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ABSTRACT

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

Kot an, G¢her
Ph.D., Department of Metallurgical and Materials Engineering
Supervisor: Prof . Dr. C. Hak an
Co-supervisor: Asst. Prof. Dr. Y. Eren Kalay

SeptembeR014,203 pages

Attributed primarily to its unigueness, simplicity and ability for effective
strengtheninghrough grain refinement without reduction in cross sectional area,
equal channel angulapressing (ECAP) has been known as one of the most
important metal working process. Thmplementation of ECAP with precipitation
hardening exhibitsa promising strerthening mechanism to be applied to -age
hadenable metalsOn 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 mseigarnin 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 hardimg in aluminum 2024



In the first part of ths 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 -imicro
hardness indentation and the degree of homoggtoiz was characterized by
hardness inhomogeneity index (HIl). 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 secod part, the rgponse of ECAPed and pdsCAP aged samples, when
subjected to long term and moderate temperatures up to 1000 hours was
investigaed. A limiting temperaturevas suggested for the safise of an ECAPed

Al 2024,

Throughout the study microstrucal characterizations were performed using high
resolution electron microscopy (HREM), scanning electron micmpsd&EM),
electron backscatteliffraction (EBSD)andoptical microscopy.

Keywords: Aluminum, Equal Gannel Angular Pressing (ECAP), Aging,
Homogeneity, Thermal Stability, Transmission Electron Microscopy

Vi
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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 comparan to its counterparts, i. e. Ti and Mg. They aaticularly
preferred in applications where reducing weight is primary concern such as
transportation industry including aerospace applicatidmsaddition to its well
known advantages, there is alsaeed for better mechanical properti@sorder to
obtain higher performance The need for improvementesulted in various
developments like cold working, severe plastic deformation, precipitation
hardening, Al matrix composites and new alloy designs lik€CéLi for better
mechanical properties along with the light weight advanfag®|. Another option

IS to use the combination of these methods with each othé&rrtber 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 yieldsatber mechanical propertigsgough

different stengthening 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 (ECABR) very promising. It works by pressing the
specimen through a die that has two channels of same size connected at an angle

i deal-1¥0A.0AThe passage causes pure shear
up to 1 at a single pass. The deformed part ramstits thickness and multiple

passes without thicknessductioncould 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 hedening has been discovered on@u alloys (2XXX Al alloys) in

the beginning of 20 century. The existence of these nano partidemwn as
GuinierPreston (GP) zones, @ne of the most importardiscoveryregarding to
phase transformation phenomenon metallurgical engineering anidl 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 matof discussion6i13]. An optimum
combination of these twtechngiuesi. e. ECAP and age hardening was previously
investigated byur 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 kineticsygeipitate 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 EEBP and aging in terms of time and temperature limits. The
annealing responsef ECAPed Al 2024, which is very important due to the

increased kineticds aimed to be understood in order to determine upper limits of

time and temperature foemergingapplicdion of the alloy.

Chapter 2 involes brief summary of related literatune Chapter 3, preliminary
studies on the general comparison of ECAPed and standard Al 2024 sample was
discussedn terms of microstructures and aging kinetics at’©@ he result®f 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 naro 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 peakgang 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 outnd a thorough thermal stability measurement which was
previously limited to DSC and 03 hours annealing experimentencarried out

for the first time in a severely deformed metal. The annealing behavior of the
complicated structure of ECAPed Al 2024asvrevealed during the exposure to
15¢°C using transmission electron microscopy (TEM) and electron-$eatker
diffraction (EBSD) techniques. 120 was found to be a safe upper limit for
ECAPed Al 2024 while 150C was detected as a transition temperatuterms of
thermal stability. Thefast reduction in hardness at 20C showed that it is
impossible to use the alloy above 180due 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 fronoriéscheap
enough for commercializatiomntil 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 fastWithin a few decades after Orville and Wilbur Wright
invented the first successful airplane in 190B aluminum was a partner of the air
force industry wih engines, airframes, fuel cells, satellite components, missile
bodies that are light, strong and fracture resigténtTill then the growing use of
aluminum has spread through modern life in kitchens, houses, ploses,
computers and more whenever light and enduring materialsequéred. 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 tpplicationg14].

It was stated thdtL5] aluminum has been an aerospacaterial for over 100 years

and with the help of new innovations, it will remain to be 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 germrdahem as soft or hard, as
weldable or problematic to weldAluminum 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 linth wast



possibilities of modifications through alloying and thermechanical treatments.
Therefore it is vital to see this range before going any fufil#gr

There are basically two categoriesahiminum alloys wrought and castWrought

alloys are composed of mechanically processed products such as drawn, cold or hot
rolled, forged and extrude@ast alloys are used directly afasting[2i 4, 14, 16].

In Table 2.1 the designation system according to European navhish is very
similar to American normss given. 1XXX aluminumalloys are at least 99.00%
pure and further purity is expressed in the tast 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 cradk, 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 tle second digit represents the modifications in the origingl zero
indicating the original alloy. Wrought alloys are mainly divided into two; heat
treatable and noeheat treatable as shown Trable 2.1. Heat treatable alloys are
precipitation hardenable alloys which include-@di (2XXX), Al-Mg-Si (6XXX),

Al-Zn (7XXX), Al-X (Li, etc., 8XXX) seried14].

1XXX 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 applicaons 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 Alloyg14].

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 i
Normative oxxx MeTSt x ) x 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
EN AC- =1Ingo
EN AM- TXXXO0 Zn C = Cast Alloy
8XXX0 Sn M = Master Alloy
9XXXK0 Master Alloys

Owing to even 1% addition of mangane3¥XX Aluminum alloys have more than

10% higher strerth in comparison to 1200 Al preserving the corrosion resistance.
The nonheat treatable XXX alloys are commonly used in roofing shemich as
3105 and 3108sed in vehicle panel productifitd].

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 notthegtbble
themselves, during @ding they can dissolve some of the alloying elements of the

parent and can participate to heat treatment at a limited ddg:d 4, 18].

In 5XXX Aluminum alloys, major alloyingelement magnesium improves strength

preserviig 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 thir superior properties they are commonly used in the
production of chemical plants, pressure vessels, bulk road and rail vehicles as well
as ship structurg4, 3, 18].

The term fiheat treatableo mainly means
strength of the alloy may be changes. The chamgessible due to a second phase
which can precipitate out of a super saturated solid solution where the strength of
the alloy increases due t@rious reasons likéhe coherent interface between the
matrix and the precipitate until the precipitates bezoronarse and incoherent.
Solutionizing on the other hand vyields 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 oveortiesat
treatableones [1, 14]. Table2.2 summarizes some terms and designations used for

heat treatmerdand 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 34

(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 weldd structures. It is possible to form at solutionized state and then heat treat

them for precipitation hardening where flib properties can be achievgd].

t hr ou



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 age
T1 substantially stable condition
(notcold-worked after an elevated temperature shaping)
Cooled from an elevated temperature shaping process + cold worked+na|

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

Cooled from an elevated temperature shaping process + artificially aged

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

Solution heat treated + artificially aged

6 (for products that are not cold worked after heat treatment)
Solution heat treatment + overaged stabilized (Precipitation heat treatm
T7 beyond max strength to provide some special properties like enhance
resistance to stressorrosion 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
6] Annealed
H Strain hardened
W Solution Heat treated (Unstable temper)
T Stable temper
H (Strain Hardened) Temper Designations
HXY X: secondary treatment Y:degree of Hx2 |1 Hard
deformation
H1 | Strain hardened only HX4 |[I Har d

H2 | Strain hardened and partially annealg HX6 |IJ Har d

Strain hardened and stabilized o b
by low T treatment HX8 | Fully Hard (75% highe¥S)
HX9 | Extra Hard

XXX _Aluminum alloys are aluminiurzinc-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 witi6.60% Zn,
2.0-3.0%Mg and 1.2.0% Cu with a tensile singth of 580 MPa ane 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 trealibys besides they

may have low stress corrosion resistaieg.

Actually 8XXX Aluminum alloysconsists of all alloys other than-{)XXX alloys.

For special applications some alloys of Al with different yalig elements like Li

are producedThese special productions are categorized under the designation of
8XXX [14]. Li is one of the four elements that is highly soluble (mora tt@ at.

wt%) in Al, the other threbeing Zn, Ag and MgTo summarize 8XXX designation

is used to identifsome new alloydesigred especially to lower weight and increase
specific strengtlpl19].

2XXX Series Al Alloys

2XXX series Al alloyswith considerable amount @u and CeMg alloys are the
second strongest among all Al alloys following 7XXX seri@hey are hda
treatable and the oldest series of all age hardenable alcymlly the phenomenon

of age hardening was discovered in 1906 by a researcher, Alfred, Wilb®06

This was the beginning of precipitation hardening phenomenon and thexaitted
asDuralumin, or 2017, with a compositioh% copper, 1% magnesium and 1%
manganeselt is still a popular age hardenable alloy usedaircraft, machine
construction, military equipment andvets. This very first agehardenable alloy
opened the doors fdfurther improvements vyielding toX24 alloys which have
higher strength compared to 2014, 2017 and 203{) [20]. The main application
fields of 2xxx series Al alloys are aircraft and truck body components due to good
damage tolerancehigh toughness and strength. Some of these applications are
fuselage skinJower wing surfaces (aircraft structures), skin sheet; truck wheels,
screw machine productgl, 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 compositierand properties of Al 2x24 are tabulated in Table X.

Generally they are not easy to cold deform and weddially used with anodic
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protection They have good fatiguproperties and when the Si and Fe amount is

controlled theyhave good fracture toughng4s.

Table 2.3. Temper designations and corresponding mechanical properties 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 X24 Alloys[1]

Alloy Si Fe Cu Mn Mg Cr Zn Ti Unspec | Unspec.
Desig. | (%) (%) | (%) (%) (%) (%) (%) (%) Each | Total
(%) | (%)
2024 | 050 | 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 shoWwiyume
2.1. The high solubility at high temperatures and the low solubility at room
temperature as well as the presence of th€&phase in the diagram yields to the

agehardenability otthe alloy. However, ACu alloys, though their nature has been
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studied by many researckg¢Rl1i 27], are not commonly used commercial alloys in

the binary form. The maximum strengthening effect of Cu on Al is obsevlied it

is in the range of 46 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 M@ddition to particularly Al and ACu alloys is the increase
in the strengthening in the awenched condition Age hardening at room
temperature further increases the strength of the alloy while ductility is preserved.

12



Artificial aging enhances yield singth one step further at the expense of a lower
tensile elongation. Maximurstrengthening with Mg addition can be obtained by
artificial aging after cold deformationn naturally aged alloys the reverse is
applicable, i.e. the benefit of Mg may decreaBee effect on corrosive behavior

depends on the hetreatment and product ty[iz8].

2.1.1.3. CopperMagnesium and Manganese

The AFCu-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%h&In
yield strength also increases be&ds to a loss in ductiliyAs a result, commercial
alloys do not contain more than 1% Mn in threanstitution[4, 17, 28].

2.1.1.4. CopperMagnesium 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 forgperty control because Si has the ability to tie up excess Fe

in the form of UFeSi constituent. The | o0
be detrimental because the excess iron form&€&Al; leading to aeduction in Cu
contentneededor precipitaion of AICu,Mg or AICw, [4, 17, 28].

Silicon, after tying up excess iron, may itself form J8gprecipitates contributing

to the precipitation hardening proce#s 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 bebéme fracture toughness and Fe+Si contast
mentioned inWang et. al[5] which is represented iRigure 2.2 showing that kK

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 Mg, Al-Mg-Si and AtMg-Zn alloys up to 0.35 %.
Excess Cr may result in highgparse constituents wheonmbined 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 arfuselage skinlower wing surfaces (aircraft structures), skin

sheet; truck wheels, screw machine prod{#ts, 17].

The exactmicrostructural 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 transitiorieg precipitation hardening, 16,
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291 40]. As a result it will be most convenient to consider, as muchoasible,
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 identifiedAl 2024 will be discussed.

One of thewell-known groups working on ACu-Mg alloys is Starink et. al. with
numerous studiefs, 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 reorgesmation[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 tsidgm@ficantly
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 solubl@dainsoluble by heatreatment[3, 5] The
insolude phases like AbFeSi and AVCwFe 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 solubleghases like MgSi, CuAb, Al,CuMg, are solidification
products with no harmful effects. AuMg and Cu Al 2 are S
respectively, that may form as precipitates into the matrix after proper solutionizing
and quenching. ITable2.5 various phases that have been reported in literature are

listed with their corresponding crystalwsttures and lattice paramet§ss.
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Table 2.5. Constituent Phases in Al 224 [5]

Phase Structure | Lattice Parameter, nm

Al 15(Fe,Mn)Si Imo a=1.23

Al 12F€38i

Al,.CwFe P3/mnc a=0.6336, c=1.487

Alg(Cu, Fe)

Mg.Si (b) Fmom a=0.6351

Al,Cu (d) [4/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 whichspiscified as
homogenizationDispersoids 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 han 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 temperafdrgs Especially in
structural applications, during ingot homogenization, phases that contain Zr, Mn, Cr,

Sc are intentionally allowed to be formjgqd.

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 betwben ea
other are important parameters. Closely spaced intermetallics are more effective to
retard recrystallization and as expected coherent precipitates suciZaar&lmore
effective than incoherent ones like;MnsCr,, Al1oMgCr [5].

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

aid to control grain size and recrystallization with a size range €®.6.icrons.
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By the diffusion of elements such as Mn into the constituent phasesasuch
Al 1oFe;Si, dispersoids like Ab(Fe,Mn)xSi may form[41].

In Al 2024, the main dispersoid is ACuMn3z which is usuallynamed as Pphase
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, ¢c=0.775nm. Howeer, the space group-phdse dispersoid is not ale

and possibilities are Bbomm, Bbm2 or Bb2mb. Dispersoids may contain[&yins

2.1.2.3. S Precipitates

S precipitate Al,CuMg (orthorhombic)s one of the stable second phase particles
the others beinghl;CusMge (cubic, Q),(AlxCu1.x)49Mds2 (0.76 < x < 0.91) (cubic,
T), and AECusMg2 (Mg2Znyi-type cubic, V) in AACu-Mg alloys[34].

The addition of Mg to the alloy leads to the formation of S phase ratherotha
accompanied to theg which is commonly known precipitate of Alu alloys.

Unlike #, S phase can be considered as a newly investigated precipitate since the
debates on its structure as well as the precipitation seqagihcentinueg5, 6, 13,

16, 30, 42i 46].

Basically there are four suggested structures for Sephasi2, 47, 48] three of
which is summarized iRkigure2.3. Although the proposed models are relatively old
the discussion is reconsidered in a recent study in g]ldlaiming the Perlitz &
Westgren (PW) model as the most appropriate one wiiest principle calculations
were also included®W model suggests that ALUMg 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, respectivelyvlondolfo model was proposed asnadified PW model with

P1 space group and shifted -Glg atomic layersin the Radmilovic Kilaos (RK)
model, he difference is the switched atom positions of Cu and Mg. This model was
rejected because depending on the first principle calculabgng/olverton[49].

The formation enthalpy of RK modetas found as64 kJ mol*atom® while the
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value of PW modelvascalculated as19.4kJ mol'atoni'. Onthe other hand when
PW and Mondolfo were considered, both of the PW and Mondolfo were reported to

be supported by XRD experimerd].

O .CO> .Q.. ...%)
.OO 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 phas§42]

Various argumest were considered in the stud#2] regarding the probable
misinterpretations of the S phase struct@a.the subject ddiffraction patterns and
XRD, weak diffraction of the precipitate when compared to the strong nvadisx
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
accurateresults. Results of the stud¥2] confirm the PW model to be the only

possible one.
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In the study by Wang and StarinR005,[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 R¥Nich was rgectedas in the case of

RK modeldue to first principle calculations. This study on the variants of S phase

also indicates that PW model is corrgt6].

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 precip[@iteslowever,

the size of the precipitate was reported to be important for strengthemmg. S
studymentiors that the type of nucleation whether homogeneous or heterogeneous

had a major effect on the strengthening beatravithese particles

2.1.2.4. GPB Zonesstructure

As many arguments as the S phase has been done on the existence, hardening effect
and the nature of GPB zonfg 29, 30, 46, 50i 53]. The detection of GPB zones

could nothavebeen possible in diffraction pattesnin the form of strikes as it wa

for GP zoneantil recently[6] as seen irFFigure 2.4 because they could only be
observed irnthe DSC data that gives a peak near the short range ordeazoved|

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 relatly older studies claim the initial rapid hardening to be

due to GPB zones while new studies attribute thigiraqgrement to the eolusters.
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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 sponse of a material to external loads in terms of internal forces
and deformatiorj54]. 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 strengtidnelss 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 ¢hhighest potential for high strength but thermodynamically
and practically it is not possible to use perfect crystals in daily Gfgstalline
materials include defects of various forms such as vacancies, dislocations and
surface. These imperfectionst e very helpful since they make it possible to have
properties such as ductility, formability, toughness and hardenaliilign ductile
failure, rather than brittle, of a metal after certain plastic deformation is due to
movement of line defects, i. dislocations.Likewise, $rengthening 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 phenomenemains the samestopping 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 et@stop the cars:

Fenang as smaller regions as possifii&rain boundary strengthening)

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

1 Increasng the number of cars and caug traffic jam (Work or strain
hardening)

1 Modifing the road by introducingmall stonesnto the road (Precipitation
hardening)

1 Introdudng big rocks on the road (Dispersion hardening)

2.2.1. Solid Solution Strengthening

Solid solution is the dissolution of onkement into another in solid state. The solute
atoms may be located in between atoms, at interstitial sites, or may replace solvent
atoms, at substitution sgeThe sizef atomsand crystal structure of the solvent

are the most critical parameters. Snaabms like C, N magasilyoccupy interstitial

sites of an FCC Fe easily while it is hardfemot impossiblefor 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 atosizes for proper dissolution. The solubility
limit of an element in another is mainly determinedtwy difference iratorric sizes

and stablecrystalstructures. As in the case of Cu and Ni which are fully soluble in
one another, the atom sizes only €iif8% and they both exist in the FCC structure
[561 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 slowdwyvn 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 solntentation[14].

Edge dislocations have two components in their fields both hydrogtaticme

change)and deviatoric stress fielddistortional, shape change, she&h the other

hand screw dislocations have only distortional component. When the defects are
symmetrical the interaction of solute and di
hydrostatic component. In the case of asymmetry both screw and edgetidistoca

are affected by the stress field of {bd, 57] a result the effect of asymmetric solute

dissolution is higher than the symmetric. Thable 2.6 shows thevarious types of

alloys and solute atom combinations with their corresponding contribution to

hardness In Table 2.6, thetypes of defects in various materials with their

corresponding hardening contribution green.

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

. Hardening Effect
Material Defect d0/ dc as
Symmetrical Defects
Al Substitutional atom G/10
Cu Substitutional atom G/20
Fe Substitutionabtom G/16
Ni Interstitial carbon G/10
Nb Substitutional atom G/10
NacCl 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
NacCl 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 temperatudependent and an alloying element megult in an
increase in strength at low temperatures whildecrease can be observedhigh

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 Jphase dispersoids. &h usually form by a solid stateaction during

long tem heat treatment to be used as grain size and recrystallization controller.
They also increase thermal stability during themmechanical heat treatments.
Especially in structural applications phases containing Zr, Cr, Mn, and Sc are
intentionally allowedto be formed during ingot homogenization. Second option is
using oxide, carbide powders with high strength likeQAland mixing them with
matrix alloy forming a compact to be sinte[&@i 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 appliedot a metal; it strengthens owing to thecrease in
number of dislocationdt can be applied to any metal with a reasonable ductitity

has the adantage 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 he system. When the temperature is aboyge(T/2) hot work is

done and there is no strengthening effédf. 1 n t he case of fAcol
process is carried out below.d the densedislocationscausestraffic jam and
further dislocation movement is hindergdl]. For pure Al and notheattreatable
Al-Mg alloys work hardening is the only way to strengthen as it is forcaiheat
treatable wrought alloys. Fdreat treatable alloys, before or after heat treatment,

cold work leads to further strengtheniiag].
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Figure2.5.ashows 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 dengiields to the lowest strength.
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Figure 2.5. (a) The variation of strength in relation to dislocation density andb) Stress
strain curve for a single crystal during work hardening[57].

In understandig the strain hardening phenomenon, the best approacto i
investigate single crystals for simplicity. Figure2.5.b stress strain variation for a
single crystal isshown 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 distribed 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 dislocatiorksity 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 partjiaighich aresessiledislocations,s hard
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and hence they can glide and gather ardbactells as it is seen for Al. Whereas for
low SFE alloysthe substructure is formed as planar dislocation arrays rather than
cells as it is for C&vr%AI alloy. Both of these structures were found to increase the
strain ratg57].

For further deformationhiere is a certain amount bfstress required to activate a
FrankRead source in relation to the mean free dislocation lehgtth er e U i s
proportional to Gh/ di sl oc at ilbleading éonam iintrgmentakshear

stress of @U t obarvreirecro meh eri es | 8l 456 omr o p o |

KuhlmanrWilsdorf 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 deforieatis 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 deongs 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 diffe@megion the
mechanism both leading to the same conclusion that high SFE lowers the shear
stress insfst5ase three, U

It is also important to relate the single crystal theory and polycrystalline behavior
but since in poly crystals mulslip mecharsms operate simultaneously it is
difficult. It is stated thathird stage is commonly observed in polycrystals while the

correlation was made by the following equation:

| | | |
90 Y, 21

[ E m

where0 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 cryst§b6].
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2.2.3.1. Cold Working of Aluminum

Al 2024 is a highstrength, agéardenable ACu-Mg alloy, and it is widely used in

the aerospace and transport industfies59]. Age-hardening is one of the well
known techniques used to improviee mechanical properties of this alloy by
providing a nearly 50% hardness incret|@0]. On the other hand, a relatively new
approach is to combine cold working with dwgrdening to attain further
strengthening and homogenization of the strucfh6$. The main disadvantage of
cold working is the unwanted change in the size and shape of the material, which
often causes #@ss related cracking. For example, in both sheet and rod production
there is a deformation limit to preserve crdide structures; as a result, multiple

passes are obligatory to achieve remarkable str¢b@th

2.2.3.2. Severe Plastic Deformatio(SPD)

Severe plastic deformation is coresied to be an effective grain refinement method
to produce ultrdine 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) UF@ctire with high angle grain
boundaries (HAGB), (ii) uniform nanostructure throughout the whole structure, (iii)
crack and damage free samplés$]. SPD is a tool first suggested by Segal in 1981
for polycrystalline metals in order to improve mechaipropertieslts principle is
introducing hgh amount of strain, and hendislocations into the system so that a
refinement of graingould be drivenSevere [astic deformationis also used to

produce nanocstals out of amorphous alloys as studied by Aronhial¢62].

Apart from other cold working methods, the difference of severe deformation such
as ECAP and HPTrepresented ifigure2.6) was stated to be due to noronotony
in deformation. Normonotony, which is introducday SmirnovAljajev in 1978, is
a result of the presence of rate component of deformation tensor with a variation in
sign. Simple sheawas regarded to berehgly normonotonic as well aECAP and

SFD processes. The strainaw 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 regardadéchanicaproperty
increment. So to compare cold working vECAP or any other SPD method, it is
stated that due to the higher DNM, the evolution of UFG structure was sooner than
monotonic deformationgs3]. 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 passagas in a studyby Nakashima et.lain 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 pressuretorsion and equal channel angular pressing schemes.
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Figure 2.7. Different ECAP and SPD processes suggestga4i 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 Nin the study by Bachmaier et.[&7]. 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 refnement in the same study on Ni.

The largest samplsizes reported using HPT is as high as 30x10[6ih SPD is
regarded as a nanotechnology production method likely to be commercialized more

and more each yed68]. 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 predure to produce UFG structures through repetitive
pressing by means of accumulated strg6% andis regarded ashe most well
developed processintgchniqgueamong SPD$70]. The invention of equal channel
angular extrusion goes back to 1972 but until the early 90's, wherinérand
nanastructured materialsecame 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 simplg’ $hear

The system is shown irigure2.8, the main principles are representedrigure2.9
in which different die corners were representedel as the shearing behavior of a

square section.

Plunger

-

e

.‘-]mﬁp]r:

Figure 2.8. Representative ECAP procesf’2]
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Figure 2.9. Principles of ECAP with different die corners[61]

The strain induced by ECAP is generally calculatethiegquation 2.2,

v ~

Yy O—Hl Y 22
N

For (fthd 2rdin is calculated as about 0.67 which is an average Vdhen

engineering strain is to be calculated the equaion3 (U is true stain
engineering strain) is used and the strain (e) is found &5 .1t can be concluded

that the strain induced during ECAP through
work. More accurate strain distributions are obtained thindiinite element analysis

and calculations.

i1 m 2.3
ECAP is a process applied to various metalsalnys including nagnesiumsteel

zinc, titanium and aluminum with a variety of pathsldemperature rangefr3,

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 nruais ECAP process,
initially a bimodal grain size distribution was achieved but with further passes a

homogeneous structure was achie{/&sl]. Another study of contiuous processing
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to produce steel sheets was performed by Saral; &y ECA extrusion of 1.2 mm

thick and 200 mm wide steel sheetsto® passes with an improvement of 2.6 times

of the original sample ith high losses of ductility76]. 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 superplast sheets may be produced using ECAP prior to ro[lig.

In studies of ECAPed Allg alloys the fatigue properties were found to either
improve or remain the same as coldle® counterparts depending on initial
structure and test conditions. Fatigue life of UFG titaniuns Yoaund to increase
considerablycomparedto the coarse grained counterparts. ECAP technology was

stated to have further perspectives in fatigue performanbancemert8].

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 feréifice 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
diameter79].

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 multipasses 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 produgi&l].

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 balaries to high angle grain boundaries
was observed. The yield strength was found to be in agreement with tHeettll

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 inofed38% dwe to refinement of
grains of 270 nm with high angle grain boundariés.was stated that average
spacing between GNBs was improved from 0.5 microns to 0.25 microns. The main
difference besides the distance was statetiet the level of misorientatiof80].
Evolution of low angle grain boundaries into higingle grain boundaries with
further passes was observed in CP Ti,[81.

When agehardenable Al alloys were considereaylti-passECAP was found to be
ineffective due to oveaging induced by dislocation density or even precipitate
coarsening during ECA. The common observation was hardness drop after a few
passes. An optimization of aging and ECAP combination was achieved through post
ECAP aging82].

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 bundaries or low as it is in low angle grain boundatiésboundaries.

The energy of the boundary is related to both the orientation misfit and coherency of
the boundary. Low angle grain boundayi&s well as coherent boundaribave low

energy whichmakes them thermodynamically stalttégh 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 movementra effective strengthening factors. The very vkalbwn

Hall-Petchequation explains the degree of harderb¥g 561 58]:

24

Wheryd sl yi el disasverall eesiggande of latfice to dislocation motign, k
is the nAlocking parametero which is t
boundaries and d is the grain diameter.
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The equation was derived from the assumption that n dislocations mayteaist

certain length L (between source of dislocation and boundary) and the lead

di sl ocation, closest to grain swheagsdal vy,
the average resolved shear stress in the slip plane. The longer the distance L, the

hi gher wi | | be t he s {rag@reddor theodislocatianttopassc r i t |
through the grain boundary may be reached more easily. As a result the fine grain

size distribut e scabnbtéereavhedeasllyl stress and
0; was suggest to be dividednto two componentsuchthat[56][57]:

Ust : structure sensitive including the parameters such as precigisieation,
dislocationdislocation and dislocatiesolute interactions excluding temperature

effect.

Us: Temperature sensitive and related to

v G 9y

The formula includes short range order

. Z ol 2.5

order effects such as dishtions (1001 0 0 0 U) a n drangeeordgr effea n g
( >1 00 @8 hpartant to note that below a certain size, ez i part of

the equation cannot halid [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 paticipit
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

concigly stated.
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2.2.5.1. The Bastsof 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 resetmgics in material science and the
alloy would have conserved its popularity even after a hundred {2@ksThe
discovery resulted in not only the improvement of Al alloys but also vaages
hardenablealloys of copper, nickel and even steel werdiscovered following
decadesPrecipitation phenomenon was regarded as the most interesting discovery

of metallurgy[20] sincethen.

It might be interesting to remirttiatdiscovery, 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 ACu-Mn alloy and decided to add
0.5% Mg before shaping it into a sheet
by quenchingon 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 narslwere 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 increasecbeggkrved that value. The patent of the
alloy, with 3.55.5%Cu, plus less than 1% Mg and Mwas obtained and
interestingly Alfred Wilm abandoned metallurgy after publishing his works and
moved back to his farm. In 1937, he died not knowtimat he inventg the first
nandechnology a noted by Hornbog€di20].

Years of research have continued @uminum alloys and precipitation
phenomenon yet some of its mysteries still remamng&nown [3]. The very
conditions required for an alloy to be precipitation hardenable are among the major

conclusions driven from these studies that are generally acd8pidl4, 17, 19,
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28, 41]. The main requirement is the relatively igolubility of one element in the
other at high enough temperatures denoted,adrCFigure2.10 on a representative
phase diagram. The second crucial condition is the sharp decrease in solubility limit
upon cooling (Gaxto Gnin). The alloy composition (§ is needed to be in between
Cmax and Guin. 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 naturalgagirroom temperature
depending on the alloy compositiandapplication[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
boundari es. The super satur atesiditatsaud i d s o
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 canbe drawn where optimum aging temperature lies at the
intermediate temperature range seen irFigure 2.11. It should be stated that the
difference fromthe equilibiu m phase mi B¢ is the hormdgenedus A
distribution ofintermediate phases called clusters and GP/B zones followed by a
s emi c o h e r . .Armsequedca of phase Bamsformations occurs before the stable
A,By formation The sequence usually includedusters, GP/B zones and
coherent/ semi coh@nlyedter theg dofmation, pbomagsneais
distribution offine ABy particles is possible. &y small particles ofransitional
phases anéBy, formed by this heat treatment le&ml considerable hardening of the
alloy. The mechanisms of hardening will be discussed next.
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Figure 2.10. A schematical, hypothetical phase diagram showing thermodynamic age
hardenable requirements
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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 $egurén

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 Guiftreston(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 undaged 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 agearg [1, 56, 57, 83, 84].

Peak aging

Strength or
Hardness

Y

time

Figure 2.12. A schematical agehardening curve for Al alloys[83].

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

are categorizelly Dieter and others as follows

1 Coherency strain

1 Stacking fault energy
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Ordered structure
Modulus effect

Interfacial energy and morphology

= =/ 4 =4

Lattice friction stress

All of which are dependertn certain properties of the individual phases and their

relation to eaclother[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
leadingto 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 tooheency[56, 57]:

ya ' R 2.6
Wheny 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 thi.mat

A more detded equation was suggested as:
ya W77 27

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

strengthenings due to sain 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 dislocatieparticle interaction when glideislocations enter the
precipitates. Important parameters are Slkpadial dislocation separation force and
distance, SF width and partidee[56, 57].
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Particle cutting by dislocations is a common phenomenon in precipitation
hardening. The dislocatis may cut through or bow a particle depending on the size

and spacing of the precipitates as well as the modulus.

Ordered structures like ACu, if attempted to be cut, the interaction of dislocation
and precipitate causes generation of-phaise domaifoundary due to distorted
order. The energy of an aithase domain bounda(}FDB) is nearly ten times of

an ordinary phase boundary as a result strengthening occurs. Strengthening due to

ordered structures also brings about high temperature sti@&6gsv].

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 throughetipitate
is another strengthening effect depending on the energy of the newly formed
surface. The strengthening due to surface energy is given by:

y %_ a3 28
3 is the particlematrix surface energy. When the surface energy to volume ratio is
high as in the case of plate or needle shaped particles, the strengthening affect
increase$s6, 57].

The local elastic modulus variations due to different G values of particle and matrix
may ircrease 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 adlntition to the strengthening.

Lastly the str engdtresse asidefiged thuhe equation Betowe r | 6

wh e r, & n diardithe strength of particle and matrix, respecti{@&by57].

va 20 ¢ o 29
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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 agiRgyume 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 ®wan back in 1947. The shear stress needed to bow

bet ween particles, when & is the separation

wooq 2.10

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

yqg L ad P 211

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

loops as well as creating disktion cell structures on them.

2.2.5.3. Precipitation Hardening as a Phase Transformation

Phase Trarformations

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 onlyconsideratiorsince 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 inprocess. As a resulttwo aspects are to be considered
cooperatively, thermodynamics and kinetics. Both will be further dgmli to

remind and combine someaportantdetails of phase transformatiottsthe current

study. There are basically two methodsclassification 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 stepsoakeps which are nucleation
growth like martensitic and precipitation transformations or nucledtesmn like
recovery. The stepwise manner will be more meaningful in describing the
precipitation phenomenon because nucleation is the most important stefingff

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
discussig the results of this chapti&6, 58, 84i 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 Jgéct8, 84i 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 sta{88]ithere are

three thermodynamically impant 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 isegivinFigure2.13.

UNj @AsUs st) S

I n which UNj is a metastable super sat ui
composition %, whichistobet r ansf ormed into a more st
phase and a new phase rich in Cu and Mg solute atoms, S precipitate, in the current
study which is AICuMg. It should be noted that the transformation requires long

range diffusion. The total driving forcerfphase transformation is shown in figure

as ogpGpw&E the driving force f orgbetauseloeat i or

the high chemical potential of solute atoms denoteﬁj@mg.

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

S with a volume V denoted as @Gv.V where

Y10 V7. Fm 2.12
Vm is the molar volume of S phase.

1 Thefree energyincreasedueo t he f or mati on of a new sur
the area, o2U/S is the surface energy of t
and S phases.

1 The strain energy related to the density difference of the new phase to be
formed out of super saturated solid splat n U' (sss). The new p
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 wild]l be denot

The total energyl@ange is:

DG =-VDG +§ Ag+VDG, 213
For an incoherent spherical precipitate of radius r, it is;

DG zgpr3(DGst- DG,) + 4pr’g 2.14

The derivative of the emtion gives the critical radius, ractivation energy barrier
& G, concentration of critical sized nuclei,@s follavs [86]

. 2g
ro=—— 2.15
(DG, - DG_)
. 16p g3'
DG = ” 2.16
3(DG, - DG,)
. DG *
C =C,exp(- ) 2.17
T

Where Gis the number of atoms per unit volume ie ffhase, the nucleation rate is
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DG, DG *
N o = WCexp( - ) exp( - ) 2.18
T T
Where ¥ includes vibration frequency of

& G is the activation energy for atomic migration per atom, k is the Boltzmann

constant and T is the temperature of transformation.

The importah  vari able is ®G* which is depend

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 lkmble 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 becarfeasible 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 matdstphases like GPB zones
(GuinerPrestorBagaryatsky) 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 transformatiards stable and
incoherent S phase occurs through the dissolution of transition S (S') and formation
of stable S nucleating heterogeneously at usually defects like lgramdariefs6,

58, 841 86]. Heterogeneous nucleation will be discussed on the nextngeddie

transformatli @phhasfe Of imter medi ate compos

U and GPB zones is actually formation
structure as the matrix. lRigure2.14, they are connected by a dashed line which
repregents their crystallographic relationshiplthough this type of transformations

are usually attributed as homogeneous in many transformations a combination of
both homogeneous arfteterogeneous nucleation are observed depending on the

availablenucleation 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 engrdiagram [86]

V Heterogeneous Nucleation

The main criterion for heterogeneous nucleation is that defects like excess
vacancies, dislocations, boundaries, etc. aciumdeation 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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DG,, =-V(DG, - DG )+ § Ag- DG, 2.19
G term is the reduction of free energy in the defect during transformation.
Another important difference is statdny [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 typaly heterogeneous nucléat will be
discussed at dislocations becal&&@AP process increases dislocation density very
significantly. Although there are claimghat the deformation leads taxcess
vacancies just after ECAP, since controversies ,exigtill not be further discussl

separately but will be included in &u-Mg precipitation sectiof61].
V Heterogeneous Nucleation at Dislocations

The energy equation for heterogeneous nucleation shows that the energy is lowered
by decrease in defect energncbherency was mentiondd 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 dislocatiom @esist
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 bea stated that dislocation can act as a diffusion pipe during the evolving of

nucleus into a critical siZé)].

Defects are more likely to act as nucleation sites, if they have higher energy.
However regarding the current study, small but denser defeetsliBlocations 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 vagcagbtes
assist nucleation either by relieving misfit strain energy or by increasing
substitutional diffusiomates[56, 58, 84i 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 tendencynoétion of

type Il 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 precipitateglumucleation. 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 conseqoktics the

Figure 2.15 type of formations are observed throughout the solutionized and aged

Al-Cu-Mg alloys also observed in the current stily

2.2.5.4. Precipitation in Al-Cu-Mg Alloy

The precipitation behavior of ALu-Mg alloys have been a great deal of discussion
[51 13, 16, 29, 30, 33i 35, 37, 38, 40, 421 46, 50, 51, 60, 87i 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 ACLu-Mg alloys especially in 201[B, 8, 23, 42, 50, 51].

Bagaryatsky proposed thiest precipitation sequence éi-Cu-Mg in early 1943 as
Super satur at e@ GPB (GunaiPresmhBagaryatsky) zones)
S €@ & @ S(AICuMg). This proposal was updated by many studies and refined into

the following sequence:

S S S SC Bylute Custers (MgCu)C GPB zones+X S which is accepted in

recent studiepd4, 50, 51] for the ease of uristanding and avoid confusion.

Even he crystal structure of S phase itself has bemsepted to be PW modg]

very recently and there is no consensus on the precipitation sequenceTéidner.

are numeraos ideas on the sequence drable 2.7 summarizes some of thefh].

Among these structures it is obviousTable2.7thatSa phase was stated
different from S phase by slight deviations of the latpegametersvhich was

pointed out as the result of the variations in the degree of cohe8icyOn the

ot her hand numerous studies confbfitemed t hat
equilibrium S phase by some authfi$, 46, 48] while there are authors suggesting

[12, 30] the existence of GPB2 zones as well asoS

S S S S¢ Bolute Clusters MgulC GPB2 zoh®s/ Sqaa
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It has been stated that while S phase was responsible for the peak hardening. GPB2
as wel | as ntBbuton th thislharbdeningt If issimportant to mention that
both the ceclustering and cexistance of GPB zones and S phase or some &6

it are commonly accepted.

Table 2.7. Proposed structures for diferent phases in AICu-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 recemésearches carried out using atom probe
tomography and HRTEM wetaken into account anaif the sake of simplicity of it

the following sequence will bereferred6, 50, 51].
S S S SE Bolute Clusters (Mgu)C GPB zones+& S.

The ternary phase dgrtam for AFCu-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 studyth Mg content of 1.73.95lies onthe phase
transition buit should be reminded that the effect of Mn, Si and Fe also have direct
influence on the phase diagrand the Mn conterf Al 2024 is considerably high
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to take the ternary as a strict map however it still has the valgeide 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

observedin high CuMg 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 AICu-Mg at 2004C [5].
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144 Al-3.3Cu-1.6 Mg /">,
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Figure 2.17. The hardening response of AlCu-Mg alloys at 1904C adopted from [5].
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Therapid hardening of the aging of XX alloys at the very beginning of aging, as
short as 1 minute at50°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 agingOn the rapid hardening (RH) the ratio of Cu/Mg as well as the
region of phaseswer¢ at ed t o be very i mg)andiwhent . I n
the Cu/Mg ratio is highthe RH behavior was not observed as well as in the binary
alloysof ALButi n ( U+ S) r e g anwunt ovdilvernvasgpreseRt-bwad

also observed51]. When Cu/Mg ratio is high, the RH behavior lowers and the
increase oMg 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. Anoer important point is thatRH is not observed to be effective in
natural aging but requires a certain temperature increaf@mtquenchingven for

a few minute$30, 51].

The second stage of hardening was attributed to GPB zones and coherent S
predpitation in many studies while in some it was directly attributed to be a result of

S precipitatesAll of themmay have a poirthecause it is probable that they only use
different terminologylt is important to know thatniform, fine distributionas wé!

the coherency ofGPB zones and 9recipitates are the factors that affect the
hardening. S precipitates are indicatedform in a certain relationship with the

matrix such that [10Q}/[100]s; [0-21]a//[010]s ana [012]a//[001]s forming 12

variants é the S phase. The precipitation of S phase was observed as homogeneous
or preferred along the Burgerds vector
heterogeneous S precipitates. There are various studies on the coexistence of GPB
and S phase afterlonga ng hours such as 80 hours at
hardness is still preserved at high levi&8]. 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 precigi@fesAnother

important issue on S precipitates that precipitate heterogeneously on dislocations is

that they can form precipitate groupspdading on the dislocation distribution of
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the matrix before aging. These precipitate groups were consitteaetias a single
particle hence the size of the precipitate growps stated to be very effective on
the degree ofiardeningDepending on thenergy calculations, critical sizes of 425
and 212 were calculatd@]. It was stated that unlike GPB zonep to 100 atoms)
and coclusters (20 atoms), S precipitates (larger than 2 nm) were resistant to
shear and Orowan bowing was required for dislocation motion. In deform€d-Al
Mg, due to the more uniform distribution of dislocations, a lower S pretmtaup
size and hence higher thermal stability was expdéfed he alloyng elements such

as Si, Ti, Znwere also stated to be observed in @B zones an® precipitates
using atom probe tomograpf®0]. In the over aged state, general observation is the
large S precipitate groups as well as large, interacting, individual S precipgitates

well as the absence of GPB zones.

52



CHAPTER 3

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

3.1. EXPERIMENTAL PROCEDURE

The current stug involves the investigation dCAPedcommercial Al 2024 alloy
partspreparedoy E . Sar al [93].] Before going aay furtheit is vital to

statethe method of production although the production method is beyond the scope

of the current study. Theompositionof the sample was reported inTable3.1. Al

2024 alloysin rods and rectangular shapere usedAll of the samples were heat

treated at 495C f or 1 hour i n tianizenand Homagenizeuthen a c e
microstructure followed by quenching intoiseltwat er mi xt ure at O0A
rod shaped samples of ~18 mm diameter and ~50 mm length were pressed through
equal channel angular pregke rectangular samples were directlybgcted to

aging at 190N1AGteriguencing93joi | bath right a

Table 3.1. As-received composition for Al 2024 abhy [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 iRigure3.1. The die was made of H13 tool steel and the
angle between two channels is 120A. The

through feeding cupper blocks of 60 mm in front of the aluminum sesplavoid
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crack formation and maintain balance between feeding and exit parts of the system.
Each sample was placed after a @sert so the first sample was subjected to a
lower back pressurén comparison to the samples placed afterwahaghis way

low and high back pressure could be maintained. Between each sample and Cu
block 5 mm long Mo pellets were introduced for lubrication. ECAPed samples
were keptin a coolerat-1 8 A C. eds@upRswere cut inperpendicular and
shear directionsfor hardnes 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 hwiard without ECAP were
investigated. @e of the high back pressure samplesre cut into pellets with
corresponding thin sections next to them for TEM observation as shokigure

3.2 and macrehardness tests were carried out.

Figure31.ECAP system composed of pressing unit
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 pap e roccasionally megasuring By onea@sohirometer.

The samplesvere then dimpled down toa total of 4 0 Om t hi ckness
surfaces leadg to a cocave appearance at both facdtschione model 200
dimpling grinderwas used for dimplingThe final thinning was carried out at
Fischione model 110 twin jet electropolisher by electropolishing in an acid solution
of 25 % nitric acid with 75 % methanolh& electropolishing was performed at
subzero temperature range -0{25-3 0 A& a voltage of~10V for about 1015

seconds.

3.2. RESULTS AND DISCUSSION

3.2.1. Macro-hardness and Optical Micrographs

The randomly collected mactardness measurements of ECAPed sampte ¢
perpendicular to the longitudinal direction showed that therenhomogeneity
throughout the sample. Figure3.3, Brinell hardness results are shown. One of the
sections had porositybservable through eye inspection. It might be resulted from
the deformation or remnants of casting porosity. The defected part, as expected, was

observed to have morehomogeneity anth general upper paftlose to the inner
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corner of the diepf 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 merographs of the sample cut parallel to shear plane are shown in
Figure 3.4. It is not possible to observe tlwell structure but deformation of the
sanple 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 mape porosities produced duringCAP process.The

density increas 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
microstructues of the two samples at any time interval of the precipitation sequence
show such a huge variation that 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 micobstas around the peak

and the microstructures of overaged state.

T
L A

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

The preliminary resulten aging of solutionized Al 202has yielded to the curve in
Figure3.5 wherethe data pointarelimited with near peak aged, slightly overaged
and overaged statePeakagetime of solutionized Al 2024 vgafound to be around
11-12 hours consistent with thigerature[28] TEM investigation was carried on the

nearpeakaged and overaged Al 20.

The ECAP processed sam@eowednearly12 timesfaster agingwhen compared
to solutionized counterpart, the data points as® limited as presented iRigure
3.5. The peak aging time was the range of 0:9.2 hoursbut could not be
determined exactly because of the missing data points. On the other hand the
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inhomogeneity of the sampt®mbined with the limited number of dat&e macre
hardness indentsyjielded an incomplete andexaggeratedaging curve.One hour
(near peak aged) ar@D minutes (overaged) age&CAPedsamplas werecompared

to 11 (near peak agednd 24hours (overagedpgedstandard sample, respectively.

Time (h)
0.0 0.5 1.0 1.5
200 —— - ‘ '
B @ Standard Sample
I — Standard Sample (2nd order fit)
= % ECAPed (Sample A)
180 —+ = = ECAPed (Sample A) ((3rd order fit)
— - *
m - *‘.-—"'_—_*-""-.
T - _—-“‘ *
=160 + »-—
n L
w —
a) —
C —
T 140 +
@© -
I L
120 +
100

0 5 10 15 20 25 30
Time (h)

Figure35.Vari ati on of hardness withandgandard t i me at
Al 2024.

3.2.2. TEM Study

3.2.2.1. ECAPed State

Representative TEM images of the ECAPed samples givérgure 3.6 showthe
accumulated dislocations which are referred tadiasi s | oc at,ithe darkf or est s 0O
regions ofthe imagesThese structureserein the form of bands at a certain angle
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whereas through tilting the specimen they disamzband reappead at different
locations as expectefb4]. In Figure 3.6a, dense dislot@n rich regions i
observedut when the specimen was tilted by a few degrees, they disappeared as in
Figure3.6b andFigure 3.6¢, tilted images of the same region. Exarthoseegiors

where there seemed to be nwslacdions, there is a good chance of having
considerable amount of dislocationssible at another angle when b mot

perpendicular to .gAccording tothe invisibility criterion for dislocations;@&® Tt

where'®is the diffraction vector and s t he Burgerds vector
when the condition is satisfied the dislocation becomes invisible because the
contrast is very weaf05]. Higher magnification image~igure 3.6d, indicates that

due tohigh dislocation density ber features beooe hard to identifyespecially the

grain or cellboundaries. In the imagé&igure 3.6d, T phase dispersoidsre seen

among the dislocation forest amdspite of their large sizes thmundarieof even

these particlesannot be distinguished from the matrix. This indicakeslevel of

difficulty to observe much smaller phases sucl®8 zones an& phases, which

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

3.2.2.2. Peak Age State

In standardAl 2024 after 11 hours agingqicrostructuranvolvesprecipitates in the
shape of needles as presentedFigure 3.7consistent with thditerature. The
distribution of precipitates seato be randory orientedrelative to the grain but
they are either parallel @arossing one another at a certain anglethis stagewhen
hardness is high, theoherency of precipitates expected to creatstrain fields
around themselves such as the ones encirclétyire 3.7b while at certain angles
precipitates are obsemyeas clear needleshich may indicate partial coherency of
the precipitates along the interphase boundaryaolow mismatch of lattice
parameterdetween precipitates aride matrix.In the third imageFigure3.7.c, a
triple junction is observed. It is definitely a thicker boundary than normal probably
due to heterogeneous nucleation amndwth of S precipitagés 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 id&dkwhere

the diffraction spot is chosen for individual group of precipitates.

Dispérsoids

I

Figure 3.6. TEM images of the ECAPed structure of Al2024 (3, (b), (c) belong to the
sameregion 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 thepfase dispersoid as
mentioned in theoryThey serve as obstacles for grain grovethd are often

associated with some strain around them which may be dutetgpinned
dislocations or nucleation & precipitates around them. The orientatretation of

the T-phase dispersoidith the matrixmayalso have a connection to the observed

strain Twin formation inside the dispersoids is reported in a study which indicates

|l ow stacking fault energy and a high mis

the matrix which is an element increasing the strengthening effect of the dispersoid.
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Figure 3.8. T-phase dispersoidn solutionized Al 2024.
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In ECAPed and&n houraged sampldhe precipitate size was found to be obviously
smaller compared to the solutionized and aged sar@plehe other handue to the
already present strain fields resulting from high dislocation deribitysize of the
precipitates cannot be determined with accuracy. At certairfdiltiies) however, it
becomes possible to observe precipitation structure in the form of small needles
dispersed throughout the grain. It is possible that the needle likarappe may be
the strain field of each precipitate ratliean the actual precipitates BF imaging

is required for adequate investigation of precipitate size and morpholdgy.
various precipitates are imaged Higure 3.9 at suitable angles forproper
observation soprecipitate structure in the form of small needles dispersed
throughout the grains visible Yet they are hard to distinguish due the

dislocations and deformed structure.

Figure 3.9.Nearp e a k a g e d 1 loar} Al 2DB4 dniy@Structures at various
regionsand two different magnifications.
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The preci pit aahhoowas faund td [8 @fedive insame regions on
the rearrangement of dislocations into cellpeesentedn Figure3.10a and b. The
cell sizes were faud to be about 300 nmuhich 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 fomasts
be seen inFigure 3.10c and d. HREM imageson the other hand could not be
attained due tthe strain field around the precipitates that may easily interfere with
the precipitateslt is necessary to remember tk&®B zones are usually observed in
the form of strain fields hencetidei f f er ent i at i on precpitatee en coher e
with GPB zonescannot be possible at sizes of a few nm thickn&ks. higher
magnificaton images inFigure 3.10 d, eshowtwo different foms of precipitates

On the left among the dislocations small whiborterprecipitates are obsexd

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

Figure 3.10. TEM micrographs of the ECAPed and prepeak aged Al 2024, (a, b and ¢)
rearranged dislocations brm cells of a few 100 nm andd and e) precipitates.
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3.2.2.3. OverAged State

Solutionized and quenched into a supersaturated solid state, Al 2024n#i&dly

dissociated intoGPB zones andh less supersaturated alpha Al followed by
formation ofcoherent 5§ SNj phase. The finaktablean@ge i s
incoherent S precipitates of MuMg as in the case &4 hoursof agingat 19 0AC.
The structure has now become nearly homogeneous in the sense that precipitates are

all around the structure Viita nearly constant density. Growth of precipitaite®

longer needles obviously noticedn addition to the improved h&ork between the

precipitatesn Figure3.11.

The hardness of ECAPed anderaged samples dropped fralii4 HB to 164 HB

after aging 20 more minutes thaearpeak aging time ol hour Unlike in over
agedstandard samplehe precipitate density was found to be similar torthar

peak aged samplehard to detect an obvioushange throughout the sample
regarding the precipitatet Figure3.12, two types of precipitate regioasegiven.

The first column of images (&) belongto cell like interconnectegrecipitates and

the second columnb( d) is composed of parallel array of precipitates aligned
together with noor little perpendicular precipitates. This may be an indication of
different structures cexisting in the same samplar 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
agedECAPed sample. However Figure3.13, sign of recrystallization can be seen.
The arrow marks an obvious new ellipsoid grain formed along the ddforma
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 overaged AF2024 alloy
(190AC/ 24 h.)

Figure 3.12. TEM micrographs of the ECAPed and over aged Al 2024a(and b)
precipitates in two directions (c and d) preipitates in single direction( 1 9 0 AC/
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Figure 3.13. TEM images of the ECAPed and over aged Al2024 19 0 AC/ 80 mi n.

The initiation of recrystallization may partially be considered as the cause of
hardness drop of 10 HB accompanied to over agihg.HREM image of ECAPal

and overaged structure could be seerFigure3.14. HREM images of precipitates
were obtained, most probably due to the lack of sfraids around the precipitates.

In near peak aged samplagh resolution images were not possible to focus due to
the strain present around the precipitates whereas irageer sampléhey could be
focused.The lack of strain may be either due to the loss of colegref 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 samplé€®n the other handhé reason behindase of observation
could possiblybe the incoherency of owaged precipitates. This may lead to a
rough conclusion that although a visual difference could not be detextieer

recrystallizaion or overaging or their combined effect caused the hardness drop
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Figure 3.14. HREM images of precipitates inECAPed 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 compositiorectdef mechanical
properties, etc. New production techniques, as in the cassevare plastic
deformation(SPD), may initially encounterttese problembut as they evolvehese
iIssuesare eliminated leading to a commercially applicable syst@uaring 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 passg, inhomogeneity is a major disadvantage. As a consequence, to
investigate the inhomogeneity and the effect of aging on the final microstructure is

absolutely necessaftyy means of thorough investigation before, during and after

aging.

In this chapter oflte study, main emphasize will be ¢me two inhomogeneity

issues related to ECAP process and Al 2024hould be noteddfore going any
further, that inadirect analysis of ECAP systetinrough conducting experiments in
different conditions was not pob# in this studyThe samples were produced in

the previous studj93] andfurther work onthe productiormethodor the production
parameters are beyond the scope of the study. Howayge, variations in hardness
amory 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. th&ngata obtained

from the alreadyavailable samples, the effect of backpressure and Mg content on
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the hardness variation among different samplashsiefly discussed as parameters
that may or may not have an effect on the standardization of ECAP products. To
summarize, the first part ohis chaptempresentghe 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 micrehardness variatioand theresponse t@recipitation at 190C was

analyzedor the possibility ofelimination of the inhomogeneity.

4.1. LITERATURE REVIEW

4.1.1. Homogeneity of ECAP

Severe plastic deformation (SPD), an alternative technique to classical deformation
hardening methods, aims to obtainutra ne gr ai n structur e,
high angle grain boundaries uniformly distributed throughout the volume, free from
the agacks ordamage[61]. Among the SPD techniques, equal channel angular
pressing (ECAP) and high pressure torsion (HPT)theemost promisingpnes
ECAP is comparatively simple and easy to perform on varialsys and
composites. It is applicable to large billets aihds said to providecomplete
homogeneity in the final produethen multiple passes are appli®@®]. ECAP can

be used for samples as large as 4 cm in diameter and 10 cm in [[éAgtin
contrast,usingHPT, an exceedingly ductile Al sample 8.57 mm in height and 10
mm in diameter could be hardly produahge to the sample size limitation being so
dominant[97]. In the case athe Al 2024 alloy,whenthe production was limited to

1.5 mm in thickness and 14 mm in diametrhardness value of 275 HV was
attainablg98].

In practice, however, the final structure after the ECAP process may not be as
homogeneous as desiredrinite element analyses in ECAP have shown that the
lower part of the ample has less strajf9, 100], which results in inhomogeneity in
both the microstructure and mechanical properties of the safripee are several

studies on the elimination of this inhomogeneity throaghealingsuch as Qiao et.
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al. (2009)[32] or further ECAP processir{d01]. Usually homogenization in ECAP

Is achieved by increasing tlrimber of passes, but even this treatment does not
always result in total elimination of inhomogeneity. For instance, ECAP processing
of agehardenable Al alloys of 2024 and 6061 has resulted in a minimum hardness
devi at i gaanurb@@Em BF 15 HV after 6 passedn fact, a difference as

high as 30HV was observed in some regions of these safhpldsThere also est

a study thatledtoavetyow a&eHV of 4 HV f or whanthe Al
ECAP was carried out inside a copper tyhé2]. These varied results of the
previous studies indicate that there still is ageement on the degree of
homogeneity after ECABndfurther studies are necessary to reveal this relationship

more clearly

4.1.2. Hardness Inhomogeneityindex

To investigate the inhomogeneity during deformation, one of the major tools is the
finite element method anBEM analysis studiedefine theinhomogeneityusing a

parameter called strain inhomogeneity intleat is shown by:

g = m o 4.1

wh e rmg mi:.,l‘.’la N thyg dte maximum, minimum, and average magnitudes of
effective strain[102, 103]. With a similar approach, a hardness inhomogeneity

index can be defined as:

H, o= — = 4.2

where Hhax Hmin @and Hyg represent maximum, minimunand 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 indecadis it

attention to theveaker regions that may act as fracturgation sites.
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The deformation inhomogeneity manifested in the first paay diminish to a
certain extent by consecuthNECAP passs Ultra-fine grain structure can only be
achievedhrough a certain amount of passiest 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 grainsize[61, 96]. On the other hand, subsequent passes are regarded as a
means toattain homogeneoushistributed grains of high angle grain boundaries
[77]. Multi-pass ECAP process is essential if the strengthening mechanism depends
solely on grain refinement through deformat{66]. However, in the case of age
hardenable alloys, ECAP and agardening should be consideragdgether.
Different approacheare proposed for the optimization of these two strengthening
mechanisms, (i.e. graisize reduction by defmation and precipitation hardening

by aging. Pre-ECAP aging, dynamic aging and p&CAP aging are examples of
alternative choices that are carried out in combination with fpalis or singlpass
ECAP[12, 82,93, 104 106].

Previous studiegonsidering the pr&CAP aging,showed that oveaged 2024 Al
alloy subjected to mulpass ECAP holds a maximum hardness of 187 HV after 3
passes at 18C, and further ECAP process results imaadness dropl05]. The
magnitude of the b s er ve d &aH e arasuluotoseragmag yand llynamic
recrystallization. Dynamic precipitatioshows better result® terms of hardness
enhancementhan dynamic recrystallizatiorA study by Kim et. al[107] on Al
6061 showed remarkable increase in strength after four ECAP passes &C100

but a minimunDH of 15 was obtained.

When multipass ECAP is considered, p&TAP 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 energeticallyvfarable. PoOSECAP aging after a single pass has led to a
hardness of 205 HV after 30 hoecorrelatedof aging

properties are not cledB82]. PostECAP aging is promising for homogenization,
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which is an outcome of the fine distribution of precipitates nucleated at defects
resulting from deformatiol2, 32]. Several theorie§66, 82, 98, 105 106, 108

113] have bee proposed to correlate strengthenimgagehardenable 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

Throughaut the study, three ECAPed Al 2024 samples, with varied hardness values,
were investigated. The samples wéBmmwide and 45 mm long cylinders and all
werequenched isatwaer @du@eaf ter solutionizing
hour. The samd 2 @i was used to ECAP them oncEhe back pressure was
controlled bya number of Cu blockthat weresent through the ECAP channel prior

to sending theAl samples This allowed formation aflifferent back pressures which

will be mentionedas high (HBP) antbw 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 samahep(€ 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 theraimalityt 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 Brinedindss test using
500kgf weight and 10 mm diameter ball. Brinell hardness numbers (BHN) obtained
was converted to Vickrs using conversion tabl8ample B and C were cat an

an gl e padilel td thefshear direction. The hardness measurements were carried
out at aconstant load of 4.9N and 10s of dwell tirmeing a Shimadzu Micro
Hardness Indenter. To be able to compare the res@lt2024 samples in
rectangular crossectioned bulklsape weraalsos ol ut i oni zed at 495

and quench e dsaltwatdr onixtebr®r tdo agmg. mterrupted aging
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experiments were conductéat all samples at 190 CThe aging kinetics of Sample

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

4.2.1. Precision Cutting and Map Design

HBP sample (Sample Ajvas chosen te used for observation athomogeneity

due to its higher hardnesalue The sample was marked according to its orientation

during ECAP as ATOPO and i BOTHgirdbl An il 1l us
Cutting was performea t an angle of 46A momstodering th
observe deformation bands in pure sheamdition Two 0.5 mm thickness disks

were cut adjacent to the surfaceaol cm thick hardness sampii®m which the

microhardness data was collectddgure 4.1 shows the sample cutting process

schematically. A thin section was also cut from the Al 2024 block which was not

ECAPed afer solutionizing and quenchirigr cortrol purposes.

Hardness TEM Sample
Measurement  Slicing

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

Prior to theaging processall the surfaces of the samples were polished and the

surface of HBFECAPed sample was subdivided into 16 regions of interest close to
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the central part as shown fiigure4.2. 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
60i70 Om in siazeni ni meamef5d0e Om interval b
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 cresstional area was represented using eolor

coded contour maps. A similar approach was carried oudtémdardsample with

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

Figure42.(a)The120A ECAP die with a representative
shearangl e of 46A. The characterization studie
shown(left).(b)The sample was separated into 16 regions lycating multiple

guidelines asshown,two of which are passing through the centemepresented 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 aparticular sample. The grain boundary misorientation angle;ceiib
structure, size distribution, grain orientation, stratexture and many other
properties may be detected using EBSD detector of a field emission scanning
electron microscope (FESEM). &lsample 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 thawonvetional metallographic

specimen.

All samples were grinded using the 62000 range SiC grinding papers and
polished using 10m di-poliskingdas gaoried osithusing . The el
two systems. Initially Streurs, Lecropgblwas usedTlo obtan a surface adequate for

data collection with EBSD, arious etchant@and other variables were tested to

polish Al alloys After each trialEBSD monitoringwas performed since the shiny

sample surfaces did not always guaramibeeEBSD data collectiof.he parameters

usedcould be seen ifiable4.1. The optimum etchant was found to be 5% (volume)

perchloric acid in ethanol. Optimum process parameters were 20 vetiftage, 20

|l /s as flow rate, 15 seconds of polishing t
performed for standard samples but for ECAPed sesyghlie to deformed structure

the quality of the polished surface obtained was below averageeha new

polishing option was needed.
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Table 4.1. The optimization of electrepolishing parameters for EBSD sample

preparation.

Ethanol

Flow .
Etchant Voltage rate Time Temp. Result
M | gy | G0 | Cec
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 /;ﬁ)ﬁ;ﬂglo ric 20 20 15 22 Soln,average
for ECAPed
5 %perchloric 5, 10, 20,
ethanol 20 20 o 22 poor
5 )
5 %perchloric 17 20 15 29 Average for

ECAP

The ECAPed samples in the form of thin plates were punched into 3 mm discs to be

poli shed

polished without any dimpling and thinning. The results were better compared to

Buehler polisher. It was also possible to exactly locate thee mhthe sample. Both

usi

ng

A Fi setetiropolisher which dvaslorigihallyd

designed for TEM sample preparation. The punched discs were then -electro

t

Wi

shear and transverse directions of the ECAPed sample were investigated at three

locations top, middle and bottomaccording to the ECAP die as represented in

Figure4.2.
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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 atfdDhe C i n a silicon oi l ba
different bakets.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 predefinedcations. The experiments continued until

overaging.

Time periodsvaried between 2 minutes to 10 minutes each interruption during
the aging of ECAPed samples, SampleHBP) and Sample C I(BP) while for

solutionized and quenchedmplesthese periosl wereas long as 1 t8 hours.

4.2.4. TEM Sample Preparation

TEM specimens were punched from the thin slices of samples and were thinned

down to 1000m wusing 2000 SiC grinding pape
AFi schione model 200 di mp |ldeep gimpies wened e r and n
created at both sides of the samples so tha
The samples were then electropolished® AC in a 10% nitric acid

about 10 V for 1615 seconds until perforation

4.3. RESULTS AND DISCUSSION

4.3.1. Hardness Variation in Different Samples

Studies on the reproducibility of SPD products, one of wikcktated in the review

by Valiev and Langdon, are very rdf6]. 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 omconomic efficiency
accompanied with seme life oth of which are discussed further in the current

studyas well as service temperature
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Thereasoning behind theariation in hardnessf similar productamot be easily
determinedreferring to the current literature, as mentioned above, lnliaple
causesconsidering small but important detailsll be discussed.The properties
which may cause the hardness differences of the three ECA&tagdles are
summarized inTable 4.2. An interesting outcome is that the sampieluding
porcsity has the highest hardnes3he coexistence of pores dnhigh average
hardnesssalue may indicate heavier strainenough to cause defeatbserved in
the form ofpores Sampe A could not be identified according to the applied back
pressure so it is not possible to relate the high hardness to back pfesdtre
particular sampleOn the other handhe porosity observemhay have been already
present in the sample befor€E&P as a low quality mill productBesides sample
defect there are two parametersrth to investigateback pressure and Mg content

which aresmall butmajor differencesletectedetween Sample B and C

Table 4.2. Various properties of the samples

, Hardness| Hardness| Back Mg
Observations (HV) Deviation | Pressure| content Cu/Mg
SarA”p'e Porosity 188 6.3 NA 1.95 | 2.32
Sagp'e No defect | 180.2 35 High | 1.94 | 234
Sagp'e No defect | 164.6 4.1 Low | 1.72 | 2.56

4.3.1.1. Effect of Back Pressure

In literature, back pressure is stated to be effective on -freekproductiorusing

ECAP as well as to obtain a more homogeneous structure. Another benefit of back
pressure on Gun the presence of 400 MPa back presswiaes found to be a grain
refinement improvement from 0.24 microns to 0.18 micr@iace the final grain

size s understoodo be determined at the first pass of ECAP, rii@st dominant
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effect of back pressureould be expecteth the first pas$96]. The easiest way to
impose back pressureto increase the level of friction. As a means to increase the
friction, especiallyat the exit, a viscous/ductile medium waspgmeed 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 . K i mexperiedced oy the sulpddil4] yet, probably due

to the muliple deformabledeformable contacts, the simulations could not continue
after a certain point. The images regagdthe simulation trials arpresented 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 0.50.6. The simulabns were interrupted by the program when the contact
surface of two different Cu blocks («3) entered the deformation zone. The
contactsurface of Cu and Al (adl) is alsoshavn in the upper simulation. When it

was chrified that the simulations in thgresence of deformabtieformable contacts
could not be finalizedto seethe effect of feeding order in the case of a long whole
billet simulations were carried out. The results are presentedune4.4.

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 strairstribution 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 b@.%52

while the highest is 0-8.9 corresponding to 223% and 35L45 % cold work,
respectively. The middle region, which shows the most homogeneous distribution
with the strain range 0.55.80, is equal to a cold work of -A22%.
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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 simulationtrial results of the ECAP system used in the study.
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Simulation of ECAP within a billet of Al

: 0.30<€<0.90
6. "¥%00e+001 forming

Total Equivalent Plastic Strain

section1

section10

0.20<e<0.55

OCO0000000000000000000A=
0O NNWWARNNDDNNDDROOOO =
SOV ONONONONOMOUONONO RO

Figure 4.4. The simulation of an Al billet through 120 die.

The hardening behavior of Al 2024 with cold working is showRigure4.5 which

is adopted from Zhao et. 4lL15]. A linear relatioship is easily notied hence the

line is extended towards higher cold working ranges. Regattiedpardness values

in hand,Sample C corresponds ~60% cold work,equivalent to 0.47n terms of
strain,while for Sample B the values are92 % and 0.65 for cold work arsdran,
respectively.In the light of the strain maps produced through simulations
probable to have Sample B at the middle regions andp®ab close to the end
which is not far from the actual case. Although the order of Sample A is not well
known, regading the positions it may belong to the last loadiAdge results of the
simulation supports the idea that the order of the samples, hence applied back
pressure, is a major influencm the hardness inhomogeneity among the samples,
yet the values mentioned above may be different from the actual vétugsalso
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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 fron{115].

4.3.1.2. Effect of Magnesium Content

The samples used in the experiments wamamercial productso the chenaal
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
39to be as accurate as possible. In case of any variations due to optimization, the
data were colleed at the same session one after another. 15rdateeich sample,

for a time span 080 secondswere collected. The chemical compositi@me found
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presented iMable4.3. The majorsignificant variatios are dserved in Mg and Si

content

The high Si content (which is in the range of specificatidmsye effect on
solidification temperature range of the alloy hemoay be the cause afasting
porosity observed in $gple A Other than porosityhere is no diret relationship
with Si and workhardenability and it isolely high in the first sample.

The second difference is in Mg content. There are two important facts to be pointed
out regardinghe liability of EDS on Mg content and the possible effedtigfin Al

alloys. First of all, since Mg is a low Z element, the stard deviation of EDS for

Mg was calculated as 0.4914 which is very close to the difference in Mg content
0.23. On the otér hand, high Mg content in Al alloygasindicatedto increase the
precipitation hardening effect afteold working. It is alsostated thatbeing an
effective solute atom, Mg may increase the stored energy, strain and hardness, in Al
alloys during cold dformation[1]. In thereview d Langdon and/aliev [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 betwegNd@land At3Mg.

2% Mg incrementwas four to increase the strengtiom 100 MPa to 170 MPa.

With a very rough approximation 0.2% Mg could cause 7 MPa of id&i®ase but

to be able to obtain 15 HV hardness increment, at least 45aeain UTSwould
berequired As a resulthe variations as small as €12%in Mg contem cannot be
responsible fohardness deviation of 13V after ECAP procesby itself but may

play a role to some exterito concludelow Mg contenicould beone of the factors
leading to thedeviationin hardness aftedeformation butt cannot be the may

cause of the inhomogeneity among sampf@a the other handt would be a
valuable contribution to investigate tkeffect of Mg contehon strain levels of Al

2024 (rather than pure Atluring ECAP.
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4.3.1.3. Combined Effect of BaclkPressure and Mg Content

The hardness variation among samples b&g result oboth Mg content and back
pressure; hence passing ordettefsampleghrough ECAP die. During the passage
due to high friction and deformation most of the work is converted to heat. Heating
due to tke friction during ECAPmay cause rapid hardening which is easier in the
presence of higher Mddg is also effective on increasing ttemperature incraent

during ECAP. It might be possible that thengple entered into the die last with a
higher Mg contentmay have experienced a rapid hardeningeddtively higher
temperatures during deformation more than the other/s. It is stated that the increased
Mg content increases the rapid hardening am{&ftijtand a temperature raise of a

few minutes or even 60 seconds were enough to observe rapid hardening. It might
be possible tht sample C which has the lowest Mg content experienced rrone o
very little rapid hardening while Sample A and B, with higher Mg content,
experienced a more effective rapid hardenimpe differences in Cu/Mg ratio
represented iMTable 4.2 shows that Sample C has highest Cu/Mg ratio which is a

factor lowering the effect of rapid hardening during preatpn.

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

Al Cu Mg Mn Si Fe Zn Ti Cr

Sa;wple 92.09 4.53 195 | 0.59 | 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
Sagwple 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
Sagwple 92.62 441 1.72 | 0.59 | 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 concludethe mostprobable reason of hardness inhomogeneity among samples
is the order of the samples whiamay 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 ohe ECAPed samplgwo directions were investigated. The

sample was cut throughtbeh ear di r ect i oand BBSD imagesaoh gl e of
top, middle and bottom parts were collected. The 0.5 cm thick sample cut at the

shear angle was divided into two frommettransversedirection and again the top,

middle andbottom regions were inspected.

In Figure4.6 A, B and C(transverse directionthere is no significant difference

other than the small grains of the middle pait @ this direction no clear sigof
difference regarding EBSD imagesuld be noticed. Hoewver when the shear
direction B inspected, the bottom part of the sample wlearly 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 mentioneteniteraturd96]. This result is also

in agreement with the hardness results. However, at the transverse direction the dead
zoneor corner gap effeaould not be identified by EBSD.
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Figure 4.6. EBSD images of ECAPed sample in transversdirection (a), (b), (¢) and
shear directions €), (f), (g), at top, middle and bottom of the samplefrespectively
accompanied with ¢l) Standard sample and schematic representation of the sample

4.3.3. Microhardness Data andAging Behavior

The microhardness variation through aging can be obsenkadure4.7 andFigure
4.8 for the standardand the ECAPed samplesrespectively There are certain

differences between two figures:

1 Time of processThe peak aging timesias low as 1 hour f@ample B(HBP
ECAPed)and neag 80 minutes forSample C I(BP ECAPed while for
standardsampleit is ~11.5 hoursPrecipitation of ECAPed Al 2024 is 12
times faster than the standard sample.

1 The peak aged HBP ECAPed sample (Sample B) had~50% higher hardness
thanpeak aged standasample
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1 Total hardness increment: In ECAPed samples total hardess increment
during precipitation was found to be lower than the standard sample.
However when the ECAPed samples are compared there is no significant
difference.

1 Rapid hardeningThe nitial steep hardness increase whichcasnmonly
observed in Al 2024t the beginning of aging could not be observed in

ECAPed samples.
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Figure 4.7. Variation of hardness with interrupted aging ofstandard 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)YSample B) ECAPed Al 2024

In literature, there is no consensus qurecipitation sequence and hardening
mechanisms in ACu-Mg alloys during precipitatianlt is more difficult when
possible processexccurringas a consequence of severe deformation are included.
To be able taletectevery possible variation artd easehe understanding of the
processes, the hardness plots are divided into three regions of interest although last
two regions maye regarded aa single peakdue to thesmall drop in the initial

peak Figure 4.9 shows the comparison dftandardsample andECAPed HBP
Sample. Lastwo steps g8 @wmmon in both sampleshive the rapid hardening in
standard Al 2024 is not observed in ECAPed sampMisthree steps will be

expained 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 stagése hardening of standard sample
during the first stage is 33.5 HV in one hour but for ECAPed samples this initial
hardening is only & HV. After ECAP thehardness 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. Taeréwo 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 togefherbe able todecide 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-@U-Mg alloys. This behavior was tried toeb
explained in different studies considering different theomBssically two recent
theories are worth to mention. @mmon theory is it clusters of Cu and Mg are
formed by the help ofjuenched in vacanciesnd these lastering led to the
formation ofloop dislocationsin this theorythe clusters aresaid to be the cause of
hardening, the phenomenon mentioneddsster 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 Mgpwever the moreecent study by the

same group using a more advanced Atom Probe Tomography indicated the
existence of calusters.n another theory it isuggested thahé main hardeningsi

due tothe formation of a sessile dislocation netwoekulted fronthe interacton of
dislocations and solute atomasr clusters rather thandirectly cluster based
hardeningIn both of theseheoriesand othersa relationship between solute atoms

and dislocations were accepted and most recent studies have proven the existence of

co-clusters of CeMg and even Si51].

There are two requirements of rapid hardening; defects, to ease diffusion, and
temperature, to increase mobilith the cae of ECAP, temperature rise during
defamation 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 temperatise may lead to raid hardening

in a few mhutes This early rapid hardening may be the reason of not being able to
observe the initial hardening during post ECAP aghmgpther possibilityis that the
deformationmay have decreased the temperature required fotuster formation

as well as th tme since apparentlyhe kineticshas been speeded up due to
deformation.Thirdly, if rapid hardening is a mechanism dependingdensity of
dislocatiors, formation of a sessile dislocation netwosince ECAP itself is a
dislocation density based hardemimethod;the coexisting of both could yield to

less hardening than expected.
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4.3.3.2. Second Stage of Hardening

Thesecond stage of age hardeniagbserved for all samplegth different process
times For ease ofmeasuremenpeak hardnessalues andimes corespondingo
completethe peakfor eachsampleare tabulated inTable 4.4. Time of processs
calculated from the end of the previous stage toeth@ of the transitiorat the
lowest hardness poini this stage, formation of GPB zones and possible coherent

or seni-coherent S phases are expected.

The hardnessncrements ard 4.5 HV,6 HV and5 HV for standard LBP ECAPed
and HBP ECAPed samplesgspectively. The hardening amourgee lower in
ECAPed samplesThis may indicate thasoftening mechanisspsuch as reavery
and recrystallization, areo-working during aging. The kinetics of transformatisn
found to vary a lot.For the hardeECAP sample the time of transformatiots
faster While it is about 450 minutes faetandardsample, for ECAPed samples the
time of transformation was in the -80 minutes range for LBP ECAPed sample and
30 minutes for HBP ECAPed sample. The transformation of-HBRPed sample

was found to be 15 times faster comparethéostandardounterpart.

This increase may result from higheiffusion rates and heterogeneous nucleation
of GPB zoneson dislocations. Although GPB zonegenerally nucleate
homogeneous|ythe aging temperature is too highd time is too shoffor such a
nucleation. Considering the literature on the GPB espra heterogeneously
nucleating transformationis more feasibleas a consequence dfigh aging
temperatureand high density of dislocations which actragleation site for GPB
zones For the case of solutionized sampé hours is a long enough time for

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

® Possible Possible
Ségg:f HAR(a\’)I)ESS TIME | PROCESS | Hardening Softening
(min) Mechanism| Mechanism
HV; =99 Quenched Co-cluster
Standad | HV; =132.5 90 Ageing at formation -
gH, =335 190A(
HVi =99 Work Dynamic
—
w ECAPed HVEecap =167 hardening 4 Recovery
o) LBP _ 5-10 ECAPed | o] .
< |(sample OHV stager4-6 co-C us_ter (Dislocation
L/I—) aqHV =72-76 formation | tangles and cells)
HVi =99 Work Dynamic
ECAPed HVecap= 180 hardening 4 Recovery
HBP Z 5 ECAPed . .
(Sample B OHV siagei= 4 coclus_ter (Dislocation
aqHv =85 formation | tangles and cells)
HV;=132.5 . .
Standad | HV; =147 | 453 Ageé”% ag\ { cPB+s N‘; Xsoétgg'(;‘g
qHV = 14.5 P
0 ECAPed HV; =172
IEIDJ € " Ageing at Recovery
< LBP HV; =178 | 30:60 190A( CGPBS Recrystallization
5 (Sample C aqHV =6
ECAPed|  HV; - 184 Ageing at Recovery
HBP HV; = 189 0.25 190A( CPB*S | Recrystallization
(Sample Bl qHV =5 y
HV; = 147 Ageing at Coherency loss
Standad | HV; =148 | 147 g o % % | GPB+S | and precipitate
aqHV =1 growth
™
Ww [ ECAPed HV; =178 .
G| o | avioie | aoso | AROS | Gpess | o Recowen
5 |(Sample Q)  qHV =4
ECAPed HV, =189 .
_ Ageing at Recovery
HBP HV; = 196 30 . GPB+S s
(Sample B qHV = 7 190A( Recrystallization

4.3.3.3. Third Stage of Hardening

The third and final stage of hardening observed in all three samples with
variatiors in kinetics rather less thathe second stage. Unlikéhe first twostages,
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time of process imable 4.4 is determined at the peak points because there is no
exact timeof completionof overaging In the last stagprecipitation of S phase is
expected whilé5PB zonesnay still coexist with the S phas&he size, distribution

and coherency as well as the interaction of precipitates are important factors

determine the hardness of thestem

Hardness incrementseal HV, 4 Hv and 7 Hv fostandard 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 proportiemahe degree of hardening
during ECAP. Higher dislocation densityeads tohigher strengtheninguring the
formation of S precipitates. It is possible that S precipitate formation is more
homogeneous and easier in the presence of dislocalibesstandard eliation is

observed to dimish for all samples.

When the kinetics of transformatios consideredhe variation between samples is
lower. The longestprocesstime still belongsto the standardsample about 150
minutes whereas for HBEECAPed sample(B), it is 30 minutes which is 5 times
faster tharstandardsample. It could be possible that the precipitates formed at the
second step acted as nucleation sites and time of process is actuallygmvitie

of these nuclei. For LBIECAPedsample(C) it is about 45minutes asexpected.

The variations in therecipitate phase formed will be discussed in more detail in
TEM data analysis part.

The final hardness reachd@l96 HV) is a significah improvement for Al 2024

alloy. In fact it was shown that further ECAP passlo not result in further hardness
improvement but mostly help on the grain refinementhef structurd66]. In our

case another advantage was the lowered time of precipitation hardening process

approximate} 1/12th of the commercial one.

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

and recrystallization, came subtracteffom to formulate the hardening behavior.
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To calcul ate | et 0 sanddsf@natioa are totaly indgpendenti pi t a

mechanisms. The total hardening of solutionizedpamuring thdast two stages

49 HV, while it is only 16 in ECAPed HBP sampléhe 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 hardenihgye is no lossf hardening but the

strain during ECAP becomes inefficient.

4.3.4. Micro -Hardness Maps

The micrehardness maps obtainddring aging oECAPed sample are meaningful

in three ways. First of all they show roughly the hardness distribution throughout the
sample. 8condly, they indicate that the time differences during aging can be
observedocally at low and higtstrainregions Similar kinetic differences detected
between Sample B, C and standard sample are natickchting the effect of
dislocation ensity varations on kineticsin the local, much smaller scateo.
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
especiallyat the bottom. As aging continued, at 10 mitme hardness began to
spread towards the sides while a rapid hardening was observed at the Taster
indicates that the hardesigion began age hardenifigst; howeverinl5 mirutesa

drop began at the centand hardening continued at the sides. The hardness
variations gradually increasedtil 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 nextdinmtervalbut 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 complicateah thh 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 seimaple

was determined for the first peak. It is also very remarkable that the hardness
inhomogeneity became so obvious that the range of hardnessezktetd6 to 200

HV range.
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Figure 4.10. Micro hard ness maps oHBP-ECAPed sample during interrupted age
hardening at 190AC (0 to 30 minutes).
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4.3.4.2. Peak 2 (Stage 3)

The micro hardness maps in the time rangd 85 can be seen fhigure4.11. The
inhomogeneity immedialg started to drop at 35 minutesince the improvement

was high a one minute interval map was taken at 36 minutes. After 40 minutes of
aging a hardening at thep middle started and extended throughout the sample in
10 more minutesAt 60 minutespeak aghg was observedspecially at the bottom
which was previously kst hard region. Although 6Minutes aging led tdhe
highest hardness when homogeneisy donsilered the optimized microstructure
belongs to65 minutes of aging. Thdegree of hardening higher for previously

low hardnessegions. This mighindicate the absence of recrystallization at these
regions. In highly deformed regions, the driving foroerecrystallization is high so

softening first starts at those regions

In Figure4.11, it is also seen thdtirther aging above a certain time resulted in an
increase in the inhomogeneity of the structure. The 18utes aging especially
may indicate thatrecrystallization is progressing accompanied with @gng. The
top region might have recrystallized and eaged while the bottom pgrist started

to experience these processes.

The dislocation density and strain differences throughout the sample resulted in
varieties in the timing of aging and recrystallizationheT overaging and
recrystallization ofhigh dislocation rgions might haveretard overagng of low

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

4.3.4.3. Variation of the Hardness Inhomegeneity Index (HII)

As prevously discussed in theory, the variation in hardness can be figchmti a

more scientific way ifdefined usingmore parameters. The standard deviation only
considersthe change in a certain property however the relative meaning of this
variationremainsout ofthe equationThe 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.|&ayeexample a
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1 HV deviation is verysmall for asample with an average hardness of 200 HV
while for a 50 HV hardnessample, 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 i nh odmoH&p Ehe vajuesicaicdlaex fon tlee pH
precipitation sequence is representeérigure4.12. 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 pe8R minutes maderaaximum

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 homogenizati 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 #tandardand peak aged counterpart. The whole
process increased the hardness from 1850tél 196 HV and the inhomogensi
problem was also eliminated.

Hardness inhomogeneity index of sample C was also calculated and compared with
Sample B irFigure4.13. Although there are missing data betweedO0minutes, the
lowest HIl was achieved about 80 minutdsse tothe peak aged condition as also
observed for sample B. The two lowest points follow one another in the Jiagh.

data points of sample C completthe missing ones of sample B and vice versa

showing that throughout the whole aging process there are variations of HIl with a
general trend of decreasetime.
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Figure 4.13. HIl variation during agin of ECAPed samples; B and C.
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4.3.5. TEM Results

In chapter twpa comparison betweestandardand ECAPed samplesasroughly
discussed. The current section will be a more detailed investigation of both under
the light of micrehardness data analysis. The proofs o previously mentived
stages and claims will bpresented. The differences between the two groups of
samples will be shown especially considering the precipitate sizes. For the
inhomogeneity discussiowo samples belonging to the same tiare differem
regions will be investigatedin accordance with the hardness variation.
Unfortunately it was not possible to produce TEM samples of all regions and all
times but only a representative pagarding inhomogeneity studies.

4.3.5.1. Aging of Al 2024without ECAP

TEM results of standard Al 2024ill 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 peaged sample.

The 9 hour aged s#les were found to possespi®cipitaes of different sizes, the
longest being smaller than 400 roat mostly less than 200 nrdenoted by circles

in Figure 4.14a. The distribution of precipitates may be considered as relatively
homogeneous. On the left side ligure 4.14a, a dislocation rich region can be
obsenedshown by arrowsFigure4.14b shows the precipitates in a closdjective.

The precipitatesra in the form of needleparallel to each otheor ata certain
angle nearly vertical to one anothefhis 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
Figure4.15 although they look like individual precipitates in bright field image, in
dark field they ar®@bserved aa group of very closely arranged precipitateemed

as S pregitate groups
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Figure 4.14. TEM micrographs of the solutionized, quenched and aged sample
(190AC/ 9h)
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200)0)50)

Figure 4.15. Bright field and dark field images of a group of precipitates in the ’
solutionized, quenched and aged sample (190F£F

Regarding thénardening sequence standardAl 2024, the rapid hardening stage at
the beginning was stated to heesult of the intaction betweenlislocatiors and
solute clusters Formation of a sessile dislocation network at early stages of
precipitation was suggestedand the hardening was attributed to thisessié
dislocation network formed arouraiustes of solute atomsTEM images would be
helpful on the clarification of this stage because the dislocation neshoddd be
observed throughout the sample if there is hardening related to dislocation
formation When solutionized and rapid quenched samples were investigated,
occasimal dislocatim network regions were observech€ly were much less than

the ones in thEeCAPed samples as expected but high enough to prove that a
hardening due to dislocations may be meaningfulFigure 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 duringTEM sample preparation but having observed various Al samples
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before the dislocations usually observed in a regular TEM sample alest&from
this density and especially this much spreading around cannot be seen.

A general look ithepeak agd sample§ 1 90 AC f or 1 1Fighre4di? i s
Well distributed precipitate rich regions, not totally interconnecsdt is usually
seenin overagedsamplesbut with local connections at certain pastg seenin

the general viewa grain rich in dislocations can be observed. The closer view in
Figure 4.17b showed that the dislocationsearather less dense compared to the 9

hour samples.

The peak aged structure was found to contain various precipaat@sged in
different mannersniFigure4.18 two of which arepresented. 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 dislocatioes|and this
alignment shows that S precipitates were formed by heterogenedeatian at the
dislocatiors, a probable dislocation path is showirigure4.18.

In Figure 4.18, the image contains series of parallel precipitates.i$ interesting
that when certain tilts were applied, some @nthwere observed as if they were a
single precipitate a& certain plane and direction when perceived with bright field

imaging.

The high resolution images Figure4.19 shows the coherent interface between the
precipitate and the matrix. Higher magnification images showed that in either side

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

(190AC/ 9h)

sampl e

aged

and

guenched
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Figure 4.17. Peak g e d
dislocationrich region.

Al

2024
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Figure 4.18. General view @ precipitate distribution inthepe ak aged Al, 2024 (
without ECAP).
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Figure 419 HREM i mages of precipitates in the peak ag:
ECAP).

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

TEM results of ECAPed and aged samplegere investigated for two stages of
aging:50 minaged and peakaged. Bsides images of a couple of samples punched
off from certain locations after 35 minute aging witieir corresponding micro

hardness variation graphserme presented The differences in the microstructures,

especially GPB zones apdecipitates were investigated

35 Minutes Aged Al 2024 at Two Different Locations

During age hardeningf ECAPed (HBP) samplevarious TEM samples were
collected at various times in order to obtain any meaningful relationship between
hardness and TEM imag. One of the most meaningful couple of samples was

collected at a significantly iportant time, at 35 minutes. A slight drophardness
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was detected anithe inhomogeneity was nearly at its highest. It was most probable
to get any TEM samples that woulehd to an explanation to the inhomogeneity
increase. IrFigure4.20 variations of hardness in the max and min hardness regions
as a function of agingme were given. At region 9 the hardness has started to
increase and at region 13 it has already bdguirop. 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 regavereinvestigated

—t—Region 9
195 )
-
- .
E «oofes Regionl3
é
E 13
9
40
Time (min.)

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 2BRyure 4.21,
Figure4.22, Figure4.23) the strikes on the images are the GPB zones. Theijnare
fact a few atomic planeshick needles creating strain fields around them which
would be observednithe form of coffee beans if they were spheriddle strain
they create results in the observed strikas at the centerln Figure 4.21, the
generaview of regions 9 and 13 were observed respectivelyigure 4.21a, a
dislocation rich regionsi observed with a white region including some GPBego

It might be lest to remember that region®at the middle stage of hardening due to
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GPB zoneshencethey are hardly visibleHowever, n Figure4.21b, the strikes are
denser and easy to observe. These rapresentative images of ti&PB zones

throughout the samples.

In Figure 4.22.a and Figure 4.22.b, the GPB zone# region 9and 13 are seen
respectively, the latter beirayerage in terms of GPB zones.rtight beconcluded
thatthe precipitates or zon@seeasier to notice and monaterconnectedn region

12 which suppogamore overagedtate

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 inFigure4.23.b when compared tBigure4.23.a.

It would be appropriate to say that these are not statistically valid results but the
images e representative of the sal@p. Although the differenceseanot easy to
notice at first sight, theare 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; 190AC/ 35 min.)
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Figure 4.22. (a) Regon 9 (bottom), continuing the hardening due to GPB zones. (b)
Region 13 (middle) already the peak due t&PB zone has been completed and
hardness has dropped. (ECAPed; 190AC/
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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 tGPB zone has been completed and
hardness has dropped. (ECAPed; 190AC/ 35 mi
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50 Minutes Aged Samples

In Figure4.24, an example of acasional sbgrainor new crystaformation,free of
dislocationsjs encircledin the ECAPed samplafte r 50 mi nutes of aging
These new crystals eve observedthroughout the samplevhich may indicate
recrystallization andhe dislocations were found to rearrarigdicative of recovery

In Figure 4.25, the dislocations form cell wallaround the GPBich regions.It

could not be observed whether the dislocations themselves also contain GPB zones
or not. The GPB zones in between the digioca were not easy to recognize

bright field mode so dark field imaging was performiddlike the inner parts of the

cells, newly formed precipitates were observed at these partsigure 4.26 dark

field images of precipitates formed among the dislocation netamlpresented.

The sizes of precipitateare not more than 15 nm whereas they were loosely
distributed. Only about-b precipitates arebserved at each diffraction spot which

is much less than the onespeak aged samples.

JO0 sl

Figure 4.24. Subgrain or new crystalformation (about 100 nmsize)in the ECAPed
and 50 minuteaged Al 2024sample

114



It might be oncluded that at this stagePB zones and small precipitates of
coherent $hasecoexistalthough coherency detection was not possible dtieeio

size range and locations. But due to the size/surface area consideratigns,
coherent precipates 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 regionan the ECAPed and 50 minute
aged Al 2024sample

115



Figure 4.26. Newly formed precipitates at disloation network regions imaged by
dark-field electron microscopy(a) Bright field image; (b),(c),(d) Dark field imagesat
different diffraction spots.

ECAPed and Peak Aged (60 minutes) Al 2024

The geneal view of the peak aged sampteFigure4.27.a showed that distation

rich regions have been modified into more local areas. They looked more organized
probablydue tothe precipitates formed upon theand accompanied recovery and
even recrystallizatioprocessesPeak aged samplegefurtherinvestigated in terms

of precipitate size and distributioRigure4.27.b showsa region with some traces of
precipitates in the form of slight strikes. Tlweherency of the rpcipitates s
probaby less than GPB zones so thene darder to obsee without dark field

imaging.
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Figure 4.27. ECAPed and peak aged sample witfa) dislocation rich region, and(b)
traces ofprecipitates.
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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 ofStandardand ECAPedPeak Aged Al 2024 with Respect to

Deformation

The canparison 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 theinages irFigure4.29 andFigure4.30 are ob®rved, the distribution of the
precipitates in ECAPed sampke found to be more homogeneous. Though tney
still parallel to one anothgthe distance between theamore distinct. Obviouslin
ECAPed samplshorter precipitateare seen and they se¢éomhave anore rounded
shape rather than beimg the form of needlesThis might be an indication of the

coherency diffeences of the two precipitates.
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