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ABSTRACT

Aluminum alloys are widely used for lightweight applications. Severe plastic deforma-
tion has recently emerged as a versatile method to deliver large strains and thereby
improve mechanical properties. Among these methods, it is seen that the versatile
forging (MAF) process stands out in terms of its industrial applicability. In particu-
lar, it has been determined that the strength of some metals is significantly increased
by the warm or hot forging process. In this study, the mechanical properties of Al
6061 alloy, which is frequently used in the automotive and aviation industries, were
improved by the multi-axial forging method and its behavior was characterized. For
this, 3, 6, 9 and 12 pass forging processes were carried out at 200 °C temperature by
designing an experiment. The Split Hopkinson Pressure Bar assembly was designed

and built to analyze the mechanical behavior after application.

As aresult of the tests, it was determined that the yield, tensile and hardness values
of the Al alloys forged with the multiaxial forging method increased up to a certain
cycle, and the grain structures were reduced in the microstructure examinations. In
the aluminum 6xxx alloys used in this study, because of 6 passes forging, the hardness
value was 80 HB, yield strength was 245 MPa, and tensile strength was 270 MPa,
while the average grain size was 8.32npm. As a result of 9 passes of forging of the
same alloy, the hardness, yield, and tensile values decreased compared to 6 passes
of forging, while the grain size increased, the values are 73HB, 212 MPa, 232 MPa
and 11.54pm, respectively. Similar results were obtained in the SHPB test, which is
a dynamic crash test, and it was determined that the mechanical properties of the

Aluminum 6xxx series alloys were improved by the multi-axial forging method.
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OZETCE

Aliiminyum alagimlari, hafif uygulamalar i¢in yaygin olarak kullanilmaktadir. Siddetli
plastik deformasyon, son zamanlarda biiyiik gerinimler vermek ve boylece mekanik
ozellikleri geligtirmek i¢in ¢ok yonlii bir yontem olarak ortaya ¢ikmigtir. Bu yontemler
arasinda endiistriyel uygulanabilirligi agisindan gok yonlii / eksenli dovme (MDF /
MAF) igleminin 6n plana giktigr goriilmektedir. Ozellikle baz1 metallerin 1lik veya

sicak dovme iglemi ile mukavemetlerinin 6nemli oranda artirildigr belirlenmistir.

Bu ¢aligmada otomotiv ve havacilik sektoriinde gok sik kullanilan A1 6061 alagiminin
mekanik ozellikleri ¢ok eksenli dovme yontemi ile iyilestirilerek davranisi karakterize
edilmistir. Bunun i¢in deney tasarimi yapilarak 200 °C sicaklikta 3, 6, 9 ve 12 paso
dovme iglemleri gercgeklegtirilmistir. Uygulama sonrasi mekanik davranisi analiz et-

mek i¢in Split Hopkinson Basingli Bar diizenegi tasarlanarak insa edilmistir.

Yapilan testler sonucu cok eksenli dovme yontemi ile doviilen Al alagimlarinin
belli bir ¢evrime kadar akma, ¢ekme ve sertlik degerlerinin arttigr bununla beraber
mikroyapi incelemelerinde tane yapilarinin kiiciildiigii tespit edilmistir. Bu ¢aligmada
kullanilan aliiminyum 6061 alagiminda 6 paso dovme iglemi sonucu sertlik degeri 80
HB, akma mukavemeti 245 MPa ve ¢cekme mukavemeti 270 MPa iken ortalama tane
boyutu 8.32pm elde edilmistir. Ayni alagimin 9 paso doviilmesi sonucu sertlik, akma
ve ¢ekme degeri 6 paso dovmeye gore diiserken tane boyutu ise biiytimiistiir, degerler
sirasiyla T3HB, 212 MPa, 232 MPa ve 11.54um seklindedir. Benzer sonuglar dinamik
carpigsma testi olan SHPB testinde de alinarak Aliiminyum 6xxx serisi alagimlari i¢in

cok eksenli dovme yontemi ile mekanik ozelliklerinin iyilegtigi tespit edilmigtir.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The average grain size of the material typically plays a crucial and prevailing role in
determining the mechanical and physical properties of all crystalline materials. Severe
plastic deformation (SPD) is a well-known method for altering the grain size and
shape of many different types of materials. ECAP (Equal Channel Angular Pressing),
ARB (Accumulative Roll Bonding), HPT (High Pressure Torsion), and MAF/MAC
(Multi Axial Forging/Compression), sometimes known as Multi-Directional Forging,
have all been used to accomplish SPD. From a practical standpoint, it is generally
acknowledged that applying SPD to bulk billets seems to be the most promising

processing method for producing Al alloys with nanostructures [1-7].

Since they have such excellent chemical, physical, mechanical, and processing prop-
erties as low density, acceptable strength, good ductility, excellent oxidation resistance
both at room temperature and above, and good formability, aluminum alloys like Al-
6061 are currently the most widely used materials in almost all industries. Al-6061
alloys are typically utilized to create high-performance products with precise mi-
crostructures because they can survive significant deformation at high temperatures.
Aluminum alloys are used in the aerospace and aviation industries because they are
substantially lighter than steel and because every kilogram of weight loss leads to
greater fuel savings and increased payload. With petrol prices rising and the neces-
sity to lighten vehicles becoming more and more important, the automotive industry

has increased its usage of aluminum over time. Aluminum is used mostly to lighten



products today, but it has always been widely used since it is simple to mill, cast,
extrude, roll, etc., and many alloys may be age-hardened (like 6061) [8-12]. Samples
of Al6061 that had undergone multi-axial forging also displayed good ductility and
strength. A uniform microstructure with an ultrafine grain shape was produced by

processing this alloy using MAF at specific temperatures [13].

1.2 Research Objectives

The study’s primary goal is to investigate the alterations in microstructure and
mechanical properties of Al 6061 series Aluminum alloy by multiaxial forging plastic
deformation method, and the results obtained in SEM, tensile test, hardness test,

and designed SHPB dynamic compression test setup.

1.3 Work Summary

In this study, firstly, Al 6061 Aluminum alloy was heat treated by keeping it at 520 °C
for 4 hours. Then, samples in 50*40*40 dimensions were prepared. Open die plates
were prepared so that the prepared samples could be forged with the multi-axial
forging method. The samples were kept at 200 °C for 10 minutes and forged in the
x-axis was performed. Afterward, it was cooled in room temperature water and kept
at 200 °C for 10 minutes, and forging was performed in the y-axis. It was cooled in
the water again and moved to the z-axis. One round beating in x-y-z is called 1 cycle.
This process was repeated with a 1-2-3-4 cycle. Then, after the SEM analysis, tensile
test, hardness test, and SHPB assembly of the samples were designed and installed,
the tests were carried out in this apparatus and the fracture surface between the
forging cycles was compared by examining the SEM analysis, microstructure, and

mechanical properties.



CHAPTER 11

PREVIOUS WORK

2.1 Pure Aluminum and Aluminum Alloys

Natural aluminum, which is soft, nonmagnetic, and easy to shape, makes up around
8% of the earth’s crust. Although it is less frequent in the lower layers, It is the most
popular metal on Earth and the third most common element in the universe, after
silicon and oxygen. It is also the element with the greatest abundance in the soil of the
planet. Pure aluminum has never been found in nature, unlike metals like silver and
gold. Aluminum alloys play a key role in modern engineering since they are the most
used non-ferrous material. They have been widely used in automotive, aerospace, and
construction engineering due to their good corrosion resistance, superior mechanical
properties along with good machinability, weldability, and relatively low cost [9].
Electrical conductivity is 64.94% IACS (pure Al at 2 °C). Its melting temperature is

660 °C, and its boiling temperature is 2519 °C.

Due to its strong affinity for oxygen, aluminum is hardly found in its elemental
form; instead, it is found in oxides or silicates. Feldspars (KAISi308 — NaAlSi308
— CaAl2Si208), the most common group of minerals in the earth’s crust, are alumi-
nosilicates. Aluminum is also found in the minerals beryl (Be3Al2(Si03)6), cryolite
(Na3AlF6), garnet, spinel, and turquoise. Impurities such as chromium and iron in

Al1203 yield gemstone products such as rubies and sapphires, respectively [14].

Even though it is a widely used and prevalent element, not all minerals that contain

the element are commercially viable sources of the metal. The resource bauxite



(AlOx(OH)3-2x), which produces almost all metallic aluminum, is used. Bauxite is
formed as a decomposition product of low iron and silica bedrock in tropical climates

from weathering [15].

There are 7 basic unit cells that are accepted today as simple cubic, triclinic, mon-
oclinic, orthorhombic, rhombohedral, tetragonal, and hexagonal. There are 14 fun-
damental Bravais cells, in addition to the face-centered cubic (FCC), body-centered
cubic (BCC), and hexagonal close-packed (HCP) structures that are ones of these
fundamental Bravais cells. Figure 1 illustrates that the structure of aluminum is a

face-centered cubic, also known as an FCC.

Figure 1: Drawing of Face-Centered Cubic (FCC) unit cell aluminum [16]

The mechanical, physical and chemical properties of aluminum alloys vary de-
pending on the alloying elements and microstructure. The most important alloying
elements added to aluminum are copper, manganese, silicon, magnesium, and zinc.
Aluminum alloys are divided into two groups as forging and casting alloys. Wrought
alloys have good plastic deformation ability and can be easily shaped. Most of the
aluminum forging and casting alloys can be heat treated. According to the American
aluminum association, aluminum wrought alloys are classified by four letters. The

2xxx, 6xxx, 7xxx, and certain 8xxx alloys are found in forged alloys that make up



heat-treatable aluminum compounds [16].

Table 1 shows the different alloying additions and strengthening methods utilized
in forged aluminum alloys, along with a brief description of their characteristics and

uses [16,17,18].



Table 1: Classification of wrought aluminum alloys [30]

Alloy Series | Primary  Alloying | Characteristics
Component 99%
Ixxx 99% minimum Alu- | These series of managed unalloyed aluminum alloys
minum find widespread application in the fabrication of ro-
tors for use in the electrical and chemical industries.
2XXX Copper (Al-Cu) Copper is the principal alloying element, is gener-
ally utilized in the aviation sector because of its 455
MPa yield strength.
(Al-Cu-Mg) (Al-Cu-
Li)

3xxx Manganese (Al-Mn) | Silicon is the most important element in the al-
loying process. Specifications are provided for the
other alloying elements, such as magnesium and
copper. The 3xx.x series accounts for close to 90 %
of all shaped castings that are manufactured. Al-
loys with a general purpose are put to use in the
building industry, in addition to a great many other
items.

4Axxx Silicon Silicon is the primary component utilized in the
production of alloys, and the 4xxx series can be
found in products like welding rods and brazing
sheet. The amount of silicon might be anything
from 0.6% to 6.2%.

(Al-Si)

HXXX Magnesium (Al-Mg) | Magnesium is the primary element that is being
used in the alloying process, and the addition range
is from 0.2 to 6.2%. Because of their exceptional
weldability, bxxx series products are suitable for a
wide range of applications.

6xxx Magnesium and Sili- | Components of 6xxx alloys include magnesium and

con silicon at a combined 1%. When magnesium and
silica are combined, a material that can be solution
heat treated to increase its strength is created.

(Al-Mg-Si)

TXXX Zinc (Al-Zn) (Al-Zn- | The main alloying component, with an addition

Mg) (Al-Zn-Mg-Cu) | range of 0.8% to 11%, is zinc. Alloys with the 7Txxx
prefix are the strongest available. The aerospace
industry, as well as the aircraft and sports equip-
ment industries, rely heavily on these alloys.

8xxx Other Elements (Al- | 8xxx is an alloy in which tin is the main component.

Fe) ( Al-Fe-Ni)

Add lithium and iron as well.




Table 2: Various strength levels of forged aluminum alloys [30]

Aluminum | Type of Alloy Composition | Strengthening Tensile Strength
Association Method Range (M Pa)
Series
Ixxx Al Cold work 70-175
2XXX Al-Cu-Mg (1-2.5% Cu) Heat treat 170-310
2XxXX Al-Cu-Mg-Si (3-6% Cu) Heat treat 380-520
3xXXX Al-Mn-Mg Cold work 140-280
4xxx Al-Si Cold work ( some | 105-350
heat treat)
HXXX Al-Mg (1-2.5% Mg) Cold work 140-280
HxxXx Al-Mg-Mn (3-6% Mg) Cold work 280-380
6xxx Al-Mg-Si Heat treat 150-380
TXXX Al-Zn-Mg Heat treat 380-520
TXXX Al-Zn-Mg-Cu Heat treat 520-620
8xxx Al-Li-Cu-Mg Heat treat 280-560

2.2 Al6061 Aluminum Alloy

6061 is a precipitation-hardened aluminum alloy, including magnesium and silicon
as its major alloying elements approximately %1. It has good mechanical proper-
ties, indicates good weldability, and is mostly extruded. Truck components, railroad
materials, pipelines, marine implementation, furniture, agricultural usage, aircraft,
architectural implementation, automotive components, building products, chemical
equipment, dump bodies, electrical and electronic applications, fasteners, fence wire,

fan blades, general sheet metal, highway signs, hospitals, and a multitude of other



uses make this one of the most well-known aluminum alloys for general purpose. It is
usually existing in pre-tempered grades such as 6061-O (annealed), tempered grades
such as 6061-T6 (solutionized and artificially aged), and 6061-T651 (solutionized,
stress-relieved stretched and artificially aged). Compositions of Al 6061 alloys and

mechanical properties are shown in Table 3-4 [19,20,21,22].

Table 3: Compositions of Al 6061 alloys[30]

| Component |  Wt.% |

Al 95.8 - 98.6
Cr 0.04 - 0.35
Cu 0.15-0.4
Fe Max 0.7
Mg 0.8-1.2
Mn Max 0.15
Si 0.4-0.8
Ti Max 0.15
Zn Max 0.25
Other, each | Max 0.05

Table 4: Mechanical properties of Al 6061 alloys[30]

Ultimate Tensile Strength | 310 MPa
Tensile Yield Strength 276 MPa
Elongation at Break 0.12
Modulus of Elasticity 68.9 GPa
Poisson’s Ratio 0.33
Fatigue Strength 96.5 MPa
Fracture Toughness 29 MPa-m3
Shear Strength 207 MPa
Solution Temperature 529 °C
Aging Temperature 177 °C
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Figure 2: Relationships among commonly used alloys in the 6061 series (Al-Mg-Si).

Tensile strength (T'S) and yield strength (YS) are in ksi units [30]

2.3 Severe Plastic Deformation (SPD)

One of the most important microstructural variables in polycrystalline light alloys is
grain size because of the profound effect it has on the material’s chemical, physical,
and mechanical properties. The phrase "severe plastic deformation” (SPD) refers
to a group of metalworking processes that include very large strains, generally with
significant shear or a complicated stress state, leading to large numbers of defects and
uniformly sized ”ultrafine” grains (d < 500 nm) or nanocrystalline (NC) structures
(d < 100 nm) [23]. According to certain definitions, SPD is a method that applies
high strain to a workpiece without significantly altering its dimensions, providing a
strong hydrostatic pressure element. However, the mechanisms responsible for grain
refinement in SPD are identical to those first developed for mechanical alloying, a
powder process described as suffering "severe plastic deformation” by authors as

early as 1983 [24].



The majority of SPD research has been on grain refinement, which is obviously rel-
evant to the creation of high-strength materials due to the Hall-Petch connection. In-
dustrial metals that have undergone conventional processing generally contain grains
between 10 and 100 gm. When the grain size is reduced from 10 pm to 1 pum, the
yield strength of metals can increase by more than 100%. The Hall-Petch equation (1)
may be used to observe the direct relationship between grain size and the mechanical,

chemical, and physical characteristics of metals [25].
o, =00 + Kd'/? (1)

where k and d are the Hall-Petch coefficient and mean grain diameters, respectively,
and oy is friction stress.

For there to be a high density of shear stresses and hydrostatic pressure, there
has to be a high density of crystal lattice defects, particularly dislocations, which can
considerably refine the grains. This is necessary in order to achieve the high density.
In SPD processes, grain refining is accomplished using a multi-step procedure; to lower
the overall strain energy, dislocations reorganize and combine together to form ”cells”
that are then disseminated throughout the grains, misorientation arises between the

Y

cells, creating ”subgrains,” as deformation progresses and additional dislocations are
produced, within each subgrain, the process is repeated until the subgrains are tiny
enough to spin freely and in the process of further deformation, the subgrains rotate

into high-angle grain boundaries, which frequently have an equiaxed structure [26].

Different types of SPD techniques, including constrained groove pressing, cyclic
extrusion compression (CEC), repetitive corrugation and straightening (RCS), ac-
cumulative roll-bonding (ARB), multi-axial forging (MAF), severe torsion straining
(STS), high pressure torsion (HPT), and friction stir processing (FSP), have been
developed over the past three decades. The most popular SPD procedures need ex-

pensive machinery, including costly dies, high load capacities, a small sample size,

10



and low production efficiencies [16,27,28].
2.3.1 Forging

Forging is a manufacturing technique in which metal is compressed, hammered, or
squeezed under intense pressure to create forgings, which are pieces with exceptional
strength. The procedure is typically—but not always—performed in a heated setting
by preheating the metal to the required temperature before it is worked. Since the
metal used to forge products is never melted and poured, forging is a totally different
technique than casting (or foundry) (as in the casting process). Stronger pieces may
be produced through the forging process than with any other method of metalwork-
ing. As a result, forgings are nearly always used in situations where dependability
and public safety are critical. However, forgings are rarely seen since they are gen-
erally component pieces housed inside completed objects such as airplanes, vehicles,
tractors, ships, oil drilling equipment, engines, missiles, and many types of capital

equipment, to mention a few [29].

It is possible to forge almost any metal. Aluminum, titanium, brass, copper, and
high-temperature alloys including cobalt, nickel, or molybdenum are a few of the most
popular metals, as are carbon, alloy, and stainless steels, as well as very hard tool
steels. Each metal has various qualities of strength or weight that are best suited to

particular pieces, as selected by the customer [29].
2.3.1.1 Forging Machinery

Hammers, Presses, Upsetters, etc. types of equipment can all be used to make forg-

ings, despite the considerable variations in styles and driving systems.

Hammers: Hammers are typically regarded as the most versatile forging tool due
to the wide range of forging operations they can carry out. They have been used

constantly for both open die and impression die forging. They are distinguished by a

11



large ram that houses the top die. The workpiece is positioned on the bottom die, and
the ram is elevated and let to fall or pushed onto it. The bottom or fixed die is held
in place and the structure is supported by a large, hefty anvil. High rates of energy
application and deformation are produced by hammers. As a result, they perform
well with alloys that can bend quickly without producing cracks and breaks in the
finished product. This is why most magnesium alloys and aluminum 7xxx alloys are
not forged. Hammers are categorized based on how the ram is lifted and whether it
falls naturally or is driven. Types of hammers; Board Hammers, Air-lift hammers,

Steam or Air-Powered Hammers, Impacters etc. [31,32].

Presses: The second kind of forging equipment that is frequently employed in big
open die and impression die forging is forging presses. They are frequently categorized
as mechanical or hydraulic depending on how the energy is delivered. Presses generate
force more gradually than hammers do. They are utilized for all alloy groups and
are preferred over hammers for alloys that need modest deformation rates, such as
the majority of magnesium alloys and the 7xxx type of aluminum alloys. They often
function vertically, just like hammers. The ram and upper die are joined, and the
workpiece feels the power of the ram’s downward stroke. Types of presses; Mechanical

Presses, Screw Presses, Hydraulic Presses, etc. [31,32].
2.3.1.2 Open Die Forging

Standard flat, ”V,” concave, or convex dies in presses are used in the hot forming
technique known as ”"open die forging.” With this method, components with sizes
ranging from a few pounds to over 300 tons may be created. The workpiece is heated
to enhance its plastic flow properties and lessen the amount of effort needed to manip-
ulate the metal. While supported by the bottom die, the workpiece is methodically
distorted by a succession of blows from the higher die. Advantages of open die pro-

cess; few or no tooling expenses shorter lead time a range of sizes available, ranging
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from a few centimeters to almost 100 feet. The disadvantage of open die process; Not
appropriate for producing complex, precise pieces or other applications that need
tight accuracy, Open-die forgings frequently need to be finished with machining and

consistent outcomes, and desirable attributes aren’t always produced by processes

LARGE SCALE OFEM DiE FORGING I E

31,32).

Figure 3: Open die forging procesess [31]

2.3.1.8 Close Die Forging

Closed die forgings can be as little as a few ounces or as large as 10,000 pounds, and
they can be as long as a few millimeters or as long as 26 feet. The method is largely
responsible for all commercial forging output. ”Impression die forging” is also known
for closed die forging. Though the phrases are occasionally used synonymously, this
design guideline distinguishes closed die forging as a unique variety of impression die
forging that is covered in more detail below under the topic ”flashless forging.” Open
die forging does not offer the same degree of dimensional control as impression die
forging, which gives the workpiece three-dimensional control. A pair of matching dies
with custom-made imprints that create an impression or cavity in the shape of the
forging are used to create the control [31,32,35]. Advantages of the closed die forging
process; better polish on the surface and greater mechanical characteristics, reduced
or eliminated machining, cost-efficient for extensive manufacturing runs, it is possible
to produce dimensions with more exact tolerances and other forms, more accurate

and reliable impressions, the capacity to replicate almost any form or size.
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Disadvantages of the closed die forging process; due to the expense of producing
dies, short or tiny manufacturing runs are often not financially viable, higher setup

costs brought on the expensive equipment and furnaces.

OPEN DIE' FORGING 'CLOSED DIE' FORGING

TOP DIE
TOP DIE

i

| eorToMDIE | BOTTOMDIE

Figure 4: Open and close die forging[31]

2.3.1.4 Hot Forging

The transmission of heat from the metal to the die surfaces results in thermal gradi-
ents. Plastic flow is not uniform because it occurs less often on the cooler die surfaces
than it does in the hotter core regions. We call this ”die cooling.” Forging dies for steel
forgings are normally heated, depending on the equipment up to an upper limit of
205-260 °C (400-500 °F), in order to reduce cooling. By reducing the contact period,
fast-acting forging equipment like hammers, screw presses, and mechanical presses
can further minimize the impacts of freezing. The use of glass lubricants is beneficial
because they insulate the die and material from heat loss and minimize the die chill-
ing effect. 1700 to 2300°F (925 to 1260°C) is the forging temperature range for steels
and titanium and nickel alloys. Specialized tooling materials, such as nickel-based
superalloys and molybdenum alloys for dies, and lubricants that can work effectively
at these temperatures are required for isothermal forging of high alloys. It’s crucial to
pay particular attention to the environment, such as by using an inert gas or vacuum

to prevent oxidation of the workpiece and the dies.

Both hot die and isothermal forging have pros and cons. The main benefits are

tighter forging tolerances, which lowers machining and material costs, a decrease in
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the number of preforming and blocking processes, which lowers processing and tooling
costs, and the use of moderate ram speeds, which uses smaller machines and lower
forging pressures. The main cons are the need for more expensive die materials,
consistent and precise die heating systems, and an inert environment or vacuum
around the dies and workpiece to prevent die oxidation. In order to allow for effective
die filling at the low forging pressures, the normal production rates are quite low

33,34].
2.3.1.5 Warm Forging

In order to accomplish warm forging, the workpiece must be heated to a temperature
that is typically higher than the work-hardening temperature but lower than the
temperature at which scale develops. The technique bridges the gap between the
somewhat less precise hot forging technique and the tighter tolerance, but occasionally
more expensive cold forging technique. In steel alloys, it is being utilized to make
close-tolerance components that cold forging could not or would not be able to create.
Additionally, it is being utilized to create components that are manufactured by hot
forging and have significant finishing allowances that are extremely similar to the
final shape. Currently being warm forged are automobile front-wheel drive shafts

and gears [33,34].
2.3.1.6 Cold Forging

One of the most popular chipless forming techniques is cold forging, which frequently
requires just drilling as machining. According to the generally recognized definition,
forging or shaping a bulk material at room temperature without heating the initial
slug or intermediate phases falls under this category. In-process annealing, which
may be carried out at interim phases to mitigate the effects of work hardening, is
not included in the definition of "no heating.” In comparison to hot forming, the

procedure yields better dimensional precision and doesn’t generate scale. Higher
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forging pressures are needed since the workpiece’s plastic flow properties aren’t as

excellent. Typically, components can only weigh 50 pounds or less. Cold forgings

typically weigh less than 10 pounds [33,34].

Table 5: The main parameters of die forging procedures are compared [33]

| Criteria

Hot forging

| Warm forging

| Cold forging

(number of items
from impression)

Forging weight <60 kg <10 kg <2 kg
Shape Any Rotational- Rotational-
symmetric symmetric
Roughness 100 pm 50 pm 10 pm
Additional thermal | - Additional  surface | Forcing
treatment treatment is  not
usually applied
Softening pressures Low Medium High
Energy costs High Medium Low
Tolerances General Precise Very precise
Tool costs Low High High
Tool durability | 5000-10000 10000-20000 20000-50000

Figure 5: Forging process [34]




2.3.1.7 Multi Azial Forging

The MAF process is a severe plastic deformation method developed in the early 1990s.
The most superior feature of this method compared to other SPD methods is that it
can be applied to large mass parts at low pressing forces [38,39]. For this reason, the
method in question is defined as an SPD method that stands out with its industrial
applicability. The method is based on the principle of forging a metal in three main
axes one after the other at certain deformation rates. Forging can be done using open
and closed dies. The most important disadvantage of this method is known as the
inability to provide structural homogeneity and the inability to refine the grain size
sufficiently, as in other SPD methods [38,39,40,41]. However, it has been observed
that with this method, extremely fine-grained materials can be produced by increasing

the number of forging passes and annealing processes [42,43].

In the literature research, it was seen that the grain sizes of metals such as pure
aluminum, copper, and titanium were processed with MAF and their mechanical
properties were improved. On the other hand, it has been observed that this method
has been widely used for the processing of Al-based alloys in recent years [44,45]. As a
matter of fact, in this context, it was determined that both the strength and ductility
of the 7000 series, 6000 series alloys, and Al-Si-based alloys were increased by multi-
directional forging. These outcomes are explained on the basis of grain refinement in
alloys, dispersion of hard particles within the structure by fracture, increase in dis-
location density, and dynamic recrystallization mechanism [46,47,48]. On the other
hand, the number of cycles applied in the MAF process, the total deformation rate,
the processing temperature, the structure and mechanical properties of the metals.
Found to have a significant effect on its properties. For this reason, it is stated that
metals with a steady state can be produced by controlling or selecting the parame-

ters in question. Steady state, on the other hand, is defined as the situation in which
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the study in grain size is limited, as the dislocation density increases, as the metal
reaches sufficient saturation in terms of dislocation. After reaching this state, it was
determined that there was no significant change in the structure and properties of

metals with increasing the number of cycles [49,50,51].

Pressing direction

Pressing direction (PD)

Flow direction (FD) §&

Constramed direction (CD)

Initial workpiece After ¥ comp Before 2* comp

After 1pass MAF Before 3% comp After 2 comp

Figure 6: The schematic representation of the applied multi-axial forging (MAF)
method [36]

Z

1 Cyele

Figure 7: Schematic illustration of Multi axial forging for 1 cycle [37]
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2.4 Dynamic Compression Test (SHPB)

The split Hopkinson Pressure Bar apparatus and the universal testing machine have
both been used in uniaxial compressive studies to determine the dynamic and quasi-
static mechanical characteristics of modified double-base propellant at low tempera-

tures [52].

Proj{c_ti!e Inp\l‘_oa: Speiimen OMR“' bar

[ Il || = ]

Figure 8: SHPB test set up

Finput(t) = SpE[es(t) +&,(t) ] (2)
Foutput(t) = SpEe(t) (3)
Vinput () = Co[gi(t) — (1) ] (4)
Voutput (t) = Coey(t) (5)

where €, E and C are respectively, the bar’s cross-sectional area, Young’s modulus,
and the elastic wave speed. A well-liked experimental method for examining the
constitutive laws of materials under high strain rates is the Split Hopkinson Pressure
Bar (SHPB), often known as Kolsky’s apparatus. In 1914 Hopkinson is credited for
using a long, thin bar as the first person to do so to measure the pulse shape caused
by a hit. After Davies’s in 1948 influential work, this approach became widely used.
Kolsky developed the experimental design that included two long bars and a short
specimen. On a few fundamental presumptions, Kolsky’s initial SHPB analysis is
built [53]. The theory of one-dimensional wave propagation may be used to describe
the waves moving through the bars [54]. The specimen has homogenous stress and
strain fields in the axial direction [55]. The impact of specimen inertia is insignificant

[56]. The compression test’s friction impact is similarly insignificant.
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High strain rates of deformation occur in materials in a number of contexts, in-
cluding engineering applications like vehicle crashworthiness and bulletproof armor
and impact resistant pressure vessels and shipping casks for the transportation of
nuclear materials, and accidental events like explosions and penetrations. Extrusion,
rolling, and high-speed machining are all examples of forming procedures that can
result in high-strain-rate deformation. The elements subjected to high strain rates of
loading require knowledge of material constitutive behavior at these strain rates for
optimal design and risk assessments [57,58].

In order to improve crashworthiness and impact analysis, it is becoming more
crucial to test materials dynamically. A potential improvement in energy absorption
during a crash event is provided by positive strain rate sensitivity, which is an increase
in strength with strain rate. For very high strain rates, the load may be an instant
load wave. The machine will also be equipped with the appropriate measuring devices
for taking accurate readings of the crucial parameters like strain, displacement, and
load [59].

The Split-Hopkinson bar (SHB) operates according to the one-dimensional wave
propagation theory. Its primary components are a gas guns, striker bar, incident bar,
and transmission bar. The striker bar is housed within the barrel of the gas gun at
its chamber. The incident bar, transmission bar, and striking bar are all made from
the same materials and have the same cross-sectional area. The test requires the
striker, incident, and transmission bars to maintain their elasticity. The sample to be
tested is placed in the center of the transmission and incident bars. The striker bar
is propelled in the direction of the impact bar by gas pressures [59,60].

When an incident bar and a sample collide, an elastic compression wave propa-
gates along the bar and into the sample. The sample undergoes instantaneous plastic

deformation upon arrival due to the repeated wave propagation within it. Both the
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incident pulse, which travels through the incident bar and out through the transmis-
sion bar, and the reflected pulse, which travels back through the incident bar and
out via the reflection bar, are detected by strain gauges fitted on the corresponding
bars. A strain gauge that measures axial strain is attached to each individual bar.
To determine the stress-strain relationship in the sample, an elastic strain created in

the incident and transmission bars is used in the calculation [60].

2.5 Effect of Multiaxial Forging on Mechanical Properties
of Aluminum Alloys

Material scientists have focused on creating materials with good ductility and
strength over the past ten years, but these qualities are frequently incompatible,
meaning that a material may have either good ductility or good strength, but not
both at once. Microstructure modification must be done in order to improve the
properties like ductility and strength [61]. A major progress has been made in severe
plastic deformation (SPD) methods. To obtain ultrafine grain structure, several SPD
techniques have been developed, including high-pressure torsion, equal channel angu-
lar pressing, cyclic closed die forging, multi-axial forging, and many more. Multi-axial
forging (MAF) is one of these processes that is most straightforward to execute [62].

To develop a material with tiny grain size, MAF is crucial. MAF is a straight-
forward process that repeatedly forges the material in three orthogonal dimensions.
The sample is rotated 90 degrees after every pass before the subsequent pass is made
shown Figure 7. By working at high temperatures, it is utilized to create UFG (ultra-
fine grain) structure in generally brittle materials. The benefit of MAF is that, even
after repeated pressings, the basic form stays the same with little distortion. Addi-
tionally, the strain that is applied in MAF is plane strain rather than the simple shear
that is produced in ECAP and HPT. As a result, it is probable that the evolution of
microstructure during MAF differs from that of ECAP.

Kumar and others in In the current work, UFG Al-Mg-Si alloy was created using
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the multiaxial forging process at two different temperatures for AIMgSi alloy: (i)
ambient 25 °C and (ii) heated 200 °C . Additionally, the treated materials’ strength,
hardness, J-integral, and plastic strain were examined. To demonstrate a connec-
tion between mechanical qualities and metallurgical changes, differential scanning
calorimetry (DSC) and electron back scattered diffraction (EBSD) were utilized [63].

Renké et al. Comparison of multi-axial forging techniques on EN-AW 6082 alu-
minum alloy using physical and virtual simulation Both physical and digital sim-
ulations were created to explore the properties of the EN-AW 6082 aluminum al-
loy during multiaxial forging. Time, tool motions, temperature, and forces were all
recorded during the physical simulation. A finite element simulation was produced
using experiment boundary conditions obtained from data. A CAD shape and a
typical linear-elastic material model were introduced to the process along with the
recorded time, tool motions, and beginning temperature [62].

Yao et al. investigated the effects of multi-directional forging on the extruded 2099
Al-Li alloy’s microstructure and properties. After pretreatment and aging, six passes
of multidirectional forging were applied to samples of 2099 Al-Li alloy extrusion.
According to the findings, multi-directional forging caused the band structure to
vanish in the axial direction. Additionally, the grain was refined, having its size
decreased from 5004.5 to 2808.6 nm, while simultaneously gaining in tensile strength
[64].

Sudheer et al. Multi-axial forging (MAF) was used in the experiment to man-
ufacture light metal aluminum LM6 alloy, which is commercially available. MAF
was performed in 0.83, 1.66, and 2.4, or 6 passes, 12 passes, and 18 passes, respec-
tively, to a comparable strain. In both treated and unprocessed samples, mechanical
characteristics such as tensile test, compression test, hardness, and microstructural
characterization were investigated. From as-received to treated samples, the ultimate

tensile strength (UTS) and ductility increased from 137 to 185 MPa and 3 to 6.2%,
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respectively. The compression strength (CS) increased from 342 to 530 MPa after
18 MAF passes. As the number of forging cycles increased, the hardness increased
in contrast to the untreated samples. Microstructure analysis was carried out using
microscope images. For the received and treated samples, respectively, the average
grain size is decreased from 60 to 2 pm. Due to the grain refinement for the treated
samples and the high level of dislocation density introduced into the material during
the MAF process, strength and hardness enhanced. SEM was used to perform a
fracture investigation, and the ductile mode of fracture was shown by dimples on the

surfaces of tension fractures [65].

Figure 9: Aspect of silicon particle in the Al-Si specimen a) received sample b) MAF
6 pass ¢) MAF 12 pass d) MAF 18 pass [65]

23



200
180

160 -

Received
—— & Pass
—12 Pass
— 18Pass

140 -
120
100 -
80

80 —

Engineering Stress (MPa)

40 - -

20 -

0

R
0.0 05 10 15 2.0 25 30 35 40 45 50 55 6.0 65
Engineering Strain (%)

Figure 10: Stress—strain curves for as-received and MAF processed tensile samples

[65]

Table 6: Evaluation of grain size and mechanical properties for all the samples

processed by MAF [65]

No of MAF | UTS CS (MPa) | Hardness Avg. grain size
passes (M Pa) (VHN) (pm)
As-received 137 342 60 +60

6 pass 147 413 72 +15

12 pass 171 486 78 +5

18 pass 185 530 86 +2
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Figure 11: SEM images of tensile fractured of as received and MAF processed a)

received b) 6 pass ¢ )12 pass d) 18 pass [65]

2.6 Comparing Quasi-Static Tensile Test and Dynamic SHPB
Tests
Kim et al. investigated the Impact of Specimen Thickness on Al6061-T6 Material
Property Acquired Using SHPB and Confirmed by FEM. The Split-Hopkinson pres-
sure bar (SHPB), which is utilized to get material characteristics at high strain rates,
necessitates careful specimen size selection. As the thickness of the specimen dimin-
ishes, the S-S curve increases under the same applied pressure. To understand the
impact of specimen thickness on the acquisition of material characteristics, variety
of thicknesses specimens of Al6061-T6 material were evaluated under low pressure
(1 bar). As a result, the specimen is deformed in the high-strain rate zone, and as
the thickness lowers, the S-S curve increases. Furthermore, by doing the test under
different pressure circumstances that resulted in similar strain rate areas, the mate-

rial attributes remained consistent as thickness varied [101]. In the Figure 12-13-14,
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voltage-time, stress-strain graphs of samples of different thicknesses are compared

with the qua-static test results.

600 -
550
@ 500 -
= = =
E’ —— Qausi-static
i 450 + J-C model
0, ——1700s™
S ——2500s"
= —— 3700s™
350 7t Specimen
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Figure 12: The Al6061-T6 specimen’s Johnson-Cook fitting model with the SHPB

experimental data [101]

26



s} /5"\
=] :
N\ /f N .
\\Q"// A\SANSASAN
1 -
. \;/’ \_/,\ e |
= N 4
> 05 y ’\ AN
o) 4 \ \
g LA
g o —— 1.5t specimen \
—— 2t specimen :\\
0.5} 3t specimen ‘E.\:
—— bt specimen &
Ar —— 7t specimen
0 0.1 0.2 03 04 0.5 06 07 08 09 1
Time (sec) <107
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analysis [101]
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Figure 14: True strain-strain rate graphs were compared for each thickness in the

investigation [101]

Mentl et al. researched the drop towers are used for dynamic compression tests,
whereas high-speed hydraulic testing equipment or the Hopkinson bar technique used
for dynamic tensile tests. Dynamic compression and tensile tests are now feasible
thanks to the equipment of a Charpy pendulum testing machine at the Mechanical
Testing Laboratory of the Research Inst. in Pilsen, Czech Republic. New striking
tups and a load measuring system were developed and fine-tuned. Simultaneously,
innovative code was written to analyze the test force-deformation data. Measured and
assessed values of energy and deformations were compared to ensure the accuracy of
the instruments and software. An excellent compromise was reached [102]. In Figure
14-15, impact test-force results and dynamic and static tensile test results are given

comparatively.
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Duan et al. was investigated of the similarities and differences between tensile
testing based on the Hopkinson bar for recycled aggregate concrete(RAC). Dynamic
direct tensile tests, splitting tests, and spalling tests of recycled aggregate concrete
in the varies strain-rate range were conducted using large diameter (75 mm) split
Hopkinson tensile bar and pressure bar to compare the tensile properties and frac-
ture patterns of recycled aggregate concrete with different replacement percentages
of recycled coarse aggregate. According to the findings of the tests, recycled aggre-
gate concrete has an incredible direct tensile strength, but a less impressive splitting
strength when it is in a quasi-static state. The quasi-static tensile strength of recy-
cled aggregate concrete barely varies between a 0% and 75% recycled coarse aggregate
replacement percentage. The direct tensile strength and splitting strengths are not
the same thing in dynamic tensile testing. In all three types of testing, an increase
in average strain-rate enhances the dynamic tensile strength of recycled aggregate
concrete [103]. Figure 17 demonstrates that, initially, stress rises linearly. Once yield
maximization is achieved, further expansion stops. When the tension is reduced,
failure of the specimen begins after it has reached its tensile limit. The peak stress

increases as strain-rate rises, demonstrating the influence of RAC on strain-rate.
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Figure 17: Strain-stress plots of RAC samples: In order: (a) PC-0, (b) RC-25, (c)
RC-50, and (d) RC-75 [103]
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CHAPTER II1

EXPERIMENTAL PROCEDURES

3.1 Material’s Characterization and Preparation Processes

In this study, Al -Mg-Si series Al alloy that commercial name Al 6061 was used
as as-received material. Below Table 7 gives the as-received Al 6061 slab’s chemical
composition. The as-received Al 6061 material was cut as the dimensions of 50x40 x40

mm with an electrical discharge machining (EDM) process.

Table 7: Chemical composition of Al6061

’Element\ Wt.% ‘

Si 0.63
Fe 0.15
Cu 0.22
Mn 0.03
Mg 0.59
Cr 0.041
/n 0.009
Ti 0.018
Al Balance

For the preparation of the as-received materials, a heat treatment is applied to
cut Al 6061 slabs at 520°C for 4 hours in the furnace then water is quenched at room
temperature. We defined this new sample as ”Base”. This term also mentioned the
non-forging sample. Also, the annealing process is needed to restore the formability

and homogenize the microstructure of Al 6061 slabs.
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3.2 Multi Axial Forging

Samples with dimensions of 50 x 40 x 40 mm were produced by machining from the
alloy. The samples were subjected to homogenization before forging. The homoge-
nization process was carried out by keeping the samples in the oven at 520°C for 4
hours and then cooling them in water at room temperature. The forging temperature
was determined as 200 °C. After forging analysis, it was decided to forge the samples
in an open die. The schematic picture of the forging die and the multi-directional
forging process is shown in Figure 18. As seen in the figure, after the sample is forged
from its long side in the first pass, it is rotated 90° clockwise and the second pass is
passed. Following the completion of the second pass, the sample is turned 90 degrees
in the counterclockwise direction, a third pass of forging is carried out, and following
this, the cycle forging process that was applied to the sample is finished. Forging was
carried out in each pass to create a 30% shortening on the long side of the sample.
The true strain value at this deformation rate was calculated as 0.70. After the sam-
ple one, two, three, and four cycles and after each pass, the cycles were completed by
cooling in water at room temperature, reheating in the oven at 200 °C, and waiting
for 10 minutes. Each pass forging was carried out at a press speed of 1 mm/s in a
hydraulic press with a capacity of 150 tons. The homogenized states of the samples
were defined as Base, and the hot forged states were defined by the expressions MAF

1, MAF 2, MAF 3 and MAF 4.

i Pass 2 Pass 3 Pass

ﬁ "~ ra b
m* -E9-89-.
1 |

1 Cycle

Figure 18: Forging die and one cycle multi-directional forging shown schematically
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3.3 Mechanical Behavior Characterization

Figure 19 shows the regions and dimensions of the samples used to analyze the
mechanical and structural properties of the Al 6061 alloy obtained by the multi-axial
forging method. Tensile test samples (see 3.3.1), 5x5x5 samples were cut and hardness
test (see 3.3.2) and SHPB (see 3.3.3) tests were carried out. In order to determine the
fracture behavior of the alloy, the vertical sections of the fractured surfaces formed
as a result of tensile were examined by the fracture mechanism SEM ( see 3.4.2 ). In

addition, grain boundaries and dimensions were examined under the microscope (see

3.4.1).
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Figure 19: Schematic drawing showing the areas where the samples used in structural
and mechanical examinations were taken from the forging and the dimensions of these

samples
3.3.1 Tensile Tests

Using electro-discharge machining (EDM), tensile samples were created with a gage
length of 15 and a dog-bone form (Figure 19). The samples were ground and polished
to get rid of any leftover layers and harmful scratches. An Instron servo-hydraulic

mechanical testing frame was put through uniaxial tensile tests with a strain rate of
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107% 57! at ambient temperature.
3.3.2 Hardness Measurement

Testing for hardness is a method for determining a material’s hardness that causes
the least amount of damage and may be used on a very tiny area. The degree of
hardness of a material can give a basic understanding of its behavior by causing the
least amount of damage to a sample. Hardness is a quality of a substance, not a
basic aspect of physical reality. Its definition is "resistance to indentation,” and its
measurement is " permanent depth of the indentation.”

ASTM E10 defines the Brinell hardness test technique, which is used to determine
Brinell hardness. It is most frequently used to test materials whose structure or
surface are too coarse or rough to be evaluated using another test method, such as
castings and forgings. A 5 mm diameter ball and a 500 kg load were used for Brinell

hardness measurements.
3.3.3 Dynamic Compression Test (SHPB)

The Split Hopkinson Pressure Bar set up used in this study was specially designed and
manufactured for the Mechanical Engineering Department of Ozyegin University. The
SHPB setup included a launcher with the required gas loading system utilizing the fill
valve, an incident bar, a transmitter bar, a striker bar, and a launcher. High-strength
steel was used to construct all of the bars. The steel was selected so that even though
the specimen received a significant amount of strain throughout the experiment, all of
the bars remained elastic. Before the trials began, the sample was carefully wedged
between the incident and transmitter bars. SHPB set up schematic diagram seen
below Figure 20. The device gives the test results as voltage with the help of strain
gauge. Thanks to the special software 'SURE-PulseTM Data Processor’, the data

received from the system can be read as stress-strain [66].
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Figure 20: A schematic diagram of SHPB set up

3.4 Microstructural Characterization

3.4.1 Optical Microscopy Observation

After the treatment was finished, samples were chopped with a micro cutting machine
into extremely small pieces. After that, samples were mounted using a resin epoxy
and hardener mixture for cold mounting.

The standard metallographic preparation method was employed. SiC papers with
grit sizes of 400, 600, 800, 1000, and 1200 were used for the grinding process. During
the grinding process, water is utilized as a lubricant to prevent the samples’ temper-
atures from rising and the microstructure from being destroyed.

A diamond suspension used 1 pm cloths to mechanically clean the diamonds.
To prevent oxidation and surface scratching, an ethanol-based lubricant was utilized
throughout the polishing procedure. were washed with ethanol and water following
the procedure. Then, etching solution was given for aluminum samples. The Keller’s
reagent solution, 95 ml water, 2.5 ml nitric acid (HNO3), 1 ml hydrofluoric acid
(HF), and 1.5 ml hydrochloric acid (HCI), was used to etch the Al 6061 samples for
20 seconds in order to show grain boundaries. The grains were visible at different

magnifications of 10x, 20x, and 50x thanks to a microscope mounted to the camera.
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For the microstructure images, it was taken from 3 different sides of the sample as
shown in Figure 21 The places shown with x and y are the lateral surface and the

number z is the bottom part.

OM Sample

Figure 21: Sampling for microstructure image

3.4.2 Scanning Electron Microscopy (SEM)

A scanning electron beam emits during scanning in scanning electron microscopy
(SEM), and an image is created by assembling all signals that are backscattered off
the sample’s surface. The main electrons projected on the sample’s surface are the
source of the emitted electrons and other radiation used in image production. Scan-
ning electron microscopy (SEM) was used to examine the fracture morphology under
various circumstances for aluminum alloys. This study used jeol JSM-F100 SEM
(Figure 22) equipped with an energy-dispersive X-ray spectroscopy (EDS) detector

at an accelerating voltage of 20 kV to investigate fracture mechanisms.
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Figure 22: Jeol JSM-F100 Scanning Electron Microscope (SEM)
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Microstructure and Hardness Analysis

Optical micrographs of the heat-treated Al 6061 alloy (base sample) are displayed in
Figure 23. An average grain length of 13.2 pm is seen in the first microstructure and
hardness is 65.5 HB. In Figure 24 shows, the microstructure of the aluminum alloy of
MAF1 sample, which has been subjected to 1 cycle multi-axial forging method. As
seen in Figure 28, its average grain size is 11.36 um micrometers and its hardness is 74
HB. When compared with the base sample, it is seen that the hardness increases, and
the grain size decreases (Figure 23-24). The average grain size of the 2-cycle MAF
sample is 8.32 pym and the hardness is 80 HB (Figure 25). When base-MAF1 and
MAF2 samples were compared, it was observed that with the increasing amount of
deformation, the grain size in the inner structure of the material became thinner, thus
the hardness increased. However, when the microstructure and hardness of MAF3
and MAF4 samples were examined, it was seen that the thesis that the strength of
the material increased continuously with the increasing amount of deformation could
not be generalized. Material grain size and hardness values of 11.54 pym , 14.46 pm
and 73HB, 60HB were obtained, respectively, in 3-cycle and 4-cycle forgings. These
values show that the optimum impact value is 6 pass (MAF2 sample) in improving the
mechanical properties of Al 6061 alloy by the multiaxial forging method. In the cycles
after MAF 2, the grain size increases, and the hardness values decrease (Figure 26-27-
28) [67]. Microstructure images were made meaningful by coloring them with image
processing. The pyhton programming language was used in the image processing

used. The raw microstructure images were given to the program and the image
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segmentation process was performed. Thus, the grain boundaries became clearer.

Figure 23: OM Base samples original (top) and image processing (down)

Figure 24: OM MAF-1 samples original (top) and image processing (down)
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Figure 26: OM MAF-3 samples original (top) and image processing (down)
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Figure 27: OM MAF-4 samples original (top) and image processing (down)
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Figure 28: Hardness and Average Grain Size

It has been observed that extremely fine-grained materials can be produced by

increasing the number of forging passes and annealing processes with this method

[68,69,70]. As a matter of fact, it has been determined that the strengths of the 6000
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series alloys and Al-Mg-Si based alloys are increased by multi-directional forging
[71,72]. These findings are explained based on grain refinement in alloys, dispersion
of hard particles within the structure by breaking, increase in dislocation density, and
dynamic recrystallization mechanism. On the other hand, it has been observed that
the number of cycles applied in the MAF process, the total deformation rate, and
the processing temperature have a significant effect on the structure and mechanical
properties of metals.

In addition, it was determined that the strength of this material decreased after 2
cycles (6 pass) of MAF processes. This is explained by the dynamic recrystallization
mechanism seen in these materials during the hot forging process [69, 73|. As a result
of the multidirectional forging process in the open die applied to 6061 aluminum alloy,
it was observed that the number of thinned coaxial grains increased with the change
of the deformation axis and the increase in the number of cycles. This situation has
been explained by the shear bands formed by the deformation applied from different

axes, based on the fragmentation of the grains [74].

Table 8: Average grain size and Hardness test results of Al 6061 base and MAF
samples

] Sample \ Average Grain Size ym \ Hardness (HB) ‘

Base +13.24 65.5
3 Pass +11.36 74
6 Pass +8.32 80
9 Pass +11.54 73
12 Pass +14.46 60

4.2 Mechanical Properties
4.2.1 Tensile Test

The tensile and hardness test results of AI-Mg-Si (A1 6061) alloy in heat-treated (base)

and multidirectional forged conditions are given in Table 9. It was determined that
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the tensile strength of the alloy in question decreased from 325.36MPa to 228.65 MPa
and decreased by approximately 30%, and the yield strength increased by approxi-
mately 50% from 132.42 MPa to 197.61 MPa, as a result of a cycle of multidirectional
forging. At the end of two cycles, the yield strength reached its highest values. At the
end of this cycle, the yield strength was determined as 245.71 MPa, and the tensile
strength as 276.9 MPa. These data showed that the two-cycle multi-directional forg-
ing process increased the yield strength of the alloy in the heat-treated condition by
approximately 85% and decreased the tensile strength by 15%. As a result of 3 and
4 cycles (MAF3 and MAF4), it was determined that the yield and tensile strengths
were lower than the results obtained after 2 cycles (MAF2). The values in the 4 cycle
(MAF4) results are lower than the 3 cycle results (Figure 29).

On the other hand, when the values obtained as a result of this process were com-
pared with the values of the heat-treated (base) alloy, it was seen that the process
increased the yield strength of the alloy by 80% and 44%, respectively, and decreased
the tensile strength by approximately 30%. It was determined that the multidirec-
tional forging process increased the hardness of the homogenized alloy and decreased
the elongation at break values. While the increase in hardness was 12%, 22% and
12% at the end of 1, 2 and 3 cycles, respectively, at the end of 4 cycles, it decreased

by 8% and reached the lowest hardness value.
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Figure 29: Stress-strain curves for heat-treateed and MAF processed tensile samples

It was determined that the elongation at break value of the heat-treated alloy
decreased by 43% after one cycle of multidirectional forging, and by 44%, 51% and
59% after two, three and four cycles, respectively. When these data were examined,
it was concluded that increasing the number of cycles in the multidirectional forging
process had a significant effect on the yield strength, hardness and elongation at break
values rather than the tensile strength of the alloy. These results can be explained
based on the morphology and distribution of the silicon particles and the dynamic
recrystallization mechanism that occurs in the main matrix (Table 9) [75].

It was determined that the ductility of the alloy decreased, the homogeneous plas-
tic deformation zone narrowed, and the yield strength increased significantly after one
cycle forging. In the following cycles, it was observed that the tensile strength of the
alloy increased, the homogeneous plastic deformation zone extended, the alloy exhib-
ited a behavior almost independent of strain hardening and its ductility decreased in

this region. This behavior of the alloy can be explained by basing it on the structural
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changes that occur in the alloy. Namely, as the number of cycles increased, it was
observed that the hard particles began to break and disperse relatively more regularly
into the structure. Shrinkage of hard particles decreases their tendency to form cracks
and increases the tensile strength and ductility of the alloy [76, 77, 78, 79, 80, 81].
The sudden increase in the tensile strength and sharp decrease in the ductility of the
alloy after one cycle of forging may have resulted from the increase in the dislocation
density of the alloy and the inhibition of their movement by the particles involved.
However, it is known that recovery, recrystallization, and grain growth occur in the
alloy in later cycles with the effect of temperature [82, 83, 84, 85]. These effects
lead to the formation of new particles that are relatively free of dislocations in the
internal structure of the alloy and decrease the dislocation density [82, 83, 84, 85].
The decrease in the dislocation density causes a decrease in the tensile strength of
the alloy [86,87, 88].

When the yield, tensile strength and strength of the alloy were compared with
the forged samples, it was determined that the hardness reached its highest values
after two cycles of forging and then decreased with the increasing number of cycles.
The elongation at the break of the alloy, on the other hand, exhibited the opposite
behavior of the properties mentioned above. The fact that the alloy exhibits high
mechanical properties and low elongation at break after one cycle of hot forging may
be due to the study of hard particles and the increase in the density of dislocations at
the end of this cycle [84, 89, 90]. However, the decrease in mechanical properties with
increasing cycle numbers is due to the fact that the hard phases break down further
and begin to disperse homogeneously into the structure, as well as the decrease in
the density of dislocations due to effects such as recovery, recrystallization and grain
growth [91, 92]. As a matter of fact, it was observed that the results obtained were
in agreement with previous studies on Al-Mg-Si alloys, and it was determined that

these changes were explained based on the breaking of hard particles, the decrease
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in the density of dislocations, and the formation of grains and subgrains [93,94, 95].
The increase in the hardness of the alloys may be due to the dispersion of the silicon
particles into the structure as small particles, while the decrease may be due to the

dynamic recrystallization of the alloys in the subject [96,97].

Table 9: Mechanical properties of Al 6061 base and MAF samples

Sample Yield Ultimate Hardness Average Elongation
Stress Tensile (HB) Grain Size | (%)
(M Pa) Stress (pm)
(M Pa)
Base 132.42 325.36 65.5 +13.24 37.04
3 Pass 197.61 228.65 74 +11.36 21.07
6 Pass 245.71 276.9 80 +8.32 20.47
9 Pass 212.56 232.34 73 +11.54 18.2
12 Pass 190.89 225.05 60 +14.46 15.01

4.2.2 SHPB Test

The SHPB test is a type of impact test that uses a split Hopkinson pressure bar to
generate high strain rates and measure the dynamic behavior of materials. As seen
in the figures, the samples were named according to the number of forging cycles
they were processed (MAF1-MAF2-MAF3-MAF4). Stress-strain SHPB test results
are given in Figure 30, true stress-time SHPB test results are given in Figure 31, True
Strain Rate-time SHPB test results are given in Figure 32 and Force-time graphs are
given in Figure 33. In these graphs, the behavior of the material in the multi-axial
forging process is examined in terms of stress-strain-time and force parameters. When
figure 30 is examined, while the strain of the heat-treated sample is 0.016, the stress is
285 MPa, for 3 passes forging (MAF1), while the strain is 0.012 for stress 255 MPa, 6
passes (MAF2), these values are 0.007 - 260 MPa, for 9 passes (MAF3), respectively.

the highest stress value was obtained, strain was 0.018 while stress was 310 MPa.
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The stress value for 12 passes (MAF4) is 280 MPa, while it is lower than 9 passes but
higher than 6 passes. However, the strain value was at the highest value according to

all the cycles and was 0.024.
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Figure 30: Stress-strain Shpb results

As seen in Figure 31, the test period of the heat-treated material is approximately
8 milliseconds. The test times of the samples, which were subjected to 3-6-9-12 pass
forging, are 6, 3.5, 7 and 11 milliseconds, respectively. The MAF4 sample with the

longest test time and the shortest time is the MAF2 sample.
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Figure 31: Stress-time Shpb results

The lowest strain rates were observed in the samples where 3 and 6 passes (MAF1
and MAF2) were applied, respectively, and the lowest test times were also observed
in these samples. The highest strain rate and stress value were obtained in 9 passes

(MAF3) sample Figure 32.
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Figure 32: Strain rate-time Shpb results

When we examine the force-time graph in Figure 33, we see that the highest force
was obtained as 11000 N in the sample subjected to 9 passes forging. It is seen that
the lowest 8500 N value is obtained in the sample subjected to 3 passes (MAF1)
forging process. But the back-face forces are lower than these values. For example,

while it is 6000N for MAF 3, it is 5000N for MAF'1.
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Figure 33: Force-time Shpb results

There is a difference of about 40%. Even when the strain rate is constant, the front
and back face forces might vary significantly. It is necessary to assess the tensions
at both bar/specimen contacts because of this. In addition to the strain difference
between incident and transmitted bars, the amount of energy absorbed due to the
material structure should also be considered [98,99].

The stress value is different in quasi-static tensile test and dynamic SHPB test
because they have different strain rates and loading modes. A quasi-static tensile
test applies a slow and steady load on the material until it breaks, while a dynamic
SHPB test applies a sudden and high load on the material that causes shock waves and
fracture [106]. The strain rate is the rate of change of strain with respect to time, and
it affects the strength, ductility and failure mode of the material. Generally, materials
have higher strength and lower ductility at higher strain rates [107]. The loading mode
is the way the load is applied on the material, such as tension, compression, shear or

bending. Different loading modes cause different stress distributions and deformation
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patterns in the material. In a quasi-static tensile test, the material is subjected to a
uniaxial tension that causes uniform elongation and necking. In a dynamic SHPB test,
the material is subjected to a biaxial tension that causes non-uniform deformation

and multiple crack [108,109].

4.3 SEM Analysis (Fracture Morphology)

The tensile fracture surface of the alloy Al 6061 under various circumstances is de-
picted shown in Figure 34. A moderately brittle fracture mechanism is evident on
the surface in the form of cleavage facets and steps under all circumstances. The
sample that had been heated showed limited ductility with a fracture in tension, and
the observations showed that the fracture happened in a brittle way in certain places.
Following tensile testing, the fractured surfaces are seen in Figure 34.

The fractured surface of the Al 6061 alloy exposed to MAF at room temperature
was examined by SEM in order to comprehend the tensile behavior of the material.
The fractured surface of the original condition following heat treatment without MAF
is shown in Figure 34a. The fractography reveals a ductile failure pattern with large
dimples. The average dimple size has decreased as the MAF cycles have increased, as
illustrated in Figure 34b-c. The average dimple size has increased to extremely after
9-12 cycles of MAF, as illustrated in the inset in Figure 34d-e. The smallest grain size,
where the measured dimple size almost exactly matches the grain size, was seen after
six cycles of MAF2. The quantity of voids that emerge at the grain boundaries and
the spot where the fracture first started both affect how big the dimples eventually
become [100].
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Figure 34: Different processing conditions, and fracture surface of the samples at
a)heat-treated(base) b)3 pass (MAF1) ¢)6 pass(MAF2) d)9 pass(MAF3) e)12 pass
(MAF4)
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The reason why the yield and tensile strengths increase up to a certain cycle
and then decrease in multiaxial forging is the hardening and softening effects that
occur during the plastic deformation of the material. Hardening is the increase in
strength of the material with deformation. Softening is the decrease in the strength
of the material with deformation. The hardening and softening effects depend on
factors such as the crystal structure of the material, the deformation temperature,
the deformation rate and the amount of deformation.

The hardening effect occurs due to the increase in dislocation density in the mate-
rial with deformation and the formation of secondary phase particles. Dislocations are
line defects that occur in the crystal structure. The greater the dislocation density,
the harder the movement of the dislocations and the harder the material. Secondary
phase particles are small crystals of different elements in the alloy. Secondary phase
particles also inhibit the movement of dislocations and increase the strength of the
material. The softening effect occurs due to the reduction of the dislocation density
in the material with deformation and the growth or dispersion of the secondary phase
particles. As the dislocation density decreases, the movement of the dislocations
becomes easier, and the material becomes softer. As the secondary phase particles
grow or disperse, they do not obstruct movement of the dislocations and reduce the

strength of the material [104,105].
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CHAPTER V

CONCLUSIONS

In this study, multidirectional forging process was applied to Al-Mg-Si based Al 6061
alloy containing Silicon and Magnesium, and the effect of the process on the structure
and mechanical properties of the alloy was systematically investigated. The results
obtained as a result of these investigations are; As the number of cycles increases,
the yield and tensile strength of the forged alloy at 200 °C increase. However, this
increased amount decreases with the increasing number of cycles after reaching the
highest value at the end of two cycles. On the other hand, the ductility of the
alloy exhibits the opposite behavior of yield and tensile strength, the multidirectional
forging process leads to increased fragmentation of the silicon phase particles in the
internal structure of the alloys. As the number of cycles increases, these particles are
distributed relatively homogeneously within the structure. This causes the strength
to increase, As the number of cycles increases, the elongation at break also decreases
continuously.

1- The hardness of forged Al 6061 alloy reaches its highest values at the end of
two cycles and these values decrease in subsequent cycles.

2- In the multiaxial forging method, the grain size of the alloy decreases contin-
uously up to two cycles. The lowest grain size is obtained in 2 cycles. (13.24 pm to
8.32 pm ) Afer 2 cyles grain size is constantly increasing. (8.32 pm to 14.46 pm)

3- While ductility was observed in the fracture behavior of the heat-treated ma-
terial, the brittle structure was observed in the samples that processing multi-axial
forging.

4- The fractography reveals a ductile failure pattern with bigger dimples. The
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average dimple size has decreased as MAF cycles have increased.

5- The results of the SHPB test and the results of the quasi-static test show
similarity. In both tests, as the number of forging cycles increases up to a certain
cycle, the strength values of the sample increase. Likewise, after a certain cycle, the

strength values decrease.

o6



CHAPTER VI

FUTURE WORKS

Although certain attempts were made in the current work to explore the microstruc-
ture and mechanical behavior of warm multi-axial forged Al 6061 alloy, these tech-
niques are not limited to the tests performed and findings obtained. Consequently,
the following recommendations for further research are provided:

1- Testing the same study under different temperatures, the behavior of the ma-
terial under different temperatures can be examined.

2- The friction and wear properties of the versatile forged alloy can be investigated
under different sliding conditions

3- The effect of the multidirectional forging process on the structural properties
of the alloy can be examined in detail with TEM, EBSD and XRD, and the effect of
the process on the structure can be clearly revealed.

4- After the hot forging process, the effects of the integrated processes consisting
of heat treatment and cold forging on the structural, mechanical, and tribological
properties of the alloys in question can be examined.

5- Increasing the number of cycles, the formability properties of these materials
can be investigated.

6- Mechanical and structural properties of different aluminum series alloys can be

studied under different temperatures by the multiaxial forging method.
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