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ABSTRACT

This work has been divided into three parts, eaamt gtudies one of the stages of the
nanostructured Al-6082 tube production.

The first part defines the SPD techniques and éxplhese methods, in concentrating on
the equal-channel angular pressing (ECAP). By tiishod, a commercial Al-Mg-Si alloy
(6082) was deformed to produce bulk ultra finegedi structure using route C technique up
to eight passes with high length to diameter raidl5-16. The products were investigated
after one, four and eight passes.

In the second part, the workability and the meataehaviors of nanostructured Al-6082
alloy material have been investigated by usingupgetting test. The specimens were taken
out from the three perpendicular axis of ECAP partl exposed to compressing test to
determine the true stress true strain curves ithelithree conditions. The tests were carried
out using an electro-mechanical testing machine r@am temperature to avoid
recrystallization of the nanostructure, and theedpef the clamping head was 2 mm/min.
During upsetting the anisotropy induced by the EC®Phnology led to asymmetrical
bulging/buckling. This phenomenon was reduced ehling the height to diameter ratio of
the upsetting specimens. The flow curves were gdotior all specimens in the three
directions. A computer program was used to anallieeflow curve data to determine the
stress and strain parameters, by plotting theufives on the flow curves. Ludwik equation
was applied in this program to plot fitting curvéssimple yield criterion and material law
are used to describe the plastic deformation oh#restructured material. The parameters of
anisotropy are determined. In this study many tygfeductile fracture criteria were used to
determine the limit of the bulk deformation. Metpt®duced by ECAP were reported to have
high strength and high ductility.

In the third part the extrusion process and tulteusion of nanostructured Al-6082 alloy
were investigated. The diameter of the produced lmathe forward extrusion process were
10mm, 8mm, and 6mm, while the initial diameter w&mm. The processes were carried out
at room temperature with the speed of the ram ahZnin for all types of specimens, and a
special type of lubrication was used to reduceftison between the billet and the die. The
relationship between the force and ram displacemeastobtained. The experimental results
show that the pass 8 (route C) has the maximumevafuextrusion loads and maximum
value of hardness.

This part of work was also examined various namoecsired Al-6082 alloy, as it undergoes
the tube extrusion process of tube manufacturiogw&rd extrusion processes were applied
to produce a tube from nanostructured Al-6082 ntettn this process, the die set consists
of four parts: punch, container, piercing, and Hase. The extruded materials were four
types of nanostructured Al-6082 alloy: Pass 1, Pagsute C) and Pass 8 (route C), which
were produced by equal channel angular pressindAFBECin addition to the annealed
material. The tests were simulated by using thiefialement method and its results were
compared with the experimental results. The fieltement results were found to be nearly
identical to the experimental results with the Flaafioy having the maximum extrusion load
value.
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TARTALMI KIVONAT

A dolgozat harom részb allLAz els rész az intenziv képlékenyalakitd (IKA)
eljarasokat foglalja 6ssze, kulonods tekintettel cayksajtolasra (ECAP). A dolgozatban
vizsgélt AIMgSi 6tvozet mikroszerkezete konyokskissal, Calakitasi uton lett formalva .

A szerkezetvaltozds mechanikai hatasat egy , éégwolcszori atsajtolas utan vizsgaltuk.

A masodik rész az AI-6082 nanoszerkezednyag alakithatésagi vizsgalataval
foglalkozik. A zomit probatestek a konyoksajtolt darabokbdl 3, egymadsaékszdget
bezard iranyban lettek kimunkélva. Az egyik irAnkanyoksajtolt darab hossztengelye. A
zbmitovizsgalatok soran mindegyik iranyban megloaték a valddi fesziltség-valodi
alakvaltozas gorbéket. A mérések szolmérsékleten 2 mm/min zémitsebesség mellett
torténtek. A mérések soran az eredetileg hengeaesbok kor keresztmetszetei ellipszis-
szerveé alakultak. A magassag/atméwiszony csokkentésével a hordosodas mértéke
csokkent. A harom iranyban meghatarozott folyasgirieldolgozasa soran az anizotrop
viselkedést jellemz paramétereket, valamint az alakithatosagi hatkeket is kiszamoltuk.
Az eredmények azt mutattdk, hogy az ECAP hatas@gnidvekedett szilardsag jelest
képlékenységi tartalékkal parosult.

A harmadik rész a cextrudalas folyamataval foglalkozik, ahol az zdtesen
konyoksajtolassal alakitott anyag tovabb feldolgaztrténik. A 15 mm tomor anyagbol
/A 10,8 és 6 mm bels mérettel rendelkez cs szer alkatrész készult. Az alakitas
szobahmérsékleten 2 mm/min sebességgel folyt. Az alakito és a bélyegelmozdulas
regisztraltuk. A feldolgozas az anyag 4 kulonbéltapotadban tortént. Lagyitott, 1x, 4x és 8x
konyoksajtolt darabokat hasznaltunk. A legnagyobbkigd ert és a legnagyobb
keménységet a 8x sajtolt darab tovabb feldolgozésan kaptunk. A kisérletet végeselemes

modellezéssel ellemiztik, amely a méréshez kdzeli eredményt szoltptta
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Objective of the work

There are three main objectives in this work:

1- Producing the nanostructured materials from comialeatuminium Al-6082 alloy. This

objective can be accomplished by the following step

Review some of the type of severe plastic defomnat{SPD) processes and
comparing them to find the best method for prodgithese materials.

Investigate the applying of equal channel angulasging (ECAP) method to produce
several type of nanostructured material.

2- Perform tests such as upsetting to investigateptbperties of nanostructured Al-6082

materials. From this objective we can determinef@liewing points:

True stress - true strain curves, effective strestsain curves, and yield strength of
some types of nanostructured materials.

Describing the workability of nanostructured Al-@@&lloy material which was
produced by equal channel angular pressing (ECAP).

Using Hu and Hill anisotropic yield criteria to describe the anigpic yielding
behaviour of the bulk metal and ductile fracturailiby determining the anisotropic
parameters.

Applying some types of extrusion technology proesssuch as forward and
backward extrusion to produce tubes from these matteThis objective include the
following points:

Investigate the behaviour of the produced matergald the parameters of these
processes.

Using the finite element method to simulate thesegsses and comparing the result

with the experimental results.
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Chapter One

1. Severe Plastic Deformation

The aim

The main objective of this part is to highlight ttypes of severe plastic deformation (SPD)
techniques and their applications and study ofntieehanical properties of nanostructured
materials produced, concentrating on the equalralaangular pressing (ECAP) technique.
Several literatures dealt with nanostructured Abya produced by ECAP technique and

have been investigated and discussed.

1.1. Introduction

Severe plastic deformation (SPD) techniques ard tsg@roduce nanostructures in various
bulk metallic materials by break down the microstmwe into finer and finer grains [1].

These materials have attracted the growth of iaterespecialists in material science [2].

In particular, SPD methods resulted in overconahgumber of difficulties connected with
residual porosity in compacted samples, impurit@®scessing of large scale billets and

practical application of given materials.

Severe plastic deformation (SPD) techniques indange plastic deformation in materials
typically under high applied pressure and at reddyi low temperature (usually less than
0.4 T, where T, is the melting temperature). They have been usedeate ultra-fine-grain

(UFG) metals and alloys with grain size in the @rgj 10 to 100 nm, and it can form

nanostructures with high angle grain boundary.

1.2. Methods of (SPD) and formation of nanostructugs

While there are different techniques to obtain san@ture material, some of them are the

most commonly used methods, the severe plastiotossraining under high pressure (HPT)



and the equal channel angular pressing (ECAP). Bation at least one of the other
available methods, it is also possible to produmeostructure in metals and alloys by mean

of multiple forging [2].

The torsion straining under high pressure and tfualechannel angular pressing methods are
producing very large plastic deformations (with etrgtrain  10) while forming the

nanostructure [3].

Multiple forging method is used for formation of nanostructures in bullkdtd; it is usually
running with dynamic recrystallization. The pringpof this method assumes multiple
repeats of free forging operations: setting-drawinth a change of the axis of the applied
strain load as shown in Fig. 1.1. The homogenditst@in provided by multiple forging is
lower than in the case of ECA pressing and torsimaining. However, the method allows
one to obtain a nanostructured state in rathetidomaterials because processing starts at
elevated temperatures and the specific loads dim¢gpare low. The choice of appropriate
temperature—strain rate regimes of deformationd¢ach minimal grain size. The advantage
of this method is that it was used for refinemehtnicrostructures in a number of alloys,
including pure Ti, titanium alloys VT8, VT30, titam alloy (6%AI-32%Mo0), magnesium
alloy (Mg-6%?2Zr), high strength high alloyed nicklehse alloys , and others. The given
approach is usually realized over the plastic aeédion temperature interval 0.1— 0.5 T
(Tm is the melting temperature). It was shown thatrbgdn alloying of two-phase titanium
alloys not only increases their plasticity and dases the temperature of deformation but

also leads to smaller grain size.

High Pressure Torsion (HPT)is an alternative procedure to introduce high piagdtains. A
small disk metal sample is held under a high pressnd then subjected to torsional
straining as shown in Fig.1.2. The advantage of tmethod is that it can produce
exceptionally small grain sizes, (less than 100,ran)l the ability to process brittle materials
such as semiconductors and intermetallics. Reaavestigation also showed that high
pressure torsion (HPT) method can be used sucdlgssfit only for the refinement of a
microstructure but also for the consolidation ofvders [4]. Nevertheless, this method has
the disadvantage that the dimensions of the spe&care small, with maximum diameter of

disk of 20 mm and thickness of 1 mm [5, 6].
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Fig. 1.1. Principle of multiple forging: (a), () - setting and pull broaching along the first
axis; (d), (e), (f) - setting and pull broachingrag the second axis; (g), (h), (I) - setting and
pull broaching along the third axis

Equal Channel Angular Pressing (ECAP method)s used for deformation of big billets by
pure shear; the mean feature is to apply intenastipl strain into the material without
changing the cross section area (Fig.1.3). Repeadgtaimation is possible by this method,



the samples can be round or square (plate) [7idsscsection with a length from 70 to 200
mm and the cross sectional diameter or its diagoenahot exceed the 20 mm.

In ECAP it is possible to make multiple pressingtioa billet or the specimen through the die
channel (one pressing operation is called one “pa® intersection angdt between the

two channels is generally betweer? @8d 135 (sometime up to 157°58]).

In case of deforming hard materials like titaniBGAP is carrying out at high temperature

(under recrystallization temperature) to avoid &ailure that may occur in the channels.

‘ Force

]\ Plunger

workpiece

/ Suppott

Fig. 1.2. High pressure torsion method



Fig. 1.3. ECAP die

The increment of shear strain at each pass thrthegbhannels (see Fig.1.4) when the outer

angely =0 ° and the inner angél is arbitrary can be calculated by the followingiatipn

[7, 8, and 9]:

Yi = De, = —=cot %
f (1.1)
Where p is the pressureY; is the flow stress of the deformed material &hdis the strain.

When the sample is pressed through the intersectiamnels several times during ECA

pressing, the total strain value is:

€, = NDe¢, (1.2)

Where N is the number of the passes.
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Fig. 1.4. Principles of ECA pressing: (aF °, (b) = - ,and (c) is between Dand



Generally, the strain value for the billet fbl passes in ECA pressing can be calculated:

2cot E+’li +) cosec E+'li
2 2 2 2

e, =N (1.3)

V3

As mentioned above if we ude = 90° andy =20° as intersection angle, the strain value
approximately increases by 1 in each pass.

When a sample is pressed through a die hating 90°, it has been shown that the original
grains of the structure become divided into subgraeparated by boundaries having low
angles of misorientation and these subgrain bougglavolve with further pressings into
arrays of high angle boundaries [8]. This procekgrain refinement was analyzed by
considering the shearing patterns which developmduressing when the channels intersect
at F = 90° [8]. It is apparent, however, that these shgaatterns will change when dies are
used having values d&& which differ significantly from 90°.

In ECA pressing the number of passes and the direof billet passes through the channel
are very important in microstructure refinement determining the mechanical properties of

material. There are three kinds of routes, as showang.1.5.
Route A if the sample is not rotated around itgltrdinal axis. .

Route B, C if the sample rotated around its lordjital axis by angel 90° and 180°
respectively.

The given routes are influenced in their shearctiva at repeated passes of work piece

through the intersection channel when ECA pressiag applied.

The application of these three ECAP routes thraeyleral passes produces an increase in

the value of the yield stress and strength of tagenal until it achieves a saturation state [9].

It should be noted that the formation of homogesenanostructures in bulk samples

requires optimization of temperature, strain candg of SPD, friction condition between the



sample and the die and the magnitude and charactgformation (it is specific for each
material) [10, 11].

Foute &

Eoute B

%I% 1807 %

Eoute C

Fig. 1.5. Types of ECAP method

Repetitive corrugation and straightening (RCS). In this method, a work-piece is

repetitively bent and straightened without sigrifily changing the cross section geometry
of the work-piece, during which large plastic steaare imparted into the materials, which
leads to the refinement of the microstructure [ 2pasic RCS cycle consists of two steps:
corrugation and straightening. The corrugationaisied out in a die set as shown in Fig.1.6-

8



(a), which is the discontinuous version of the R@8cess. It was used to simulate the
continuous version of the RCS process as shownigrl.B (b). It is obvious that the
continuous RCS process can be easily adapted dbiregrmill for industrial production of
nanostructured metals and alloys. The RCS process produce bulk nanostructured
materials with an average grain size of less th@d rim, which is comparable with that

attained by ECA process [13].

(a) Press

(b}

Fig. 1.6. (a) Die set up for discontinuous RCS psscand (b) Set up for continuous RCS

process that can be easily adapted to large-swddstrial production.

Continuous confined strip shearing (C2S2)s a process based on equal channel angular
pressing (ECAP). This technigue enables sheet fgynm a continuous mode and in a
repeatable manner [14]. The developed procesdad@lsontrol the mechanical properties of
the material through the multi-pass operation. Saialie configuration and the use of the
feeding roll comprise a unique ECAP process thagtiser different from the conventional
ECAP process that has been dealt with in the eafliglies. Feeding the work piece using



the feeding roll, instead of feeding the matergihg the ram of the hydraulic press, not only
makes continuous operation possible but also allivesformation of various metal strips
into the desired final dimensions. One of the ativges of this method is that it can be used

long samples, but that the disadvantage of thiiateis that the samples must be strips.

A schematic of the C2S2 machine that was desigmé@droduce the shear deformation into

metallic strips in a continuous manner is showRim1.7, [15].

(a)

. Guide roll
Thin strip \

Lower die

ECAP based forming
(b}

Upper die

@ =100°-140°

, 1.55mm
' Feeding roll

e

Lower die

Fig. 1.7. (a) A schematic showing the C2S2 probased on ECAP, which is capable of
producing the metallic sheets in a continuous mar{bg A detailed die configuration of the
forming zone in (a).

Conshearing procesds similar to the C2S2 process, an equal-chanigelvith a channel
angle is equipped at the exit of the small mill (satelimill) [16], as shown in Fig.1.8. The
strip is fed by several small rolls (satellite spland one large roll (central roll). All of these

rolls are driven at an equal peripheral speed heigge large extrusion forces, and the strip is

10



extruded through the die continuously as eithefaomng or extrolling. Guide shoes are
necessary to prevent the strip from buckling betweach satellite roll [17]. The shear
deformation is given to the strip continuously witiis mill. The advantage of this method is
that intense plastic shear strain can be alsodatred by repeating the process several times

as an ECAE process, but it is used only to prodtrge nanostructured material.

Guide Shoe

Cover

Central Roll

Fig. 1.8. Schematic illustration of the consheapngcess

1.3. Nanostructured materials

Nanostructured materials are materials which hawgaén size less than 100 nm; these
materials have grain boundaries like straight, edrvor wavy. This types of material
(nanostructured material) have properties thaedififom the original material, for example,
yield stress and ductility are increasing by amaymto 20 % or more as shown in Fig.1.9,

and the material becomes resistant to fatigue ieudiuire.

By now nanostructures have been obtained in a nurob@ure metals, alloys, such as
Aluminium AI-6082 alloy, steels and intermetallioropounds via application of different
SPD methods.
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In pure metals, for example, the application ofesevplastic torsion straining can result
usually in the formation of ultrafine-grained stiwre with a mean grain size of about 100 nm
and the application of ECA pressing can produceateral with a grain size of 200+300 nm

as shown in Fig.1.10.

350 -
300 1 w % VKV ok ¥AkV VW
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Fig. 1.9. True stress - true strain curves of ro@ aanostructured Al-6082 material

1.3.1. Mechanical properties of nanostructured matals

The mechanical behaviour of nanostructured magesas found to depend on grain size. It
was found that the mechanical properties suchraagth and hardness were improved with
the decrease of grain size within certain rang8k [Mhe relation between the yield stress and

the grain size has been investigated for a numbmetals and alloys and has been found as:

— -05 1.4
5,=5,+kD,

Where s, is the Hall-Petch constant which represents thresstrequired to move

dislocations through the crystal lattigeis Hall-Petch slope.
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Fig.1.10. Typical TEM micrographs of nanostructucepper processed by ECAP: (a) route
B; (b) route C

By the same way, there have been reports of batheased and decreased strain rate

sensitivity with decreasing grain size in metaten| for example, which is normally rate
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order of 0.04, goes down to the value of 0.004&mthe grain size is 80 nm, and in some
cases it goes down to the value of 0.006 whegth@ size is 20 nm [19].

sensitive, with a strain rate exponent,§, where {m, = ), hardening exponent on the

An opposite effect was found by some literature, thechanical response of some metals
such as FCC metals produced by ECAP was found pemndeon the applied strain rate,
which ranged from 0.001 to about 4006 @s shown in Fig.1.11 [11]. The value of strairerat
sensitivity (m,), based on the above strain rate range, was fasn@.015 for Cu, 0.006 for

Ni, and 0.005 for Al-4Cu-0.5 Zr alloy.

1000 :
Cu - UFG 150 51 77K
— 800
% o
¢
@ D1st, 298K
L¥]
Em 0.001 s, 298K
Ni - UFG
D i i n L L L 4 M
0 005 01 015 02 025 %5 01 015 0z 0
True Strain True Strain

Fig. 1.11-a. Stress - strain response of copperFig. 1.11-b. Stress - strain response of
nanostructured material nickel nanostructured material

The range of grain sized), ) is typically from about 10m to several hundred micrometers

in samples, which have been recrystallized aftéordetion. In a few experiments on some
metals such as Cu and Ni it has been shown thatalidity of Eq. (1.4) can be extended
down to a recrystallized grain size of about 3 - Also fairly consistent values for the
Hall-Petch slope K), have been found when taking into account espedize effect of

solutes and of crystallographic texture. The validf Eq. (1.4) with an exponent of (-0.5) in
the micrometer range is the basis for examiningtidre Eq.(1.4) also describes the
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behaviour of nanocrystalline metals. However, adatilon of the exponent is not possible at
present because of a lack of data covering a rahgeain sizes in high quality samples. This
is indeed an approximation, and a more generaldtation is to use a power expression with

exponent Q).

On the other hand, a reduction in grain size lgadsn increase in the ductility. Thus one
should expect a ductility increase as the graie 8zreduced to nanoscale. However, in the
most of metals that have a grain size less thann25the ductility is small. There are three
major source of limited ductility in nanostructuredaterials, namely: (1) artifacts from

processing; (2) tensile instability; (3) crack reation or shear instability [4, 16].

Nanostructured materials cannot generally sustaiforum tensile elongation. Several reports
show virtually no strain hardening after an iniséhge of rapid strain hardening over a small
plastic strain regime (1-3%) which is different rfrothe response of coarse grained

polycrystalline metals [20].

In recent investigation [21], the fatigue crackwgtio rates in ultrafine grained (UFG) Al-
7.5Mg were investigated and were compared to tbbserved in powder-metallurgy (P/M)
Al-7Mg and ingot-metallurgy (I/M) Al-7Mg. The fatig crack growth rates in UFG Al-
7.5Mg are significantly higher than those of P/M-AMg, which, in turn, are significantly

higher than those of I/M Al-7Mg alloy. The fatigaeack growth threshold is the lowest in
the UFG Al-7.5Mg alloy, followed by P/M Al-7Mg, and the highest in I/M Al-7Mg. The

higher fatigue crack growth rates and lower thréhon UFG Al-7.5Mg may be attributed
to the much smoother fracture surface morphology kEnver roughness-induced crack

closure and crack deflection.

In recent years, creep in hanostructured matenedsbeen studied, these studies encountered
several obstacles because of the following fact@s:the limitation of synthesizing bulk
nanostructured material free of defect (porositgd anpurities), (2) significant increase in
volume fraction of grain boundaries and intercrijista defects, (3) the grains grow when the
temperature rises slightly. Generally, creep ratdapending on many factors such as grain
size, temperature of testing, applied stress... Atso, for the fatigue properties of
nanostructured materials, there have not been mem®arching studies. One of these studies

was on tension-tension cycling of nanostructurgopeo prepared by inert gas condensation
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[22], with maximum stress that ranged from 0.5 ® @& yield stress and the minimum stress
was 10 MPa.

After several hundred cycles, a moderate increaggdin size was observed. The samples
were shown to elongate slightly in the course pf@onged fatigue test. In other research,
the cycle behaviour of commercial purity ultrafigexined titanium obtained by ECAP
method is investigated. It was shown that underst@on load, ultrafine-grained titanium
processed by ECAP revealed considerable increasatigue life and fatigue limit when
compared with those in the coarse-grain titaniurhe 1S-Nf diagram plot for titanium
produced by ECAP is shown in Fig.1.12 [23].
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Fig. 1.12. S—Nf diagram for Ti produced by ECAP

1.4. Nanostructured aluminium alloys produced by E@P technique

It is well known that nanostructured aluminiathoys possess excellent mechanical strength.
However, their path to commercial applications bagn hampered by poor ductility, as
necking usually occurs at low plastic straiD#ferent investigations have been carried out to

increase the uniform tensile elongation of nanastmed aluminium, among them
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establishing bi-modal microstructures, deforming laigh strain rates and/or low
temperatures, utilizing the effect of high stragéter sensitivity, etc. All of these investigations
are based on understanding and exploiting the mésina underlying the plastic
deformation of ultra-fine grained (UFG) and nanostured aluminium material. In one of
these studies, the commercial aluminium alloy 6088mmonly used for structural
applications, was chosen for this investigatione Tilmterial was annealed for 2 h at 530 C
and then quenched in water resulting a grain dizZ® um. Billets of 100 mm x 10 mm x 10
mm were machined from this material and subjetdezight passes of ECAP using route Bc
(which involves rotation of the billet by 9®etween the passes). ECAP was conducted at
10C@ C, followed by natural cooling [23Flat specimens for tensile tests with a gauge kengt
of 7.5 mm, width of 1.5 mm and thickness of 1.2 wwere cut from the ECAP processed
billets with the tensile axis being parallel to tREAP direction. No effect of the strain rate
on the deformation behaviour of the coarse-gramedkerial is observed (Fig. 1.13 a). The
strain-rate sensitivity of the flow stress seethm monotonic deformation curves in Fig. 1.13
a, and also measured as an instantaneous strpssisedo strain-rate jumps (Fig. 1.13 b) is

very low (see below).

Also, experiments were conducted on high purity aluminitaminvestigate the process of
grain refinement during equal channel angular (ECA€thnique [24]. Samples were
subjected to 1 to 4 pressings and then sectioneanforostructural examination in three
mutually perpendicular directions. The results shibat a single pressing leads to the
development of sub-grain bands. The subsequenbstioctural development in additional
pressings depends upon whether these repetitigsipgs are conducted with no rotation of
the sample (route A), with a rotation of°dfetween each pressing (route B) and route C. The
sub-grains evolve more rapidly into arrays of hmgle boundaries using route B, less
rapidly using route C and the evolution is sloweshg route A. The results are explained by

considering the shearing patterns developed isdhgples during each processing route.

In an other studyan Al-7%Si casting alloy has been subjected to lecjuannel angular
pressing up to eight passes by routes A, B and C [25]. Microstructural and mechanical
characterization by tensile testing was performid. significant differences in tensile

strength were found between the processed santjd@gever, there are strong differences in
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ductility, which are attributed to the dependendethe fracture propagation path on the
processing route due to different geometric reithistion of the eutectic constituents.
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Fig. 1.13. (a). The true stress—strain curvesferAA6082 in the coarse grained condition at
different strain ratesi) 10° s*, (1) 10* s*, (1) 10° s*, (V) 10° s*, and ¥)
power-law curve, (b). Strain rate jump test atlibse strain rate Gf= 1.1 = 107 57",

The effect of severe plastic deformation throughaéghannel angular pressing (ECAP) on

the fatigue life of Al-Mg-Sc alloys with differemoncentration of magnesium is discussed in
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[26]. Both high-cyclic and low-cyclic fatigue prapies have been assessed in terms of the
fatigue strength, fatigue ductility, cyclic strestsain curves, etc. It is shown that the addition
of Sc significantly increases the thermal stabibfythe fine-grain structure formed during
ECAP. However, only modest improvements of tenaitel cyclic mechanical properties
have been achieved via ECAP of Al-Mg-Sc alloys iomearison to their ordinarily
fabricated counterparts. The result of presentdtigation shows that the grain refinement of
precipitation hardenable Al-alloys through sevdesiic deformation can not be effective for
enhancement of their static or cyclic strengths largued that early shear banding plays an
important role in cyclic degradation of ECAP Al-M8¢ alloys.From the Coffin-Manson
plot, Fig. 1.14, and the cyclic hardening curveg, E.15, it is apparent that the low-cyclic
fatigue (LCF) properties of ECAP Al-Mg-Sc alloysp#®d on magnesium content.
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Fig. 1.14. Coffin-Manson plot for Al-Mg-Sc alloygduced by ECAP

Experiments were conducted to evaluate the infleeoicthe pressing temperature when
materials are processed by equal channel angutasipg. The tests were conducted using

samples of pure Al, an Al-3% Mg alloy and an Al-88¢—0.2% Sc alloy at temperatures up
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to 573 K. All samples were pressed to sufficientigh strains to give homogeneous
microstructures [27]. The results show two imparteffiects. First, the measured grain size
tends to increase with increasing pressing temperaSecond, grain refinement is achieved
at all temperatures but there is a transition feonays of high angle boundaries at the lower
temperatures to low angle boundaries at tempesatatrand above 473 K in pure Al and at
573 K in the Al-3% Mg alloy, whereas the Al-3% M@®% Sc alloy exhibits high angle
boundaries at all pressing temperatures. The ibabol achieve high angle boundaries at the
higher pressing temperatures in these two matergalattributed to the higher rates of
recovery which leads to dislocation annihilatiothex than the absorption of dislocations
into the subgrain walls.
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Fig. 1.15. Cyclic hardening for Al-Mg-Sc-Zr alloy
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Summary

From the previous literatures and studies | coreltidit the nanostructured materials have

the following characteristics:

Nanostructured material can be produced by sevechinique called sever

plastic deformation (SPD).

Equal channel angular pressing (ECAP) techniqukesnethod most used to
produce nanostructured materials, this becauseatsy to apply and it provides

good properties of materials.

The previous study proves that the nanostructuredemals have good

mechanical properties such as ductility, workapihtield strength, etc.

Nanostructured aluminium and its alloys are the besterials that produced

by SPD methods, these alloys have good new preperti

In the next chapter | will discuss the workabilitiynanostructured aluminium 6080 alloy.
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Chapter Two

2. Workability of Nanostructured Al-6082 Alloy

The aim

This part describes the workability of nanostruetbAl - 6082 alloy material, produced by
equal channel angular pressing (ECAP). The parameteanisotropy are determined by
upsetting tests on cylindrical pieces, machinethiee perpendiculars axises of ECAP part.
A simple yield criterion and material law are usedlescribe the plastic deformation of the

nanostructured material.

2.1. Introduction and definition

In general, workability is defined as the amounteformation that metallic material can
undergo without cracking at given temperature,estatt stress and strain rate. From a
geometric viewpoint, bulk forming operations arstitiguished by large changes in cross-
sectional area and may be accompanied by largegehanshape. While the major role of
bulk forming operations is to produce the desiredpg, in doing so, they also modify the

materials structure and surface.

Usually, the effects of bulk working processes laggeficial, leading to improved internal
quality as well as improved surface quality. Thejanamphasis in workability is the

measurement and prediction of the limits of defdromabefore fracture.

Generally, workability depends on the local comudi§ of stress, strain, strain rate and
temperature in combination with material factonsstsas the resistance of metal to ductile
fracture [28]. In most cold forming operations oétals, workability is limited by ductile
fracture.

Most previous works are dealt with isotropic matksii This work describes the cold
deformability of nanostructured Al-6082 alloy ma&éi(one, four and eight passes) which

were produced by equal channel angular pressindAfBCusing route ‘C‘. Generally, for
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nanostructured materials produced by (ECAP) procHss workability parameters are
depending on the number of passes, type of roatkttee direction of the specimen’s axis
and it refers to the relative ease with which thaterial can be shaped through plastic
deformation and it is a function of the materiatlahe process .The materials produced by
this process have anisotropic behaviour, which medifferent properties in different
directions. Anisotropy has been recognized as da&&ypr in sheet metal forming for several

decades, but less attention was paidafisotropy behaviour for bulk forming processes.

2.2. Workability tests

A large number of tests are currently used to eatelthe workability of nanostructured
materials such as tension, torsion, and compressgis and they may be classified into cold
and hot tests. The initiation of ductile fractus2a major factor influencing the limit of
deformability in many metalworking operations [2&. number of workability tests are

available to provide information, these tests are:
1-Primary tests

Which are including:

A- Tension test

B- Torsion test

C- Compression test (upsetting test)
D — Bending test

2-Secondary tests

Include:

A-Secondary tension test

B-Ring compression test

C-Hot tension test

In this work, several upsetting tests were carried to evaluate the formability of
nanostructured Al-6082 alloy by using cylindricepered, and flanged specimens (Fig.2.1)

and the true stress-true strain curves for allgygfespecimens were plotted.
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Fig. 2.1. Geometry of specimens: (a) Cylindricash (b) Flanged shape, (c) Tapered shape

2.3. Cold upset testing

Most metalworking processes involve compressiveordedtion, and so the uniaxial
compression test has been widely used for studyséfigrmation behaviour. Collectively, the
cylindrical, tapered, and flanged compression w®cimens provide a wide range of
circumferential tension/axial compression straiatet and these specimens don’t remain
cylindrical in shape but becomes bulged or bamelden they compressed with friction at

the die surface.

2.3.1. Upset test technique

The aspect (height-to-diameter) ratio affects thrairss occurring at the bulging free
surface. The upper limit on this ratio is 2.0, #mel lower limit is based on convenient height

for application of grid marks. Normally the ratmi 0.75£ % £175.

The collar tests (Fig. 2.1 (b) and (c)) were depetbto create a mode of deformation

dominated by the circumferential tensile stresgh@nperiphery of the collar. The thickness

of the cylindrical surface at mid-height § (in flanged and tapered specimens ) ranges from
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0.2 to 0.75 times the specimen heighth X and the reduced diameted () is 0.8 times the

original diameter D ). In this type of test, friction between the diedawork piece has a
significant effect on the strains occurring at fitee surface, particularly for cylindrical work
pieces. In most of recent works they use some tgpasgorications or they polished the end

faces of work piece to avoid bulged and barrellefddanation.

Each combination of friction condition and cylinchl aspect ratio gives different
combination of axial compressive strain and circenafitial tensile strain at the free surface
of cylindrical work piece, while the friction hake greatest effect on these strains. In this
work the upsetting specimens of cylindrical shajth a diameter of 10 mm and height of
10 mm were used in order to overcome the deviaifdhe longitudinal axes and the typical

sliding layers that appear in the other h/d speaqimatios, as shown in Fig.2.2.

Auis before Sliding
COMpr &= ion Fone

¥ Pl before
COMMm pression

Fig. 2.2. Typical shape (caused by the anisotropgpbmpression specimen with 1.5 initial
height to diameter ratio
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These specimens are produced by ECAP technology tihe Al-6082 alloy and were cut
out from the three directions of the axes. Thegsectons are defined dsngitudinal
direction,zero direction, and®(® direction, as shown in Fig. 2.3.

o PECIMEN ECAPPART

Y- AXIE =Longidimnal
Direction

7 - AMIS = Zero- Direction

3 — AXIS = 907 -Direction

Fig. 2.3. ECAP part and the direction of specimessa

To overcome specimen distortion, compression Igadim to 500 N (0.5KN) was applied
to the specimen, which was then unloaded. Afteargleg the end surfaces of the specimen,
the height and the maximum and minimum diameterg \aecurately measured using digital
Vernire calipers, which had 0.01mm resolution. Th&e specimen was reloaded by a load
increment of 0.5 KN over the initial load and theogedure was repeated until fracture

occurred in the specimen.
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The chemical composition of this alloy is given irable 2.1. The upsetting test
experiments were carried out at room temperatwgigguTira test 2300 machine (which has
load capacity of 10 tons) (Fig. 2.4), with a punthvel velocity of 7= 2mm/min
(0.0333mm/sec); a special type of lubrication wasduto reduce the friction between the
billet and the die. The results of all tests waralgzed by fitting equations using the Origin

6.1 program.

4
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4
<4
<
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Fig. 2.4. Upsetting machine with the die set

Table 2.1. Chemical Composition of Al-6082 Alloyt(%6)

Al |Cr [Cu|Fe| Mg|Mn|Si |Ti |Zn
95.210.25/0.1| 0.5|] 0.6/ 0.4 0.7 O.L 02
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The proposed mathematical expressions for detetimmaf various upsetting parameters

are discussed as following:

s, =—" (2.1)

Wheres , is axial stressF, is axial force, andA is the cross-sectional area of the specimen.

h
e, =1In ﬁ (2.2)

Where e, is axial strain,h, is initial height of the specimen, arg is the instantaneous

height of the specimens. The axial stress and akiain were measured on specimens in all

the three directions.

2.4. Determination of true stress

Generally, the determination of stress-strain cloyeompression test is carried out under
isothermal conditions at constant punch velocity aith minimum friction in order to avoid
barrelling [29, 30, 31, and 32].

Engineering stress can be determined by dividingegof forces at given displacement by

initial area of work piece, while, the true streas be calculated by dividing values of forces
at given displacement by instantaneous area of wiate. The true strain can be calculated
by taking the natural logarithm of dividing initifeight by instantaneous height of work
piece.
To determine the true stress - true strain curgesif types of nanostructured materials, we
need to calculate the true stress and the true @3sipe strain from the formulas given
below. In this case, the determination of truesstiis carried out under isothermal conditions
at a constant strain rate and with minimal frictiosing lubrication in order to minimize

barrelling.
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The true stress; is

A (2.3)

Where F, is instantaneous force and is the instantaneous cross-sectional area of the

specimen, which can be calculated from volume @ocst as:

A = A, S0 A = by

(2.4)
where A, = initial cross section area of specimen, amdis the initial height of the
specimen.

Therefore,
s, =F~ A:Iho (2.5)

If the frictional force exists, the average press(irue stress;;) required to deform the

cylindrical specimen is greater than the flow stre$ the material. The approximate ratio
between average pressure (true steg3sand flow stress is[28] :

S¢ 4m h (2.6)

Where nis the coulomb coefficient of friction ansl; is the flow stress.

The relative error of the measured flow stresecfd by friction can be calculated from
[33]

29



_Si-5¢

h
s (2.7)
The true strairg; is
h
g =i (2.8)
i

The true stress - true strain curves from this ta® shown in Fig. 2.5.

2.5. Plastic Strain Calculation

From equation (2.2) and the constancy of volume pllastic strain in the three directions can
be calculated as:
h

e=e =In—
1= 6 h, (2.9)
And
r.i
e, =In— (2.10)

Where 1, is the instantaneous radius of the specimen agpds the initial radius of the

specimen.

However,
gt+te, +e,=0 (2.11)

Then, from equations (2.9), (2.10), and (2.11),

e, = - (In 410ty (2.12)
ho 'y

30



L 375 s
300' /m//‘//rj//’ﬁ~ ,,/*/’::’1/4“
44"/’(!‘//‘/ p-mEEEEE-EE-E e /jzﬁﬁilll’"
E ;// Ty/k",.—l'. I...../.’ ’(‘U\ 300 f{sﬁﬂﬂ' "
- B
S 2254 o
= 2 225
n
g 150+ Lonaitudinal Direct $ 150 —m— - Longitudinal Direction
& —u— Longitudinal Direction =] . L
© —*— Zero Direction % : sggou'?"zc_“"”
S o0 e —A— - rection
= 751 A— 90" Direction E 75
T T T T T T T T T T T 0 1 T T T T T T T T T T
00 03 06 09 12 15 00 03 06 09 12 15
True Strain True Strain

Fig. 2.5-a. True stress - true strain curves Fig. 2.5-b. True stress - true strain curves
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Fig. 2.5-c. True stress - true strain curves Fig. 2.5-d. All true stress - true strain curves
(pass 8) [Route C]

At the free surfaces of the upsetting cylinders td® strains consist of two types of strain:

tension strain at the circumference and axial cesgion strain. This means that is a
compressive strain and, is a tensile strain. For the frictionless upsettiest, the value of

the tensile strain is equal to one-half the congivesstrain. Bulge severity increases with
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increases of friction, the tensile strain beconaegdr, and the compressive strain decreases,
as shown Fig. 2.6 [28]. Because the final crossicseal area of the deformed specimens is
elliptical, in this work there are two values fensile strain, one on axis (a) and the other on

axis (b), as shown in Fig. 2.7.

2.6. Fitting curves on the true stress - true strai data

After the true stress - true strain data are plipttee curves are fitted to these data by a
computer program using selected equation. Thistemuis assumed to be
y=by +b,X" (2.13)
Whereb,,b,, andb; are constants which are obtained from the fitbnggram. This equation
is similar to the Ludwik equation, which is thel&ating:
st =5, +Ke® (2.14)
Where s ; is the flow stresss , is the yield stressK is the strength coefficient is the
strain hardening coefficient, arglis the strain.

The curves fitted on the true stress-true stdaita are shown in Fig. 2.8, Fig. 2.9 show the

deformed specimens and the values of the consteatgiven in Table 2.2.

Table 2.2. Values of Constants for fitting equagion

No of pass Ci» s, (MPa)| C,»K (MPa) C3»s

1 longitudinal 240 24.43225 1.3036
1-zero direction 250 50.4201 1.0132
1-9¢P direction 260 33.36044 1.49003
4c- longitudinal 285 31.74735 1.3438
4c-zero direction 288 55.62919 1.13491
4¢-90 direction 300 27.97364 2.24569
8c- longitudinal 290 25.84493 1.232185
8c-zero direction 300 58.24577 1.20169
8c-9C¢ direction 305 18.33449 3.54729
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Fig. 2.6. Strain path in upsetting test
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Fig. 2.7-aExperimental strain path in pass IFig. 2.7-b Experimental strain path in pass 4
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Fig. 2.9-a. Pictures of pass 1 specimens  Fig. 2.9-b. Pictures of pass 4 C specimens

Fig. 2.9-c. Pictures of pass 8C specimens Fig. 2.9-d. Pictures of all specimens
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2.7. Plastic anisotropy

Most materials used in metal forming are anisotrope., have different properties in
different directions. Anisotropy may be of two tgd84]:
(a) Mechanical anisotropy or fibering, which is iong@ant in dealing with fracture.
(b) Crystallographic anisotropy or preferred oraian, which is important in dealing with
yielding and plastic deformation.
Several researches were dealt with anisotropic matte but most of them were in sheet
metal processing such as rolling. All of these aedees have shown that the anisotropic
materials have different behaviour in differenediion. In this work we carried out upsetting
test on nanostructured Al-6082 alloy and we noked this material has different behaviour
in different direction and the deformed specimehewsed us that the deformation of the

samples is not isotropy, (Fig.2.10).

2.7.1. Anisotropic continuum plasticity theory

The continuum theory of plasticity (continuum meaica) attempts to describe the stress —
strain behaviour of a continuum based on postulgieeld criteria without regard to internal
structure. Continuum mechanics also by passesf dleodetails involved with dislocation
mechanics.

Mathematical modelling of bulk forming operatiorquéres a yield criterion that describes
the anisotropic yielding behaviour of the bulk nheta

The continuum theory of Plasticity was originallgveloped for isotropic material. The
theory was then modified by many anisotropic yielderia such asHill andHu criteria to
explain the effects of anisotropy on the forminggasses by incorporating the “parameters

of anisotropic plasticity” or the “coefficients ahisotropy”.

2.8. Anisotropic yield criteria

Since the theory dBishop andHill (195I), extensive efforts have been made to utaleds
the anisotropy of polycrystalline aggregates by maecsms of slip in single crystals
(Dubinsky and Wu, 1962; Hill, 1965; Hutchinson, 1970; Asaro and Needleman 1985;

Prantil et al., 1993). Such studies provide means to utatetvolving texture and suggest
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methods for producing constitutive models relatednicrostructural details. Apart from the
micromechanical approach, phenomenological invastigs based upon experiments have
been in progress.

Among the macroscopic theories based upon expetanabservations, the theory
proposed byHill (1950) has been most successful in its simplitigger, more general types
of yield function have been proposed to convertidewange of experimental observations
(Bassanj 1977;Gotoh, 1977;Hill, 1979, 1990, 1993) [35]Weilong Hu [36] proposed a
new anisotropic yield criterion, which fully saiis$ anisotropic presentations under uniaxial

and equibiaxial tensions in the processes suchbllas:

{ =%
E
&

Fig. 2.10. Specimens of deformed nanostructure@08R alloy
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2.9. Anisotropic Hill plasticity criterion

The most widely used yield criterion in isotropietal forming is the so—calledon Mises

criterion which can be expressed as [37]:

_ 2
(522' 533)2"'(533' 511)2"'(511' 522)2+6(5223+5321+5122)—6Cy

(2.15)

Wheres; are the stress components in an orthogonal Cantesiordinate system arfy is

the yield stress.

Hill [37] extended the theoretical framework of thigecion to include anisotropy. In
Hill's formulation, attention is focused on those statesarosotropy that possess three
mutually orthogonal planes of symmetry at everynpdiy choosing the principle axes of
anisotropy as the Cartesian reference atéil. required his yield condition for the
anisotropic solid to reduce to théon Mises criterion when the anisotropy is vanishingly
small. Because of this requirement, the yield dote was a quadratic function of stress

components and had the form:

F(Sp-53)2+G(Sg-Spu)2+H(Sy - 52)° (2.16)

+2Ls5h +2MsZ +2Ns g =1

WhereF, G... N are the anisotropic parameters.

If s;,s; and s are the tensile yield stresses in the principaations of anisotropy,

respectively, anisotropic parameters are giver88s39]:
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11 11
2 (s3)" (s3)" (s1)°

(2.17)
11 11
2 (53)° (s1)® (s5)° (2.18)
O S S S
2 (s1)? (s3)® (s3)° (2.19)

And if ¢5,t5, and ¢ are the yield shear stresses with respect to theipainaxes of
anisotropy, then:

1 1 1
Ty MEoise N=o 5w
(t23) ! 2([31) ! 2([12) (220)
From this criterion the equivalent stress can be expdess.
\/§ 2 2 2
Seq= F(s,-5 +G(S33- S +H(s,- S +
= S IET RGP Sw) FBlen 1) FHon- 52)
1
+2Ls§3+2Ms§l+2stz] 2
(2.21)

2.9.1. Calculation of ductile yield criterion consants using Hill plasticity criterion

In order to calculate ductile yield criteria we need to Wdate the equivalent stress and
strain in addition to the other parameters of stress stathid work | preformed upsetting

tests on cylindrical and flanged specimens (Fig. 2.11)e weoduced from nanostructured
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Al-6082 alloy, to determine the true stress - tstr@in curves and applied anisotropid!
plasticity criterion to describe the anisotropielging behaviour of the bulk metal and
determine some parameters of anisotropy.

Fand
LSk

All dimension in (mm)

Fig. 2.11. Cylindrical and flanged specimens beftetormation

According to the anisotropitlill plasticity criterion equation (2.16) and the eqleva
stress equation (2.21), in the case of the upgetést, at the free surface one of the three

components of the stress is equal to zero and hbarsstresses are equal to zero too, as
shown in Fig. 2.12.

512 :‘523 :‘531 :0
Hill equation becomes:

F(S,-55)+G(S5-5,) " +H(s,-5,)" =1 (2.22)
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But
S1n=8»-0

Then the equivalent stress becomes:

[~

_ JAsaFrc)]| 2
s - 2J(FH +FG +GH) (2.23)

The equivalent strain can be expressed as:

G?+HF +GH) . _h
J6(F+G+H)" ( “In—=
J F+G "h (2.24)

3(HF +FG +GH )

e =

The values of anisotropy constants can be calailatesolving these equations:

(F+G)s, =m, (2.25)
G-H _

= m2
G+H (2.26)
H-F

:m3
F+H (2.27)

Where s, is the yield stress andn, m, and m, are the slope of the lines in Fig. 2.13-a.

Wherea andb are principal axes of the ellipse of deformed spen (Fig. 2.13-b). The

values of anisotropic parameters are given in tate
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Fig. 2.12. Direction of stress components at the surface
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Fig. 2.13-a. Values ofny, mp, andmg Fig. 2.13-b. Ellipse axes of deformed specimen.

Figure (2.1) shows the equivalent stress and ebpni/atrain curves of nanostructured Al-
6082 material.
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Fig. 2.14

Table 2.3. Values of anisotropic parameters fotygies of Al-6082 nanostructured materials
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. Equivalent stress — equivalent strainvesi of row and

Type of material
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H

passl-longtudinal
direction

0.5556730244e-5 0.1090398922e-4

0.9286153118e-5

passl-zero-direction

0.4703216479e-5 | 0.9229136479e-5

0.7859799999%e-5

pass 1- 9Bdirection

0.4348388016e-5 0.8532855472e-5

0.7266826922e-5

pass4-longtudinal
direction

0.9279478221e-5 0.1191413504e-4

0.1159673825e-4

pass4-Zero-direction

0.9279478221e-5 | 0.1191413504e-4

0.1159673825e-4

pass 4-9% direction

0.8544770018e-5 0.1097082632e-4

0.1067855961e-4

pass8-longtudinal
direction

0.4225988978e-5 0.6262136421e-5
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2.10. Anisotropic Weilong Hu plasticity criterion

A probable form of a yield function applied to geseanisotropic material can be

constructed as:

2.28
F(s )= (IF)7 + (087 + (389)7 - L= 0 (229

Where J £, 3 $02) and J §3) are the second invariants of the deviatoric stress

tensor under differing yield systems.
From the above functioiju has expressed his criterion as:

f=Xi(511- 533)4 +X5(S11- 533)3(522' S33) + X3(Sq1- 533)2(522' 533)2 +

3 4 2,2 L 2+~
+ X4(S117 S33)(S22- S33)” + X5(Spp- S33)" + Xg(S12+S53+S31)

2.29
[(511' 533)2 +(Sp- 533)2' (S11- S33)(S22- 533)]+X7(5122+5223+5§])2' 1=0 (229

WhereX;, X,,...... , X, are the anisotropy parameters.

In the case of the upsetting test of collar andndyical pieces at the free surface, the

perpendicular component of stress, ) is equal zero (Fig.2.12). Because there is no

shearing at such a point, the shear stress com(®p, S ,,,S ,, ) are equal to zero too.

sll :‘912 2523 :s31 :O

By substituting the value of stresses in Eq. (2.28p seven unknown anisotropy

parameters are reduced to five, and the aboveiequacomes
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f =X (S50 - Xo(532)°(S 9 S3a) + X3(S39)%(Spp- Sa3)* - (2.30)

- Xq(53(S22- S39)° + X5(S25- 539" - 1=0

On the other hand, the three components of stedéaan be calculated from the flow rule

equation as:

i (2.31)
s

ej =/

Where ii is the symbol indicates the direction of stresaad,/ is the flow rule constant.

From the equations (2.30), (2.31) we get:

2
€30 =/ (- X5(S33) +2X 25 55(S 55 - Sa3) - 3X4S33(S5s - 533) +

3 2.32
+4X5(S 5 - 533) ) (2.32)
=/ (453, - 3X,5 (S, - + X,53, +2X - 2.
€33 (45 33 2533(S 22 - S33) 25 33 3533(S2 - Sa3 )
2 3 2

- 2X3533(S 20 - Sa3) - Xu(Sp2- S33) + X4S33(Sap-33) -

3 (2.33)
- 4X5(S 2 - 533) )

Because the constancy of the volume, then theviollp equation is derived:

€, 1€, +E,;=0, s0, €,=- (622 + 633) (2.34)

But
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fei Th _ Te¢;
Th 9t Th

(2.35)

Wheren is the velocity of the punch is the height of work piece, aig is the normal
strain.

From EQ.(2.31), the following equations are obtdine

_ﬂezz —_ 1-[633
622 Wﬂ and 933 = ﬂh n (236)

622 = Ir]i and 933 = InE
D D (2.37)

Where @ ,b are the minor and major axes of final cross sacticea of work piece
respectively (Fig.2.13-b), andD is the original diameter.
By using computer software and based on the expetith data, the relationship between

€, and h can be plotted by creating a fitting curve thas e special mathematical

expression as:

h °
e =a In—
ho (2.38)

Where g, andb are approximation parameters which can be detedrfiom the computer

software, and = 2, 3.
Since €,, and €,, have been determined, the valuesgf andé,, can be calculated.
To determine equivalent stress and equivalent strain ragg the initial values ofs ,, and
S .3, Which can be calculated by solving the Egs. (R&# (2.33), should be determined.
These equations contain two unknown variables,viilaes of X, X,,...... , X7, which

were determined by other study [40], in additionttat /,, which can be substituted hyat
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first. For this reason,€,;, does not have to be determined. The values of the

parametersX;, X,,...... , X5 are illustrated in Fig.2.15.
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The equivalent stress can be calculated as:

. (X1533' X25§3(522' S33) + X35§3(522' 533)2)
2X, +2Xg + X, + X3+ X,

3

Ol
I

X4S33(S20- 533)3 - X5(S22- S33)
22X, +2X5+ X, + X5+ X (2.39)

The equivalent strain rate can be determined as:

6225 22 + 6335 33

e = —
(2.40)
Then, the real value of , can be determined as :
€5
/. =
4 (2.41)

By substituting the new value of ; in Egs. (2.32) and (2.33), the real values®f, and
S ,, can be calculated and then the real values ofvalguit stress and equivalent strain rate

can be obtained.

2.11. Ductile fracture criteria

Ductility is usually thought of as being limited llye onset of the fracture. Prediction of
ductile fracture initiation allows prior modificath of process, which can result in a defect-
free final product with financial savings. It is W&nown that the greater ductility of the
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material allows greater deformation. Many ductiacture criteria have been proposed and
can be classified into two groups [43, 44]: (a) eledbased on microscopic observation
about void nucleation, growth and coalescenceefiirical and semi-empirical models. In

this study many types of ductile fracture critesiere used to determine the limit of the bulk
deformation.

The principal aim for the practical experimentsaistudy of the mechanical behaviour of
the nanostructured Al-6082 material and the deteation of its possible formation.
Therefore, several experimental tests have beea doch as upsetting tests and collar tests
to determine the fracture criteria constants. Theigcal formulas of some criteria are

described on the following pages [45, 46].

Cockcroft and Latham fracture criterion is based on true ductility and it is suggested tha

the fracture occurs when the tensile strain energghes a critical value:

& (2.42)

Wheres, is the maximum tensile stress asl is the yield stress

Brozzo et al fracture criterion has made a modification to tl®ockcroft and Latham

criterion (Eq. (2.42)). This criterion depends dre tmaximum tensile stress, and

hydrostatic (mean) stress;:

5, (2.43)

Freudenthal fracture criterion is assuming that the total plastic work to fraetisrconstant:
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(2.44)

Where § is the effective stress is the effective strain at fracture and, is the yield

stress.

Im and Argan fracture criterion assumes that the integration of the sum of hydtiast
stress and effective stress is constant:

1 e - (2.45)
— (s,+t+5)de=C,
S, o

Oyane et al fracture criterion assumes that the fracture occurs at a critical metuc
strain:

2.46
et s (2.46)

Where Q = 2/3 (i.e. between unixial and triaxil stresgesda

Oh and Kobayashi fracture criterion assumes that the ratio of the maximum tensilesstre
and effective strain is equal to constant
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e

‘g (2.47)
—deé =C,
S

0

Shabaic and Vujovic fracture criterion considers the ratio of mean stress and effective

stress and it gives the following fracture model:

3s (2.48)

Tresca Energy fracture criterion is a simple criterion. Considering the differenatvieen

tensile and compression stresses, and it is asnsll

(2.49)

Where s, is the maximum tensile stress, is the maximum compression stress andis

the yield stress.

C,.C,.G;,G,, G, G, C, and G are constants.

Each of these ductile fracture criteria need tecuwate the stress state or effective stress at

the fracture point when the crack appears on teeisgns as shown in Fig. 2.16.

By applying the previous fracture criteria formulas can calculate the constants of these
criteria and plot the fracture criteria diagranshswn in Fig. 2.17.
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Criterion constant

Fig. 2.16. Crack appears on the specimens. (agE&thapecimen. (b)
Cylindrical specimen.
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2.12. Fracture limits

Wide range of stress and strain conditions can &éeemgted at the free surfaces of
cylindrical, tapered or flanged test specimenssTange of conditions permits evaluation of
the effects of variations in stress and strainestan the occurrence of fracture. The most
convenient representation of fracture limits islat pf circumferential and axial strain at

fracture.

Several previous studies had shown that the restilt®mogeneous cylindrical upsetting
tests fit a straight line having a slope of ond-f@i all materials as shown in Fig.2.18.

Using of flanged and tapered upset —test speciragpand the range of strains available
for testing. Fig. 2.19 shows the combined resuitsytindrical, tapered, and flanged upset

tests in aluminium alloys [47].
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Tensile Strain

Fig. 2.18. Fracture loci in cylindrical upsettirest specimens for two materials
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Summary

In the previous chapter, the workability of nanostured Al-6082 alloy material produced

by ECAP technique was investigated, the conclusamesas following:

This work investigates the cold deformability ohoatructured Al-6082 alloy
material which was produced by equal channel angukssing (ECAP), route ‘C’,

investigated after one, four and eight passes.

In this work upsetting specimens of cylindrical phavith a diameter of 10
mm and height of 10 mm and flanged specimens weed o determine

anisotropic parameters.

The true stress and the true compressive straioldegned and the curves are

plotted, in addition to calculate the parameterthefmaterial flow.

Two types of anisotropic yield criteria are disa@candHill criterion was

applied to determine the yield anisotropic paransete

Several ductile fracture criteria are applied ttedmine the limit of the bulk

deformation.
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Chapter 3

3. Extrusion Process

The aim

In this chapter, extrusion process of nanostrudtéie6082 alloy is investigated. Forward
extrusion, backward extrusion, and tube extrusiamegsses were performed to determine the

parameters of these processes and compared witbsihkés from the finite element method.

3.1. Introduction

When metal is extruded, it is compressed abowvelatstic limit in a chamber and is forced
to flow through and take on the shape of an operfegal is extruded in a number of basic
ways as depicted in Fig. 3.1. [48]. The metal ismmadly compressed by a ram and may be

pushed forward or backward and the products masohé or hollow .

Direct (forward) extrusion: This is similar to forcing the paste through theempg of
toothpaste tube. The billet slides relatively te ttontainer wall, the wall friction increases
and the ram force is considerably.

Indirect (reverse, inverted or backward) extrusiohe die moves toward the billet, thus,
except at the die, there is no relative motionhat hillet-container interface. Consequently,
the frictional forces are lower and the power regpiifor extrusion is less than for direct
extrusion. In practice, a hollow ram carries a dvbjle the other end of the container is
closed with a plate. In this type, the ram contagnthe die is kept stationary, and the

container with the billet is made to move.

Extrusion processes can be classified into two mggoyl) cold extrusion, and (ll) hot

extrusion, all of these types of extrusion havegpeondition and procedure.
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Fig. 3.1. The basic ways of extrusion processes

. Cold Extrusion

Cold extrusion nominally done at room temperatiires quick, and the heat liberated can
be expected to raise the temperature of metal bgrakhundred degrees for instant. Also the
slugs of some metals such as magnesium are heatEvthundred degrees before cold

extrusion.
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Cold extruding takes less force if done quicklyrticalarly with metals that work harden.
Much less pressure is required at ram speeds db2D0 m/min than at lower speeds,

depending upon the metal and size and shape of pieck.

Cold extrusion pressures range is from one to tlirees the final yield strength of the
metal [49]. Advantages of cold extrusion is thasitast, can finish parts in few steps , it can
produce parts in large quantities with low unittcamuses little waste of materials , it can
produce parts with small dimension. From an old andil recent years the main cold
extrusion operation was the manufacture of colldpdiubes from soft aluminium, lead, tin,

and zinc.

3.3. Extrusion Ratio

The ratio of extrusiorR can be calculated by dividing the original ardg undergoing

deformation by the final deformed arég of the work piece as:

(3.1)

The extrusion ratio can also be calculated by tieeease in length, using the constancy of

volume.

The metal being extruded has a large effeanarimum extrusion ratio that is practical.
Some typical approximate maximum extrusion raties490 for aluminium alloy 1100, 5 for
1018 steel and 3.5 for type 305 stainless stegl [49

Extrusion pressure increases with extrusiom.r&tg. 3.2 illustrates the effect of tensile
strength on extrudability in terms of ram presdorebackward extrusion of low-carbon and

medium-carbon steel at different extrusion ratds.[

Because an increase in extrusion ratio reguldscorresponding increase in the amount of
cold deformation, the effects of work hardeninglwibrmally vary directly with extrusion

ratio.
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Fig. 3.2. Effect of tensile strength on ram pressequired for backward extrusion at
different extrusion ratios

3.4. Extrusion equipment and tooling

Most cold extrusion operations are performed on haeical presses or cold-heading
machines. Of the two, mechanical presses are useel often, because of their adaptability
to other types of operation. Mechanical pressegeanerally more costly and are capable of

higher speed than hydraulic presses of similaragpa

The consumable tools (punch, die, and ejector)iradirect contact with the metal to be
extruded. These tools are exposed to a specifid lmad wear. Their design should
incorporate features that will conform to the dasigquirements of the work piece while
minimizing specific load and wear. The componerita typical tool assembly used for the

backward extrusion of steel parts are illustratedig.3.3 [49].
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There is considerable variation in tooling practemed design details of tool assembly

components.
Upper die
plate L= Punch
N A R backup plate
Retainer - { pressure pad)

. e
Inner shrink ~:

ring : , = Punch Outer
__\\ e o - /s'nrink ring

i

kx‘:;_ N . | —Anvil
\.‘-. \‘-
e T
Ejector . i 2 Prirﬂ:ﬂtil:.r K
P support bioc
A NS *‘%ﬁ\\%\\\\

LD;z:ediff//////ﬁ;jM “‘- Secondary

support block

Fig. 3.3. Tools constituting a typical setup foe tbbackward extrusion of steel parts

3.4.1. Punch design

A major problem in punch design consists of asagstie nature and magnitude of the
stresses to which the punch is subjected in serVibe stability problems that may arise
when slender punches are used will be affectedhéytcuracy of alignment provided by the
tool set or the press itself, or by factors in eéxrusion operation, such as punch wander,
initial cantering, and use of distorted slugs [4]je ratio of punch length to punch diameter
also affects stability; a ratio of about 3 to Ipi®bably the maximum for cold extrusion of
steel using tool steel punches.
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In backward extrusion, acceptable results are obthiwith a nose profile consisting of
truncated cone having an included angle of 1708@,with an edge radius of 0.51 to 2.54
mm, and a land length of 1.27 to 1.9 mm with thanghrelived 0.1 to 0.2 mm on the
diameter.

The area ratio between punch shank and head isalsoportant design factor. Large ratio
will have the effect of spreading the punch loadrdarge area of pressure pad. On the other

hand, it will require a wider block of metal fos itabrication with a resultant cost increase.

3.4.2. Die design

Extrusion dies are usually inserted in one or nmsimenk rings to provide reinforcement.
These rings prestress the die in compression byiging interference fits between rings and
dies. This factor results in lower working stress #gherefore longer fatigue life of extrusion
tools.

In general, the two most common types of extrusies are flat—face and shaped (conical)
dies. Spider or bridge dies also are used for mioduhollow extrusions such as tubing. The

design of extrusion dies, whether of flat or cohtgpe is still an art rather than science.

However, optimal design depends on a large numbdaabors, including the size, the
shape to be produced, the maximum and minimum thalkness, the press capacity, the
length of the run out table, the stretcher capadity tool stacking limitations, understanding
of the properties and characteristics of metaled@xtruded and the press operating procedure
and maintenance.

3.5. Determination of forward extrusion pressure [B]

Early assumptions of the extrusion pressure cdionlaare based on the work done by

homogeneous plastic deformation and then multiglyhle efficiencyb .

I 3.2
\l:Y ﬂ:Yh‘]l_2 ( )
v | I,

I1
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Where W the work doneV is the volume of extrusion piecd,is the yield strength of
material, |, is the original length, antt is the extruded length.
The volume is constant during the extrusion pro¢agk = A;l;) and the pressurePe) is

proportional to work per volume unit and expresasd

3.3
Pe = bY In:‘—O (3:3)

Where A, and A; are initial and final cross-sections respectively

Practically, it is difficult to compute the magrd®i of b so it is possible to calculate the

pressure by role of friction.

Due to the extrusion force applied by the ram,itlet will be deformed to fit tightly into
the container. It behaves like a highly viscousdflu.et us consider the thin section of the

billet lying at right angles to the container aaigl the stress iBe as shown in Fig.3.4. [50]:

3.4
'Z—Dzd(Pe):po(P)dx G4

Where D is the billet diameterss coefficient of friction between billet and contamwall,
and dx is the width of the section.

By integrating equation (3.4) between limit x =rilax =L, then:

(3.5)
P=PR exp%
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Where P, is the horizontal frictionless extrusion pressufeg. 3.5 shows the extrusion

pressure as function of ram travel for forward aadkward extrusion.

5

—

Fig. 3.4. Pressure applied at extrusion

This formula has been developed for extrusion afrtsivillets and it can be used to

calculate the frictionless extrusion pressige[51].

P,=Y 047+ 1.2|ni

f

(3.6)

By substituting forP, in equation (3.5) the extrusion, pressrecan be expressed as:
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Fig. 3.5. Extrusion pressure as a function of reavd (a) direct extrusion,
(b) backward extrusion

3.6. Forward extrusion of nanostructured Al-6082 méerial

In forward extrusion process three types of diesewused, these dies have same initial
(inlet) diameter D = 15 mm] but different exit diameterd £ 6, 8 and 10 mm] with profile
angleg = 30, the geometry of these dies is illustrated in Bi§. The processes were carried
out at room temperature using AKTIEBOLAGET ALPHA ahéne (Fig. 3.6) which has load
capacity of 50 tons, with the ram speed of 8mm/famall types of materials, and a special
type of lubrication was used to reduce the frictioetween the billet and the die. The

relationship between the force and ram displacemvastobtained (Fig. 3.7)

67



Alpha machine

Punch

The die
Workpiece \%
™ Outer ring

Inner jé:§§§§\
fring

D=15

P
d=10,8, 6

Die profile

All dimensions in mm

Fig .3.6. Forward extrusion equipment
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Fig. 3.7-c. Experimental load — displacement cufeeshe die with 20mm exit diameter in
forward extrusion

69



3.7. Backward extrusion of nanostructured Al-6082 raterial

In this process, small cups were produced by usigly ram speed machine. The die set of
backward extrusion is shown in Fig. 3.8, and tmalfiproduct is shown in Fig. 3.9. The
backward extrusion technology was used to testftindgner workability of the prepared
nanostructure materials on work pieces; the maal gbthis process was to produce cups
and tubes from nanostructured Al-6082 alloy. Thigahspecimens are produced from all

previously investigated passes.

BT

=

Fig. 3.8. Backward extrusion die set Fig. 3.9. Beatd extrusion cups: (a)
annealed, (b) passl, (c) pass 4C, (d) pass
8C

3.7.1. Surface roughness test

In this test, the surface roughness of outer andrisurfaces of tubes were measured using
Mitutoyo Surftest 211 device (see Fig. 3.10). Theemled material exhibited the highest
amount of surface roughness, while the least amofistirface roughness was in Pass 8C
material, as shown in Table 3.1.
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Fig. 3.10. Surface roughness measurement deviggteSt 211)

Table 3.1. Surface roughness of inner and outéases of final products

Type of material Ra( 2 m) of inner surface Ra(nm) of outer surface
Annealed material 0.68 1.15
Pass 1 material 0.57 1.09
Pass 4C material 0.48 0.95
Pass 8C material 0.34 0.68

3.8. Extrusion of tubes

There are several methods to manufacture tubesxtonple, longitudinal welding of plate

which is carried out by taking a piece of steapstolling it into a cylinder, and then heating
the edges and forging them together to make a tube.

Another method of tube making is the extrusionutfet this method consists of forcing a

billet of metal through a special die set to praglaccontinuous length of constant cross
section of tube.
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Recently, the use of lightweight parts has beememming with the development of
automobile techniques and the aerospace indusfrya @omponent in lightweight aerospace
and automobile parts, the production of aluminiuobes with high strength and
extrudability, such as those needed for door impaeins, seat side rails, and hood support,
is in demand. The tube extrusion process is péaatigusuitable for manufacturing composite
tubings. The bi-metallic tubes find useful applicas in electrical, chemical, and nuclear
industry where service conditions demand differeguirements in the bore of a tube from
those on its outside surface. In this work, tubesfnanostructured Al-6082 material were

produced and analyzed by using finite element ntetho

3.8.1. Forward extrusion of tube from nanostructurel Al-6082 material

The die set in forward extrusion of tube processsigis of four parts: (a) container, (b)
mandrel (piercing), (c) base, and (d) punch. Them#s are manufactured from tool steel
(K9), in Hungarian classification, which have theemical composition given in Table 3.2,
and were heat-treated. The outer diameter of the tMasD = 16.26 mm, and the inner
diameter of the tube wak= 12 mm. The geometry of these dies is illustrateffig. 3.11.
The processes were carried out at room temperatitinethe ram speed of 2mm/min for all
types of materials, and a special type of lubrarativas used to reduce the friction between
the billet and the die. The formed specimens o€ tektrusion are shown in Fig. 3.12. The
relationship between the force and ram displaceméith were obtained from the tests are
shown in Fig. 3.13.

Table 3.2 Chemical compositions of forward extrasice material

Element C Si Mn Cr W Mo V Ni P S

Min % 19 | 010 | 0.15| 11.0f OS5 0.6 0.15 Max Max Max

Max % 22 | 040 | 040, 13.0f 080 090 030 035 0.03.030
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Fig. 3.11. Die of forward extrusion of tube

Fig. 3.12. Tube extrusion specimens:
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Fig. 3.13. Experimental load — displacement cumderward tube extrusion

3.9. Finite element simulation

In this work, finite element methos used to simulate the forward extrusion of tube
processes for all types of nanostructured Al-60&Remials by usingQ-Form software. In
this software, we applied a hydraulic press withfioient of friction of » = 0.2 between the
die and the billet at room temperature and the nad¢edata from the upsetting test were
used. By this software, we can determine relatipndbetween the force and ram
displacement as shown in Fig.3.14 and Fig. 3.Xbaddition to the flow stress and the
effective strain, as shown in Fig. 3.16 and Fi@.73The comparison of the experimental and
finite element of forward tube extrusion has beenedand plotted in Fig. 3.18.

3.10. Hardness Test of Nanostructured Al-6082 Mate&ls

In this test, the backward extruded cups were delsyemicro hardness measurement device
(BUEHLER) which has load capacity of 500 KN (seey.F8.19). The cups were cut

longitudinally (see Fig. 3.20) and the cross-sectizas polished and etched to get clear
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microstructure. The applied load of the hardnesswas 25 N, and the results of the test are

shown in Fig. 3.21.
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Fig. 3.14-a. Finite element load-displacemetitig. 3.14-b. Finite element load-displacement
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Fig. 3.16-a. Flow stress distribution on the Fig. 3.16b. Flow stress distribution on the
tube (pass 1-longitudinal) tube (pass 4- longitudinal)

Fig. 3.16c. Flow stress distribution on the tubesg8- longitudinal)
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Fig. 3.17-a. Effective strain distribution on Fig. 3.17-b. Effective strain distribution on
the tube (pass 1-longitdinal the tube (pass 4-longitdinal

Fig. 3.17-c. Effective strain distribution  Fig. 3.17-d. Time — effective strain curves at
on the tube (pass 8-longitdipal point 1 on the tube

77



= Finite element Results
3 0.06- o o Bxprimental Results

Ram displacement (mm)

Fig. 3.18-a. Forward extrusion results for

I — T T T T T T
0O 5 10 15 20 25

0.124

0.09

0.06

Load (MN)

0.03 *

0.00

Finite element Results
e Exprimental Results

0 5 10 15 20 25 30

Ram displacement (mm)

Fig. 3.18-b. Forward extrusion results for

annealed condition with die exit diameter of annealed condition with die exit diameter of

6 mm

0.12

0.094

0.06 4

Load (MN)

0.031 .

0.004

8 mm

®  Finite Element Data
® Expermental Data

5 10

15 20 25

30

Ram displacement (mm)
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Fig. 3.19. Microhardness measurement device (BUER)LE
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Summary

In the previous chapter, extrusion processes ad-fihe grained Al-6082 alloy material

were investigated.

Extrusion load were measured from experimentas tastl compared with the calculation

by finite element method

Tube extrusion of nanostructured Al-6082 alloy wpesformed and simulated by using

finite element method.

Hardness and surface roughness tests were pedamihe formed extrusion specimens

and new results is obtained
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Conclusions

The conclusion of the present work can be outlined:

1.

From the previous literatures and studies, nancstred material can be produced by
severe plastic deformation (SPD) methods, frometlstgdies it was noted that the ECAP

method is the most applicable for producing nanestired materials for tube extrusion.

From the true stress-true strain curves of nancstred Al-6082 alloy produced by

ECAP technique the followings were found:

The true stresses in zero direction of the thrgedtigated passes (passl, pass 4, and
pass 8) are higher than those of the other dimegtithis may be because the value of
shear stress in the zero direction is larger tmathé other direction. On the other
hand, the value of the yield stress of pass 8 asvahto be higher than those of the
other passes.

The true stress of nanostructured Al-6082 alloyetiels on the number of passes of
the ECAP and the direction of the axis.

The induced anisotropy of specimens was causedhby BCAP technique, after
deformation the circular cross section of the specis becomes ellipse and its maximum

was observed after pass one.

The anisotropy parameters of the material wereutatied usingHu and Hill yield
criteria and material law. From these criteria, drpiivalent stress - equivalent strain

curves were calculated, unusual material behavi@sr noted.

it was noted that the equivalent stress of the pasaterial is close to (little bit greater)
the equivalent stress of the pass 8 material. §hevalent stress of the initial material is
the lowest.

After determining the equivalent stress - equivasrain curves, eight types of fracture
criteria were used to calculate the ductile fraztooperties. From the results the
following were noted:

Cracks appeared on all types of the specimensadtin values of deformation.
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The minimum value of ductile fracture constant ooed at pass 4 in longitudinal
direction and the maximum value of ductile fractlappeared at pass one in
longitudinal direction.

7. Two types of extrusion processes were applied, doiwand backward. The extruded
materials were three types of nanostructured AR68IBY pass 1, pass 4 (route C), pass
8 (route C) which are produced by equal channellangressing (ECAP), in addition to
the annealed raw material. It is reported, in foovaxtrusion the maximum value of the
extrusion loads were at using pass 8C material wathg die exit diameter of (6 mm). In
the hardness test, the value of hardness is dé@wgeas moving away from the middle
point of the corner of cup wall. The reason forttisamay be the fact that the value of
effective strain at this point is the largest.

8. Tubes were produced from nanostructured Al-6082n@tusing forward extrusion die.
The materials were four types of nanostructure®@82 alloy: pass 1, pass 4 (route C)
and pass 8 (route C), which were produced by ethainel angular pressing (ECAP), in
addition to the annealed raw materidhe tests were simulated by using the finite
element method and its results were compared with éxperimental results. The

conclusions from the results are:
The maximum value of the tube extrusion loads wsdained using pass 4 (route C).

The results showed that the experimental result$ the finite element results
exhibited the same behaviour and were nearly idantialthough initially, the

experimental results are shifted to the directiblages displacement.

The extrusion process produces tubes of high gualihere, the quality of surface

roughness improves with the increasing number s§@a
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Theses

1. The true stress and equivalent stress curves afstraictured Al-6082 alloy produced by
ECAP were determined in this work. From these caifvevas concluded that:

The true stress of nanostructured Al-6082 alloyetels on the number of passes of
the ECAP and the direction of the axis.

The true stresses of zero direction of the threestgated passes (passl, pass 4,
and pass 8) are higher than those of the othectirns. On the other hand, the
value of the yield stress of pass 8 is shown tdigber than those of the other

passes.

2. It was noted that the properties of Al-6082 alldyacged from isotropy to anisotropy
when the material was subjected to ECAP process tlan strain path (the relationship
between compressive strain and tensile strain)linages of passes is approximately a
straight line. The anisotropic constantstbll yield criterion were determined using the
slope of strain path.

3. The ductile fracture in cold forming using eightpé&g of fracture criteria were
investigated in this work. From the results thédf@ings are noted:

The curves of the fracture criteria constant olgdifrom the eight criteria (except
Shabaic and Vujovic fracture criterion and Tresc#eon) have the same
behaviour.
The minimum value of ductile fracture criteria ctamg occurred at pass 4 in
longitudinal direction and the maximum value of tlecfracture constant appeared
at pass 1 in longitudinal direction.

4. From the experimental result of forward tube extmisit was concluded that:
The best nanostructured material for producing taltee pass one material if the
extrusion load is the important factor to be taken account, because this material
needs the minimum value of extrusion load.

The best surface roughness was on pass 8 material.
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