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ABSTRACT

ANALYSIS AND DESIGN FOR ALUMINUM FORGING PROCESS

Oztirk, Huseyin

M.Sc., Department of Mechanical Enginegrin
Supervisor: Prof. Dr. Mustaltaan Gokler
Co-Supervisor: Prof. Dr. Haluk Darendelile

December 2008, 167 pages

Aluminum forging products has been increasinglyduseautomotive and aerospace
industry due to their lightness and strength. lis tetudy, aluminum forging
processes of a particular industrial part for tve different alloys (Al 7075 and
Al 6061) have been analyzed. The forging part,if@grocess and the required dies
have been designed according to the aluminum fgrgiesign parameters. The
proposed process has been simulated by using thee Riolume Method. In the
simulations, analysis of the part during forginggess has been performed; and the
required forging force, the temperature distributiand the effective stress
distribution in the parts have been obtained. Tdrgifig dies were produced in the
METU-BILTIR Center CAD/CAM Laboratory. The experimil study has been
performed in the METU-BILTIR Center Forging Resdarand Application
Laboratory. The parts were produced without anyectsf as obtained in the finite
volume simulations. The results of the experimeantt inite volume simulation are
compared and it has been observed good agreement.

Keywords: Aluminum Forging, Aluminum Forging Design ParamsteAl 7075,
Al 6061, Finite Volume Method.



oz
ALUMINYUM DOVME PROSE$NIN ANALIZi VE TASARIMI
Oztirk, Huseyin

Yuksek Lisans, Makina MihendIBolumi
Tez Yoneticisi: Prof. Dr. Mustafthan Gokler
Ortak Tez Yoneticisi: Prof. Dr. Haluk Dadeliler

Aralik 2008, 167 sayfa

Aliminyum dévme pargalar hafifli ve dayaniklilgindan dolay! otomotiv, havacilik
ve uzay sanayinde artarak kullaniimayaslémamstir. Bu calgmada, belirli bir
endustriyel parcanin iki farkli alanda (Al 7075 ve Al 6061) aliminyum dévme
uygulamalari analiz edilrgtir. Dovme parca, dévme prosesi ve dovme kaliplar
aluminyum dovme tasarim parametrelerine gore t@samtir.  Onerilen
uygulamanin  Sonlu Hacim Metodu kullanilarak bemmeti yapiimstir.
Benzetimlerde, parcanin dovme prosesi sirasindaéliza gerceklstirilmistir ve
gerekli olan dovme kuvveti, sicaklik glami ve parcadaki etkin gerilim gdimi
elde edilmiti. ODTU-BILTIR Merkezi CAD/CAM Laboratuarinda kaliplarin
uretimi yapilmsgtir. ODTU-BILTIR Merkezi Dévme Arglirma ve Uygulama
Laboratuarinda deneysel gatia yapilmgtir. Parcalar sonlu hacim benzetimlerinde
elde edildgi gibi hatasiz olarak Uretilrgtir. Deneyin ve sonlu hacim benzetiminin

sonuglari kagilastirilmis ve sonuglarin tutarh olgw gézlemlenmtir.

Anahtar Kelimeler:  Aliminyum Do6vme, Aliminyum Do6vme Tasarim
Parametreleri, Al 7075, Al 6061, Sonlu Hacim Metodu
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CHAPTER 1

INTRODUCTION

Forging is a plastic deformation process. In foggisimple billet geometry is
transformed into a complex geometry by applyingunegfl pressure on material with
the aid of forging machines such as hammers argb@se Forging processes usually
produce little or no scrap and produce the finat paometry in a very short time,
usually in one or a few strokes of a press or ham@ensequently, forging proposes
possible savings in energy and material, espedialipedium and large production

quantities, where tool costs can be easily amattizg

Forging produces final products which exhibit betieechanical and metallurgical
properties than products which are manufactureddsting or machining. Forging
offers basic performance advantages over the gastinmachining processes as

follows [2]:

» Strength: Forging refines the grain structure amgroves physical properties
of metal such as tensile strength, ductility, inmtpa&oughness, fracture
toughness and fatigue strength by means of deveojie optimum grain

flow.

» Structural Integrity: Forgings are free from int@rwoids and porosity. The
forging process provides material uniformity, whichsults in uniform

mechanical properties.



* Dynamic Properties: The forging process maximizegpact toughness,
fracture toughness and fatigue strength througherdeformation and grain

flow, combined with high material uniformity.

e Optimum Material Utilization: Forging can be maddthwvvarying cross
sections and thicknesses to provide the optimum uamf material

utilization.

Forging is chosen for all product areas where béitg and human safety is critical
because of the reasons mentioned above and ewsidégange of alloys. The most
common application areas of the forging are carstated as aerospace industry,
automotive industry, space vehicles, electric pogereration systems, compressors,

and construction industry.
1.1 Classification of Forging

There are several aspects such as type of didosging temperature and forging

machine to classify the forging process.
1.1.1 Classification of Forging According to Type ©Die Set

Forging process can be classified as open die rfgrgind closed die forging

according to type of die set.

In open die forging, at least one of the workpisugaces deforms freely as shown
in Figure 1.1 and as a result of this, open digifay process produces parts of lesser
accuracy and dimensional tolerance than closedaldgng process [3]. Open die
forgings can be made with repeated blows in an ojpgnwvhere the operator controls
the workpiece in the die. During the forming pragess the height of the workpiece
is decreased, cross-section area is increased éyrule of material volume

conservation [4].
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Figure 1.1 lllustration of Open Die Forging Process

Closed die forging is the most common type of feggprocess in which more
complex shape parts are produced by filling thecdidties as shown in Figure 1.2.
In closed die forging operations, flash, the exaesserial to the outside of the dies
may occur and high tool stresses are generateatder to reduce high stresses and

to fill the die cavities without a defect, the pesses can be planned as a sequence of

operations [5].

Figure 1.2 lllustration of Closed Die Forging Procss




1.1.2 Classification of Forging According to Tempeature

Forging operations are classified according to tenaure as hot forging, warm

forging and cold forging.

In hot forging process, billet is heated aboveetsystallization temperature. Greater
deformation is attained, die wear is reduced antkedsional accuracy is low in hot
forging process. In warm forging process, billeheated to a temperature which is
between its recrystallization temperature and wuakdening temperatures. Warm
forging process provides products with better disi@mal tolerances than hot
forging process although forging loads and die weareater. On the other hand, in
cold forging process, billet is forged usually la¢ room temperature. Cold forging
improves mechanical properties and greater dimaabi@accuracy is achieved.

However, higher force is necessary in cold forgingcess [6].
1.1.3 Classification of Forging According to Type bMachine

Forging process can be classified in three mainmggpwhich are press, hammer and
roll forging, according to machine type. Severalging parts can be produced by
either hammers or presses, but the processingathestic of each type of machines

influence the behavior of the metal being forged [7

Forging press applies a compressing action on tr&piece. Forging presses can be
classified as hydraulic and mechanical accordinfea actuation. Hydraulic presses
are operated by large pistons and cylinders drivgrhigh pressure hydraulic or

hydro pneumatic systems. They move usually slovedpesder pressure after rapid
approach speed. Mechanical presses differ fromawidr presses in that they force
two working surfaces together by offset cams, csaakd other rigidly connected

mechanical systems. The strokes of mechanical ggease shorter than that of

hammers and hydraulic presses [8].

Forging hammers apply force by the impact of adar@m. The hammer is dropped
from its maximum height, usually raised by steamaiompressure. Metals forged in

hammers are usually display a significant tempeeatise during rapid deformation.



This is a problem when forging metals like aluminwiose to its melting

temperatures. The temperature rise is usuallysigssficant in press forging [8].
1.1.4 Classification of Forging According to the Blet Material

Forging process can be classified in two main gspwyhich are forging of carbon
and alloy steels and; forging of nonferrous metaleh as aluminum alloys,
magnesium alloys and titanium alloys, accordinghi® billet material. Carbon and
alloy steels are the most commonly used forgingenes. However, forging of

nonferrous metals have been demanded increasinglytiee proper forging design
should be considered according to the specifiedenmmus metal. Since, this study is
related to forging of aluminum alloys, the detdiltbe aluminum forging will be

given in Chapter 2.
1.2 Basic Design Considerations of Forging Process

Forging process has several design parametersiibatd be considered in forging
process design. The control of the design parasietds to predict the
characteristics of the final product and as wellitey of the forging process before
the forging operations.

The following design sequence consists of desigmarpaters as can be given in
Figure 1.3 for the forging process and the diegiefd].

» Suitable material and its properties should bengefi

» Grain orientation should be controlled by the prgmerting line design.
* Flash and machining allowances should be considered

» Corners, fillets and forging draft should be spedif

» Scale allowance should be considered.

» Billet geometry should be defined.



» Preform design should be done if necessary.

» Forging loads are predicted.

Draft=0utside

Parting Line Fillet
\ o7

2,
. {
A

J . " Lorner

Droft-inside

Figure 1.3 Design Parameters of Forged Part [9]

The various design details, such as the numberedbpns, the initial shape of billet
to assure the die filling and flash thickness dterna matter of experience. Each

component is a new design entity and brings its omique challenges [10].

The details of these parameters for aluminum fargivil be mentioned in the
following chapters.

1.3 Computer Aided Design (CAD), Computer Aided Manfacturing (CAM)
Applications and Computer Aided Engineering (CAE) n Forging Process

The main problem for forging process is the higlstcand long lead time for the
design and production of tooling. For this purpd8AD, CAM and CAE techniques
are used to get faster the design and manufactu@ling by decreasing the trial
and error time to produce successful forgings [11].



3-D modeling of forging dies is usually made by tid of CAD software such as
PRO/ENGINEER, CATIA, etc. Designer of the forgingppess can easily change
their design parameters in the software if theesaany problems in the simulation of

the process by using this type of software.

The usage of process simulation programs is comfimoresearch and development
of forging processes. By using this type of progsaforging tool designer could
decrease costs by improving achievable toleranoesgasing tool life, predicting
and preventing flow defects, and predicting padperties. CAD, CAM and CAE

programs develop satisfactory die design for tlggiired process parameters [12];
* To ensure die fill
» To prevent the flow induced defects such as lapscatd shuts.

» To predict processing limits that should not beeexted so that internal and

surface defects are avoided.

» To predict temperatures so that part propertiggjdn conditions and die life

can be controlled.

Finite Element Method is a method in which parte divided into a number of
elements interconnected at a finite number of npdaits. In finite element method,
from the unknown element velocity, equations aremid and stresses and

displacements of the each element are calculated.

Finite Volume Method is a simulation method in white grid points are fixed in
space and the elements are simply partitions obplaee defined by connected grid
points. The finite volume mesh is a fixed frameeference. The material of a billet
under analysis moves through the finite-volume melsé mass, momentum, and
energy of the material are transported from elenerglement. The finite-volume
solver, therefore, calculates the motion of maleti@ough elements of constant
volume, and therefore no remeshing is required. Mlost common finite volume
software used in forging is MSC SuperForge to mtetdi forging variables [13].



MSC. SuperForge is very supportive in optimizing tbrging process and defining
its parameters. Forging process can be simulatexhlgms related with current
design are observed easily, various dies can bd @ind forging process can be
analyzed closely by using SuperForge. After thdeddiht simulation processes,
optimum die set for which die cavity is filled cohately while maintaining a lower

stress can be selected by using SuperForge [14].
1.4 Previous Studies

Several previous studies have been conducted in WABILTIR Research and
Application Center [15-27]. In the study of Alpée developed a computer program
for axisymmetric press forgings, which designs tbheying geometry and the die
cavity for preforms and finishing operation [16]ntaskaya studied on upset forging
process and the design limits for tapered prefdrad been conducted by using the
finite element method [17]. Kutlu performed the idasand analysis of preforms in
hot forging for nonaxisymmetric press forgings [1B] the study ofsbir, the finite
element analysis was realized to examine trimmipgration on forged parts [19].
Kazanci developed a program for the sequence andlelign of solid hot upset
forgings having circular shanks and upset regioite won-circular cross-sections
[20]. Civelekalu performed analysis of hot forging for three diént alloy steels.
The effects of material selection on the processs® examined [21]. Also, in the
study of Karagozler, the analysis and preform de$ay long press forgings with
non-planar parting surfaces are realized [22]. Abaerformed the analysis of die
wear. He compared simulation results and experiaheesults with the measurement
on the worn die [23]. Gllbahar studied on the asialyand design of bent forgings
with planar and non-planar parting surfaces [24irtlkermore, Aktakka performed
warm forging analysis of a part used in automoinaustry [25]. Maat studied on
precision forging of a spur gear. He proposed a diewdesign for precision forging
and performed the finite volume analysis and theeeiment [26]. Sara¢ proposed
the forging process sequence design with a prefdesign in warm forging
temperature range. She performed a finite elemealysis to find the die stresses.

She also realized the experimental study [27].



Studies in METU-BILTIR Research and Application @enup to now have been
related the forging of steel billets and thereasemperience in aluminum forging. On
the other hand, in the literature, there are sdnties related to aluminum forging to

be mentioned.

Kim, Ryou, Choi and Hwang analyzed the metal fognprocesses of aluminum
alloy wheel forging at elevated temperatures bygi$inite element method. In their
study, they adapted a coupled thermo-mechanicakehfod the analysis of plastic
deformation and heat transfer in the finite elenfermulation. They carried out an
experiment for a simplified small-scale model andhpared with the simulation in
terms of forging load to verify the validity of tHermulation adapted in this study.
Then, they simulated various processes with fidlesenodel for a 6061 aluminum-
alloy wheel [6].

In the study of Wang, Seo, Cho and Bae, to redoeeptess capacity and material
cost in the production of a large aluminum flandey proposed a forging process
with optimum design parameters. They firstly parfied a hot compression test with
cast cylindrical billets in order to determine thgtimum forging conditions for the

aluminum flange. In order to find the change in heetdcal properties depending on
the effective strain of the cast aluminum billéteey performed a hot upsetting test
with rectangular blocks and then they realized iaxial tensile test with specimens
cut from the upset billets. They made finite elemanalysis to determine the
configurations of the cast preform and die for ammanum flange. In their study,

they also performed an experiment for an aluminlange and confirmed that the
optimal configuration of the cast preform predictadfinite element analysis was

very useful [28].

Jensrud and Pedersen investigated cold forginggbf $trength aluminum alloys and
developed a new thermomechanical processing foetiomomical forging process
by reducing the preform steps compared with coldjifg. Their method is

particularly suitable for parts with narrow geonil tolerances, good concentricity,

smooth surface finish and for near net shape ptedae].



Tanner and Robinson studied on the methods to esthee residual stress in 2014
aluminum alloy forging. Warm water and boiling wateas used for quenching of

aluminum alloy and results of these two types adrgun method were compared to
obtain which is the best method to reduce the wesistress in aluminum forging. In

their study, closed die forgings manufactured f20i4 aluminum alloys have been
subject to both standard and non-standard heattesis in order to reduce the as-
guenched residual stress magnitudes. They detedmésédual stress magnitudes by
the centre hole drilling strain-gauge method andmared the results of two methods
in their study [30].

In the study of Yoshimura and Tanaka, precisiomgifag of aluminum forging and

their parameters were investigated and results e@mgared with precision forging
of steels. They introduced firstly outline of anckrsed die forging equipment and
then explained some net shape forming examplegeet and aluminum alloys in

detail [31].

Altan, Boulger, Becker, Akgerman and Henning cladfthe design parameters of

aluminum forging process in detail [32].

ASM Handbook Committee's Metals Handbook Volumen8l &olume 14 explain

the aluminum forging process and its propertiely {33-34].
1.5 Scope of the Thesis

Aluminum forging products are extensively used uoaotive and aircraft industry
due to their low weight, corrosion resistance béraand their ability to achieve
high strength and ductility.

In this study, design and analysis of an aluminongihg process will be examined.
This study has been supported by TURK, METU-BILTIR Research and
Application Center of Middle East Technical Univigrsand AKSAN Steel Forging
Company as a "TUFAK-SANTEZ" project.

In Chapter 2, aluminum alloys, their forgeabiligluminum forging temperatures,

die materials and aluminum forging process will é@e@amined in detail; and in
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Chapter 3, design parameters of aluminum forgingcgss such as machining
allowances, draft angles, corner and fillet rafiish geometry and preform design
will be given for the process design. In chaptea garticular part and dies will be
designed by using a CAD program according to themalum forging design
parameters and the finite volume simulation resaiish as die force diagrams,
effective stress and temperature distribution Bguwill be presented by using
commercially available program for the temperatuaties of 375°C, 400°C and
425°C for 7075-0 type of aluminum alloy. Manufacturiafydies, their dimensions,
assembly of the dies and manufacturing processiefatuminum forging will be
explained in Chapter 5. The experiments will belized for the 7075-0 type of
aluminum alloy for the forging temperature of 2@ 250°C, 300°C, 350°C and
400°C and their results will be presented also in Céapt In Chapter 6, for a case
study, the finite volume simulations and the expennts will be performed for the
6061-0 type of aluminum alloy for the forging temgteires of 200C, 250°C, 300
°C, 350°C and 400°C and their results will be compared with the resabtained in
Chapter 5. Finally, in Chapter 7, conclusions, asions and suggestions for future

works will be given.
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CHAPTER 2

ALUMINUM FORGING

2.1 Introduction

Demand for aluminum forging products especiallyamtomotive and aerospace
industry has been increased in recent years duietio lightness, strength and
formability. Aluminum forging products are used @automotive and aerospace
industry for the necessity to make modern vehidighter, safer and more
environmental friendly. The automotive industry age of the major users of
aluminum forged parts since low-fuel-consumptiorsdzave been demanded for the

economy in recent years [35].

The aluminum parts are generally used in the calybdhe wheels and the
suspension in modern cars. The suspension commmeatthe most important
aluminum forging parts in modern cars [36]. For rapée, many of suspension
components need better-quality and reliable prageiguch as high strength and
toughness. Aluminum forging is a good alternatige such suspension parts with

weight reduction up to 40% [35].

Aluminum forgings provide several advantages over other types of metals as
follows [37];

e Aluminum alloys are ductile, in high strength wittw weight and have a

good corrosion resistance.
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* In aluminum forging, the grain structure can beaged to correspond to the

main loading direction leading to high strength &ttyue properties.

* Aluminum forging can be performed in dies heated$sentially the same

temperatures as the workpiece.
e Aluminum alloys do not develop scale during heating
* Aluminum forging processes require low forging pee.

Aluminum alloys can be forged into a variety of gés by open die forging, close

die forging and ring rolling. Aluminum forgings aneostly closed-die forgings.
2.2 Aluminum Alloys

There are wide ranges of aluminum alloys from |akerggth aluminum alloys such
as 1100 and 6061 to high strength aluminum allayghsas 7075 in aluminum
forging. Aluminum alloys are most often extrudedtie form of aluminum bars
initially, but in some cases, cast billets are alsed for production. During the
manufacturing process, a billet is produced whicbharacterized by a homogeneous

structure completely free of pores and blowhol&g.[3

In Table 2.1, most common aluminum forging alloysl aheir nominal chemical
compositions are given. As can be seen from Tahlea® the major alloying

elements change in aluminum alloy, its alloy gralgp changes.

Aluminum alloys are mostly named and designatetl gt composition. The first of

the four digits in the designation indicates thiyalgroup in terms of the major
alloying elements as can be seen in Table 2.2ekample, if the amount of copper
in aluminum alloy composition is high, it is callad 2XXX alloy group although if

the amount of the zinc is high in aluminum alloyrgmsition, alloy group is called
as 7XXX.
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Table 2.1 Aluminum Forging Alloys and Their Composiions [31]

Aluminum . )

Alloy Composition (Weight Percent)

Si| Cu|Mn| Mg | Cr |Ni Other
1100 - | 0.12 minimum 99 percent aluminum
2014 0.8| 4.4 08 0.5 - -
2018 - | 40 -| 07 -| 2 -
2025 0.8| 45 08 - - - -
2218 - | 40 -| 15 -| 2 -
2219 |63l og -| -| %% oLV,

0.18 Zr
2618 T R N~ B Y S Fe_’ 007
Ti

3003 - 101212| - - - -
4032 122 09| - | 11| - | 09 -
5083 - - | 0.7/ 4.450.15| - -
5456 - - | 0.8/ 5.1 0.12 - -
6053 0.7 - -| 1.3 0.250.2 -
6061 06| 027 - | 10| 02| - -
6066 13| 09 08 11 - -
6151 09| - -| 0.6/ 0.25 - -
7075 - | 16| -| 25 - 5.6 Zn
7079 - | 06| 02 33 02 6.8 Zn
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Table 2.2 Aluminum Alloy Groups and Their Major All oying Elements [37]

Alloy _ )
Groups Major Alloying Elements
Aluminum with 99.0 % minimum purity and

IXXX higher

2XXX Copper

3XXX Manganese
4XXX Silicone

5EXXX Magnesium
B6XXX Magnesium and Silicon
TXXX Zinc

8XXX Other elements
9XXX Unused series

2.3 Forgeability of Aluminum Alloys

Forgeability is mainly based on the deformation peit of energy absorbed in the
range of forging temperatures. Also, forgeabilisgnde considered as the difficulty
of achieving specific degrees of severity in defation. Forgeability is influenced
by primarily the forging process, the forging straate, complexity of the shape to
be forged, the lubrication conditions, and the ifoggand dies temperature [33].

Although aluminum alloys have good forgeabilityrfrahe standpoint of ductility,

the energy and force requirements change notablly @hemical composition of

aluminum alloy and forging temperature. High presstequirement is the main
reason of less forgeable material usage in forgipgration. For example, pure
aluminum, 1100, requires relatively low pressumnthlloy 6061 at the same forging
temperatures to produce the same shape [34].
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Figure 2.1 Flow Stresses of Commonly Forged Alumima Alloys and of 1025
Steel at Typical Forging Temperatures and Various kvels of Total Strain [33]

Figure 2.1 compares the flow stresses of some canyniorged aluminum alloys at
350 to 370 °C and at a strain rate of 4 to 101025 carbon steel forged at an
identical strain rate but at a forging temperatypcally employed for this steel. For
some low-to-intermediate strength aluminum allstsch as 1100 and 6061, flow
stresses are lower than those of carbon steelhigbrstrength alloys, particularly
such as 7075 flow stresses, and therefore forgiagspres, are considerably higher
than those of carbon steels. That is, high-streafytminum alloys are less forgeable

at same forging temperatures than low carbon steedsclass of alloys [33].
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2.4 Forging Temperature for Aluminum

The metal temperature is a critical element in @dheninum forging process and
careful control of temperature during heating igpariant. Aluminum alloy billets
are heated fairly below their solidus temperatueéote forging, because the heat
generated during forging deformation causes a temyre rise in the material. If
summation of the initial billet temperature and teenperature rise during forging
exceeds the melting temperature, forging beginmétt, leading to severe cracking
of forging. This effect is mostly significant indfi-speed forging, such as on a
mechanical press or forging hammer, because thedeseerated has little time to
diffuse into the dies. This reduces the complegityhe shapes that can be produced
on high-speed forging equipment and potentiallyeases the amount of machining
required [11].

On the other hand, the forgeability of all aluminaitoys improves with increasing
metal temperature, and there is considerable vamiat the effect of temperature for
the alloys. In Figure 2.2, forgeability of diffetealuminum alloys with respect to
temperature changes are given. From the figures d@asily observed that as the
temperature increases forgeability increases. Hewewghanges in high-strength

alloys such as 7075 are relatively small when caoegbéo the low strength alloys.

In Figure 2.3, effect of temperature on flow streas be seen. A highly forgeable
aluminum alloy 6061 at a strain rate of 1fisforged for different temperatures and
dramatic reduction in flow stress is shown in tigurfe. It is easily seen from the
figure that there is nearly a 50 % increase in fkimess between the highest forging
temperature 480 °C and 370 °C.
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Figure 2.3 Flow Stress vs. Strain for Alloy 6061 athree Different Forging

Temperatures [33]

Temperature ranges which have been recommendddrépng aluminum alloys are
listed in Table 2.3.
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Table 2.3 Recommended Forging Temperature RangesrfAluminum

Alloys [33]
Forging
Aluminum Alloy Temperature Range
°Cc
1100 315-405
2014 420-460
2025 420-450
2219 425-470
2618 410-455
3003 315-405
4032 415-460
5083 405-460
6061 430-480
7010 370-440
7039 380-440
7049 360-440
7050 360-440
7075 380-440

In general, most aluminum alloys are forged at 868 C below the melting point
temperature, but with dependence on the speed andhe® total amount of
deformation. Since the material becomes brittletreg beginning of melting,
appropriate temperature should be chosen for thgiaadal heat is generated during

forging operation may result in melting of aluminatioy in rapid deformation [38].
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From Table 2.3, the forging temperature rangesrost alloys are relatively narrow.
Because of this, obtaining and maintaining propetaintemperatures in the forging

of aluminum alloys is critical to the success @ tbrging process [33].
2.5 Forging Equipment Used for Aluminum Forging

Aluminum alloys can be forged in almost all presaed impact equipment, with a
few exceptions. Aluminum forging should be moreeéalty performed by hammers
because of aluminum alloy’'s lower melting tempemduand a tendency for
temperature increase to occur in the forgings dutire usually faster deformation
rates [39].

Table 2.4 Forging Performance of Forging Presses drHammers for Several

Aluminum Alloys [8]

Alloy

Designation Presses Hammers
1100 Excellent Excellent
2014 Excellent Excellent
2025 Excellent Excellent
2218 Excellent Good
6061 Excellent Excellent
7075 Excellent Fair
7079 Excellent Fair

In Table 2.4, forging performances of forging pesss&nd hammers for different

aluminum alloys are given. As can be given, hamrhasg poor aluminum forging
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capabilities although presses are suitable mo#teoflluminum alloys as seen from
the table.

2.6 Die Materials and Die Temperature in Aluminum Frging

The die materials used in the closed-die forginglaminum alloys are the same as
in steel forging except that, due to the forcediagpn aluminum alloy forging and
the complexity of the parts produced; such materak typically used at lower
hardness levels in order to improve their toughne$$l (DIN 1.2343), H12
(DIN 1.2606), H13 (DIN 1.2344), or their proprigtarariants are usually used at 44
to 50 HRC (i.e. Rockwell Hardness) in aluminum fogg[33].

On the other hand, the heating of dies plays vaportant role in forging operation.
As given in Figure 2.4, forging billets cool vergpidly if dies are not heated due to
conduction between forging billet and the dies fritra rule conservation of energy

as shown in following formula;

Q = Gon*t Grad* Geonv (R.1
where; Q =total heat loss

Gton= heat losing by conduction

Gag= heat losing by radiation

Gtonv= heat losing by convection

These effects can be reduced when dies are helatsel to the billet temperatures
where these types of forging operations are cakedothermal forging. Isothermal

forging is feasible with metals like aluminum.

Heating of dies can successfully raise the levelnwdtal plasticity and flow
properties, improve the homogeneity of metal floeduce die chilling and decrease

the forging pressure on the material. Therefofferging of complicated shape, high
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dimension of accuracy and a well-distributed in&structure can be produced like

in aluminum forging with the aid of heated dies][41

11444 ¢
Conduction 7
L SIS —_—
1—.‘\ . . . o
~ Forged piece ——p Radiation
Convection s ‘00 —
Conduction

rvvey

Die

Figure 2.4 Cooling of Forging Billet [40]

Table 2.5 Die Temperature Ranges for Different Forigmg Equipment [33]

Die Temperature
Forging Equipment Range
°C
Mechanical Presses 150-260
Hammers 95-150
Hydraulic Presses 315-430
Roll Forging 95-205
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In Table 2.5 die temperature ranges for differemgihg equipment are given. As
seen from the table, the die temperature for thareulic presses is higher than the
mechanical presses and hammers. Temperature igekapvely low in mechanical

presses and hammers because of the temperat@welusisg rapid deformation.
2.7 Heating Equipment Used for Aluminum Forging

The metal temperature and the die temperature mtieat factors in aluminum
forging process. As discussed in Section 2.4, alumi forging has a very narrow
temperature range and control of the temperatutieoge ranges is important for the

successful forging operation.

Aluminum alloys billets are heated for forging pess with a wide variety of
equipment such as electric furnaces, fully mufieedsemi-muffled gas furnaces, oil
furnaces, induction machines. The heating equipnsduld have pyrometric
controls by which temperature can be maintainediwithe range +/-5 C. Most
furnaces should have recording and control devaces are frequently checked for
temperature uniformity [42].

The heating time for aluminum alloys is usually elegent on the section thickness
of the billet and the furnace capabilities. In gahe4 to 8 minutes per 10 mm of
section thickness are enough to ensure that theimlum alloys have reached the

desired temperature of preheating [36].

The heating of dies is also critical in the alunmmforging process. Heating

equipments for the dies are mostly gas-fired bgrivealuminum forging.
2.8 Lubrication in Aluminum Forging

Lubricants and lubrication of dies are very impotta forging operations. There are

several advantages of lubrication in forging operaas followings [8];
» Metal flow can be controlled and improved.

» Lubrication decreases the die friction and helgsfiling.
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» Ease of removal of the forged part from the die lmamchieved.
» Lubricants are used to reduce forging loads.

In the selection of lubricants, some important peeters should be considered. For
example, insulating qualities, corrosiveness, peenae and ease of removal are
important characteristics in the selection of loant. Water-based fluids, oil-based
fluids and solids are three main lubricant group$oirging operations. The water-
based fluids consist of aqueous solutions, emusard dispersions in which they
are mixed with one of the materials such as sdafty, oils, fatty acids, mineral oils
and solid fillers. The oil-based fluids range frdight mineral oils to heavily
compounded chemically active fluids. They usualbntain solid inorganic fillers,
such as mica, graphite and clay. The solid lubtgane either organic or inorganic

solids such as certain plastics and graphite [8].

In aluminum forgings, there are different lubricamxisting from kerosene to oll
graphite suspensions. Water-based graphite is maly used as lubricant in
aluminum forging. Other organic and inorganic coompids are added to colloidal
suspensions in order to achieve the desired rg8@lsHowever, since graphite, has
a black color, is not easily cleaned from the foggithe colorless water-soluble

lubricants have been demanded recently for alumifaurging.

Lubricant application is usually performed by spnaythe lubricant onto the dies
while dies are assembled in the press and justé#fie forging. A pressurized-air or

airless spraying system is usually employed initabion of dies [36].
2.9 Trimming in Aluminum Forging

Trimming is the simply flash removal operation afi@rging is completed. There are
several methods to remove flash from the forging lbest common method for

removal of flash is trimming of flash in a trimmipgess.
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Small aluminum forgings can be cold trimmed in samag as steel forgings. Larger
forgings can be hot trimmed or band-saw trimmedpedding on size and

configuration [39].
2.10 Heat Treatment of Forged Aluminum Parts

Aluminum forgings are rarely used in the as forgeddition. All aluminum alloy
forgings, except from 1xxx, 3xxx and 5xxx seriesp &eat treated with solution
treatment, quench and artificial aging processexder to achieve final mechanical
properties. The required mechanical propertiesdéfeult to achieve in aluminum
forging by heat treatment if complex shape and imgrgross-sections are forged,
and due to this reason, heat treatment should berped uniformly and also

carefully [33].
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CHAPTER 3

DESIGN PARAMETERS OF ALUMINUM FORGING PROCESS

There are several aspects during the design proeeduhe forging operations. Part
design and perform design are some of the desaps shvestigated in this chapter

for aluminum forging.
3.1 Part Design

Parts design mainly includes the standards for maah allowances, parting line

location, draft angles, corner and fillet radii fbe aluminum forging.

Machining Allowances

Recommended machining allowance for aluminum fayggngiven in Table 3.1.

Table 3.1 Recommended Machining Allowances [7]

Greatest Minimum Finish Stock per
Dimension Surface
(mm) (mm)
Less than 200 16
200 to 400 24
400 to 600 3.2
600 to 900 4.0
More than 900 438
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As shown in Table 3.1, according to FIA (Forgingdustry Association), the

allowance is referred to as minimum finish stock perface and is related to the
largest dimension of forging. Machining allowancayrbe applied over the entire
forging or to the surfaces to be machined. Theslirallowance is applicable to all

metals [7].

Location of Parting Line

Parting line is located along the largest crossi@eof the part where the upper and
lower dies meet. Thus, parting line is applicabiéydo forgings produced in closed
die forging. Parting line is necessary in closegfdrging to remove the finished part

easily by separating upper and lower dies.

Parting Line ~==

Forged Part

Forged Part

Figure 3.1 lllustration of Parting Line Location

If the parting line remains straight around theigdeery of the forging, it will lie in a
plane corresponding to that of the mating die ss$awhich is called as the forging
plane. Parting line may be in a single plane onaty be curved with respect to the

forging plane, depending on the geometry of thalfpart. Parting line is called as
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straight parting line if it is on the forging plaa@d parting line is called as broken
parting line if it does not follow the forging plancontinuously as shown in
Figure 3.1 [32].

Draft Angle

Draft is the angle or taper on the sides of a faygDraft is necessary for releasing
the forging from the dies. Draft can be either &gpbr natural. Natural draft comes
from the part geometry. On the other hand, theiegplraft is the taper applied to
the walls of a forging to provide sufficient taggerremove the forging easily. If close
tolerance forging is made, there is zero or oneadedraft is specified in the design
of the dies. Thus, strippers or knockout pins aeessary to remove the forging part
from the dies in close tolerance forging. The lmratof maximum draft on any

vertical surface usually coincides with the parting [7].

internal taper

external taper

bottom taper

Figure 3.2 lllustration of Draft [37]

There are basically three types of draft as sedrigare 3.2. External draft is draft
applied to the outer surfaces of perpendicular ef@mof a forging to the parting
line. Internal draft is applied to the inner sugacof perpendicular elements of a
forging to the parting line, including the draft pockets or cavities. Also bottom

draft may exist to provide material flow easily.
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In Table 3.2, there are recommended draft valuéls stripper and without stripper
according to DIN 1749/EN 586-3 standard for aluminfiorging process.

Table 3.2 Recommended Draft Angles [37]

External and Internal Bottom
Draft Angle Draft Angle
Die with Stripper 1 1°
Die without . 10
Stripper

Corner and Fillet Radii

Corner and fillet radii are provided to connect sthty intersecting sides of forging.
Corner and fillet help for a smooth, gradual conioecrather than sudden angular
connection. Corner and fillet radii are usually shio as large as possible to increase
the metal flow and decrease the high forging pmesduring forging. If small radius

is chosen during design, stress concentration scauthe small radius and cracks
may occur at that point. Choosing of corner arldtfiladii also affects grain flow, die
wear, the amount of material to be removed in nraghi[7]. Schematic illustration

of the corner and fillet radii is given in Figure33

Figure 3.4 and Table 3.3 summarize the corner died fadii values according to
DIN 1749/EN 586 standard.
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Corner Radii

Upper Die

Fillet Radii
Forging

Lower Die

Figure 3.3 lllustrations of Corner and Fillet Radii on Part [43]

Section A-B Section C-D

7 B

Figure 3.4 Determinations of Corner and Fillet Radii [37]

Table 3.3 Recommended Corner and Fillet Radii on R&[37]

Height (h)
0-4 | 4-10| 10-25| 25-440-63| 63-100| 100 -
mm
r, (Corner)| 1.6 1.6 2.5 4 6 10 16
ro (Fillet) 2.5 4 6 10 16 20 15
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Ribs and Webs

A rib is a brace-like projection that is locatether at the periphery or on the inside
of a forging. Rib can be forged in either the uppedower die or both. Ribs are
called as flange when ribs are along the peripbégy forging. The length of ribs is
usually more than three times their width. The giesdf a rib should reflect the
maximum efficiency in use of materials. Efficiensyrelated to the load carrying
capacity of a rib. On the other hand, web is thegaratively thin, plate-like element
of the forging. Webs connect ribs and other forgenents. Webs are usually flat
and coincide with the forging plane. Because ofrthlysical connection to other
elements of a forging, the design of webs shouladresidered with the design of
ribs, the location of parting line, draft and tleestion of corner and fillet radii. Due

to the material flow in the vertical sides, webs agry difficult to produce [7].

Weh

Figure 3.5 lllustrations of Rib and Web
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3.2 Shape and Size Factors in Forging

There are limitations to the geometric complexitgttcan be obtained during forging
process. The force applied to the material by theyiig equipment generates
pressure that forces metal to flow into complexities of the dies. Spherical and
block like shapes are the easiest to forge in diases. Thin and long cavities such
as ribs and webs require high pressure to forcentuerial into them and maximize
the effects of friction and temperature changesodfmuch pressure is required, the
total forging load may exceed the capacity of tbegihg equipment. Also, the
localized stresses in the die due to high predsutee die cavities may become large
enough to cause overloading failure of the dieigfet cracking due to repeated
loading and rapid die wear in high metal flow rego Furthermore, shape
complexity is the possibility of defect formatiom the material during forging. As
the material flows around small corner and filladir on the dies, laps and cracks
may occur. There is a direct relationship betwe®n surface-volume ratio of a

forging and the difficulty of producing it [11].
3.3. Flash Geometry

Flash is an excess metal around the peripheryeofdiging in the surrounding area
of the parting line. Flash occurs around the faygaart when leaving the closure of
the mating surfaces of the dies. Flash is alwalste® with the parting line and

parting line can divide flash into two pieces [7].

The flash basically serves two main functions.tBirglash compensates variation in
billet volume. That is, oversized billets can bediso prevent the billet cutting errors
and metal loses by oxidation during forging. Sedpnithsh is useful for controlling
the metal flow. The constriction caused by thehflaslps metal to flow and fill the

die cavities [43].

In Figure 3.6, flash and its components are sh&ash land is the short, flat portion
of flash extending outward from its intersectiorttwihe forging as seen from the

figure. Flash gutter is a space after the flashd lavhere excess material is
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accumulated. The gutter is designed to be slight¥lgrsize to accommodate all the
excess metal [7].

| FORGING

i
i ////ﬂf g

Figure 3.6 Flash Designs [43]

There are significant differences in the designflagh for aluminum from steel
forging. Flash and flash land thicknesses are lsumalich thinner in aluminum
forging. However, relatively small changes in theslh thicknesses can result in great
changes in the forging pressure requirements. Tthadlash design should be made
carefully to avoid overloading during forging opigoa. In Table 3.4, minimum
recommended die closure or flash thickness acogrtbhnFIA (Forging Industry
Association) are given for the several types ofenals. Flash thickness tolerances
are related to type of metal and on the plan af¢heoforging at the parting line as
can be seen form the table. Although as the plaa arcreases, flash thickness
differences increases between aluminum and steginfp Since the forging loads
are lower in aluminum forging, flash thicknessess r@latively thinner as given in the
table.
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Table 3.4 Flash Thicknesses for Different Material$\ccording to Plan Area at
the Trim Line [7]

Plan Area (mnt)
Materials <6500 | 6500-19350 19350-3225(Q
Carbon Steel and Low Alloy Steel 0.8 1.6 2.4
Heat Resisting and Titanium Alloys 1.6 2.4 3.2
Aluminum and Magnesium Alloys 0.8 0.8 1.6
Refractory Metals 2.4 3.2 4.0

3.4 Upsetting and Preform Design

Upsetting is a forging process where cross sedtiansa of the initial billet is
increased by decreasing length of the billet wing mostly flat dies as seen from
Figure 3.7. Upsetting is usually used in forginggass for the initial step of
producing desired products.

L [1

Initial Eillet Eillet After Upsetting

Figure 3.7 Upsetting Operation
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Planes of Flow

Finished Forging Shape

Directions of Flow

Figure 3.8 Planes and Directions of Metal Flow durig Forging [32]

On the other hand, design of the preform in clodedforging is one of the most
important aspects. Defect free metal flow, complgie fill and minimum metal
losses into flash can be achieved in the finalifygperation with proper forging
process design. However, determination of the pmefgeometry is a particularly
difficult design step. Metal flow in the preformedshould be clearly understood to
make the proper preform design. In the study ofaméiow for designing the
preform, it is very useful to consider various &r@®ctions of a forging where the
flow is almost in one plane as given in Figure &8 common practice in designing
a preform to consider planes of metal flow, thatselected cross sections of the

forging, and to design the preform configuratiom &ach cross section based on
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metal flow. The basic design parameters of theopnefdesign can be given as
follows [32];

 The area of each cross section along the lengttheofpreform should be

equal or less than the finished cross sections.

» All corner and fillet radii should be larger thametradii of finished part in

preform.

» The dimension of the preform should be larger tise of the finished part
in the forging direction so that metal flow is nigsof the upsetting type
rather than of the extrusion type (Figure 3.9).

Preform Finished Preform Finished

Figure 3.9 Examples of Preform Cross Section Desid83]

In Table 3.5, the recommended preform dimensionglianinum forging according

to the finish forging dimensions are given. In &hbiirst subscript F and P in the
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dimension refer to finish and preform respectivétyaddition, as seen from the table
the draft angles in preform are nearly same aslfifdorging and other dimensions

are larger in preform.

Table 3.5 Dimensions in Preform for Aluminum Forgirg [32]

Dimensions in Finish Forging| Dimensions in Preform
Fillet Radii, R Rer=(1.210 2) ¢
Corner Radii, Rc Rec=(1.210 2) Rc
Draft Angle,ar op = OF
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CHAPTER 4

DESIGN OF ALUMINUM FORGING AND FINITE VOLUME ANALYS IS
OF ALUMINUM FORGING PROCESS

4.1 Case Study for Aluminum Forging Process

In this study, a part which was previously forgadhree stages from a cylindrical
steel billet with a diameter of 30 mm and a height30 mm at AKSAN Steel
Forging Company as given in Figure 4.1 will be ¢desed. A study was previously
completed in METU-BILTIR Center for warm forging ohe part with the steel
material [27]. In this thesis, aluminum forging Whbe analyzed to produce the

similar geometry from aluminum billet.

Figure 4.1 Steel Forged Part
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Based on the part geometry given in Figure 4.1, Bxleling of the part and dies
has been realized by using PRO/ENGINEER Wildfir@ B4]. In the simulation
process, aluminum forging in different temperatui@sthe modeled part has been
investigated and proper forging stages have beénedeto fill the forging dies
without any defects by using Finite Volume MethdeV/i) with sfForming 8.0
module of Simufact 3.0 [45]. Results for the fintelume simulation of the process
will be provided in this chapter for the aluminuriog 7075-0. In the following

section, 3-D modeling of the part will be explainedietail.
4.2 3-D Modeling of Forging Part

3-D model of the forging is given in Figure 4.2 atdtechnical drawing is given in

Appendix A.

Figure 4.2 3-D Modeling of Forging

There are some important parameters such as argiftsa parting line location and

flash thickness in modeling of the part for the ides of the forging.
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Recommendations and experiences about these haare deeady discussed in
Chapter 3. Draft angle should be created to easeaeleasing forged part with
defining proper parting line location. Parting lirselocated at the 5.1 mm from the
top of the forging part as shown in Figure 4.3 siparting line is always located

along the largest cross-section.

_I 5.1 mm.

Parting Line Location

Figure 4.3 Parting Line Location on Forged Part

According to Table 3.4, the flash thickness ismiedi for the plan area of the forging.
Plan area, at square cross-section of the pargdlom parting line, is calculated as
1600 mnd since one edge of the square is 40 mm. As be seenthe Table 3.4, the
minimum recommended flash thickness for the plaa éss than 6500 niris given

as 0.8 mm for aluminum forging alloys. However, ffesh thickness, i.e. the face
clearance between upper and lower die, is taked.&smm by considering an
additional 1 mm for the safety of the forging opena to avoid any clash of the

upper and lower dies as can be shown in Figure 4.4.

After defining location of the parting line and wal of the flash thickness, the draft
angles of 3 are applied to the outer surface of the part arlieikagonal hole on the
part as recommended in Table 3.2. A bottom draft°as provided for the upper
surface of the part to prevent the sticking the pathe upper die at the bottom of

stroke and to remove the part easily. The apptinadf draft is shown in Figure 4.5.
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1.5 mim. " >=Flash Tluckness

Parting Line Location

Figure 4.4 lllustration of Flash Thickness on Part

3 degrees Bottom draft of 1 degree

3 degrees

Figure 4.5 Draft Angles on Part

The corner and fillet radii are considered as deedrin the technical drawing of the

particular forging in Appendix A.
4.3 Aluminum Forging Die Design

In aluminum forging die design, different type ofe dconfiguration should be
considered according to forging process stages asiatpsetting, preform and finish
stages.

Before the design of the dies, it should be cle#inad what type of forging machine

is going to be used and design should be madedingatio that forging machine. In
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the experiments, the 10 MN SMERAL mechanical peagslable in METU-BILTIR

Center Forging Research and Application Laboratsrygoing to be used. The
technical information about the 10 MN SMERAL mecigcah press is given in
Appendix B. In this machine, a die holder is usedriount die blocks. There are

three housings on the die holder to fasten thredldicks as seen in Figure 4.6.

Diie Housings ’

—-— e 1 i

§s | ML Y

Figure 4.6 View of the Lower Die Holder on Press

In Figure 4.7 and Figure 4.8, top and front viewshe die housings of die holder are
given. According to forging stages, three differgmies of forging die can be used in
this mechanical press. However, as seen from ther&i4.7, the middle housing has
the largest diameter and it is usually used forfthish forging stage. On the other

hand, height of the die set is restricted to 200 asnseen Figure 4.8 when dies are at
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the bottom dead center. So, in design of the dishpuld be considered that the total
height of the dies does not exceed 200 mm inclutlag thickness. Furthermore, as
seen from Figure 4.7, the key ways are specifigt thie tolerance H8 at the back of
the die holder exist. These key ways are necessgmevent the rotation of the dies
during the forging process and should be considdrathlly, for clamping of the

dies in the die holder, there are 5 degrees tapsean in Figure 4.8 and it should be

noted during die design.

Diie Housing at Left DIE Huusmg at I\-".[lddle DIE Housing at Right

P i — D

Figure 4.7 Top View of the Circular Die Housings othe Die Holder [46]

Die Housing at Middle Die Housing at Left and Right

Figure 4.8 Front View of the Circular Die Housingsof the Die Holder [46]
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According to the constraints of the die holder, tipper and the lower dies in the
finish stage are designed based on the designedguanetry. In design of the upper
and lower dies, a shrinkage allowance of 1.5 %lksm since some shrinkage occurs
after the forged part cools. Total height of theempand lower die is 200 mm by
considering the flash thickness when the press itkeabottom dead center. Hence,
the dies are designed by considering 99.1 mm imghteand by adding flash
thicknesses of 1.8 mm, the total height of the diesomes 200 mm. As seen in
Figure 4.9, the flash land is provided at the airference of the die cavity. Since the
die housing at the middle is going to be usedHerfinish stage, the upper and lower
finish dies will have an external diameter of 22éhrand outer geometry of the dies
are modeled according to the dimensions givenguress 4.7-4.8. The key ways are
also modeled with 16 mm in width and 9 mm in defghprevent the rotational
motion of the dies relative to the die holder. Tugter is not designed since it is not

used in the finish die. The detailed technical dng of the finish dies are given in

Appendix C.
Key Ways
Flash Land
@ 4 Die Cavities L
R —— = T —
5 Degrees Taper/
Lower Finish Die Upper Finish Die

Figure 4.9 3-D Model of Lower and Upper Finish Dies
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Furthermore, front view of the die assembly is showFigure 4.10. As seen in the

figure, there is a step like structure in the diHsese types of step are required for
the positioning and alignment of the upper and losltres with respect to each other.
Also, as seen in the figure, edges at the bothdfidee dies are cut according to die
holder geometry, since generally more than onesdensidered to be used for the

forging operation during analysis and experiments.

Upper Die

Lower Die

?

50 mm Height

!

5 Degrees Taper

Figure 4.10 Front View of Finish Die Assembly

4.4 Simulation Process Parameters for Finite Volum&lethod

The finite volume method has been used for manysyeaanalyzing the flow of

materials in a liquid state. However, in recentrgeaome other computer simulation
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programs like SuperForge, i.e. SfForming 8.0 indsstate for hot metal forming
operations has been established on the basisitéd finlume method. In the finite
volume analysis with SfForming 8.0 module of Sinuifé8.0 some simulation

process parameters should be defined before sionliatexecuted.
4.4.1 Defining the Process Type, Importing Forgin®ies and Modeling of Billet

Process type may be selected as "open die" oré@ldge" forging. After selecting
process type, it should be noted that forging mede "hot forging"”, simulation is

3-D and the used solver is finite volume.

The models of upper and lower die geometries frohD@rogram are imported to
the finite volume program in "stl" (i.e. sterethbigraphy) format after the process

type is defined.

On the other hand, "Auto Shape" function of thegpaon can be used for the simple
parts like billet. However, initially billet dimere should be specified. Scale
allowances are mostly considered in the billet getoynselection since billets are
contacts with the air after heated. Most of thealseare coated with the layer of
scales after heated metal contacts with the airtaldiee oxidation. Aluminum alloys
are not scaled when heated since aluminum alloysotioxidize considerably at the
forging temperature and because of this reasote attawance is not considered for
billet selection in this study [39]. The billet dimsion is selected according to part
volume with considering flash volume. By using thass properties module of CAD
program, the part volume is found as 20657 *mRound cross-section aluminum
billets are available in Turkey from diameter ofr3n to 150 mm with a step of 1
mm [47]. The billet dimensions, which does not @almickling and early flash
formation, are obtained according to finite volumesults and the billet dimensions
are taken as seen in Table 4.1 with consideringadla billet diameter and required

flash volume.
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Table 4.1 Billet Geometry and Billet Dimension

_ Billet Dimension
Billet Geometry
(mm)

o 30 mm in diameter
Cylindrical Shape _ )
32 mm in height

4.4.2 Assigning the Material Properties of Dies an8illet

In this analysis, the dies are considered as dgdvith heat conduction. Because of
this reason, the die material is not defined aljiodifferent types of die material

data exist in the material library of SfForming §46].

The billet material is chosen according to recomuagion of FNSS which is one of
the most important defense company in Turkey andclwluses the aluminum
forgings in their products [48]. 7075-0 type of minum alloy is chosen since that
type of aluminum alloys are extensively used imapace, automotive and defense
industry with its high strength, low density, amavlcost. 7075-0 type of aluminum
alloy is available in material database of SfFogn&0 [45] for the hot forging
temperature range of 400-5%D.

The flow stress-strain rate relation for the difetr type of hot forging temperatures

is as follows [32] :

og=C(&)" (4.1)
where; o : flow stress

C: yield constant

£ strain rate
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m: strain rate hardening exponent

In Table 4.2, some parameters related with the tmud.1 are given to define flow

stress for strain value of 0.115 in different fogtemperatures.

According to Equation 4.1 and Table 4.2, flow stregain rate curves of 7075-0 for
the strain of 0.115 in different temperatures d@imed as shown in Figure 4.11.

Table 4.2 Flow Stress Parameters for 7075-0 [45]

_ Yield Stress according to Temperature
Strain Rate (1/s)

400°C | 450°C | 500°C | 550°C
0.01 45.55 22.22 13.48 9.14
0.34 62.57 35.76 22.87 16.65
0.67 66.51 39.19 25.32 18.68
1.00 68.95 41.37 26.89 20.00

Tensile yield strength and ultimate tensile strerajtthe aluminum alloy 7075-0 are
given in Equations 4.2 and 4.3 according to thep&ntension test at the room
temperature [49].

o, =103 MPa 4.2)
O4rs =228 MPa (4.3)

Also, some basic material constant and heat mhtenmestant are specified as shown
in Table 4.3 [45].
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Yield Stress vs StrainRaie
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Figure 4.11 Stress-Strain Rate Curves of 7075-0 f@ifferent Temperatures [45]

Table 4.3 Material Properties of 7075-0 [45]

Material Property Value
Young's Modulus (GPa) 72
Poisson's Ratio 0.33
Density (kg/m) 2810

Thermal Conductivity (Watt/(m*K)) 173
Specific Heat Constant (Joule/(kg*K) 960

Coefficient of Thermal Expansion (1/K) 2.52¢-5
Solidus Point{C) 477
Melting Point (oC) 635
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4.4.3 Initial Temperature of Billet and Dies

Initial temperatures of the billet are taken as 375400°C, 425°C and simulation is
made for these temperature values. On the othel, kemperature of the dies during
the aluminum forging process is recommended as’@30 260 °C for the closed die
forging [36]. So, initial temperature of the dies dassumed as 200 °C during the
analysis. Parameters directly used in analysisgaren as follows according to
SfForming 8.0 [45];

Ambient temperature: 25°C
Emissivity for heat radiation to ambient:  0.25

Heat transfer coefficient to ambient: 50 Wi
Heat transfer coefficient to workpiece: 6000 WA
4.4.4 Defining the Coefficient of Friction

Friction between die and billet is an important sideration in a metal forming

process. Such friction produces a tangential (3tiesxe at the interface between die
and billet which restricts movement of the matedaatl results in increased energy
and press forces. The magnitude of the shear dnicstress influences the
deformation pattern, temperature rise, the tooledébn and total force in metal

forming [50].

The friction coefficient is ranged from 0.06 to 4.id aluminum forging with the test
previously done [32]. In this study, plastic shiation is used with a coefficient of
0.2 since high loads are applied in forging opereti

4.4.5 Defining the Press in Finite Volume Program

Schematic illustration of the crank press is shawRigure 4.12 and properties of it
related with the available press in METU-BILTIR @enForging Research and

Application Laboratory are given in Table 4.4.
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Figure 4.12 Schematic lllustration of Crank Press45]

Table 4.4 Properties of Crank Press available in MEU-BILTIR Center

Crank Radius | Rod Length | Revolution Speed
(mm) (mm) (rpm)
110 750 100

4.4.6 Defining Forming Properties

Forming parameters are defined to initiate the &itmn program as given in
Table 4.5. Element sizes in finite volume progrdmud be assigned for the billet.

The stroke length depends on billet dimension aghown in the table.

Table 4.5 Forming Properties in Finite Volume Analgis

Workpiece Element Size (mm) 1
Output Divisions 21
Finite Volume Ratio 0.2
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In Table 4.5, output divisions is the frequencyafput data storage by the program
and the finite volume ratio is used to make thédimolume elements that constitute

the billet, smaller compared to global elementd.[27
4.5 Analysis of Aluminum Forging Process by Finité&/olume Method

In this part of the study, different finite volunsémulations are made to ensure to
proper forging operation without any defects. Foggoperation is firstly thought as

single operation and analysis are made for thdesimgeration.
4.5.1 Single Stage Forging Operation

Two types of single step forging operation are stigated according to orientation

of the billet in the die as follows.

a) Billet at Perpendicular Position

In this orientation, the billet is placed in thesdat the perpendicular position as

shown in Figure 4.13 and the analysis is execuiethfs position.

"
b

Lower Iie

Figure 4.13 Perpendicular Orientation for Single Oration
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The die and forging part contact is the importadtdire for the analysis since die
filling is important during forging operation. Iridare 4.14, die filling of this type of
orientation is given. In the Figure 4.14, blue cabows that billet does not contact
with forging dies and red color shows that billentacts with the dies. The die is
completely filled as seen in Figure 4.14.

Figure 4.14 Die Filling for Perpendicular Orientation at 400°C

Figure 4.15 Folds in Perpendicular Orientation at #0°C
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During the forging operation some folds are obsgrae seen in Figure 4.15 when
the operation reaches 80 % and 85 % of the stfedlels are the important product

failure type and must be avoided.

b) Billet at Horizontal Position

In this orientation, the billet is placed in the dit the horizontal position as shown in

Figure 4.16 and the analysis is made for the sisigike.

Figure 4.16 Horizontal Orientation for Single Operdion

In this type of orientation, die filling and theadih distribution are obtained as in
Figure 4.17. In this orientation, flash distributics more uniform especially at the
corners rather than the perpendicular orientatiothe billet. However, as seen in
Figure 4.18, during the forging operation, foldsuacalso for this type of single
operation and therefore, it has been decided tHatast one preform stage is required

before the finish forging stage.
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Figure 4.17 Die Filling for Horizontal Orientation at 400°C

Figure 4.18 Folds in Horizontal Orientation at 400°C
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4.5.2 Two Stages Forging Operation

Open die upsetting is modeled as the preform stagehe two stages forging
operation since cost of the open die used in upget cheaper than the closed die.
3-D model of the upsetting dies which are the sawith each other is given in
Figure 4.19.

In design of the upsetting dies, it is consideteat height of the upset part is more
than the height of the finish part and cross-seeli@rea and lateral dimensions of
the upset part are less than cross-sectional akdateral dimensions of the finish
part. Since, the finish part has height of 18 meight of the upset part is taken as
18.5 mm and dies are modeled according to thishiheRBpcause of this reason, the
upper and the lower upsetting dies are taken a&ba@m in height and summation
of die heights and gap between upper and lowerttipgealies at the bottom dead
center is 200 mm. External geometry of the diesvawdeled according to die holder
geometry given in Figure 4.7 and Figure 4.8. Dethtechnical drawing of upsetting

dies are given in Appendix C.

Front View

Top View

Figure 4.19 3-D Model of Upsetting Dies
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Finite volume analysis of the two stages forgingcesss is performed since the folds
are observed during the single stage forging psodeswo stages forging operation,

again two different orientations of the billet aheught and the analysis are made.

a) Billet at Perpendicular Position on the Upsetting Die

In this orientation of billet, the billet is firstiplaced on the upsetting die at the
perpendicular position and upsetting operation &lenand then the finish forging
operation is performed in the finish die. Positadrihe billet on the upsetting die and

the finish die are shown in Figure 4.20.

Upsetting Operation| Fiush Deraﬁun

Figure 4.20 Perpendicular Orientation for Two Stage Operation

In this orientation, the billet is firstly upset 18.5 mm in height and the maximum
diameter become almost 40 mm at the middle of gsepart since barreling occurs

in upsetting as shown in Figure 4.21.
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Figure 4.21 Billet Dimension after Upsetting Operabn for Perpendicular

Position

Figure 4.22 Die Filling for Perpendicular Orientation in Two Stages Forging
Operation 400°C
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Figure 4.23 Observation of No Folds in PerpendicutaOrientation in Two

Stages Forging Operation at 408C

After the upsetting operation is completed, thefgoma is forged in the finish dies.

The finish die is completely filled as seen in Feyd.22 and there is not any folds in
this two stages operation as shown in Figure 4R8wever, as mentioned

previously, in this type of orientation, the flagbrmation at the corners are not
uniform. Also, the maximum diameter of upset pdteraupsetting operation is

nearly same as the width of the finish part and tholates the rule of preform

design. For these reasons, the horizontal oriemati two stages forging operation
is also performed.

b) Billet at Horizontal Position on the Upsetting Die

In this orientation, the billet is firstly placeddhe upsetting die at the horizontal
position and the upsetting operation is appliedthed the finish forging operation is
performed in the finish die. Position of the bilt the upsetting die and the finish
die are shown in Figure 4.24. In this orientatitbrg billet is firstly upset to 18.5 mm

in height and width of the part in x-direction bawes 37.4 mm and width of the part
in y-direction becomes 38.5 mm as shown in Figu?&.4
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Useg Op eration Finish Operation

Figure 4.24 Horizontal Orientation for Two Stages (eration

Figure 4.25 Billet Dimension after Upsetting Operabn for Horizontal Position

The die is completely filled in the finish operatias seen in Figure 4.26 and the
flash distribution is more uniform than the perpenthr position mentioned
previously. Also, the upset part dimensions are emsuitable in horizontal
orientation for the rule of the preform design ththe perpendicular orientation.
Meanwhile, from Figure 4.27, no fold is observediag the forging operation.

Although both two stages are suitable for the foggobperation, the horizontal
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orientation of the billet is chosen as the forgoperation and the experiments are

done according to the horizontal orientation ofbiket for the reasons stated above.

Figure 4.26 Die Filling for Horizontal Orientation in Two Stages Forging
Operation at 400°C

Figure 4.27 Observation of No Folds in Horizontal @entation in Two Stages

Forging Operation at 400°C
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4.5.3 Simulation Results

In the simulations, 25512 finite volume elemente areated for the upsetting
operation while 24997 finite volume elements aeatzd for the finish operation and
the simulation time is measured nearly 3 hours frfutes for the upsetting operation
while the simulation time is nearly 10 hours foretlinish operations for a

workstation with 3 GHz (x2) processor and 4 GB RAM.

After simulation of the forging operation, the fercequirement, stress values and
part temperature after the upsetting and the fifasfing operations can be obtained
by the finite volume program. As stated previousie simulations have been made
for the forging temperatures of 3%, 400°C and 425C and simulation results are

given in Figure 4.28-4.45.

In the die force diagrams, the force is given dsirection of time. For the finish
operation, the force slightly increases initialipce at the beginning of the finish
operation upsetting occurs and after that poirg,ftrce increases dramatically and
reaches the maximum value to complete the formishgwever, for the upsetting
operation, force increases almost linearly. Theimam force values are lower in

upsetting as seen from the force diagrams.

In the effective stress distribution figures, tleel color always represents the higher
effective stress values and the blue the lowestevas seen from the effective stress
distribution figures, the maximum effective stremscurs in the loading regions
where the lower and the upper die contact with woekpiece at first time as
expected. The maximum effective stress values alatively higher in finish

operation since deformation is much more in firagleration.

In the temperature distribution figures, it is rsebat the maximum temperature
occurs at the zones where the maximum deformatippdns throughout the forging
operation. The temperature values at the end ofugisetting process is directly
transfered to the finish operation as seen in itnerds. In Table 4.6 and Table 4.7,
simulation results are tabulated for the initidlebitemperatures of 37%, 400°C

and 425°C. As seen from the given tables as the temperaifithe initial billet
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increases, the maximum die forces and the maximifiective stress values
decreases as expected. However, the maximum tetaperaf the forged part
increases when the initial temperature of the thilereases as given in Table 4.7.
However, temperature raise during the upsettingthadinish operations are in the

desired range and melting of alumnium due to theptrature raise is not expected

during the experiments.

Table 4.6 Maximum Die Force and Effective Stres®f Different Forging

Temperatures of Al 7075

Maximum | Maximum _ _
_ _ Maximum Maximum
Temperature | Die Force | Die Force _ _
Effective Stress| Effective Stress
of the Billet for for _ o
) o for Upsetting for Finish
(°C) Upsetting |  Finish
(MPa) (MPa)
(Ton) (Ton)
375 7.6 31.9 101.4 112.0
400 7.4 29.2 100.2 108.7
425 6.2 26.8 88.4 94.7

Table 4.7 Maximum Part Temperatures for Different Forging Temperatures of

Al 7075
Temperature Maximum Part Maximum Part
of the Billet Temperature for Upsetting | Temperature for Finish
(°C) (°C) (°C)
375 392.9 429.1
400 417.2 447.1
425 439.1 464.0
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Figure 4.28 Die Force for Upsetting Operation of Aiminum Alloy 7075

at 375°C
£ Force
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Figure 4.29 Die Force for Finish Operation of Alumhum Alloy 7075 at 375°C
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Figure 4.32 Temperature Distribution for Upsetting Operation of Aluminum
Alloy 7075 at 375°C
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Figure 4.33 Temperature Distribution for Finish Opeation of Aluminum
Alloy 7075 at 375°C
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Figure 4.34 Die Force for Upsetting Operation of Aiminum Alloy 7075

at 400°C
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Figure 4.35 Die Force for Finish Operation of Alumhum Alloy 7075 at 400°C
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Figure 4.40 Die Force for Upsetting Operation of Aiminum Alloy 7075
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Figure 4.41 Die Force for Finish Operation of Alumhum Alloy 7075 at 425°C
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CHAPTER 5

MANUFACTURING OF THE FORGING DIES AND EXPERIMENTS O F
ALUMINUM FORGING PROCESS

Design of the upsetting and the finish dies haslscribed in detailed according
to the 10 MN SMERAL mechanical press die holdemgety and; the finite volume
simulation and their results have been given inpBdrad. In this chapter, initially
manufacturing of the upsetting and the finish diéé be mentioned and then the
experiments based on the simulation results for7®i&-0 type of aluminum alloy

will be explained with the forging equipment usedtidg experiments.
5.1 Manufacturing of the Forging Dies

The upsetting and finish dies have been manufadtiteMETU-BILTIR Center

CAD/CAM Laboratory with the proper CAD/CAM approadfor the manufacturing
of the dies, "Dievar" is selected as the die makd&1]. Detailed properties of the
"Dievar" are given in Appendix D. After selectirfietdie material, raw die materials
are turned according to the die holder dimensioms the die after the turning

operation is given in Figure 5.1.

After the turning process, MAZAK Variaxis 630-5Xdh-speed vertical milling
machine are used for the production of the forglieg. NC codes, e.g. G-codes, for
manufacturing of the dies are obtained by usingntaufacturing module of the
PRO/ENGINEER Wildfire 3.0 [44] and then these codes loaded to MAZAK
Variaxis 630-5X through the computer interface. eAfthe codes are loaded to
machining center, dies are produced according @saad the die in the machining

process in the high-speed vertical milling mactiar be seen in Figure 5.2.
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Figure 5.1 Die after Turning Operation

Figure 5.2 Machining of Dies in MAZAK Variaxis 6305X
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Views of lower finish die, upper finish die and eftsng die after machining

processes are given in Figure 5.3, Figure 5.4 aar& 5.5 respectively.

After the production of the dies has been completesly are sent for heat treatment.
Heat treatment should be done since high loadsappdied on the die during the
forging operation and soft raw die material withbeat treatment may cause failure.
Details of the heat treatment process, hardnesg \@tained by using the portable
hardness measuring instrument in METU-BILTIR Cenffarging Research and

Application Laboratory and true stress-true straimves for different temperatures
for the Dievar tool steel obtained after the cregperiment in the METU Central

Laboratory are given in Appendix D.

Figure 5.3 Photograph of Upper Die
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Figure 5.4 Photograph of Lower Die

Figure 5.5 Photograph of Upsetting Die
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5.2 Preparation for the Experiments

Before the experiments, some preparations are roatlefor the experiment setup
and the initial billets. Billets are cut to the oted length in the sawing machine and
their dimensions are measured by the digital cedipad weighed by using precision
balance with the tolerance of the + 0.01 gram asbeashown in Figure 5.6.

Figure 5.6 Photograph of Billet on Precision Balane

Dimensions of the billets and their weights beftire forging process are given in
Table 5.1. In Table 5.1, some variations in the atigions of the billet can be
observed and because of these variations also tsedflthe billets show variations.
Reasons of these variations are basically cuttimglition of the sawing machine and

diameter variation of bought aluminum products.
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The set up begins with the upper upsetting andupgper finish dies with the aid of
the hydraulic jack. The upper dies are raised ¢odisired height with the hydraulic
jack and then the upper die is aligned that thedeyhe die holder housing will fit
into the key way on the upper die to prevent thatimnal motion. After that, the
upper dies are fastened from the front taper ar#t bale of the die with clamping
elements and bolts. The hydraulic jack is downed #re set up of upper dies is
completed. The lower dies are also set up withstwime way of the upper dies.
Lower dies are again initially aligned that the l®ythe die holder housing will fit
into the key way on the lower die and then mouriteth the front taper and back
side of the die by using the clamping elementslaoits as can be seen from Figure

5.7. After the dies are properly set up, experirgon process begins.

Figure 5.7 Clamping of Lower Finish Die in Die Holer
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Table 5.1 Billet Dimensions and Billet Weights

Billet No Billet Diameter | Billet Length | Billet Mass
(mm) (mm) (@)

1 30.03 32.06 63.30
2 29.99 32.12 63.38
3 30.06 32.21 63.70
4 30.06 32.19 63.62
5 29.99 32.12 63.38
6 30.00 32.09 62.97
7 30.05 32.01 63.07
8 30.06 32.05 63.45
9 30.10 32.20 64.19
10 30.10 32.15 63.80
11 29.95 32.40 64.29
12 29.96 32.20 63.84
13 30.00 32.01 63.20
14 30.02 32.01 63.37
15 30.02 32.10 63.46
16 29.95 32.36 64.31
17 30.05 32.16 63.95
18 30.02 32.45 64.15
19 30.04 32.15 63.76
20 30.07 32.21 64.05
21 30.04 32.39 64.39
22 30.02 32.03 63.66
23 29.96 32.25 63.88
24 30.00 32.07 62.94
25 30.03 32.10 63.48
26 30.10 32.15 63.80
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Table 5.1 Billet Dimensions and Billet Weights (Catnued)

Billet No Billet Diameter | Billet Length | Billet Mass
(mm) (mm) )
27 30.05 32.18 64.12
28 30.00 32.05 63.55
29 30.03 32.10 62.82
30 30.06 32.17 64.20
31 30.06 3241 64.62
32 30.05 32.20 63.85
33 30.12 32.23 64.53
34 30.14 32.09 64.22
35 30.08 32.16 63.73
36 30.12 31.98 63.60
37 30.06 32.12 64.02
38 30.03 32.00 63.47
39 30.10 32.15 64.31
40 30.14 32.00 63.95
41 30.12 32.18 64.51
42 30.04 32.00 63.47
43 30.00 32.06 63.45
44 30.00 32.03 63.51
45 30.14 32.04 64.24
46 30.03 32.65 65.05
47 30.05 32.22 64.18
48 30.14 32.23 64.67
49 30.06 32.70 65.21
50 30.09 32.15 64.27
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5.3 Experimentation of the Aluminum Forging Process

In the experiments, firstly billets are heated.c8imelting point of the aluminum is
low, it is difficult to control the temperature the heaters like induction heater and
the careful handling is required during the heatdillets. In heating stage, 125
KVA- 3000 Hz induction heater, which is available METU-BILTIR Center
Forging Research and Application Laboratory, issidered to use for heating and it
was asked to the producer if this heater is swatédsl the heating of aluminum billets
or not. They suggested an additional induction dreaith a hot frequency range of
500-1000 Hz although small diameter of aluminuntekslcan be heated at 3000 Hz
frequency according to results of the heating erpants [52]. Due to small diameter
of billets is used in this study; numerous heatipgrations are realized to see if the
desired billet temperature is achieved or not. H@xeduring the heating process,
the aluminum billets reached its melting tempetuefore steady-state is achieved.
Due to these difficulties, although it is not sbieafor mass production, electrical
box type furnace is used during the experimenisttation of the heated billet at the
induction heater exit and pyrometer which meastire®xit temperature of the billet

is shown in Figure 5.8.

£
=

Figure 5.8 Heated Billet at the Induction Heater Ex
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The billets are put into the Protherm chamber fcerand temperature of the furnace
is set to the 450C. 450°C is selected for the furnace temperature aftestimee test
to achieve the desired temperature in press beffanging. Photograph of the
Protherm chamber furnace is given in Figure 5.9.

Figure 5.9 Photograph of the Protherm Chamber Furnae

While billets are put and waited in the furnaceathry of the dies is performed.
Heating of the dies is critical in aluminum forgipgocess since temperature ranges
are low for aluminum forging and heating of thesdi® required to prevent to cooling
of the aluminum billet rapidly. Heating of the diessrealized by two LPG heater
flame guns as shown in Figure 5.10. Temperaturgbheoflies are measured with a
portable optical pyrometer every 15 minutes dutlrggheating stage. There are three
different optical pyrometers in METU-BILTIR Centeforging Research and
Application Laboratory to measure the temperataréhe experiments. But, during

the experiments, only two of them have been ushkd.fifst one is a fixed pyrometer
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at the induction heater exit as can be pointedipusly. The second one is the
portable optical pyrometer with the temperaturegeas82°C to 600°C. The dies are
heated to temperature value between ZD@ 250°C for 1.5 hours and during the
experiment, temperatures of the dies are checkethéyportable pyrometer after
every 5 parts forged. Since the part is small wbempared to the dies, dies cool
during the forging process and if the die tempeestare below the desired range at
the check points, dies are reheated to increatbeetiotemperatures. Since the furnace
is used during experiment, it is easy to reheatdthe without cooling of the billets

and to control the desired die temperatures.

Figure 5.10 Heating of Dies by Using LPG Heater Flae Guns

Before the experimentation is begun, lubricantpiiged to the dies with the aid of
the air through the lubrication gun. In this expesint, colorless water soluble
lubricant suitable for aluminum forging operatienused. Technical specification of

this lubricant is given in Appendix E.
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During the experiments, firstly single stage forggprocess is realized to verify the
folds formation for single stroke operation in tfieite volume simulations. In
Figure 5.11, the fold formation obtained during esqment for the single stroke
operation is shown. As seen from the figure, fela@it the half of the hexagonal hole
like a line while at the corner of the hexagonalehdt grows in volume. The fold
formation in Figure 5.11 shows that it is necessheymake two stage operations. As
a result, finite volume simulation gives very siamnikesult with the experiments and
finite volume programs are very suitable to prediwt forging stages and forging

behavior of the required operations.

Figure 5.11 Fold Formation for Single Stroke Forgilg Operation

From Figure 5.12 to Figure 5.16, forging stageshef parts are given for the two
stages forging operations. Billet is taken from flnenace and placed onto the
upsetting die and after upsetting is completed, fthish operation is applied and

finally parts are obtained as given in Figure 5.16.
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Figure 5.12 A View of Heated Billet in the Furnace

RpRERTiier - ram
Ly Semenam it |

Figure 5.13 A View of Heated Billet on the Upsettig Die
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Figure 5.14 A View of the Part after Upsetting onhe Finish Die

Figure 5.15 A View of Finish Part on the Finish Die

89



Figure 5.16 Views of Finish Parts

5.4 Results for the Experiment

During the experiments, the billet temperature befopsetting, part temperature
after upsetting that is before finish and part terafure after finish are measured and
tabulated. The die temperatures are also measaregléry 5 parts to keep the die
temperatures within the desired range. The datarded during the experiment is
given in Table 5.2. Furthermore, the forging parissm measured by precision
balance to see if there is any scale formation air after forging is cleaned, its
dimensions and flash thickness are measured by Wk digital calipers after the

forging operation and its values are tabulatedahld 5.3.
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Table 5.2 Experimental Data Recorded during Forging’rocess

Billet Temperature

Part Temperature

Part Temperature

Billet No Before After After
Upsetting Upsetting Finish Forging
(°C) (*C) (°C)
1 390 420 441
2 395 430 460
3 404 425 434
4 408 435 450
5 392 420 467
6 375 402 436
7 393 420 436
8 385 420 435
9 405 433 445
10 410 425 435
11 370 392 401
12 365 384 391
13 383 409 454
14 415 422 467
15 402 427 448
16 383 417 445
17 387 417 440
18 389 402 437
19 401 421 434
20 370 385 410
21 405 420 445
22 396 409 440
23 375 390 415
24 402 415 440
25 396 420 455
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Table 5.2 Experimental Data Recorded during Forgind’rocess (Continued)

Billet Temperature

Part Temperature

Part Temperature

Billet No Before After After
Upsetting Upsetting Finish Forging
(°C) (*C) (*C)
26 380 413 423
27 370 392 420
28 407 425 440
29 405 420 447
30 405 425 456
31 396 424 460
32 397 429 455
33 391 425 463
34 408 421 439
35 397 410 426
36 396 412 430
37 402 416 430
38 395 405 435
39 393 407 442
40 412 427 438
41 382 396 425
42 410 425 460
43 403 417 455
44 401 411 463
45 389 401 439
46 403 417 443
47 410 416 435
48 396 410 429
49 404 414 422
50 400 423 445
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Table 5.3 Experimental Data Measured after the Forimg Process

Hexagonal | Hexagonal
Billet Part Height | Length | Width Cavity Cavity I-:Iash
No Mass (mm) | (mm) | (mm) Height Length Thickness
(9 (mm) (mm) (mm)
1 63.29| 18.05 | 40.07| 40.071 11.98 18.97 1.86
2 63.36| 18.04 | 40.09| 40.08 11.97 19.05 1.82
3 63.70| 18.05 | 39.98| 39.971 11.97 19.04 1.81
4 63.62| 18.17 | 40.08| 40.08 12.00 18.98 1.90
5 63.36| 18.12 | 40.20| 40.18 12.04 19.08 1.88
6 62.97| 18.01 | 40.07| 40.071 12.02 19.08 1.80
7 63.06| 18.15 | 40.12| 40.17 11.98 19.13 1.88
8 63.44| 18.00 | 39.98| 39.98 12.01 19.01 1.82
9 64.15| 18.19 | 40.09| 40.09 11.98 19.14 1.88
10 | 63.80| 18.33 | 40.22| 40.27 12.07 19.07 1.95
11 | 64.27) 18.09 | 40.05| 40.05 11.98 19.02 1.81
12 | 63.84] 18.05| 40.09| 40.09 11.97 19.05 1.84
13 | 63.19 17.95| 40.05| 40.05 12.03 19.01 1.76
14 | 63.37| 18.05 | 40.07| 40.07 11.90 19.10 1.85
15 | 63.44) 18.07 | 40.06| 40.07 11.96 19.05 1.86
16 | 64.31) 18.05| 40.04| 40.01 12.01 19.02 1.83
17 | 63.90, 18.07 | 39.97| 39.99 11.95 18.95 1.85
18 | 64.12) 18.12 | 40.04| 40.08 12.07 19.05 1.87
19 | 63.75 18.25 | 40.00| 40.00 11.94 19.03 1.94
20 | 64.03 18.01 | 39.98| 39.98 11.99 19.01 1.79
21 | 64.36| 18.18 | 40.11| 40.11 12.03 19.12 1.96
22 | 63.66| 18.09 | 40.07| 40.071 12.05 19.07 1.88
23 | 63.88| 18.04 | 40.01| 40.01 11.95 19.01 1.82
24 | 62.93] 18.31 | 40.03| 40.03 12.07 18.95 2.01
25 | 63.48 17.99 | 40.02| 40.0Z 12.01 18.99 1.79
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Table 5.3 Experimental Data Measured after the Forimg Process (Continued)

Hexagonal | Hexagonal
Billet Part Height | Length | Width Cavity Cavity Flash
No Mass (mm) | (mm) | (mm) Height Length Thickness
) (mm) (mm) (mm)

26 | 63.80| 18.02 | 40.07| 40.07 11.98 19.03 1.85
27 | 64.12] 18.04 | 39.99| 40.0¢ 12.01 19.01 1.86
28 | 63.55] 18.09 | 40.03| 40.03 12.05 19.04 1.87
29 | 62.81] 18.00 | 40.01|, 40.01 11.99 19.04 1.80
30 | 64.20] 18.02 | 40.05| 40.058 11.98 19.04 1.78
31 | 64.62] 18.03 | 39.88| 39.88 11.97 19.01 1.75
32 | 63.83 18.02 | 39.98| 39.98 11.99 19.03 1.78
33 | 64.53] 18.05| 40.06| 40.09 12.02 18.97 1.85
34 | 64.21] 18.06 | 40.12| 40.14 12.06 19.02 1.87
35 | 63.73] 18.10 | 40.08| 40.08 11.96 19.09 1.89
36 | 63.64| 18.13 | 40.05| 40.08 12.06 19.07 191
37 | 64.02 18.08 | 40.13| 40.13 12.00 19.10 1.85
38 | 63.47] 18.14 | 40.07| 40.07 11.95 19.02 1.93
39 | 64.31 18.21 | 40.01|, 40.01 12.06 19.09 1.96
40 | 63.97| 18.19 | 40.02| 40.01 11.99 19.07 1.96
41 | 64.51 18.25| 39.98| 39.98 12.06 19.07 2.04
42 | 63.48 18.03 | 40.02| 40.07 12.01 19.05 1.81
43 | 63.45 18.01 | 40.01| 40.01 11.98 19.03 1.79
44 | 63.50, 18.01 | 40.02| 40.07 12.03 18.98 1.80
45 | 64.22) 18.01 | 39.99| 39.99 11.96 19.01 1.81
46 | 65.02) 18.05| 40.05| 40.07 12.08 18.98 1.86
47 | 64.17) 18.08 | 40.01| 40.04 11.96 18.99 1.86
48 | 64.57| 18.04 | 40.08| 40.09 11.97 19.03 1.85
49 | 65.20, 18.09 | 40.12| 40.17 12.09 19.07 1.87
50 | 64.28 18.11 | 40.13| 40.15 12.06 19.10 1.90
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5.5 Discussion of the Results

Table 5.2 gives the temperature of the forging garing the forging process. In the
table, the maximum part temperature before upsggisint15°C while the minimum
part temperature is 36% although billets are waited in the furnace at466 °C.
These temperature differences arise from the losat df the billet to the ambient
while carrying it and the temperature of the diaesirdy the forging operation since
aluminum losses heat very rapidly if the die terapgme is below the desired
temperature. Temperature can also be measured bedodesired temperature due to
time delay in measuring the temperature of theebiHowever, results are mostly
suitable with the finite element result which istdéid in Table 4.7 although it is very
difficult to control the temperature of the forgingring the experiments. Average
value of the temperature raise after upsettingbigined as 16.5C in the finite
volume simulation from Table 4.7 while average eatd the temperature raise after
upsetting during the experiments is obtained a¥2flom Table 5.2. Also, average
value of the temperature raise after finish operats obtained as 46 in finite
volume simulation while average value of the terapge raise after finish operation
during the experiments is obtained as 445 In addition, since the forging part
temperature did not exceed the solidus temperatudy7 °C, there are no thermal
defects observed during forging operations. As $e@n the results, there are slight
discrepancies between the numerical results anéxperimental results due to the
experimental setup such as heating of the diestingeaf the billets and the
sensitivity of the pyrometer used during the foggiroperations. However,
temperature values obtained during experimentssthlewithin the temperature
ranges obtained from the finite volume simulatiomentioned above. Closer
temperature values can be also obtained by megsthi temperature from the

maximum temperature zones although it is difficult.

Furthermore, in Table 5.3, dimensions of the foggart and the forging part mass
after the forging operation are given. When mas$segof the Table 5.1 which gives
mass of the billet before forging and Table 5.3chigives mass of the part after the

forging completed, it is easily seen that masshef hillet before forging and after
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forging are the same for the majority of the p&rom the result of the mass of the
billet before forging and part mass after forgirigzan be concluded that there is no

scale formation for the aluminum forging.

Figure 5.17 Forged Part Obtained in the Experiment

Additionally, dimensions of the forged part showrfFigure 5.17 according to Figure
5.18 are given in Table 5.3. Dimensions of the pegtgiven as 40 mm for the length
and width and 18 mm for the height with the + 0.5 rtwlerances from the technical
drawing of the part in Appendix A. From Table 53 maximum width and length
are measured as 40.22 mm while the minimum val39.88 mm and part height is
between 18.33 mm and 17.95 mm. These dimensionwittte the recommended
tolerance limits. Also, hexagonal cavity height dadgth are 12 mm and 19 mm
from the technical drawing of the part in Appendix respectively. During the
experiments, the hexagonal cavity height is obthipetween 11.90 mm and 12.09
mm and hexagonal length is obtained between 18.8band 19.14 mm in the

required tolerance values. On the other hand |ésé thickness is measured between
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the 1.75 mm and 2.04 mm although flash thicknesisevis taken as 1.8 mm during

the finite volume analysis.

Length Hexagonal Cavity
Length

ra—————Width ——

Hexagonal Cavity
Height

Figure 5.18 Forged Part Dimension Representation

5.6 Effect of Forging Temperature on the Part

During the experiments, temperature of the inibdlet was decreased to see the
effect of the forging temperature on the forged pad as a result of this to see if the
forging defects occur or not. Hence, as seen inrEic.19, four different forging
temperatures 208C, 250°C, 300°C and 35(°C was studied in additon to 46C
which have been described previously in this chrafgitke experimental setup and
die temperatures are the same as the previousnéprgxperiment. In the

experiments, ten billets were forged for each oé ttour different forging
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temperatures; and the experimental data recordexebthe forging operation and

after the forging operation are provided in Appearfeli

Figure 5.19 Forged Part Obtained in the Experimentor Different Forging

Temperatures

In the experiments, the forging temperature wagtlfirdecreased to the 35Q and
there was no forging defects observed at this teatpee for the ten different part
forged. Thus, the forging temperature was decreasethe 300°C and forging
operation was completed at this temperature arleatnd of the forging operation
crack formation were seen in the two forgings. Theck were occured in the flash
zone as seen in Figure 5.20. Therefore, the Hiflatperature of 306C can be
practically applicable for this particular part gestry. The forging temperature was
decreased to the 258G and it was observed that defected part numbesnhe three
and the cracks were observed in the flash zonkeofdrgings. Although at this time
the cracks observed were greater in length thain #se 300°C as seen in Figure
5.21, the billet temperature of 258G can still be applicable for this particular part
geometry. Finally, the experiments were realized2@® °C and four parts had
defects. As seen in Figure 5.22, the cracks wearadd increasingly also in the flash

zone of the forgings in this temperature.
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Figure 5.20 Crack Observation in the Flash Zone fothe Forging Temperature
of 300°C

Figure 5.21 Crack Observation in the Flash Zone fothe Forging Temperature
of 250°C

99



Figure 5.22 Crack Observation in the Flash Zone fothe Forging Temperature
of 200°C

The cracks were occurred in the flash zones of firgings for the forging
temperatures of 208C, 250°C and 300°C as seen in the results. Although these
temperatures can be suitable for this particular gggometry, they can be critical for
the different part geometries,and careful handliag be required during forging

process for the different part geometries.
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CHAPTER 6

FINITE VOLUME SIMULATIONS AND EXPERIMENTS OF ALUMIN UM
ALLOY 6061

6.1 Introduction

Aluminum alloy 6061 is one of the most importanirainum alloy used in different
application areas such as aircraft fittings, cowgdi marines fittings, electrical

fittings, brake pistons, hydraulic pistons and esly49].

6061 type of aluminum alloy forging products hawe=ib used widely in aerospace,
automotive and defense industry like 7075 typelofménum alloys. In this chapter,
finite volume simulation of the suggested forgingemtion for the particular part
described in Chapter 4 will be performed for thé 5O type of aluminum alloy; and
the experiments will be realized. Results of th@td volume simulations and
experiments for 6061-0 type of aluminum will be quared with the simulation
results and the experimental results for the 70Tgp@ of aluminum alloy, which

have been given in Chapter 4 and 5.
6.2 Finite Volume Simulation of Aluminum Alloy 6061

In the simulation of 6061-0 type of aluminum alldyo stages forging process has
been investigated similar to that described in @Gdrag. The billet material was
chosen as 6061-0 which is presented in materialbdae of SfForming 8.0 [45] for
the temperature range of 250-580. Yield stress-strain rate curves of aluminum
alloy 6061-0 are given in Figure 6.1 for the straih 0.115 for the different
temperatures according to Table 6.1 and its matpr@perties are given in Table
6.2.
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The tensile yield strength and the ultimate tenstlength of the aluminum alloy
6061-0 are given in Equation 6.1 and Equation 6caling to the simple tension
test at the room temperature [49]. These valuesfaarly below the tensile yield
strength and the ultimate tensile strength valdeswminum alloy 7075-0 given in
Chapter 4.

o, =55.2 MPa (6.1)

Ous =124 MPa (6.2)

In the simulation process, forging dies, the biltBmensions and the forming
properties were used same as in Chapter 4. |tétiaperature of the billet is taken as
200°C, 250°C, 300°C, 350°C and 400°C. Initial temperature of the dies is assumed
as 200 °C and the plastic shear friction is 0.2.

Table 6.1 Flow Stress Parameters for 6061-0 [45]

Strain Rate Yield Stress according to Temperature
(1/s) 250°C | 300°C | 350°C | 400°C | 450°C | 500°C
0.01 60.24| 47.75| 37.85 29.99 2377  18.84
0.34 89.77| 71.16| 56.41 4470 3542  28.08
0.67 96.95| 76.84| 60.90 48.27 3826  30.32
1.00 101.44 80.39] 63.73 50.50 40.04 31.72
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Figure 6.1 Stress-Strain Rate Curves of 6061-0 f@ifferent Temperatures [45]

Table 6.2 Material Properties of 6061-0 [45]

Material Property Value
Young's Modulus (GPa) 36.81
Poisson's Ratio 0.333

Density (kg/m) 2640

Thermal Conductivity (Watt/(m*K)) 193
Specific Heat Constant (Joule/(kg*K) 113

Coefficient of Thermal Expansion (1/K) 2.8ei5
Solidus Point{C) 582

Melting Point {C) 652
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In the simulations, 25512 and 24977 finite volunieneents are created for the
upsetting operation and the finish operation retpely as in Chapter 4 for the
defined wokpiece element size of 1 mm. However, finde volume element

numbers changes during the simulation since nevhesesre created.

Although it changes for each analysis, the simoifatime is measured as nearly 3
hours for the upsetting operation while the simatatime is nearly 9.5 hours for the
finish operation for a workstation with 3 GHz (¥&pcessor and 4 GB RAM.

6.2.1 Simulation Results of Aluminum Alloy 6061 foithe Particular Part

The force requirement, the effective stress distiim and the temperature
distribution obtained from the finite volume prograare given in Figures 6.2-6.31
and their maximum values are given in Tables 643-far the initial billet
temperatures of 20T, 250°C, 300°C, 350°C and 400C.

In Figure 6.2 and 6.3, the die forces for 6061etpf aluminum alloy are given for
the billet temperature of 200C for the upsetting and the finish operations
respectively. In Figure 6.4 and 6.5, the effecBuess distributions are presented in
ten steps for the billet temperature of 28D for the upsetting and the finish
operations respectively. The temperature distrilmsti are given in two steps in
Figure 6.6 for the upsetting operation and in Fegér7 for the finish operation for
the billet temperature of 20. Similarly, the die forces, the effective strassl the
temperature distributions are given in Figures @13, Figures 6.14-6.19, Figures
6.20-6.25 and Figures 6.26-6.31 for the billet terapure of 250C, 300°C, 350°C
and 400°C respectively.
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Figure 6.2 Die Force for Upsetting Operation of Alminum Alloy 6061 at 200°C
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Figure 6.3 Die Force for Finish Operation of Alumirum Alloy 6061 at 200°C
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Figure 6.6 Temperature Distribution for Upsetting Operation of Aluminum
Alloy 6061 at 200°C
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Figure 6.7 Temperature Distribution for Finish Operation of Aluminum Alloy
6061 at 200°C
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Figure 6.8 Die Force for Upsetting Operation of Alminum Alloy 6061 at 250°C
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Figure 6.9 Die Force for Finish Operation of Alumirum Alloy 6061 at 250°C
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Figure 6.14 Die Force for Upsetting Operation of Aiminum Alloy 6061
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Figure 6.15 Die Force for Finish Operation of Alumhum Alloy 6061 at 300°C
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Figure 6.21 Die Force for Finish Operation of Alumhum Alloy 6061 at 350°C
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Figure 6.27 Die Force for Finish Operation of Alumhum Alloy 6061 at 400°C
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Table 6.3 Maximum Die Force and Effective Stres®f Different Forging

Temperatures of Al 6061

Maximum _ Maximum Maximum
] Maximum ) )
Billet Die Force _ Effective Effective
Die Force
Temperature for o Stress for Stress for
_ for Finish ) o
(°C) Upsetting Upsetting Finish
(Ton)

(Ton) (MPa) (MPa)
200 11.6 44 .4 158.4 185.4
250 11.2 39.5 156.7 172.0
300 9.0 34.1 128.3 138.4
350 7.2 29.4 102.7 111.2
400 5.8 25.7 81.9 90.5

Table 6.4 Maximum Part Temperatures for Different Forging Temperatures of

Al 6061
Maximum Maximum
Billet Part Part
Temperature | Temperature Temperature
(°C) for Upsetting for Finish
(*C) (*C)
200 225.9 280.9
250 275.0 319.7
300 319.9 356.2
350 365.7 395.0
400 412.2 435.2
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Table 6.5 Comparison of the Finite Volume Simulatio Results of Al 6061 and
Al 7075 for 400°C

Simulation Results Al 7075 Al 6061
Maximum Die Force for Upsetting (Ton) 7.4 5.8
Maximum Die Force for Finish (Ton) 29.2 25.7

Maximum Effective Stress for Upsetting (MPa)| 100.2 81.9
Maximum Effective Stress for Finish (MPa) 108.7 90.5
Maximum Part Temperature for Upsetting (°C) | 417.2 412.2
Maximum Part Temperature for Finish (°C) 447.1 435.2

As seen in Table 6.3, the maximum die force forittigal billet temperature of 200
°C is about two times greater than the maximum dieef for the initial billet
temperature of 408C for the upsetting and the finish operations. Weximum die
force increases as the initial billet temperatueerdases as expected as given in
Table 6.3. However, when the maximum die force emlaf this type of aluminum
alloy are compared to the maximum die force vabfahe 7075-0 type of aluminum
alloy in Table 6.5, it is seen that the maximum fliece requirements are less in

forging of 6061-0 type of aluminum alloy.

The maximum effective stress values are also gimemable 6.3. As seen in the
table, the maximum effective stress values are4l88a and 185.4 MPa for the
initial billet temperature of 208C for the upsetting and the finish forging openatio
respectively while the maximum effective stressiealare 81.9 MPa and 90.5 MPa
for the initial billet temperature of 40U for the upsetting and the finish forging
operation, respectively. On the other hand, theimam effective stress values are
less in forging of 6061-0 type of aluminum alloyavhcompared to the 7075-0 type
of aluminum alloy for the initial billet temperatuof 400°C from Table 6.5. Since

lower stresses are achieved in the finite volummukitions of 6061-0 type
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aluminum alloy, it can be said that flow stresseshis type of aluminum alloy is

lower than the 7075-0 type of aluminum alloy.

As seen in Table 6.4, at the low billet temperatuthe effect of temperature during
forging are greater while the effect of temperatlgereases as the billet temperature
increases. For example, temperature difference dmtwthe maximum part
temperature in the finish operation and the bikehperature of 200C is 80.9°C
while it is 69.7°C, 56.2°C, 45.0°C and 35.2C for the billet temperatures of 280,
300°C, 350°C, 400°C respectively. One of the most important reasaihisfeffect is
the die temperatures since the die temperatured@ge to the billet temperatures for
the low forging temperatures and heat transfer éetathe part and the billet is less
for the low billet temperatures. . However, the imaxm temperature rise is 447Q

in finish operation for 7075-0 type of aluminum ogil for the 400°C billet
temperature while the maximum temperature rise8& 2°C for the 6061-0 type of
aluminum alloy in same temperature as given in &&hb. The temperature rise
effect is less critical in forging of 6061-0 typealuminum alloy when compared to
the 7075-0 type of aluminum alloy as seen fromdineulation results of these two

aluminum alloy groups.
6.3 Experiments of Aluminum Alloy 6061

In the experiments, effect of the temperature enftinging part has been performed
and the results of the experiments of 6061-0 typalominum alloy have been
compared with the experiments of 7075-0 type of@twm alloy for the forging
temperatures of 20T, 250°C, 300°C, 350°C and 400C.

During the experiments the same forging dies weetlland the same experimental
procedure was applied as explained in Chapter & dies were heated to the
temperature between the 280 and 250C by using the LPG flame gun heaters and
the billets were heated by using electrical boxetjyornace. The temperature of the
furnace was decreased after each set of ten fa&rging when the furnace reached to
the steady state condition, the experiments wemgedaon for that temperature. The

temperature of the dies and the billets were ctlattdy using the optical pyrometer
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during the forging process. The set with ten Islletere forged for the billet
temperatures of 208C, 250°C, 300°C, 350°C and 400°C and therefore fifty
forgings were produced at the end of the experiméirite billets were weighed with
using the precision balance and their diameters langths were measured with
using the digital calipers before the experimeats] their tabulated values are given
in Table 6.6 according to five different billet tperatures. The experimental data
recorded during the forging operation (i.e. tempagarise values) is given and the
experimental data recorded after forging operasioch as dimensions and weights
of the forged parts are given in Table 6.7 and @#&b8 respectively according to the
initial billet temperatures. There are no forgingfetts such as cracks observed
especially at the flash zone for the all forgingmperatures during the experiments of
6061-0 type of aluminum alloy although the craclsawbserved in the experiments
of 7075-0 type of aluminum alloy for some billetriperatures in Chapter 5 and the

forging parts for the different forging temperatare given Figure 6.32.

In Table 6.7, the temperature rise during the faygxperiments of 6061-0 are seen
for the different initial billet temperatures. Agen in the table, the maximum
temperatures before the forging operation are nedsas 208C, 261°C, 312°C,
360°C and 409C while the minimum part temperature is measureti9sC, 245
°C, 292°C, 342°C and 398C for the billet temperatures of 260, 250°C, 300°C,
350°C and 400°C respectively.

nned Isned 3nnoc 3soel 400

Figure 6.32 Final Forgings of 6061-0 for DifferenBillet Temperatures
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The average values of the temperature rise duhiagekperiments are obtained as
23.8°C, 19.1°C, 18.9°C, 14.6°C and 10.7°C in the upsetting operation while
average values of the temperature rise duringithelations are obtained as 25(@,
25.0°C, 19.9°C, 15.7°C and 12.2C in the upsetting operation for the initial billet
temperatures of 208C, 250°C, 300°C, 350°C and 400°C respectively. For the
finish operation, the average values of the tentpegarise during the experiments
are obtained as 81°€, 66.4°C, 50.3°C, 47.4°C and 34.7C while average values
of the temperature rise during the simulationsauained as 80.%C, 69.7°C, 56.2
°C, 45.0°C and 35.2C in the finish operation for the initial billetrtgperatures of
200 °C, 250°C, 300 °C, 350 °C and 400°C respectively. As seen from the
temperature rise results, the experimental resukisgenerally consistent with the
finite volume simulation results and there are $uliffierences due to similar reasons
discussed in Chapter 5. Also, as seen from the d¢emiyre rise results of the
experiments, when the temperature of the initil¢bincreases, the temperature rise
during the upsetting and finish operation decreadéfough the temperature rise
effect is greater in low initial billet temperaturié is not critical since it does not
exceed the melting temperature of the 6061-0 tymdumninum alloy. For the initial
billet temperature of 408C, the maximum temperature during the forging ofpemna
reaches to 456C and it is fairly below the melting temperaturds6061-0 type of

auminum alloy.

Moreover, when the billet mass values before faygiperation and the forged part
mass after the forging operation were measuredvas ¢gn Table 6.6 and Table 6.8
respectively, it was seen that the weight valuesgh within the tolerance limit of
precision balance. Due to this reason, there arscate formation observed also in
forging of 6061-0 type of aluminum alloy. As seentle Table 6.8, the dimensions
of the forgings height, forgings width and lendtiexagonal cavity height, hexagonal
cavity length and the flash thickness are withie tecommended tolerance values
with £ 0.5 mm from the technical drawing of the tpar Appendix A. Also, the
forged part dimensions are small for the low bitketnperatures since forging dies
were manufactured with considering the thermal agjmm of the forged part for the
billet temperature of 408 and used for all temperatures.
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Table 6.6 Billet Dimensions and Billet Weights oftte Aluminum Alloy 6061 for

Different Temperatures

Billet _ Billet Billet _
Billet _ Billet Mass
Temp. Diameter Length

] No (9)

C) (mm) (mm)
1 30.09 32.17 61.09
2 30.21 32.23 62.12
3 29.96 32.19 60.71
4 30.00 32.10 60.59
5 30.03 32.56 61.68

200
6 30.20 32.21 62.01
7 29.93 32.52 61.88
8 30.00 32.08 60.48
9 30.10 32.04 61.13
10 30.09 32.07 61.13
1 30.09 32.67 62.35
2 30.08 32.00 60.55
3 29.93 32.01 60.14
4 30.03 32.12 61.25
5 30.03 32.18 60.86

250
6 30.03 32.88 62.78
7 30.02 32.17 60.83
8 30.13 32.08 61.08
9 30.18 32.27 62.11
10 30.02 32.18 61.00
1 29.97 32.24 61.09
2 30.01 32.38 61.65

300 3 29.97 32.50 61.28
4 30.03 32.41 61.47
5 30.20 32.12 62.09
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Table 6.6 Billet Dimensions and Billet Weights oftte Aluminum Alloy 6061 for

Different Temperatures (Continued)

Billet _ Billet Billet _
Billet _ Billet Mass
Temp. Diameter Length

o No (9)

C) (mm) (mm)
6 30.16 32.11 61.60
7 29.95 32.37 61.77

300 8 29.92 32.47 61.76
9 30.01 32.07 60.95
10 30.01 32.03 60.23
1 30.24 32.44 62.77
2 30.18 32.40 61.93
3 29.96 32.15 60.64
4 30.02 32.45 62.42
5 29.98 32.61 61.76

350
6 30.03 32.25 61.25
7 30.18 32.36 61.87
8 29.90 32.20 61.25
9 30.17 32.32 62.39
10 30.01 32.17 61.48
1 30.23 32.10 61.37
2 30.00 32.67 61.62
3 29.94 32.21 60.60
4 29.90 32.40 61.00
5 29.89 32.04 60.48

400
6 30.09 32.56 61.79
7 30.28 32.22 62.30
8 30.04 32.24 61.35
9 30.10 32.2 61.94
10 30.01 32.15 60.69
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Table 6.7 Experimental Data Recorded during Forgingrocess for the

Aluminum Alloy 6061 for Different Temperatures

Billet Billet Part Temperature | Part Temperature | Part Temperature
Temp. No Before Upsetting | After Upsetting After Finish
(*C) (*C) (°C) (*C)
1 198 223 276
2 202 224 277
3 201 227 282
4 199 221 284
5 208 228 279
200 6 197 219 278
7 195 219 280
8 200 226 282
9 204 226 290
10 195 224 285
1 259 282 325
2 254 278 317
3 251 280 320
4 261 278 316
5 258 275 318
250 6 254 265 322
7 245 261 312
8 246 261 315
9 250 267 328
10 261 283 330
1 303 320 355
2 306 323 350
300 3 308 323 355
4 302 322 354
5 312 331 368
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Table 6.7 Experimental Data Recorded during Forgingrocess for the

Aluminum Alloy 6061 for Different Temperatures (Continued)

Billet Billet Part Temperature | Part Temperature | Part Temperature
Temp. No Before Upsetting | After Upsetting After Finish
(*C) (°C) (°C) (°C)
6 306 320 348
7 307 329 351
300 8 298 321 355
9 292 312 347
10 298 320 352
1 348 363 400
2 351 367 408
3 354 369 404
4 342 350 390
5 345 362 393
350 6 351 368 399
7 360 375 397
8 354 363 394
9 351 368 397
10 354 371 402
1 308 414 450
2 402 413 441
3 403 415 437
4 405 412 430
5 409 417 442
400 6 402 412 438
7 401 410 434
8 405 413 431
9 400 415 436
10 407 418 440
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Table 6.8 Experimental Data for Forging of AluminumAlloy 6061

Billet | Forging | | HeXég. HeXég. Flash
e Billet | Part |Height|Length|Width Ca.\/lty Cavity Thickness
cc) No | Mass | (mm) | (mm) | (mm) |Height|Length (mm)
(@) (mm) | (mm)
1 61.09 | 18.13 40.20 40.21 12.08 19.12 1.85
2 62.12 | 18.10 40.19 40.19 12.05 19.07 1.83
3 60.72 | 18.06f 40.13 40.11 12.04 19.03 1.79
4 60.59 | 18.08 40.14 40.14 12.04 19.p4 1.81
5 61.68 | 18.05 40.15 40.14 12.05 19.p6 1.80
200 6 62.02 | 17.95 40.04 40.05 12.04 19.03 1.70
7 61.88 | 18.07] 40.12 40.15 12.07 19.p4 1.80
8 60.48 | 18.021 40.14 40.13 12.01 19.p4 1.77
9 61.12 | 18.07| 40.15 40.15 12.04 19.05 1.81
10 | 61.10| 18.07 40.18 40.16 12.10 19.08 1.82
1 62.35 | 18.05 40.11 40.09 12.04 19.05 1.80
2 60.56 | 18.07 40.10 40.11 12.03 19.p3 1.81
3 60.13 | 18.10f 40.08 40.08 12.08 19.p3 1.84
4 61.25 | 18.021 40.13 40.15 12.03 19.p1 1.79
5 60.86 | 18.03 40.10 40.10 12.03 19.p4 1.81
250 6 62.77 | 18.04f 40.10 40.09 12.06 19.p4 1.81
7 60.81 | 18.04f 40.09 40.09 12.05 19.p6 1.81
8 61.08 | 18.29 39.95 39.90 11.87 18.96 2.12
9 62.11 | 18.21] 40.05 40.02 11.92 18.p9 2.02
10 | 60.99 | 18.19 39.98 3995 11.91 18.97 2.0
1 61.10 | 18.05 40.03 40.03 12.04 19.p0 1.88
2 61.66 | 18.01] 40.04 40.05 12.01 19.p2 1.80
300 3 61.27 | 18.11 40.01 39.99 12.10 18.96 1.88
4 61.49 | 18.120 39.97 39.98 12.11 18.P0 1.90
5 62.09 | 17.98 40.03 40.02 12.01 19.02 1.75
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Table 6.8 Experimental Data for Forging of AluminumAlloy 6061 (Continued)

Billet | Forging | | HeXég. HeXég. Flash
- Billet | Part |Height|Length|Width Ca.\/lty Cavity Thickness
cc) No | Mass | (mm) | (mm) | (mm) |Height|Length (mm)
(@) (mm) | (mm)
6 61.59 | 18.01 40.04 40.04 12.01 19.p1 1.81
7 61.77 | 18.06 40.02 40.05 12.04 19.05 1.85
300 8 61.76 | 18.000 40.05 40.04 12.01 19.p2 1.80
9 60.94 | 18.01 40.04 40.04 12.01 18.99 1.80
10 | 60.22 | 18.02 40.04 40.06 12.00 19.03 1.80
1 62.78 | 18.021 40.01 40.03 11.95 18.97 1.84
2 61.92 | 18.00 39.98 39.98 11.99 18.99 1.80
3 60.65 | 18.01] 39.99 39.97 11.95 18.97 1.82
4 62.42 | 18.04f 40.03 40.02 11.97 18.98 1.84
350 5 61.76 | 18.25 39.87 39.85 11.83 181 1.96
6 61.24 | 17.960 39.98 39.98 12.01 19.p0 1.77
7 61.86 | 18.07] 39.91 39.90 11.90 18.86 1.89
8 61.25 | 18.000 39.97 39.97 11.98 18.99 1.81
9 62.40 | 18.000 39.98 39.98 12.00 18.98 1.81
10 | 61.48| 17.98 39.9% 39.97 11.98 18,99 1.80
1 61.36 | 18.200 39.84 39.84 11.75 18.85 2.05
2 61.63 | 17.93 39.91 39.91 11.99 18.97 1.75
3 60.60 | 18.16f 39.85 39.86 11.81 18.88 1.97
4 61.00 | 18.03 39.87 39.87 11.92 18.p1 1.87
400 5 60.49 | 18.00 39.92 39.92 11.98 18.96 1.79
6 61.78 | 17.91] 39.93 39.93 11.97 18.95 1.70
7 62.31 | 18.000 39.91 39.91 11.98 18.p6 1.79
8 61.35 | 18.01] 39.92 39.92 11.98 18.96 1.80
9 61.93 | 17.99 39.92 39.92 11.95 18.95 1.77
10 | 60.69 | 18.00 39.91 3991 11.97 18,97 1.80
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CHAPTER 7

CONCLUSIONS

7.1 Discussion of the Results

In this study, aluminum forging process of a paiac part has been realized. The
forging part and dies are designed according to @heninum forging design
parameters as explained in Chapter 3. The propfmsgohg process was simulated
for the initial billet temperatures of 3768, 400°C and 425C for the 7075-0 type of
aluminum alloy; and for the initial temperatures260°C, 250°C, 300°C, 350°C
and 400°C for the 6061-0 type aluminum alloy by a commeélgiavailable finite
volume program. Forging dies were produced in MEBIUTIR Center CAD/CAM
Laboratory and the experimental study was performied the two different
aluminum alloy groups (Al 7075 and Al 6061) and efidifferent forging
temperatures in METU-BILTIR Center Forging Researand Application
Laboratory. Results of the numerical and the expenital studies are compared and

conclusions are given as follows:

* To minimize the forging cost and forging time, fiysthe process with single
stage operation has been considered by the finltene simulation process.
However, it was seen that folds occur during sirgige operation. In the
computer analysis, the forging process with twogesawas found as

successful.

* The effective stress on the part decreases asniti@ temperature of the
billet increases. The maximum effective stress mxaduring the initial

contact of the lower and the upper die with the kpagce. The maximum
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effective stress on the part during the open uipsgeforging stage is lower

than that during the finish forging stage.

The maximum effective stresses are relatively lofeerthe 6061-0 type of

aluminum alloy when compared to the 7075-0 typalafinum alloy.

The maximum die force increases as the initial tnajpre of the billet
decreases. The die forces slightly increase atbttginning of the finish
forging stage and then the die forces increasesllyam fill the die cavity
completely. Moreover, the die forces are relatidelyer for the forging of
6061-0 type of aluminum alloys when compared to firging of 7075-0

type of aluminum alloys as seen from the finitewoé simulation results.

The part temperatures increase during the upsettimg finish forging
operations and the maximum temperatures occur etztimes where the
deformation on the part is high. Although the terapg&re rise seems to be
within the desired temperature range during alumirfarging simulations,
control of the temperature during experiments idicat to prevent the
melting of the aluminum billets during forging op&ons as discussed in
Chapter 4.

The temperature rise is much higher in low forgiemperatures which can
be attributed to close die and billet temperatuaeésthe low forging
temperatures. As a result of this, there is lesd lass to the dies from the

part.

The temperature rise is less in forging of 6063 0etof aluminum alloy
when compared to the 7075-0 type of aluminum aklsyseen from the

simulation results of these two aluminum alloy greu

In the experiments, the forged parts were contlollg visual inspection to
find out if there is any unfilled region, surfaceack or fold and it has been
observed that there are no such forging defecteas in the finite volume

simulations. However, the cracks have been obseawdte flash zone during
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the forging of 7075-0 type of aluminum alloy foetforging temperatures of
200 °C, 250°C, and 300°C. Since, the flash is trimmed after the forging
operation, the crack formations at the flash arecnitical. In addition, there
are no crack formations observed during the forgnig6061-0 type of
aluminum alloy for all forging temperatures. Thisows that the forging of
the aluminum alloy 6061-0 is less severe compar¢héoforging of the

aluminum alloys 7075-0.

During the experiments, it has been observed thatitg of the aluminum
billets is not easy in the available induction leatiue to low melting
temperature of the aluminum alloys. The electrat type furnace available
in the METU-BILTIR Center was used however it ist saitable for mass
production.

During the experiments, it has been observed tbatral of the aluminum
billet temperatures is very difficult since alumimudooses heat very rapidly
when it contacts with other metals. Also, aluminlgoses heat quickly by
radiation while carrying of the aluminum billetsofn the furnace to the
forging press. Because of this reason, careful lirapavith the experienced
technician is required during the forging. Tempematof the forging dies
should be within the desired temperature rangendutine experiments to

achieve the similar results with the finite volusimulation results.

The temperature values tabulated during the expatimre mostly consistent
with the finite volume simulation results. Howevethere are slight

discrepancy between the results due to the expetahsetup such as heating
of the dies, heating of the billets and the serigtiof the pyrometer used

during the forging operations.

The billet masses before forging process and passes after forging
process were weighed by using a precision balaocehe two different
aluminum alloy groups (Al 7075 and Al 6061) anthats been seen that there

is no weight loss during the forging process. Tfeee it can be concluded
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that there is no scale formation in aluminum foggirit has been also

observed during the visual inspection.

» The dimensions of the forging parts were measungduding the digital
calipers and it has been observed that the pamrdifans are at the desired

tolerance which is £ 0.5 mm.
7.2 Future Works
Future works can be suggested as follows;

» Different types of aluminum alloys can be analyaed experimentally tested

for different part geometries.

* The finite element analysis can be performed to thee effects of the

aluminum forging on the dies.

» Experimental study can be performed by obtainingdestroke diagrams for

the forging press.
» Warm forging of the aluminum alloys can be studiedetail.
« Cold forging of the aluminum alloys can be studied.
» Precision forging of the aluminum alloys can belyred.

» Heating experiments can be performed with diffetesdting equipment.
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APPENDIX A

TECHNICAL DRAWING OF THE FORGING PART

Technical drawing of the forging part has been areg@ by using PRO/ENGINEER
Wildfire 3.0 as given in Figure A.1. The first aagbrojection system is used for the
technical drawing since the first angle projectisnthe standard in Turkey and;

throughout the Asia and Europe.
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APPENDIX B

TECHNICAL INFORMATION OF 10 MN (1000 TON) SMERAL
MECHANICAL PRESS

The press used in the experimental study is shawAigure B.1.

Figure B.1 Smeral 10 MN Mechanical Press in METU-BLTIR Center Forging

Research and Application Laboratory
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The technical information of the press is givericigws:

Nominal Forming Force : 10 MN
Ram Stroke 1220 mm
Shut Height 1620 mm
Ram Resetting :10 mm
Rod Length : 750 mm
Crank Radius :110 mm
Number of Strokes at Continuous Run : 100 in
Press Height : 4840 mm
Press Height above Floor : 4600 mm
Press Width : 2540 mm
Press Depth : 3240 mm
Press Weight : 48000 kg
Die Holder Weight : 3000 kg
Main Motor Input : 55 kW
Max. Stroke of the Upper Ejector »40mm
Max. Stroke of the Lower Ejector : 50 mm
Max. Force of the Upper Ejector : 60 kKN
Max. Force of the Lower Ejector : 150 kN
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APPENDIX C

TECHNICAL DRAWING OF THE FORGING DIES

Technical drawing of the forging part is obtaineg bsing PRO/ENGINEER
Wildfire 3.0 as given in Figure C.1 to Figure C.3.
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APPENDIX D

MATERIAL PROPERTIES OF DIEVAR AND HEAT TREATMENT
PROCESS

D.1 Material Properties of Dievar

Dievar is high performance chromium-molybdenum-agiom alloyed hot work
tool steel which offers a very good resistance dattthecking, gross cracking, hot

wear and plastic deformation. Dievar is characeetiay [53]:
» Excellent toughness and ductility in all directions
» Good temper resistance
* Good high-temperature strength
» Excellent hardenability
» Good dimensional stability throughout heat treathaer coating operations.

Information about chemical composition, physicad amechanical properties of
Dievar is given in Table D.1, Table D.2 and Tabl& Bespectively.

Table D.1 Chemical Composition of Dievar (%) [53]

C Si Mn Cr Mo V
0.35 0.20 0.50 5.00 2.30 0.6(
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Table D.2 Physical Properties of Dievar [53]

Temperature 20°C 400°C 600°C
Density

, 7800 7700 7600
(kg/m”)

Modulus of Elasticity
(MPa)

210000 180000 145000

Coefficient of Thermal
_ - 12.7x 10 | 13.3x 1¢°
Expansion per°C from 20 °C

Thermal Conductivity
(W/m°C)

Table D.3 Mechanical Properties of Dievar at Room &mperature for Different

Hardness Values [53]

Hardness
(HRC)
Ultimate Tensile

Strength 1480 1640 1900
(MPa)
Yield Strength
(MPa)

44 48 52

1210 1380 1560
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Heat checking is one of the most common failure lmasms in forging

applications. Dievar's superior ductility yieldsetthighest possible level of heat
checking resistance. With Dievar's outstanding towess and hardenability the
resistance to heat checking can further be improiéevar offers the potential for
significant improvements in die life and then réisgl in better tooling economy
regardless of the dominant failure mechanism;leegt checking, gross cracking, hot

wear or plastic deformation in hot work applicagdb3].
D.2 Heat Treatment Process

Heat treatment process is required for the hot vapglications to prevent to die
failure such as plastic deformation of dies, cragkof dies or wearing of dies.
Recommended hardness values of the tool steehéohot forging of the aluminum
alloys are provided in Table D.4. Hardness valugahef Dievar for this study is
chosen as 44 HRC according to Table D.4 and heatntient is applied to obtain
these hardness values. However, as given in Tébe®.7 which are the tabulated
results of the portable hardness machine availabl@ETU-BILTIR Center Forging

Research and Application Laboratory, the hardnedseg show variation for the

different measuring points of the dies. But, theyia the desired hardness range.

Otherwise indicated Dievar is hardened at 1025%&nghed in oil and tempered
twice at 625°C for two hours; yielding a workingtiaess of 44-46 HRC [53].

Table D.4 Hardness Values of the Tool Steel for H&luminum Forging [53]

Hardness
Parts
(HRC)
Dies 44-52
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Table D.5 Hardness Values of the Upsetting Dies

Data Report

Material: Steel

DataView for TH140

Hardness system: HREC

Twpact Dir.: Down Probe Type: D
Average: zZ0
[1] 45.4 [2] 4.5 [31] 45. [4] 45.
[E] 45.1 [E] 44,0 [7] 43. [2] 44,
[2] 45.4 [10] 43.7 [11] 44, [12] 45.
[13] 44,1 [14] 44 .3 [15] 43, [16] 42 .
[17] 44.9 [18] 4z2.7 [19] 44, [20] 43,
bverage: 44.2 ZcdDbev: 0.9 Maxirwnn: 45.5 Minirmam: 42.3
Table D.6 Hardness Values of the Upper Finish Die
Data Report  Dataview for TH140

HMaterial: Steel

Hardne=zzs system: HRC

Impact Dir.: Down Prokbe Type: D
Lyerage: 20
[1] 44,38 [&] 44,7 [3] 4z. [4] 43.
[5] 45.5 [&] 44,3 [7] 44, [5] 44,
[9] 43.5 [10] 43.8 [11] 44, [12] 45.
[13] 44.5 [14] 44,1 [15] 44, [18] 44,
[17] 44,1 [18] 43.9 [19] 44, [20] 44,
Lyerage: 44,3 Stdbewv: 0.6 Maximam: 45.5 Minimwum: 42.7
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Table D.7 Hardness Values of the Lower Finish Die

Data Report  Dataview for TH140

Material: Steel Hardness system: HRC
Iwpact Dir.: Down Probhe Type: D

Iverage: Z0

[1] 44,7 [al 44,4 [3] 43.8 [4] 44,6
[5] 43.8 [&] 43.9 [7] 44,1 [8] 44,32
[2] 4z .4 [10] 45.2 [11] 44.0 [12] 43.5
[13] 44,9 [14] 44.0 [15] 43.8 [18] 44,5
[17] 44,9 [15] 44.0 [12] 44,5 [20] 45,6
byerage: 44.2 Stdhew: 0.7 Maxirmun: 45.6 Minimuam: 42.4

The creep tests for the Dievar material of 44 HR€rdhe heat treatment process for
the different die temperature values are realireMETU Central Laboratory and
true stress-true strain curves obtained for théemdiht temperatures are given in
Figures D.1-D.4.
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True Stress vs True Strain
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Figure D.1 True Stress vs. True Strain Curve for 13°C
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Figure D.2 True Stress vs. True Strain Curve for 20 °C
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True stress vs True Strain
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Figure D.3 True Stress vs. True Strain Curve for 23°C
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Figure D.4 True Stress vs. True Strain Curve for 36 °C

159




APPENDIX E

TECHNICAL INFORMATION OF THE COLORLESS WATER SOLUBL E
LUBRICANT

Technical properties of the colorless water sollildbeicant are given as follows:
» Appearance: buff emulsion
» Density: 0.970 g/cc
» Solution Percentage: 5 %
* PH Value: 7-8
* Solvent: water (clean and not hard water)

» Application: spraying with air

The other properties can be given as:
» Itis not flammable and used for hot working apaicns.
* It does not generate toxic gas during application.

» |tis easy to clean from produced part.

160



APPENDIX F

EXPERIMENTAL DATA OF ALUMINUM ALLOY 7075-0 FOR THE
BILLET TEMPERATURES OF 350 °C, 300°C, 250°C AND 200°C

The experimental data recorded before the forgipgration and after the forging
operation for the temperatures of 2@ 250°C, 300°C, 350°C of 7075-0 type of
aluminum alloy are given in Table F.1 and F.2 retigely. The billet masses are
measured within the tolerance limits of the balafnoe the tables. The dimensions
of the forged parts are also inside the tolerameet Igiven in Appendix A. In
addition to this, the forgings which have the cmaoktheir flash zone are indicated

in Table F.2 according to the billet temperatuned the billet numbers.
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Table F.1 Billet Dimensions and Billet Weights oftte Aluminum Alloy 7075 for

Different Temperatures

Billet _ Billet Billet Billet
Temp. BI:Iet Diameter Length Mass
co | | (mm (mm) ©
1 30.20 32.27 64.30
2 30.19 32.17 64.12
3 30.20 32.07 64.05
4 30.13 32.35 64.03
200 5 30.27 32.37 64.84
6 30.22 32.22 64.23
7 30.21 32.28 64.27
8 30.20 31.92 63.85
9 30.17 32.23 63.91
10 30.21 32.09 63.92
1 30.15 32.18 63.96
2 30.14 32.11 63.83
3 30.19 31.95 63.59
4 30.25 32.14 64.42
250 5 30.22 32.00 63.98
6 30.16 32.29 64.24
7 30.17 31.86 63.37
8 30.14 32.28 64.09
9 30.24 31.98 63.76
10 30.20 31.94 63.57
1 30.15 31.98 63.74
2 30.06 32.12 63.61
300 3 30.21 31.90 63.96
4 30.24 32.16 64.10
5 30.14 32.04 63.96

162



Table F.1 Billet Dimensions and Billet Weights oftie Aluminum Alloy 7075 for

Different Temperatures (Continued)

Billet _ Billet Billet Billet
Temp. BI:Iet Diameter Length Mass
co | | (mm (mm) ©
6 30.18 31.96 63.94
7 30.05 32.09 63.48
300 8 30.19 32.42 64.83
9 30.01 32.10 63.40
10 30.15 32.54 64.92
1 30.15 32.12 63.93
2 30.08 32.09 63.53
3 30.14 32.10 63.87
4 30.21 32.08 64.18
350 5 30.12 32.05 63.63
6 30.17 32.02 63.87
7 30.20 32.10 64.19
8 30.26 32.16 64.46
9 30.20 32.12 64.31
10 30.22 32.24 64.61
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