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ABSTRACT

INVESTIGATION OF MICROSTRUCTURAL HOMOGENEITY AND
THERMAL STABILITY OF EQUAL CHANNEL ANGULAR PRESSED
AND AGED 2024 Al ALLOY

Kotan, Giiher
Ph. D., Department of Metallurgical and Materials Engineering
Supervisor: Prof. Dr. C. Hakan Giir
Co-supervisor: Asst. Prof. Dr. Y. Eren Kalay

September 2014, 203 pages

Attributed primarily to its uniqueness, simplicity and ability for effective
strengthening through grain refinement without reduction in cross sectional area,
equal channel angular pressing (ECAP) has been known as one of the most
important metal working process. The implementation of ECAP with precipitation
hardening exhibits a promising strengthening mechanism to be applied to age-
hardenable metals. On the other hand, the combined effect of precipitation
hardening and excessive plastic strain is quite complicated and needs detailed
investigations to understand the basics of strengthening mechanisms. In this respect,
the experimental work in this thesis represents a substantial step forward to
understand the strengthening mechanism resulted by a combined implementation of

ECAP and precipitation hardening in aluminum 2024.



In the first part of this study, various aspects of ECAP and post ECAP precipitation
in comparison to solutionized and aged counterpart were investigated.
Homogenization contribution of precipitation process was monitored via micro-
hardness indentation and the degree of homogenization was characterized by
hardness inhomogeneity index (HII). The variation of hardness, hence strain levels,
observed in two different samples was also investigated considering level of back

pressure, magnesium content and sample conditions.

In the second part, the response of ECAPed and post-ECAP aged samples, when
subjected to long term and moderate temperatures up to 1000 hours was
investigated. A limiting temperature was suggested for the safe use of an ECAPed
Al 2024,

Throughout the study microstructural characterizations were performed using high
resolution electron microscopy (HREM), scanning electron microscopy (SEM),

electron backscatter diffraction (EBSD) and optical microscopy.

Keywords: Aluminum, Equal Channel Angular Pressing (ECAP), Aging,
Homogeneity, Thermal Stability, Transmission Electron Microscopy
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ASIRI DEFORME EDILMIS VE YASLANDIRILMIS Al 2024 ALASIMINDA
MIKROYAPISAL HOMOJENLIK VE ISIL KARARLILIGIN
INCELENMESI

Kotan, Giiher
Doktora, Metalurji ve Malzeme Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. C. Hakan Giir
Ortak Tez Yoneticisi: Yrd. Dog. Dr. Y. Eren Kalay

Eyliil 2014, 203 sayfa

lleri diizey malzemelerin gelistirilmesinde, eskanalli acisal preslemenin (EKAP)
benzersizligi, basitligi, kolay uygulanabilirligi ve etkin gii¢lendirme ve tane
inceltme becerileri dolayistyla dzel bir yeri vardir. Ote yandan yaslandirma yoluyla
sertlestirme, uygulanmis ilk nanoteknoloji olarak diisliniilebilecek yiliz yillik bir
kesiftir. Ancak iki unsurun birlesik etkisi ve EKAPlanmis yapinin 1s1l kararliligs,
mekanizmalarin anlasilmasi i¢in karmagsik ve ayrintili arastirma gerektiren zorlu

konulardir.

Bu calismada ilk olarak, EKAP ve EKAP sonrasi ¢oktiirme, ¢ozeltiye alinip
yaslandirilmis emsali ile karsilagtirilarak pek ¢ok acidan incelenmistir. Coktiirme
prosesinin homojenlestirme katkist mikro indentasyonla gériintiilenmis; homojenlik

derecesi sertlik inhomojenlik indeksi (Sii) ile karakterize edilmistir. Iki farkl
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numunede gozlenen sertlik, dolayisiyla gerinim, degerleri farkliliklar1 geri basing

farki, magnezyum igerigi ve numune durumu acilarindan arastirilmistir.

Ikinci olarak da EKAPlanmis ve EKAP sonrasi yaslandirilmis numunelerin; orta
yiikseklikteki sicakliklara 1000 saate kadar uzun siireler maruz birakildiklarinda
nasil tepki verdikleri incelenmistir. EKAPlanmis ve 190°C’de bir saat yaslandiktan
sonra daha stabil ve daha homojen olabilen, Al 2024 alasimiin giivenli bir sekilde,

uzun siireler kullanilabilecegi bir iist limit sicaklik degeri onerilmistir.

Bu calisma boyunca mikroyapisal karakterizasyon yiiksek ¢oziniirliik elektron
mikroskobu (HREM), taramali elektron mikroskobu (SEM), elektron geri saginim
difraksiyonu (EBSD)ve optik mikroskopisi kullanilmistir.

Anahtar Kelimeler: Aliminyum, Es Kanalli Agisal Presleme (EKAP),
Yaslandirma, Homojenlik, Isil Kararlilik, Gegirim Elektron Mikroskopisi
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CHAPTER 1

INTRODUCTION

Aluminum and its alloys are the second most commonly used metallic materials
followed by iron based alloys due to light weight, and lower production and shaping
costs in comparison to its counterparts, i. e. Ti and Mg. They are particularly
preferred in applications where reducing weight is primary concern such as
transportation industry including aerospace applications. In addition to its well-
known advantages, there is also a need for better mechanical properties in order to
obtain higher performance. The need for improvement resulted in various
developments like cold working, severe plastic deformation, precipitation
hardening, Al matrix composites and new alloy designs like Al-Cu-Li for better
mechanical properties along with the light weight advantage [1-5]. Another option
IS to use the combination of these methods with each other for further improvement

in the design of advanced materials and production techniques.

The combination of severe plastic deformation (SPD) and aging is one of the
candidate methods since both of them yields to better mechanical properties through
different strengthening mechanisms. In severe plastic deformation the main
principle is to accumulate strain in the structure using simple but effective
techniques resulting in the saturation of dislocations. Among SPD techniques, equal
channel angular pressing (ECAP) is very promising. It works by pressing the
specimen through a die that has two channels of same size connected at an angle
ideally 90°-120°. The passage causes pure shear leading to high amount of strains
up to 1 at a single pass. The deformed part maintains its thickness and multiple

passes without thickness reduction could be achieved.



Aging or precipitation hardening, on the other hand, results from the nano sized
precipitate particles dispersed in the microstructure. The phenomenon of
precipitation hardening has been discovered on Al-Cu alloys (2XXX Al alloys) in
the beginning of 20™ century. The existence of these nano particles, known as
Guinier-Preston (GP) zones, is one of the most important discovery regarding to
phase transformation phenomenon in metallurgical engineering and it has been
commercialized since then. The strengthening effect due to precipitates is as high as
50% in certain alloys like Al 2024 and the complicated structure of precipitates and
the precipitation sequence is still a matter of discussion [6-13]. An optimum
combination of these two techngiues, i. e. ECAP and age hardening was previously
investigated by our group. The kinetics of the precipitation was found to increase as

much as 12 times with a considerable hardness increment.

The primary aim of the thesis is to understand the effect of single pass ECAP on
precipitation of Al 2024 in terms of Kinetics, precipitate morphology, size and
distribution as well as the change in homogeneity of the structure without loss of

mechanical properties during precipitation.

Secondly, the study aims to investigate the thermal stability of the improved Al
2024 through ECAP and aging in terms of time and temperature limits. The
annealing response of ECAPed Al 2024, which is very important due to the
increased Kinetics, is aimed to be understood in order to determine upper limits of

time and temperature for emerging application of the alloy.

Chapter 2 involes brief summary of related literature. In Chapter 3, preliminary
studies on the general comparison of ECAPed and standard Al 2024 sample was
discussed in terms of microstructures and aging kinetics at 190°C. The results of this
part lay a foundation of Chapter 4 in which detailed investigation of hardness
variations throughout the ECAPed sample during precipitation was monitored. The
homogenization of the microstructure accompanied with improved hardness was
mapped via micro hardness measurements which is one of the major novelties of the

study. The reasoning behind increased kinetics was found to be the ease of



nucleation as well as diffusion via high dislocation density. The precipitate size as
well as the time of peak aging was found to be 12 times lower than the standard
sample. The possible causes of hardness variation in different samples were also

investigated.

In Chapter 5, annealing experiments up to 1000 hours in the temperature range of
80-200°C were carried out and a thorough thermal stability measurement which was
previously limited to DSC and 0.5-2 hours annealing experiments were carried out
for the first time in a severely deformed metal. The annealing behavior of the
complicated structure of ECAPed Al 2024 was revealed during the exposure to
150°C using transmission electron microscopy (TEM) and electron back-scatter
diffraction (EBSD) techniques. 120°C was found to be a safe upper limit for
ECAPed Al 2024 while 150 °C was detected as a transition temperature in terms of
thermal stability. The fast reduction in hardness at 200°C showed that it is
impossible to use the alloy above 190°C due to rapid recrystallization rates. The
study also shows the importance of long time thermal stability experiments in the

presence of severe deformation due to increased recrystallization rate.






CHAPTER 2

LITERATURE REVIEW

2.1. ALUMINUM AND ALUMINUM ALLOYS

Aluminum is the second most abundant metallic element on earth followed by
silicon yet unlike copper and iron it could not be extracted from its ore cheap
enough for commercialization until 1886 when Charles Hall (Ohio) and Paul
Heroult (Paris) discovered electrolytic reduction of alumina in molten cryolite
(NasAlFg) [1, 2]. Contrasting its late discovery, the development of aluminum
industry was fairly fast. Within a few decades after Orville and Wilbur Wright
invented the first successful airplane in 1903 [1], aluminum was a partner of the air
force industry with engines, airframes, fuel cells, satellite components, missile
bodies that are light, strong and fracture resistant [1]. Till then the growing use of
aluminum has spread through modern life in kitchens, houses, cars, phones,
computers and more whenever light and enduring materials are required. Today,
being the second most consumed metal following iron, nearly 70% of the aluminum
used is primary aluminum, directly extracted from its ore, while only 30% is

recycled showing the increasing demand for long term applications [14].

It was stated that [15] aluminum has been an aerospace material for over 100 years
and with the help of new innovations, it will remain to be so. Aluminum and its
alloys, the backbone of aerospace industry, used in various fields of life, have such a
large range of properties that it is impossible to generalize them as soft or hard, as
weldable or problematic to weld. Aluminum alloys involve 7xxx series with a
tensile strength of 700 MPa as well as 1xxx series of just 70 MPa both of which has

its own place in the market. They have opportunities beyond limit with vast



possibilities of modifications through alloying and thermo-mechanical treatments.
Therefore it is vital to see this range before going any further [14].

There are basically two categories of aluminum alloys wrought and cast. Wrought
alloys are composed of mechanically processed products such as drawn, cold or hot
rolled, forged and extruded. Cast alloys are used directly after casting [2—4, 14, 16].
In Table 2.1 the designation system according to European norms which is very
similar to American norms is given. 1XXX aluminum alloys are at least 99.00%
pure and further purity is expressed in the last two digits of the alloy such that 1050
indicates 99.50% pure Al alloy. Generally in Al alloys, Fe and Si are primary
impurity elements which may result in cracks [1, 4, 14, 15, 17]. For all alloys the
first digit shows the major alloying element or elements. Considering the subject of
the study, cast alloys will be kept out of the review. In wrought alloys, the second
digit of the designation may vary between 1 and 9 pointing to the special control of
one or more impurity elements. For example 1140 indicates the special control of Fe
and Si. For the series 2XXX to 8XXX, the last two digits do not have a special
indication but the second digit represents the modifications in the original one, zero
indicating the original alloy. Wrought alloys are mainly divided into two; heat
treatable and non-heat treatable as shown in Table 2.1. Heat treatable alloys are
precipitation hardenable alloys which include Al-Cu (2XXX), Al-Mg-Si (6XXX),
Al-Zn (7XXX), Al-X (Li, etc., 8XXX) series [14].

IXXX Aluminum alloys are soft, ductile and corrosion resistant, high purity

aluminum group with at least 99.00%. They are not structural alloys but since they
contain some Fe and Si impurities, by the help of rolling, useful strength values for
certain applications like vehicle panels may be obtained. Due to its outstanding
corrosion resistance and ductility, foils for food and packaging, cans for beverages
are produced from 1XXX Al. This group also includes chemical industry products
[1,3, 14, 18].



Table 2.1. Designation System for Al Alloys [14].

Aluminium Alloy Designation System
(Comité Europeén de Normalisation)
Major alloying Atoms in Work Precipitation
elements solution Hardening Hardening
None (min
XXX 90.00 %Al) X
INXX Mn X X - Non-heat treatable
) alloys
wROUGHT =~ % s * X
ALLOYS SXXX Mg X X
(EN AW- 2XXX Cu X X X
European 63XX Mg+Si X X) X
: ) i 3 3 3
Nortr_la!:lve Heat treatable alloys
Aluminium TIX n X (X) X
N
Wrought) SXXX Other X (X) X
IXXX0  None (in 99.00% Al)
2XXX0 Cu
CASTING 4XXX0 Si
ALLOYS* ' = Alumini
ENAB-  5XXX0 Mg B _I u:rtnmum
ENAC- —ngo
EN AM- TXXXO0 Zn C = Cast Alloy
8XXX0 Sn M = Master Alloy
9XXXK0 Master Alloys

Owing to even 1% addition of manganese, 3XXX Aluminum alloys have more than

10% higher strength in comparison to 1200 Al preserving the corrosion resistance.
The non-heat treatable 3XXX alloys are commonly used in roofing sheet, such as
3105 and 3103 used in vehicle panel production [14].

AXXX Aluminum alloys has the main addition of silicon to lower the melting point

of the alloy. The low melting point relative to parent alloy makes them suitable for
use as welding wire and brazing filler. Although 4XXX series are not heat-treatable
themselves, during welding they can dissolve some of the alloying elements of the

parent and can participate to heat treatment at a limited degree [1, 3, 14, 18].

In 5XXX Aluminum alloys, major alloying element magnesium improves strength

preserving the high corrosion resistance as a result of which they are preferred in
marine, sea water applications. They have good weldability but the excess Mg

addition beyond 3% may lower the stress corrosion resistance if tempering was not



done properly. With their superior properties they are commonly used in the
production of chemical plants, pressure vessels, bulk road and rail vehicles as well

as ship structures [1, 3, 18].

The term “heat treatable” mainly means through heating and cooling procedures the
strength of the alloy may be changes. The change is possible due to a second phase
which can precipitate out of a super saturated solid solution where the strength of
the alloy increases due to various reasons like the coherent interface between the
matrix and the precipitate until the precipitates become coarse and incoherent.
Solutionizing on the other hand yields to a decrease in hardness and gives
opportunity to easier forming and shaping. It is possible to reheat and harden the
alloys after shaping which is another advantage of these alloys over the non-heat
treatable ones [1, 14]. Table 2.2 summarizes some terms and designations used for

heat treatment and deformation.

Heat treatable aluminum alloys are 2XXX, 6XXX, 7XXX and 8XXX series. The
last three will be explained first followed by a wider literature review on 2XXX

series alloys.

6XXX Aluminum alloys have major alloying elements, Si and Mg forming MgSi;

(magnesium silicide), yield to moderate strength levels. High formability and
machinability combined with good weldability and corrosion resistance make them
good candidate for building structures, sea and land transportation industry as well
as welded structures. It is possible to form at solutionized state and then heat treat

them for precipitation hardening where full T6 properties can be achieved [14].



Table 2.2. Heat treatments commercially used in Al alloys and certain designations
used in Al alloys terminology [4].

System for Heat Treatable Alloys
Cooled from an elevated temperature shaping process and naturally aged to a
T1 substantially stable condition
(not cold-worked after an elevated temperature shaping)
Cooled from an elevated temperature shaping process + cold worked+naturally

T2 aged to a substantially stable condition
T3 Solution heat treated+cold worked+ naturally aged to a stable condition
T4 Solution heat treated+naturally aged to a stable condition

Cooled from an elevated temperature shaping process + artificially aged (also

T5 products that are not cold worked after elevated temperature shaping process
such as casting or extrusion)

Solution heat treated + artificially aged

T6 (for products that are not cold worked after heat treatment)
Solution heat treatment + overaged stabilized (Precipitation heat treatment
T7 beyond max strength to provide some special properties like enhanced
resistance to stress-corrosion cracking or exfoliation corrosion )
T8 Solution heat treated+cold worked+ artificially aged
T9 Solution heat treated+ artificially aged+ cold worked
T10 Cooled from an elevated temperature shaping process + cold worked+
artificially aged
Heat Treatment Designation
F as fabricated
0 Annealed
H Strain hardened
W Solution Heat treated (Unstable temper)
T Stable temper
H (Strain Hardened) Temper Designations
X: secondary treatment Y:degree of
HXY deformaﬁoa’ g HX2 | v Hard
H1 | Strain hardened only HX4 | % Hard

H2 | Strain hardened and partially annealed HX6 | % Hard

Strain hardened and stabilized o hi
by low T treatment HX8 | Fully Hard (75% higher YS)
HX9 | Extra Hard

7XXX Aluminum alloys are aluminium-zinc-magnesium alloys with or without

some copper addition. They show the highest strength among Al alloys. One of the
typical and common 7XXX series alloy is designated as 7075 with 5.0-6.0% Zn,
2.0-3.0%Mg and 1.0-2.0% Cu with a tensile strength of 580 MPa and ~150HB
(~184 HV) of hardness. Although they have the best mechanical properties and are



used mainly in military applications, their fabrication is difficult and requires high
technology. They are more expensive than other heat treatable alloys besides they

may have low stress corrosion resistance [14].

Actually 8XXX Aluminum alloys consists of all alloys other than (1-7)XXX alloys.

For special applications some alloys of Al with different alloying elements like Li
are produced. These special productions are categorized under the designation of
8XXX [14]. Li is one of the four elements that is highly soluble (more than 10 at.
wt%) in Al, the other three being Zn, Ag and Mg. To summarize 8XXX designation
is used to identify some new alloys designed especially to lower weight and increase
specific strength [19].

2XXX Series Al Alloys

2XXX series Al alloys with considerable amount of Cu and Cu-Mg alloys are the
second strongest among all Al alloys following 7XXX series. They are heat
treatable and the oldest series of all age hardenable alloys. Actually the phenomenon
of age hardening was discovered in 1906 by a researcher, Alfred Wilm, in 1906.
This was the beginning of precipitation hardening phenomenon and the alloy named
as Duralumin, or 2017, with a composition, 4% copper, 1% magnesium and 0.5-1%
manganese. It is still a popular age hardenable alloy used in aircraft, machine
construction, military equipment and rivets. This very first age-hardenable alloy
opened the doors for further improvements yielding to 2X24 alloys which have
higher strength compared to 2014, 2017 and 2030 [14], [20]. The main application
fields of 2xxx series Al alloys are aircraft and truck body components due to good
damage tolerance, high toughness and strength. Some of these applications are
fuselage skin, lower wing surfaces (aircraft structures), skin sheet; truck wheels,
screw machine products [4, 5, 17]. 2X24, where X represents a modification or
special control of Si and Fe, is an easy to produce alloy when compared to 7XXX
alloy. The general compositions and properties of Al 2x24 are tabulated in Table X.

Generally they are not easy to cold deform and weld, usually used with anodic

10



protection. They have good fatigue properties and when the Si and Fe amount is

controlled they have good fracture toughness [1].

Table 2.3. Temper designations and corresponding mechanical properties of Al 2024
[15, 17].

Temper Form Yield UTS Shear | Elongation | Hardness | Hardness
(0.2) (A50)

(MPa) | (MPa) | (MPa) % HB HV

Sheet 75 185 125 20 55 60

T3 Unspecif. 340 475 290 18 120 125

T4 Extr. 330 460 285 20 120 125
Tube

T8 Unspecif. 450 485 300 6 130 140

Table 2.4. Standard Compositions of 2X24 Alloys [1]

Alloy Si Fe Cu Mn Mg Cr Zn Ti Unspec | Unspec.
Desig. (%) (%) | (%) (%) (%) (%) (%) (%) Each | Total
(%) | (%)
2024 0.50 | 050 | 3.8- | 0.30- | 1.2- 0.10 0.25 | 0.15 0.05 0.15
4.9 0.9 1.8
2124 0.20 | 0.30 | 3.8- | 0.30- | 1.2- 0.10 0.25 | 0.15 0.05 0.15
4.9 0.9 1.8
2224 0.12 | 0.15 | 3.8- | 0.30- | 1.2- - - -- - -
4.4 0.9 1.8

2.1.1. Effect of Alloying Elements

2.1.1.1. Effect of Copper

Addition of Cu to aluminum results in a binary phase diagram as shown in Figure
2.1. The high solubility at high temperatures and the low solubility at room
temperature as well as the presence of the Al,Cu phase in the diagram yields to the

age-hardenability of the alloy. However, Al-Cu alloys, though their nature has been
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studied by many researchers [21-27], are not commonly used commercial alloys in
the binary form. The maximum strengthening effect of Cu on Al is observed when it
is in the range of 4-6 wt% depending on the accompanying alloying elements,
constituents. The aging leads to strengthening however it causes loss of elongation,
too [28].

Copper atomic percent
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Figure 2.1 Al-Cu phase diagram [1].

2.1.1.2. Effect of Magnesium

The major effect of Mg addition to particularly Al and Al-Cu alloys is the increase
in the strengthening in the as-quenched condition. Age hardening at room

temperature further increases the strength of the alloy while ductility is preserved.
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Artificial aging enhances yield strength one step further at the expense of a lower
tensile elongation. Maximum strengthening with Mg addition can be obtained by
artificial aging after cold deformation. In naturally aged alloys the reverse is
applicable, i.e. the benefit of Mg may decrease. The effect on corrosive behavior

depends on the heat treatment and product type [28].

2.1.1.3. Copper-Magnesium and Manganese

The Al-Cu-Mg-Mn alloys are commercial high strength aluminum alloys because
Mg and Mn addition results in an increase in tensile strength. Up to 0.5% Mn, the
yield strength also increases but leads to a loss in ductility. As a result, commercial
alloys do not contain more than 1% Mn in their constitution [4, 17, 28].

2.1.1.4. Copper-Magnesium and Iron

While in cast aluminum alloys the iron content is beneficial for dimensional
stability, in wrought alloys it has the potential to decrease tensile strength in heat
treated condition even with concentrations of 0.5%. There is also a connection
between Si and Fe for property control because Si has the ability to tie up excess Fe
in the form of aFeSi constituent. The low Si accompanied by high Fe may otherwise
be detrimental because the excess iron forms Cu,FeAl; leading to a reduction in Cu
content needed for precipitation of AICu,Mg or AICu; [4, 17, 28].

Silicon, after tying up excess iron, may itself form Mg,Si precipitates contributing
to the precipitation hardening process. As a result it may be concluded that iron
content should be either controlled by Si or should be low enough. On the other
hand there is a connection between fracture toughness and Fe+Si content as
mentioned in Wang et. al [5] which is represented in Figure 2.2 showing that K¢

decreases with increasing (Fe+Si) content.
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Figure 2.2. Effect of (Fe+Si) impurity on fracture toughness and strength in 2X24
alloys [5].

2.1.1.5. Effect of Zinc/ Titanium/Chromium

Zinc is a strength increasing alloying element especially in presence of other
alloying elements. Generally it does not have a negative effect. Titanium helps
refinement of the cast alloys and also improves weldability of the alloy. Cr is
commonly added to some Al-Mg, Al-Mg-Si and Al-Mg-Zn alloys up to 0.35 %.
Excess Cr may result in highly coarse constituents when combined with Mn, Fe and
Ti[1, 4, 17].

2.1.2. Al 2x24 Alloys

In 2x24 series Al alloys, T3, T4, T6, T8 heat treatments are commonly used. The
main application fields of 2xxx series Al alloys are aircraft and truck body
components due to good damage tolerance, high toughness and strength. Some of
these applications are fuselage skin, lower wing surfaces (aircraft structures), skin

sheet; truck wheels, screw machine products [4, 5, 17].

The exact microstructural constituents in Al 2024 could not yet be clarified because
the precipitation sequence of Al 2024 still has mysteries in it. There are various

ideas about the phases and phase transitions during precipitation hardening [5, 16,
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29-40]. As a result it will be most convenient to consider, as much as possible,
every possible phase mentioned in literature as a probable candidate to be observed
in the current study. Starting from the most obvious to the least clear ones, the

features that have been identified in Al 2024 will be discussed.

One of the well-known groups working on Al-Cu-Mg alloys is Starink et. al. with
numerous studies [5, 16, 31, 32, 40]. In one of their work, they categorized the
secondary phases under three captions; constituent particles, dispersoids and

precipitates depending on their functions and temperature ranges for formation [5].

2.1.2.1. Constituent Particles

The phases formed upon solidification by eutectic reaction are referred to as
constituent particles. They may transform by further heat treatments into dispersoids
or disappear during homogenization. It is possible for them to be significantly
coarse particles up to several tens of micrometers. Faster solidification and
deformation with or without heat treatment decrease the size of particles but as Fe
and Si impurity content increases the particle size increases too. Constituent
particles are classified as soluble and insoluble by heat treatment [3, 5] The
insoluble phases like Alj;FesSi and Al;Cu,Fe are results of Fe/Si impurities and
they are mentioned to be detrimental to the structure acting as crack initiation
sources. Both corrosion resistance and crack growth rate are affected by them
negatively. The soluble phases like Mg,Si, CuAl,, Al,CuMg, are solidification
products with no harmful effects. Al,CuMg and Cu AI2 are S and 0 phases,
respectively, that may form as precipitates into the matrix after proper solutionizing
and quenching. In Table 2.5 various phases that have been reported in literature are

listed with their corresponding crystal structures and lattice parameters [5].
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Table 2.5. Constituent Phases in Al 2024 [5]

Phase Structure | Lattice Parameter, nm
A|12(Fe,Mn)3Si Im3 a=1.23

A|12F83Si

Al;Cu,Fe P3/mnc a=0.6336, c =1.487

Alg(Cu, Fe)

Mg.Si (B) Fm3m a=0.6351

Al,Cu (0) 14/mcm a=0.6066, c =0.4874
Al,CuMg (S) Cmcm a=0.401, b=0.923,c=0.714

2.1.2.2. Dispersoid Particles

They are the products of long term heat treatment which is specified as
homogenization. Dispersoids are the phases formed when Al combines with the
transition metals, Cr, Mn, Zr to form intermetallics with little or no solubility in the
Al matrix due to their slow diffusivity. They form very small precipitates which are
less than 1 micron during either solidification or ingot preheating. They delay or
even prevent static recrystallization during processing of the alloy like
thermomechanical treatments at relatively high temperatures [41]. Especially in
structural applications, during ingot homogenization, phases that contain Zr, Mn, Cr,

Sc are intentionally allowed to be formed [5].

Dispersoids are not always advantageous because microviods may nucleate due to
decohesion at the interface between the dispersoid and the matrix which may further
grow into void sheets. Their size, coherency as well as the spacing between each
other are important parameters. Closely spaced intermetallics are more effective to
retard recrystallization and as expected coherent precipitates such as AlsZr are more
effective than incoherent ones like Al,oMn3Cr,, Al;,Mg,Cr [5].

They are said to form during long term heat treatments by solid-solid reaction, as an

aid to control grain size and recrystallization with a size range of 0.2-0.5 microns.
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By the diffusion of elements such as Mn into the constituent phases such as
Alj,FesSi, dispersoids like Aly»(Fe,Mn)3sSi may form [41].

In Al 2024, the main dispersoid is Al,,Cu,Mn3 which is usually named as T-phase
dispersoid with a growth direction of <010> in Al. The XRD investigations have
shown that they hav an orthorhombic structure with lattice parameters of a=2.42nm,
b=1.25nm, ¢=0.775nm. Howeer, the space group of T-phase dispersoid is not clear

and possibilities are Bbomm, Bbm2 or Bb2mb. Dispersoids may contain twins [5].

2.1.2.3. S Precipitates

S precipitate, Al,CuMg (orthorhombic) is one of the stable second phase particles
the others being, Al;CusMgg (cubic, Q), (AlLCu(1-x))2sMgsz. (0.76 < x < 0.91) (cubic,
T), and AlsCusMg, (Mg.Zn;1-type cubic, V) in Al-Cu-Mg alloys [34].

The addition of Mg to the alloy leads to the formation of S phase rather than or
accompanied to the © which is commonly known precipitate of Al-Cu alloys.
Unlike ©, S phase can be considered as a newly investigated precipitate since the
debates on its structure as well as the precipitation sequence still continues [5, 6, 13,
16, 30, 42-46].

Basically there are four suggested structures for S phase [5, 42, 47, 48] three of
which is summarized in Figure 2.3. Although the proposed models are relatively old
the discussion is reconsidered in a recent study in 2011 [6] claiming the Perlitz &
Westgren (PW) model as the most appropriate one when first principle calculations
were also included. PW model suggests that Al,CuMg is an orthorhombic structure
with Cmcm space group and lattice parameters as 0.400, 0.923 and 0.714 nm for a,
b and c, respectively. Mondolfo model was proposed as a modified PW model with
P1 space group and shifted Cu-Mg atomic layers. In the Radmilovic Kilaos (RK)
model, the difference is the switched atom positions of Cu and Mg. This model was
rejected because depending on the first principle calculations by Wolverton [49].
The formation enthalpy of RK model was found as 16.4 kJ mol™“atom™ while the
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value of PW model was calculated as -19.4 kJ mol™atom™. On the other hand when
PW and Mondolfo were considered, both of the PW and Mondolfo were reported to

be supported by XRD experiments [42].

O .CO> .Q.. ...%)
.QO s © O O O

Perlitz Westgren (1943) Mondolfo Model (1976) RadmilovicKilaas (1929)

X Cu Al Mg
0 00
= 0 0@

Figure 2.3. The proposed structures of S phase. [42]

Various arguments were considered in the study [42] regarding the probable
misinterpretations of the S phase structure. On the subject of diffraction patterns and
XRD, weak diffraction of the precipitate when compared to the strong matrix was
regarded to be the cause of difficulties in differentiating the overlapped peaks and
spots. In HRTEM results, image simulations were regarded to be a necessity for
accuracy. The first principle calculations of the precipitates in Al matrix that include
the strain and interfacial energy considerations were stated to be important for the
accurate results. Results of the study [42] confirm the PW model to be the only

possible one.
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In the study by Wang and Starink, 2005, [5] three models for S phase were also
mentioned but the third being Jin model proposed in 1990 rather than RK because it
was considered as a modified version of PW which was rejected as in the case of
RK model due to first principle calculations. This study on the variants of S phase

also indicates that PW model is correct [5, 6].

The S phase was said to be unshearable and its strengthening effect was attributed to
the Orowon bowing mechanism working on small S precipitates so there are no
sliced precipitates to observe in a structure including S precipitates [6]. However,
the size of the precipitate was reported to be important for strengthening. Same
study mentions that the type of nucleation whether homogeneous or heterogeneous

had a major effect on the strengthening behavior of these particles.

2.1.2.4. GPB Zones structure

As many arguments as the S phase has been done on the existence, hardening effect
and the nature of GPB zones [6, 29, 30, 46, 50-53]. The detection of GPB zones
could not have been possible in diffraction patterns in the form of strikes as it was
for GP zones until recently [6] as seen in Figure 2.4 because they could only be
observed in the DSC data that gives a peak near the short range order zone as well
as dissolution effect was observed in DSC results indicating a metastable phase
formation. However, there is a disagreement on the time of appearance in the
literature also. Some relatively older studies claim the initial rapid hardening to be

due to GPB zones while new studies attribute this rapid increment to the co-clusters.
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Figure 2.4. Al-Cu-Mg alloy after aging at 195C for 9 hours. GPB zones were detected
through FFT of HRTEM. Adopted from [6].

2.2. STRENGTHENING MECHANISMS

Strength is the response of a material to external loads in terms of internal forces
and deformation [54]. When tension test is considered, the resistance to permanent
deformation may be attributed to yield strength and the load limit above which a
material fails may be regarded as ultimate tensile strength. Hardness is another term
which is defined as the measure of ease with which a solid body plastically deforms
[55]. When strength is considered, regardless of the term to be used, perfect crystals
free of defects have the highest potential for high strength but thermodynamically
and practically it is not possible to use perfect crystals in daily life. Crystalline
materials include defects of various forms such as vacancies, dislocations and
surface. These imperfections yet are very helpful since they make it possible to have
properties such as ductility, formability, toughness and hardenability. Even ductile
failure, rather than brittle, of a metal after certain plastic deformation is due to
movement of line defects, i. e. dislocations. Likewise, strengthening of an alloy or
metal is possible only when the motion of dislocations is hindered. There are
various ways to immobilize dislocations and hence strengthen metals and alloys but
the key to all strengthening phenomenon remains the same; stopping dislocation
motion. Basically strengthening can be cultivated in five major ways. If an analogy
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IS to be made, dislocations moving through the material are just like cars travelling.

There are five major ways to slow down or even to stop the cars:

e Fencing as smaller regions as possible (Grain boundary strengthening)

e Introducing curves, bends and even some roughness on the road (Solute
solution hardening)

e Increasing the number of cars and causing traffic jam (Work or strain
hardening)

e Modifing the road by introducing small stones into the road (Precipitation
hardening)

e Introducing big rocks on the road (Dispersion hardening)

2.2.1. Solid Solution Strengthening

Solid solution is the dissolution of one element into another in solid state. The solute
atoms may be located in between atoms, at interstitial sites, or may replace solvent
atoms, at substitution sites. The sizes of atoms and crystal structure of the solvent
are the most critical parameters. Small atoms like C, N may easily occupy interstitial
sites of an FCC Fe easily while it is harder if not impossible for them to dissolve in
a bcc Fe. The same thing applies to substitution of small atoms by large atoms.
There needs to be a correlation of atomic sizes for proper dissolution. The solubility
limit of an element in another is mainly determined by the difference in atomic sizes
and stable crystal structures. As in the case of Cu and Ni which are fully soluble in
one another, the atom sizes only differ 3% and they both exist in the FCC structure
[56-58]

The atoms of the alloying element located at various atomic positions of the alloy
cause strain fields around themselves. These fields interact with the fields of
dislocations. The interaction may result in hindering or slowing down the

dislocation. The type of dislocation as well as the symmetry of the stress field of the
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solute atom is very important on determining the degree of hindrance. The misfit is
proportional to da/dc where a is lattice parameter and c is solute concentration [14].

Edge dislocations have two components in their fields both hydrostatic (volume
change) and deviatoric stress fields (distortional, shape change, shear). On the other
hand screw dislocations have only distortional component. When the defects are
symmetrical the interaction of solute and dislocation is limited to edge dislocation’s
hydrostatic component. In the case of asymmetry both screw and edge dislocations
are affected by the stress field of the [54, 57] a result the effect of asymmetric solute
dissolution is higher than the symmetric. The Table 2.6 shows the various types of
alloys and solute atom combinations with their corresponding contribution to
hardness. In Table 2.6, the types of defects in various materials with their

corresponding hardening contribution are given.

Table 2.6. Type of solutes and their contribution to the hardening of the material [57].

: Hardening Effect
Material Defect dr/de as f(G)
Symmetrical Defects

Al Substitutional atom G/10

Cu Substitutional atom G/20

Fe Substitutional atom G/16

Ni Interstitial carbon G/10

Nb Substitutional atom G/10
NaCl Monovalent substitutional ion G/100

Nonsymmetrical Defects

Al Vacancy Disk (quenched) 2G

Cu Interstitial Cu (irradiation) 9G

Fe Interstitial carbon 5G

LiF Inters. fluorine(irradiation) 5G
NaCl Divalent substitutional ion 2G

Another effect of the alloying element is the change in the local elastic modulus as a
function of solute content. It is also important to note that the interactions may
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sometimes be temperature dependent and an alloying element may result in an
increase in strength at low temperatures while a decrease can be observed at high

temperatures.

2.2.2. Dispersion Hardening

Al alloys may also be enhanced by means of insoluble fine particles which act as a
barrier to dislocation motion. There are two common possibilities to obtain
dispersoids. One is by alloying additions that form stable, insoluble dispersoids as in
the case of T-phase dispersoids. They usually form by a solid state reaction during
long term heat treatment to be used as grain size and recrystallization controller.
They also increase thermal stability during thermo-mechanical heat treatments.
Especially in structural applications phases containing Zr, Cr, Mn, and Sc are
intentionally allowed to be formed during ingot homogenization. Second option is
using oxide, carbide powders with high strength like Al,O3 and mixing them with
matrix alloy forming a compact to be sintered [56-58].

2.2.3. Work Hardening

It is one of the oldest methods of strengthening metals dating back to Bronze Age
[57]. When work is applied to a metal; it strengthens owing to the increase in
number of dislocations. It can be applied to any metal with a reasonable ductility. It
has the advantage of shaping as well as strengthening by a single process while
producing wires or sheets for example. In the fabrication of Al products, processes
applied such as extruding, drawing, rolling, bending, etc. exerts force on the system,
doing work on the system. When the temperature is above T (Tm/2) hot work is
done and there is no strengthening effect [14]. In the case of “cold work™ when the
process is carried out below Ty, the dense dislocations causes traffic jam and
further dislocation movement is hindered [14]. For pure Al and non-heat treatable
Al-Mg alloys work hardening is the only way to strengthen as it is for all non-heat
treatable wrought alloys. For heat treatable alloys, before or after heat treatment,

cold work leads to further strengthening [56].
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Figure 2.5.a shows the variation of strength with dislocation density. It is interesting
that when dislocation density is very low and very high the strength is highest while

moderate dislocation density yields to the lowest strength.
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Figure 2.5. (a) The variation of strength in relation to dislocation density and (b) Stress
strain curve for a single crystal during work hardening [57].

In understanding the strain hardening phenomenon, the best approach is to
investigate single crystals for simplicity. In Figure 2.5.b stress strain variation for a
single crystal is shown. Apart from the initial elastic region there are three stages
commonly observed in all single crystals during deformation. The initial stage is
easy glide region where the dislocations are not interacting with each other but
heterogeneously distributed as stain rate is low. The second stage initiates when
there are enough dislocations to be distributed homogeneously throughout the
crystal. The second stage involves the cell structure formation surrounded by
dislocation clusters with low dislocation density inside. The behavior of the material
was stated to be dependent on the stacking fault energy (SFE). When SFE is high,

the dissociation of dislocations into partials, which are sessile dislocations, is hard
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and hence they can glide and gather around the cells as it is seen for Al. Whereas for
low SFE alloys, the substructure is formed as planar dislocation arrays rather than
cells as it is for Cu-7%Al alloy. Both of these structures were found to increase the

strain rate [57].

For further deformation there is a certain amount of t stress required to activate a
Frank-Read source in relation to the mean free dislocation length | where t is
proportional to Gb/l, dislocation density p=1/I* leading to an incremental shear

stress of At to overcome dislocation barrier where At is proportional to GbVp [56].

Kuhlmann-Wilsdorf suggests that an increase in flow stress due to decreasing cell
size results in the linear hardening during the second stage. Although the
characteristic of the structure remains the scale varies. Further deformation leads the
diminishing of the number of free dislocations within the cells. When the movement
of glide dislocations begin to be relatively easy from one wall to another interactions
between dislocations subside. A saturation point for the cell size decrease was said
to be reached stabilizing the cell size with further deformation. The structure reaches
to the third stage at this point and strain hardening rate drops. For high SFE metals
stage three could be reached at a lower stress. There are different theories on the
mechanism both leading to the same conclusion that high SFE lowers the shear
stress in stage three, t,,, [54, 56, 57]

It is also important to relate the single crystal theory and polycrystalline behavior
but since in poly crystals multi-slip mechanisms operate simultaneously it is
difficult. It is stated that third stage is commonly observed in polycrystals while the

correlation was made by the following equation:
2, 49t 2
= M*x—mr 2.1
dy

where M is an orientation factor that is reciprocal of Schmid factor as a result of
which for polycrystalline FCC metals, strain hardening rate is 9.5 times higher than

that of a single crystal [56].
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2.2.3.1. Cold Working of Aluminum

Al 2024 is a high-strength, age-hardenable Al-Cu-Mg alloy, and it is widely used in
the aerospace and transport industries [1, 59]. Age-hardening is one of the well-
known techniques used to improve the mechanical properties of this alloy by
providing a nearly 50% hardness increment [60]. On the other hand, a relatively new
approach is to combine cold working with age-hardening to attain further
strengthening and homogenization of the structure [56]. The main disadvantage of
cold working is the unwanted change in the size and shape of the material, which
often causes stress related cracking. For example, in both sheet and rod production
there is a deformation limit to preserve crack-free structures; as a result, multiple

passes are obligatory to achieve remarkable strength [56].

2.2.3.2. Severe Plastic Deformation (SPD)

Severe plastic deformation is considered to be an effective grain refinement method
to produce ultra-fine grained (UFG) structure which means in the range of 100-
1000nm, ideally 100-200 nm. The basic requirements or the aims of the process of
an effective SPD can be summarized as (i) UFG structure with high angle grain
boundaries (HAGB), (ii) uniform nanostructure throughout the whole structure, (iii)
crack and damage free samples [61]. SPD is a tool first suggested by Segal in 1981
for polycrystalline metals in order to improve mechanical properties. Its principle is
introducing high amount of strain, and hence dislocations into the system so that a
refinement of grains could be driven. Severe plastic deformation is also used to

produce nanocrystals out of amorphous alloys as studied by Aronin et. al [62].

Apart from other cold working methods, the difference of severe deformation such
as ECAP and HPT (represented in Figure 2.6) was stated to be due to non-monotony
in deformation. Non-monotony, which is introduced by Smirnov-Aljajev in 1978, is
a result of the presence of rate component of deformation tensor with a variation in
sign. Simple shear was regarded to be strongly non-monotonic as well as ECAP and

SPD processes. The strain was said to be linearly correlated to the degree of non-
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monotony (DNM). DNM was regarded as a parameter to determine the degree of
grain refinement, hence effectivity of deformation in regards to mechanical property
increment. So to compare cold working with ECAP or any other SPD method, it is
stated that due to the higher DNM, the evolution of UFG structure was sooner than
monotonic deformations [63]. So a distinction between cold work and SPD can be

made with this perspective even though the final induced strain values are the same.

Different SPD techniques were developed in order to increase the strain induced at a
single passage as in a study by Nakashima et. al. in 2000. However, a highly
complicated die did not yield to better strain and hardness than a regular ECAP die
[64].

(®)

plunger

Figure 2.6. High pressure torsion and equal channel angular pressing schemes.
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Figure 2.7. Different ECAP and SPD processes suggested. [64-66]

In general a certain limit on the refinement of a certain system at a specified
temperature was pronounced. In HPT, this limit was mentioned to be 200 nm at
room temperature for Ni, in the study by Bachmaier et. al [67]. However methods to
overcome this limit was also considered as repeated HPT combined with cold
rolling as well as using HPT applied powders to increase the strain and bypassing
the limit of refinement in the same study on Ni.

The largest sample sizes reported using HPT is as high as 30x10 mm [67]. SPD is
regarded as a nanotechnology production method likely to be commercialized more

and more each year [68]. For commercialization of SPD, methods of continuous
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ECAP and ECAP with parallel channel were proposed and experimented on CP Ti
and Cu [65].

2.2.3.3. Equal Channel Angular Pressing

ECAP is defined to be a procedure to produce UFG structures through repetitive
pressing by means of accumulated strains [69] and is regarded as the most well
developed processing technique among SPDs [70]. The invention of equal channel
angular extrusion goes back to 1972 but until the early 90's, when ultra-fine and
nano-structured materials became highly popular, the method was not given enough
attention. Though the concentration was on the grain refinement of the process, the

main importance of the technique was stated as the attainment of simple shear [71].

The system is shown in Figure 2.8, the main principles are represented in Figure 2.9
in which different die corners were represented as well as the shearing behavior of a

square section.

Plunger

-

e

g

sample

Figure 2.8. Representative ECAP process [72]
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Figure 2.9. Principles of ECAP with different die corners [61]

The strain induced by ECAP is generally calculated by the equation 2.2,

-2

AG\@

cot(%) 2.2

For ¢=120° the strain is calculated as about 0.67 which is an average value. When
engineering strain is to be calculated the equation 2.3 (¢ is true stain and e is
engineering strain) is used and the strain (e) is found as ~0.97. It can be concluded
that the strain induced during ECAP through a 120° die corresponds to ~97% cold
work. More accurate strain distributions are obtained through finite element analysis

and calculations.

e=In(1+e) 2.3

ECAP is a process applied to various metals and alloys including magnesium, steel,
zinc, titanium and aluminum with a variety of paths and temperature ranges [73,
74]. In a study carried out using Mg alloy, ZK60, two different temperatures were
used during ECAP for homogeneous grain refinement down to 0.8 microns. The
initial two passes was performed at 513 K while the following two passes at 453K
[74]. Grain refinement of Mg was succeeded using multi-pass ECAP process,
initially a bimodal grain size distribution was achieved but with further passes a

homogeneous structure was achieved [75]. Another study of continuous processing
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to produce steel sheets was performed by Saray et. al. By ECA extrusion of 1.2 mm
thick and 200 mm wide steel sheets up to 8 passes with an improvement of 2.6 times
of the original sample with high losses of ductility [76]. One of the advantages of
ECAP process was stated to be the extremely high elongations and hence tensile
ductility achieved resulting in the probability of superplastic forming. It was stated
that superplastic sheets may be produced using ECAP prior to rolling [77].

In studies of ECAPed Al-Mg alloys, the fatigue properties were found to either
improve or remain the same as cold rolled counterparts depending on initial
structure and test conditions. Fatigue life of UFG titanium was found to increase
considerably compared to the coarse grained counterparts. ECAP technology was

stated to have further perspectives in fatigue performance enhancement [78].

Deformation mechanism of ECAP, a physical model of different colored tiny sand
particles are observed during the flow through a transparent ECAP die. The flow
lines were investigated and it was stated that a difference in the flow lines of inner
and outer corner of the die existed. This difference was also stated to be the cause of
the variation in the magnitude of shear strain imposed throughout the sample
diameter [79].

The lowering of the friction and angles close to 90 degrees were pronounced as the
ways of attaining homogeneity avoiding the free surface zone at the corner of the
die. While multi-passes were considered to be essential for high strains, strain
inhomogeneity was mentioned as well as material softening at further passes.
Higher deformation temperatures and lower processing speeds were suggested for
the inhomogeneity of the products [71].

In a study carried out on Zr, the first pass was found to be the stage of the most
evident grain refinement while subsequent passes were stated to be insignificant.
However, a transformation of low angle boundaries to high angle grain boundaries
was observed. The yield strength was found to be in agreement with the Hall-Petch

equation. Hardness of the Zr through a single pass was found to increase by 25 %
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whereas subsequent passes up to 8 yielded an increase of 38% due to refinement of
grains of 270 nm with high angle grain boundaries. It was stated that average
spacing between GNBs was improved from 0.5 microns to 0.25 microns. The main
difference besides the distance was stated to be the level of misorientation [80].
Evolution of low angle grain boundaries into high angle grain boundaries with
further passes was observed in CP Ti, too [81].

When age-hardenable Al alloys were considered, multi-pass ECAP was found to be
ineffective due to over-aging induced by dislocation density or even precipitate
coarsening during ECAP. The common observation was hardness drop after a few
passes. An optimization of aging and ECAP combination was achieved through post
ECAP aging [82].

2.2.4. Grain Boundary Strengthening

Grain boundaries are surfaces separating two or more different oriented grains from
each other forming a barrier. The orientation difference may be large as it is in high
angle grain boundaries or low as it is in low angle grain boundaries, tilt boundaries.
The energy of the boundary is related to both the orientation misfit and coherency of
the boundary. Low angle grain boundaries, as well as coherent boundaries, have low
energy which makes them thermodynamically stable. High angle grain boundaries
and/or incoherent boundaries have high energies and they may act as unstable, high
energy regions throughout the material. Grain boundaries serving as barriers to glide
dislocation movement are effective strengthening factors. The very well-known

Hall-Petch equation explains the degree of hardening [54, 56-58]:
1
6ys =0; +k,* (\/_E) 24

Where oys is yield strength, o; is overall resistance of lattice to dislocation motion, ky
is the “locking parameter” which is the relative hardening contribution of grain

boundaries and d is the grain diameter.
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The equation was derived from the assumption that n dislocations may exist at a
certain length L (between source of dislocation and boundary) and the lead
dislocation, closest to grain boundary, will experience a total stress of nts where T iS
the average resolved shear stress in the slip plane. The longer the distance L, the
higher will be the stress so that a critical value 1. required for the dislocation to pass
through the grain boundary may be reached more easily. As a result the fine grain

size distributes the overall stress and 1. cannot be reached easily.
oj was suggested to be divided into two components such that [56][57]:

ost . Structure sensitive including the parameters such as precipitate-dislocation,
dislocation-dislocation and dislocation-solute interactions excluding temperature
effect.

os : Temperature sensitive and related to Peierl’s stress

6ys = 05+ o5y + Ky * (%E) 2.5

The formula includes short range order effects (Peierl’s stress <10A), long range

order effects such as dislocations (100-1000/3'\) and very long range order effect
‘ . . 1
(>10000A). It is important to note that below a certain size, the k,, * (\/_E) part of

the equation cannot be valid [57].

2.2.5. Precipitation Hardening

Since the scope of the current study is mainly concerned with precipitation behavior,
the theory of precipitation will be discussed in four main parts. The first part will be
on the basics of precipitation and how it is possible for an alloy to be precipitation
hardened. The second part will be on the strengthening mechanisms which are
possible in relation to precipitates. Thirdly precipitation hardening will be discussed
as a phase transformation and the precipitation behavior of 2x24 alloys will be

concisely stated.
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2.2.5.1. The Basics of Precipitation Hardening

When Alfred Wilm invented the 2017 alloy, which was patented by him in the name
of Duralumin in 1908, he was probably not aware of the fact that his invention
would have been one of the most popular research topics in material science and the
alloy would have conserved its popularity even after a hundred years [20]. The
discovery resulted in not only the improvement of Al alloys but also various age
hardenable alloys of copper, nickel and even steel were discovered following
decades. Precipitation phenomenon was regarded as the most interesting discovery

of metallurgy [20] since then.

It might be interesting to remind that discovery, as a scientific tale on how science is
up to ordinary efforts in daily life. The reasoning behind the research was to produce
a better Al alloy that would be used in military applications in the upcoming First
World War. Alfred Wilm was working on an Al-Cu-Mn alloy and decided to add
0.5% Mg before shaping it into a sheet and heating in a salt bath at 520°C followed
by guenching on a Saturday morning. Just before leaving for sailing on the Havel
River he and his assistant, Jablonski, had taken some hardness measurements. On
Monday morning they were to finish their measurements of hardness but were
shocked to see that hardness numbers were significantly higher than it was recorded
a few days ago. As would do any scientist, they checked the calibration of the
hardness machine and repeated the experiment noticing that after four days at room
temperature the hardness had increased and preserved that value. The patent of the
alloy, with 3.5-5.5%Cu, plus less than 1% Mg and Mn, was obtained and
interestingly Alfred Wilm abandoned metallurgy after publishing his works and
moved back to his farm. In 1937, he died not knowing that he invented the first

nanotechnology as noted by Hornbogen [20].

Years of research have continued on aluminum alloys and precipitation
phenomenon yet some of its mysteries still remains unknown [3]. The very
conditions required for an alloy to be precipitation hardenable are among the major

conclusions driven from these studies that are generally accepted [3, 4, 14, 17, 19,
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28, 41]. The main requirement is the relatively high solubility of one element in the
other at high enough temperatures denoted as Cpax in Figure 2.10 on a representative
phase diagram. The second crucial condition is the sharp decrease in solubility limit
upon cooling (Cpax t0 Crin). The alloy composition (Cop) is needed to be in between
Cmax and Cpin. The fourth and last requirement is proper heat treatment of the alloy
starting with proper solutionizing followed by quenching and artificial aging at an
optimum temperature for a certain time period or natural aging at room temperature
depending on the alloy composition and application [83]. The principle is that super
saturated solid solution is obtained by quenching the alloy after solutionizing
because otherwise the second phase particles may nucleate and grow at grain
boundaries. The super saturated solid solution (SSSS) of a needs to precipitate out
as AxBy phase for thermodynamic stability. The possible temperature range for
precipitation reaction can be regarded as below the maximum solubility limit to
room temperature. But when the kinetics is taken into account, at low temperatures,
atomic movement is slower although driving force is very high while at high
temperature the driving force is too low for a phase transformation in spite of high
mobility of solute atoms. As a consequence of the kinetics of the reaction a
schematic TTT can be drawn where optimum aging temperature lies at the
intermediate temperature range as seen in Figure 2.11. It should be stated that the
difference from the equilibrium phase mixture of a+AxBy is the homogeneous
distribution of intermediate phases called clusters and GP/B zones followed by a
semicoherent ©’ or S'. A sequence of phase transformations occurs before the stable
ABy formation. The sequence usually includes clusters, GP/B zones and
coherent/semicoherent ©'/S' phases. Only after their formation, homogeneous
distribution of fine ABy particles is possible. Very small particles of transitional
phases and A,By formed by this heat treatment lead to considerable hardening of the
alloy. The mechanisms of hardening will be discussed next.
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Figure 2.11. A representative TTT curve for precipitation transformation [57].
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2.2.5.2. Strengthening Possibilities in Relation to Precipitates

Before explaining the mechanisms underlying the hardening of super saturated solid
solutions, a representative hardening curve may be looked upon as seen in Figure
2.12. Since the simplest and most widely investigated precipitation hardening alloy
is Al with 4-5% Cu, its aging curve at an arbitrary aging temperature can be
investigated. The initial peak belonging to the formation of Guiner-Preston (GP)
zones due to very small clusters of solute atoms, only a few atomic distance thick
and a few nanometers long, may not be always present as a different peak but may
exist as the initial part of the main peak, shown in the figure as dotted curve. The
hardening continues at the under-aged condition until a peak point referred to as
peak aging is reached followed by decreasing hardness as a consequence of

precipitate coarsening which is regarded as over aging [1, 56, 57, 83, 84].

Peak aging

Strength or
Hardness

Y

time

Figure 2.12. A schematical age-hardening curve for Al alloys [83].

The possible mechanisms that may lead to the hardening behavior described above

are categorized by Dieter and others as follows:

e Coherency strain

e Stacking fault energy
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e Ordered structure
e Modulus effect
e Interfacial energy and morphology

e Lattice friction stress

All of which are dependent on certain properties of the individual phases and their

relation to each other [56].

Coherency strain is a result of mismatch between the matrix and the precipitate in
terms of lattice parameter. The degree of strain increases with increasing amount of
lattice parameter difference. It is also common to have a directional coherency
leading to rod, needle or disk like precipitates rather than cubes or spheres. The
higher the degree of misfit and hence the strain field the harder the dislocation
motion through the matrix. A rough relationship was suggested to describe the
increase due to coherency [56, 57]:

Ao = 2Gef 2.6
When ¢ is the misfit strain field proportional to lattice parameters of the two phases,

f is the volume fraction of precipitates and G is the elastic modulus of the matrix.

A more detailed equation was suggested as:

Ao~ 6G(;)2f/2€%/ 2.7

R is particle radius and b is the Burgers vector. It is stated that in general most of the

strengthening is due to strain fields [56, 57].

Significant stacking fault energy (SFE) differences between the two phases may also
result in a hardening effect. Different SFEs lead to variation of fault width which
may dominate dislocation-particle interaction when glide dislocations enter the
precipitates. Important parameters are SFEs, partial dislocation separation force and
distance, SF width and particle size [56, 57].
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Particle cutting by dislocations is a common phenomenon in precipitation
hardening. The dislocations may cut through or bow a particle depending on the size

and spacing of the precipitates as well as the modulus.

Ordered structures like Al,Cu, if attempted to be cut, the interaction of dislocation
and precipitate causes generation of anti-phase domain boundary due to distorted
order. The energy of an anti-phase domain boundary (AFDB) is nearly ten times of
an ordinary phase boundary as a result strengthening occurs. Strengthening due to

ordered structures also brings about high temperature strength [56, 57].

If the particle to be cut by dislocation is coherent with low misfit strain, it would
also create new surfaces but would not increase the energy and lead to strengthening
that much. The creation of additional surface area by cutting through the precipitate
is another strengthening effect depending on the energy of the newly formed

surface. The strengthening due to surface energy is given by:

Ao = ﬁys ! 2.8

[ r

vs IS the particle-matrix surface energy. When the surface energy to volume ratio is
high as in the case of plate or needle shaped particles, the strengthening affect
increases [56, 57].

The local elastic modulus variations due to different G values of particle and matrix
may increase or decrease the energy of a moving dislocation causing a
strengthening. Practically however, the difference is not enough for hardening while

increased voids have effective contribution to the strengthening.

Lastly the strengthening due to Peierl’s stress as defined in the equation below

where 6, and on, are the strength of particle and matrix, respectively [56, 57].

11

5.2f3r2
Ao~—5—(0p —Op) 2.9

G2p?
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Although above mentioned possibilities are predicted, the combinational effect
could not be predicted easily. The summation of the mechanisms causes an increase
in hardness up to a critical point which is denoted as peak aging in Figure 2.12.
When the cutting of particles is no longer possible the bowing movement of
dislocations around precipitates starts. This phenomenon of moving around the
particles was defined by Orowan back in 1947. The shear stress needed to bow

between particles, when A is the separation of two obstacles, defined as

To = Gb/A 2.10

The equation is updated in 1968, considering the interaction in both sides of the
particle [56, 57].

0.13Gb
= * In

Ao > % 2.11

Lastly, the shape of the precipitate which is usually needle, rod or plate rather than
sphere or cube has an astounding effect on hardening, in some cases twice of the
hardening that occurs with a cube or sphere. The bowing around the particles leaves

loops as well as creating dislocation cell structures on them.

2.2.5.3. Precipitation Hardening as a Phase Transformation

Phase Transformations

The basis of phase transformations depends on thermodynamic stability of certain
phases according to the phase diagrams. The most stable phase has the lowest free
energy and hence it is very likely to form. Thermodynamic stability though cannot
be the only consideration since kinetics of phase transitions has a powerful impact
upon the microstructure of an alloy. Some thermodynamically favorable phases do
not have a chance to grow for many years due to very slow kinetics of the
transformation in process. As a result, two aspects are to be considered
cooperatively, thermodynamics and kinetics. Both will be further discussed to
remind and combine some important details of phase transformations to the current

study. There are basically two methods of classification of phase transformations.
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One depends on the active mechanism for transformation which is either diffusional
(civilian) (pearlite formation or precipitation) or diffusionless (military)
(martensitic) and the other depends on the steps of process which are nucleation
growth like martensitic and precipitation transformations or nucleation-free like
recovery. The stepwise manner will be more meaningful in describing the
precipitation phenomenon because nucleation is the most important step affecting
the Kinetics of a certain transformation like precipitation. There are two possibilities
of nucleation which will be discussed in detail emphasizing the kinetics and
thermodynamics that will remind valuable information in understanding and
discussing the results of this chapter [56, 58, 84-86].

v" Homogeneous Nucleation

Homogeneous nucleation is a term to define the critical size nuclei formation of a
new phase in the bulk of metastable phase rather than at defects [[56, 58, 84-86]. It
also serves as a guide to more easily understand transformation because it excludes
the effect of defects in the structure over the process. As stated in [86] there are
three thermodynamically important parameters to be considered. Before explaining
them, it would be best to assume a precipitation reaction as follows at a temperature
T,: A schematic phase diagram with its corresponding free energy curves for
clarifying the terms to be discussed is given in Figure 2.13.

o' (sss) D a+S

In which o’ is a metastable super saturated solid solution of aluminum with a
composition Xp, which is to be transformed into a more stable composition of o
phase and a new phase rich in Cu and Mg solute atoms, S precipitate, in the current
study which is Al,CuMg. It should be noted that the transformation requires long
range diffusion. The total driving force for phase transformation is shown in figure
as AGo; AG, is the driving force for nucleation which is higher than AG, because of
the high chemical potential of solute atoms denoted as p“cymg.

The three energetic contributions of phase transformation are:
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e Energy decrease due to formation of a thermodynamically more stable phase

S with a volume V denoted as AGv.V where

AG, = AG,,/V 2.12

e VVm is the molar volume of S phase.

e The free energy increase due to the formation of a new surface is Aya/S, A is
the area, ya/S is the surface energy of the newly formed phase boundary of a
and S phases.

e The strain energy related to the density difference of the new phase to be
formed out of super saturated solid solution, a'(sss). The new phase may
have a higher density leading to a smaller volume and a tensile misfit strain
energy or lower density and higher volume leading to a compressive misfit

strain energy both of which will be denoted as AGst.

The total energy change is:

AG =—VAGV+Z Ay +VAG 213

For an incoherent spherical precipitate of radius r, it is;

4
AG =—7rr3(AGst—AGV)+4m’2]/ 2.14
3

The derivative of the equation gives the critical radius r’, activation energy barrier
AG”, concentration of critical sized nuclei C”, as follows [86]

N 2y
ro =——0m @ 8 2.15
(AG, - AG )

« 167[7/3
AG™ = 2 2.16
3(AG, - AG)

AG *
kT

C’:COexp(— ) 2.17

Where Cy is the number of atoms per unit volume in the phase, the nucleation rate is
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N

hom

AG,
=wC, exp( - ) exp( - ) 2.18
kT kT

Where o includes vibration frequency of the atoms and the area of critical nucleus,
AGq, is the activation energy for atomic migration per atom, k is the Boltzmann

constant and T is the temperature of transformation.

The important variable is AG* which is dependent on both three energy terms,
surface energy of phase boundary, the misfit strain energy and the driving force.
Among them, surface energy is the most dominant. The equation gives certain clues
about various conditions valuable to the current study. For example when the
precipitate is incoherent, the energy of the formed surface is significantly high and it
is nearly impossible to observe homogeneous nucleation. On the contrary, a
formation of a coherent precipitate becomes feasible by homogeneous nucleation
because the energy of the coherent surface is negligibly low. In the case of
transformation into S and alpha phases, coherency is not possible but the system has
an alternative solution to the problem. Transition metastable phases like GPB zones
(Guiner-Preston-Bagaryatsky) which have the coherency relationship are likely to
form first. Following GPB zones one or more intermediate S phases (S" and S') form
most probably nucleating on the GPB zones. The transformation towards stable and
incoherent S phase occurs through the dissolution of transition S (S') and formation
of stable S nucleating heterogeneously at usually defects like grain boundaries[56,
58, 84-86]. Heterogeneous nucleation will be discussed on the next heading. The
transformation of o' into a phase of intermediate composition between o' and stable
a and GPB zones is actually formation of solute clusters with the same crystal
structure as the matrix. In Figure 2.14, they are connected by a dashed line which
represents their crystallographic relationship. Although this type of transformations
are usually attributed as homogeneous in many transformations a combination of
both homogeneous and heterogeneous nucleation are observed depending on the

available nucleation sites.
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.
H Cu,Mg

Figure 2.13. Schematic phase diagram and corresponding free energy curves for a
precipitation reaction [86].
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Figure 2.14. Metastable coherent phases are shown in Gibbs free energy diagram [86]

v" Heterogeneous Nucleation

The main criterion for heterogeneous nucleation is that defects like excess
vacancies, dislocations, boundaries, etc. act as nucleation sites. Energy of already
present defects is lowered when a new phase forms. As a result, the energy barrier
for nucleation is lowered by means of the decrease in defect energy. The energy

equation then becomes;
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AG

het

=—V(AGV—A65t)+Z Ay - AG 2.19

AGy term is the reduction of free energy in the defect during transformation.
Another important difference is stated by [86] that incoherent phase boundary
results in a very small misfit strain energy. Both of these aspects are reasons for
heterogeneous nucleation to be more common when compared to homogeneous
nucleation. Depending on the defect type, only heterogeneous nucleation will be
discussed at dislocations because ECAP process increases dislocation density very
significantly. Although there are claims that the deformation leads to excess
vacancies just after ECAP, since controversies exist, it will not be further discussed

separately but will be included in Al-Cu-Mg precipitation section [61].
v Heterogeneous Nucleation at Dislocations

The energy equation for heterogeneous nucleation shows that the energy is lowered
by decrease in defect energy. Incoherency was mentioned to be preferable for it
lowers the strain energy but it also increases the surface energy very much. When
the defect in consideration is a dislocation, an important condition is present. Porter
and Easterling [86] state that the distortion around the dislocation can assist
nucleation in many ways. If a coherent nucleus with a negative misfit is to be
formed, it will prefer to do so above the edge, at the compressive strain region and
will reduce the strain energy. If the misfit is positive it will form below the
dislocation. It is important that coherent precipitation can be assisted by
dislocations. Another way of assisting is by solute segregation at the dislocations so
that a composition close to the precipitate composition will already be present. It has
also been stated that dislocation can act as a diffusion pipe during the evolving of

nucleus into a critical size [9].

Defects are more likely to act as nucleation sites, if they have higher energy.
However regarding the current study, small but denser defects like dislocations and
excess vacancies have higher priority because the probability of nucleation at a

densely present defect will be more than a dilute defect like high angle grain
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boundary. For example, it has been stated that defects like excess vacancies might
assist nucleation either by relieving misfit strain energy or by increasing
substitutional diffusion rates [56, 58, 84-86].

dislocation helix

[021]a -
100 nm "

Figure 2.15. The heterogeneous nucleation of S precipitates on dislocation helix and
loop in Al-Cu-Mg alloy adopted from [6].

An important recent study on the heterogeneous nucleation of S precipitates on
dislocation line, helix and loop has shown that there is a tendency of formation of
type 11 S precipitates lying parallel or nearly parallel to the original dislocation path.
It is considered that either the dislocation line direction is in the habit plane of the

precipitate or there is a variant selection of the precipitate during nucleation. As a
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result of this tendency, it has been stated that since the forms of helix, line or loop
are composed of pure edge dislocations one after the other, there are separate
formations of S precipitates in each one of these. As a consequence of this the
Figure 2.15 type of formations are observed throughout the solutionized and aged

Al-Cu-Mg alloys also observed in the current study [6].

2.2.5.4. Precipitation in Al-Cu-Mg Alloy

The precipitation behavior of Al-Cu-Mg alloys have been a great deal of discussion
[5-13, 16, 29, 30, 33-35, 37, 38, 40, 42-46, 50, 51, 60, 87-92] especially in the last
two decades and improvement on high resolution microscopy and atom probe
tomography has recently led to the understanding of the hardening phenomenon
behind the precipitation in Al-Cu-Mg alloys especially in 2011 [6, 8, 23, 42, 50, 51].

Bagaryatsky proposed the first precipitation sequence of Al-Cu-Mg in early 1943 as
Super saturated solid solution (o) =» GPB (Gunier-Preston-Bagaryatsky) zones =
S"=>S"=»S(AICuMg,). This proposal was updated by many studies and refined into

the following sequence:

SSSS(a) =» Solute Clusters (Mg-Cu)=» GPB zones+S =» S which is accepted in
recent studies [44, 50, 51] for the ease of understanding and avoid confusion.

Even the crystal structure of S phase itself has been accepted to be PW model [6]
very recently and there is no consensus on the precipitation sequence either. There
are numerous ideas on the sequence and Table 2.7 summarizes some of them [5].
Among these structures it is obvious in Table 2.7 that S’ phase was stated to be
different from S phase by slight deviations of the lattice parameters which was
pointed out as the result of the variations in the degree of coherency [48]. On the
other hand numerous studies confirmed that S” was only a different variant of the
equilibrium S phase by some authors [11, 46, 48] while there are authors suggesting
[12, 30] the existence of GPB2 zones as well as S”

SSSS(a) = Solute Clusters (Mg-Cu)=>» GPB2 zones/S” = S.
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It has been stated that while S phase was responsible for the peak hardening. GPB2
as well as S” had little contribution to this hardening. It is important to mention that
both the co-clustering and co-existance of GPB zones and S phase or some form of

it are commonly accepted.

Table 2.7. Proposed structures for different phases in Al-Cu-Mg alloys [5]

Phase Composition | Structure a(nm) | b(nm) ¢ (nm)
o Al (2024) Cubic 0.404

S phase Al,CuMg Orthorhombic 0.400 |[0.923 0.714
S’ (coherent) Al,CuMg Orthorhombic 0.405 | 0.906 0.724
S’ (semi-coherent) Al,CuMg Orthorhombic 0.404 |0.925 0.718
S" (coherent) Al CusMg; 0.404 |1.212 0.404
S" (coherent) Al;CusMg, Cubic 0.827

S"” (coherent) AlCuMg, Orthorhombic 0.405 | 0.405 0.810
S" (coherent) AlCuMg, Prim. Monoclinic, | 0.320 | 0.405 0.254

p=91.7°

GPB2 Cu-Mg Tetragonal 0.58 0.81
GPB2 Al,CuMg Tetragonal 0.41 0.81

In the current study, most recent researches carried out using atom probe
tomography and HRTEM were taken into account and for the sake of simplicity of it

the following sequence will be preferred [6, 50, 51].
SSSS(a) =» Solute Clusters (Mg-Cu)=>» GPB zones+S = S.

The ternary phase diagram for AI-Cu-Mg is given in Figure 2.16. The phase
diagram is very important in relation to the current study since the composition
range of Al 2024 in the current study with Mg content of 1.73-1.95 lies on the phase
transition but it should be reminded that the effect of Mn, Si and Fe also have direct

influence on the phase diagram and the Mn content of Al 2024 is considerably high
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to take the ternary as a strict map however it still has the value to guide on the
possibilities.

In Al-Cu-Mg alloys there are two main strengthening regions observed as seen in
Figure 2.17, there is a rapid hardening region denoted as | though it cannot be

observed in high Cu-Mg alloy due to the very early hardening even in a few
minutes.

—> A=Al,
6=AlCu,
a+S o+S+T S=AlCuMg,
- o+T T=Al.CuMg,
3 4 5 6

Mg wt.%

Figure 2.16. Isothermal section of ternary phase diagram of Al-Cu-Mg at 200°C [5].
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Figure 2.17. The hardening response of Al-Cu-Mg alloys at 190°C adopted from [5].
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The rapid hardening of the aging of 2XXX alloys at the very beginning of aging, as
short as 1 minute at 150°C, had led to the idea of formation of a coherent zone. In
fact the initial hardening effect was reported to be the 60% of the overall hardening
effect of total aging. On the rapid hardening (RH) the ratio of Cu/Mg as well as the
region of phases were stated to be very important. In the region of (0+6) and when
the Cu/Mg ratio is high, the RH behavior was not observed as well as in the binary
alloys of Al. But in (a+S) region when a small amount of silver was present RH was
also observed [51]. When Cu/Mg ratio is high, the RH behavior lowers and the
increase of Mg increases the rapid hardening. Though there are various suggestions
on how the rapid hardening occurs at this initial stage, the common point is the co-
clusters of Mg and Cu and their interaction with dislocations rather than grain
boundaries. Another important point is that, RH is not observed to be effective in
natural aging but requires a certain temperature increment after quenching even for

a few minutes [30, 51].

The second stage of hardening was attributed to GPB zones and coherent S
precipitation in many studies while in some it was directly attributed to be a result of
S precipitates. All of them may have a point because it is probable that they only use
different terminology. It is important to know that uniform, fine distribution as well
the coherency of GPB zones and S precipitates are the factors that affect the
hardening. S precipitates are indicated to form in a certain relationship with the
matrix such that [100]a//[100]s; [0-21]a//[010]s and [012]a//[001]s forming 12
variants of the S phase. The precipitation of S phase was observed as homogeneous
or preferred along the Burger’s vector of the dislocations which is called as
heterogeneous S precipitates. There are various studies on the coexistence of GPB
and S phase after long aging hours such as 80 hours at 170°C in literature while the
hardness is still preserved at high levels [50]. However in 114 hours, after over-
aging, no sign of GPB zones were observed which may indicate that the hardening
behavior was related to GPB zones as well as small S precipitates [50]. Another
important issue on S precipitates that precipitate heterogeneously on dislocations is

that they can form precipitate groups depending on the dislocation distribution of
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the matrix before aging. These precipitate groups were considered to act as a single
particle hence the size of the precipitate groups was stated to be very effective on
the degree of hardening. Depending on the energy calculations, critical sizes of 425
and 212 were calculated [6]. It was stated that unlike GPB zones (up to 100 atoms)
and co-clusters (3-20 atoms), S precipitates (larger than 2 nm) were resistant to
shear and Orowan bowing was required for dislocation motion. In deformed Al-Cu-
Mg, due to the more uniform distribution of dislocations, a lower S precipitate group
size and hence higher thermal stability was expected [6]. The alloying elements such
as Si, Ti, Zn were also stated to be observed in the GPB zones and S precipitates
using atom probe tomography [50]. In the over aged state, general observation is the
large S precipitate groups as well as large, interacting, individual S precipitates as

well as the absence of GPB zones.
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CHAPTER 3

PRELIMINARY STUDY: EFFECT OF ECAP ON AGE
HARDENING OF Al 2024

3.1. EXPERIMENTAL PROCEDURE

The current study involves the investigation of ECAPed commercial Al 2024 alloy
parts prepared by E. Saraloglu et. al. [93]. Before going any further, it is vital to
state the method of production although the production method is beyond the scope
of the current study. The composition of the sample was reported as in Table 3.1. Al
2024 alloys in rods and rectangular shape were used. All of the samples were heat
treated at 495°C for 1 hour in a muffle furnace to solutionize and homogenize the
microstructure followed by quenching into ice-salt-water mixture at 0°C. While the
rod shaped samples of ~18 mm diameter and ~50 mm length were pressed through
equal channel angular press, the rectangular samples were directly subjected to

aging at 190£1°C in an oil bath right after quenching [93].

Table 3.1. As-received composition for Al 2024 alloy [93]

Cu Mg Mn Zn Si Fe Ni Cr Al
4900 | 1.240 | 0.595 | 0.156 | 0.106 0.1 <0.1 | <0.1 | Bal

ECAP system is shown in Figure 3.1. The die was made of H13 tool steel and the
angle between two channels is 120°. The need for back pressure was maintained

through feeding cupper blocks of 60 mm in front of the aluminum samples to avoid
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crack formation and maintain balance between feeding and exit parts of the system.
Each sample was placed after a Cu insert so the first sample was subjected to a
lower back pressure in comparison to the samples placed afterwards. In this way
low and high back pressure could be maintained. Between each sample and Cu
block 5 mm long MoS; pellets were introduced for lubrication. ECAPed samples
were kept in a cooler at -18°C. ECAPed samples were cut in perpendicular and
shear directions for hardness measurements and TEM sample preparation.
Preliminary studies were carried out to see the general points that may lead the
study towards a more meaningful direction. For this purpose the aging behaviors of
supersaturated solid solutionized Al 2024 with and without ECAP were
investigated. One of the high back pressure samples were cut into pellets with
corresponding thin sections next to them for TEM observation as shown in Figure

3.2 and macro-hardness tests were carried out.

LA

Figure 3.1. ECAP system composed of pressing unit, 120° angle die and 18 mm
diameter punch.
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TEM Hardness
sample Measurements
slicing

Figure 3.2. The precision cutting procedure of the sample perpendicular to the
pressing direction for macro-hardness measurements and TEM sampling.

TEM samples were punched into 3 mm diameter discs and grinded using 2000 SiC
grinding paper down to 100 pm occasionally measuring by means of a micrometer.
The samples were then dimpled down to a total of <IOum thickness from both
surfaces leading to a concave appearance at both facets. Fischione model 200
dimpling grinder was used for dimpling. The final thinning was carried out at
Fischione model 110 twin jet electropolisher by electropolishing in an acid solution
of 25 % nitric acid with 75 % methanol. The electropolishing was performed at
subzero temperature range of - (25-30°C) at a voltage of ~10V for about 10-15

seconds.

3.2. RESULTS AND DISCUSSION

3.2.1. Macro-hardness and Optical Micrographs

The randomly collected macro-hardness measurements of ECAPed sample cut
perpendicular to the longitudinal direction showed that there is inhomogeneity
throughout the sample. In Figure 3.3, Brinell hardness results are shown. One of the
sections had porosity observable through eye inspection. It might be resulted from
the deformation or remnants of casting porosity. The defected part, as expected, was

observed to have more inhomogeneity and in general upper part (close to the inner
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corner of the die) of the sample was found to have higher hardness than the lower
part.

159 159

159

157 155 153

146

Figure 3.3 Brinell macrohardness results of ECAPed sample.

The optical micrographs of the sample cut parallel to shear plane are shown in
Figure 3.4. It is not possible to observe the cell structure but deformation of the
sample can be noticed from the columns of grains throughout the whole sample. The
increased dark spots at the bottom are also interesting features that can be detected
in the structure which may be porosities produced during ECAP process. The
density increase at the bottom of the sample may be related to the corner gap effect
during ECAP.

The time intervals of the preliminary experiments did not yield to a good match of
states for an accurate comparison of ECAPed and solutionized samples. Yet the
microstructures of the two samples at any time interval of the precipitation sequence
show such a huge variation that a general comparison of the two would be

meaningful regardless of small time differences.
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In this aspect two conditions can be compared, the microstructures around the peak
and the microstructures of overaged state.

g
Dyt M1
.
[ :

Figure 3.4. Optical images of ECAPed sample. The cell structure can not be observed
by optical microscopy whereas the deformation direction is visible.

The preliminary results on aging of solutionized Al 2024 has yielded to the curve in
Figure 3.5 where the data points are limited with near peak aged, slightly overaged
and overaged states. Peak-age time of solutionized Al 2024 was found to be around
11-12 hours consistent with the literature [28] TEM investigation was carried on the
near peak aged and overaged Al 2024.

The ECAP processed sample showed nearly 12 times faster aging when compared
to solutionized counterpart, the data points are also limited as presented in Figure
3.5. The peak aging time was in the range of 0.9-1.2 hours but could not be
determined exactly because of the missing data points. On the other hand the
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inhomogeneity of the sample combined with the limited number of data, five macro-
hardness indents, yielded an incomplete and exaggerated aging curve. One hour
(near peak aged) and 80 minutes (overaged) aged ECAPed samples were compared

to 11 (near peak aged) and 24 hours (overaged) aged standard sample, respectively.
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Figure 3.5. Variation of hardness with aging time at 190°C for ECAPed and standard
Al 2024.

3.2.2. TEM Study

3.2.2.1. ECAPed State

Representative TEM images of the ECAPed samples given in Figure 3.6 show the
accumulated dislocations which are referred to as “dislocation forests”, the dark

regions of the images. These structures were in the form of bands at a certain angle

58



whereas through tilting the specimen they disappeared and reappeared at different
locations as expected [94]. In Figure 3.6a, dense dislocation rich regions are
observed but when the specimen was tilted by a few degrees, they disappeared as in
Figure 3.6b and Figure 3.6c, tilted images of the same region. Even at those regions
where there seemed to be no dislocations, there is a good chance of having
considerable amount of dislocations visible at another angle when b is not

perpendicular to g. According to the invisibility criterion for dislocations, EF =0

where g is the diffraction vector and bis the Burger’s vector of the dislocation,
when the condition is satisfied the dislocation becomes invisible because the
contrast is very weak [95]. Higher magnification image, Figure 3.6d, indicates that
due to high dislocation density other features become hard to identify, especially the
grain or cell boundaries. In the image, Figure 3.6d, T phase dispersoids are seen
among the dislocation forest and in spite of their large sizes the boundaries of even
these particles cannot be distinguished from the matrix. This indicates the level of
difficulty to observe much smaller phases such as GPB zones and S phases, which

are usually coherent with the matrix, in a severely deformed region.

3.2.2.2. Peak Aged State

In standard Al 2024 after 11 hours aging, microstructure involves precipitates in the
shape of needles as presented in Figure 3.7consistent with the literature. The
distribution of precipitates seems to be randomly oriented relative to the grain but
they are either parallel or crossing one another at a certain angle. At this stage, when
hardness is high, the coherency of precipitates is expected to create strain fields
around themselves such as the ones encircled in Figure 3.7b while at certain angles
precipitates are observed as clear needles which may indicate partial coherency of
the precipitates along the interphase boundary or a low mismatch of lattice
parameters between precipitates and the matrix. In the third image, Figure 3.7.c, a
triple junction is observed. It is definitely a thicker boundary than normal probably
due to heterogeneous nucleation and growth of S precipitates along the junction

through the boundary. Although the size of the precipitates seems to vary between
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200nm and 500nm, the strain field around the precipitates avoids distinguishing
between individual precipitates. This necessitates the imaging in dark field where

the diffraction spot is chosen for individual group of precipitates.

Dispérsoids

I

Figure 3.6. TEM images of the ECAPed structure of Al 2024 (a), (b), (c) belong to the
same region but at various tilts; (d) is closer view of a dislocation forest.)
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Figure 3.7. TEM images of solutionized and aged Al 2024 for 11 hours.

A common feature of Al 2024 microstructure is the T-phase dispersoid as
mentioned in theory. They serve as obstacles for grain growth and are often
associated with some strain around them which may be due to the pinned
dislocations or nucleation of S precipitates around them. The orientation relation of
the T-phase dispersoid with the matrix may also have a connection to the observed
strain. Twin formation inside the dispersoids is reported in a study which indicates
low stacking fault energy and a high mismatch of SFE’s between the dispersoid and
the matrix which is an element increasing the strengthening effect of the dispersoid.
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Figure 3.8. T-phase dispersoid in solutionized Al 2024.
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In ECAPed and an hour aged sample, the precipitate size was found to be obviously
smaller compared to the solutionized and aged sample. On the other hand due to the
already present strain fields resulting from high dislocation density, the size of the
precipitates cannot be determined with accuracy. At certain tilts (angles) however, it
becomes possible to observe precipitation structure in the form of small needles
dispersed throughout the grain. It is possible that the needle like appearance may be
the strain field of each precipitate rather than the actual precipitates so DF imaging
is required for adequate investigation of precipitate size and morphology. The
various precipitates are imaged in Figure 3.9 at suitable angles for proper
observation so precipitate structure in the form of small needles dispersed
throughout the grain is visible. Yet they are hard to distinguish due to the

dislocations and deformed structure.

Figure 3.9. Near peak aged (at 190°C, 1 hour) Al 2024 microstructures at various
regions and two different magnifications.
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The precipitation at 190°C for an hour was found to be effective in some regions on
the rearrangement of dislocations into cells as presented in Figure 3.10a and b. The
cell sizes were found to be about 300 nm which is large enough to be considered as
subgrains. Although it was difficult to observe the precipitates in regions of high
deformation, a few images of precipitates dispersed into the dislocation forests can
be seen in Figure 3.10c and d. HREM images on the other hand could not be
attained due to the strain fields around the precipitates that may easily interfere with
the precipitates. It is necessary to remember that GPB zones are usually observed in
the form of strain fields hence the differentiation between coherent S/S’ precipitates
with GPB zones cannot be possible at sizes of a few nm thickness. The higher
magnification images in Figure 3.10 d, e show two different forms of precipitates.
On the left among the dislocations small white, shorter precipitates are observed

whereas on the right the strikes of either precipitates or GPB2 zones are observed.

Figure 3.10. TEM micrographs of the ECAPed and pre-peak aged Al 2024, (a, b and c)
rearranged dislocations form cells of a few 100 nm and (d and e) precipitates.
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3.2.2.3. Over-Aged State

Solutionized and quenched into a supersaturated solid state, Al 2024 alloy initially
dissociated into GPB zones and a less supersaturated alpha Al followed by
formation of coherent S/S’ phase. The final stage is the formation of stable and
incoherent S precipitates of Al,CuMg as in the case of 24 hours of aging at 190°C.
The structure has now become nearly homogeneous in the sense that precipitates are
all around the structure with a nearly constant density. Growth of precipitates into
longer needles is obviously noticed in addition to the improved network between the

precipitates in Figure 3.11.

The hardness of ECAPed and over-aged samples dropped from 174 HB to 164 HB
after aging 20 more minutes than near peak aging time of 1 hour. Unlike in over-
aged standard sample, the precipitate density was found to be similar to the near
peak aged sample, hard to detect an obvious change throughout the sample
regarding the precipitates. In Figure 3.12, two types of precipitate regions are given.
The first column of images (a, c¢) belong to cell like interconnected precipitates and
the second column (b, d) is composed of parallel array of precipitates aligned
together with no or little perpendicular precipitates. This may be an indication of
different structures co-existing in the same sample or observation of the same
structure at varying orientations. No significant difference from the near peak aged
sample in size, distribution or observation of the precipitates can be noticed in over
aged ECAPed sample. However in Figure 3.13, sign of recrystallization can be seen.
The arrow marks an obvious new ellipsoid grain formed along the deformation
direction. It should be noted that the newly formed grain includes either precipitates

or some strain due to precipitates.
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Figure 3.11. TEM micrographs of the solutionized and over-aged Al-2024 alloy
(190°C/24 h.)

Figure 3.12. TEM micrographs of the ECAPed and over aged Al 2024,(a and b)
precipitates in two directions (c and d) precipitates in single direction (190°C/ 80 min.)
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Figure 3.13. TEM images of the ECAPed and over aged Al 2024 (190°C/ 80 min.)

The initiation of recrystallization may partially be considered as the cause of
hardness drop of 10 HB accompanied to over aging. The HREM images of ECAPed
and over-aged structure could be seen in Figure 3.14. HREM images of precipitates
were obtained, most probably due to the lack of strain fields around the precipitates.
In near peak aged sample, high resolution images were not possible to focus due to
the strain present around the precipitates whereas in over-aged sample they could be
focused. The lack of strain may be either due to the loss of coherency of precipitates
or loss of dense dislocation structure through recrystallization. The ease of
observation may be a sign of recrystallization progressed preserving the deformation
orientation due to the presence of homogeneously distributed precipitates
throughout the sample. On the other hand, the reason behind ease of observation
could possibly be the incoherency of over-aged precipitates. This may lead to a
rough conclusion that although a visual difference could not be detected, either

recrystallization or over-aging or their combined effect caused the hardness drop.
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Figure 3.14. HREM images of precipitates in ECAPed and overaged Al 2024
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CHAPTER 4

INVESTIGATIONS ON THE INHOMOGENEITY OF ECAPED
Al 2024

Production always involves errors, deviations and inhomogeneity throughout a
certain sample or a certain batch regarding composition, defects, mechanical
properties, etc. New production techniques, as in the case of severe plastic
deformation (SPD), may initially encounter these problems but as they evolve, these
issues are eliminated leading to a commercially applicable system. During this
evolution, the investigation of inhomogeneity in a single pass ECAPed Al 2024 is
important because in the case of age hardenable alloys, single pass ECAP leads to
best hardening effect but due to the absence of homogenization gained through
multiple passes, inhomogeneity is a major disadvantage. As a consequence, to
investigate the inhomogeneity and the effect of aging on the final microstructure is

absolutely necessary by means of thorough investigation before, during and after

aging.

In this chapter of the study, main emphasize will be on the two inhomogeneity
issues related to ECAP process and Al 2024. It should be noted before going any
further, that in a direct analysis of ECAP system through conducting experiments in
different conditions was not possible in this study. The samples were produced in
the previous study [93] and further work on the production method or the production
parameters are beyond the scope of the study. However, huge variations in hardness
among different samples were detected. To understand the possible cause or causes
of this variation, the differences in composition and production parameters were
detected as Mg content and back pressure, respectively. Using the data obtained

from the already available samples, the effect of backpressure and Mg content on
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the hardness variation among different samples was briefly discussed as parameters
that may or may not have an effect on the standardization of ECAP products. To
summarize, the first part of this chapter presents the results and discussion on the
variation of hardness in samples processed through the same ECAP die. In the
second part, an individual sample was investigated regarding the inhomogeneity in
terms of micro-hardness variation and the response to precipitation at 190°C was

analyzed for the possibility of elimination of the inhomogeneity.

41. LITERATURE REVIEW

4.1.1. Homogeneity of ECAP

Severe plastic deformation (SPD), an alternative technique to classical deformation
hardening methods, aims to obtain ultra-fine grain structure, lower than 1 um, with
high angle grain boundaries uniformly distributed throughout the volume, free from
the cracks or damage [61]. Among the SPD techniques, equal channel angular
pressing (ECAP) and high pressure torsion (HPT) are the most promising ones.
ECAP is comparatively simple and easy to perform on various alloys and
composites. It is applicable to large billets and it is said to provide complete
homogeneity in the final product when multiple passes are applied [96]. ECAP can
be used for samples as large as 4 cm in diameter and 10 cm in length [77]. In
contrast, using HPT, an exceedingly ductile Al sample 8.57 mm in height and 10
mm in diameter could be hardly produced due to the sample size limitation being so
dominant [97]. In the case of the Al 2024 alloy, when the production was limited to
1.5 mm in thickness and 14 mm in diameter, a hardness value of 275 HV was
attainable [98].

In practice, however, the final structure after the ECAP process may not be as
homogeneous as desired. Finite element analyses in ECAP have shown that the
lower part of the sample has less strain [99, 100], which results in inhomogeneity in
both the microstructure and mechanical properties of the sample. There are several

studies on the elimination of this inhomogeneity through annealing such as Qiao et.
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al. (2009) [32] or further ECAP processing [101]. Usually homogenization in ECAP
is achieved by increasing the number of passes, but even this treatment does not
always result in total elimination of inhomogeneity. For instance, ECAP processing
of age-hardenable Al alloys of 2024 and 6061 has resulted in a minimum hardness
deviation (AH=Hmaximum-Hminimum) Of 15 HV after 6 passes. In fact, a difference as
high as 30HV was observed in some regions of these samples [101]. There also exist
a study that led to a very low AHV of 4 HV for pure Al after four passes when the
ECAP was carried out inside a copper tube [102]. These varied results of the
previous studies indicate that there still is no agreement on the degree of
homogeneity after ECAP and further studies are necessary to reveal this relationship

more clearly.

4.1.2. Hardness Inhomogeneity Index

To investigate the inhomogeneity during deformation, one of the major tools is the
finite element method and FEM analysis studies define the inhomogeneity using a

parameter called strain inhomogeneity index that is shown by:

g, = ——" 4.1

where €max, €min, and &ayg are maximum, minimum, and average magnitudes of
effective strain [102, 103]. With a similar approach, a hardness inhomogeneity

index can be defined as:

H o= —™——m 4.2

where Hmax, Hmin and Hayg represent maximum, minimum, and average hardness
values, respectively. In this manner, both average values and hardness variations are
included in the data analysis. The range of deviation is an important index as it calls

attention to the weaker regions that may act as fracture initiation sites.
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The deformation inhomogeneity manifested in the first pass may diminish to a
certain extent by consecutive ECAP passes. Ultra-fine grain structure can only be
achieved through a certain amount of passes, but the minimum grain size achievable
is said to be dependent mainly on the amount of strain induced after the first pass.
The first ECAP pass has the most significant impact on mechanical properties and
final grain size [61, 96]. On the other hand, subsequent passes are regarded as a
means to attain homogeneously-distributed grains of high angle grain boundaries
[77]. Multi-pass ECAP process is essential if the strengthening mechanism depends
solely on grain refinement through deformation [66]. However, in the case of age-
hardenable alloys, ECAP and age-hardening should be considered together.
Different approaches are proposed for the optimization of these two strengthening
mechanisms, (i.e. grain-size reduction by deformation and precipitation hardening
by aging). Pre-ECAP aging, dynamic aging and post-ECAP aging are examples of
alternative choices that are carried out in combination with multi-pass or single pass
ECAP [12, 82, 93, 104-106].

Previous studies considering the pre-ECAP aging, showed that over-aged 2024 Al
alloy subjected to multi-pass ECAP holds a maximum hardness of 187 HV after 3
passes at 150°C, and further ECAP process results in a hardness drop [105]. The
magnitude of the observed AH values may be a result of overaging and dynamic
recrystallization. Dynamic precipitation shows better results in terms of hardness
enhancement than dynamic recrystallization. A study by Kim et. al. [107] on Al
6061 showed a remarkable increase in strength after four ECAP passes at 100 °C,

but a minimum AH of 15 was obtained.

When multi-pass ECAP is considered, post-ECAP aging becomes less effective for
both homogenization and strengthening. This is because ECAP stimulates
precipitation due to the high quantity of nucleation sites on which precipitation
becomes energetically favorable. Post-ECAP aging after a single pass has led to a
hardness of 205 HV after 30 hours of aging at 100 °C, but homogeneity-correlated

properties are not clear [82]. Post-ECAP aging is promising for homogenization,
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which is an outcome of the fine distribution of precipitates nucleated at defects
resulting from deformation [12, 32]. Several theories [66, 82, 98, 105, 106, 108—
113] have been proposed to correlate strengthening in age-hardenable ECAPed
alloys through grain size refinement by deformation and precipitation hardening by

aging; yet, there is no commonly accepted explanation for the exact mechanism.
4.2. EXPERIMENTAL PROCEDURE

Throughout the study, three ECAPed Al 2024 samples, with varied hardness values,
were investigated. The samples were 18 mm wide and 45 mm long cylinders and all
were quenched into 0°C ice-salt-water mixture after solutionizing at 495 °C for an
hour. The same 120° die was used to ECAP them once. The back pressure was
controlled by a number of Cu blocks that were sent through the ECAP channel prior
to sending the Al samples. This allowed formation of different back pressures which
will be mentioned as high (HBP) and low back pressure (LBP) throughout the study.
The first sample (Sample A) was used for preliminary studies as discussed in
Chapter 3. Porosities were observed in the sample and the information regarding
back pressure was not available. The second sample (Sample B), produced applying
high back pressure (HBP), was used for the inhomogeneity investigation that is
discussed in the second issue of the current chapter. The third sample (Sample C),
produced applying low back pressure (LBP), was used for thermal stability analysis
that is discussed in the proceeding chapter. All of these samples were tested for their
hardness values in the as ECAPed state as well as throughout aging. Sample A, cut
perpendicular to the pressing direction, was subjected to Brinell Hardness test using
500kgf weight and 10 mm diameter ball. Brinell hardness numbers (BHN) obtained
was converted to Vickers using conversion table. Sample B and C were cut at an
angle of 46° parallel to the shear direction. The hardness measurements were carried
out at a constant load of 4.9N and 10s of dwell time using a Shimadzu Micro
Hardness Indenter. To be able to compare the results, Al 2024 samples in
rectangular cross-sectioned bulk shape were also solutionized at 495 °C for 1 hour

and quenched into 0°C ice-salt-water mixture prior to aging. Interrupted aging
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experiments were conducted for all samples at 190°C. The aging kinetics of Sample

B and Sample C, as well as the solutionized and quenched sample, were compared.

4.2.1. Precision Cutting and Map Design

HBP sample (Sample A) was chosen to be used for observation of inhomogeneity
due to its higher hardness value. The sample was marked according to its orientation
during ECAP as “TOP” and “BOTTOM?”. An illustration is shown in Figure 4.1.
Cutting was performed at an angle of 46° considering the shear plane in order to
observe deformation bands in pure shear condition. Two 0.5 mm thickness disks
were cut adjacent to the surface of a 1 cm thick hardness sample from which the
microhardness data was collected. Figure 4.1 shows the sample cutting process
schematically. A thin section was also cut from the Al 2024 block which was not

ECAPed after solutionizing and quenching for control purposes.

Hardness TEM Sample
Measurement  Slicing

Figure 4.1. ECAP sample precision cutting for hardness measurements and TEM
sample.

Prior to the aging process, all the surfaces of the samples were polished and the

surface of HBP-ECAPed sample was subdivided into 16 regions of interest close to
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the central part as shown in Figure 4.2. The central point was assigned as the origin
(0,0) of an (x,y) coordinate system, and each hardness indentation was recorded
with its relevant coordinate. The penetration of hardness indentations were about
60—70 um in size, therefore a minimum 500 pum interval between each hardness
mark (x,y) was kept to maintain data reliability. For each aging time 16 indentations
were executed under a constant load of 4.9N and 10s of dwell time. The variation in
hardness values throughout the cross sectional area was represented using color-
coded contour maps. A similar approach was carried out for standard sample with

12 regions for each aging time whereas mapping was not executed.

Figure 4.2. (a) Thel120° ECAP die with a representative sample passing through at a
shear angle of 46°. The characterization studies were carried out along the AA' section
shown (left).(b) The sample was separated into 16 regions by locating multiple
guidelines as shown, two of which are passing through the center, represented as (x,y)
coordinate system (right).
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4.2.2. Sample Preparation for Electron Back Scattered Diffraction (EBSD)
Analysis

EBSD is a technique which has the capability of presenting different information
about a particular sample. The grain boundary misorientation angle, sub-cell
structure, size distribution, grain orientation, strain, texture and many other
properties may be detected using EBSD detector of a field emission scanning
electron microscope (FESEM). The sample size and the area of investigation are
also advantageous especially when compared to TEM. The only disadvantage is the
difficulty in producing a smooth enough surface for proper data collection. As a
result, sample preparation is more tedious than a conventional metallographic

specimen.

All samples were grinded using the 600-2000 range SiC grinding papers and
polished using 1um diamond polisher. The electro-polishing was carried out using
two systems. Initially Streurs, Lecropol-5 was used. To obtain a surface adequate for
data collection with EBSD, various etchants and other variables were tested to
polish Al alloys. After each trial, EBSD monitoring was performed since the shiny
sample surfaces did not always guarantee the EBSD data collection. The parameters
used could be seen in Table 4.1. The optimum etchant was found to be 5% (volume)
perchloric acid in ethanol. Optimum process parameters were 20 volts as voltage, 20
I/s as flow rate, 15 seconds of polishing time at 22 “C. The optimization could be
performed for standard samples but for ECAPed samples, due to deformed structure,
the quality of the polished surface obtained was below average hence a new
polishing option was needed.
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Table 4.1. The optimization of electro-polishing parameters for EBSD sample

preparation.

Flow .
Etchant Voltage rate Time Teomp. Result
V) (sec) O
(I/s)
60%Ethanol
20%\Water 15, 30,
15%Buthy. 25 10 45 22 poor
5 Perchloric Acid
60%Ethanol
20%\Water
15%Buthy 40 10 15 22 poor
5 Perchloric Acid
60%Ethanol
20%Water 7,3, RT average
15%Buthy 20 20 15 RT poor
5%Perchloric Acid
; Good for
0,
5 /ﬁﬁ;ﬂg? fic 20 20 15 22 Soln, average
for ECAPed
5 %perchloric 5, 10, 20,
ethanol 20 20 o5 22 poor
5 %perchloric Average for
Ethanol 17 20 15 22 ECAP

The ECAPed samples in the form of thin plates were punched into 3 mm discs to be
polished using *Fischione model 110 twin jet electro-polisher, which was originally
designed for TEM sample preparation. The punched discs were then electro-
polished without any dimpling and thinning. The results were better compared to
Buehler polisher. It was also possible to exactly locate the place of the sample. Both
shear and transverse directions of the ECAPed sample were investigated at three
locations, top, middle and bottom, according to the ECAP die as represented in

Figure 4.2.
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4.2.3. Interrupted Aging

Both solutionized and ECAPed bulk samples for microhardness measurement and
thin slices for TEM sampling were aged at 190+1°C in a silicon oil bath in pairs at
different baskets. After a certain time period they were water quenched and cleaned
using detergent, water and ethanol. Two TEM specimens were punched for each
time period at specified locations and microhardness measurements were
immediately performed at predefined locations. The experiments continued until

over-aging.

Time periods varied between 2 minutes to 10 minutes for each interruption during
the aging of ECAPed samples, Sample B (HBP) and Sample C (LBP) while for

solutionized and quenched samples, these periods were as long as 1 to 3 hours.

4.2.4. TEM Sample Preparation

TEM specimens were punched from the thin slices of samples and were thinned
down to 100um using 2000 SiC grinding paper. Dimpling was performed at
*Fischione model 200 dimpling grinder and minimum 45um deep dimples were
created at both sides of the samples so that a maximum 10um thickness remained.
The samples were then electropolished at -30°C in a 10% nitric acid solution at
about 10 V for 10-15 seconds until perforation.

43. RESULTS AND DISCUSSION

4.3.1. Hardness Variation in Different Samples

Studies on the reproducibility of SPD products, one of which is stated in the review
by Valiev and Langdon, are very rare [66]. The deviation in the properties of nearly
identical samples did not get enough attention. However, for commercialization,
reproducibility is one of the lead factors effective on economic efficiency
accompanied with service life both of which are discussed further in the current

study as well as service temperature.
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The reasoning behind the variation in hardness of similar products cannot be easily
determined referring to the current literature, as mentioned above, but probable
causes considering small but important details will be discussed. The properties
which may cause the hardness differences of the three ECAPed samples are
summarized in Table 4.2. An interesting outcome is that the sample including
porosity has the highest hardness. The coexistence of pores and high average
hardness value may indicate a heavier strain, enough to cause defects observed in
the form of pores. Sample A could not be identified according to the applied back
pressure so it is not possible to relate the high hardness to back pressure for this
particular sample. On the other hand, the porosity observed may have been already
present in the sample before ECAP as a low quality mill product. Besides sample
defect there are two parameters worth to investigate; back pressure and Mg content

which are small but major differences detected between Sample B and C.

Table 4.2. Various properties of the samples

. Hardness | Hardness | Back Mg
Observations (HV) Deviation | Pressure | content Cu/Mg
Sargp'e Porosity 188 6.3 NA 195 | 232
Same'e Nodefect | 1802 35 High | 194 | 234
Sa@p'e Nodefect | 164.6 4.1 Low | 172 | 256

4.3.1.1. Effect of Back Pressure

In literature, back pressure is stated to be effective on crack-free production using
ECAP as well as to obtain a more homogeneous structure. Another benefit of back
pressure on Cu, in the presence of 400 MPa back pressure, was found to be a grain
refinement improvement from 0.24 microns to 0.18 microns. Since the final grain

size is understood to be determined at the first pass of ECAP, the most dominant
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effect of back pressure could be expected in the first pass [96]. The easiest way to
impose back pressure is to increase the level of friction. As a means to increase the
friction, especially at the exit, a viscous/ductile medium was proposed to be inserted

at this region.

Actually there are no studies on what will happen in a system of multiple samples
with ductile medium as Cu blocks at the exit and in between. For this purpose, finite
element analysis using various analysis programs, Simufact, Deform and Marc were
initiated by Dr. Simsir’s group, experienced on the subject [114] yet, probably due
to the multiple deformable-deformable contacts, the simulations could not continue
after a certain point. The images regarding the simulation trials are presented in
Figure 4.3. The order and relative sizes of Cu block (cl) and Al (al) were
implemented in the system; in either of the simulations a strain of about 0.8 was
reached at the inner corner of the Cu block while the outer corner remained at values
of 0.5-0.6. The simulations were interrupted by the program when the contact
surface of two different Cu blocks (c2-c3) entered the deformation zone. The
contact surface of Cu and Al (al-cl) is also shown in the upper simulation. When it
was clarified that the simulations in the presence of deformable-deformable contacts
could not be finalized, to see the effect of feeding order in the case of a long whole
billet simulations were carried out. The results are presented in Figure 4.4.

Calculated strain distributions are seen as half sections in the image and the strain
towards the exit of the die (first part to pass through the die) shows the least amount
of strain. The homogeneity of the strain distribution is best at the center and the
highest strain values accompanied with high inhomogeneity are achieved at the
portion last to enter the die. The lowest strain distribution is found to be 0.2-0.55
while the highest is 0.3-0.9 corresponding to 22-73% and 35-145 % cold work,
respectively. The middle region, which shows the most homogeneous distribution
with the strain range 0.55-0.80, is equal to a cold work of 73-122%.
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Components Effective plastic strain

punch 1.000
die 0.875
a1 0.750
c1 0.625
a2 009

0.375
c2 0.250
c3 0.125

0.000

Max. 1.000
Min. 0.000

Effective plastic strain

di
a1

punch 1.000
e
c1 0.500
az 0.375
0.250 ‘
c2 0.125 ‘
c3 0.000 \
Max. 1.000
Min. 0.000
5 '
G

Figure 4.3. The simulation trial results of the ECAP system used in the study.
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Simulation of ECAP within a billet of Al
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Figure 4.4. The simulation of an Al billet through 120° die.

The hardening behavior of Al 2024 with cold working is shown in Figure 4.5 which
is adopted from Zhao et. al. [115]. A linear relationship is easily noticed hence the
line is extended towards higher cold working ranges. Regarding the hardness values
in hand, Sample C corresponds to ~60% cold work, equivalent to 0.47 in terms of
strain, while for Sample B, the values are ~92 % and 0.65 for cold work and strain,
respectively. In the light of the strain maps produced through simulation, it is
probable to have Sample B at the middle regions and Sample C close to the end
which is not far from the actual case. Although the order of Sample A is not well
known, regarding the positions it may belong to the last loadings. The results of the
simulation supports the idea that the order of the samples, hence applied back
pressure, is a major influence on the hardness inhomogeneity among the samples,
yet the values mentioned above may be different from the actual values. It is also
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possible that the strain caused by ECAP may have a slightly different resultant
hardness than cold working.
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Figure 4.5. Hardening of Al 2024 by cold work amount, adopted from [115].

4.3.1.2. Effect of Magnesium Content

The samples used in the experiments were commercial products so the chemical
compositions were checked using EDS analysis equipment of FESEM at a
magnification of 250X and a working distance of 10 mm with a death time of about
39 to be as accurate as possible. In case of any variations due to optimization, the
data were collected at the same session one after another. 15 data from each sample,

for a time span of 90 seconds, were collected. The chemical compositions are found
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presented in Table 4.3. The major significant variations are observed in Mg and Si

content.

The high Si content (which is in the range of specifications) have effect on
solidification temperature range of the alloy hence may be the cause of casting
porosity observed in Sample A. Other than porosity, there is no direct relationship
with Si and work hardenability and it is solely high in the first sample.

The second difference is in Mg content. There are two important facts to be pointed
out regarding the liability of EDS on Mg content and the possible effect of Mg in Al
alloys. First of all, since Mg is a low Z element, the standard deviation of EDS for
Mg was calculated as 0.09-1.14 which is very close to the difference in Mg content
0.23. On the other hand, high Mg content in Al alloys was indicated to increase the
precipitation hardening effect after cold working. It is also stated that being an
effective solute atom, Mg may increase the stored energy, strain and hardness, in Al
alloys during cold deformation [1]. In the review of Langdon and Valiev [96], it has
been stated that Mg has an effect on the temperature rise during deformation as well
as the final strength. The comparison was carried out between Al-1Mg and Al-3Mg.
2% Mg increment was found to increase the strength from 100 MPa to 170 MPa.
With a very rough approximation 0.2% Mg could cause 7 MPa of UTS increase but
to be able to obtain 15 HV hardness increment, at least 45 MPa raise in UTS would
be required. As a result the variations as small as 0.1-0.2% in Mg content cannot be
responsible for hardness deviation of 15 HV after ECAP process by itself but may
play a role to some extent. To conclude, low Mg content could be one of the factors
leading to the deviation in hardness after deformation but it cannot be the major
cause of the inhomogeneity among samples. On the other hand, it would be a
valuable contribution to investigate the effect of Mg content on strain levels of Al
2024 (rather than pure Al) during ECAP.
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4.3.1.3. Combined Effect of Back Pressure and Mg Content

The hardness variation among samples may be a result of both Mg content and back
pressure; hence passing order of the samples through ECAP die. During the passage
due to high friction and deformation most of the work is converted to heat. Heating
due to the friction during ECAP may cause rapid hardening which is easier in the
presence of higher Mg. Mg is also effective on increasing the temperature increment
during ECAP. It might be possible that the sample entered into the die last with a
higher Mg content may have experienced a rapid hardening at relatively higher
temperatures during deformation more than the other/s. It is stated that the increased
Mg content increases the rapid hardening amount [51] and a temperature raise of a
few minutes or even 60 seconds were enough to observe rapid hardening. It might
be possible that sample C which has the lowest Mg content experienced none or
very little rapid hardening while Sample A and B, with higher Mg content,
experienced a more effective rapid hardening. The differences in Cu/Mg ratio
represented in Table 4.2 shows that Sample C has highest Cu/Mg ratio which is a

factor lowering the effect of rapid hardening during precipitation.

Table 4.3. EDS Analysis of Sample A, B and C.

Al Cu Mg Mn Si Fe Zn Ti Cr

SaerIe 92.09 4.53 195 | 059 | 0.40 0.24 | 0.11 | 0.07 | 0.03

STD

Dev 0.20 0.10 0.14 | 0.03 | 0.06 0.03 | 0.06 | 0.02 | 0.02
Sargple 92.36 4.54 194 | 059 | 0.11 0.24 | 0.10 | 0.08 | 0.05

STD

Dev 0.16 0.09 0.12 | 0.05 | 0.03 0.05 | 0.07 | 0.02 | 0.03
Sargple 92.62 441 172 | 059 | 0.12 0.24 | 0.14 | 0.07 | 0.05

STD

Dev 0.18 0.08 0.09 | 0.03 | 0.06 .0,.03 | 0.07 | 0.02 | 0.02
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To conclude, the most probable reason of hardness inhomogeneity among samples
is the order of the samples which may be considered as back pressure as well as
ECAP temperature variation. Secondly Mg content may promote the work
hardening amount in the Al 2024 samples. A minor probability is the dynamic rapid
hardening during ECAP.

4.3.2. EBSD Results

In the EBSD images of the ECAPed sample, two directions were investigated. The
sample was cut through the shear direction at an angle of 46° and EBSD images of
top, middle and bottom parts were collected. The 0.5 cm thick sample cut at the
shear angle was divided into two from the transverse direction and again the top,

middle and bottom regions were inspected.

In Figure 4.6 A, B and C (transverse direction), there is no significant difference
other than the small grains of the middle part (B). At this direction no clear sign of
difference regarding EBSD images could be noticed. However when the shear
direction is inspected, the bottom part of the sample was clearly observed to have
lower strain in comparison to top and middle regions. This may be indicative of the
dead zone at the corner of the die mentioned in the literature [96]. This result is also
in agreement with the hardness results. However, at the transverse direction the dead
zone or corner gap effect could not be identified by EBSD.
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Figure 4.6. EBSD images of ECAPed sample in transverse direction (a), (b), (c) and
shear directions (e), (f), (g), at top, middle and bottom of the sample, respectively
accompanied with (d) Standard sample and schematic representation of the sample

4.3.3. Microhardness Data and Aging Behavior

The microhardness variation through aging can be observed in Figure 4.7 and Figure
4.8 for the standard and the ECAPed samples, respectively. There are certain

differences between two figures:

e Time of process: The peak aging time is as low as 1 hour for Sample B (HBP
ECAPed) and nearly 80 minutes for Sample C (LBP ECAPed) while for
standard sample it is ~11.5 hours. Precipitation of ECAPed Al 2024 is 12
times faster than the standard sample.

e The peak aged HBP ECAPed sample (Sample B) had~50% higher hardness

than peak aged standard sample.
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e Total hardness increment: In ECAPed samples, the total hardness increment
during precipitation was found to be lower than the standard sample.
However when the ECAPed samples are compared there is no significant
difference.

e Rapid hardening: The initial steep hardness increase which is commonly
observed in Al 2024 at the beginning of aging could not be observed in

ECAPed samples.
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Figure 4.7. Variation of hardness with interrupted aging of standard Al 2024.

88



200
- Aging of ECAPed Al 2024 S,
L Jot 8 4.1H
e ]
- o
Z 180 1 / ?
7
[7,]
o
o
= }
c 170 +—
I =
160 - e ECAPed (HBP)-Sample B
| e ECAPed (HBP)-Sample B (3rd order fit)
ECAPed-(LBP)- Sample C
[ ECAPed-(LBP)- Sample C (3rd order fit)
150 T T T
0.01 0.1 1 10

Aging time log(h)

Figure 4.8. Variation of hardness with interrupted aging of low back pressure (LBP)
(Sample C) and high back pressure (HBP) (Sample B) ECAPed Al 2024.

In literature, there is no consensus on precipitation sequence and hardening
mechanisms in Al-Cu-Mg alloys during precipitation. It is more difficult when
possible processes occurring as a consequence of severe deformation are included.
To be able to detect every possible variation and to ease the understanding of the
processes, the hardness plots are divided into three regions of interest although last
two regions may be regarded as a single peak due to the small drop in the initial
peak. Figure 4.9 shows the comparison of standard sample and ECAPed HBP
Sample. Last two steps are common in both samples while the rapid hardening in
standard Al 2024 is not observed in ECAPed samples. All three steps will be

explained and discussed in detail.
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Figure 4.9. Comparison of 190°C aging behaviors of standard and ECAPed Al 2024
samples.

4.3.3.1. First Stage of Hardening

Table 4.4 summarizes the investigated stages. The hardening of standard sample
during the first stage is 33.5 HV in one hour but for ECAPed samples this initial
hardening is only 4-7 HV. After ECAP the hardness was 180 and 167 for HBP and
LBP samples, respectively. The total hardness values would be 213.5 and 200.5 HV
after the initial stage but they are calculated as 184 HV for HBP and 170 HV for
LBP Samples. The loss in hardening is interesting. There are two possible causes of
the drop; either the rapid hardening has occurred during ECAP or it shares the same
hardening mechanism with ECAP (dislocation density increase) and the coinciding
strengthening mechanisms do not operate together. To be able to decide it is

important to understand the basis of rapid hardening in the standard sample.
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The sudden increase of hardness, in a few minutes, at a high aging temperature is a
general observation during aging of Al-Cu-Mg alloys. This behavior was tried to be
explained in different studies considering different theories. Basically two recent
theories are worth to mention. A common theory is that clusters of Cu and Mg are
formed by the help of quenched in vacancies and these clustering lead to the
formation of loop dislocations. In this theory the clusters are said to be the cause of
hardening, the phenomenon mentioned as cluster hardening. But in a study by Hono
[44] it was shown by HRTEM and APFIM that at the very initial stage there was no
homogeneous cluster formation of Cu or Mg. However the more recent study by the
same group using a more advanced Atom Probe Tomography indicated the
existence of co-clusters. In another theory it is suggested that the main hardening is
due to the formation of a sessile dislocation network resulted from the interaction of
dislocations and solute atoms or clusters rather than directly cluster based
hardening. In both of these theories and others, a relationship between solute atoms
and dislocations were accepted and most recent studies have proven the existence of

co-clusters of Cu-Mg and even Si [51].

There are two requirements of rapid hardening; defects, to ease diffusion, and
temperature, to increase mobility. In the case of ECAP, temperature rise during
deformation which may last for a few minutes is possible and a huge amount of
defect is created. As a result both of the two requirements of rapid hardening may be
satisfied. In an ECAP die, the possible temperature rise may lead to rapid hardening
in a few minutes. This early rapid hardening may be the reason of not being able to
observe the initial hardening during post ECAP aging. Another possibility is that the
deformation may have decreased the temperature required for co-cluster formation
as well as the time since apparently the kinetics has been speeded up due to
deformation. Thirdly, if rapid hardening is a mechanism depending on density of
dislocations, formation of a sessile dislocation network, since ECAP itself is a
dislocation density based hardening method; the coexisting of both could yield to

less hardening than expected.
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4.3.3.2. Second Stage of Hardening

The second stage of age hardening is observed for all samples with different process
times. For ease of measurement, peak hardness values and times corresponding to
complete the peak for each sample are tabulated in Table 4.4. Time of process is
calculated from the end of the previous stage to the end of the transition at the
lowest hardness point. In this stage, formation of GPB zones and possible coherent

or semi-coherent S phases are expected.

The hardness increments are 14.5 HV, 6 HV and 5 HV for standard, LBP ECAPed
and HBP ECAPed samples, respectively. The hardening amounts are lower in
ECAPed samples. This may indicate that softening mechanisms, such as recovery
and recrystallization, are co-working during aging. The kinetics of transformation is
found to vary a lot. For the harder ECAP sample, the time of transformation is
faster. While it is about 450 minutes for standard sample, for ECAPed samples the
time of transformation was in the 30-60 minutes range for LBP ECAPed sample and
30 minutes for HBP ECAPed sample. The transformation of HBP-ECAPed sample

was found to be 15 times faster compared to the standard counterpart.

This increase may result from higher diffusion rates and heterogeneous nucleation
of GPB zones on dislocations. Although GPB zones generally nucleate
homogeneously, the aging temperature is too high and time is too short for such a
nucleation. Considering the literature on the GPB zones, a heterogeneously
nucleating transformation is more feasible as a consequence of high aging
temperature and high density of dislocations which act as nucleation sites for GPB
zones. For the case of solutionized sample, 6 hours is a long enough time for

homogeneous nucleation accompanied by heterogeneous nucleation.
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Table 4.4. The samples representing different stages of hardening.

A Possible Possible
Sél\éI[F;IEE HA%EC;ESS TIME | PROCESS | Hardening Softening
(min) Mechanism Mechanism
HV; =99 Quenched Co-cluster
Standard [ HV; =132.5 90 Ageing at formation -
AH, =335 190°C
HVi =99 Work Dynamic
E E?:EIPDed HVecap =167 5-10 ECAPed hardening + Recovery
O AHVage1=4-6 co-cluster (Dislocation
< |(Sample C) stage! >
= AHV =72-76 formation | tangles and cells)
HVi =99 Work Dynamic
ECAPed HVecap = 180 hardening + Recovery
HBP - 5 ECAPed . .
(Sample B) AHVoge1 = 4 co-clus:ter (Dislocation
AHv =85 formation | tangles and cells)
HV;=132.5 . .
Standard | HV; = 147 453 A?S'O'l%at GPB+S N‘; )foefgigang
AHV =145 p
| ECAPed | HV,=172
L € i= .
2 LBP HV; =178 30-60 A?ggpcat GPB+S Rec?esign?zrgtion
= (Sample C) AHV =6 Y
ECAPed HV; =184 Ageing at Recover
HBP HV; = 189 0.25 ?90°gC GPB+S Recr stallizZtion
(Sample B)) AHV =5 Y
HV; = 147 Ageing at Coherency loss
Standard HV; =148 147 ?900% GPB+S and precipitate
AHV =1 growth
™
& | ECAPed HvV; =178 Ageing at Recover
2 LBP HV; =182 30-60 ?900% GPB+S Recrystalliz;/tion
5 |(Sample C) AHV =4
ECAPed HV; = 189 Ageing at Recover
HBP HV; = 196 30 ?900% GPB+S Recr staIIizZtion
(Sample B)) AHV =7 y

4.3.3.3. Third Stage of Hardening

The third and final stage of hardening is observed in all three samples with

variations in Kkinetics rather less than the second stage. Unlike the first two stages,
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time of process in Table 4.4 is determined at the peak points because there is no
exact time of completion of over-aging. In the last stage precipitation of S phase is
expected while GPB zones may still coexist with the S phase. The size, distribution
and coherency as well as the interaction of precipitates are important factors to

determine the hardness of the system.

Hardness increments are 1 HV, 4 Hv and 7 Hv for standard, LBP ECAPed and HBP
ECAPed samples respectively. Again the hardening amounts are pretty close to each
other but this time they seem to be directly proportional to the degree of hardening
during ECAP. Higher dislocation density leads to higher strengthening during the
formation of S precipitates. It is possible that S precipitate formation is more
homogeneous and easier in the presence of dislocations. The standard deviation is

observed to diminish for all samples.

When the kinetics of transformation is considered the variation between samples is
lower. The longest process time still belongs to the standard sample, about 150
minutes, whereas for HBP-ECAPed sample (B), it is 30 minutes which is 5 times
faster than standard sample. It could be possible that the precipitates formed at the
second step acted as nucleation sites and time of process is actually for the growth
of these nuclei. For LBP-ECAPed sample (C) it is about 45 minutes as expected.
The variations in the precipitate phase formed will be discussed in more detail in

TEM data analysis part.

The final hardness reached (196 HV) is a significant improvement for Al 2024
alloy. In fact it was shown that further ECAP passes do not result in further hardness
improvement but mostly help on the grain refinement of the structure [66]. In our
case another advantage was the lowered time of precipitation hardening process

approximately 1/12th of the commercial one.

According to the literature [57] the combination of strengthening mechanisms are
added to each other. In this case the hardness values can be added to or for recovery

and recrystallization, can be subtracted from to formulate the hardening behavior.
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To calculate let’s assume that precipitation and deformation are totally independent
mechanisms. The total hardening of solutionized sample during the last two stages is
49 HV, while it is only 16 in ECAPed HBP sample. The loss of 33 H hardness may
be a result of recovery and recrystallization and dynamic rapid hardening during
ECAP. In the case of dynamic rapid hardening, there is no loss of hardening but the

strain during ECAP becomes inefficient.

4.3.4. Micro-Hardness Maps

The micro-hardness maps obtained during aging of ECAPed sample are meaningful
in three ways. First of all they show roughly the hardness distribution throughout the
sample. Secondly, they indicate that the time differences during aging can be
observed locally at low and high strain regions. Similar kinetic differences detected
between Sample B, C and standard sample are noticed indicating the effect of
dislocation density variations on kinetics in the local, much smaller scale too.
Thirdly they prove that the age hardening process somehow acts as a
homogenization process throughout the sample. All these three will be explained

further.

4.3.4.1. Peak 1 (Stage 2)

Figure 4.10 shows the variations in hardness throughout the sample up to 30
minutes. The sample initially showed high hardness at the center and low hardness
especially at the bottom. As aging continued, at 10 min, the hardness began to
spread towards the sides while a rapid hardening was observed at the center. This
indicates that the hardest region began age hardening first; however in15 minutes a
drop began at the center and hardening continued at the sides. The hardness
variations gradually increased until 30 minutes. It is not possible to explain every
variation on the maps during the aging because the hardness data of the same point
could not be repeated at the next time interval but a close point was measured.
However the maps showed that the structure was experiencing kinetic variations

throughout the sample as if multiple samples were in the structure. The variation of
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kinetics have now become much more complicated than it was for individual
samples because the driving force for transformation continuously changed as the
transformation progressed. When the maps are reconsidered, at 30 min map the
decrease at the center dominated such that the finishing time for the whole sample
was determined for the first peak. It is also very remarkable that the hardness
inhomogeneity became so obvious that the range of hardness extended to 176 to 200
HV range.

15 min’
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Figure 4.10. Micro hardness maps of HBP-ECAPed sample during interrupted age
hardening at 190°C (0 to 30 minutes).
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4.3.4.2. Peak 2 (Stage 3)

The micro hardness maps in the time range 35-180 can be seen in Figure 4.11. The
inhomogeneity immediately started to drop at 35 minutes; since the improvement
was high a one minute interval map was taken at 36 minutes. After 40 minutes of
aging, a hardening at the top middle started and extended throughout the sample in
10 more minutes. At 60 minutes, peak aging was observed especially at the bottom
which was previously least hard region. Although 60 minutes aging led to the
highest hardness when homogeneity is considered the optimized microstructure
belongs to 65 minutes of aging. The degree of hardening is higher for previously
low hardness regions. This might indicate the absence of recrystallization at these
regions. In highly deformed regions, the driving force for recrystallization is high so

softening first starts at those regions.

In Figure 4.11, it is also seen that further aging above a certain time resulted in an
increase in the inhomogeneity of the structure. The 180 minutes aging especially
may indicate that recrystallization is progressing accompanied with over-aging. The
top region might have recrystallized and over-aged while the bottom part just started

to experience these processes.

The dislocation density and strain differences throughout the sample resulted in
varieties in the timing of aging and recrystallization. The over-aging and
recrystallization of high dislocation regions might have retard over-aging of low

dislocation regions.
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Figure 4.11. Micro hardness maps of ECAPed HBP sample during interrupted age
hardening at 190°C (35 to 180 minutes).

4.3.4.3. Variation of the Hardness Inhomegeneity Index (HII)

As previously discussed in theory, the variation in hardness can be quantified in a
more scientific way if defined using more parameters. The standard deviation only
considers the change in a certain property however the relative meaning of this
variation remains out of the equation. The integration of standard deviation with the
average value would be more meaningful especially in engineering science. Using
the index helps to know whether a value is practically small or large. For example a
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1 HV deviation is very small for a sample with an average hardness of 200 HV
while for a 50 HV hardness sample, it is relatively larger.
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Figure 4.12. Variation of the hardness inhomogeneity index of the ECAPed sample
during precipitation hardening with corresponding micro-hardness maps.

The hardness inhomogeneity index is AHsidev/Haverage. The values calculated for the
precipitation sequence is represented in Figure 4.12. As can be seen from the graph
initial inhomogeneity was about 0.08. Local maximum and minimum values were
present throughout the process. Especially the peak at 30 minutes made a maximum
of all with a HIl of 0.125. On the other hand the sudden homogenization was
noticed right after the inhomogeneity peak. The lowest value was observed at 65
minutes with less than 0.05. Nearly 50 % reduction in inhomogeneity could be

attained. The homogenization after single pass ECAP with a hardness increase of
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~15 HV in only 65 minutes of precipitation could be regarded as a very good
achievement when compared to the standard and peak aged counterpart. The whole
process increased the hardness from 150 HV to 196 HV and the inhomogeneity
problem was also eliminated.

Hardness inhomogeneity index of sample C was also calculated and compared with
Sample B in Figure 4.13. Although there are missing data between 0-60 minutes, the
lowest HII was achieved about 80 minutes close to the peak aged condition as also
observed for sample B. The two lowest points follow one another in the graph. The
data points of sample C completes the missing ones of sample B and vice versa
showing that throughout the whole aging process there are variations of HII with a
general trend of decrease in time.
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Figure 4.13. HII variation during agin of ECAPed samples; B and C.
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4.3.5. TEM Results

In chapter two, a comparison between standard and ECAPed samples was roughly
discussed. The current section will be a more detailed investigation of both under
the light of micro-hardness data analysis. The proofs on the previously mentioned
stages and claims will be presented. The differences between the two groups of
samples will be shown especially considering the precipitate sizes. For the
inhomogeneity discussion, two samples belonging to the same time and different
regions will be investigated in accordance with the hardness variation.
Unfortunately it was not possible to produce TEM samples of all regions and all
times but only a representative pair regarding inhomogeneity studies.

4.3.5.1. Aging of Al 2024 without ECAP

TEM results of standard Al 2024 will be considered in two stages of aging. It would
not be practical to explain through every stage so two stages were chosen; 9 hour
aged sample and peak-aged sample.

The 9 hour aged samples were found to possess S precipitates of different sizes, the
longest being smaller than 400 nm but mostly less than 200 nm, denoted by circles
in Figure 4.14a. The distribution of precipitates may be considered as relatively
homogeneous. On the left side of Figure 4.14a, a dislocation rich region can be
observed shown by arrows. Figure 4.14b shows the precipitates in a closer objective.
The precipitates are in the form of needles parallel to each other or at a certain
angle, nearly vertical to one another. This may indicate a relationship between the

matrix and the precipitate growth direction.

The actual sizes of precipitates were not easy to determine because as can be seen in
Figure 4.15 although they look like individual precipitates in bright field image, in
dark field they are observed as a group of very closely arranged precipitates, named

as S precipitate groups.
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Figure 4.14. TEM micrographs of the solutionized, quenched and aged sample
(190°C/9h)
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Figure 4.15. Bright field and dark field images of a group of precipitates in the
solutionized, quenched and aged sample (190°C/9h).

Regarding the hardening sequence of standard Al 2024, the rapid hardening stage at
the beginning was stated to be a result of the interaction between dislocations and
solute clusters. Formation of a sessile dislocation network at early stages of
precipitation was suggested and the hardening was attributed to this sessile
dislocation network formed around clusters of solute atoms. TEM images would be
helpful on the clarification of this stage because the dislocation network should be
observed throughout the sample if there is hardening related to dislocation
formation. When solutionized and rapid quenched samples were investigated,
occasional dislocation network regions were observed. They were much less than
the ones in the ECAPed samples as expected but high enough to prove that a
hardening due to dislocations may be meaningful. In Figure 4.16, the dislocation
rich networks are clearly seen. These may be indicative of the first hardening step of
solutionized and rapid quenched sample. It might be thought that this may be

formed during TEM sample preparation but having observed various Al samples
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before, the dislocations usually observed in a regular TEM sample are far less from
this density and especially this much spreading around cannot be seen.

A general look in the peak aged samples (190°C for 11.5 h) is shown in Figure 4.17.
Well distributed precipitate rich regions, not totally interconnected, as it is usually
seen in over-aged samples, but with local connections at certain parts are seen. In
the general view, a grain rich in dislocations can be observed. The closer view in
Figure 4.17b showed that the dislocations are rather less dense compared to the 9

hour samples.

The peak aged structure was found to contain various precipitates arranged in
different manners in Figure 4.18 two of which are presented. Both images show that
precipitates prefer to align either closely and parallel to each other or at a certain
route. They are located on the previously existing dislocation lines and this
alignment shows that S precipitates were formed by heterogeneous nucleation at the
dislocations, a probable dislocation path is shown in Figure 4.18.

In Figure 4.18, the image contains a series of parallel precipitates. It is interesting
that when certain tilts were applied, some of them were observed as if they were a
single precipitate at a certain plane and direction when perceived with bright field

imaging.

The high resolution images in Figure 4.19 shows the coherent interface between the
precipitate and the matrix. Higher magnification images showed that in either side

of the precipitate the coherency was maintained as it is shown in the same figure.
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Figure 4.16. Dislocation rich regions and dislocation network in the solutionized,

quenched and aged sample (190°C/9h)
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Figure 4.17. Peak aged Al 2024 (190°C without ECAP). a) general view, b) a
dislocation rich region.
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Figure 4.18. General view of precipitate distribution in the peak aged Al 2024 (190°C,
without ECAP).
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Figure 4.19. HREM images of precipitates in the peak aged Al 2024 (190°C; without
ECAP).

4.3.5.2. Results of ECAPed (High Back Pressure) Al 2024

TEM results of ECAPed and aged samples were investigated for two stages of
aging: 50 min aged, and peak-aged. Besides, images of a couple of samples punched
off from certain locations after 35 minute aging with their corresponding micro-
hardness variation graphs were presented. The differences in the microstructures,

especially GPB zones and precipitates were investigated.

35 Minutes Aged Al 2024 at Two Different Locations

During age hardening of ECAPed (HBP) sample, various TEM samples were
collected at various times in order to obtain any meaningful relationship between
hardness and TEM images. One of the most meaningful couple of samples was
collected at a significantly important time, at 35 minutes. A slight drop in hardness
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was detected and the inhomogeneity was nearly at its highest. It was most probable
to get any TEM samples that would lead to an explanation to the inhomogeneity
increase. In Figure 4.20 variations of hardness in the max and min hardness regions
as a function of aging-time were given. At region 9 the hardness has started to
increase and at region 13 it has already begun to drop. This means that the GPB
zone formation has been completed in region 13 and it has been progressing in

region 9. The TEM samples of those regions were investigated.
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Figure 4.20. Hardness variations of two regions; 9 and 13 with corresponding sample
locations.

In the corresponding figures of 35 minutes aged ECAPed Al 2024 (Figure 4.21,
Figure 4.22, Figure 4.23) the strikes on the images are the GPB zones. They are, in
fact, a few atomic planes thick needles creating strain fields around them which
would be observed in the form of coffee beans if they were spherical. The strain
they create results in the observed strikes cut at the center. In Figure 4.21, the
general view of regions 9 and 13 were observed respectively. In Figure 4.21a, a
dislocation rich region is observed with a white region including some GPB zones.

It might be best to remember that region 9 is at the middle stage of hardening due to
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GPB zones; hence they are hardly visible. However, in Figure 4.21b, the strikes are
denser and easy to observe. These are representative images of the GPB zones

throughout the samples.

In Figure 4.22.a and Figure 4.22.b, the GPB zones in region 9 and 13 are seen
respectively, the latter being overaged in terms of GPB zones. It might be concluded
that the precipitates or zones are easier to notice and more interconnected in region

12 which supports a more overaged state.

Lastly, high resolution images of the GPB zones are shown for both regions in
Figure 4.23. Though some differences may be seen, it is not possible to make a
certain claim on these images other than a relative clarity of GPB zones might be

noticed in Figure 4.23.b when compared to Figure 4.23.a.

It would be appropriate to say that these are not statistically valid results but the
images are representative of the samples. Although the differences are not easy to
notice at first sight, they are not unnoticeable at all.
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Figure 4.21. (a) Region 9 (bottom), continuing the hardening due to GPB zones. (b)
Region 13 (middle) the peak due to GPB zone has been completed and hardness has
dropped. (ECAPed; 190°C/ 35 min.)
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Figure 4.22. (a) Region 9 (bottom), continuing the hardening due to GPB zones. (b)
Region 13 (middle) already the peak due to GPB zone has been completed and
hardness has dropped. (ECAPed; 190°C/ 35 min.)
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Figure 4.23. (a) Region 9 (bottom), continuing the hardening due to GPB zones. (b)
Region 13 (middle) already the peak due to GPB zone has been completed and
hardness has dropped. (ECAPed; 190°C/ 35 min.)
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50 Minutes Aged Samples

In Figure 4.24, an example of occasional subgrain or new crystal formation, free of
dislocations, is encircled in the ECAPed sample after 50 minutes of aging at 190°C.
These new crystals were observed throughout the sample which may indicate
recrystallization and the dislocations were found to rearrange indicative of recovery.
In Figure 4.25, the dislocations form cell walls around the GPB rich regions. It
could not be observed whether the dislocations themselves also contain GPB zones
or not. The GPB zones in between the dislocations were not easy to recognize in
bright field mode so dark field imaging was performed. Unlike the inner parts of the
cells, newly formed precipitates were observed at these parts. In Figure 4.26 dark
field images of precipitates formed among the dislocation network are presented.
The sizes of precipitates are not more than 15 nm whereas they were loosely
distributed. Only about 5-6 precipitates are observed at each diffraction spot which

is much less than the ones in peak aged samples.

JO0 sl

Figure 4.24. Subgrain or new crystal formation (about 100 nm size) in the ECAPed
and 50 minute-aged Al 2024 sample.
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It might be concluded that at this stage GPB zones and small precipitates of
coherent S phase coexist although coherency detection was not possible due to their
size range and locations. But due to the size/surface area considerations, only
coherent precipitates could be formed energetically. Otherwise the surface energy

relative to precipitate volume would remain too high for the transformation.

Figure 4.25. Cells around the GPB zone rich regions in the ECAPed and 50 minute-
aged Al 2024 sample.
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Figure 4.26. Newly formed precipitates at dislocation network regions imaged by
dark-field electron microscopy (a) Bright field image; (b),(c),(d) Dark field images at
different diffraction spots.

ECAPed and Peak Aged (60 minutes) Al 2024

The general view of the peak aged sample in Figure 4.27.a showed that dislocation
rich regions have been modified into more local areas. They looked more organized
probably due to the precipitates formed upon them and accompanied recovery and
even recrystallization processes. Peak aged samples are further investigated in terms
of precipitate size and distribution. Figure 4.27.b shows a region with some traces of
precipitates in the form of slight strikes. The coherency of the precipitates is
probably less than GPB zones so they are harder to observe without dark field

imaging.
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Figure 4.27. ECAPed and peak aged sample with (a) dislocation rich region, and (b)
traces of precipitates.
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Figure 4.28. The more organized dislocation region due to precipitates in ECAPed and
peak aged Al 2024.

4.3.5.3. Comparison of Standard and ECAPed Peak Aged Al 2024 with Respect to
Deformation

The comparison of the precipitates in Al 2024 samples with and without severe
deformation is one of the key points of the current study. It is not only important for

the understanding of the kinetics but also valuable to see the variations in general.

When the images in Figure 4.29 and Figure 4.30 are observed, the distribution of the
precipitates in ECAPed sample is found to be more homogeneous. Though they are
still parallel to one another, the distance between them is more distinct. Obviously in
ECAPed sample shorter precipitates are seen and they seem to have a more rounded
shape rather than being in the form of needles. This might be an indication of the

coherency differences of the two precipitates.
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The size distributions of precipitates were investigated using Image J quantitative
analysis and the lengths of the precipitates were measured. Although bright field
images of standard samples were satisfactory for appropriate measurements, it was
impossible for the ECAPed samples even to see an individual precipitate without
dark field imaging hence the images in Figure 4.29 (a and b) and Figure 4.30 (c and
d) were used for calculation. Minimum 200 counts were carried out for standard

sample and all visible precipitates were counted in ECAPed sample.

Figure 4.29. Peak aged precipitates of solutionized and quenched Al 2024.
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Figure 4.30. Precipitates observed in the ECAPed and peak aged sample using dark
field imaging.

The precipitate distributions of standard and ECAPed Al 2024 are shown in Figure
4.31 and Figure 4.32. In standard peak aged samples, precipitates were found to be
close to 100 nm and few precipitates of large sizes were measured. The small
precipitates were found to dominate however in ECAPed and peak aged sample,
Figure 4.32, a more homogeneous distribution is observed. The size distribution
curve tremendously changes and the average sized precipitates dominate rather than

very fine and very large precipitates.

While this was the case for individual data, the comparison of these two groups
would be more meaningful to compare the precipitate size differences between
ECAPed and standard Al 2024. The average size of precipitates in ECAPed samples
was found to be 11.6 nm whereas for standard sample it was calculated as 137.3 nm.
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The size of the precipitates has become about 12 times smaller than it was for
standard sample after ECAP which is in agreement with the time of their formation.

The average precipitate size of ECAPed sample, which is 12 times smaller than
standard, indicates that heterogeneous nucleation of precipitates at the densely
distributed dislocations is the main reason of fast aging observed in ECAPed
samples. The time needed for diffusion of atoms in order to grow the precipitates
from 1 to 12 units was not required in the case of ECAPed samples because there

were 12 times more nucleation sites to precipitate on, in the deformed structure.

80

W0 Standard+peak aged-1
I Standard+peak aged-2

60 A

Frequency (#)
o~
o

20 A

0 100 200 300 400 500 600 700

Precipitate Size (nm)

Figure 4.31. Size distributions of precipitates in standard sample for two images in
Figure 4.29aand b
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Figure 4.32. Size distributions of precipitates in ECAPed sample for the images in
Figure 4.30c and d.
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Figure 4.33 The comparison of size distribution of precipitates in the ECAPed and
standard Al 2024.
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CHAPTER S

INVESTIGATIONS ON THE THERMAL STABILITY OF
ECAPED Al 2024 ALLOY

51. INTRODUCTION

Severe plastic deformation, especially ECAP, leads to an improvement in
mechanical properties like hardness and tensile strength [61, 116]. Hall-Petch
equation states that at low temperatures, grain refinement leads to mechanical
property enhancement. hence the stability of both the microstructure and the
enhanced mechanical properties, when subjected to relatively high/moderate
temperatures, becomes very critical due to the involvement of the high energy
microstructure. However, the temperature increase combined with the fine grained
structure may result in an increase in the flow of the material. As a result, the

thermal stability of refined structures is regarded to be highly important [116]

2xxx and 7xxx alloys are stated to be the most stable Al alloys after ECAP in
regards to temperature variations owing to their precipitation hardenability and
hence the precipitate and dispersoid content [117]. Stepwise testing, by short (a few
hours at most) exposures to certain temperatures, are encountered often in literature
for SPD processed products [117-127]. Another common method is differential
scanning calorimeter (DSC) but its resolution at high heating rates such as 10K/min
may lead to not so well defined, distinguished results while low heating rates, not
commonly used, may be a better option. These methods mentioned above may
provide a more accurate idea on thermal stability of non-heat treatable alloys,
however, when severe deformation and super saturation is taking place

simultaneously, the outcome of exposure to certain temperatures for a long time is
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not so easy to predict. When a commercial application is considered, it is not only
beneficial but also essential to know the safest temperature and safest lifetime of a
certain product, especially if it is to be used in aerospace and transport industry.
This study aims to answer these questions not through estimations but through
experimental results suggesting a safe temperature limit and service time in
accordance to the minimum mechanical property requirements. It also provides
insights on the effects of post-ECAP aging on the thermal stability. The major focus
of this part of the study is to investigate the stability of ECAP processed Al 2024
when subjected to moderate temperatures for long time periods and investigating the

responses in terms of microstructural differences.

Throughout the study 1000 hours of annealing heat treatments at 80°C, 120°C,
150°C and 200°C and interrupted hardness measurements were conducted.
However, critical samples and critical time periods were chosen for meaningful
explanations of the results since investigating all the microstructures using TEM and

EBSD would not have been a feasible option.

5.2. LITERATURE REVIEW

5.2.1. Thermal Stability

Thermal stability is defined in the literature as the preservation of the properties
when a sample is subjected to different temperatures. Besides the mechanical
properties, various other engineering properties such as electrical
conductivity/resistivity, corrosion resistance, thermal conductivity, and optical
properties may vary with temperature. Although thermal stability is a result of the
microstructural stability, it is not so easy to determine accurately which
microstructural character affects which property. On the other hand, it is also
possible to observe a change in a property without a significant variation in the
microstructure, such as the transition of precipitates from coherency to semi-

coherency.
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Thermal stability may also be regarded as a resistance to change. It is advantageous
in some cases when change is detrimental to the property required for a certain
application while, in some cases, it may be undesirable for a specific application,

like thermal sensors that require immediate reaction to temperature variations.

All structural changes are based on thermodynamics and Kkinetics involved.
Although thermodynamics mainly discuss macro systems [127], all changes result
from the need for thermodynamic equilibrium hence the microstructural changes are
rooted in this requirement. Very similar to any change in life, the driving force for
the transition may run into a barrier such as the time required for the process to be
completed. There are certain cases in which a detectable transformation can never
proceed at a certain time interval and a metastable phase, i. e. martensite, practically
becomes an equilibrium structure. In other cases time needed for a certain process
decreases due to increased kinetics, and another more probable process may be
surpassed. The barrier to the transition is an advantage for improved thermal
stability. At this point distinguishing the difference between theory and practice is
crucial. All transitions from one state to another need time and in complicated
microstructures, where parallel processes are likely to occur, it is difficult to
determine the duration of change or in other words, the level of stability. The
current case can be regarded as one of such systems where both precipitation

sequence and annealing, including recovery and recrystallization, coexist.

5.2.2. Recovery and Recrystallization

Plastic deformation of any kind has the effect of increasing the free energy of a
crystalline material immediately. When the temperature is high enough for atomic
movements, this increased energy can spontaneously disappear but at low
homologous temperatures, the kinetics is slow and the unstable structure is
preserved until a higher mobility state is thermally activated through a heating
process namely, annealing. The defects, hence the increased free energy, may be

eliminated or rearranged to low energy configurations during annealing [128].
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In general, two types of defects, dislocations and vacancies, are increased during
plastic deformation. It is highly important to underline that vacancies are annealed
out at low temperatures and has very little effect on the microstructure as a
hardening aid although it is possible for the excess vacancies to affect the
precipitation sequence as a mobility increasing factor instead of temperature,
especially in severe deformation cases. On the other hand, elimination of vacancies
might also be considered as a type of recovery process at low temperatures but
cannot be defined as a phase transformation [84]. In addition, in the case of
annealing stimulated recovery and recrystallization, vacancies are not determined as

a major parameter.

Defining recovery as “the processes taking place while the original grain structure is
preserved”[84], leads to confusion since using today’s technology a significant
change may be observed in the original grain structure whereas an optical
microscope shows no difference at all. In this study recovery will be referred as “the
annihilation and rearrangement of dislocations” in order to provide a more accurate
definition. On the other side of the coin lies the recrystallization which is usually
attributed to newly formed equiaxed grains [58] but recent studies have shown that
recrystallized grains are not necessarily equiaxed [128]. Another consideration is
that the borderlines between various annealing phenomena are not as clear as they
were formerly defined in literature, since new technology and more developed
deformation techniques provide opportunities for observations that were not
available, yet they constitute a profound base for understanding many of the
variations. Taking practical concerns rather than phenomenological categorization,
the three major mechanisms of annealing is categorized according to Humphreys et.
al. in Table 5.1 [128]. The dynamic recovery and recrystallization are left out but

static annealing phenomena have been included.
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Table 5.1. Static annealing examples [[128]

Recovery Recrystallization Grain growth
Continuous
“Uniformly occurring Subgrain Continuous Normal Grain
throughout the growth recrystallization growth
material”
“DISCOFI'[II‘IUOUS Discontinuous .
Heterogeneously subgrain Primary recrystallization Abnormal Grain
occurring throughout g y recty Growth
. growth
the material

As discussed earlier, cold deformation and SPD are means of increasing dislocation
density. For the mechanical property enhancement, the most important parameters
are regarded as structure of the metal or alloy and the dislocation density. It has
been stated that up to 5-6 times higher strengths could be achieved through
deformation. As previously discussed the very high dislocation densities, such as
~10"®m? | as well as the very low ones, lead to the highest strength values while
moderate dislocation densities, annealed state ~10*'m, result in the lowest strength
values. When a metal, with an excessive dislocation density, is heated to ~T /3 the
annealing process initiates with loss of dislocations and rearrangements leading to
the loss of mechanical strength as well [128].

5.2.2.1. Recovery

Recovery can be defined as restoration of the properties of a deformed structure to
its undeformed state to a certain degree, prior to recrystallization. Recovery is
known to be mainly a result of variations in the dislocation structure, mechanisms
that are summarized in Figure 5.1. The processes mentioned theoretically take place
in the represented order but they may coexist or some of the mechanisms may not
take place in some systems. Another possibility is that some of the mechanisms
might have already taken place during deformation which is a dynamic recovery
process [58, 128].
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It is important to note that recovery and recrystallization are competing processes in
the sense that there is no possibility for recovery after recrystallization. In a study on
pure Al deformed at -170°C, the DSC data showed that vacancy annihilation took
place at -70°C and recrystallization took place at -20°C without any sign of recovery
[128]. This particular case is a good example of the competition between
recrystallization and recovery. On the other hand recovery may use up the stored
energy that is the driving force for both recovery and recrystallization, resulting in

affecting the kinetics and the nature of recrystallization.

The degree of recovery depends on various parameters and conditions. The main
factors can be listed as the amount of strain, nature of the metal, especially stacking
fault energy and annealing temperature as well as deformation temperature
[84][128].

At a constant temperature, during annealing, higher strain increases the degree of
recovery unless the combined effect of strain amount and annealing temperature
correspond to an early recrystallization. Likewise, increasing the temperature leads

to a more complete recovery.

The nature of the metal such as purity, alloying elements and especially stacking
fault energy are key parameters to the recovery process. When the stacking fault
energy, Ysee, IS high, the recovery tools such as dislocation climb and cross slip are
easy, so recovery is promoted by the metal as in the case of Al alloys. Solute atoms
may affect the dislocation motion in various ways such as pinning the dislocations,
affecting vacancy concentration and mobility or even by varying the ysee. An
interesting fact about the solute effect is that dislocation pinning avoids dynamic
recovery but since the amount of stored energy increases, the static recovery is
encouraged by the presence of the solute atom. Magnesium, for example, has such
an effect in aluminum. Solute Mg atoms pin the dislocations and avoid dynamic

recovery which raises the stored energy as well as the static recovery.
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In addition to thermal analysis, recovery may be measured by the variation of
properties which are sensitive to microstructure, such as density and electrical
resistivity since numerical determination of the stage and overall state of a system is
not easy even with TEM analysis. Hardness variation may be attributed to recovery
to a small extend and high hardness drops are usually accepted as a specific sign of
recrystallization. Although the kinetics of recovery for simple systems can be
estimated through the variation of these properties, not only because different
processes may involve but also because recovery itself does not consist of a single
step, it may be misleading to interpret the variations as a direct indicates of recovery
process. Yet there are two types of common, isothermal, empirical kinetic
relationship of recovery with a certain property. Type | is applicable to poly crystals

which is defined as

dt t '

X is the change of parameter from the annealed condition, C; is a constant. When

integrated the equation becomes,

dt t '

In Figure 5.1 five stages of recovery are shown but basically there are two important
dislocation mechanisms involved: dislocation migration or rearrangement (into a
lower energy state) and annihilation. The basic mechanism of dislocation tangle and
cell formation is dislocation rearrangement while dislocation annihilation in cells,
subgrain formation and subgrain growth more dominantly occur as a result of

dislocation annihilation.
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Dislocation annihilation
within cells

Formation of subgrains Growth of subgrains

Figure 5.1. The five possible recovery states. Sketches adopted and reproduced from
Ref [128].

Rearrangement of dislocations into more stable arrays may be achieved by
polygonization. Polygonization is the formation of low angle grain boundaries
created by the excess dislocations occurring after annihilation that are usually
recognized in single slip systems and single crystals. Another more common method
is sub-grain formation as a result of large strains applied to polycrystalline metals
where the mechanisms are much more complex due to variety of Burgers vectors of
dislocations involved. They react forming a 2-D network and high stacking fault
energy leads to formation of 3-D cells with walls of complex dislocation tangles.
The cell size depends on the alloy and the strain as well as the strain distribution
throughout the material [128]. Cells differ from sub-grains in some ways. First of all
cell boundaries include dislocations spreading towards the cell interiors and contain
certain amount of dislocations within, while sub-grains have clearer boundaries with
no dislocation inside. However both have low angle boundaries and have slight

variations in their orientations.
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Dislocation annihilation may occur in many ways but the most common one is by
means of dipole edge dislocations which lie at the same glide plane with opposite
directions. In this case, they can easily anneal out each other and this process may
take place even at low homologous temperatures. On the other hand, when dipole
edge dislocations are at different glide planes, dislocation climb is necessary which
also necessitates higher temperatures though in the case of high stacking fault
energy metals, such as Al, dislocation climb may also be observed at low
homologous temperatures. Dislocation annihilation leads to the formation of
subgrains and the movement of the subgrain boundaries result in the growth of these

subgrains.

In the case of complex dislocations, bulk/core diffusion and thermally activated
glide/cross-slip are examples of possible mechanisms. Thermally activated glide or
climb controlled recovery rate is formulated as below:

do Q(o)

o —clexp(—k—T 5.3

Where activation energy (Q) is a function of internal stress (o) c1 is constant, K is
Boltzmann constant, t is time and T is temperature. It is important to note that
increase in the dislocation density results in a decrease of the activation energy
(during cold work) while annealing with applied temperature increases the

activation energy [128].

It is possible to observe cells and even sub-grains in a deformed alloy right after
deformation due to dynamic recovery but in some cases sub-grain formation may
not be visible due to a prior recrystallization. The parameters that support the sub-
grain formation are high stacking fault energy, low solute content, large strains and
high deformation temperature. In the case of ECAPed Al 2024, stacking fault
energy and strain are high but deformation temperature is relatively low, except a

hard to control temperature rise that may have occurred and solute content is high. It
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is not possible to predict which of these parameters would dominate or what their
combined effect could be.

The last stage that could be observed in recovery is the coarsening of sub-grains, the
driving force of which is the stored energy at the boundaries. The energy of the
system after sub-grain formation is still high due to total area of low angle
boundaries and the coarsening can lower the free energy. Usually sub-grain growth
is attributed to occur in materials in which recrystallization is not possible. The

following equation was derived for the kinetics,

D™ — 1(} = Clt 54

In which Dy is the subgrain size at t=0 and c; is temperature dependent rate constant
and n is the exponent when close to 2 resulting in grain growth Kkinetics after
recrystallization but it may vary up to 4. It should be stated that the amount of sub-
grain growth is rarely greater than 2 for the ratio of D/Dy because it is often

bypassed by recrystallization [58, 84, 128].
Subgrain Growth Controlled By Particle Coarsening

Small, unstable particles such as precipitates may start to grow or transform after
obtaining a stabilized sub-grain structure during sub-grain growth. The
growth/transformation rate of particles directly affects or even controls the rate of
sub-grain growth. To describe the process, extended recovery term is used since
previously stabilized structure restarts the recovery process. The structure that
formed as a result of extended recovery varies with the degree of coarsening. It may
be similar to continuous recrystallization process but the main difference is that it
provides no significant change observable on the distribution of grain/subgrain

misorientation.

5.2.2.2. Recrystallization of Two Phase Alloys

Recrystallization is a renewal process of a deformed metal involving the formation

of new, strain free grains in the structure. Its driving pressure is the amount of strain
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imposed and high enough strains may cause a decrease in the recrystallization
temperature due to high stored energy and hence high driving pressures. Even if the
alloy consists of the same particles, the recrystallization temperature may vary
according to the strain amount. Recrystallization is a very broad subject to be
discussed thoroughly so in this part of the review the discussion will be limited to
the recrystallization of two phase alloys particularly the relationship between

recrystallization and precipitation.

Second-phase particles, either in the form of dispersoids already present in the alloy
or in the form of precipitates to be formed, have significant influence on the
recrystallization behavior of the alloy. In a two phase alloy there are two basic
options; already present particles and particles that are precipitating in the process of
annealing. Both of these cases are present in an as quenched and ECAPed Al 2024
alloy due to the present dispersoids in the structure and super saturated state ready to
precipitate.

If the strength of the particle is low and particles deform they lower the
recrystallization tendency while harder particles have a diverse effect. Individual
effects of particles are not easy to determine but there are two general processes that
might be observed; particle stimulated nucleation (PSN) and boundary pinning.

It is important to pay attention to the particles that are already present in an alloy
prior to deformation since they may influence the overall density of dislocations,
homogeneity and the deformation behavior around the particles which will
determine the possibility of PSN afterwards. These particles are also likely to
increase the stored energy during deformation as well as the driving pressure for
recrystallization. Relatively large particles may induce the nucleation of new
crystals which is termed as particle stimulated nucleation (PSN). On the other hand
particles that are small and closely spaced may utilize a noteworthy pinning effect
on grain boundaries which may be high or low [84, 128]. The effect of particles

varies according to the particles’ size, shape, spacing and volume fraction.

133



The combined effect of size and spacing of thermally stable particles may lead to a
strong pinning effect that prevents recrystallization of deformed or recovered
structure up to the melting temperature. Usually this could be the case when metal
matrix composites are considered. However, particles that are larger than 1 micron

was found to accelerate new crystal formation in the same alloy [128].

PSN is a commonly observed phenomenon in commercial alloys such as copper,
aluminum, nickel and iron when the particle size is above or close to 1 micron since
many alloys include large particles. It may be controlled by particle distribution and
may be used as an aid for homogeneous small grained microstructures. The possible
outcome of PSN may be a textured recrystallization depending on the orientation of
the particles. A low deformation temperature as well as high strain are some of the
factors that may stimulate PSN [128]. In the ECAPed Al 2024, both low
deformation temperature and high strain are present as well as dispersoids of various
sizes. PSN might be the possible mechanism observed in the samples annealed at
190°C and 200°C.

To conclude, in general three major effects of particles in an alloy can be observed
two of which promote recrystallization while the other may inhibit. First of all, the
particles present make the process of deformation harder hence increase both the
stored energy and the driving pressure for recrystallization. When the particles are
large, they may act as nucleation sites for recrystallization which is the second
promoting effect of particles present in the structure. Contrary to large particles, if
the spacing between the particles is small, they may well apply a considerable
pinning to not only low angle grain boundaries but also to the high angle grain
boundaries. This hindering effect may be highly observed if the precipitation occurs
before recrystallization. It can be concluded that size, distribution and the volume
fraction of the second phase are the most important parameters to be considered.
Both the recrystallization kinetics and the final grain size depend strongly on the

inter particle spacing as well as the size of the particles [128].
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It is stated that when compared to a single phase alloy, the retardation and even
complete inhibition of recrystallization are frequently observed in the two phase
alloys. Especially in systems when there are small particles, it is important to
remember that the recrystallized grains do not need to be or even cannot be

equiaxed but they are shaped in ragged forms due to the pinned grain boundaries.

When the deformed alloy in consideration is also a super saturated solid solution
which is about to precipitate then the relation of precipitation to recrystallization is
very important. The situation becomes highly complicated not only because the
precipitation nature and kinetics are likely to be affected by the deformed structure
but also the recovery and recrystallization might be interfered by the presence of
precipitates. This is the case of supersaturated and ECAPed Al 2024 in the current
study. Although it is impossible to construct an exact match of time temperature
transformation diagram for Al 2024, a schematic figure represented in Figure 5.2
adopted from Humphreys et. al. [128, 129] for a cold-rolled super saturated Al alloy
of minor alloying element is represented as a starting point for a more clear

discussion.

There are three basic regions divided by two critical temperatures (T and Tg) in the
diagram showing the coexistence of three possibilities of precipitation and
recrystallization. In this case recovery may be regarded as a former process that has

already started during deformation.

Region | (T>Tx): is the only temperature range in which recrystallization is not
affected by precipitation reaction. It proceeds and is finalized before any
precipitation and subsequent precipitation may be observed depending on the super

saturation and duration of annealing.
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Figure 5.2. Schematical TTT diagram of a cold-rolled supersaturated aluminum
alloyadopted from [128, 129].

Region Il (Tg<T<T,): is the temperature range where recrystallization is observed
prior to precipitation. It is likely that the precipitation may inhibit the completion of

the recrystallization process.

Region Il (T<Tg): Lastly the third region, which is the most relevant to the current
study, is the temperature range which is relatively low compared to others. In this
range, priority is of precipitation and hence retardation of recrystallization is very
likely. The recrystallization lines drawn belong to a dilute Al alloy in the absence of
precipitates. It is very likely that at the lower parts of the TTT an expected

retardation for recrystallization will occur.

A three step process is expected in this region. The first step is the precipitation and
recovery in which a pinning due to the presence of precipitates may be observed,
inhibiting the recrystallization. In the second step, coarsening of the precipitates or
transformation of them into incoherent stable phases is to be expected. The sub-

grain growth is expected as a result of precipitate growth or transformation. This
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phenomenon is stated as “recovery” through particle controlled sub-grain growth.
The last step of the region is recrystallization which can only occur at sufficiently
long times and high enough temperatures originating at high angle grain boundaries,

large second phase particles or heterogeneities [128].

Heating rate is stated as another important factor, because at low heating rates
precipitation occurs prior to recrystallization and formation of new crystals is
retarded whereas high heating rates surpasses the precipitation zone in the TTT

diagram.

5.2.3. Thermal Stability of Aluminum Alloys

Thermal stability of all engineering materials is important due to a probable
exposure to relatively high temperatures. In the case of low melting temperature Al
alloys, it is crucial to determine the property variations with temperature. While the
term, thermal stability, may include extreme conditions like very low temperatures,
in the case of aluminum, low temperatures enhance mechanical properties by nearly
25% [1]. When aluminum with a melting temperature of 660.37°C is alloyed with
Cu, Mg, Mn, Zr, Fe and Si to form 2024 alloy, melting temperature drops to 638°C
with the solidus and incipient melting temperatures of 502°C and linear thermal
expansion coefficient [1]. When annealing temperature range is calculated
according to the equation, 1/3T, it gives the beginning temperature of the annealing
as -15 to +31°C (258-304 °K) which is very low. From this standpoint, even room
temperature deformation may be considered as hot deformation for Al 2024. With
this in mind the temperature ranges selected in the current study (80-200°C) for
thermal stability can be considered as high temperatures. If the initial annealing
temperature is taken as the recrystallization temperature, which is generally stated as
% Tm (114-182°C) to 2/3Ty, (244-334°C), then the temperature range selected for
ECAPed Al 2024 in this study covers the lower part of that region. It should be
noted that the temperature and kinetics of annealing may vary depending on so
many factors that it is not possible to predetermine the response of the ECAPed Al

2024. However, regarding Al 2XXX alloys and S precipitates, in 2011, the strength
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and thermal stability was suggested to be improved by maintaining the precipitates
below a certain size and increasing their density [6]. The current study can easily be

regarded as a response to the suggestion.

The most common method to detect mechanical response to temperature in long
time intervals is creep testing. There are also long term thermal property tests
reporting the tensile test behavior after exposure to various temperatures for
durations of 100, 1000, 10000 hours [1, 130]. Data for Al 2024 in relation to these
tests could not be obtained, however a sample data for 2124-T851 was represented
in Table 5.1 [1]. The difference in chemical composition between Al 2024 and
Al2124 is also given. T851 states that the sample was stress relieved by stretching,
compressing or a combination of both after solution heat treatment, cold working,
and artificial aging. As can be seen, the only variation is the upper limit of Si and Fe
percentages. The alloy composition in the current study can also be found in the
table.
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Table 5.1. Thermal stability data for Al 2124 T851 and compositions

T At Indicated T At RT after heating
Time of . . . . .
Temp. EXposure to Tensile Yield Elongation Elastic Tensile Yield Elongation
Temp Strength Strength (%) Modulus Strength Strength (%)
°C () ' (MPa) (MPa) (GPa) (MPa) (MPa)
-80 - 525 490 8 76 - - -
24 - 485 450 8 72 485 450 8
100 0.1-10000 455 420 9 71 485 450 8
150 1000 400 380 11 68 475 435 8
175 100 360 340 12 66 470 420 8
175 1000 330 305 14 66 455 400 8
175 10000 295 250 16 66 405 305 10
205 100 305 270 15 63 435 370 8
205 1000 260 220 19 63 395 305 9
205 10000 185 140 28 63 290 165 12
Compositional Differences in Al Alloy
DesiA!;r'%on Si (%) (oF/i) Cu (%) Mn (%) Mg (%) | Cr(%) | zn(%) | Ti(%) Ug:fﬁi':/'oe)d U{‘j&ﬁc('%d
2024 0.50 0.50 3.8-4.9 0.30-0.9 1.2-1.8 0.10 0.25 0.15 0.05 0.15
2124 0.20 0.30 3.8-4.9 0.30-0.9 1.2-1.8 0.10 0.25 0.15 0.05 0.15
Alloy Comp 0.24 0.40 441 0.72 1.97 0.21 0.26 0.23 - -
Std dev(+) 0.04 0.05 0.14 0.05 0.10 0.03 0.07 0.03 - -




5.2.4. Thermal Stability of Severely Deformed Materials

The thermal stability of severely deformed materials is investigated in various
studies [117-126, 131-137]. The main concern of these studies was to investigate
the variations in grain size, grain boundary type and mechanical properties. The
stability of ultra-fine grain size was measured through TEM and EBSD. The
mechanical testing was performed either by tensile or modified tensile test in
substandard size or by hardness measurement. Differential scanning calorimetry was
also considered as a tool to investigate structural variations. Another less common
investigation was X-ray diffraction to measure the difference in lattice parameter
and strain [117-127, 131-137].

The kinetics of microstructural and mechanical variations was measured by DSC
and by isothermal or isochronal heating curves. The duration of temperature
exposure was limited to 2 hours. In Table 5.2, some of the recent studies carried out
are summarized. It should be noted that the longest annealing period in these studies
was 672 hours and carried out only in the cold rolled Al alloy [135]. Especially for
ECAPed or HPT processed samples there are no significant studies on how long
time annealing would affect the properties and microstructure. An investigation of
long term thermal stability of severely deformed structures in accordance to the
standards have not been found during literature search whereas quick and

incomparable tests were easy to come by[117-127, 131-137].

At temperatures above 150°C, the response of SPD processed Al alloys is quicker
and meaningful data could be produced even for few annealing hours. A study by
Ning et. al. on highly cold deformed Al 2024, it was stated that recovery of the
deformed structure starts at the beginning of 190°C aging . But since the formation
of GP zones (they are not observed) increases strength the level of decrease in

strength is eliminated [111].
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Table 5.2. Some recent, thermal stability studies on severely deformed alloys.

Islamgaliev
2011 [133]

Year Alloy Deformation | Thermal Time of Mechanical Property
Process Stability Temp | Exposure | Results
Al 1100 ECAP (90°) 100°C, 150°C, 1 hour Tension test
6 passes 200°C 250°C,
300°C, 350°C
5 Al 3004 ECAP (90°) 100°C, 150°C, 1 hour Tension Test
e 6 passes 200°C 250°C,
S 300°C, 350°C
S Al 2024 ECAP (90°) 100°C, 200°C, 1 hour Grain size measurement
° 6 passes 300°C
$ Al 6061 100°C, 200°C, 1 hour Grain size measurement
£ 300°C
£ Al 5083 100°C, 200°C, 1 hour Grain size measurement
300°C
Al 7075 100°C, 200°C, 1 hour Grain size measurement
300°C
Al 2024 ECAP (90°) 100°C, 200°C, 1 hour Grain size measurement
= 'Ff_;‘ (over 8 passes 300°C
= aged)
98 Al 2024 ECAP (90°) 100°C, 200°C, 1 hour Grain size measurement
=R (peak 4 passes 300°C
aged)
o o Al 1200 ECAP (90°) 130°C, 240°C, 1 hour Hardness measurement
22 330°C
3 S ér Al3103 ECAP (90°) 100°C, 200°C, 1 hour Hardness measurement
O ®s 300°C
Al 1200 Cold Rolled RT to 400°C 2 hour Hardness measurement
= (Strain =2.3)
E 5 Al 1200 Cold Rolled RT to 400°C 2 hour Hardness measurement
2o (Strain =4.6)
&S Al 1200 Cold Rolled 200°C, 210°C, 672 hour Hardness measurement
T« (Strain =4.6) | 230°C
Al 2017 hydrostatic 100-400 °C 1 hour Grain size measurement
_Ecw“ extrusion Microhardness
3 'ﬁ (sudden drop after
=) 150°C)
28
s 34Q
. 99.1% Al | ECAP (90°) 50-400 °C 1 hour Hardness measurement
E S 1 pass XRD analysis
o
53
r
Cu ECAP 100°C, 140°C, 30 In situ XRD
E‘ _—~ Cu-Zr 160°C, 180°C, minutes
3 § 3 200°C
Al-Cu- HPT 20-250 °C 30 Hardness measurement
Mg-Si minutes XRD Analysis
alloy
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5.3. EXPERIMENTAL PROCEDURE

Homogenization of ECAP processed Al was investigated previously. It was shown
that through precipitation the inhomogeneity due to severe deformation could be
eliminated. On the other hand, increased aging kinetics may be detrimental to
service time especially when the relatively high temperatures are considered. While
Al 2024 alloy was known to be stable up to 150 °C, the thermal stability of ECAPed
Al 2024 was only investigated in short terms by isochronal or isothermal
investigations. For long term thermal stability investigation, the single pass ECA
pressed aluminum 2024 alloy, with a chemical composition given in Table 5.1, was
divided into various pieces as shown in Figure 5.3. The temperatures were selected
according to the reported lowest aging temperature, 80 °C, as the lower limit and
just above the optimum aging temperature, 200°C, as the upper limit. The
intermediate temperature 150°C was reported as a critical limit, and 120°C was

chosen as a candidate limit temperature for severely deformed Al 2024.

The ECAPed sample was cut through the shear angle and each part was used for a
specified temperature with its TEM sample adjacent to the surface where micro
hardness measurements were taken. The elliptical pieces, except for the 190°C
piece, were cut into two pieces one of which was slightly larger in order to
distinguish easily. The larger parts were aged at 190°C for one hour prior to thermal

exposure.

The Vickers microhardness measurements were carried out according to a map
designed for homogeneous data collection from 15 regions of each sample which
was shown in Figure 5.3. The time intervals of exposure to annealing temperatures
were increased in time. Initially 6, 12, 24, 48, 168, hours were selected to be able to
see the precipitation and general behavior. Further time intervals were chosen as
long as possible for practicality and short enough to obtain required data hence the
experiments were continued with various interruptions until 1000 hours. The
samples were quenched into water after annealing at each interruption before micro

hardness and XRD measurements and TEM sampling.
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XRD measurements were conducted using a 0.15 slit with a rate of 1°/min, rotating

the sample in the range of 20-90° degrees.

TEM Hardness
©| samples samples

15 regions were usedto ECAP+P

getwell distribution of Agedat qu:’-‘,Ped

P \, hardnessdata 190°

Figure 5.3. The sample sectioning and hardness measurement map.

The corresponding TEM samples were collected for critical micro hardness

variations from all the samples.

The DSC measurements for ECAP processed and ECAP processed and peak aged
samples were carried out in central lab. The heating rate was 10°C/min from -2°C to

500°C.

XRD measurements were performed using a slit of 0.15 between 20-90° with a scan
rate of 1° per minute rotating the sample. The data for long term thermal stability of
commercial Al 2024 alloy was also not available in the literature for Al 2024 alloy
but could be found for 2124 alloy though the micro hardness data could not be

directly obtained.

This part of the study will include the thermal stability at different temperatures as

well as the effect of post-ECAP precipitation on thermal stability. The temperatures
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of interest will start with 150°C since it is an important limit temperature and
continue with higher temperatures such as 190 and 200°C. Lastly the behavior of the
ECAPed samples at 120°C and 80°C will be discussed. The data is mainly of the
hardness variations but some of the samples are further investigated using TEM or

EBSD to ease the understanding of the different behaviors in hardness plots.
54. RESULTS AND DISCUSSION

The DSC data obtained from Sample B and C did not give any meaningful results
and hence they are not presented in the results of this study. Likewise, XRD data
was found to have too low resolution in order to distinguish the complicated phases
such as precipitates and dispersoids from the Al matrix and each other. Thus, the
results of the study are composed of EBSD and TEM investigations with their
corresponding micro-hardness measurements. The data will be presented as a blend

of the three to ease the understanding of the variations.

Figure 5.4 and Figure 5.5 show the microhardness variation during annealing at
80°C, 120°C, 150°C and 200°C of ECAPed and ECAPed+peak aged samples,

respectively.

Above 150°C, peak aging after ECAP could be regarded as ineffective except the
homogeneity of the structures. Below 150°C, on the other hand, the peak aging after
ECAP seemed to be effective on a homogeneous structure with stability and

improvement in mechanical properties.

A secondary peak after 500 hours of annealing emerged in samples tested at and
below 150°C. Sudden drop of hardness, indicating recrystallization, was seen in
samples at and above 150°C. Hence it is possible to say that 150°C is a limiting
temperature for ECAPed samples in terms of thermal stability. Both recrystallization

and a secondary peak are observed at this temperature.
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Figure 5.4. Variations of the micro-hardness of the ECAPed samples at different
annealing temperatures.
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Figure 5.5. Variations of the micro-hardness of the ECAPed and peak aged samples at
different annealing temperatures.
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The comparison of ECAPed samples with 2124-T851 is presented in Figure 5.6. It

should be noted that the conversions from tensile strength of 2124-T851 to Vickers

hardness were carried out using a conversion table generally used for steels. This

may be regarded as inappropriate; however it provides an opportunity for

comparison.
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Figure 5.6. Thermal stability of ECAPed Al 2024 and cold deformed Al 2124 alloys.

When the hardness values of ECAPed Al 2024 is compared with cold worked Al
2124, the hardness of ECAPed Al 2024 is found to be lower than that of cold
worked 2124 alloy after 1000 hours of annealing at 200°C. Although conversion

errors from UTS to HV at lower strengths can cause the unexpected result, it is

suspected that an abnormal grain growth controlled by particle coarsening might be

the reason of the decrease of hardness in ECAPed Al 2024. This result shows how

important long term thermal stability characterization is prior to commercialization.
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Due to the unknown nature and unpredictable behavior of SPD materials; tedious

characterization is a must.

The ECAPed and post ECAP aged Al 2024 samples are found to preserve and even
improve their mechanical properties during annealing at 80°C and 120°C. 150°C
was detected to be a limiting temperature for applications involving long term
exposures to high temperatures. In addition, it seems to be a key transition
temperature that shows both high and low temperature behaviors at different stages.
It includes the sudden drop that is observed in samples annealed at 200°C and the
secondary peak emerged in samples annealed at 80°C and 120°C. As an
intermediate temperature, detailed investigation on annealing of ECAPed Al 2024 at
150°C may enlighten the underlying mechanisms during annealing of ECAPed Al
2024. Consequently, the variations of ECAPed sample at 150°C is thoroughly
investigated and presented whereas other temperatures are briefly explained in the

following sections.

5.4.1. Stability of ECAPed Structure at 150°C

When heated to 150°C, ECAPed sample experienced a typical precipitation process
as a function of time (Figure 5.7). A similar precipitation behavior observed in
190°C was noticed. A two-step aging with a slight decrease in between, a deviation
IS recognized. Yet it is hard to decide in either case whether it is an actual separation
or only a deviation. For ease of understanding however, the stepwise process may be
helpful. The initial hardening (stage 2) at 150°C has developed in nearly 10 hours
with about 13 HV increment, slightly higher than 190°C. The second hardening
(stage 3) showed an increase of 4 HV, similar to 190°C, in about 36 hours. After
500 hours of annealing at 150°C, a third hardening peak appeared. It is an

interesting behavior of the alloy, probably due to another precipitate formation.
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Figure 5.7 Hardness variation of ECAPed Al 2024 at 150°C as a function of treatment
time.

5.4.1.1. After 6h at 150°C

The data presented in Figure 5.8 shows the deformed structure of ECAPed sample
after 6 hours of annealing at 150°C. The various colors in EBSD data represent
different crystal orientations as denoted by the color coded map given below the
EBSD image. EBSD image with color variations throughout the elongated grains
shows that deformed structure was preserved. The crystal orientation differences
inside the grains can be attributed to the deformed structure recovered in the form of
cells which are also imaged in TEM. The TEM images represent cell formation
surrounded by high density dislocation regions, so called dislocation forests. The
dislocations at the interiors of the cells were preserved. This indicates that cell
formation stage of recovery had been activated but annihilation of dislocations

inside the cells had not occurred yet.

The size, distribution and shape of cells vary with grain orientation as it is also
visible in EBSD image. For example, the pink and purple grain enclosed by the big
circle in Figure 5.8a show higher orientation difference while in the green grain,
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small circle, variations are less. It should also be noted that less or more, in all
grains color variations exist and there are no grains of single, uniform color. In each

data a representative hardness plot is attached for the ease of following the data.

In Figure 5.8, a few cell walls shown by arrows (c) are seen accompanied with the
corresponding diffraction pattern (d) of the image. The cell wall sizes are about 400
nm in width. The diffraction pattern forms an interrupted ring pattern which is a sign
of misorientation differences, hence polycrystallinity. This indicates that the cell
walls shown in Figure 5.8-c are separating regions of varying orientations such as

subgrains in a coarser grain.

Figure 5.8-e and f include the bright field and dark field images of a T-phase
dispersoid immersed in the deformed structure. In Figure 5.8-g, the circled spot
belongs to the dispersoid lying parallel to the (-220) plane of the matrix and the
dislocation rich region is observed around it. The observation of precipitates was not
possible in the diffraction pattern.

At this point, it is important to understand how cells, formed during recovery, can be
observed using TEM. Cell walls are nothing but densely arranged dislocation
tangles around a less dense dislocation rich region. The observation of dislocations
in TEM can only be possible when diffraction vector g and Burger’s vector b are not
perpendicular to each other. Whenever an image is observed in TEM some of the
dislocations cannot be observed due to this dislocation invisibility criterion. When
we observe a cell at an angle there is a certain amount of invisible dislocations
throughout the cell interiors as well as along the cell walls. When the sample is
tilted, the invisible ones become visible and previously visible dislocations fade in
the image. This variation may not be homogeneous and strongly dependent of the
sample and beam direction as well as the b of dislocations. The following

suggestion may not be valid for some of the cells but may apply for others.
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Figure 5.8. ECAPed and heated (150°C / 6h) sample: (a) EBSD image, (b) TEM image
accompanied with the hardness variation plot and color coded map. (c) Cell walls
formed and (d) its diffraction pattern. (e) A bright field image, (f) its dark field
counterpart, (g) diffraction pattern of a dislocation rich region with a dispersoid.
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Cell sizes, amount of deformation as well as the distribution of dislocations
throughout the sample vary in ECAPed structures due to inhomogeneity, as
indicated in Chapter 4. The generally easy to notice structure of cells shown in
Figure 5.8 b may not always be observed directly. Depending on the orientation of
the viewed grain/grains; cells and especially cell walls may be observed as if they
were individual grains. This may be due to the partial observation of cell walls at a
certain perspective as represented in Figure 5.9; schematic explanation of how the
observation may vary with respect to the grain orientation. This is best supported by
spread diffraction spots viewed as if to form a circle as in Figure 5.10 b. It should
also be reminded that the thickness of the sample definitely alters the resultant
image. For relatively thin regions of the sample, at the edges, dislocation density
may seem to be low because only the projection of a depth of 10-20 nm thickness is
observed. When the thickness increases, away from the edges, the observed image
becomes much more complicated. Even the edge thickness varies from one region to
another; hence it may not be meaningful to drive a conclusion on dislocation density
depending on various TEM images. Yet, the precipitate size variations and relations
of precipitates to the matrix, dark field images, the recrystallized grains or
dislocation free subgrains, are more countable observations in TEM.
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Figure 5.9. Possible observations of cells formed and cell walls using TEM.

Another image of the general view of 6 hour annealed ECAPed sample at 150°C is
shown in the Figure 5.10-a with its corresponding diffraction pattern (b). Due to the
grain orientation, walls of various cells denoted with red arrows are observed. T-
phase dispersoids are marked by blue arrows and the combined image of dispersoids
and cell walls are encircled. The diffraction pattern is circular which represents
polycrystalline nature in general and in particular multiple cells in this image. All
aluminum peaks are not observed in the diffraction pattern which may indicate
texture, and there are undefined spots which, most probably, belong to the
dispersoids. In the lower part of the Figure 5.10-c, a cell with dislocations inside is
visible. This gives the idea that the sample is on recovery of the deformed structure
and at its initial stages. The precipitation may be a more dominant process since
grain interiors as well as dislocation rich cell walls may contain tiny precipitates,
either GPB zones or S”/S’ phases. The traces of precipitates are visible in Figure

5.10-d in the form of small white particles of about a few nanometers. Due to very
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small sizes, deformed structure as well as high coherency of the precipitates, the
diffraction patterns do not show any sign of GPB zones or precipitates. However,
observations on the over aged and peak aged structures and the increased hardness
led to the conclusion that these white regions are signs of early stages of

precipitation.

§ Cell with deformed  Traces of precipitate
: interior formation

Hardness variation
Annealing at 150°C

0 0 o0
Trestment me logih)

Figure 5.10. ECAPed and heated (150°C / 6h) sample: (a) Dispersoids and cells
formed, (b) DP, (c) A cell with dislocation inside, (d) Traces of precipitates
accompanied with the hardness variation plot.
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To conclude, the observed microstructures and diffraction patterns show that
recovery has started in the sample. The precipitates are too small to observe, but
hardness increment indicates precipitation. Small hardness drops resulting from
recovery is surpassed by precipitation and there is an overall increase of hardness
rather than a small drop or preservation of hardness. The hardness increment could
only be attributed to precipitation. This gain and loss balance may also be the reason
for the lack of rapid hardening stage in ECAPed Al 2024 system.

5.4.1.2. After 24h at 150°C

After 24 h of annealing at 150°C, the second part of precipitation which leads to
peak hardness is observed. Figure 5.11 shows the EBSD data where the deformation
bands as well as the blend of colors are compatible with the TEM image shown in
(b). In Figure 5.11-c, red arrows indicate the cell walls while blue ones denote the T
phase dispersoids all of which are reflected in the diffraction pattern in Figure 5.11-
d. The corresponding hardness value is circled in red in the hardness variation plot.

Since the hardness of the sample is close to the peak value, though the image of
precipitates was not clear, the traces of them in the form of strains or small white
regions were expected. Regarding the hardness improvement, the presence of
coherent, very small S precipitates or GPB zones or both is probable. In Figure 5.11-
e, strikes and white small bands are seen which may be the sign of precipitation. The
precipitates themselves still cannot be observed clearly because they are supposed to
be coherent with the matrix and the dislocations they have nucleated on hinder the

ease of observation. Yet the traces of precipitates can be noticed in Figure 5.11-f.
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Figure 5.11. ECAPed and heated (150°C / 24h) sample: (a) EBSD image (b) cell
formation, (c) cell walls and dispersoids, (d) Diffraction pattern of “c” accompanied
with the hardness variation plot and color coded map. TEM images of (e) dislocation
rich regions (f) traces of precipitates.

The increase in hardness can be attributed to the precipitates formed throughout the

structure, especially at dislocations, in coherent or at least semi-coherent form. It is
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nearly impossible to define the structure, shape or composition of the precipitates at
this stage. Progress in recovery cannot be differentiated in the TEM micrographs

and EBSD data and there is no sign of recrystallization at this stage of annealing

5.4.1.3. After 48h at 150°C

48 hours of annealing at 150°C resulted in over aging of ECAPed Al 2024 and the
expected observation was to be able to see precipitates clearly in bright field
imaging if not in diffraction mode. In Figure 5.12-a, the general view shows large
dispersoids in the dislocation rich region and the deformed structure was found to be
preserved throughout the sample. In Figure 5.12.b and c, two types of precipitates
are seen; the encircled region in Figure 5.12-b shows long needles of precipitates
which may be strain fields of GPB zones and arrows in Figure 5.12.c point to small
but thicker precipitates which could not be detected in diffraction patterns. The loss
in coherency of precipitates led to the relaxation of strain fields around them. As a
result clearer observation of precipitates through TEM could be possible. Yet they
preserve the coherency enough to prevent the observation in diffraction mode and
dark field imaging.

Though not with a good accuracy, the precipitate size can be roughly measured.
Both the hardness variation and TEM images supports the initiation of over aging
stage of S precipitates. No signs of recovery and recrystallization could be detected
at this stage hence the drop of hardness can be attributed to over aging while
hardness loss due to recovery and recrystallization processes may still be present
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Figure 5.12. ECAPed and heated (150°C / 48h) sample: TEM images of (a) General
view with dislocations rich regions and large dispersoids (b,c) precipitates
accompanied with the hardness variation plot.

5.4.1.4. After 168h at 150°C

A large hardness drop is observed as a result of 168 hours exposure to 150°C. This
stage is the beginning of sudden hardness drop so it is highly important to
understand the microstructural changes which are keys in understanding the

annealing behavior.

In Figure 5.13-a, when EBSD image of the sample is investigated, changes like
enlarged orange color in the grain marked with big circle as well as the small cyan
and pink grains marked with small circle are observed. These observations may
indicate further recovery (subgrain formation and subgrain growth) and even
recrystallization of the structure, respectively. In Figure 5.13.b, interconnected
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precipitate network which indicates further over aging is pointed out by ellipsoids.
The cell wall in between is preserved.

In Figure 5.13.c, grains or subgrains free of dislocations are observed and indicated
by white arrows while in a large portion of the sample the deformed structure was
preserved. It should be reminded that in TEM, it is possible to miss a feature present
in the structure due to small sample sizes but if it can be observed in TEM, the
feature is most probably present in the structure. This may be regarded as a clear
indication of the beginning of the recrystallization which will progress yielding to

the sudden hardness drop
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Figure 5.13. ECAPed and heated (150°C / 168h) sample: (a) EBSD image (b) cells
including precipitates, (c) new grains formed accompanied with the hardness variation
plot and color coded map.
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In Figure 5.14 a, and b, precipitates are observed in bright and dark field images
with corresponding diffraction pattern. The precipitates are in the over aged state
and semi-coherent if not incoherent. The size (about 50 nm) and distribution of
precipitates as well as ease of observation support the hardness drop observed. In
Figure 5.144, the dark and light regions could be interpreted as newly formed grains
at first glance but when the diffraction pattern of the image was examined, the spots
were found to be slightly elongated than a single spot. As a result, the various forms

observed are more likely to be subgrains rather than recrystallized grains.

The TEM image in Figure 5.14.c shows a general view of precipitates while (d) and
(e) are high resolution images of commonly observed precipitate types. Figure 5.14d
shows an example of long needle shaped precipitate with sharp edges in either side
whereas Figure 5.14.e shows an interconnected bunch of precipitates crossing each
other at an angle of 80°/100°. The angles were measured out of curiosity, but a
further TEM study on the relationship between the angles and properties may be
carried out, when all the images are collected at the same zone axis. It is very likely
that during the heterogeneous nucleation of precipitates at dislocations which

already have a certain relationship with the matrix, the relationship is preserved.

The high resolution image of S precipitates in Figure 5.14.f shows the semi-
coherency of the precipitates. The thickness of the precipitates is a few atomic
distances. According to the FFT of the region marked as a yellow square, at the
lower left, slight rotations of individual precipitates with respect to the matrix are
observed. This type of precipitation, by heterogeneous nucleation, could be possible
at a dislocation line formed by pure edges according to the theory of heterogeneous
precipitation of S explained by Feng et. al. [6]. It is also meaningful to observe these
precipitates, which are stated to have few or no effect on hardening hence
heterogeneous nucleation of S precipitates at the dislocation lines support the
hardness drop. It should be noted that the precipitates are smaller in size when

compared to standard Al 2024 yet the hardness drop continues..
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Figure 5.14. ECAPed and heated (150°C / 168h) sample: (a) Bright field image (b)
dark field image. (c) Partially annealed dislocations, (d) needle like precipitates, (e)
precipitates crossing each other, (f) HREM analysis of the precipitates in (e).

To conclude, 168 hours of annealing of ECAPed Al 2024 at 150°C was found to be
critical. Observations on the microstructural evolution involve new formed
recrystallized grains, subgrain formation and growth (EBSD), over aging in the form
of heterogeneously nucleated S precipitate groups and coherency loss of
precipitates. All of these observations not only support the hardness drop but also
points to an emerging hardness drop.
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5.4.1.5. After 336h at 150°C

The end point of the deep hardness drop observed in the hardness plot also gives
enlightening information on the causes of the drop. First of all, when ECAPed
sample after 336 hours of exposure to 150°C was observed, it was seen that loss of
hardness was accompanied by recrystallization of the deformed structure as can be
seen in Figure 5.15-a. The EBSD image is marked with arrows showing possible
recrystallized small grains and the circle represents a large grain of nearly
homogeneous dark blue with slight light regions in the middle indicating complete
recrystallization. Throughout the sample a sharper view of grains are easy to notice.
It should be reminded that in the presence of very small precipitates recrystallization
cannot proceed in equiaxed form or a total elimination of strain is not possible. The
tiny precipitates distributed nearly homogeneously into the structure help the
preservation of the deformed view of TEM images shown in Figure 5.15b. Very thin
cell walls accompanied with high precipitate density are seen in Figure 5.15b. The
interiors are found to be filled with interacting precipitates (Figure 5.15-c)
indicating over aging of the S phase or precipitation of heterogeneous S phase. The
region in Figure 5.15-d shows the general view of precipitates. By means of dark
field imaging, the precipitates are clearly observed in Figure 5.15-e and g. They are
very dense and their size has increased up to 100 nm. A precipitate size

measurement analysis was carried out using the dark field images.
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Figure 5.15. ECAPed and heated (150°C / 336h) sample: (a) EBSD image, TEM
images of (b) cells including precipitates, (c) precipitates accompanied with the
hardness variation plot and color coded map. Another TEM micrographs (d) BF
image, (e, g) DF, (f) Diffraction pattern of precipitate rich region.
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The closer investigation of precipitates (Figure 5.16) showed that they are mostly
interconnected to each other and the angle between interacting precipitates have
shifted from 100°/80° to 120°/60° which may or may not be indicative of
incoherency level but worth further investigation. The precipitates are easily

observed in bright field imaging.

To conclude, at this stage of microstructural evolution, all three possibilities for
hardness loss coexist: Recovery of the general structure, recrystallization and over
aging, semi-coherent or incoherent precipitates interacting with each other.
However, they did not lead to a further drop of hardness and an increase in the

hardness plot was observed.
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Figure 5.16. ECAPed and heated (150°C / 336h) sample: TEM micrographs (a)
precipitates (b) High resolution image of crossed precipitates.
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5.4.1.6. After 568h at 150°C

The structure of ECAPed sample after 568 hours could be investigated only through
EBSD and the investigation of the peak was left for the peak aged counterpart of the
150°C sample.

When Figure 5.17-a and b, the EBSD images of ECAPed and 568 hours annealed
sample at 150°C, were investigated the deformed structure is still easy to notice
while more uniform grains are observed especially for some colors for example dark
blue (111) and yellow ~(103). Image in Figure 5.17.b was collected to observe if
there is any possibility of recrystallization. In the grain circled, which is a blend of
pink, yellow and purple, a reorientation of grains similar to recrystallization is
observable. When compared to previous EBSD images including the same colors,
no such observation was possible so the figure is likely to be a sign of
recrystallization. Although a progress in recrystallization is noticed, hardness
increase rather than a sharp drop is detected. Actually a partial increase from 150
HV to 157 HV is obvious. This hardness increase can be attributed to a secondary
precipitation (most probably omega phase) but the study will not go through those
details due to limited time. The investigation of these precipitates will be left for the

future works.

164



——— ECAP+at150°C

| Hardness variation

Annealing at 150°C
Otl 1 10 ; 10'00
Treatment time log(h)

Color Coded Map Type: Inverse Pole Figure [001]
Aluminum

001 101

Figure 5.17. ECAPed and heated (150°C / 568h) sample: (a), (b) EBSD images of
recovered grains accompanied with hardness variation plot.

As a general summary of the results, Figure 5.18 can be helpful. The initial and final
structures are not too far from each other whereas the hard to notice differences
result in major property variations. The initial structures were deformed and
precipitate free. Time leads to the formation of precipitates as well as the proceeding
of recovery and recrystallization. Until the 168 hours no sign of recrystallization
was observed which is consistent with the hardness data. The hardness variation can
be said to be a result of combined effect of precipitation, recovery and

recrystallization.

During annealing at 150°C, the lead mechanism was precipitation until over aging

(168 hours). After over aging, main mechanism became recrystallization which was
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modified due to the presence of homogeneously distributed fine precipitates.
Recrystallization yielded to a drastic hardness drop accompanied with over aging

until a new precipitate emerged.

Figure 5.19 summarizes the variations in precipitate size and distribution.. The
precipitates after 48 hours were found to be in a narrow size region of 5-20 nm
indicated as pink colored distribution. This specifies that similar precipitates are
formed rather than continuous nucleation and growth of precipitates hence the
hardness is high. When time evolves, after 168 hours, the narrow distribution was
observed to extend which were signs of heterogeneously nucleating S precipitates as
well as coarsening of already present precipitates. The final precipitate size and
distribution, as well as lack of precipitates in the 5-15 nm range, showed that
precipitates were not nucleating any further but coarsening. The coarsening of
particles may lead an increase in recrystallization rate and rapid hardness drop
although there is no significant, or best to say easy to notice, change in EBSD

images..
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Figure 5.18. Variation of ECAPed Al 2024 structure by annealing at 150°C.
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It should also be noted that due to dislocation rich microstructure not only the
kinetics but also the distribution and final sizes of precipitates have shown huge
variations. When the effect of temperature was considered in relation t0190°C, the

process is much slower at 150°C but the peak hardness values are the same.
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Figure 5.19. Precipitate size distribution during annealing of ECAPed Al 2024 at
150°C.

5.4.2. Effect of Peak Aging at 190°C on Thermal Stability

Figure 5.20 shows the hardness variation of ECAPed and post-ECAP aged samples.
The upper graph is represented in log scale and the lower one is linear so that the
stabilization after secondary peak could be recognized. It was observed that peak

aging at 190°C have some minor effects on thermal stability at 150°C. In peak aged
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ECAPed sample, the drop of hardness after 48 hours is steeper than solely ECAPed
counterpart which is probably due to earlier over aging however the secondary peak
is higher than ECAPed sample. The loss of hardening effect of aging may be
considered as the steeper hardness drop. As can be seen in Figure 5.20-b both
samples preserve their hardness values after the second peak for a long time which

is probably due to the stabilized structure after secondary peak aging
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Figure 5.20. 150°C annealing plots in two scales (a) logarithmic scale, (b) linear scale.
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Figure 5.21-a and b belong to the post-ECAP aged sample at 190°C after exposure
to 150°C for 48 hours. The hardness has just started to drop, the effect of
deformation is visible throughout the sample in the form of dislocation bands
(Figure 5.21.a). On the other hand cell formation had started as a sign of recovery
process. The high precipitate density inside the cells, circled in the Figure 5.21-b,
can be regarded as initiation of over-aging in the alloy. Figure 5.21-c and d shows
the precipitates more closely. They are not totally visible, meaning that there are
strained regions around them. At this stage of precipitation they cannot be
considered as incoherent but obviously are large in size above 20 nm which
indicates coarsening or heterogeneously nucleating S precipitate formation.

In Figure 5.22, when the post-ECAP aged sample is annealed at 150°C for 568
hours, EBSD image of the recrystallized structure can be noticed. Occasional small
grains accompanied with regions of similar colors are observed. Especially in Figure
5.22.a and b, recrystallized grains can be noticed. The red-pink grain denoted as W,
shows the formation of pink (113) and red (001) grain. While in the cyan blue (212)
grain, denoted as Q; green (101), yellow (112) and dark blue (111) cells are formed.
When the dark blue grains, denoted as X, are observed a highly uniform color of
dark blue (111) is observed. In Figure 5.22-c, the same behavior is observed at
different grains.
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Figure 5.21. ECAPed, peak-aged and heated (150°C / 48h) sample: TEM micrographs
accompanied with hardness variation plot (a) deformation bands (b) cells with
precipitates, (c) magnified view of b and (d) traces of precipitates.
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Figure 5.22. ECAPed, peak-aged and heated (150°C / 568h) sample: (a-c) EBSD
images of recovered grains accompanied with hardness variation plot.

Figure 5.23.a shows peak aged ECAPed sample after 812 hours. The deformed
structure is recovered and the cell boundaries are thinner while subgrains have
grown in size. Precipitates were also easily observed. Their sizes are larger than 100
nm and they are mostly interconnected. It is suspected that another precipitate phase
(Figure 5.23-b) have grown in the second peak observed in the hardness plot. The
stabilization is most probably a result of this new formed precipitate phase, most

probably Q phase, mentioned in a study by Gu et. al. [8].
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Figure 5.23. ECAPed, peak-aged and heated (150°C / 812h) sample: (a) Precipitates
and thin cell boundary, (b) Various types of precipitates accompanied with hardness
variation plot.

For the thermal stability of ECAPed Al 2024, 150°C can be regarded as a limit
temperature as also stated in literature for standard Al 2024 [1]. Although hardness
drops down that of the Al 2024 T8 condition, further drop was not observed even
after 1000 hours which is a good sign of thermal stability. A thorough study on the
new structure obtained may give more and enough information for other properties
of the sample with the above microstructure. Additionally, 2000 hours of annealing
experiments may be useful to observe if there will be any further over aging in the

structure.
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5.4.3. Stability of ECAPed Structure at 190°C and 200°C

It was previously stated that, at 190°C, the kinetics of aging process is nearly 12
times faster than its standard counterpart. As a result, a high over aging and
recrystallization rate was expected. The steep decrease in hardness shown in Figure
5.24 proves this expectation. Actually since 190°C is the peak aging temperature it
was one of the annealing samples but since both 200°C and 190°C behaved exactly
the same (Figure 5.24), the annealing was completed using the samples annealed at
200°C.
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Figure 5.24. Effect of annealing at190-200°C on hardness of the ECAPed samples.

Figure 5.25 shows the structure of ECAPed sample after 6 hours at 190°C.

Deformation in the structure is still visible due to the elongated grains however the
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grain interiors are transferred into single colors as it is observed in the yellow (103)
grain which is becoming green (101) denoted as X. Also there are signs of new
grain formations, as seen in the circled region, recrystallization is clearly observed
since the grains are clear and bright. The presence of precipitates helps the
elongation of grains to survive probably because they have nucleated at the grain
boundaries, too. The hardness dropped down to 158 HV in 6 hours.
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Figure 5.25. EBSD image of ECAPed and heated (190°C / 6h) sample accompanied
with hardness variation plot and color coded map.

Figure 5.26-a shows a general view of the ECAPed A12024 after annealing at 200°C
for 48 hours. The sample still preserves some of the deformed structure in the form
of dislocation tangles but they are less dense and easier to distinguish from one
another. In Figure 5.26-b and c, precipitates are observed to have grown up to nearly
60-80 nm and they are visible. The precipitates are in the form of crosses or long
thick plates rather than lines or needles as shown by arrows. The hardness drop is a
result of recrystallization of the sample after 48 hours of exposure to 200°C. As a
conclusion it would be wise to say, use of ECAPed Al 2024 between 150-200°C is
not safe when a few hours of exposure to this temperature range is exceeded.
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Figure 5.26. TEM image of ECAPed and heated (200°C / 48h) sample accompanied
with hardness variation plot.

5.4.4. Stability of ECAPed Structure at 120°C

Figure 5.27 shows the behavior of ECAPed samples in peak aged and as ECAPed
condition when exposed to 120°C for 1000 hours. The hardness of both samples
have remained either as high as the initial value or improved after 1000 hours. A
secondary peak which is similar to the one observed in 150°C with a higher
hardening effect was observed. The samples had a hardness value of 198 HV
regardless of prior aging. Actually long term-low temperature treatments may be

considered as a hardness improvement and stabilization tool in further studies.
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Figure 5.27. Hardness variation plot of ECAPed samples during annealing at 120°C.

The microstructural investigation of 120°C is limited to EBSD after 6 hours. When
the stabilized hardness of ECAPed/ECAPed+peak-aged samples at 150°C as a result
of the secondary hardening peak is considered, at 120°C, a large drop in hardness is
not expected. Yet the predictions on the ECAPed Al 2024 are not straight forward
and require further testing for an accurate conclusion. A detailed investigation could

be carried out with further annealing up to 2000 hours in further studies..

Figure 5.28 shows the structure of ECAPed sample after 6 hours of exposure to
120°C. There is no sign of annealing as expected and the structure is deformed just
before the precipitation of S'/S' phase when the hardness of the sample is
considered..
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Figure 5.28. EBSD image of ECAPed and heated (120°C / 6h) sample accompanied
with hardness variation plot and color coded map.

It was concluded that, the use of ECAPed samples between 120-150°C is safe for
long time periods with an improvement in the microstructural and mechanical

stability.

5.4.5. Stability of ECAPed Structure at 80°C

When both post-ECAP aged and solely ECAPed samples were annealed at 80°C
(Figure 5.29), the hardness of the samples improved compared to 120°C annealing.
Actually the upper limit of post-ECAP aged sample could not be observed after
1000 hours. Only one of the samples at this temperature could be investigated which

may be regarded as the most important one.
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Figure 5.29. Hardness variation plot of ECAPed samples during annealing at 80°C.

In Figure 5.30, ECAPed sample after 694 hours of exposure to 80°C is shown. The
cell structure is accompanied with dislocations and precipitates (Figure 5.30-a). In
Figure 5.30-c, the precipitates formed in a cell can also be seen. Precipitates in the
form of long needles, plates or crossed, interconnected bunches exist (Figure 5.30-
d), denoted by arrows. In Figure 5.30-e and f the bunch of precipitates crossing each
other at the angles of 80° and 100° are observed. The secondary phase could not be
monitored. Further annealing up to 2000 hours accompanied with detailed TEM
analysis may be suitable to investigate the underlying cause of the secondary

increase in hardness
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Figure 5.30. TEM images of ECAPed and heated (80°C / 694h) sample: (a) General
view, (b) diffraction pattern, (c) precipitates in cells, (d) closer view of precipitates, (e)
and (f) High resolution image of precipitates.

The current study showed that the temperature at and below 120°C are totally safe
even after 1000 hours, with a further improvement in hardness.
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CHAPTER 6

CONCLUSIONS

Chapter 3

The preliminary research, involving the aging experiments of standard and ECAPed
Al 2024 at 190°C showed that the ECAPed sample has a much higher precipitation
rate than the solutionized sample. The ECAPed sample produced precipitates that
are finer than those in the solutionized ones, though an accurate measurement could
not be taken due to the strain fields around the precipitates. The precipitate
distribution was denser in the over-aged standard Al 2024whereas the only
detectable difference in the ECAPed one was the absence of a strain field which
made it possible to capture HREM images. The hardness drop corresponding to the
loss of strain in the specimen as well as TEM image of a recrystallized grain were
regarded as possible signs of recrystallization in the presence of nano precipitates. It
is not likely for S precipitates to lose the coherency without significant growth of
however formation of heterogeneous S precipitates which are already incoherent

may be effective on the hardness drop.

ECAPed samples showed inhomogeneity thus an investigation, through a well-
planned microhardness study in combination with other characterization techniques
like EBSD and TEM, is observed to be necessary. This inhomogeneity factor needs
to be taken into account and each step of aging requires careful investigation with
this in mind. Using dark field imaging is regarded as a necessity in order to
distinguish the precipitates from the strain fields around them to get a clear

observation of the precipitate size and distribution.
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Chapter 4

The chapter includes the studies on the inhomogeneity among three Al 2024
samples ECAPed through 120° die and the inhomogeneity throughout a particular
specimen cut through the shear direction at a 46° angle. Finite element simulations
and chemical composition measurements (EDS) were used to analyze
inhomogeneity among samples and micro hardness maps, TEM and EBSD analysis
were carried out to investigate inhomogeneity of the sample in ECAPed condition
and during aging of it at 190°C.

v' The reason of hardness variations in the samples after ECAP was
investigated considering back-pressure and Mg content. Simulation of a
billet showed that the first loaded sample has the lowest strain (LBP) while
the last loaded (HBP) portion has higher strain. In the middle part, a more
homogeneous and high strain can be attained. The feeding order and hence
back pressure was found to be a possible reason of strain inhomogeneity
among different samples.

v" Mg content with 0.2% variation was found to have a small influence on
hardness of different samples.

A combined effect of Mg content and sample order was proposed to have an
influence on hardness variation of different samples due to the temperature
rise in the ECAP die during deformation leading to rapid hardening, an aging
stage.

v' EBSD results of the ECAPed sample showed that at the bottom of the
sample, the deformation is less in the shear direction relative to top and
bottom indicating the corner gap.

v’ After ECAP, the peak aging time of Al 2024 was found to be 1/12" of the
standard sample with an extra 50% higher hardness.

v Initial stage of aging, rapid hardening, was not observed in ECAPed
samples. Dynamic rapid hardening during aging was proposed to be a
possible reason of this. Rapid hardening mechanism, which has not been

clearly understood yet, may result from the formation of sessile dislocation

182



networks due to clusters formed. If it is so, the strengthening mechanisms of
ECAP and rapid hardening could be considered as similar and activation of
both may not be possible. As a result of this rapid hardening may be absent
in ECAPed samples.

v" The precipitates and GPB zones formed in ECAPed samples were regarded
as heterogeneously precipitated at the dislocations.

v In ECAPed samples, homogenization through aging was monitored by micro
hardness maps and the lowest hardness inhomogeneity index (AH/Hayg) Was
observed right after peak aging.

v HIl of HBP and LBP Samples showed a decrease after peak aging.

v The homogenization was regarded to be a result of different kinetics of aging
and recrystallization at different regions of the sample due to the present
strain inhomogeneity, hence varying driving forces and diffusion rates.

v Signs of recrystallization was observed in the TEM images of 50 minutes
aged ECAPed Al 2024 Sample (HBP).

v' S precipitate groups were observed in the standard sample and they could not
be recognized in the ECAPed sample after peak aging.

v" The precipitate size of ECAPed sample was found to be 12 times smaller
than the standard sample in good agreement with the 12 times faster aging.

v" The ease of heterogeneous nucleation was found to be the main cause of 12
times faster aging rather than increased diffusion rates because the
precipitate size of peak aged ECAPed sample was measured to be 12 times
smaller than the standard sample.

v’ The distribution of precipitate size was found to be more homogeneous in
ECAPed and peak aged Al 2024 than the peak aged standard sample.
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Chapter 5

ECAPed and post ECAP aged Al 2024 samples were annealed at 80°C,
120°C, 150°C and 200°C for 1000 hours to observe thermal stability of the
alloy. The results were compared with 2124 cold worked and aged
counterpart. Temperature limits for the safe use of the material was aimed to
be determined. The annealing characteristics were investigated using TEM
and EBSD.

v ECAPed and ECAPed+peak aged Al 2024 samples maintained their
hardness values at 80°C, 120°C and showed an increase in hardness after
500 hours probably due to secondary precipitate formation. The new
hardening peak led to 198 HV (as high as 7075) hardness much higher than
ECAPed+peak aged (180 HV) state.

v' ECAPed and ECAPed+peak aged Al 2024 samples showed drastic decrease
in hardness, more than standard sample, when exposed to 200 °C for 1000
hours as a result of recrystallization. Abnormal grain growth was suspected
to be the cause of drop. The use of Al 2024 around 200°C can be
detrimental. A significant need for long term thermal stability analysis of

severely deformed samples was determined.

v" Temperatures above 150°C were too high for the ECAPed structure to
survive but low enough to maintain a hardness slightly higher than peak
aged standard Al 2024.

v' At 150°C, ECAPed Al 2024 experienced peak aging, over-aging and
recrystallization followed by a small secondary aging with a final hardness
value of 158 HV. The new structure formed after 600 hours was found to be

very stable up to 1000 hours of annealing.

v' Between 120-150°C, the use of ECAPed Al 2024 is safe up to the hardness
values of 158 HV and slightly above.
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Aging and recrystallization are the key mechanisms during the annealing of
ECAPed Al 2024. Recrystallization dominates at and above 150°C while
aging dominated below 150°C.

Recrystallization progressed preserving the high angle grain boundaries and

elongated grain structure.
Precipitate size remained smaller than or close to 100 nm in all samples.

Precipitation of S phase was faster than standard sample but omega

precipitates were slower to form.
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