Om-Go Xrec
In(t)

(second)
| 6.62 51.41 0.1288
571 53.35 0.1070
21.12 51.7 0.4085
7200 10.64 53.3 8.881836305 0.1996
12.72 53.86 0.2362
15.66 53.46 0.2929
10800 11.56 55.49 9.287301413 0.2083
14.7 51.92 0.2831
16.06 529 0.3036
144000 122 5297 | 9.574983486 0.2303
11.02 52.41 0.2103

35
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Using the equation 2.1 the value of degree of recovery can be calculate using the
data from table 4.5.Table 4.6 show the value of degree of recovery (Xr) at different
temperature. From the data from table 4.6 plot the graph of degree recovery (Xc) with
respect to 1/Temperature.

Degree of Recoveryvs.Int

35

30 s .
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| Temp. 423K / 5%pre-strain |

o
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Figure 4.3 Degree recovery versus Int

Figure 4.3 show the degree recovery (Xrec) versus In t (second) of specimen. The data

are getting from the specimen of aluminium-copper alloy with different temperature.

Linear line equation:
y =9.0557 x - 59.921

Friedel’s model:

Xrec =cl lnt——g'.
' RT




37

Gas constant (R)= 831432
mol

Equalize equation of linear line and Fridel’s model:

-59.921= 2
RT

Calculate activation energy

0 =59.92x% (8.3144 J x 423K)
mol.K
0=21 1-——-k]
mol

42  DISCUSSION

The value of activation energy of aluminium-copper alloy can be determined from
“the data that get from the result of tensile test with different temperature and time. The
value of activation energy can be compare with the value that gets from journal. The
value of activation energy at different temperature was compare with the journal from
Recovery Revisited, (E.Nes, 1994) [8]. While, the value of activation energy at difference
time was compare with the journal from Subgrain Growth in Heavily Deformed

Experimental Investigation and Modelling Treatment.( Furu, 1994).
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Table 4.7: Comparison of activation energy for both variables

Variable Activation energy (Q) kJ/mol
Experimental Journal
Temperature | 630kJ/mol 521kJ/mol
(E.Nes,Recovery Revisited,1994)
Time 211kJ/mol 175kJ/mol

(Furu, Subgrain Growth in Heavily

Deformed Experimental Investigation and

Modelling Treatment.Pergamon 1994)

Percentage of different the value of activation energy between the experimental

and journal was calculated to determine whether the value is validate or not.

Variable temperature:

% different = -63—05-;-15-31x 100 =20.92%

Variable time:

% different = E%X 100 = 20.57%

From the data above the value activation energy of experimental can be validate

using Friedel’s model equation because the percentage of different not exceed 50% of the

value.
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CONCLUSION

51 CONCLUSION

The main objective of this study is to determine the activation energy of
aluminium-copper alloy by using tensile test machine. Variable pre-strain,temperature

and time was selected to do the testing.

The specimens were tested using tensile test machine to find the value of yield
stress of undeformed material, deformed and at static recovery condition. The value of
yield stress is depending to the condition of the annealing process. From the data the
graph of degree of recovery versus temperature, time and pre-strain can be plot. By

using linear line equation of the graph, the activation energy can be calculated.

From the data of the research it can be use to validate the equation of Friedel’s
model. By using Fridel’s model equation, the value of activation energy for variable
temperature is 630kJ/mol while the value of activation energy for variable time is
211kJ/mol. So, from comparison with the journal, the values of activation energy were

validated.




40

5.2 RECOMMENDATION

To get the accurate result of the activation energy of aluminium-copper alloy
some improvement need to be done. The recommendations to get more precise of the

result for the experiments are:

(i) Use the CNC lathe machine to machining the specimens to get accurate
dimension.

(ii)  For the annealing process, the box furnace that use must be automatic controller
with high precision of degree accuracy and have very slow rate of cooling time.

(iii) The tensile test machine must be calibrated to get the accurate of the value.

(iv) To get the more accurate value for the activation energy of the variable
temperature, the test must do at the different time.

(v) For the value of activation energy of the variable time, the test must do at

difference temperature.
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APPENDIX B

Data collected from E.Nes journal [9]

Temperature Degree of Temperature
(&9 recovery,Xrec 1-Xrec K) /T
100 95.18519 4.814815 373 0.002681
200 66.85185 33.14815 473 0.002114
250 53.33333 46.66667 523 0.001912
300 40.55556 59.44444 573 0.001745
400 19.25926 80.74074 673 0.001486
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Data for time and temperature at different strain hardening [9]

Strain hardening

0.65 0.6 0.4
Temperature Temperature Temperature
Time (min) ‘O Time (min) (°C) Time (min) O
100 200 593.6893204 200 820.8737864 250
3.268292683 250 7.980295567 250 7.044334975 300
Time (sec) | Temperature(K) | Time (sec) | Temperature(K) | Time (sec) | Temperature(K)
6000 473 35621.35922 473 49252.42718 523
196.097561 523 478.817734 523 422.6600985 573
In Time 1/Temperature In Time 1/Temperature In Time 1/Temperature
8.699514748 | 0.002114165 | 10.48070072 | 0.002114165 | 10.80471393 | 0.001912046
5278612295 | 0.001912046 | 6.171320011 | 0.001912046 | 6.046568306 | 0.001745201
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Picture during final year project
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