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ABSTRACT

Nowadays, aluminum alloys in automotive and aerospace industries have assigned

a noticeable portion in structural applications in comparison to many steel alloys.

The aim of this study was to investigate the high temperature deformation behav-

ior and microstructural evolution of Al-Zn-Mg-Cu aluminum alloy for two different

annealed and cold rolled conditions. The elevated temperature deformation behavior

and microstructural evolution of 7075 aluminum alloy at the annealed and cold rolled

conditions have been studied. Isothermal uniaxial tensile tests at different temper-

atures of ambient temperature, 200, 250, 300 and 350 ◦C and strain rates of 0.001,

0.01, 0.1 s−1 were conducted.

The effects of two important factors; deformation temperature and strain rate sen-

sitivity on the tensile deformation behaviors with support of fracture mechanism char-

acteristics are discussed in details. The Zener-Hollomon parameter in an exponent-

type equation has been utilized for both tested conditions in order to calculate the

activation energy for the studied conditions. The results review indicates that with

the increase of deformation temperature or the decrease of strain rate, the fraction

of recrystallized grains increases which leads to higher elongation. This is mainly

attributed to dynamic recrystallization during the tensile deformation. Accordingly,

the maximum UTS value at elevated deformation temperature has been reported 218

MPa in rolled samples at 200 ◦C under the strain rate of 0.1 s−1, whereas the max-

imum elongation to fracture was 55.9% in rolled samples at 350 ◦C under the strain

rate of 0.01 s−1.

In addition, unlike annealed condition it has been observed that the cold working
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has a remarkable effect on increasing the peak stress and also leads to higher ductil-

ity at elevated deformation temperatures. But in contrast, at ambient temperature

it has been observed that severely cold work could decrease the ductility. However,

at 350 ◦C and 0.001 s−1 the general trend of softening has changed and the ductility

dropped which could be imputed to the dynamic precipitation resulting in the forma-

tion of the secondary phases during high temperature deformation. Observation of

the fracture surfaces in the studied deformation conditions has showed that localized

necking caused the final fracture of the specimens in which microvoids can be seen at

lower deformation temperatures. Whereas by increasing the deformation temperature

coalescence of dimples and micro voids leading to a relatively coarse but less dense

morphology resulted in fracture.

Keywords: Al-Zn-Mg-Cu alloy, High temperature deformation, Cold work, Frac-

ture morphology, Activation energy, Mechanical behavior
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ÖZETÇE

Günümüzde alüminyum alaşımların çelik alaşımlara oranla otomativ ve uzay sanay-

isinin yapısal uygulamalarında daha fazla tercih edildiği görülmektedir. Bu tezde

7075 alüminyum alaşımının tavlanmış ve haddelenmiş durumları altında sıcak şekil

değiştirme karakteristiği ve mikro yapısal gelişimi incelenmiştir. Test numuneleri

üzerinde farklı çevresel sıcaklıklarda (200, 250, 300 ve 350 ◦C) ve farklı gerinme oran-

larında (0.001, 0.01, 0.1 s−1) izotermik tek eksenli çekme testleri gerçekleştirilmiştir.

Test sonuçları üzerinde iki önemli etken olan sıcaklık ve gerinme oran duyarlılığı

kırılma mekanizmaları desteği ile tartışılmıştır. Test edilen durumların aktivasyon en-

erjilerinin hesaplanabilmesi için örnek denklemlerdeki Zener-Hollomon değişkeninden

faydanılmıştır. Yapılan testlerin sonucunda deformasyon sıcaklığındaki artışın ya da

gerinim oranlarındaki azalışın yeniden kristalleşmiş tane oranını arttırdığı görülmüştür.

Bu artışın daha fazla uzamaya olanak sağladığı anlaşılmıştır. Bu durumun sebebi

olarak çekme deformasyonu sırasındaki dinamik yeniden kristalleşme öngörülmüştür.

Dolayısıyla, 200 ◦C ve 0.1 s−1 gerinme oranındaki haddelenmiş numunelerin maksi-

mum UTS değeri 218 MPa olarak ölçülmüştür. Oysa ki 350 ◦C ve 0.01 s−1 gerilme

oranına sahip haddelenmiş numunelerin kırılmaya kadar uzama oranı 55.9% olarak

ölçülmüştür.

Ayrıca tavlamanın aksine soğuk işlemelerin maksimum gerilme değerini arttırdığı

ve bu durumunda yüksek deformasyon sıcaklıklarından daha fazla sünekliğe yol açtığı

görülmüştür. Tam tersine, ortam sıcaklığında soğuk işlemelerin esnekliği azalttığı gö-

zlemlenmiştir. Ancak 350 ◦C sıcaklık ve 0.001 s−1 gerinme oranında genel yumuşama
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eğiliminin geliştiği ve sünekliğinin azaldığı görülmüştür. Bu azalış yüksek sıcaklık-

lardaki deformasyon esnasında oluşan ikincil evrelerdeki dinamik çökelme ile açıklan-

maktadır. Çalışılan şekil değiştirme şartlarında incelenen kırılma yüzeyleri ile nu-

munelerde düşük sıcaklık kırılmalarına mikro boşlukların bulunduğu bölgesel boyun

vermelerin sebep olduğu anlaşımıştır. Öte yandan, sıcaklığın artması ile boşlukların

birleşmesi sayesinde kırılma meydana gelmiş olup, daha iri ve fakat düşük yoğunluğa

sahip bir kırılma morfolojisi ortaya çıkmıştır.
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CHAPTER I

INTRODUCTION

1.1 Background

Aluminum alloys are being used in engineering structures more than every other

time. This attraction has increasingly merged to vast range of applications by inves-

tigating of researchers on its processing-microstructure, thermomechanical properties

and inter-relations which leads to a comprehensive understanding of the material’s

behavior [3,4]. Among all different types of aluminum alloys, the 7xxx series (Al-Zn-

Mg-Cu alloy) are superior, due to their high strength, low density, excellent stress

corrosion resistance and fracture toughness; and perform a widespread role in man-

ufacturing semi-finished products that have been used for many structural parts in

aerospace industries [5–8].

Moreover, in automotive industries, the tendency to manufacture lighter vehicles

and at the same time a fuel efficient one has led to noticeable interest in replacing

steel with aluminum alloys. However, conventional stamping of aluminum alloys

into sheet metal parts is limited by their low formability as compared to steel sheet

[9]. To be able to somehow compensate this gap, superplastic forming is one of the

conventional methods to produce aluminum parts with high complexity and deep

curvature surfaces.

Besides, characterizing the plastic deformation properties and grain structure evo-

lution during high temperature deformation need to be studied to reach high strength

and fracture toughness. Selecting the zinc-magnesium-copper aluminum alloy 7075

as objective material has made us to investigate on the thermomechanical process-

ing condition of this alloy. Fully heat treated T651-condition, exhibits the highest
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strength as far as aluminum is concerned used in commercial structures. Apart from

the strength, providing a great formability could be the result of the O-tempered

condition in the studied alloy which has been fully annealed. Likewise, to increase

the strength of the O-tempered condition, one applicable way is to conduct severe

cold working. Thus, investigating the ductility level at both ambient and elevated

temperature conditions of the alloy is one of the key objectives of the current research

work.

Generally, the description of plastic deformation behavior starts from hot working

of metals where the hot deformation temperature range of a metal can be defined as

it is above 0.5 Tm where Tm is the absolute melting point of metal in K. There are

two main parameters in plastic deformation of a metal which are playing a significant

role on its behavior; strain rate and deformation temperature. the improvement in

dislocation mobility with increasing temperature T arise from augmented vibration

of the atoms.

Normally in metals, the average amplitude of vibration increases to about 10 of

the lattice parameter at the absolute melting point (Tm, K) which is characterized

as bonding strength of a metal [10]. According to this principle the hot working

temperature range of aluminum alloy starts at temperatures above 250 ◦C, likewise,

in the present study the high temperature deformation starts at 2000 ◦C and with

50◦C temperature intervals it is reaching up to 350 ◦C. For alloys, the Tm of the pure

metal is used as the lower limit and in practice rises as the alloying elements impede

dislocation motion. The commonly used strain rate ε̇ range for industrial mechanical

forming is 10−3 s−1 to 102 s−1; however, there is a possibility of happening creep at

the range of 10−10−10−4 s−1 and traditional tension testing is about 10−5−10−3 s−1.

Hot workability of a metallic alloy could consist of low flow stress, high ductility

and sound product with properties suitable for the application. A low flow stress could

be achieved from increasing deformation temperature or decreasing the strain rate.
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High ductility provides larger formability of complicated shapes at higher rates with

improved productivity, product quality, and reduced cost for nondestructive testing.

If the product is intended for direct service, the final forming condition and cooling

rate can be selected to preserve the strength of the hot worked structure [10]. The goal

of this research is to optimize the processing conditions for the best combinations of

strain rate and deformation temperatures at both ambient and elevated temperatures

[10].

In this study we have focused on the elevated temperature deformation of the

annealed (O-tempered) and the rolled conditions of the aluminum alloy 7075. Ac-

cordingly, a series of isothermal uniaxial tensile tests at different temperature range of

ambient temperature, 200, 250, 300 and 350 ◦C and strain rates of 0.001, 0.01, 0.1 s−1

were conducted. The effects of two important factors; deformation temperature and

strain rate on the elevated temperature tensile deformation behaviors with support

of fracture mechanism characteristics are discussed in details. The Zener-Hollomon

parameter in an exponent-type equation has been utilized for both tested conditions

in order to calculate the activation energy of the studied conditions.
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CHAPTER II

LITERATURE REVIEW

2.1 Aluminum Alloys
2.1.1 The History and Production Process of Aluminum

Aluminum has been identified as the most common metal on earth, shaping about

eight percent of the earth’s crust. It is also the third most abundant element known

to mankind. On top of it, only oxygen and silicon (sand) exist in larger quantities.

Back in to 1808 that Sir Humphrey Davy, the British electrochemist, discovered the

existence of aluminum, and just 17 years later the Danish scientist Oersted has made

the first tiny pellet of the metal. The next step in exploration of aluminum happened

this time in Germany by Wohler in 1845 [11].

He established the specific gravity of aluminum that determined one of the fasci-

nating characteristics of aluminum its lightness. He also discovered that it is easy to

shape it while it can be melted just with a heat generated by a blow torch. Later on in

France, Henri Saint and Clair Deville discovered a production technique that enabled

them to display a solid bar of the metal at the Paris Exhibition in 1855. Introducing

the new manufacturable metal at that time was a great fortune and great achievement

for him that made aluminum more valuable than gold, silver or platinum. Napoleon

III became eager to utilize this new metal for his military purposes. To make this

happen, he subsidized Deville to find out a productive solution to utilize this metal

for mass production [12].

Later on, after many trials had failed to find out a processing solution, in 1886 two

scientists, Heroult and Hall had been concerned completely with a chemical process for

producing the metal. They believed the cost-efficient production key is in electrolytic
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Figure 1: Raw materials to produce a 1 ton of aluminum ingot [1]

method. They had evolved with finding a substance that could by passing through

the electricity, the aluminum oxide (alumina) would dissolve and then that could

turn out to deposit the aluminum as a metal. Since that day, processing aluminum

has undergone massive changes and improved over time so that the today’s modern

planet needs 12 to 14 kilowatt hours of electricity to dissolve 2 kilograms of alumina

to produce 1 kilogram of aluminum. A scaled up of the raw materials to produce a

ton of metal is shown in Fig. 1.

2.1.2 Important Physical Properties of Aluminum

Atomic and crystal structure, density, electrical conductivity and resistivity, non-

magnetic property, thermal conductivity, reflectance and emissivity, corrosion resis-

tance, thermal expansion, melting temperature, specific latent heats and many more

could be considered as important physical properties of aluminum as some features

are discussed below.

As a third most abundant element in Earth’s crust after oxygen and silicon, it

is the most plentiful of all metals. Aluminum has the atomic number of 13 which
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Figure 2: Volume per unit weight of common metals [1]

according to its lattice structure after changing state from the molten to solid state

the crystalline structure stays the same more likely to copper, silver and gold FCC

arrangement of atoms in its lattice structure. Having the atomic weight of 26.98 and

specific gravity of 2.7 (nearly one-third of common metals) has turns lightness as a

most fascinating characteristic of aluminum. The low density weight ratio with high

strength possible has forced engineers to select aluminum as the most used material

for aerospace industries over past sixty years [11].

Due to its low specific gravity and having the 63.8% of electrical conductivity in

99.99% of pure aluminum, the mass electrical conductivity is a way twice of annealed

copper. The resistivity and conductivity are two sensitive properties that changes

with chemical composition and the thermal treatment of alloy. This silvery metal

is familiar to every household in the form of pots and pans, beverage cans, and

aluminum foil. It is attractive, nontoxic, corrosion-resistant, nonmagnetic, and easy

to form, cast, or machine into a variety of shapes. It has a melting point of 660 ◦C
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and a boiling point of 2,519 ◦C.

Pure aluminum is relatively soft but not the strongest among metals. When melted

together with other elements such as copper, manganese, silicon, magnesium, and

zinc, however, it forms alloys with a wide range of useful properties [13]. Aluminum

alloys are used in airplanes, highway signs, bridges, storage tanks, and buildings. The

world’s tallest buildings, the World Trade Center towers in New York, are covered with

aluminum. Aluminum is being used so often in aerospace and automobile industries

because it is only one-third as heavy as steel and therefore decreases fuel consumption

[13].

2.1.3 Elevated Temperature Properties of Aluminum Alloys

7075 aluminum alloy, a high strength Al-Zn-Mg-Cu alloy, having noticeable room

temperature strength to its density ratio, fracture toughness and corrosion resistance

(specifically in T651 temper, has a typical tensile strength of 572 MPa, which is higher

than many mild steels) has been widely used in automobile and aerospace industries,

weapons and transportation fields as high-strength structural parts [14, 15]. Since

usually these parts are formed by using as extruded bars, the microstructure should

be sensitively controlled during hot deformation process to ensure the comprehensive

properties of the parts [16].

Generally, in hot deformation of structural alloys as temperature rises the strength

of alloys decreases, meanwhile with respect to processing conditions some other im-

portant mechanical properties such as toughness and ductility increases or even might

decrease in unpredictable levels [17]. Basically, when discussing ductility of a material,

both work hardenability and strain-rate sensitivity should be delicately controlled.

The ability of a metallic alloy to be work hardened, which is mostly because of the

interaction of microstructural defects such as dislocations and second phase particles

within the lattice, is related to the deformation temperature. These would assign a
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uniform region in plastic deformation of the stress-strain curves [18].

There have been several studies concentrating on the elevated temperate mechan-

ical behavior of aluminum alloys. Tajally et al. [19] investigated the comparative

tensile and impact-toughness behavior between cold-worked and annealed 7075 alu-

minum alloy. Panigrahi and Jayaganthan [20]. investigated the effect of aging on

microstructure and mechanical properties of bulk, cryorolled and cold-worked Al 7075

alloy. Rokni et al. [21] investigated the hot compression deformation behaviors and

microstructural evolution of 7075-T6 aluminum alloy. Jimenez et al. [22] character-

ized the superplasticity of severely deformed Al 7075 alloy by equal channel angular

pressing at intermediate temperatures and observed the loss of superplastic behavior

at temperatures above 350 ◦C which is reported due to abnormal grain growth and

change of deformation mechanism.

As part of a study of grain orientation changes during hot deformation of Al alloys,

a new method has been developed by Quey et al. [23] to characterize the evolution of

deformation substructures and textures on the grains during plastic straining. This

microtexture tracking method consists of the repeated cycles of deformation of a split

sample with detailed EBSD texture maps of the area at various strains. They reported

that the substructure maps of grains on a surface indicates that their dislocation sub-

structure increases to a strain of about 0.5 then stabilises at approximately constant

size, disorientation distribution and boundary alignment. The results are consistent

with the model of steady state sub-boundary creation and dissolution during hot

deformation [23].

Zhang et al. [24] conducted hot compression tests on 2026 aluminum alloy in

temperature range of 300 − 450 ◦C and strain rate range of 0.01 − 10 s−1. The

correlation between compression conditions and microstructural evolution after solu-

tion and aging heat treatment was investigated. They found that the recrystallization

and precipitation-hardening decrease at linear-decreasing regime and become stronger

8



at elevated temperatures and lower strain rates. These have a reverse-proportional

behavior to the Zener–Hollomon parameter (Z) during hot deformation. For low Z

parameter, fine recrystallized grains are rarely formed while the well-formed subgrains

with clean high-angle boundaries and coarse precipitates seem to remain during heat

treatment. For high Z parameter, a large number of fine equiaxed recrystallized

grains are produced, and a high dislocation density with poorly developed cellularity

and considerable fine dynamic precipitates are replaced by the well-formed subgrains

and relatively coarse precipitates after heat treatment. They also reported that the

average grain size after heat treatment decreases with increasing Z value. It was no-

ticed that a mathematical relation between the average grain size and the Z value is

obtained [24].

Jin et al. [25] reported the result of the hot compression tests of 7150 Al alloy

that the peak stress level decreased with increasing deformation temperature and

decreasing strain rate, which can be represented by a Zener-Hollomon parameter

in the hyperbolic-sine equation with the hot deformation activation energy. In the

deformed structures the elongated grains appear with serrations developed in the

grain boundaries. Decreasing of Z value leads to more adequate proceeding of dynamic

recrystallization and coarser recrystallized grains. The subgrains exhibit high-angle

sub-boundaries with a certain amount of dislocations and large numbers of dynamic

precipitates in subgrain interiors as increasing Z value. The dynamic recovery and

recrystallization are the main reasons for the flow softening at low Z value, but the

dynamic precipitates and successive dynamic particles coarsening have been assumed

to be responsible for the flow softening at high Z value [25].

The influence of cooling rate after homogenization on the flow behavior of alu-

minum alloy 7050 was investigated by Lin et al. [26] over a range of temperatures,

300 − 450 ◦C, with strain rates of 0.001 − 1 s−1. It was found that water-quenched

alloy exhibited higher flow stresses than furnace-cooled alloy, and the difference in

9



the peak stress decreased with temperature increasing. The strain-hardening rate

during the initial stage of hot deformation was higher for water-quenched alloy than

furnace-cooled alloy. During deformation at low temperatures with the lowest strain

rate, flow softening was observed for both alloys, but this effect was more significant

for the water-quenched alloy. The activation energy of the water-quenched alloy was

more than twice higher than that of the furnace-cooled alloy. With strain increasing,

the activation energy decreased for both alloys. These phenomena were explained

based on dynamic precipitation and coarsening during hot deformation according to

microstructure examination.

An attempt to study the flow stress features of 2519A aluminum alloy was done by

Li et al. [27] in the temperature range from 300 to 450 with strain rates of 0.01−10 s−1.

The results show that the deformation temperature and the strain rate have obvious

effects on the flow characteristic, and the flow stress increases with increasing strain

rate and decreasing temperature. The flow stress of 2519A aluminum alloy deformed

in the strain rate range of 0.01−1 s−1 shows a dynamic recovery character; while that

deformed at the strain rates of 10 s−1 and in the deformation temperature range of

350− 450 ◦C shows part dynamic recrystallization character. The processing map at

the strain of 0.5 is obtained and exhibits two safe deformation domains (350−400 ◦C

at 0.001 s−1 and 300− 450 ◦C at 1− 10 s−1). According to the processing map and

microstructure observation, the optimum hot-working condition for 2519A aluminum

alloy is determined to be 450 ◦C and 10 s−1 [27].

Spigarelli et al. [28] investigated the high-temperature plasticity of an AA6082

aluminum alloy in a wide range of temperatures and strain rates by means of torsion

tests. The strain-rate dependence on stress and temperature was described by means

of a modified form of the sinh equation, where the peak flow stress was substituted by

the effective stress, i.e. by the difference between peak stress and a threshold stress,

representing the strengthening effect of the particles. This analysis confirmed earlier
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speculations that the high values of apparent activation energy frequently observed

for heat-treatable alloys were related to the presence of precipitates, and quantified

this strengthening effect.

The dynamic and static softening behaviors during multistage hot deformation

of aluminum alloys (1050, 5182 and 7075 alloys) was studied by Hang et al. [29]

in 300 and 400 ◦C at a strain rate of 0.5 s−1. The interrupted deformations were

conducted with delay times varying between 30 and 120 s after achieving a strain of

approximately 0.4 in the first stage. It was indicated that the considerable dynamic

softening and exceptional softening associated with a structure softening exist in both

1050 and 7075 alloy deformation at 400 ◦C, leading to an initial flow stress value at the

second deformation lower than that at the first deformation. For all alloys studied,

the static softening increases with increasing deformation temperature and holding

temperature and delay times, but the increment for 5182 alloy is much higher than

that for both 1050 and 7075 alloys in the same hot deformation conditions.

The hot deformation behavior of porous FVS0812 aluminum alloy prepared by

spray deposition was studied by means of compression tests conducted by Zhan et

al. [30]. The samples were hot compressed at temperatures ranging from 573 K to

773 K under various true strain rates of 10−4 − 100 s−1. The deformation behaviors

are characterized by a significant strain hardening during hot-compression due to the

progressive compaction of the pores with increasing compressive strain. A revised

formula describing the relationships of the flow stress, strain rate and temperature

of the porous alloy at elevated temperatures is proposed by compensation of strain.

The theoretical predictions are compared with experimental results, which show good

agreement [30].

The metadynamic recrystallization behaviors in deformed 2124 aluminum alloy

were investigated by isothermal interrupted hot compressive tests, which were car-

ried out at the deformation temperatures of (653-743) K, strain rates of (0.01-10) s−1
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and inter-stage delay time of (30-180) s [31]. A new approach, "peak stress method",

is proposed to calculate the softening fractions induced by the rapid metadynamic

recrystallization. The kinetic equations were developed to predict the metadynamic

recrystallization behaviors in hot compressed 2124 aluminum alloy. Both the exper-

imental and predicted results show that the effects of deformation parameters, in-

cluding strain rate, deformation degree and temperature, on the softening behaviors

in the two-pass hot compressed 2124 aluminum alloy are significant. A good con-

sistency between the experimental and predicted results indicates that the proposed

kinetic equations can precisely estimate the softening behaviors and metadynamic

recrystallization kinetics of the hot compressed 2124 aluminum alloy [31].

An attempt to deform AA 3104 aluminum alloy was done by Liu et al. [32] to

deform the material at temperature of 510 ◦C and at a strain rate of 5 s−1 to strains

of 0.14, 0.53, 1.52, and 2.49 by plane strain compression. The effect of grain orienta-

tion on microstructures has been investigated using transmission electron microscopy

(TEM). The results show that the grain orientation has a strong effect on the mi-

crostructures at low strains.

The microstructures can be classified into three types according to the process

of grain subdivision and the characteristics of dislocation boundaries. Every type of

microstructure is concentrated in a positive district in orientation distribution figure.

The microstructures in grains near the brass and S orientations correspond to the

Type AI microstructure. The grains near the copper orientation appear as a Type

AII microstructure. The Type B microstructure is found in the region near the rotated

Goss orientation. The Type C microstructure is concentrated in the cube orientation.

At large strains approximately equiaxed subgrains are observed.

According to the experimental results, some constitutive models are proposed to

delicately monitor the hot deformation behavior of metals or alloys; Peng et al. [33] has

proposed an improved Arrhenius type model to describe the tensile behavior of CP-Ti
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by considering the competing process of deformation mechanism. Khamei et al. [34]

investigated a constitutive equations to developed the model of hot ductility of the

severely plastic deformed AA6061 alloy. Sajadifar and Yapici [35] has predicted the

workability characteristics and the flow behavior of severely deformed pure titanium

by using Arrhenius type and dislocation density based models [36].

Xizhou et al. [37] proposed the constitutive modeling and processing map to obtain

the rheological properties of the 6X82 aluminum alloy at different temperatures and

strain rates. Saravanan and Senthilvelan [38] reported the hot deformation behavior

analysis and processing map for the fabrication of Al7075-Al2O3 nanocomposite using

a three-step mixing cum stir-casting method. Eivani and Karimi [39] used a beneficial

equation to estimate the hardness of an Al-Mg-Si-Cu alloy with a remarkably good

agreement. To the knowledge of the authors, there is not such a simple and precise

model to evaluate the effect of age hardening on the hardness of the alloy. El Mehtedi

and et al [40] introduced a revised form of the HS equation (developed by Hensel and

Spittel) to describe the hot workability of an AA6083 aluminum alloy.

As a common fact of all reviewed researches above, it can be concluded that the hot

ductility and deformation behavior of Al-Zn-Mg-Cu alloy is significantly influenced

by its grain size, strain rate, second phase particles of the grain boundaries, deforma-

tion mode and so on. Despite remarkable researches invested into hot deformation

characterization of Al-Zn-Mg-Cu alloys, adding a comparative high temperature de-

formation behavior between O-tempered and severely rolled conditions, in addition to

failure characteristics investigation in order to provide an optimum forming processing

conditions of Al 7075, could perfectly fill this gap.

2.1.4 Heat-Treatable and Non-Heat-Treatable Alloys

Alloys that can be thermal treated, according to their phase solubility are consid-

ered as solution heat treatment process which is mainly followed by water quenching
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and later naturally age hardening and artificial age hardening. Whether they are

cast or wrought, they are referred to as heat treatable. Heat-treatable aluminum

alloys usually contain magnesium, plus one or more other alloying elements such as

copper, silicon and zinc. In the presence of those elements, even small amounts of

magnesium promote precipitation hardening. These alloys respond to heat treatment

because their key alloying elements show increasing solid solubility in aluminum with

increasing temperature in which this raise of strength induced by heat treatment can

be dramatic [14].

Most of wrought aluminum alloys are mainly processed through work hardening

by mechanical reduction, as well as some casting alloys, are not as heat treatable; they

usually appear to be non-brittle metals with a reasonably high melting point. Alloys

not prone to heat treatment are referred to as non-heat-treatable [15, 16]. Strain-

hardened alloys containing appreciable amounts of magnesium are usually given a

final elevated temperature treatment to stabilize their properties. Cold-working can

increase strength significantly in non-heat-treatable alloys. Both heat-treatable and

non-heat treatable alloys may be deliberately softened and made more formable by

annealing [14].

Heat treating process of aluminum alloys consists of controlled cycles of heating

and cooling in which normally by increasing the strength of alloy in that specific heat

treatment, the formability may sometimes be affected. Usually alloys in the 2000,

6000 and 7000 series are heat treatable while, non-heat-treatable aluminum alloys are

hardened by strain hardening without heat treatments. Moreover, aluminum alloys

in the 1000, 3000, 4000 and 5000 series are strengthened by work hardening [15–18].

The 3000 series is mostly used in cooking utensils and chemical equipment, due

to its superiority in handling many foods and chemicals; the AA3104 or 3004 in

particular is the largest volume alloy combination in the industry, with applications

in the bodies of beverage cans. The 5000 alloys have wide applications in the top of
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Figure 3: Main alloy types available as sheet and plate [1]

the beverage can, automotive, building and construction areas [16–19].

The aluminum alloy compositions are registered with the Aluminum Association

(AA). The 3000 and 5000 series are alloyed with manganese and magnesium respec-

tively. Both of these additions increase strength primarily by solid solution hardening

and by forming precipitates such as S (Al2CuMg), η (MgZn2) and Al3Mg2 which could

control recrystallized grain size by pinning grain and sub-grain boundaries [41]. At

the eutectic temperature, the limit of manganese solubility is 1.5 wt% and magne-

sium solubility is 17.4 wt% in aluminum [20]. The present system utilized to identify

wrought aluminum alloys is the four digit designation system, shown below:

• The 1000 series are essentially pure aluminum with a minimum 99% aluminum

content by weight and can be work hardened.

• The 2000 series are alloyed with copper and can be precipitation hardened

to strengths comparable to steel. Formerly referred to as duralumin, they were

once the most common aerospace alloys, but were susceptible to stress corrosion

cracking. They are increasingly replaced by 7000 series in new designs.
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• The 3000 series are alloyed with manganese, and can be work hardened.

• The 4000 series are alloyed with silicon. They are also known as silumin and

are heat treatable.

• The 5000 series are alloyed with magnesium and can be work hardened.

• The 6000 series are alloyed with magnesium and silicon, are easy to machine,

and can be precipitation hardened, but not to the high strengths that 2000 and

7000 can reach.

• The 7000 series are alloyed with zinc, and can be precipitation hardened to the

highest strengths of any aluminum alloy.

• The 8000 series is a category mainly used for lithium alloys, heat treatable.

• The 9000 series is reserved for future use.

The work hardening rates can be different for different alloy series, for instance,

AA3104, AA5182 and AA9111 have high work hardening rates at low temperatures

and the work hardening amount decreases while temperature increases, due to dy-

namic recovery. The compositions and grain sizes between different series are differ-

ent. Even in the same series, the composition can be very different.

All aluminum alloys can be rolled to sheet but, with a few notable exceptions

mentioned below, the ones utilized are from the 1000, 3000 and 5000 series which are

work hardening alloys. However, the 2000, 7000 and 8000 heat treatable alloys are

used for airframes, 2000 and 6000 series for automobiles and the 6000 series for some

pressure vessels and containers. Examples exist for the use of plate in all alloys while

foil is almost all from the 1000 series.
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Figure 4: Typical applications of some aluminum sheet and plate alloys [1]

2.2 Heat Treatment of Aluminum Alloys
2.2.1 Purposes of Annealing

Aluminum alloys may be hardened by hot or cold rolling procedures to a degree

that is not desired in the finished product or that would interfere with further rolling

and the achievement of a desired temper. Heat-treatable alloys may be sufficiently

heated and cooled during hot-rolling to undergo some partial solution heat treatment

and precipitation hardening [21].

Cold rolling, on the other hand, elongates grains and sets up internal stresses

and strains. These changes create resistance to further deformation in cold-rolled

plate or sheet is said to become work-hardened. Unwanted precipitation hardening

or work hardening is removed before further rolling or product finishing by annealing

that is, by heating the aluminum alloy above its recrystallization temperature and

holding it there long enough for the grain structures created earlier to re-crystallize

and relieve the internal stresses. Annealing can be applied at any stage in the rolling

process [21, 33].
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2.2.2 Full Annealing

Recrystallization temperature is not a precise term and it does not occur suddenly

at a sharply defined temperature; instead, it begins gradually as the temperature

rises into an effective range, and it progresses to completion over an extended time.

The effective recrystallization temperature depends on the deformation and thermal

treatment conditions it has previously undergone, as well as the annealing soak time

[42].

Full annealing converts both heat-treatable and non-heat-treatable wrought alloys

into their softest, most ductile, most workable condition, designated as the O-temper.

For full annealing of heat treatable wrought aluminum alloys, the metal is typically

soaked for about two hours at a temperature in the range of 335− 370 ◦C to remove

cold work, or 400−425 ◦C to counteract heat treatment [43]. Then the metal is cooled

slowly, at a closely controlled rate appropriate to the alloy. This permits maximum

coalescence of precipitating particles, minimizing hardness.

Non-heat-treatable alloys are annealed by heating for one-half hour to two hours

(most often about one hour) at a temperature in the range of 335 − 405 ◦C. Then

they are cooled at a controlled rate [43]. Annealing also provides the conditions for

stress-relief and may even be applied specifically for that purpose if furnace schedules

and product requirements permit.

The H1 and H3 aluminum alloy tempers are created by applying specific amounts

of strain hardening to fully-annealed metal. These are called rolled-to-temper prod-

ucts. Cold rolling prior to roll bonding inflicts the material with high stresses that

gives high strength, but may also decrease the ductility severely. To eliminate some

or all of the effects of this work hardening, a heat treatment called annealing may

be performed. However, the strength gained by cold rolling will decrease during this

process as well [43].
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There are two main softening reactions occurring when a heavily deformed mate-

rial is fully annealed, and these are called recovery and recrystallization [34]. Before

explaining these two phenomena in more detail, let it be said that recovery and re-

crystallization is competing processes driven by the same stored energy, created by

the deformation. Once the stored energy has been consumed by one or the other, no

further recovery or recrystallization can occur. Hence they are strongly dependent on

each other [33].

2.2.3 Dynamic Recrystallization

One of the principal metallurgical phenomena in cold to hot deformation of metals

is dynamic recrystallization (DRX), owing to formation of new grain structure in

plastic deformation of the fine grain materials. These newly formed fine grains during

the DRX can be obtained under relatively warm deformation, i.e. T ≤ 0.5 Tm where

Tm is the melting point.

Creation of new fine grains during cold to warm deformation is dependent on

the rate of straining and temperature, often occurs in alloys with high stacking fault

energy (SFE) during the hot deformation, i.e. aluminum alloys [22]. It is worth noting

that this softening mechanism is an impressive method to refine the coarse grain and

reduce the hot deformation resistance. Consequently, the mechanical behaviors of

alloys can be improved. There have been many studies discussing the structural

mechanism for evolution of new fine grains during DRX [22,23,35].
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2.2.4 Dynamic Recovery

Dynamic recovery (DRV) is known as a prevailing softening mechanism regime

in hot deformation by which deformed grains can reduce their stored energy by the

removal or rearrangement of defects, primarily dislocations, in their crystal structure.

This rearrangement is the result of sliding of dislocations out of their slip plane [24].

This process is known as the most common softening mechanism in metals with high

stacking fault energy, e.g. aluminum, alpha-Fe, and most BCC metals where climb

and cross slip of the dislocations are relatively easy [25].

The active dislocation movements within hot working are both screw and edge

dislocations that can leave slip planes to substitute with opposite side and annihi-

late. These process can be accelerated not just by elevated temperature but also by

stresses and high vacancy concentrations which are present in the metal during plastic

deformation [24]. Accordingly, the mis-orientation of sub-boundaries is maintained

sufficiently low such that they never become capable of moving as grain boundaries

of recrystallization nuclei. Deformation at constant temperature and strain rate is

necessary to appoint stress-strain curve. Specifically for aluminum alloys, the flow

curves usually exhibit monotonic hardening to a steady-state plateau level of stress.

The Al alloy strain hardens monotonically to a steady state as a result of DRV

which is high at 400 ◦C but low at 200 ◦C as illustrated by substructure diagrams

(Fig. 5). Moreover, if the material is given a low-temperature heat treatment, the

additional energy allows the dislocations to move and form new boundaries. This

new formation is called a polygonized sub-grain structure. The term for this stage is

recovery and refers to the changes in a deformed material which partially restore the

properties to its pre-deformed state [24].
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Figure 5: Torsional stress-strain curves for Al-0.65Fe and 317 stainless steel at about
0.7 Tm [2]
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Figure 6: Schematic flow curve for a metal that shows dynamic recovery during hot
working [2]

Residual stresses due to work hardening are removed, although no change in dis-

location density occurs. At this temperature the mechanical properties is relatively

unchanged. A schematic (Fig. 6) shows the steady-state uniform region, due to

dynamic recovery [2].
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CHAPTER III

DESIGN AND EXPERIMENTAL PROCEDURE

3.1 Material

The material used for this investigation was a commercial aluminum alloy 7075-

T651 which has been supplied by Vimetco Alro, Romania, with chemical compositions

given in Table 1. The as-extruded plate of Al 7075-T651 has machined along the

extrusion direction to the rectangular billet of 80mm× 50mm× 10mm (Fig. 7).

3.2 Annealing

Full annealing heats the alloy hot enough, long enough, to soften the product

completely that is, to achieve full recrystallization [14]. During the aging process of

T651 temper, GP (Guinier-Prestone) zone and a small fraction of η′ phase is being

formed in the microstructure of 7075. The formation of the η′ phase indicates over-

aging and results in decreased strength properties [26]. To decrease the effect of

residual stresses in material and avoid possible failure in cold-work, plus to reach

higher reductions in cold rolling process by softening the material, it is important to

fully anneal the as-received T651. Fig. 8 shows the rolling failure of a T651 slab after

applying the cold work.

Table 1: Chemical composition of the studied aluminum alloy

Elements Zn Mg Cu Cr Fe Si T i Mn Al

Wt% 5.5 2.27 1.37 0.21 0.2 0.097 0.033 0.02 Balance

23



Figure 7: Mechanical process of annealing and cold rolling on the as received T651
aluminum alloy

(a)

(b)

Figure 8: Cold rolling failure of T651 condition
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Figure 9: Bilets in annealing furnaces

Annealing (O-temper condition) of the billet was performed at 420 ◦C for 180

min followed by furnace cooling that allows maximum coalescence of precipitating

particles as minimizing hardness (Fig. 9). Empirical experiences have determined

that furnace cooling followed by annealing process, is facilitating the rolling process

in comparison to other techniques of quenching [27].

Cold rolling of annealed billets was carried out by using of roll mill machine at

room temperature (Fig. 10). The thickness reduction took place from 10.3 mm down

to 2.3 mm (80 ± 2%) with a constant and equal amount of reduction in each pass for

all the billets. Since the amount of deviation from the rolling direction was negligible

for all the billets that cold working has applied to them, the effect of anisotropy

on mechanical properties of rolling sheets could not be the matter of discussion.

Moreover, with respect to the fact that the maximum tensile strength could only be

achieved in the direction of rolling, all the specimens have been prepared in the rolling

direction.
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Figure 10: Roll mill machine

3.3 Mechanical Characterization

Tensile tests were accomplished employing a delicate computer-controlled servo-

hydraulic Instron machine equipped with an intermediate-temperature sliding cham-

ber. The high temperature test set up was designed and calibrated according to

the repetitive tensile tests (Fig. 11-14) The heat sources inside of the chamber were

supplied by two band heaters. Although the generated heat in chamber assigned to

control by two precise controllers, but to have a delicate control of heat surrounding

the specimen we externally attached a K-type thermocouple right on the surface of

the specimen during all performed hot tensile tests.

The tests were conducted at room temperature, 200, 250, 300 and 350 ◦C in

various crosshead speeds of 0.1, 0.01 and 0.001 s−1 where data capturing of tensile

deformation performed by a hot mountable furnace extensometer. The temperature

range corresponds to 0.5 − 0.66 Tm, where Tm is the absolute melting point of the

Al7075 alloy. The tensile tests specimens were machined by CNC EDM wire-cut from
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Figure 11: High temperature test set up
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Figure 12: Sliding isolated high temperature chamber

Figure 13: Checking the heat loss by a laser gun while sliding chamber is opened to
avoid possible damages
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Figure 14: The 3D model of hot tensile test setup

both annealed and rolled billets of Al 7075 along the extrusion and rolling direction

with the gage length of 15 mm. The elevated temperature tensile tests were carried

out in uniformly constant temperature chamber. Prior to loading, the specimens

were heated and kept in the desired deformation temperature at a heating rate of 25
◦C/min and held isothermally for 10 min to obliterate thermal gradient. Later on,

the specimens were loaded under demanded strain rate and temperature. This was

followed by quenching the fractured specimens in water right after straining.

3.4 Metallographic Characterization

Metallographic samples were prepared by sectioning all the conditions by use of

cut-off wheel machine so as to prepare them for metallography on the rolling plane.

The metallographic specimens were prepared by mounting the specimens in to dif-

ferent dies to be able to polish them via grinding. Polishing was carried out by use

of diamond suspension (< 1 µm) and alumina nanopowder (< 50 nm). The pol-

ished metallographic specimens were anodized by using Barker’s reagent (5 ml HBF4

(48%) in 200 ml water) at 30 V direct current (DC) according to ASTM standards
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Figure 15: Optical macroscopic (OM) sample preparation for all tested conditions

(E407) for grain structure under polarized light. A ZEISS optical microscope, Axio

Imager A2 model, equipped with transmitted polarized-light bright field, with ergo-

tube 20◦/23 linked with a computerized imaging system (software) was employed for

metallography observations.

3.5 Fracture Surface Characterization

For characterizing the fracture surface of the aluminum samples, scanning electron

microscopy (SEM) and also energy dispersive spectrometer (EDS) were utilized. The

SEM study with a JEOL brand machine was completed at 20 kV with Secondary

Electron Images (SEI).
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Tensile Behavior of Studied Al-Zn-Mg-Cu Alloy
4.1.1 Ambient Temperature Tensile Deformation

Fig. 16 demonstrates the tensile stress-strain curves of both annealed and rolled

samples at room temperature. It can be seen that cold rolling procedure is capable

of increasing the strength of Al7075 alloy. Severe cold deformation as well as low

deformation temperatures can generate high density of dislocations. Therefore, the

strength of the processed materials can be enhanced. However, cold deformation

reduced the ductility of this material. Ductility decreased with the increase of dis-

location density due to the fact that dislocation movement remains low because of

large number of dislocations and introduced defects [27].

Mean values for UTS (Ultimate Tensile Strength), YS (Yield Strength) and elon-

gation to fracture of Al7075 alloy in different conditions are represented in Table 2

and 3. YS values of both annealed and rolled specimens considerably decrease with

increase of deformation temperatures. It would mean that commence of plastic de-

formation of Al7075 alloy requires less stress at elevated temperature which can be

attributed to activation of softening mechanisms [44]. The YS and UTS levels of

rolled samples are remarkably higher than that of annealed samples at temperatures

below 250 ◦C. However, strength levels of annealed specimens surpass the rolled ones

at temperatures above 250 ◦C. This behavior can be due to acceleration of DRV and

DRX phenomenon in rolled specimens. It is well-known that cold deformation pro-

cedure is able to increase the stored energy and the number of potential nuclei [45].

Therefore, temperature of onset recrystallization drops in the rolled specimen.
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Figure 16: The ambient temperature tensile true stress-strain curves of (a) annealed
(b) cold rolled Al 7075 alloy
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Table 2: Mechanical properties of the annealed sample

Deformation Tensile Properties
Temperature ε̇(s−1) Yield Strength (MPa) UTS (MPa) EL (%)

0.1 118 249 12.93
Ambient 0.01 120 246 12.76

0.001 121 251 13.32
0.1 94 157 19.18

200◦C 0.01 90 132 18.74
0.001 84 102 17.31
0.1 99 121 16.36

250◦C 0.01 81 94 15.4
0.001 72 74 16.1
0.1 94 106 19.44

300◦C 0.01 72 84 17.33
0.001 50 57.5 19
0.1 80 85 17.63

350◦C 0.01 68 73 17.95
0.001 47 51 18

Table 3: Mechanical properties of the rolled sample

Deformation Tensile Properties
Temperature ε̇(s−1) Yield Strength (MPa) UTS (MPa) EL (%)

0.1 234 359 4.15
Ambient 0.01 221 360 3.83

0.001 174 366 3.96
0.1 125 218 22.47

200◦C 0.01 93 160 18.07
0.001 44 111 26.5
0.1 99 163 33.85

250◦C 0.01 61 106 47.31
0.001 40 71 47.2
0.1 75 104 22.62

300◦C 0.01 57 75 54.6
0.001 50 51 48
0.1 76 89 32.68

350◦C 0.01 56 65 55.9
0.001 45 49 37
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The O-tempered 7075 Al alloy plates find industrial applications due to their

higher formability in comparison to the other temper conditions. It was also ob-

served that both cold rolled and annealed specimens were not sensitive to the rate of

deformation in the range of 0.001 to 0.1s−1 at room temperature.

4.1.2 High Temperature Deformation Behavior

As an engineering method to analyze the plastic deformation behavior of materi-

als, the true stress vs true strain curve for both annealed and rolled conditions are

presented in Fig. 17 and Fig. 18. It is obvious that the flow stresses in an uniaxial

tensile test are strongly affected by applied temperature and strain rate. Increasing

the deformation temperature or decreasing the strain rate can result in the decrease

of peak stress, as shown in Fig. 19.

The mentioned phenomenon can be attributed to the low strain rate providing

longer time for energy accumulation and high deformation temperature enhancing

the thermal activation process, which would accelerate the dislocation motion facil-

itating dynamic softening and as a result reducing the peak stresses [28]. It can be

distinguished that the strain rate has complex effects on the deformation and frac-

ture behavior of the severely rolled samples whereas in annealed condition this effect

is not tangible. By increasing the strain rate, tangled dislocation structures act as

an obstacle against the dislocation movements which would shrink the plastic de-

formation capability of samples. On the contrary, for the lower strain rate values,

the microvoids or microcracks have enough time to grow and coalesce which would

lead the material in failure with low amount of deformation. Thus, the variation of

the elongation to fracture with strain rate is not monotonous [28]. Accordingly, the

maximum elongation to fracture is usually reported under the strain rate of 0.01 s−1

and deformation temperature of 350 ◦C for the severely rolled condition. Fig. 18

demonstrates the true stress-true strain curves for the uniaxial tensile tests of the
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rolled aluminum alloy Al7075 samples at various temperatures for the strain rates of

0.001, 0.01 and 0.1 s−1.

Tensile tests were conducted on annealed and rolled conditions. The flow stress

slightly rises to a peak and then decreases gradually and reaches a plateau at higher

deformation temperatures. This behavior could be attributed to the obvious necking

stage at elevated temperature which also was observed in previous literature [28]. It

is worth noting that stress levels of rolled samples are higher than that of annealed

ones at lower deformation temperatures.

This is related to the higher fraction of dislocations in rolled samples causing

work hardening during hot deformation. In contrast, stress levels of rolled samples

are lower than those of annealed ones especially at very high deformation temper-

atures. This behavior can be linked to occurrence of dynamic recovery (DRV) and

dynamic recrystallization (DRX) at cold rolled samples. It is well-known that cold

deformation can accelerate DRX and DRV, since it increases the dynamic force of

softening mechanisms [29]. The steady state level is evident for annealed samples

at all conditions although fracture takes place at lower strain values. Rolled spec-

imens reached higher elongation levels which can be attributed to fine structure of

this condition.

It is well-known that fine grains can lead to significant superplasticity levels since

the dominant deformation mechanism in fine structure is grain boundary sliding

(GBS) [30]. Moreover, higher ductility was observed in rolled samples at moder-

ate strain rate of 0.01 s−1, as well. Low levels of ductility at the low strain rate of

0.001 s−1 would be related to the void coalescence [28], whereas at higher strain rate

of 0.1 s−1, under relatively low temperature since the DRX is not the dominant active

deformation mechanism, this behavior is not reported [46].

Fig. 19 summarizes the flow stress as a function of strain rate and temperature.

It is worth mentioning that the peak flow stress of both annealed and rolled samples
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depends strongly on the deformation temperature and strain rate. However, sensitiv-

ity of rolled samples to both deformation rate and temperature is much more obvious

than annealed samples. Observance of this behavior can be due to occurrence of

onset of DRX which can soften materials at elevated temperatures. It was reported

that dynamic recrystallization is accelerated by rise of temperature and drop of strain

rate. The critical driving force for DRX increases by rise of strain rate and decrease

of temperature [41].
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Figure 17: High temperature tensile true stress-true strain curves of the studied Al-
Zn-Mg-Cu alloy in annealed condition under the strain rate of: (a) 0.1 s−1, (b) 0.01
s−1, and (c) 0.001 s−1
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Figure 18: High temperature tensile true stress-true strain curves of the studied Al-
Zn-Mg-Cu alloy in rolled condition under the strain rate of: (a) 0.1 s−1, (b) 0.01 s−1,
and (c) 0.001 s−1
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Figure 19: Effects of deformation parameters on the peak stress of (a),(c) annealed
(b),(d) rolled Al 7075 samples

Generally, the strain rate sensitivity coefficient (m) represents the transfer and

diffusion ability of necking. Plastic deformation capability of a material in hot de-

formation typically rises with the increase of strain rate sensitivity coefficient [31].

It is generally accepted that the finer microstructure could result in more uniform

deformation [32].

m = ∂ ln σ
∂ ln ε̇ |ε,T (1)

The variation of the strain rate sensitivity coefficient (m) as a function of strain

can be seen in Fig. 20, exhibiting strong dependence to deformation temperature.

This can be attributed to temperature dependence of diffusion related mechanisms

and resultant rate sensitivity [47]. It is worth noting that strain rate sensitivity

shows a considerable increase at 300 ◦C and 250 ◦C in annealed and rolled samples,

respectively.
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In the annealed condition, the strain rate sensitivity values obtained at 300 ◦C

are slightly greater than those obtained at 350 ◦C for the whole strain interval. A

similar behavior was also seen for the rolled condition where m values were higher at

250 ◦C compared to that of 300 ◦C and 350 ◦C.

It is expected that m values rise with the increase of deformation temperature

due to thermally activated mechanisms.However, constancy of m can be attributed

to the onset of DRX processes which may occur over a range of strain rates and

temperatures [48, 49]. In the present case, this constant behavior of m values has

been reported after the dominance of DRX around 300 ◦C for annealed samples and

250 ◦C for rolled ones which might explain the similar strain rate sensitivity values

at both temperatures.

Fig. 21 represents the values of failure elongation as a function of deformation

temperature and strain rate for both annealed and rolled samples. Ductility of rolled

samples was found to be higher than that of annealed ones. This might be due

to grain boundary sliding and migration (GBS/GBM) of rolled samples at elevated

temperatures [50]. It has been shown that GBS can be the controlling deformation

mechanism when structure of materials is fine and can lead to superplasticity [51].

Cold rolling procedure provides finer structure for aluminum. Therefore, higher levels

of ductility are expected to be observed for rolled samples [52].

It can also be seen that annealed specimens do not show considerable variations

in elongation values at different deformation temperatures and rates [21]. However,

ductility levels of rolled samples are remarkably dependent on both deformation tem-

peratures and strain rates. Ductility of rolled specimen increases with rise of defor-

mation temperature. It could be attributed to occurrence of softening mechanisms

at high temperature. It is well-known that DRV and DRX are the possible softening

mechanisms for deformation of aluminum alloys at elevated temperature [50]. As

straining goes on, necking will be followed by the initiation of some defects such as
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Figure 20: Effect of deformation strain on the strain rate sensitivity coefficient (m)
of the (a) annealed and (b) rolled
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Figure 21: Effects of deformation parameters on the elongation to fracture at (a)
annealed and (b) rolled

microvoids and micro cracks due to stress concentration inside of the material.

Conversely, since the flow stress is sensitive to rate of deformation the local de-

formation slows down. Then by transferring the necking to the weak deformation

resistance, the localized necking occurs and the stress level drops promptly in the

localized necking stage [28]. In consequence, the hot tensile deformation is a compet-

itive process of work hardening, dynamic softening and the development of voids or

cracks [31,53].

4.2 Microstructural Evolution

The microstructure of as-received as-extruded T651 and annealed conditions are

represented in Fig. 22a and b, respectively from the side of sample, perpendicular

to the extrusion direction. The microstructure of the as-received alloy consists of

deformed and gradually elongated grains (Fig. 22a). Such a parallel and elongated

structure can be attributed to the former extrusion processing. As a result of full

annealing process conducted to as-received samples, it is evident that grains become

coarser and material has transferred to its O-condition (Fig. 22b).

Moreover, micrographs depicting the microstructure of both high temperature

annealed and rolled specimens under different deformation temperature and strain

rate are shown in Fig. 23 with lower magnification and same samples with higher
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magnification in Fig. 24. It can be seen that severe cold work processing leads to a sig-

nificant refinement in size of the grains and transforms the coarse grained as-received

microstructure to one with fine grains after 80% cold work reduction. Whereas, obvi-

ously in annealed condition, the elongated coarse grains along the necking zone, has

accelerated the propagation of the localized diffusions followed by necking.

Fig. 25, shows the optical micrographs of annealed and rolled conditions to see the

difference in fracture necking of two specimens. The microstructure of the starting

annealed material depicts layers of grains lying parallel to the extrusion axis. As the

rolling strain increases, the grains are elongated in the rolling direction and as a result,

the aspect ratio increases. Consequently, it can be seen there is noticeable refining

of the grains after applying 80% of cold work to the annealed samples confirmed by

tensile deformation.
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(b) (a) 

Figure 22: (a) As-received aluminum T651 (b) Full annealed sample
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 23: OM images of the fractured specimens with 5x magnification; (a) rolled
and tested at 350 ◦C with strain rate of 0.01 s−1, (b) rolled and tested at 350 ◦C with
strain rate of 0.001 −1, (c) rolled and tested at 300 ◦C with strain rate of 0.01 −1, (d)
rolled and tested at 300 ◦C with strain rate of 0.01 −1, (e) annealed and tested at
ambient temperature with strain rate of 0.01 s−1, (f) annealed and tested at 350 ◦C
with strain rate of 0.01 s−1
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(b) (a) 

7-Annealed-RT-0.01 11-Annealed-350C-0.01 
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(c) 

(e) 

(b) 

(d) 

(f) 

Figure 24: OM images of the fractured specimens with 20x magnification; (a) rolled
and tested at 350 ◦C with strain rate of 0.01 s−1, (b) rolled and tested at 350 ◦C with
strain rate of 0.001 s−1, (c) rolled and tested at 300 ◦C with strain rate of 0.01 s−1,
(d) rolled and tested at 300 ◦C with strain rate of 0.001 s−1, (e) annealed and tested
at ambient temperature with strain rate of 0.01 s−1, (f) annealed and tested at 350
◦C with strain rate of 0.01 s−1

46



(b) (a) 

10-Rolled-300C-0.001-2.5x 11-Annealed-350C-0.01-2.5x 

2-Rolled-350C-0.01-5x 3-Rolled-350C-0.001-5x 

4-Rolled-300C-0.01-5x 10-Rolled-300C-0.001-5x 

7-Annealed-RT-0.01-5x 11-Annealed-350C-0.01-5x 

(a) (b) 

Figure 25: OM images of the fractured specimens with 2.5x magnification; (a) rolled
and tested at 300 ◦C with strain rate of 0.001 −1, (b) annealed and tested at 350 ◦C
with strain rate of 0.01 −1

4.3 Fracture Morphology Analysis

Coalescence of voids by internal necking is a ubiquitous mechanism of material

failure which has been seen mostly on post-mortem section of heavily deformed spec-

imens. This internal necking mechanism is more often to occur at low and moderate

stress level including the situations of both tensile and shear loading where in el-

evated temperatures, this occurrence could be delayed and provides more ductile

behavior [54]. Generally, in metallic alloys as straining goes on, the possible phe-

nomenons for emerging the voids are second-phases, weak interfaces, slip-bands or

twin intersections, then they become larger and swivel in proportions depending on

the stress level and the material type. However, in some materials the growth of the

voids are limited such that after actualizing the nucleation, failure is specified via

void coalescence [55].

Fracture morphology of different test conditions was observed with SEM and in

some cases EDS (Energy Dispersive Spectroscopy) was applied. It is generally evident

that the fracture surface of all specimens covered with high amount of equi-axial

dimples, tearing edges and micro-voids which are considered to be ductile fracture
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mechanisms [28]. The presence of large and deep dimples in the fracture surface of

the annealed specimen followed by ambient temperature tensile test in comparison to

the rolled one is in good agreement with larger straining of the specimen (Fig. 26-27).

However, it is apparent that in the mentioned condition, the size of dimples are not the

same and the dimple formation is heterogeneous. In the first type, cavities nucleated

from coarse precipitates grow continuously until the voids impinge together. This

phenomenon is called void coalescence by internal necking in which the formation of

voids and cracks are not uniform [56].

By contrast, in the rolled specimen (Fig. 27) it is also clear that dimples and voids

are not identically shaped but they are evidently smaller than the annealed sample.

This phenomenon is in good agreement with tensile test results of two samples in

which cold working provides higher stress level, in contrast it deteriorates the ductility

of the material.

Fig. 28, shows the fracture morphologies of the rolled specimens at all deformation

temperatures with three tested strain rates. It is obvious that the sizes of dimples

are quite small and the coalescence of dimples can seldomly be observed at relatively

low temperatures. It is mainly due to that the internal necking is hard to occur un-

der relatively low deformation temperature, and the deformation is prone to generate

some microscopic dimples rather than maximize the previously-implied small ones.

As deformation temperature rises,the coalescence of dimples is most likely to happen.

Moreover, it can be seen that fracture surface consists of dimples and tearing edges.

The intergranular fracture and coalescence of voids seem to be main fracture mecha-

nisms for this sample. It is well-known that the nucleation, growth and coalescence

of microvoids lead to final fracture of metallic materials. It is also worth noting that

dimples and void sizes rise with drop of strain rate [53].

Fig. 29 represents the fracture surface of both annealed and rolled samples at
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Figure 26: Fracture surface of annealed specimen tested at room temperature with
the strain rate of 0.01 s−1

7-Annealed-
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6-Rolled-RT-
0.01-1000x 

Rolled 

Annealed 
Figure 27: Fracture surface of rolled specimen tested at room temperature with the
strain rate of 0.01 s−1
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the same deformation temperature of 350 ◦C under the moderate strain rate. com-

paratively, a significant rise in the size of dimples and cracks can be observed on the

fracture surface of the annealed specimen at 350 ◦C under the strain rate of 0.01 s−1.

However, with comparison to the fracture surface of the rolled samples at 200 ◦C (Fig.

28), there is a noticeable enlargement in the void sizes at 350 ◦C due to coalescence

of the voids and dimples at relatively high deformation temperature. Moreover, it

can be seen that severe cold working increased the uniformity of the well-developed

dimples on the fractured surface [28].

The growth and coalescence of dimples can be attributed to the increase of internal

necking ability of materials with the decrease of strain rate [28]. Moreover, some newly

recrystallized grains are noticed on the fracture surface of 350 ◦C - 0.001 s−1. Due

to the grain boundary sliding (GBS) deformation mechanism in fine recrystallized

structure, the intergranular fracture can take place [28].
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Figure 28: Fracture surface of the rolled specimens tested at elevated temperatures
and different strain rates
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Figure 29: Fractured surface of the (a) rolled samples and (b) annealed samples at
the deformation temperature of 350 ◦C under the strain rate of 0.01 s−1
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4.3.1 Effect of Strain Rate on Fracture Morphology and Mechanical Be-
havior of Cold Rolled Samples

Fig. 30 shows the fracture morphologies at deformation temperature of 350 ◦C

with different strain rates of 0.01 and 0.001 s−1. As shown in Fig. 30 a, b the fracture

surface is covered with a massive amount of dimples and tearing edges in which by

decreasing the rate of strain, it is obvious that the size of dimples and cracks has

increased. This could be referred to the fact that occurrence of internal necking

is hard to happen at lower temperatures and high strain rates and respectively by

decreasing the strain rate at 350 ◦C temperature, the coalescence of dimples is most

likely to happen. Respectively, a lot of large dimples and cracks can be observed on the

fracture surface at 350 ◦C under the strain rate of 0.001 s−1. In 7075 aluminum alloy,

it is well documented that precipitates with various phases may be introduced [57].

Fracture morphology of cold rolled samples followed by tensile test at different

strain rates of 0.01 s−1 and 0.001 s−1 under the constant deformation temperature of

350 ◦C can be seen in Fig. 30. It is apparent that the size of dimples increased with

rise of temperature, however, the number of dimples reduced at higher deformation

temperatures because of enlargement of the previously-induced small ones. This

behavior can be referred to the coalescence of dimples at 350 ◦C [28]. It is well-

documented that at relatively low deformation temperatures, deformations prefer

to induce microscopic dimples, while induced dimples tend to coalescence at higher

deformation temperatures [58]. Some equiaxed grains which can be formed as a result

of DRX are observed. It is also worth noting that the number of recrystallized grains

considerably increased with rise of deformation temperatures [58].
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Figure 30: Effect of strain rate on the fracture surface of the rolled samples at 350◦C
with strain rate of (a) 0.01 s−1 (b) 0.001 s−1

4.3.2 Effect of second phase particles and temperature on ductility drop
at 350 ◦C

With regards to the high temperature true stress-strain curves (Fig. 18) of cold

rolled samples under the strain rates of 0.01 and 0.001 s−1, it can be seen a small drop

in elongation to fracture by rising the deformation temperature from 300 to 350 ◦C.

Fig. 31 demonstrates the energy dispersive spectroscopy (EDS) study on the fracture

surface of the cold rolled specimens after high temperature tensile deformation at 300

and 350 ◦C under the constant strain rate of 0.001 s−1. The EDS result has revealed

the formation of Fe-rich secondary phases in the samples which deformed at 350 ◦C

−0.001 s−1.

It is well-known that high deformation temperature and low deformation rate

might cause dynamic precipitation during deformation of Al7075 alloy [59]. It was

reported that those secondary phases which consists of Fe element could adversely

affect ductility of Al7075 alloy [60]. During deformation of Al7075 alloy at 350◦C,

Taheri-Mandarjani et al. [41] also observed the ductility drop due to dynamic precip-

itation. The Fe-rich phases are favorite sites for the nucleation and growth of micro

cavities and cracks [59]. As a matter of fact, the reason of decreasing elongation to
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Figure 31: The results of EDS analysis and the related SEM images of the rolled
specimens after high temperature tensile test under constant strain rate of 0.001 s−1

and deformation temperatures of; (a) 300◦C and (b) 350◦C
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fracture at these brittle sites could be due to nucleation and formation of cavities

around the precipitates thereby with further straining at elevated temperatures, in-

creasing the length of these micro cracks and accelerating the early fracture could be

the result [41,59,60].

Moreover, it has been claimed that formation of the coarse intermetallic particles

of Al, Cu and Fe as a second phase particles are important fatigue crack nucleation

sites in Al7075-T651 alloy. The fracture morphology of the specimen has been covered

by many dimples with precipitant particles which each of them was a brittle zone to

initiating the crack. Therefore, the fatigue damage of Al 7075-T651 alloy was initiated

by Fe-rich intermetallic particles [66]. Finally, the decrease of elongation value at 350
◦C−0.001 s−1 can be attributed to the formation of Fe-rich secondary phases which

impede dislocation motions.

4.4 Activation Energy Calculation

The concept of thermal activation is related to the thermal vibration of the atoms

that even in a solid have a distribution similar to that in a noble gas, and therefore

the gas constant, R, has been utilized in the equation. The fraction of atoms above

an energy level Q needed for a certain type of jump, like vacancy migration assisting

dislocation climb, is given by the Arrhenius term (exp [–Q/RT]). For this study, the

Zener-Hollomon parameter in an exponent type equation has been utilized for both

tested conditions in order to calculate the activation energy required to initiate the

deformation at elevated temperatures for the studied conditions. In hot working

processes, several constitutive equations have been applied [61–63], where Z can be

determined from:

Z = ε̇ exp( Q
RT

) (2)

Therefore:
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ε̇ = A F (σ) exp(−Q
RT

) (3)

Where, ε̇ is the strain rate, Q is the apparent activation energy for hot deformation,

R is the universal gas constant, T is the absolute temperature, A, and n are material

constants. F(σ) is a function of flow stress which can be described as follows:

F (σ) = A1σ
n (4)

F (σ) = A2exp(βσ) (5)

F (σ) = A3[sinh(ασ)]n (6)

α is a material constant. Substituting function of flow stress (F (σ)) into Eqn. 3

gives:

ε̇ = B exp(βα) exp(−Q
RT

) (7)

ε̇ = C σn exp(−Q
RT

) (8)

Here B and C are the material constants, taking the logarithm of Eqns. 7 and 8,

gives:

( ∂ ln(ε̇)
∂ ln(σp)

)T = n (9)

(∂ ln(ε̇)
∂σp

)T = β (10)

Also α and β, which are related to each other through:
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Figure 32: Relation of: ln(σp),MPa - ln(ε̇), s−1 (a) annealed, (b) rolled

α = β

n
(11)

The values of n and β can be obtained from the slope of the lines plotted according

to Eqns. 9 and 10, respectively. As the slopes of lines are similar, the value of n and β

can be calculated for different deformation temperatures using linear fitting method.

Fig. 32 shows ln(ε̇) versus stress at different temperatures and Fig. 33 represents

ln(ε̇) versus ln(σ) at different temperatures. Accordingly, the mean values of n and

β can be obtained as 5.9 MPa−1 and 0.046 MPa−1. Therefore, α can be computed

from n and β as α = β
n

= 0.008. For the given strain rate conditions, Q can be defined

as Eqn. 12:

Q = nRS (12)

Where S is:

S = (d{ln[sinh(ασp)]}
d( 1

T
) )ε̇ (13)
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The value of Q can be derived from the line slope of ln(ε̇) versus ln[sinh(ασp)] and

ln[sinh(ασp)] versus 1
T
plots. From the group of parallel lines in Fig. 34, the mean

values of Q for annealed samples and rolled samples were calculated to be 93 kJ/mol

and 106 kJ/mol, respectively.

According to the mean values of Q, it can also be found that rolled samples re-

quired more energy to be deformed at examined temperatures. This may be attributed

to the finer and elongated structure of rolled specimen [64,65].
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CHAPTER V

CONCLUSION

In the present work, the high temperature tensile tests of the annealed and severely

cold worked of an Al-Zn-Mg-Cu alloy in both ambient and elevated temperatures

were carried out to characterize the deformation mechanisms. The experimental

data of tensile behaviors, microstructural evolution and fracture morphology were

analyzed. According to the tensile test results of the studied alloy in the mentioned

conditions, a general trend of forming process at room and high temperatures can

be suggested. Generally, there are two main parameters that can affect the forming

process, deformation temperature and rate.

It has been found that in order to use this material for the purpose of cold forming,

it is advised that using the O-tempered condition with the strain rate of 0.001 s−1

could enhance the formability. Whereas complex surfaces with sharp edges and curves

where hot forming is preferable to cold forming, severely rolled condition could be

the case. It has been observed that, fine structure of material obtained by cold work,

leads to significant formability at 350 ◦C under the strain rate of 0.01 s−1. Moreover,

some important conclusions can be made as follows:

• The elongation to fracture of the studied Al-Zn-Mg-Cu alloy increases with the

increase of deformation temperature. As temperature rises, owing to activating

of softening mechanism the yield strength values of both annealed and rolled

specimens remarkably decreases.

• The flow behaviors of the studied aluminum alloy are significantly affected by

the deformation temperature and strain rate. Although, in both annealed and

rolled conditions at room temperature the effect of strain rate is negligible.
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• The rolled material shows a significant ductile behavior under the deformation

temperature of 350 ◦C and remarkable strain hardening at 200 ◦C, while in the

annealed condition temperature doesn’t play a significant role on elongation of

the material.

• Due to the formation of fine grains after cold working, there is a significant rise

in peak stress at room temperature, while coarse grains in annealed condition

has provided a notable ductility.

• Lower ductility behavior was noticed at 350 ◦C with strain rate of 0.001 s−1

which may be attributed to the formation of Fe-rich secondary phase. In the

rolled samples by initiating DRX at elevated temperature and activating the

softening mechanisms, it has been observed that increasing the strain rate can

raise the peak stresses more than annealed ones.

• From the observations on the rolled fracture surfaces, the growth of dimples and

micro-voids are more evident at lower deformation rate since this can provide

longer time to coalescence and help the microvoids linkage by internal neck-

ing. Also, by increasing the deformation temperature because of having higher

diffusion rate, voids coalescence is easier to occur.
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CHAPTER VI

RECOMMENDATIONS AND FUTURE STUDY

Within the engaged research that has been undertaken for this thesis, some re-

markable topics has have been highlighted, on which further research would be ben-

eficial. As mentioned earlier, heating and cooling operations that are carried out for

the purpose of changing the mechanical properties, metallurgical structure, and the

residual stress state of a metallic specimen, in its broadest sense is known as heat

treatment process.

Specifically speaking of aluminum alloys, however, its usage is commonly limited

to the operations employed to increase strength and hardness of the precipitation-

hardenable wrought and cast alloys, which are referred to as "heat-treatable" alloys.

On the other hand, "non-heat-treatable" alloys, depend primarily on cold work to

increase strength. With regards to the studied material, which is categorized as a

heat treatable alloy, there is a big potential for characterizing the behavior of this

material after artificially aging followed by severely cold work.

For static aging there would be two effective parameters; aging temperature and

duration, which according to the material behavior, optimum condition needs to be

specified after periodic tests.

In aluminum heat treatment, this process is called T8 tempering. This process

consists of steps as solution heat treating, cold working followed by artificially ag-

ing. Respectively one essential attribute of a precipitation-hardening alloy system

is a temperature-dependent equilibrium solid solubility, characterized by increasing

solubility with increasing temperature.

This investigation could be handsomely completed via performing comparative
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high temperature tensile tests between below conditions:

• Severely cold-worked sample tested at 350 ◦C (currently known as highest duc-

tility)

• Severely cold-worked followed by static aging at various temperatures and du-

rations.
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