DESIGN AND THERMO-MECHANICAL ANALYSIS OF WARM FORGING
PROCESS AND DIES

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

SEVGI SARAC

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
MECHANICAL ENGINEERING

SEPTEMBER 2007



Approval of the thesis:

DESIGN AND THERMO-MECHANICAL ANALYSIS OF WARM FORGING
PROCESS AND DIES

Submitted by SEVGI SARAC in partial fulfillment of the requirements for the
degree of Master of Science in Mechanical Engineering Department, Middle
East Technical University by,

Prof. Dr. Canan Ozgen
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Kemal Ider
Head of Department, Mechanical Engineering

Prof. Dr. Mustafa Ilhan Gokler
Supervisor, Mechanical Engineering, METU

Prof. Dr. Haluk Darendeliler
Co-supervisor, Mechanical Engineering, METU

Examining Committee Members:

Prof. Dr. Metin Akkok
Mechanical Engineering, METU

Prof. Dr. Mustafa Ilhan Gokler
Mechanical Engineering, METU

Prof. Dr. Haluk Darendeliler
Mechanical Engineering, METU

Prof. Dr. S. Kemal ider
Mechanical Engineering, METU

Prof. Dr. Can Cogun
Mechanical Engineering, Gazi University

Date:




I hereby declare that all information in this document has been obtained
and presented in accordance with academic rules and ethical conduct. I also
declare that, as required by these rules and conduct, I have fully cited and

referenced all material and results that are not original to this work.

Sevgi SARAC

Signature:

il



ABSTRACT

DESIGN AND THERMO-MECHANICAL ANALYSIS OF WARM

FORGING PROCESS AND DIES
SARAC, Sevgi
M.Sc., Department of Mechanical Engineering
Supervisor: Prof. Dr. Mustafa ilhan GOKLER
Co-Supervisor: Prof. Dr. Haluk DARENDELILER

September 2007, 140 pages

Forging temperature is one of the basic considerations in forging processes. In
warm forging, the metals are forged at temperatures about the recrystallization
temperature and below the traditional hot forging temperature. Warm forging
has many advantages when compared to hot and cold forging. Accuracy and
surface finish of the parts is improved compared to hot forging while ductility is

increased and forming loads are reduced when compared to cold forging.

In this study, forging process of a part which is currently produced at the hot
forging temperature range and which needs some improvements in accuracy,
material usage and energy concepts, is analyzed. The forging process sequence
design with a new preform design for the particular part is proposed in warm
forging temperature range and the proposed process is simulated using Finite
Element Method. In the simulations, coupled thermal mechanical analyses are

performed and the dies are modeled as deformable bodies to execute die stress

v



analysis. Experimental study is also carried out in METU-BILTIR Center
Forging Research and Application Laboratory and it has been observed that
numerical and experimental results are in good agreement. In the study, material
wastage is reduced by proposing using of a square cross section billet instead of
a circular one, energy saving and better accuracy in part dimensions is achieved
by reducing the forging temperature from the hot forging to the warm forging

temperature range.

Keywords: Warm Forging, Finite Element Analysis, Die Stress Analysis, Metal

Forming, Closed-die Forging
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ILIK DOVME PROSESI VE KALIPLARI iCIN TASARIM VE
TERMO-MEKANIK ANALIZ
SARAC, Sevgi
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Mustafa Ilhan GOKLER
Ortak Tez Yoneticisi: Prof. Dr. Haluk DARENDELILER

Eyliil 2007, 140 Sayfa

Dovme sicakligi, dovme uygulamalarindaki temel etkenlerden birisidir. Ilik
dovme uygulamalarinda, metalller yeniden kristallenme sicakligi civarinda ve
geleneksel sicak dovme sicakliginin altinda doviiliirler. ik dovme sicak ve
soguk dovme ile karsilastirildiginda bir ¢cok avantaja sahiptir. Sicak dovmeye
gore daha hassas ve yiizey kalitesi daha yiiksek parcgalar elde edilirken, soguk
dovmeye gore de daha yiiksek siineklik ve daha diisiik sekillendirme kuvvetleri

elde etmek miimkiindiir.

Bu calismada, sicak dovme sicaklifinda iiretilmekte olan ve hassasiyet,
malzeme kullanimi1 ve enerji konularinda iyilestirmeye ihtiyaci olan bir parcanin
dovme uygulamasi analiz edilmistir. S6zedilen parca i¢in, yeni Onsekillendirme
kaliplar1 tasarimi ile birlikte 1lik dévme sicakliginda bir dovme uygulamasi
onerilmis ve Onerilen uygulamanin Sonlu Elemanlar Metodu kullanilarak

benzetimi yapilmistir. Benzetimlerde, termo-mekanik analizler yapilmis ve kalip
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gerilimlerini hesaplayabilmek i¢in kaliplar sekillenebilir olarak modellenmistir.
ODTU-BILTIR Merkezi Dévme Arastirma ve Uygulamalar1 Laboratuvarinda
deneysel calisma da yapilmis ve sayisal sonuglarla deneysel sonuglarin birbiriyle
tutarli oldugu gozlenmistir. Calismada, yuvarlak kesitli malzeme yerine kare
kesitli malzeme kullanilmas: Onerilerek malzeme kaybi azaltilmigtir. Dovme
sicakligi sicak dovme araligindan 1lik dovme araligina diisiirillerek enerji

tasarrufu ve parcga oOlciilerinde yiiksek hassasiyet elde edilmistir.

Anahtar Kelimeler: Ilik Dovme, Sonlu Elemanlar Analizi, Kalip Gerilim

Analizi, Metal Sekillendirme, Kapal1 Kalip D6vme
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CHAPTER 1

INTRODUCTION

1.1 What is Forging

Forging is a manufacturing technique in which metal is plastically deformed
from a simple shape like billet, bar, ingot into the desired shape in one or more
stages. Deformation takes place by means of applying compressive forces
between the dies in machine tools like hammers, presses, horizontal forging
machines, etc. Forging process has many advantages when compared to other

manufacturing techniques, which are tabulated in Table 1.1 [1].

Virtually all metals have alloys that are forgeable, giving the designer the full
spectrum of mechanical and physical properties of ferrous and non-ferrous

alloys. The most common forging alloys include:

e (Carbon, micro alloy and alloy steel forgings account for the greatest
volume of forgings for a very wide range of applications.

e Stainless steels are widely used where resistance to heat and corrosion are
required.

¢ Aluminum forgings are used in applications where weight of the
component is an issue.

e Copper, brass and bronze forgings offer excellent corrosion resistance
with high thermal and electrical conductivity.

¢ [ron, nickel and cobalt high temperature alloy forgings are preeminent for

applications of cyclical and sustained loads at high temperatures.



Table 1.1 Forging Advantages Compared to Other Manufacturing Technologies [1]

Forging versus Forging Advantages When Using a Similar Alloy

Casting Stronger
Preworking refines defects
More reliable, lower cost over component life

Better response to heat treatment

'Welding / Fabricating|Material savings, production economies

Stronger

Cost effective design / inspection

More consistent and better metallurgical properties|

Simplified production

Machining Broader size range of desired material grades
Grain flow provides higher strength

More economical use of material

Yields lower scrap

Requires fewer secondary operations

Powder Metal Stronger

Higher integrity

Requires fewer secondary operations
Greater design flexibility

Less costly materials

Composites / Plastics |[Less costly materials
Greater productivity
Established documentation

Broader service-temperature range

More reliable service performance

¢ Titanium forgings are used where high strength, low weight and excellent
corrosion resistance, combined with moderate heat resistance, are
required.

e Magnesium forgings offer the lowest density of any commercial structural

metal, at operating temperatures similar to aluminum.
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The wide range of alloys and sizes, combined with excellent mechanical and
physical properties has made forgings the design choice for nearly all product
areas. The most common application areas are; Automotive, Aerospace,
Bearings, Construction, Mining Equipment, Pipeline Fittings, Valves, Pumps

and Compressors.

1.2 Forging Process

There are various classifications applied for the forging process. In general,

forging processes can be classified according to:

¢ Temperature: Hot Forging, Cold Forging, Warm Forging
¢ Type of Machine Used: Hammer, Mechanical Press, Hydraulic Press, etc.

¢ Type of die set: Open die forging, Closed die forging

1.2.1 Classification According to Temperature

In hot forging, metal is plastically deformed at a temperature above
recrystallization temperature, for steels 1100-1250 °C, strain hardening is
avoided. A greater degree of deformation can be achieved in a single operation
compared to cold or warm forging. Main disadvantages are extensive scale
formation, low dimensional accuracy, necessity of larger tolerances for further

machining and requirement of heating equipment.

In cold forging, plastic deformation takes place at or near room temperature.
The primary advantage is the material savings achieved through precision
shapes that require little finishing. The tool stresses are quite high in cold
forging and limited geometry and volume can be forged. Consequently, the
prediction of the forming load and stresses is quite important for die design and

machine selection.



In warm forging, the billet is heated to temperatures about the recrystallization
temperature, for example, for steels the range of 800-1000 °C, which is lower
than the conventional hot forging range, is considered as warm forging
temperature range. In warm forging, flow stress and the forging pressures are

reduced compared to cold forging.
The process has the advantages listed below, compared to hot and cold forging.

e Reduced forming loads compared with those for cold forging

e QGreater ductility compared with that for cold forging

¢ Improved accuracy compared with that for hot forging

e Better surface finish compared with that for hot forging

¢ Enhanced product properties through grain refinement and controlled
phase transformations in heat treatable steels

e A potential for the reduction of production costs

In subsequent chapters, warm forging process will be discussed in detail since

the study is conducted on warm forging.

1.2.2 Classification According to Type of Machine Used

Forging hammers have a weighted ram which exerts a striking force by moving
vertically in a downward stroke. When forging dies are fastened to the weighted
ram and the anvil assembly, and a workpiece is placed between them, the
striking force is imposed on the workpiece, causing it to deform plastically with
each successive blow. The hammer is an energy-restricted machine. During a
working stroke, the deformation proceeds until the total kinetic energy is
dissipated by plastic deformation of the forging stock, heat loss and by elastic
deformation of the ram and anvil when the die faces contact with each other.
Forging hammers have types of power drop hammers, gravity drop hammers

and counterblow hammers.



Mechanical presses are most widely used equipment for closed die forgings.
They develop far less noise and vibration than forging hammers. The drive of
the most mechanical presses is based on a slider-crank mechanism that translates
rotary motion into reciprocating linear motion. The eccentric shaft is connected
through a clutch and brake system directly to the flywheel. The drive shaft
imparts a constant stroke to a vertically operating ram. The ram carries the top,
moving die; the bottom or stationary die is fixed to the die seat of the main
frame. Mechanical presses are displacement-restricted machines. The ram stroke
is generally shorter than a forging hammer or a hydraulic press. The ram
velocity and the available ram load vary in accordance with the position of the

slide before the bottom dead center.

In hydraulic presses, the ram is driven by hydraulic cylinders and pistons that
are part of a high-pressure hydraulic or hydropneumatic system. After a rapid
approach speed, the ram with upper die attached, moves at a low speed while
exerting a squeezing action on the workpiece which is retained in the lower die.
Hydraulic presses are essentially load restricted machines. Pressing speed can be
controlled, permitting the control of metal flow velocity. Since most of the load
is available during the entire stroke, relatively large energies are available for

deformation.

Hot upset forging (also called hot heading or machine forging) is essentially a
process for enlarging and reshaping some of the cross-sectional area of a bar,
tube or other product form of uniform, usually round section. Upset forging
employs split dies that separate enough for the heated bar to advance between
them and move into the position. They are then forced together and a heading
tool or ram moves longitudinally against the bar, upsetting it into the die cavity.
By starting a new piece with each die separation and having all cavities perform
their operations simultaneously, a finished product can be made with each cycle

of the machine. Upset forging is performed on horizontal forging machines.



In roll forging, the metal stock usually round or flat in cross-section is reduced
in thickness and increased in length to produce the desired shape. The stock
material is passed between two semi-cylindrical rolls that are slightly eccentric
to the axis of rotation. The rolls contain a series of shaped grooves. Main aim of
use is to save material and number of hits in subsequent forging in closed dies or

in an upsetter.

1.2.3 Classification According to Type of Die Set

In open die forging, workpiece surfaces deform freely, therefore parts produced
by open die forging have less accuracy and dimensional tolerance than
impression die or closed die forging. However, the tooling is simple, relatively

inexpensive and can be designed and manufactured with ease.

In closed die forging (also called as impression die forging), shape is obtained
by filling the die cavity formed by upper and lower dies. Excess material is
allowed to escape into the clearance between the dies and form the flash.
Usually some preforming steps are necessary in order to fill the die cavity

without defects.

Flash is the metal, which is forced outward from the workpiece while it is being
forged to the configuration of the closed-die impression. In other means, it is the
metal in excess of that required to fill the impression. In terms of its contribution
to the closed-die mechanical press forging processes, flash serves two basic
functions [2]. First, by providing a convenient means for disposing of excess
metal, it makes possible the use of slightly oversized billets and renders other
billet dimensional variations, such as deviations in cutting to length or metal
losses caused by oxidation during forging or heating of billet, much less critical.
Availability of excess metal also increases possibility of the die filling. Second,
flash provides useful constraint of metal flow during forging, which helps in

filling the die impressions. Before complete closure of dies, the presence of



some flash metal at the periphery of the workpiece promotes containment of the

workpiece metal within the impressions.

While flash can promote complete fill of the cavity, it causes extremely high die
pressures in the flash area. High pressures are undesirable because they reduce
die life and require additional power. A flash gutter is often formed in the dies to
receive the flash and allow the dies to reach the predetermined position at lower

pressures.

1.3 Forging Design Considerations

Input for the design process of a forging operation is the geometry of the
workpiece to be forged. Before a forging is put into production, there are three

main stages that must be completed:

1- The design of the forging from the required machined part

2- The method and sequence of operations to produce the forging must be

decided upon, including estimates of material amount required,

3- The appropriate dies, including those for all preforming operations are to

be designed and manufactured.

The following sequence is a common design procedure for forging:

® Machining allowance is added to surfaces that will be machined
e Parting line is located

e Webs are constructed for large holes, if necessary

¢ Draft angles are given to cylindrical portions of the part

¢ Fillets and corner radii should be used to blend sharp corners.

¢ Flash and gutter geometry must be determined.

e Volume of the forging including flash is calculated.

e Scale allowance is considered and added to volume of forging.

¢ Billet geometry is selected.



e Required preform cavities are designed
¢ Forging load is estimated.

¢ Dimensional tolerances for forging and die block are determined.

Careful attention has to be paid to those decisions on critical features such as
drafts, edge radii, fillet radii, ribs, machining allowances, as well as size and
mass of the forging. Recommended values on these features are given in the
related standard [3]. It is noted that design of the dies requires past experience

and skilled personnel.

1.4 Forging Defects

A defect is a flaw in a component that is typical of a process, but not inevitable.
Good forging practice can eliminate most of them. Defects most commonly

found in metals in forging may be classified as follows [1]:

1- Ingot defects, such as pipes i.e. openings in the center of the ingot, cracks,
scabs, or bad surface and segregation. Segregation is a condition produced by

uneven concentration of elements contained in the metal.

2- Defects resulting from improper forging, such as seams, cracks, laps, etc.
Excess material in the web of a forging may buckle during forging and
develop laps, as shown in Figure 1.1 [5]. The solution to this problem is to
increase the initial web thickness to avoid buckling.

If the web is too thick, the excess material flows past the already forged
portions and develops internal cracks. In this case, the die cavities are filled
prematurely and the material at the center of the part flows past the filled

regions as deformation continues.

These examples indicate the importance of properly distributing material and

controlling the flow in the die cavity.

The various radii in the die cavity can significantly affect formation of

defects. In Figure 1.2 [5], the material follows a large corner radius better
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than a small radius. With small radii, the material can fold over itself and

produce a lap, called cold shut.

Blocked Forging Web buckles

Begin Finishing

Laps in finished forging

Figure 1.1 Laps Formed by Buckling of the Web during Forging [5]

1 - 3
Top die C’? Small Metal Metal
fillets I;:;\lu ﬂﬂis EFJE: die
: ollaws m i
Large Forging smosth follow FSI'II:E
fil iet;\ stock Siives sharp sharp
forner 1
Bo“ﬂm die— S corner
e e e
4 6
Metal Metal Voids Smooth
fills E 1 %reachea where flow le 11:-,
entire bottom k- metal =
width of cavity flow
of _ befare folds
seclion filling backon
section itself

Figure 1.2 Effect of Fillet Radius on Defect Formation in Forging. Small fillets (right side

of drawings) cause the defects [5]

3- Defects resulting from improper heating and cooling of the forging, such
as burnt metal, decarburized steel, and flakes. Decarburized steel is caused by
contact of the heated steel with the atmosphere. The carbon is removed from

the surface of the solid steel by this oxidizing action.

It is often difficult to detect the defects in forgings unless they are on the surface
and of such size as to be readily seen with the naked eye. Defects beneath a

layer of scale or deep within the forging are much more difficult to detect.



Various testing methods have been devised to aid in the inspection and checking

of metal parts, for the purpose of insuring against serious defects.

1.5 Causes of Die Failure

In forging process, the service life of dies is very important due to economical
reasons and also finishing quality of productions. Die costs range from 10 to
15% of the cost of a forging. One of the biggest components of cost is tooling
cost and indirect costs of bad tooling including cost of additional setups, rework,

scrap and loss of productivity [4].

Failure of dies in manufacturing operations generally results from one or more
of the following causes: improper design, defective material, improper heat

treatment and finishing operations, overloading, misuse and improper handling.
The factors affecting die failure can be subdivided into [4]:

e Tooling Issues — Die material selection, heat treatment, surface
engineering, die design and manufacture

¢ Billet Issues — Billet preparation, steel type

® Process Issues — Forging temperature, lubricant type and application,

forging cycle times and other forging practices

The proper design of dies is as important as the proper selection of die materials.
In order to withstand the forces in forging, a die must have proper cross sections
and clearances. Sharp corners, radii, and fillets, as well as sudden changes in
cross-section, act as stress raisers and can have detrimental effects on die life

[5].

Depending on the conditions of the process and the characteristics of the
material and surface conditions, one could encounter various modes of tool

failure [4]. These are:
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Wear (abrasive, adhesive and oxidation)

Thermal fatigue or heat checking

Mechanical fatigue

Plastic deformation

Of these, wear (abrasive and adhesive) and mechanical failures are the most
common forms of failure. Abrasive wear is more common compared to adhesive
wear in forging operations. The reason is presence of lubricant film and/or
scales and oxide layer in forging operations prevent adhesive wear mode.
Considering other failure forms, gross cracking and mechanical fatigue can be
overcome by good tooling design and material selection. Thermal fatigue acts as

a catalyst to accelerate abrasive wear.

1.6 Usage of CAD/CAM/CAE in Forging

The ever-increasing costs of material, energy and especially manpower require
that forging processes and tooling should be designed and developed with
minimum amount of trial and error with shortest possible lead times. Therefore,
to remain competitive, the cost-effective application of computer aided
techniques, i.e. Computer Aided Design (CAD), Computer Aided
Manufacturing (CAM), Computer Aided Engineering (CAE) and especially
Finite Element Analysis (FEA) and Finite Volume Analysis (FVA) based
computer simulation, are an absolute necessity. [6] Since the late 1970s, the use
of computer-aided techniques in the metal forming industry has increased

considerably.

3-D models of the forgings, preform and finish dies can be created using
CAD/CAM software, and parameters like the dimensions, shrinkage factors, etc.
can easily be changed when necessary. Additionally the designer can observe
the defects that may occur during forging by the help of these programs, which

will reduce cost and time considerably.
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Finite Volume Method (FVM) is a widely used tool for forging process
simulations. The method has been used for many years in analyzing the flow of
materials in liquid state. However, in recent years, some codes for computer
simulation of solid state metal forming operations, like MSC. Superforge [7],
have been established on the basis of this method. In FVM, the grid points are
fixed in space and the elements are simply partitions of the space defined by
connected grid points. The finite volume mesh is a “fixed frame of reference”.
The material of a billet under analysis moves through the finite-volume mesh;
the mass, momentum, and energy of the material are transported from element
to element. The finite volume solver, therefore, calculates the motion of material

through elements of constant volume, and therefore no remeshing is required

[8].

In the Finite Element Method (FEM), the deformation zone in an elastic-plastic
body is divided into a number of elements interconnected at a finite number of
nodal points. The actual velocity distribution is then approximated for each
element. A set of simultaneous equations is then developed representing
unknown velocity vectors. From the solution of these equations, actual velocity
distributions and the stresses are calculated [5]. Because of the severe element
distortion common in metal forming operations, remeshing is necessary to

follow the gross material deformation.

To be able to successfully apply the finite element method to the metal forming

operations, the following requirements should be fulfilled [9]:
1- The physical problem should be well-defined for the application of
simulation.

2- The idealization of this problem should be done correctly: Simplifications
and assumptions should be reasonable. Unnecessary details should be

eliminated.
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3- The idealized problem should have the correct spatial discretization: Type
of elements used, topology of element mesh, and the density of element mesh

should be constructed according to the nature of problem.

4- Boundary conditions of the physical model should be investigated and

applied in the simulation: friction, heat transfer, machines, dies etc.

5- Correct material laws and parameters should be used in the simulation:

flow curve, anisotropy, failure, etc.

6- Numerical parameters used in the simulation should be chosen
accordingly: penalty factors, convergence limits, increment sizes, remeshing

criterion etc.

7- The simulation should be “economical”’: Computation times and the time
required to prepare the model should be reasonable, storage requirements of

the model and the results should also be within physical limits.

8- The results should be evaluated carefully and checked whether they are

reasonable or not.

Finite Element simulation of the forging process is complicated by the large
displacement and the large strains that the material is subjected to. Because of
the large displacements, the relationship between the strain and the displacement
becomes nonlinear. There are other causes of nonlinearity in forging problems.

Basically there are three types of nonlinearity:
1- Material nonlinearity (physical)
2- Geometric nonlinearity (kinematic)

3- Changing boundary conditions

Material nonlinearity is due to the nonlinear relation between stress and strain
like in elastic-plastic (elastoplastic), elasto-viscoplastic materials, creep,
composite and concrete structure problems etc. Geometric nonlinearity is
aroused from nonlinear relationship between strains and displacements, and

nonlinear relationship between stresses and forces. Changing boundary
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conditions also contribute to nonlinearity. If the loads on the structure vary with
the displacements, nonlinearity occurs. Moreover contact and friction problems

lead to nonlinear boundary conditions.

1.7 Some Previous Studies

Some previous studies have been conducted in METU-BILTIR Center [11-24].
Based on Gokler’s study [10], Kazanci [11] developed a program named as
Pro/UPSETTER for the sequence and die design of solid hot upset forgings

having circular shanks and upset regions with non-circular cross-sections.

Mogulkog [12] studied on upsetting and piercing on horizontal forging machines

by using the finite element analysis technique.

A study on upset forging process and the design limits for tapered preforms had
been conducted by Elmaskaya [13] by using the elastic-plastic finite element

method.

Isbir [9] studied on the finite element simulation of shearing using the element

elimination method to examine trimming operation on forged parts.

In the study of Dogan [14], the effects of the tapered preform shapes on the final
product in cold upset forging had been investigated by using the elastic-plastic

finite element method.

In another study, Alper [15] developed a computer program for axisymmetric
press forgings, which designs the forging geometry and the die cavity for

preforms and finishing operation.

Kutlu [16] studied on the design and analysis of preforms in hot forging for non-

axisymmetric press forgings.

Karagozler [17] studied on the analysis and preform design for long press

forgings with non-planar parting surfaces.
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Giilbahar [18] focused on the analysis and design of bent forgings with planar

and non-planar parting surfaces.

Civelekoglu [19] studied forging of specific steel alloys. The forging sequence
was investigated and the effects of material selection on the processes were
observed. Results of the forging experiments were compared with the computer

simulations.

Karacaovali [20] analyzed the multistage roll-forging process based on the finite

element analysis and experimental studies.

Aktakka [21] focused on hot and warm forging of a part which is used in
automotive industry. Computer simulations and forging experiments are

completed at different temperatures in the range of warm and hot forging.

Abachi [22] studied the analysis of die wear. Results from computer simulation
were compared with the measurement on the worn die taken from industry and
evaluation of wear coefficient from comparison of computer simulation and the

measurement from worn die were done.

In the study of Ceran [23], hot forging process was simulated coupled with
thermal analysis, in order to determine effects of the process on the header die
for the taper perform stages in upset forging process. The effects of wall
thickness and base thickness of the header die on the stress distribution in the
header die were examined. For different cases, the stress distribution in the
header die had been presented. The obtained stress distributions were also used

for the fatigue analysis of the die.
Masat [24] has recently studied on precision forging of a spur gear.
In the following paragraphs, studies of some researchers will be summarized.

In the study of Garat, Bernhart and Hervy [25], hot forging die for a nut was
investigated in order to increase its life time. In the paper, brittle failure

phenomenon of tools is addressed and the influence of process parameters like
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billet length, billet initial temperature or tool design are studied. Service life
prediction considering fatigue is made using the universal slope method

proposed by Manson.

Kim, Lee, Kim, Kim [26] studied the estimation method of die service life based
on wear and the plastic deformation of dies in hot forging processes. Two
methods are suggested for estimating the service life of hot forging dies by
plastic deformation and abrasive wear, and these are applied to predict the
product quantity according to two main process variables, forming velocity and
initial die temperature for a spindle component. Through the applications of the
suggested methods, the thermal softening of dies due to the local temperature
rise led to the reduction of the service life of hot forging dies by plastic

deformation more than by abrasive wear.

Brucelle and Bernhart [27] described the methodology that has been applied to
gain understanding of the thermomechanical stress field in a cemented carbide
punch used for the manufacture of airbag container type parts. The stresses are
the result of a combination of purely mechanical stresses due to the forging
process, and thermomechanical stresses induced by the thermal cycling of the
punch surface during successive hot forging and waiting periods. In the paper,
the importance of a simultaneous use of numerical simulation (process
simulation and thermomechanical stress calculation) and experimental testing

(laboratory and industrial tests) is highlighted.

In the study of Jeong, Kim, Kim, Kim and Dean [28], experiments and
numerical analyses were performed under various conditions, two kinds of
surface treatment, two lubricants, different initial billet temperatures and
different loads, to investigate the effects on thermal softening and the amount of
heat transfer. Carbon Nitride (CNy), ion-nitride and no surface treatment for the
dies were used and oil-based and water-based graphite were used as lubricants.
Experiments were also performed to take the heat- transfer coefficient into

account with the combination of surface treatments and lubricants. The
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coefficients determined were then used in a finite element model for the analysis
of the backward extrusion process, the results produced were compared with

experiments.

In the study of Lee and Jou [29], the experimental techniques, wear model and
numerical simulation method was combined to predict the wear of warm forging
die. The non-isothermal ring compression test was adopted to estimate the
friction coefficient in different temperatures and the on-line temperature
recording system was setup to correct the heat transfer coefficient of the
interface. The wear coefficients in different temperatures were acquired from
high temperature wear experiment. Additionally, the Archard wear theory and a
FEM code, were used to analyze the warm forging of automotive transmission

outer-race and predict the die wear condition.

In the study of Kim, Yagi, Yamanaka [30], a history of practical use of FE
simulations in forging area was briefly reviewed. Then, practical use and
benefits of FE simulations in forging area were discussed with examples.
Finally, key points for successful and effective use of FE simulations were
explained followed by current issues for better use of the FE simulation as a

must tool in the forging industry.

1.8 Scope of the Thesis

Warm forging offers better material utilization, improved surface finish, and
dimensional accuracy, when compared to hot forging while it requires reduced
press loads when compared to cold forging. However, die/tool stresses are more

significant in warm forging than those in hot forging.

The scope of this study is to analyze the warm forging process and to analyze
the die stresses during warm forging. Basic principles of warm forging will be

given in Chapter 2 to provide a basis for the study.
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The design of dies and selection of process conditions in forging operations are
still performed by trial and error methods to a large extend in industry. In many
cases, this trial and error procedure causes material wastage, unsuccessful die
filling, high energy consumption and unacceptable products. In this study,
forging process of a part which is currently hot forged in AKSAN Steel Forging
Company, Ankara, will be taken into consideration. Some problems related to
unacceptable accuracy in part dimensions, excessive wear in the tooling and
excessive material wastage are encountered in the company with the particular
product. Current application in the forging company and the problems of the
process will be presented in detail in Chapter 3. In the same chapter, Finite

Element Analysis of the current practice will also be given.

To overcome the problems, forging process sequence design with a new
approach will be evaluated. By considering the advantages of warm forging as
discussed above, forgeability of the particular part at the warm forging
temperature range and the preform die design will also be studied. 3-D modeling
and Finite Element Analysis techniques are used for the proposed design. The
analyses are implemented as coupled thermal mechanical and the dies are
modeled as deformable bodies to obtain the stress distribution on the dies. The
modeling and simulation of the proposed forging sequence will be given in
Chapter 4, in detail. Experimental study is carried out in METU-BILTIR Center
Forging Research and Application Laboratory, which will be presented in
Chapter 5.

Conclusion, discussion and recommendations about the future work will be

given in Chapter 6.
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CHAPTER 2

WARM FORGING

2.1 Introduction

Over the last few years, cold and warm forming of steel has gained greater
importance. This is mainly due to one fact: there is an increasing demand for
precision parts with high volumes especially in the automotive industry.
Therefore, special manufacturing methods for special parts have been developed

with warm and cold forging and with combinations of these processes.

The world-wide growth in the demand for forgings by the automobile industry
since the 1950’s resulted in the application of cold forging to serial mass
production of a wide range of component types. Cold forging techniques have
been developed and refined to enable near-net and in some cases net-shape
components to be produced in large batch quantities. Limitations to the
economic production of parts of complex geometry, and large size by cold
forging, increased the potential for commercial warm forging between the

market sectors of hot and cold forging.

When compared to cold forging, warm forging is applicable when high
performance and less forgeable steels are used, particularly in the following

situations: [31]

® When the flow stress of the workpiece material is too high for cold forging
e For shapes with great differences in cross-section when the number of
process steps in a cold forging route is too large for economic production.

e To provide a highly accurate preform for a cold forming operation.
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e When the component is too large for the capacity of a cold forging press.

e When the cost of annealing and relubricating in a cold forging process is
too high.

¢ When the accuracy, surface finish, material yield or subsequent machining
associated with the alternative hot forging route are unacceptable, warm

forging may be considered as an alternative.

2.2 Process Characteristics of Warm Forging

A detailed comparison of the characteristics of hot, warm and cold forging

technologies is given in Table 2.1 [31].

Table 2.1: Comparison of Typical Process Characteristics [31]

Characteristic Hot forging Warm forging | Cold forging

Shape spectrum Arbitrary Rotationally mainly rotationally
symmetrical if | symmetrical
possible

Use steel quality Arbitrary Arbitrary Low alloyed steels

C<0.45%

Normally achievable | IT 12—-1T 16 IT9-1IT 12 IT7-1T 11

Accuracy

Economic lot size >500 parts >10,000 parts >30,000 parts

Initial treatment of

billets and slugs

generally none

Generally none
or a graphite
layer

annealing/phosphating

Intermediate
treatments

None

Generally none

annealing/phosphating

Tool materials

hot work tool
steels

hot work tool
steels, high
speed steels,
hard metals

Cold work tool steels,
high speed steels, hard
metals

kg gross of forging

Typical tool life 5,000 - 10,000 | 10,000 - 20,000 | 20,000 — 50,000 parts
parts parts
Material utilization 60 — 80% approximately | 85 -90%
85%
Energy required per | 460 - 490 J 400 -42017J 400 -4201
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As it can be seen from the table, the shape spectrum of cold and warm forged
parts is similar but in warm forging, increased detail may be achieved. The
economic batch quantities for warm forging are greater than for hot, but less
than those for cold forging, mainly due to tooling costs. The shorter life of warm
forging tools compared with cold forging ones and the higher costs of surface
treatment of cold forging slugs results in similar overall energy costs for the two

processes.

2.3 Physical Characteristics of Warm Forging Process

Physical properties of hot, warm and cold forgings are compared in Table 2.2.
As it can be seen from the table, warm forging at temperatures below
recrystallization temperature, provides the benefit of less distortion on cooling to
room temperature and less decarburization during heating. It is apparent that
cold forging leads to the highest accuracy and therefore for greatest precision

warm forging is followed by cold finishing in a processing route.

Table 2.2: Typical Physical Properties of Steel Forgings [31

Comparison | Hot forging Warm forging Cold forging
item
Temperature | 1050~1250 | Over Below Room temp
range °C recrystallization | recrystallization

temperature temperature
Decarbonized | 0.3~0.4 0.10~0.25 0.1 0
layer (mm)
Roughness >100pm <50pum <20pm <10pum
(Ra)
Draft <7° <1° <I° 0°
Dimension +0.5~%1.0 | £0.05~+0.20 +0.05~%0.15 +0.005~10.1
(mm)
Thickness +0.5~x1.5 | £0.20~+0.40 +0.10~%0.25 +0.10~20.20
(mm)
Eccentricity | 0.5~1.5 0.10~0.70 0.10~0.40 0.05~0.25
(mm)
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2.4 Forgeability in Warm Forging Temperature Range

Most engineering steels may be warm forged but there are limitations to
deformation, depending on chemical composition and forging temperature.
Deformation limits of cold forgeable steels are increased under warm forging
conditions. Provided tool temperatures do not exceed about 400°C, the limits of

deformation are dictated by tool stresses.

Different classes of steel have characteristics which influence the choice of

working temperature. [31]

a) Carbon Steels: These may be brittle to some degree at temperatures
between 200°C and 550°C, depending on the rate of deformation. To obtain a
significant reduction in flow stress together with high ductility these steels

should be forged at temperatures above 600°C.

b) Alloy Steels: Generally the flow stress decreases with increasing
temperature. Any temperature in the warm forging range may be used ,

depending on circumstances.

c) Austenitic Stainless Steels: Flow stress reduces greatly with small
increases in temperature although they may strain harden significantly.

Temperatures between 200°C and 300°C are commonly used.

2.5 Tooling Equipment in Warm Forging

The choice of forging machine will depend on a number of factors such as
forging load, batch quantities, required productivity and ultimately availability

relative to budget.

In principle, the ideal warm forging machine should have a rapid stroking rate to
reduce dwell times and avoid overheating of tools. Note however that higher

stroking rates can increase the flow stress of the workpiece material and hence

22



the forging load. Press stiffness and accuracy of ram guidance should be similar
to those for cold forging. Slide geometry should be temperature compensated so
that small clearances can be maintained. Ejection should be built into the press
operating system and should be rapid acting to minimize workpiece die contact

time.

Crank presses with their rapid stroking rates are the ideal type of machine. They
can accommodate multi-stations with mechanical ejection and transfer systems,
and integral lubrication/cooling facilities. Production rates of typically 40 parts a

minute are achievable.

Hydraulic presses are used in some companies for relatively small batch
quantities. Often they are manually fed at a rate which allows time for the extra
cooling necessitated by the long dwell times. Lack of automation results in less
process control (transport and dwell time in particular) and therefore a tendency

for lower product consistency than for completely mechanical systems.

Tool loads for warm forming are cyclic and nearly as high as for cold forging, at
the same time tools are in contact with warm workpieces causing thermal
shocks. The surface expansion of the work-piece can be very great resulting in
severe tribological conditions. To secure a stable process and consistent product

accuracy, wear and fracture resistance must be high.

For an adequate tool design, tool material selection must be correct and process

planning optimized and to achieve this, the following reliable data are needed

e Physical properties of work-piece material
¢ Number of components to be forged

e Forging loads and tools stresses

¢ Forging temperature

¢ Production rate

¢ Kinematics of forging machine

e Geometric limits to shape of tools
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2.6 Tool Manufacture for Warm Forging

Tools for warm forming are mostly made from high alloyed tool steels. To
specify the most appropriate machining processes additional knowledge and

experiences must exist.
The following list shows common machining operations used in tool making:

® turning
¢ hard turning
¢ milling
¢ high speed milling (HSM or HSC) of heat treated elements
e drilling
e grinding
e clectro-discharge machining (EDM)
e wire electro-discharge machining (WEDM)
¢ honing
® lapping
¢ polishing
In tool production, special care must be dedicated to the problems of surface

quality, to avoid micro-cracks, white layers and other defects.

When the tool manufacturing for warm forging is considered, the whole
procedure is usually limited only on two technologies, other technologies are
applied only as assisting technologies. These two technologies used for tool

making for warm forging are:

¢ Electro-discharge machining (EDM) and wire electro-discharge machining
(WEDM)
¢ High speed cutting (HSC) or high speed milling (HSM)
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It is very well known that the EDM technology is not so flexible but any tool
shape can be produced. HSC technology is very flexible, but there are some
geometrical limitations. The advantage of HSC is much faster material removal

and greater precision.

2.7 Characteristics of Warm Forging Affecting Tooling

The tools for warm forging and predominantly the active elements of these tools
such as dies and punches are exposed to a high, cyclical mechanic stress. The
combination between rather high forming temperatures and the still relatively
high forming forces make the selection of suitable tool material as well as the
design of the entire tool construction for warm forging more difficult than for

cold or hot forging [32].

In warm forging, as with any forming operation, the choice of tool material can
be critical both technically and economically. Technical failures of tooling due
to excessive wear, deformation, cracking or heat checking occur because either
the wrong steel has been selected or because the heat treatment, coating or
machining procedures have not been optimized. All technical failures lead to
financial loss due to lower tool life and therefore increased tool material costs,
repair costs, maintenance costs and increased stand still time leading to lower
productivity. A number of steps can be taken to help prevent the premature

failure of a tool.

e Correct selection of tooling material for each specific case

e Tool design to avoid stress raisers which may cause cracking under high
load

e Optimization of heat treatment in consultation with the tool steel
manufacturer

e Optimization of any coatings (nitride etc.) applied to tooling in

consultation with a coating specialist
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Optimization of the machining procedure
Careful maintenance
Adequate and even pre-heating

Optimum choice of lubrication or cooling mediums

When switching from cold or hot forging to warm forging, care should be taken

of some typical characteristics of warm forging which may lead to problems

with tooling.

Peak surface temperatures of the tools can reach up to around 800°C, and
bulk temperatures 400°C. [31] The higher the temperature of the tooling,
the more likely it is to lose its initial hardness quickly, resulting in wear or
deformation.

The time of contact between tool and hot work-piece, the thermal
conductivity of the tooling and the type of lubricant used can affect the
peak temperature in the tooling and hence its lifetime [33], either due to
heat checking or by softening.

The cyclical thermal loading on the tooling can lead to heat checking [33].
This is countered by keeping the temperature difference as low as possible
(lowest possible workpiece temperature, suitable pre-heating of tooling,
tooling with adequate thermal conductivity). A low thermal expansion,
high toughness tooling material can also help.

If water based lubrication is used, or tool surfaces are actively cooled,
thermal shock can result. [31]

Warm forging pressures are typically twice those for hot forging and half
those for cold forging. [31]. For this reason tooling tends to be more
similar to cold work tooling than hot work tooling.

Surface abrasion (wear) is not as prevalent as in hot forging, but is more
important due to the higher tolerances demanded of warm forged

components.

The above bullet points indicate that the working elements of warm forging

tools must have: [31]
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¢ High hot strength/hardness and wear resistance

® Good thermal shock resistance and thermal fatigue strength.

2.8 Tool Material Selection in Warm Forging

When selecting the adequate tool material for warm forging, for existing
processes the most important factor to consider is the current mode of failure
(cracking, deformation, wear, heat checking), and also the working hardness
which must be achieved. For a new process, possible modes of failure should be
considered; e.g. are problems with deformation likely to occur because of high
temperatures, high loads or long cycle times? Is wear likely to be a problem
because a particular grade of work-piece is being formed (highly alloyed, high

strength, hard to deform), or because flash is expected?

Therefore, firstly some common failure modes for warm forging tool steels
should be examined to decide on the tool material. Summary of some common
failure modes in warm forging, their causes and suggested solutions are given

below [31]:
a) Catastrophic Cracking

Sign: Tool "goes with a bang". Large crack results in breakage of tool or

large hairline crack appears.
Cause: Local loading on tool can not be absorbed by tool material.

Solution: Stress raisers in the tool (edges, sharp radii etc.) should be
examined. Alternatively, heat treatment of the tool can be examined. For
example, cooling of a tool too quickly can result in formation of internal heat
treatment stresses, and the tool may fail catastrophically when loaded. If
stress raisers are not present and heat treatment was correct, tool material

with higher toughness should be selected.

27



b) Heat Checking

Sign: Formation of a network of small cracks on the surface.
Cause: Cyclical thermal and mechanical loading.

Solution: Higher strength and/or higher toughness tooling material can be
selected. Additionally, tool material with higher thermal conductivity or

lower thermal expansion can be used alternatively.

¢) Abrasive Wear
Sign: Abrasive wear is often present in flash areas or on radii of punches as
grooved but polished surface.

Cause: Soft tooling material is being gouged away by hard work-piece

material.

Solution: Selection of tool material with higher strength / hardness or wear
resistance (greater carbide content), or addition of a wear-resistant coating to

the tool like nitriding.
d) Deformation
Sign: In deformation failure mode, material is not removed from the tool as

in wear, but is pushed out of place. Deformation mainly occurs at edges of

tooling.
Cause: Soft tooling material is being displaced by hard workpiece material.
Solution: Selection of tool material with higher strength / hardness.

In practice, there is often a mixture of failure modes on one tool, and a

compromise solution must be sought.
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2.9 Lubrication and Cooling in Warm Forging

The function of a tool lubricant is essentially to:

e Maintain a barrier between tool and workpiece thereby eliminating pick-
up and obviating wear.

e Reduce tool/workpiece friction thus reducing forging loads and tool
stresses.

¢ (ool the tools to maintain their hardness and avoid plastic deformation.

Spraying is almost always used to apply tool lubrication and automatic
lubricating systems synchronised to the stroking of the forging machine are

essential in high productivity mass production lines.

Some lubrication systems sequentially blast air into the cavities to clear debris,
blow air/water mist mixture for cooling and then spray a lubricant. Depending
on the tool materials and the lubricant one or all three of these operations can be

used in a sequence of forging operations.

As a result of the investigation performed to understand the factors which affect
die life, it has been discovered that it is essential that an appropriate lubrication
adhesion layer must exist after the lubricant has dried in order to improve die
life. The conditions that are required for this to happen are thought to be die

temperature and spray granularity [34].
Lubricants may be grouped into the following types:
a) Colloidal Graphite-Oil

These lubricant types have a lower latent heat of evaporation than the water
based ones and are suitable for use with high-speed steel tools for which rapid

cooling is detrimental. A disadvantage of this type of lubricant is the smoke and
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fumes which are formed on contact with a heated workpiece as well as the high

cost of disposal in conformation with environmental control.
b) Colloidal Graphite-Water

These lubricants are essentially pollution free and non toxic, with the
qualification that graphite forms carbon monoxide and carbon dioxide. The
lubricants are corrosive however largely due to the presence of ammonia as a

bactericide and fungicide, so that pipes and fittings should be of stainless steel.

Water based graphite lubricants used under the correct conditions, form a solid
coating on the tools. This is an advantage in situations when an oil based
lubricant would run off the tool surface or be squeezed out of the workpiece/tool
interface. Current products are commonly used to coat tool surfaces at
temperatures of 400°C and above and using special spraying techniques have
been used to coat tools at temperatures up to 800°C. Because of their good
coating and friction reducing properties, water based graphite lubricants are
probably the most popular at present. However, although they are
environmentally harmless, the fact that they cause plant and equipment to be
covered in a black film has brought them into disfavor and attempts are
underway to develop white or colorless lubricants. Another disadvantage of
colloidal graphite is that unless continuously agitated, it tends to flocculate,

forming sediment in the holding tanks and clogging up pipes and spray nozzles.
¢) White Mineral in Water

The compositions of these lubricants are largely known only to the
manufacturers. Boron nitride and aluminum silicate are minerals known to have
been used and although they form robust interfacial boundaries to obviate pick-

up they are not very effective at reducing friction.
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d) Colorless Solutions in Water

The development of white/colorless lubricants has been underway for several
years and noticeable performance improvements have been achieved. One
distinct advantage of these lubricants is that being water soluble the plant and
workshop environment is readily washed clean. Also as the lubricating

substances remain in solution pipework does not become clogged.

31



CHAPTER 3

THERMO-MECHANICAL ANALYSIS OF THE CURRENT PRACTICE

USING FINITE VOLUME AND FINITE ELEMENT METHODS

In this chapter, hot forging of the specified part will be simulated using Finite
Volume Method (FVM) and Finite Element Method (FEM) by using the forging

temperature and tooling specified by the forging company.

3.1 Sample Case and Current Process Used in the Forging Company

The part in consideration is used in automotive industry. Photographs of the part
are given in Figure 3.1. The technical drawing of the part is given in Appendix

A.

Figure 3.1 Photographs of the Part [35]

The part is currently forged at 1150 °C which is in hot forging temperature
range, in the steel forging company. The circular billet is heated in an induction
heater of 100 KVA and having coil diameter of 40 mm. A 1000 ton eccentric

mechanical press having three stations for three sets of dies is used in the

32



process. The billet material is St 52-3 according to DIN 17100 standard. The
chemical composition of the material is given in Table 3.1 and the mechanical

properties are given in Table 3.2.

Table 3.1 Chemical Composition of St 52-3 [36]

DIN C% Si% Mn% P % S %
St 52-3 £0.20 £0.55 <£1.60 |0.040 [0.040

Table 3.2 Mechanical Properties of St 52-3 [36]

Tensile Strength, R, 490-630 MPa
Yield Strength, R0 345 MPa
Elongation, As 22 %

The part is forged in three steps in current application as seen in Figure 3.2. The
initial billet has a diameter of 30 mm and its length is 30 mm and the weight of
the reference sample parts are measured on the scale as 175 g. First, the billet is
upsetted between flat dies to a cross section of approximately 43 mm x 27 mm
and a height of 22 mm. Since this stage is open die forging, these geometrical
dimensions can not be hundred percent controlled. Those dimensions may
change for subsequent parts that are forged. In upsetting stage, the billet is
forged two times in the rolling direction. Aim of this upsetting stage is to
prepare an optimum shape for the subsequent stages and additionally to get rid
of scale layer that is formed on the surface of the billet in heating stage. As a
second step, the upsetted billet is forged in closed preform dies, and at this stage,
unfortunately there is excessive flash formation which is usually accepted
unfavorable in perform stages. Finally closed finish dies are used to obtain the

finish geometry.
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(a) Upsetted geometry (b) Preform geometry (c) Finish geometry with flash

Figure 3.2 Photographs of Reference Sample Parts at Three Stages of Forging

There are three sets of dies used in the process. First set consists of two flat dies
which are used in upsetting process. They are basically simple, flat, circular
dies. Their material is DIN 1.2714, corresponding to AISI L6. Second stage
which is the preform stage is closed die forging. Finally the third die set is for
finishing stage. The technical drawings of the preform and finish dies are given
in Appendix A. Photograph of the current preform die set is given in Figure 3.3

and photograph of the current finish die set is given in Figure 3.4.

Figure 3.3 A View of Current Preform Die Set
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Figure 3.4 A View of Current Finish Die Set

The material of the preform dies and finish dies is also DIN 1.2714,
corresponding to AISI 6. The chemical composition of DIN 1.2714 (AISI L6)
is given in Table 3.3. [36] The mechanical properties of DIN 1.2714 are given in

Table 3.4 [37]

Table 3.3 Chemical Composition of DIN 1.2714 (AISI L6) [36]

AISIDIN C% S% Mn%|P% |S% |Cr% Mo %Ni% [V %
L6 |1.2714 0.50- 0.10- |0.65- 10.030/0.030/1.00- 0.45- [1.50- |0.07-
56NiCrMoV7(0.60 0.40 [0.95 1.20 (0.55 |1.80 (0.12

Table 3.4 Mechanical Properties of DIN 1.2714 (AISI L6) [37]

Tensile Strength, Ry,

1174 MPa

Yield Strength, Ry,

645 MPa

Elongation, As

25 %

Reduction of Area, Z

55 %

Modulus of Elasticity

200 GPa

Poisson’s Ratio

0.28
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After the finishing stage, the hole is punched and the flash is trimmed in the trim
press which has a capacity of 250 ton. Trimming and punching stages will not

be analyzed in this study.
Process sheet of the current process is given in Appendix B.

Some problems related to the current process are reported by the forging

company [35]. These problems are:

o After the finish forging stage, cold ironing is required in the parts to get
accurate hexagonal cavity dimensions,
e There is excessive wear in the preform and finish dies resulting from high

stresses on the dies.

Additionally, when the process sequence is observed in the factory and when the
reference sample part dimensions are measured, it is clear that the flash amount
is quite high and the flash distribution is quite non-uniform around the periphery

of the part.

As mentioned before, tolerances are better and closer dimensions can be
obtained in warm forging compared to hot forging. Therefore, the problem of
accuracy in dimensions can be solved by forging the part in warm forging

temperature range.

It is concluded from the simulations that, the problem of excessive wear in
preform and finish dies can be solved by improving and modifying the operation
sequence and the die geometries, especially the preform dies. The simulations
and design improvement stages will be mentioned in detail in subsequent

sections.
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3.2 Modeling the Part, the Billet and the Dies of the Current Process

The part is modeled in 3-D, based on the technical drawings provided by the
company[35], using Pro/Engineer WF 3.0[38]. 3-D model is given in Figure 3.5.

(a) Front View (b) Back View (c) Right View
Figure 3.5 Views of 3-D Model of the Part

The billet, having a radius of 15 mm and a height of 30 mm, is modeled in Pro-

Engineer WF 3.0.

The dies are modeled in Pro/Engineer WF 3.0 [38] based on the technical
drawings provided by the forging company. The 3-D models of the current
preform die set are given in Figure 3.6 and 3-D models of the finish die set are

given in Figure 3.7
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Figure 3.6 3-D Model of the Current Preform Die Set

Figure 3.7 3-D Model of the Current Finish Die Set
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3.3 Thermo-Mechanical Analysis of Current Process Using Finite Volume
Method

In this section, MSC. Superforge 2005 [7], which is a Finite Volume Method
(FVM) software, is used to simulate the process sequence. As a result of the
simulations, die filling success and flash formation are obtained in the study. In
MSC Superforge, the dies are assumed as rigid bodies and only allow heat
conduction and heat transfer, therefore it is not possible to simulate strains and

stresses on the dies in this software [39].

In MSC Superforge, the following steps are needed to be taken to obtain a
complete thermo-mechanical analysis definition [39]:

1- Import models of the workpiece and the dies

2- Assign a material definition to the workpiece and the dies

3- Define the press

4- Define the heat properties, like heat conduction, heat transfer and initial

temperatures
5- Define the friction model and the coefficient of friction
7- Define the simulation conditions; e.g. type of operation, stroke value, etc.

8- Visualization of the results

3.3.1 Modeling of Billet and Dies

The billet and the dies are modeled in 3-D since the geometry of the part is not
suitable to reduce it to a 2-D axisymmetric model. The 3-D models are imported
in “stl” format from Pro-Engineer to MSC Superforge. In “stl” format, the part

is divided to triangles and the geometry is defined by these triangles.
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3.3.2 Assigning Material Definition to the Workpiece and the Dies

MSC Superforge has a material database that includes physical and mechanical
properties of certain metals like Aluminum, Copper, Magnesium, Steel, Tool
Steel, etc., in many compositions. In the analyses, these material properties can
directly be read from this database, and the related values are used in the

calculations by the software.

MSC.SuperForge provides elastic-plastic material models. There are forging
specific material models available for either cold-forging or hot-forging
operations. In the study, the workpiece material is specified as AISI 1020, which
is a Carbon steel and its physical and mechanical properties can be read from the
database of MSC Superforge. The workpiece material is specified as AISI 1020,
because it is decided to use a material which is readily available in the database
of the simulation software. The isothermal cylinder-upset test is the most widely
used method of obtaining flow-stress data at various temperatures and strain
rates [39]. However, it would take so much time and effort to conduct a hot
tensile test to obtain the flow curve data of St 52-3, needed for the simulation.
Additionally, AISI 1020 is quite similar to St 52-3, considering its Carbon and
alloy content; and mechanical properties that would affect the process. The
chemical composition of AISI 1020 is tabulated in Table 3.5 [36]. The
mechanical properties of AISI 1020 are tabulated in Table 3.6 [36].

Table 3.5 Chemical Composition of AISI 1020 [36]

DIN AIST IC % Si% Mn % P% |S%
1.0402 (C22) {1020 [0.17-0.24 [<0.40 10.30-0.60 10.045 <0.045
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Table 3.6 Mechanical Properties of AISI 1020 (Quenched and tempered) [36]

Tensile Strength, R, [490-640 MPa
Yield Strength, Ryoo 295 MPa
Elongation, As 22 %
Reduction of Area, Z 45 %

As the dies are assumed as rigid bodies in MSC Superforge, when material is
assigned to the dies, only thermal conductivity, specific heat and density are
taken into account and its mechanical properties are ignored. When no material
is assigned to the die, then the die is assumed to be made from H13 Die Steel,
and the density and thermal properties will be assigned by default [39]. In the
software, the material for the dies is assigned as DIN 1.2714 (AISI L6), the
mechanical properties are given in Table 3.4, and the thermal properties that are

taken from the MSC Superforge material library are given in Table 3.7 [7]

Table 3.7 Thermal properties of AISI 1.2714 (L6) [7]

Thermal Conductivity 46 (Watt / mK)
Specific Heat & Heat Capacity 420 Joule / kgK

3.3.3 Defining the Press

In MSC. Superforge, different machine tools are available which are; Crank
press, Multi-blow Hammer, Screw press, Hydraulic press, Scotch Yoke press
and user defined table press. The press that is used in the forging company for
the process is, 1000 ton eccentric mechanical press, which corresponds to crank

press in the software.
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In the software, the parameters that are required to define the operation of a
crank press and corresponding values in the specified press are given below. The

press definition menu in MSC. Superforge is given in Figure 3.8.

e Crank radius (R) : 125 mm
e Rod length (L) : 665 mm
e Rotational Speed : 90 rpm

Fresz Type  |[ME SR

Crank Prezs
REY
\ Crank Fradius(F] 125 | millmeter -
-
/ Rod LengthiL] |6E5 | millmeter -]
L Revolution |E":| | ratation/min j

Figure 3.8 Press Definition Menu in MSC. Superforge [39]

3.3.4 Defining the Heat Properties

In the analyses, initial temperature for the dies is given as 250 °C, initial
temperature for the workpiece is given as 1150 °C. Heat properties like heat
transfer coefficient and emissivity for heat radiation to ambient are taken from

the predefined material library automatically by the software.

3.3.5 Defining the Friction Model and the Coefficient of Friction

As the workpiece and the die have rough surfaces and are forced to move

tangentially with respect to one another, frictional stresses will develop at the

42



interface. Therefore, a friction model should be applied to both of the dies. For
forging operations involving relatively low contact pressure between dry contact
surfaces, the Coulomb’s friction model is most appropriate [39]. If the frictional
shear stress reaches a critical value, the workpiece will slip along the die.

According to Coulomb’s law of friction, this value is given by:
T=U Gy 3.1

where, u is the coefficient of friction and o, denotes the normal stress at the

workpiece-die interface.

The alternative model to Coulomb’s law of friction is Tresca’s friction model,
which is the law of plastic shear friction. According to this model, if the
frictional shear stress, t, exceeds a constant fraction m of the flow stress in

shear, Tyic1q, the workpiece starts to slip [39]:
T =M. Tyjeld (3.2)

A value of zero for m represents perfect sliding, which means there is no shear
or friction at the workpiece-die interface. A value of one for m represents
sticking friction, which means that the friction shear stress equals the flow stress
of the material in shear. For forging operations involving relatively high contact
pressures, it is generally more appropriate to use the law of plastic shear friction

[39].

In this study, plastic shear friction model is used as friction model for the
simulations. The friction factor is assumed as 0.3. This value was also used in

other similar studies [16-19,21,22].

3.3.6 Defining the Simulation Conditions

In the simulation conditions part of the software, type of the problem, whether it

is open die forging, closed die forging, extrusion, etc is defined. Additionally,
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the stroke value is specified. Size of the finite volume elements are also
specified in this part. A general rule of thumb is to include 2 finite volume
elements within the smallest feature, this feature typically being the flash
thickness. [39]. In the analyses, as the flash thickness is about 2 mm, the
workpiece element size is taken as 1 mm and the finite volume ratio is taken as
0.2. Finite volume ratio is used to make the finite volume elements that
constitute the billet, smaller compared to global elements. When the mesh is
finer, simulation results get more accurate, however the computation time

increases.

3.3.7 Visualization of the Results

As mentioned before, flash formation and die filling success are examined in
this part using MSC Superforge. The geometry of the part at each stage of the
process, namely first upsetting stage, second upsetting stage, preform stage and

finish stage are given in Figure 3.9.

When the Finite Volume Analysis results are compared with the reference
sample parts, the flash formation in the preform and finish stages is quite similar
with the real application in the company. Like the real practice, the flash
distribution is nonuniform around the periphery of the preform and finished part.
Additionally, the flash amount is quite high which causes excessive material
wastage. A problem related to die filling is not observed in the results, which is

consistent with the real practice.
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{a) Irutal hillet (b First upsetting {t) Second upsethng

{d) Preform {e) Finished part

Figure 3.9 Geometry of the Part at Each Stage of the Process

3.4 Using FEM To Simulate the Process With Die Stress Analysis

In this step, analyses are made by using MSC.Superform 2005 software which
uses Finite Element Analysis (FEM) method [40]. In the study, the finite
element analyses are quite complex and require considerable computational time
and high capacity computers. The factors that increase the complexity of the
model are; modeling as coupled thermo-mechanical analysis, modeling the
geometries in 3-D, modeling the dies as deformable bodies, using the pre-state
option to represent the consecutive preform and finish stages. The details of

these factors will be given later in detail.

The analyses are performed with following steps:
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1- Modeling and mesh generation,
2- Assigning material properties,
3- Applying initial conditions,
4- Applying boundary conditions,
5- Defining contacting bodies,
6- Defining re-meshing criterion,
7- Defining load-cases,
8- Visualization of results.
After these steps, the solution process is applied for all subsequent forging

stages.

The analyses are modeled as coupled thermo-mechanical analysis. The thermo-
mechanical analysis is utilized in the solution of the mechanical problems,
where a temperature change occurs within the material during the process and
the variation of properties of the materials due to this temperature change is
significant. Also, the heat generation in a mechanical problem due to plastic
work or an external heat source requires a coupled analysis. The thermal and

mechanical analyses are carried out in each load/time increment [41].

The thermal strains are created within the body due to change of temperature.

These are calculated by the following formula:
Ae"=]aAT (3.3)

where Ag" is the strain increment, o is the coefficient of thermal expansion and
AT is the temperature increment. The nodal forces due to thermal strains are

then added to nodal force vector during solution.

In the general procedure of the coupled thermo-mechanical analysis, at a time
step t, the mechanical equilibrium equations are solved using the flow curve

corresponding to the temperature at the beginning of the time step. The
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geometry is updated at the next time step, t+At. A pure thermal analysis is
carried out at t+At and a new temperature distribution is calculated. The
mechanical calculations are carried out by the using the updated temperature

values. The flow diagram of the coupled process is given in Figure 3.10 [42].

4'.1’ 1 ] K
{ t+A¢ Mechanical computations
AT >4 - > >
Geometry update
Temperature Latent B
update heat update

Geometry update

Y,

___________ > s

Thermal computations

Figure 3.10 Flow chart of the coupled thermo-mechanical analysis [42]

3.4.1 Modeling and Mesh Generation

In the study, die and billet geometries are designed and modeled using
Pro/Engineer WF 3.0. The models of the billet and the dies are created in 3-D
space, since the geometries are not suitable to reduce it to a 2-D axisymmetric
model. However, the geometry of the part at the preform and finish stages, and
geometries of the dies are symmetrical with respect to the two perpendicular
planes passing through the center of the workpiece. This provides the
opportunity to simulate the process by using a model of one quarter of the actual
specimen and reduces the computational time considerably. As the dies are
modeled as deformable bodies in the study, mesh generation is required also for
the dies, and as the number of elements and nodes increase in an analysis, the

computational time increases in considerable amounts and stability of the
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analysis is hard to achieve. Therefore, it is quite important to use the symmetry
case as much as possible in the finite element analyses. The upsetting stage can
not be reduced to %4 symmetrical model, therefore the billet is modeled
considering the dimensions after the upsetting stage, as shown in Figure 3.11.
The dimensions are obtained from the results of the Finite Volume Simulation

that is explained in Section 3.3.

h@é_rir:

22mm

A3mm l

Figure 3.11 3-D Model of the Billet After the Upsetting Stage

After modeling the billet, 3-D model of the billet is exported in “iges” format
from Pro/Engineer to MSC Superform, 2-D surface meshing is performed using
4 nodded quadrilateral elements, and the surface mesh is expanded to form the
3-D mesh. As a result, the billet is meshed using 8 nodded hexahedral elements.
Element type 7 [43] is used in the billet. Properties related to 8 nodded
hexahedral elements and element type 7 are given in Appendix C. Initial number
of 3-D finite elements in the billet at preform stage is about 12000 and the initial
average edge length is 0,7 mm. The elements at the end of preform stage are
exported to the finish stage by using the pre-state option. Initial number of
elements in the billet at finish stage is about 30000, and the initial average edge
length is about 0,3 mm. These are the initial values and the number of elements

and edge lengths are changing due to remeshing at the end of simulations.

After modeling the preform and the finish dies as explained in Section 3.2, the
3-D models of the dies are exported in “iges” format from Pro/Engineer to MSC
Patran [44], and mesh generation using 4 nodded tetrahedral elements is

performed in this software, as the geometries are quite complex and it is hard to
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create the mesh in MSC. Superform. MSC. Patran is an open-architecture,
general software. It enables direct access to geometry from many CAD systems
for creating finite element models. MSC.Patran finite element system permits
the user to directly access model geometry and to quickly develop finite element
meshes [45]. Properties related to 4 nodded tetrahedral elements are given in
Appendix C. Number of finite elements in the preform dies is about 8000 and
the smallest edge length is about 1 mm. At sections with small details, finer
mesh is used and at larger sections the mesh is coarser. Number of finite
elements in the finish dies is about 10000 and the smallest edge length is about

0,6 mm

3.4.2 Assigning Material Properties

After mesh generation, material properties for the elements are assigned.
Material properties of the workpiece are read directly from the material library

of MSC. Superform. Material of the dies is DIN 1.2714 as mentioned before.

Material Properties for the Workpiece:

MSC.SuperForm allows the workpiece material to be represented as either
elastic-plastic or rigid-plastic material. In the elastic-plastic approach, the elastic
deformations on the material are included in the solution. In the rigid-plastic
approach, the effects of elasticity are not included. It is widely used in
applications, in which plastic deformation occurs and the elastic strains are not
considered. The computation time decreases since the formulation does not
require consideration of elastic strains. Furthermore the computer
implementation is simple and the numerical solution is robust and reliable.
Besides the advantages, the rigid plastic formulation, have some disadvantages.
Physical behaviors that depend on elasticity, such as spring back or residual

stresses, cannot be observed in the solution. The exact final shape and
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characteristics of the specimen may not fulfill the accuracy requirements.
Furthermore, the regions that deform within the elastic range are regarded as
rigid and this may lead incorrect results [42]. Considering these facts, workpiece

material is modeled as elastic-plastic, in the analyses.

Just like MSC Superforge, MSC Superform has its own material library. The
billet material is specified as AISI 1020 and the required parameters are read
from the material library. As the analyses are coupled thermal-mechanical, all

material properties are taken as temperature dependent by the software.

Material Properties for the Dies:

In the investigation of the problems of forming processes, the dies are mostly
regarded as rigid bodies, therefore the elastic deformation of the die is ignored.
The effect of this elastic behavior on the metal flow during the forming
processes is usually negligible as compared to the size of the workpiece.
However, if the working conditions of the forming processes are extreme, such
as high frictional constraints at the die—workpiece interface, the geometrical
ratios and the flow stress of the material, involving high local pressure, the
elastic deflection of the die may considerably influence the local stress and
strain of the deforming body and the effect due to die elasticity will be
pronounced. Thus, rigid-die analysis is mostly inadequate for forming
operations if very high pressure is involved, where precision parts with close

tolerances are demanded or analysis on dies is required [46].

In the study, the dies are modeled as deformable, elastic tools. Young’s Modulus
(E) and Poisson’s ratio(v) are used to define the elastic behavior of the dies. The
value of Young’s Modulus (E) is given at elevated temperatures, and it is
defined as temperature dependent by entering the values at different

temperatures in tabular form. Poisson’s ratio(v) is assumed as constant.
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3.4.3 Applying initial conditions

In MSC Superform, it is possible to define two kinds of initial conditions which
are displacement and temperature initial conditions. In the analyses, temperature
initial conditions are used. The mechanical properties of the workpiece material
are given as temperature dependent, so the program automatically makes
interpolation and takes the values at the given initial temperature into
consideration, at the first increment of the analysis. As the analyses are modeled
as coupled thermo-mechanical, material properties are updated at each
increment by the software as explained in Section 3.4. In the study, initial
temperature for the nodes on the dies is given as 250 °C, initial temperature for

the workpiece nodes is given as 1150 °C for the preform stage.

On the other hand, for the finish stage, the “pre-state” initial condition is used.
In the “pre-state” initial condition, the strain values, stress values and
temperature values at any increment of the solution can be directly exported to
the next stage of forging. In the study, the specified values on the workpiece at

the last increment of preform stage are exported and used in the finish stage.

3.4.4 Applying boundary conditions

Type of boundary conditions that can be defined in MSC Superform are;
mechanical boundary conditions and thermal boundary conditions. In the study,
the mechanical and thermal constraints are defined by using contacting bodies
instead of using boundary conditions to get a better representation of the
experimental setup. For example, the upper die and the lower die are mounted to
the die holders in the press assembly in application. To define these constraints,
“fixed displacement” or “hold nodes” mechanical boundary conditions could

have been defined. However, two rigid contacting surfaces representing the
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upper and lower die holder surfaces are used instead of this. Additionally,
thermal boundary conditions are represented by defining thermal properties for

each contacting body.

3.4.5 Defining contacting bodies

The contacting bodies defined in MSC Superform are shown in Figure 3.12 and

the list of contacting bodies is given below:

e Workpiece as deformable body
e Upper and lower dies as deformable bodies
e Symmetry planes as rigid surfaces

e Upper and lower fixing surfaces as rigid surfaces

Upper
Fixing
Surface

Symmetry
Plane

Symmetry

Plane

Lower
Fixing
Surface

Figure 3.12 % Model of the Billet, the Preform Dies and the Symmetry Planes

52



3.4.6 Defining re-meshing criterion

In manufacturing simulations, the objective is to deform the workpiece from
some initial (simple) shape to a final, often complex shape. This deformation of
the material, results in mesh distortion. For this reason, it is often required to
perform a rezoning/remeshing step. In forming processes, deformation is usually
very large. Moreover, the relative motion between the die surface and the
deforming material is also large. Such large deformations and displacements
cause the following computational problems during FEM simulation with

Lagrangian mesh.

¢ Difficulties in incorporating the die boundary shape into the FEM mesh,
with increasing relative displacement between die and workpiece.

¢ Difficulties in accommodating the considerable change of deformation
mode with one mesh system.

¢ Formation of unacceptable element shapes due to large deformation

In order to overcome these difficulties, it is necessary periodically to redefine
the mesh system. The rezoning consists of two procedures. One is the
assignment of a new mesh system to the workpiece and the other is the transfer
of information from the old to the new mesh through interpolation. Generation
of the new mesh is essentially the same as the initial mesh generation. The field
variables, which depend on deformation history, are effective strains and

temperatures, and they must be interpolated on the new mesh. [47]

In the analyses, it is applied 3-D remeshing using “Overlay Hex Technique”. In
this method, when the predefined conditions are satisfied, the program
automatically remeshes the workpiece using hexahedral elements. In the study,
“strain change” is given the predefined condition for remeshing. Strain Change
criterion records equivalent strain change of each element after remeshing.
When the strain change of any element reaches the maximum allowed, the new

remeshing will occur. [43]. Maximum strain change that is allowed is set to 0.6
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in the analyses for adequate frequency of remeshing. In the analyses, inside
coarsening level of 2 is used in remeshing to reduce computation time. The
“inside coarsening levels” command reduces the number of generated elements;
by allowing larger elements to be produced in the interior of the mesh. Tying
equations are used to maintain compatibility of neighboring elements. A value
of zero indicates that no coarsening occurs; while a value of two indicates that
the elements in the interior can be up to 64 times larger than the elements on the

surface [43].

In the simulations, final number of elements in the billet at preform stage is
about 30000 and the final edge length is about 0,3 mm. Final number of
elements in the billet at finish stage is about 20000 and the final edge length is
about 0,2 mm. The reason for having less number of elements in the finish stage

is using the inside coarsening option at this stage.

3.4.7 Defining load-cases

In MSC Superform, The “loadcases” option is used to group boundary
conditions together and to provide additional information so that the analysis
can be performed. This data includes the time period, convergence requirements,
contact information, and remeshing requirements [43]. In MSC. SuperForm,
motion of the tools can be defined by prescribing five substages typically used
in forging equipment. These five substages are listed in Table 3.8 and
representation of the substages in a forging machine (crank press) is depicted in
Figure 3.13 [43]. In the study, the Crank press stage is used. For this type of
machine, the stroke displacement is governed by the crank radius and the

connecting rod length.
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Table 3.8 Five Substages Defining Motion of Tools [43]

Substage Behavior

1 'Workpiece positioning

Tools moving in

‘Workpiece deformation

2
3
4 Tools moving out
5

'Workpiece release

Substage 1 Substage 2 Substage 3 Substage 4 Substage &

Figure 3.13 Representation of the Substages in a Crank Press [43]

The first substage is to control the positioning of the workpiece onto the fixed
lower tools. The workpiece will be moved onto the machine table in the press
direction. The second substage is to control the positioning of the tool such that
it comes into contact with the workpiece. The third substage is to control the
actual forging of the workpiece. In this substage, the stepping procedure for the
computation is defined. The available stepping procedures in the software are:

1- Fixed Time Steps

2- Fixed Displacement Steps

3- Adaptive Steps (Plastic Strain)

4- Adaptive Steps (Auto Step)
In the study, “fixed time steps” is chosen as it implements faster solutions by

converging fast.

55



The fourth substage controls the position of the tools as they are moved away
from the workpiece. The fifth substage is to control the release of the workpiece

from the machine table.

3.4.8 Visualization of Finite Element Analysis Results

The thermo-mechanical results that are obtained from the finite element

simulations are;

¢ Maximum equivalent stress distribution on the preform and finish dies,
e Maximum equivalent stress distribution on the part at finish stage,

e Residual stresses on the preform and the part

The results are visualized using “contour bands” option of the software. The

numerical values are tabulated in Table 3.9 and Table 3.10.

Current Preform Stage:

Figure 3.14 Maximum Equivalent Stress on Upper Preform Die
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Figure 3.15 Max Equivalent Stress on Lower Preform Die
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Angle: 3.600e+002
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Figure 3.16 Residual Stresses on Preform
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Current Finish Stage:

.17

Figure 3.17 Max Equivalent Stress on Upper Finish Die
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Figure 3.18 Max Equivalent Stress on Lower Finish Die
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Inc: 83
Time: 2.790e-001
Angle: 1.674e+002

Figure 3.19 Maximum Equivalent Stress on Part at Finish Stage

Inc: 272
Time: 1.300e+000
Angle: 0.000e+000

Figure 3.20 Residual Equivalent Stress on Finished Part
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Table 3.9 Maximum Equivalent Stress Values

Maximum Equivalent Stress (MPa) [Process time %
Upper Preform Die 485 47%
Lower Preform Die 800 49%
Upper Finish Die 745 22%
Lower Finish Die 1205 23%
Billet at Finish Stage 525 21%

Table 3.10 Residual Stress Values in Preform and Finished Part

Residual Equivalent Stress (MPa) |Process time %
Billet 79 100%
Finished Part 275 100%

From the simulations results, it is observed that the flash distributions in the

preform and the finished part are similar to the real case.

The maximum Equivalent Stress on the upper preform die is around the edges
where the hexagonal protrusion starts, and the value is around 500 MPa. This
value is lower than the yield strength of the die material. The maximum
equivalent stress on the lower die is around 800 MPa, which is also below the
yield strength of the die material. These results show that, plastic strains are not

expected on the preform dies during the process.

The maximum Equivalent Stress on the upper finish die is again around the
edges where the hexagonal protrusion starts, and its numerical value is around
745 MPa. For the lower finish die, the maximum equivalent stress is about 1205
MPa. The maximum equivalent stress on the lower die is observed to be above
the yield strength of the die material, which shows that local plastic deformation

is expected at the locations where maximum stress occurs.

Process time %, given in the tables, is calculated by dividing the time of the

considered increment to the total process time that is calculated by the software.
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Total process time is calculated as 0.6 s for the preform stage and 1.3 s for the
finish stage by using the predefined press parameters, i.e. crank radius, rod

length, revolution speed and the stroke.

Taking the simulation results into account, it is decided to propose a new
process sequence design together with a new preform die design to reduce the

equivalent stresses on the dies.
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CHAPTER 4

FINITE ELEMENT ANALYSIS OF PROPOSED WARM FORGING

PROCESS AND DIES

4.1 General Information About the Proposed Process

The problems that are encountered in the forging company are mentioned in
Chapter 3, in this chapter solutions to these problems will be proposed by
designing a new forging process sequence design together with new preform

design.

In the current practice, the part dimensions after the upsetting stage are 43 mm x
27 mm x 22 mm. During the analyses, it is observed that rectangle-like
geometry of the upsetted billet makes the flash distribution nonuniform in the
preform and finish stages. The reason is that, the final product has dimensions of
40mm x 40mm x 17mm. Therefore, it is decided that, using a billet with square
cross section would be more convenient. Cross section of the square billet is 35
mm X 35 mm, and the height is decided to be 17 mm as a result of the

simulations performed in MSC. Superforge and MSC. Superform.

In the designed process sequence, the upsetting stage is eliminated. While
eliminating, two aspects of the upsetting stage, which are mentioned before, are
taken into account. Preparation of an optimum shape for the subsequent stages is
managed by using square billet. Another aspect of the upsetting stage, which is
to get rid of scale layer that is formed on the billet in heating stage,
considerably, is not a problem in this case study because in the literature it is

stated that, serious scaling (where substantial material may be lost and the
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oxidized material spalls off the surface of the material) does not begin until the
material reaches about 850 °C [48]. In this study, the experiments will be carried
at temperatures at which scale formation is not generally serious. Detailed

information about experiments will be given in experimentation chapter.

In the design of process sequence, the preform die geometries are modified in
order to reduce stress values on the dies, basically on the critical sections that
are specified by the forging company and to implement a solution to the wear
problem that has been reported by the company. Additionally, the material of
the preform dies is improved by convenient material selection, which will be

explained later in detail.

The finish die geometries are not changed. It is clear that to obtain the part
dimensions specified by the forging company, the finish die dimensions should
be identical with the finish dies that are used in the current application.
However, the material of the finish dies is improved by convenient material

selection, which will be explained later in detail.

4.2 Finite Element Simulations of the Proposed Process

In this section, the details of the Finite Element Simulations will be given.
Analyses are made by using MSC.Superform 2005 software which uses Finite
Element Analysis (FEM) method. The analyses are performed with the
following steps as in the other available software:

1- Modeling and mesh generation,

2- Assigning material properties,

3- Applying initial conditions,

4- Applying boundary conditions,

5- Defining contacting bodies,
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6- Defining re-meshing criterion,
7- Defining load-cases.
8- Visualization of the results

After these steps, the solution process is applied for all subsequent forging

stages.

4.2.1 Modeling and Mesh Generation

The billet is designed to be square billet with dimensions 35 mm x 35 mm x 17
mm. The billet is modeled in Pro/Engineer WF 3.0 according to the geometrical
dimensions specified. The billet and the dies are modeled in 3-D since the
boundary conditions in the simulations are not suitable to reduce it to a 2D
axisymmetric model. 3-D model of the square billet together with the preform

dies is given in Figure 4.1.

Dies are modeled in Pro/Engineer WF 3.0. 3-D model of the designed preform
dies is given in Figure 4.2 and 3-D model of the finish dies is given in Figure 4.3
and technical drawings of the preform and finish dies are given in Appendix D.
While designing and modeling the dies, the dimensional requirements of the
press and the die holders that will be used in the experimentation, are taken into
account, and these requirements will be given in detail in experimentation
chapter. As can be seen from the 3-D models and the technical drawings, the
upper and lower dies have a larger diameter along a height of 50 mm and then
the diameter gets smaller. In the preform die set, the outer diameter of the upper
and lower dies is 197 mm along a height of 50 mm, then the diameter reduces to
175 mm. In the finish die set, the outer diameter of the upper and lower dies is
222 mm along a height of 50 mm, then the diameter reduces to 200 mm. This

stair like geometry is used for clamping the dies to the die holder. Surface of the
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Figure 4.1 3-D model of the square billet

Figure 4.2 3-D model of the preform dies
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Figure 4.3 3-D model of the finish dies

die clamping elements mate with this larger diameter and when the clamping
elements are fastened by bolts, the dies are fixed in the die holder. The die
surfaces which are mating with the clamping elements are tapered at an angle of
5 degrees, the clamping elements also have the same angle. Additionally, the
key seats having width of 16 mm with the tolerance of H8 [49]; and depth of 9
mm, are designed and modeled in the dies to prevent the rotational motion of the

dies relative to the die holder.

After modeling the billet, 3-D model of the billet is exported in “iges” format
from Pro/ Engineer to MSC Superform, 2-D surface meshing is performed using
4 nodded quadrilateral elements, and the surface mesh is expanded to form 3-D

mesh. Billet is meshed using 8 nodded hexahedral elements.

After modeling the dies, the 3-D models of the dies are exported in iges format
from Pro/Engineer to MSC Patran and mesh generation is performed in this

software
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4.2.2 Assigning Material Properties

After mesh generation, the material properties for the elements are assigned.
Material properties of the workpiece are read directly from the material library
of MSC. Superform. The material properties of the dies are obtained from the

manufacturer’s website [50] and entered manually to the program.

Material Properties for the Workpiece:

Just like MSC Superforge, MSC Superform has its own material library. The
billet material is specified as AISI 1020 and the required parameters are read

from the library.

Material Properties for the Dies:

As mentioned in the previous chapter, the dies are modeled as elastic bodies in
the analyses. The material used for the dies is Dievar, which is a patented
product, and the properties are obtained from the manufacturer’s website [50].
Dievar is a high performance chromium-molybdenum-vanadium alloyed hot
work tool steel which offers a very good resistance to heat checking, gross

cracking, hot wear and plastic deformation. Dievar is characterized by:

Excellent toughness and ductility in all directions

¢ Good temper resistance

¢ Good high-temperature strength

e Excellent hardenability

¢ Good dimensional stability throughout heat treatment and coating

operations [50].

The chemical composition of Dievar is given in Table 4.1 [50]. The physical

properties are given in Table 4.2 [50]. The mechanical properties (Tensile
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properties at room temperature) are given in Table 4.3 [50]. The tensile
properties at elevated temperatures are given in Figure 4.4 [50]. The elastic
behavior of the die material is defined by using Young’s modulus at different

temperatures and Poisson’s ratio which is taken as a constant, having a value of
0,3.

Table 4.1 Chemical Composition of Dievar [50]

ISO/DIN |AISI C Si Mn [Ct Mo [V

PATENT [PATENT |0.35 0.20 [0.50 [5.00 [2.30 |0.60

Table 4.2 Physical Properties of Dievar [S0]

Temperature 20°C |400°C 600 °C
Density [g/cm’] 7.8 7.7 7.6
Modulus of Elasticity [MPa] 210 500 (180000 {145 000
Coefficient of Thermal Expansion 12.7%10° |13.3*%10°
Thermal Conductivity [W/m °C] 31 32

Table 4.3 Mechanical Properties of Dievar(Tensile properties at room temperature) [S0]

Hardness 44 HRC 48 HRC |52 HRC

Tensile Strength, R, (1480 MPa (1640 MPa ({1900 MPa

Yield Strength, Ry, (1210 MPa (1380 MPa (1560 MPa

Elongation, As 13 % 13 % 12,5 %

Reduction of Area, Z |55 % 55 % 52 %
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Figure 4.4 Tensile properties of Dievar at elevated temperatures [50]

4.2.3Applying initial conditions

In the study, initial temperature for the dies is given as 200 °C, initial
temperature for the workpiece is given the values in the range 850 °C - 1000 °C,
at increments of 50 °C and also 1150 °C, which is the current forging

temperature in the company.

4.2.4 Applying boundary conditions

The same approach as in Chapter 4 is used regarding the boundary conditions.
Therefore, in the analyses, the mechanical and thermal constraints are defined
by using contacting bodies instead of using boundary conditions to get a better

representation of the experimental setup.
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4.2.5 Defining contacting bodies

The list of contacting bodies is given below and the contacting bodies defined in

MSC Superform are shown in Figure 3.12.

e Workpiece as deformable body

Upper and lower dies as deformable bodies

e Symmetry planes as rigid surfaces

Upper and lower fixing surfaces as rigid surfaces

4.2.6 Defining re-meshing criterion

In the analyses, it is applied 3-D remeshing using Overlay Hex Technique.
Similar to the analyses that are explained in Chapter 3, “strain change” is given
the predefined condition for remeshing. Maximum strain change that is allowed
is set to 0.6 in the analyses for adequate frequency of remeshing. In the analyses,

inside coarsening level of 2 is used in remeshing to reduce computation time.

4.2.7 Defining load-cases

In the study, the Crank press definition is used. For this type of machine, the
stroke displacement is governed by the crank radius and the connecting rod

length.

In the study, the experiments will be done using the 1000 ton SMERAL
mechanical press available in METU-BILTIR Center Forging Research and

Application Laboratory. Technical data of the press are given in Appendix E.

e Crank radius (R) : 110 mm
e Rod length (L) : 750 mm
e Angular Speed : 100 rpm
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4.2.8 Visualization of Results

The simulations are performed at temperatures 1150 °C, 1000 °C, 950 °C, 900
°C and 850 °C. The results that are obtained from the FEM simulations are;

¢ Maximum Equivalent stress distributions on the preform and finish dies

e Temperature distributions on the preform and finish dies at the increment
of maximum Equivalent stress

e Equivalent stress distribution on the part at last stage of preform and finish

e Temperature distribution on the part at last stage of preform and finish

4.2.8.1 Results for Initial Billet Temperature of 1150 °C

The maximum Equivalent stress distribution on the preform dies and finish dies
for the initial billet temperature of 1150 °C, are given in Figures 4.5 — 4.12. The

maximum values are tabulated in Table 4.4 and Table 4.5.

Iz 101
Time: 2.995e-001
Angle: 1.73Te D02

468.06

421,34

Ir463

Figure 4.5 Max. Equiv. Stress on Upper Preform Die for Initial Billet Temp. of 1150 °C
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Figure 4.7 Max. Equiv. Stress on Lower Finish Die for Initial Billet Temp. of 1150 °C
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Figure 4.9 Max. Equiv. Stress on Upper Finish Die for Initial Billet Temp. of 1150 °C
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Figure 4.11 Preform (a) Residual Stresses (b) Temperature Distribution
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(a) o b)

Figure 4.12 Finished Part (a) Residual Stresses (b) Temperature Distribution

Table 4.4 Max. Equiv. Stress on the Dies for Initial Billet Temp. of 1150 °C

Maximum. | Process % (time /
Equivalent | total simulation
Stress (MPa) time)
Lower Preform Die 690 49
Upper Preform Die 465 48
Lower Finish Die 885 25
Upper Finish Die 580 24

Table 4.5 Residual Stresses and Temperatures on Preform and Finished Part

Residual  Stresses/Temperature at Last

(MPa) Increment (°C)
Preform 100 1168
Finished Part 180 1124

The maximum equivalent stresses on the preform dies are around 466 MPa for
the upper die and 690 MPa, for the lower die. These results are lower than the
ones on the preform set that is currently used, which are 484 MPa and 797 MPa,

respectively.

The maximum Equivalent Stress on the upper finish die is around 580 MPa, and

the temperature at the region of maximum stress is around 200 °C. On the lower
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finish die, the maximum equivalent stress is around 880 MPa, at a region having
peak temperatures of 200 °C. These values are much lower than the die stresses
in the current practice in the forging company, which are 745 MPa and 1205

MPa respectively.

These results indicate that the problem of plastic deformation and excessive
wear on the dies is controlled at the specified temperature with the proposed
process sequence and die design. These results encouraged to reduce the forging
temperature to warm forging temperature range. In the following sections, the

simulations with lower initial billet temperatures will be explained.

4.2.8.2 Results for Initial Billet Temperature of 1000 °C

The Maximum Equivalent stress distribution on the preform dies and finish dies
for the initial billet temperature of 1150 °C, are given in Figures 4.13 — 4.18.

The maximum values are tabulated in Table 4.6 and Table 4.7.

s01.39

A30.0¢

I58.6%

Figure 4.13 Max. Equiv. Stress on Upper Preform Die for Initial Billet Temp. of 1000 °C
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Figure 4.15 Max. Equiv. Stress on Lower Finish Die for Initial Billet Temp. of 1000 °C
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Figure 4.16 Temperature Distribution on Lower Die at Increment of Max. Equiv. Stress
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Figure 4.17 Max. Equiv. Stress on Upper Finish Die for Initial Billet Temp. of 1000 °C
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Inc: 115
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Figure 4.18 Temperature Distribution on Upper Die at Increment of Max. Equiv. Stress

Table 4.6 Max. Equiv. Stress on the Dies for Initial Billet Temp. of 1000 °C

Maximum. | Process % (time /
Equivalent total simulation
Stress (MPa) time)
Lower Preform Die 920 49
Upper Preform Die 715 48
Lower Finish Die 1110 25
Upper Finish Die 805 24

The maximum equivalent stresses on the preform dies are around 795 MPa for

the upper die and 940 MPa, for the lower die.

Residual stresses and temperature distribution on the preform and the finished
part are very similar to the ones in 1150 °C, except the values. The values are

given in Table 4.7.
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Table 4.7 Residual Stresses and Temperatures on Preform and Finished Part

Residual Stresses|Temperature at Last

(MPa) Increment (°C)
Preform 78 1024
Finished Part 224 995

The maximum Equivalent Stress on the upper finish die is around 805 MPa and
the temperature at the region of maximum stress is around 200 °C, the maximum
equivalent stress on the lower finish die is around 1110 MPa, and the
temperature at that region is around 250 °C.. The maximum equivalent stresses
on the upper and lower dies are lower than the yield strength of the die material
at that temperature. Therefore, when the initial billet temperature is reduced to

1000 °C, no plastic deformation is expected on the finish dies.

4.2.8.3 Results for Initial Billet Temperature of 950 °C

The maximum Equivalent stress distribution on the preform dies and finish dies
for the initial billet temperature of 950 °C, are given in Figure 4.19- Figure 4.24.

The maximum values are tabulated in Table 4.8 and Table 4.9.
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Figure 4.20 Max. Equiv. Stress on Lower Preform Die for Initial Billet Temp. of 950 °C
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Figure 4.21 Max. Equiv. Stress on Lower Finish Die for Initial Billet Temp. of 950 °C

Inc: 139
Time: 2.925e-001
Angle: 1.755e+002

Figure 4.22 Temperature Distribution on Lower Die at Increment of Max. Equiv. Stress
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Figure 4.23 Max. Equiv. Stress on Upper Finish Die for Initial Billet Temp. of 950 °C
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Figure 4.24 Temperature Distribution on Upper Die at Increment of Max. Equiv. Stress
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Table 4.8 Max. Equivalent Stress and Temperature on Preform and Finish Dies at 950 °C

Maximum. | Process % (time /
Equivalent total simulation
Stress (MPa) time)
Lower Preform Die 940 49
Upper Preform Die 795 48
Lower Finish Die bk 25
Upper Finish Die 950 24

**%* Yield Strength is exceeded

Residual stresses and temperature distribution on the preform and the finished
part are very similar to the ones in 1150 °C, except the values. The values are

given in Table 4.9.

Table 4.9 Residual Stresses and Temperatures on Preform and Finished Part

Residual Stresses|Temperature at Last

(MPa) Increment (°C)
Preform 83 978
Finished Part 235 982

The maximum equivalent stresses on the preform dies are around 795 MPa for

the upper die and 940 MPa, for the lower die.

The maximum Equivalent Stress on the upper finish die is around 950 MPa and
the temperature at the region of maximum stress is around 200 °C. The
maximum equivalent stress on the upper die is lower than the yield strength of
the die material at that temperature. Therefore, when the initial billet

temperature is reduced to 950 °C, no plastic deformation is expected on the
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upper finish die. On the other hand, the maximum equivalent stress on the lower
finish die is greater than the yield strength of the die material at that
temperature, which means some local plastic strains are expected at the region

of maximum stress.

4.2.8.4 Results for Initial Billet Temperature of 900 °C

The maximum Equivalent stress distribution on the preform dies and finish dies
for the initial billet temperature of 900 °C, are given in Figure 4.25- Figure 4.28.

The maximum values are tabulated in Table 4.10 and Table 4.11.
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Figure 4.25 Max. Equiv. Stress on Upper Preform Die for Initial Billet Temp. of 900 °C
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Figure 4.26 Max. Equiv. Stress on Lower Preform Die for Initial Billet Temp. of 900 °C
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Figure 4.27 Max. Equiv. Stress on Lower Finish Die for Initial Billet Temp. of 900 °C
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Figure 4.28 Max. Equiv. Stress on Upper Finish Die for Initial Billet Temp. of 900 °C

The temperature distributions on the upper and lower dies at the increment of
maximum equivalent stress are similar to the ones that are given above for
higher billet temperatures. However, the numerical values, which are 424 °C for

the lower die and 392 °C for the upper die, are smaller, as expected.

The residual stresses and temperature distribution on the preform and the
finished part are very similar to the ones in 1150 °C, except the values. The

values are given in Table 4.11.

Table 4.10 Max. Equivalent Stress and Temperature on Preform and Finish Dies at 900 °C

Maximum. | Process % (time /
Equivalent total simulation
Stress (MPa) time)
Lower Preform Die 963 49
Upper Preform Die 933 48
Lower Finish Die Hkk 25
Upper Finish Die 1133 24
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Table 4.11 Residual Stresses and Temperatures on Preform and Finished Part

Residual Stresses|Temperature at Last

(MPa) Increment (°C)
Preform 90 932
Finished Part 236 935

The maximum equivalent stresses on the preform dies are around 933 MPa for
the upper die and 963 MPa, for the lower die. The maximum Equivalent Stress
on the upper finish die is around 1130 MPa, and the temperature at the region of
maximum stress is around 200 °C. The maximum equivalent stress on the upper
die is lower than the yield strength of the die material at that temperature.
Therefore, when the initial billet temperature is reduced to 900 °C, no plastic
deformation is expected on the upper finish die. On the other hand, the
maximum equivalent stress on the lower finish die is greater than the yield
strength of the die material at that temperature, which means some local plastic

strains are expected at the region of maximum stress on the lower die.

4.2.8.5 Results for Initial Billet Temperature of 850 °C

The maximum Equivalent Stress distribution on the preform dies and finish dies
for the initial billet temperature of 850 °C, are given in Figure 4.29-Figure 4.32.

The maximum values are tabulated in Table 4.12 and Table 4.13.
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Figure 4.30 Max. Equiv. Stress on Lower Preform Die for Initial Billet Temp. of 850 °C
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Figure 4.31 Max. Equiv. Stress on Lower Finish Die for Initial Billet Temp. of 850 °C
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Figure 4.32 Max. Equiv. Stress on Upper Finish Die for Initial Billet Temp. of 850 °C
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The temperature distributions on the upper and lower dies at the increment of
maximum equivalent stress are similar to the ones that are given above for
higher billet temperatures. However, the numerical values, which are 410 °C for

the lower die and 382 °C for the upper die, are smaller, as expected.

The residual stresses and temperature distribution on the preform and the
finished part are very similar to the ones in 1150 °C, except the values. The

values are given in Table 4.13.

Table 4.12 Max. Equivalent Stress and Temperature on Preform and Finish Dies at 850 °C

Maximum. Process % (time /
Equivalent total simulation
Stress (MPa) time)
Lower Preform Die 1168 49
Upper Preform Die 1025 48
Lower Finish Die HE 25
Upper Finish Die HHE 24

Table 4.13 Residual Stresses and Temperatures on Preform and Finished Part

Residual Stresses|Temperature at Last
(MPa) Increment (°C)
Preform 115 886
Finished Part 262 846

The maximum equivalent stresses on the preform dies are around 1025 MPa for

the upper die and 1168 MPa, for the lower die.

The maximum equivalent stresses on the upper and lower dies are greater than
the yield strength of the die material at that temperature, which means some

local plastic strains are expected at the regions of maximum stress.
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4.3 Discussion of the Finite Element Simulations

In the simulation results, it is observed that the maximum equivalent stress
values on the dies increase as the initial billet temperature is reduced. However,
the locations on the upper and lower dies where the maximum equivalent

stresses occur are the same for all the simulations.

In the simulations, for the initial billet temperatures of 950 °C and below,
maximum equivalent stresses exceeding the yield strength of the die material are
observed on the lower finish dies. The maximum equivalent stress values on the

dies are given in Table 4.14.

Table 4.14 Maximum Equivalent Stress Values on the Dies

Maximum Equivalent Stress (MPa)

Initial Billet Temp. {1150 °C|1000 °C|950 °C900 °C|850 °C

Lower Preform Die/690 920 940 963 1168

Upper Preform Die|465 715 795 933 (1025

Lower Finish Die [885 1110 preswese plokse plokok

Upper Finish Die 580 805 950 |1133 pe**

*** Yield Strength is exceeded

The stresses on the upper die are below the yield strength for temperatures of
1150 °C, 1000 °C, 950 °C and 900 °C, which means that no plastic deformation
is expected on the upper die at these temperatures. On the other hand, the
stresses on the lower die are below the yield strength for temperatures of 1150
°C and 1000 °C. For lower temperatures, local plastic strains are expected on the

lower die.

The values that are exceeding the yield strength of the die material are not given

in Table 4.14. The reason is, the dies are modeled as elastic bodies and the
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material behavior and the stress-strain values after the elastic region can not be
predicted by using this assumption. In practice, for the stress values that are
exceeding the yield strength of the material, plastic strains occur in the material,
and the material behaves according to the plastic part of the flow curve between
the yield and the fracture. “Elastic-plastic” material definition, together with
flow curve specification, would give magnitudes of the plastic strains and
equivalent stresses. The reason for using the “elastic dies” assumption is to
reduce the complexity of the model and to be able to accomplish the simulations
with the available hardware, which is suggested by the MSC Superform
software developers [51]. The factors that increase the complexity of the model

have been mentioned in Section 3.4.

The characteristics of temperature distribution considering locations on the dies
at the increment of the maximum equivalent stress are similar for all
simulations, but the numerical values are different. The locations where the
temperature reaches to its peak values are the ones which are in contact with the
workpiece for a longer time than other locations on the dies. The peak values of
the temperature on the dies decreases as the initial billet temperature is reduced

and the values are given in Table 4.15.

Table 4.15 Peak values of the Temperature on the Finish Dies

Peak Values of the Temperature on the Finish Dies (°C)

Initial Billet Temp.| 1150 °C | 1000 °C | 950°C | 900 °C 850 °C
Upper Finish Die 452 414 400 392 382
Lower Finish Die 505 458 437 424 410
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CHAPTER §

MANUFACTURING OF THE DIES AND EXPERIMENTATION

Designing and 3-D modeling of the dies and the process are explained in detail
in Chapter 4. In this chapter, manufacturing of the dies and verification of the

previously mentioned simulations by experiments will be explained.

5.1 Dimensional Requirements of the Press and the Die Holders

In the modeling stage of the dies, dimensional requirements of the press that will
be used in the experiments are taken into account, and the dies are manufactured

in accordance to these dimensions.

In the experiments, 1000 ton SMERAL mechanical press available in METU-
BILTIR Center Forging Research and Application Laboratory is used. The
technical data of the press are given in Appendix E. The press has a ram stroke
of 220 mm. The press has a shut height of 620 mm, which is the distance
between the ram and the anvil when the ram is at its bottom dead center as can
be seen from Figure 5.1. When the die holders are mounted and the ram is at its
bottom dead center position, the distance between the die locating surfaces of
the upper and lower die holders is 200 mm. That distance gives the total
allowable height of the upper and lower dies when there is no flash formation.
That means, when the dies are manufactured in a way that the sum of the upper
and lower die heights is 200 mm, the die surfaces come into contact when the
ram is at its bottom dead center position. Therefore, when there is flash
formation, there should be a facial clearance equal to the flash thickness at

bottom dead center position, and this facial clearance is obtained by ensuring the
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total height of the upper and lower dies is 200 mm minus flash thickness. This
distance calculation should be made carefully to prevent the collision of the dies
during the forging stroke. Additionally, when the process is multi stage, height
of each die set should be calculated carefully to make sure there is proper flash
thickness between the dies. In the study, the flash thickness of 2.2 mm in the
preform and 2 mm in the finish stage are planned. Therefore, the total height of
the preform dies should be 197.8 mm and total height of the finish dies should
be 198 mm.
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Figure 5.1 Die Holder and Shut Height of Smeral 1000 ton Mechanical Press [52]

The die holders have three stations, available for three set of dies and three stage
operations. Photograph of the lower die holder is given in Figure 5.2. The upper
die holder has similar elements. The stations on the left and right have equal
diameter of 197 mm and the station in the middle has a diameter of 222 mm.

Outer diameters of the dies should satisfy these dimensions. Technical drawings
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of the circular dies appropriate for the die holders are given in Figure 5.3 and

Figure 5.4.

Figure 5.3 Top View of Circular Dies [52]
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Figure 5.4 Front View of the Circular Dies [52]

5.2 Manufacturing of the Preform and Finish Dies

As mentioned before, in the study, tool design and process planning is
accomplished with CAD/CAM/CAE approach. After modeling the dies in
Pro/Engineer WF 3.0, manufacturing module of the software is used to obtain

the NC codes for manufacturing the dies.
In general, steps in NC code development are as follows [31]:

e definition of cutter tools,
e preparation of 2D/3D model of tools (setting of coordinate system) and
defining the type of modeling (depending on number of machining axes),
e creating of NC procedures (roughing, semi-finishing, finishing),
¢ post processing of neutral NC code and communicating with machine.
After the NC codes are developed, the dies are manufactured in MAZAK
Variaxis 630-5X high-speed vertical milling machine, which is available in

METU-BILTIR Center CAD/CAM Laboratory. Additionally, Wire Electro-
Discharge Machine (W-EDM) available in METU-BILTIR Center CAD/CAM
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Laboratory, is used to manufacture the key seats. On high-speed machines,
depths of cut are small but feeds are fast so that material may be rapidly
removed. Because the depths of cut are small, hardened tool steels may be
machined. Another advantage of high-speed machining is that surface integrity
is good and no white layer, as produced by electro-discharge machining exists.
[31]

Tool steel is mostly supplied from the manufacturer in the soft annealed
condition. In this state, it is soft and easier to machine. Before the tool can be
used, it has to be brought up to hardness. This is usually done after the majority
of the machining has been carried out Appropriate and accurate heat treatment
of a tool is essential if the tool steel is to perform to its full potential. An
inappropriately chosen or inaccurate heat treatment can easily destroy the
essential properties of the material and cause the tool to fail. In the study, heat
treatment of the die steel is made in the company which supplied the material of

the dies. Details of the heat treatment process are given in Appendix F.

Photographs of the manufactured preform dies are given in Figure 5.5 and

photographs of the manufactured finish dies are given in Figure 5.6.

Figure 5.5 Views of the Manufactured Lower and Upper Preform Dies
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Figure 5.6 Views of the Manufactured Lower and Upper Finish Dies

5.3 Experimentation of the Proposed Process

The experiments have been realized in METU-BILTIR Center Forging Research
and Application Laboratory. In the experiments, firstly the billets are cut to the
specified length in KESMAK Sawing Machine, then they are heated to the
specified temperatures in INDUCTOTERM 125 KVA Induction Heater, finally
the forging process is applied using 1000 ton SMERAL mechanical press.
Photograph of the Sawing Machine is given in Figure 5.7. Photograph of the

Induction heater is given in Figure 5.8.

Figure 5.7 The KESMAK Sawing Machine in METU-BILTIR Center
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Figure 5.8 A View of the INDUCTOTERM Induction Heater in METU-BILTIR Center

5.3.1 Preparation for the Experiments

The workpiece material which is AISI 1020 is supplied from a steel supplier in
Ankara. The material comes in hot rolled condition and as a bar of 6m in length
and with a square cross section of 35x35 mm. Then, the billets are prepared by
cutting this bar into pieces of 17 mm length. Each billet is measured in length
and mass, and each of them is marked and given a number. The length of the
billets is measured using digital compass having an accuracy of 0.1 mm, and
their mass is measured using a digital precision scale having an accuracy of
+0.01 g. The length of each billet is measured three times in three different
locations and the average value is recorded. The reason for measuring three
times is the possible non uniformities in the billet lengths due to cutting
conditions. Photograph of a billet on the precision scale can be seen in Figure

5.9.
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Figure 5.9 Photograph of a Billet on the Precision Scale

During the die set up, firstly the upper die is lifted a certain amount by a
hydraulic jack that is seated on the lower die holder as shown in Figure 5.10.
Then, the clamping elements are placed and the tapered surfaces of the dies and
the clamping elements are aligned and the clamping elements at the front side
are fastened by using bolts. These elements prevent the dies to move in front-
back direction and also in up and down direction Later, the clamping elements at
the back side are fastened by bolts to ensure adequate placement of the dies in
the die holder. After the upper dies, the lower dies are placed on the die holder
and the keys are inserted into the key seats to lock the rotational freedom of the
lower dies. Like the upper dies, the lower dies are mounted to the die holder by
using the clamping elements and the bolts. After the dies are fastened, alignment
of the dies is checked by visual inspection and operating the press in unloaded

position.
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Upper Die
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Figure 5.10 A View of Lifting of the Upper Die by Hydraulic Jack

After proper mounting of the dies, the preform and finish die sets are preheated
to a temperature of approximately 200 °C. The reason for this preheating stage is
to increase the toughness of the dies by decreasing the hardness in some amount.
Another reason for preheating is to decrease the temperature difference between
the dies and the heated billets during forging, and by this way to reduce thermal
shocks on the dies. Preheating is made by positioning two LPG heater flame
guns in different locations as can be seen in Figure 5.11. Preheating takes about
two hours and during this period, position of the flame guns is changed in every
30 minutes to ensure homogeneous temperature in the dies. Temperature of the
dies is measured in every 10 minutes using a portable optical pyrometer which

has a temperature range of -32-600 °C.
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Figure 5.11 A View of Preheating of the Dies

5.3.2 Experimentation

In the experiments, one billet is forged to preform stage and put aside, and five
billets are preformed and forged to finish stage for each forging temperature,

according to TSE 2756 Standard.

The billets are heated in 125 KVA Induction Heater as can be seen in Figure
5.12. The experiments are made at temperatures of 750 °C, 800 °C, 850 °C, 900
°C, 950 °C, 1000 °C for warm forging. The experiments are also made for 1150
°C, which is the current hot forging temperature in the forging company. During
the experiments, the temperatures of the billets are measured by using two
pyrometers. First one is mounted at the induction heater exit and the other one,
which has a temperature range of 600 °C — 1400 °C, is located in an appropriate
position in the process line. Photographs of the pyrometers can be found in
Figure 5.12 and Figure 5.13. Process line after the heating stage can be seen

through Figure 5.14 to Figure 5.18.

103



Figure 5.13 A View of Temperature Measurement in Pyrometer in the Process Line

104



Figure 5.14 A View of Billet on the Slide Between the Induction Heater and the Press

Figure 5.15 A View of Billet Before the Preform Stage
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Figure 5.16 A View of Preform Before the Finish Stage

Figure 5.17 A View of Finished Part Taken by Tongs
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Figure 5.18 A View of Finished Parts Cooling on the Floor

During the experiments, the parameters that are recorded on the experiment

sheet are as follows:

¢ Billet Temperature at Induction Heater Exit

¢ Billet Temperature Before Preform Forging

¢ Preform Temperature Before Finish Forging

¢ Finished Part Temperature

e Lower and Upper Preform Die Temperatures Before Forging
¢ Lower and Upper Preform Die Temperatures After Forging
¢ Lower and Upper Finish Die Temperatures Before Forging

e Lower and Upper Finish Die Temperatures After Forging

As can be seen, temperatures of the workpieces are measured and recorded four
times. First one is at the Induction Heater exit, second one is just before preform
stage, third one is between the preform and finish stages and the last one is after
the finish stage. The preform and finish die temperatures are measured and
recorded before and after the operation using the portable optical pyrometer. In
Table 5.1, the parameters that are recorded on the experiment sheet are
tabulated. In Table 5.2, the results are rearranged according to the targeted

“Billet Temperature Before Forging (°C)” values.
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The parameters that are measured and recorded after the experiments are as

follows:

e Flash Thickness (by digital compass)
e Width, length and height of the Parts (by digital compass)

¢ Dimensions of the Hexagonal Cavity (by digital compass)

The results that are measured after the experiments are tabulated in Table 5.3.

Table 5.1 Experimental Data

Av. Av. Billet Billet Preform Finished
Sample Billet . Stage Temp. At | Temp. Part
Billet . Temp.
No Length Mass (g) No Induction Befqre ©C) Temp.
(mm) Heater Forging °C)
Exit (°C) (°C)

1 17,35 164,68 1 1214 1120 950
2 16,85 160,71 2 1280 1185 1010 850
3 17,10 163,00 2 1090 880 795 730
4 17,05 162,44 2 1082 875 810 800
5 16,87 160,86 2 1026 970 900 780
6 17,07 162,80 2 1063 990 960 680
7 17,03 161,88 2 1185 1020 980 900
8 17,12 163,16 2 1034 950 780 680
9 17,11 163,07 2 990 950 840 760
10 17,05 162,54 2 1000 800 760 700
11 17,03 161,88 2 970 750 680 660
12 17,05 162,44 2 1203 1170 1110 880
13 17,33 164,61 2 1040 925 910 850
14 17,20 163,89 2 934 905 880 840

15 16,97 161,37 1 950 800 780

16 16,92 161,12 1 950 750 590
17 17,05 162,53 2 1047 1000 940 840
18 17,03 161,82 2 947 800 760 710

19 16,90 160,99 1 1100 970 920
20 16,90 161,03 2 1016 980 930 700
21 17,16 163,50 2 1030 820 770 710
22 17,06 162,66 2 980 930 870 820

23 16,96 161,29 1 958 885 760
24 17,03 162,06 2 1027 810 750 705
25 17,05 162,43 2 985 820 760 715
26 17,10 163,00 2 905 760 700 650
27 17,05 162,44 2 913 765 710 640
28 17,11 163,07 2 945 755 700 670
29 17,15 163,31 2 960 760 690 610
37 17,26 164,14 2 1020 900 820 750
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Table 5.1 Experimental Data (Continued)

Av. Billet Billet Finished
Billet Av. Temp. At | Temp. | Preform | Part
Sample | Length Billet Stage | Induction | Before Temp. Temp.
No (mm) | Mass (g) No Heater | Forging °C) ()
Exit (°C) (&)

38 17,04 162,30 2 1130 990 960 670
42 17,30 164,23 2 930 900 860 760
43 17,03 161,87 2 1200 1180 1050 980
44 17,15 163,31 2 1289 1150 980 880
46 17,16 163,50 2 1289 1160 1100 1010
47 16,80 160,43 2 1060 960 940 870
48 17,03 162,06 2 1040 880 820 780
49 17,36 164,78 2 972 850 760 700
50 17,02 161,57 2 870 840 780 660
51 17,20 163,92 1 850 800 740
54 17,05 162,43 1 1127 1080 950
55 17,21 164,00 2 1180 1070 1040 900

The samples 30-36, 39-41, 45, 52, 53, 56, 57 are not included in the
experimental results because, while taking measurements on the dies,

temperatures of these samples became out of the predefined range.

In Table 5.2, the results are rearranged according to the targeted “Billet
Temperature Before Forging (°C)” values, which are 1150 °C, 1000 °C, 950 °C,
900 °C, 850 °C, 800 °C and 750 °C. In forging, it is not possible to obtain the
exact forging temperature for all of the billets. In induction heating, it is not
possible to heat the billet to the exact targeted temperature, the obtained
temperature is between certain limits. Additionally, while taking temperature
measurements on the dies, the billets sometimes cool down below the targeted
temperature, during the experiments. The temperature is 1185 °C-1120 °C, when
the targeted temperature is 1150 °C; 1080 °C-990 °C, when the targeted
temperature is 1000 °C; 980 °C-950 °C when the targeted temperature is 950 °C;
930 °C-890 °C when the targeted temperature is 900 °C; 880 °C-840 °C when
the targeted temperature is 850 °C; 820 °C-800 °C when the targeted
temperature is 800 °C; 765 °C-750 °C when the targeted temperature is 750 °C.
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Table 5.2 Rearranged Experimental Data

Workpiece Preform Die Finish Die
Lower | Upper | Lower | Uppet | Lower | Upper | Lower | Upper
s | A Billet Billet Finished Prefﬂﬂn Prefnﬁn Prefﬂﬂn Prefﬂﬂn Fi.n.:ish Fi.n..ish Fin:ish Fi.n..ish
Sample |Billet| Billet | Billet |Stage Temp..ﬁt Temp. |Preform Part Die Die Die Die Die Die Die Die

No | No |Length|Mass | No Induction Befu-re Temp. Temp. Temp. | Temp. | Temp. | Temp. | Temp. | Temp. | Temp. | Temp.

(mm) | (&) H.eater Forging | ("C) CY Befu:.ure Befo.re Aﬂgr Aﬂgr Befu:.ure Elefc.ure Aﬂfar Aﬁfar

Eat(*Ch1 | (*C) Forging | Forging | Forgitg | Forging | Forging |Forging |Forging |Fotging

0 0 C) O | G O | 0 | O

1 2 16,85( 160,71 2 1280 1185 1010 250 192 185 108 185 183 162 134 165

2 43 17.03] 161,87 2 1200 1180 1030 0E0 183 240 166 239 226 284 228 350

3 12 17,05] 162,44 2 1203 1170 1110 280 140 170 160 170 172 176 176 285

4 46 17.16] 163,50 2 1289 1160 1100 1010 167 249 167 2422 204 287 197 329

5] 44 | 17,15|163.31 2 1289 1150 220 280 170 218 170 2429 208 267 214 360
A 1 17.35] 164,68 1 1214 1120 250 198 196 200 195
7 54 | 1705[162,43 1 1127 1080 950 142 164 158 169

B 535 17,21 164,00 2 1180 1070 1040 Qa0 129 168 126 164 141 193 139 183

o 7 17.03] 161,88 2 1185 1020 0E0 oaa 145 106 150 175 163 215 170 206

10 17 17.05] 162,53 2 1047 1000 240 240 119 143 130 150 120 140 130 159

11 ] 17.07] 162,50 2 1063 990 240 620 150 215 150 214 170 200 174 300

12 38 17.04] 162,30 2 1130 990 260 670 225 210 240 286 283 255 289 345

13 20 16,90| 161,03 2 1016 980 930 700 116 136 115 139 1035 130 112 135
14 19 16,90 160,59 1 1100 970 920 115 127 105 142

15 5 16,87 | 160,86 2 1026 970 200 TE0 160 240 165 200 183 235 175 210
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Table 5.2 Rearranged Experimental Data (Continued)

Worlpiece Preform Die Finish Die
Lower | Upper | Lower | Upper | Lower | Upper | Lower | Upper
b | A Billet Billet Finighed Prefoﬂn Prefﬂrm Prefﬂn’n Prefurm F@sh Fin.ish F@sh Fi.n..ish
. . . Temp. At| Temp. |Preform Die Die Die Die Die Die Die Die

Sample Billet| Billet | Billet |Stage Induction| Before | Temp. Part Temp. | Temp. | Temp. | Temp. | Temp. | Temp. | Temp. | Temp.

No | No |Length Mass | No Heater |Forging [ ("C) Temp. Before | Before | After | After | Before | Before | After | After

() | (&) Exit ("C [ ("C) e Forging | Forging | Forging | Forging |Forging |Forging |Forging |Forging

e e LS R I LS I S G I S I A )

16 47 | 16,20) 160,43 2 1060 960 240 270 145 180 149 197 170 268 172 369

17 8 17,12| 163,16 2 1034 950 Ta0 a0 150 180 152 170 165 180 170 210

18 g 17,11 163,07 2 280 950 240 Té0 150 155 148 165 180 173 162 200

19 22 | 17.06) 162,66 2 950 930 270 220 120 110 107 135 110 183 109 250

20 13 | 17.33|164,61 2 1040 925 210 250 118 10 139 165 140 195 143 305

21 14 | 17.20[ 16389 2 934 905 280 240 130 10 129 161 140 200 136 270

22 37| 1736 164,14 2 1020 900 220 750 230 203 213 294 291 281 252 317

3 42 | 17.350) 164,23 2 930 o00 260 Tél 173 240 166 39 236 204 2138 330
24 23 | 1696) 161,20 1 058 BES Té0 112 130 114 139

25 48 | 17,03) 162,06 2 1040 BEO 220 720 146 159 150 192 s s 165 353

26 3 17,10 163,00 2 1090 BEO 785 730 125 170 183 188 148 185 150 185

& 4 17,05| 164,44 2 1082 875 210 200 179 180 165 166 135 175 135 186
28 15 | 1697[161,37 1 950 850 TE0 120 130 138 162

29 48 | 1736) 164,78 2 972 850 Té0 7an 140 152 142 150 166 265 161 319

30 50| 17.02) 161,57 2 270 840 TE0 2a1] 140 120 152 188 180 258 159 305
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Table 5.2 Rearranged Experimental Data (Continued)

Worlkpiece Preform Die Finish Die
Lower | Upper | Lower | Upper | Lower | Upper | Lower | Upper
Billet Billet " Preform | Preform | Preform | Preform| Finish | Finish | Finish | Finish
Av. | A Finished , . . . . . . .
Sample |Billet| Billet | Billet |Stage Temp..At Temp. |Preform Part Die Die Die Die Die Die Die Die
Mo | Mo |Length|Mass | Ho Induction| Before | Temp. e Temp. | Temp. | Temp. | Temp. | Temp. | Temp. | Temp. | Temp.
() | (2 Heater |Forging | (°C) o) Before | Before | After | After | Before | Before | After | After
BEat (" | (°C) Forgig | Forging | Forging | Forging | Forging |Forging [Forging | Forging
e e e (G A R B 0 R (L GV B I e
3l a1 17,16) 163,50 2 1030 g22 T 710 115 108 106 138 168 200 189 300
£ 25 | 17.05]162,43 2 085 820 Tal 715 110 118 115 136 110 175 115 280
i3 24 | 17,03] 162,06 2 1027 810 730 705 114 120 114 120 110 125 107 290
34 3l 17,20) 163,92 1 B30 800 740 140 175 142 189
35 10 | 17,05) 162,54 2 1000 800 Tal 7an 147 155 140 1E0 156 170 154 250
36 18 | 17,03 161,82 2 o947 800 lilt] 710 120 145 133 146 109 135 119 7
37 27 | 17.05[142.44 2 913 765 710 a4l 110 118 115 136 110 175 115 280
38 26 | 17,10{163,00 2 205 760 Foo A0 112 120 120 140 120 160 120 285
i 20 | 17,15[143,31 2 90 760 &o0 a10 113 122 115 138 112 170 125 300
40 28 | 17,11]163,07 2 045 755 700 a70 120 128 135 128 115 120 115 285
41 16 | 15692) 141,12 1 950 750 o0 120 144 123 152
42 11 17,03) 161,33 2 970 750 &0 aLalt] 140 170 140 170 145 1909 153 270




Table 5.3 The Results That are Measured After the Experiments

Sample | Billet No| Width | Length | Height | Hexagonal Flash
No Cavity Thickness
Dimensions
1 2 40,01 40,02 17,01 19,00 2,03
2 43 40,00 40,00 16,90 19,00 2,05
3 12 39,98 39,98 16,97 19,03 2,20
4 46 39,96 39,97 16,93 18,99 2,00
5 44 39,98 39,97 16,90 19,09 2,08
6 1 38,85 38,85 18,45 2,50
7 54 38,63 38,63 18,73 2,82
8 55 39,95 39,95 17,03 18,99 2,00
9 7 40,02 40,02 16,90 19,15 1,90
10 17 40,00 40,00 17,01 19,00 2,03
11 6 40,03 40,03 16,95 19,05 2,02
12 38 40,03 40,03 16,80 19,05 1,85
13 20 40,04 40,04 17,02 19,02 2,20
14 19 38,94 38,96 19,06 3,12
15 5 39,99 40,00 16,97 19,02 1,98
16 47 40,01 40,01 16,96 19,04 1,96
17 8 40,00 40,00 17,00 18,99 1,97
18 9 39,99 40,01 16,96 19,00 1,97
19 22 40,04 40,03 17,11 19,05 2,25
20 13 40,01 40,01 17,00 19,01 2,10
21 14 40,05 40,05 17,05 19,01 2,20
22 37 40,02 40,02 16,90 19,10 1,97
23 42 40,03 40,02 16,95 19,05 2,00
24 23 38,87 38,86 19,18 3,11
25 48 40,00 40,00 17,07 19,03 2,05
26 3 40,00 40,01 17,06 19,04 2,12
27 4 40,04 40,04 17,05 19,01 2,08
28 15 38,90 38,90 19,00 3,00
29 49 40,02 40,02 17,22 19,05 2,16
30 50 40,01 40,02 17,25 19,04 2,12
31 21 40,01 40,00 17,10 19,03 2,15
32 25 39,99 39,99 17,03 19,01 2,15
33 24 40,02 40,02 17,07 19,01 2,10
34 51 38,80 38,80 19,30 3,15
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Table 5.3 The Results That are Measured After the Experiments (Continued)

Hexagonal
Sample | Billet Cavity Flash
No No Width | Length | Height | Dimensions | Thickness
35 10 40,01 40,00 17,07 19,00 2,08
36 18 40,01 40,01 17,01 19,00 2,10
37 27 40,01 40,01 17,01 19,03 2,13
38 26 40,01 40,01 17,04 19,03 1,90
39 29 40,01 40,01 17,01 19,00 2,05
40 28 40,00 40,00 17,00 19,01 2,08
41 16 38,88 38,88 19,00 2,96
42 11 40,02 40,02 16,98 19,02 2,13

5.4 Discussion of the Experimental Results

After the parts are measured by instruments and examined by visual inspection,
it is observed that, there are no forging defects like unfilled regions, folds, laps,

surface cracks, etc, which is a consistent result with the simulation results.

Flash formation around the periphery of the finished parts is considerably
reduced when compared to the current practice applied in the particular
company. The flash thickness on the finished parts is measured in the range of
1,97-2,15 mm, which was designed to be 2mm. Besides, there is almost no flash
formation in the preform stage, which shows that the proposed design is
successful in improving material utilization. This result can also be verified by
comparing the billet weights that are used in the current and the proposed
process sequence. The current billet weight is around 175 g, on the other hand,
as can be seen from Table 5.1, the average billet weight is 163 mm in the
proposed process, which shows that material utilization is improved by 7 %,

roughly.

The hexagonal cavity dimensions, which are critical to obtain, are mostly in the
range 19-19,05 mm, which satisfy the tolerance 19** that is specified on the

technical drawing of the part. There are a few exceptions like 19,10 mm and
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19,15 mm, which result from using billets with which are bigger when

compared to other samples.

The dimensions of the width and length of the parts are in the range of 39,96-
40,04, which satisfy the tolerance 40**” mm. Height of the parts are in the range
of 16,95-17-05 mm, which satisfy the tolerance 17 mm. Some samples have
lower height values, these samples are mostly forged above 1000 °C.
Additionally, there are a few samples having higher height values, that results
from using bigger billets when compared to other samples. The results
mentioned above verify that the required accuracy and tolerances are obtained

by the proposed design.

Energy saving is achieved by lowering the forging temperature from the hot
forging to the warm forging temperature range. Referring to a continuing study
that is currently being conducted on induction heating in METU-BILTIR
Center, “Effects of Induction Heating Parameters on Forging Billet
Temperature” [53], energy saving that is achieved by lowering the forging
temperature from 1150 °C to 1000 °C is roughly 15%, considering the heating
stage of the billet.

The temperature measurements that are taken on the billet at different stages of
the process show that, the temperature of the workpiece decreases considerably
between the Induction Heater exit and the press. This cooling is due to the
convection and radiation between the workpiece and the ambient air -which is at
about 25 °C, and also due to the conduction between the workpiece and the
slide. Additionally, the temperature of the workpiece decreases continuously
during the preforming and the finishing stages, again due to convection and

conduction.

In the simulation part of the study, the initial die temperatures are defined as
200 °C, as the preheating temperature is around 200 °C. During the experiments,
temperatures of the preform and finish dies are usually in the range of 150 °C to

200 °C. There are some higher temperatures around 250-350 °C on the dies in
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some parts of the experiments. These high temperatures are due to intermediate
heating of the dies. During the experiments, because of taking many
measurements and records in each forging stage, the production rate is low when
compared to the current case in the forging company. As the production rate is
high in the forging company, the workpieces heat the dies continuously and the
die temperatures do usually remain in the desired range. Therefore, during the
experiments, intermediate heating is applied to the dies according to the

suggestions of the authorities in the forging company [35].

In some parts of the experiments, it is observed that the temperatures of the dies
after forging are lower than the temperatures before forging. In reality, it is
expected that there would be conduction between the hot billet and the die,
which would result in an increase in the die temperature after forging. It is not
possible to measure the die temperatures just after forging, and the dies cool
down by convection during that period, therefore, some lower temperature

measurements are taken on the dies after forging.

Additionally, during the finite element simulations, it is observed that, the
temperatures of the dies reach up to 350 °C locally, during the analyses.
However, as mentioned, the temperatures of the preform and finish dies are
usually in the range of 150 °C to 200 °C during the experiments. There are some
reasons for that difference. First of all, the software calculates the peak
temperatures during forging, but in the experiments the measurements are taken
just after the part is forged and taken away from the dies. During this time
period, the dies cool down considerably by convection. As another reason, the
temperature measurements on the dies are made by optical pyrometer at
different points and it is not always possible to focus the actual local point

where the temperature is at its peak value.
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CHAPTER 6

DISCUSSION AND CONCLUSION

6.1 General Conclusions

In this study, initially, forging process of a part which is currently produced at
the hot forging temperature range has been analyzed. The forging process
sequence with a new preform design for the particular part has been proposed in
warm forging temperature range. These has brought improvements in accuracy,
material usage and energy saving. The proposed process has been simulated by
using Finite Element Method, as explained in detail in Chapter 4. The
experimental study has been carried out in METU-BILTIR Center Forging
Research and Application Laboratory, as explained in detail in Chapter 5. The
following conclusions have been reached due to the results of the Finite Element

simulations:

¢ The equivalent stresses on the dies increase as the initial billet temperature
is reduced, as seen in Table 4.14. However, the locations on the upper and
lower dies where the maximum equivalent stresses occur are the same for
all the simulations.

o The stresses on the upper die are below the yield strength for temperatures
of 1150 °C, 1000 °C, 950 °C and 900 °C, which means that no plastic
deformation is expected on the upper die at these temperatures. On the
other hand, the stresses on the lower die are below the yield strength for
temperatures of 1150 °C and 1000 °C. For lower temperatures, local

plastic strains are expected on the lower die.
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¢ The characteristics of the temperature distribution considering locations on
the dies at the increment of the maximum equivalent stress are similar for
all simulations, but the numerical values, which can be seen in Table 4.15,
are different. The locations where the temperature reaches to its peak
values are the ones which are in contact with the workpiece for a longer

time than other locations on the dies.

It should be noted that, Finite Element Method is used as a tool to predict the
stress and temperature distributions on the billet and the dies in this study. The
results of a Finite Element Analysis cannot be considered as 100% reliable, as
there are many parameters that would affect the results. Element size, number of
elements, boundary conditions, convergence criteria are some of these
parameters. In the study, these parameters are specified by using the technical
assistance of authorities who has developed the particular Finite Element
Analysis software [51]; and trial and error method to obtain the most reliable

simulation results.
The following conclusions have been reached as the results of the experiments:

e Jt is observed that, the finite element simulation results and the
experimental results are in good agreement.

o After the parts are measured by instruments and examined by visual
inspection, it is observed that, there are no forging defects like unfilled
regions, folds, laps, surface cracks, etc, which is a consistent result with
the simulation results.

¢ Flash formation around the periphery of the finished parts is considerably
reduced when compared to the current practice applied in the particular
forging company. Besides, there is almost no flash formation in the
preform stage, which shows that the proposed design is successful in
improving material utilization. By comparing the billet weights that are
used in the current and the proposed process sequence, it is observed that

material utilization is improved by 7 %, roughly.
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¢ The dimensions of the edges of the hexagonal cavity, which are critical to
obtain, are mostly in the range 19-19,05 mm, which satisfy the tolerance
197 that is specified on the technical drawing of the part. There are a few
exceptions like 19,10 mm and 19,15 mm, which result from using billets
with which are bigger when compared to other samples.

e The dimensions of the width and length of the parts are in the range of
39,96-40,04, which satisfy the tolerance 40> mm. Height of the parts are
in the range of 16,95-17-05 mm, which satisfy the tolerance 17%%° mm.
Some samples have lower height values, these samples are mostly forged
above 1000 °C. Additionally, there are a few samples having higher height
values, that results from using bigger billets when compared to other
samples. The results mentioned above verify that the required accuracy

and tolerances have been obtained by the proposed design.

In the proposed design, it is aimed to avoid plastic deformations on the dies
completely. Therefore, it is suggested to forge the parts at 1000 °C, with the

proposed preform and finish dies to improve die life.

With the proposed process sequence and preform design, the following

improvements have been achieved:

® Material utilization is improved by using of a square cross section billet
instead of a circular one. The usage of square cross section billet provides
more uniform flash formation around the periphery of the finished part
which results in better die filling with smaller billets. Additionally, the
flash formation is almost avoided in the preform stage.

¢ Energy saving is achieved by lowering the forging temperature from the
hot forging to the warm forging temperature range.

¢ Production time and production cost are reduced by eliminating the
upsetting stage. In the current application, there are five stages, whereas in
the proposed process sequence design, there are three stages. This
modification in process sequence would reduce the die costs by

eliminating the upsetting and cold ironing stage, at the same time, unit
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time that is required to forge a part would decrease considerably, and
productivity would increase.

® Desired part dimensions are achieved by reducing the forging temperature
from the hot forging to the warm forging temperature range. Especially,
the hexagonal cavity dimensions which are obtained by cold ironing in the
current application can be obtained accurately in the proposed process

without further stage.

6.2 Recommendations for Future Work

¢ For the preforming stage, the lower die design can be improved to reduce
the die stresses and eliminate plastic deformation below 1000 °C. For
lower temperatures, more than one preform stages may be designed in the
process sequence, to avoid local plastic deformations that are developed in
the dies.

¢ The dies should be modeled as “elastic-plastic” to obtain the values of the
plastic strains that are developed on the dies.

e Tool life and wear analyses can be made for the dies.

¢ Near-net shape forging of the particular part can be studied.
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APPENDIX A

TECHNICAL DRAWING OF THE PART AND THE CURRENT DIES
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Figure A. 1 Technical Drawing of the Part
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TECHNICAL DRAWINGS OF THE CURRENT PREFORM DIES
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Figure A. 2 Technical Drawing of the Current Upper Preform Die
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Figure A. 3 Technical Drawing of the Current Lower Preform Die
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TECHNICAL DRAWINGS OF THE CURRENT FINISH DIES
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Figure A. 4 Technical Drawing of the Current Upper Finish Die
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Figure A. 5 Technical Drawing of the Current Lower Finish Die
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APPENDIX B

PROCESS SHEET OF THE CURRENT PRACTICE

Process No

Process Definition

Capacity of Equipment

Upsetting (2 times in rolling direction)

1000 ton

2 Preform 1000 ton
3 Finish Forging 1000 ton
4 Trimming 250 ton
S Punching out the hole 250 ton
6 Cold ironing 250 ton
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APPENDIX C

Properties of Element Type 7

Element type 7 is a eight-node, isoparametric, arbitrary hexahedral. It is a full
integration type element and stiffness of the full integration elements are formed

using eight-point Gaussian integration. The element has eight nodes which are

located at the corners of the cube as shown below in Figure C.1.

Figure C. 1 Hexahedral Element

Properties of Element Type 134

This class consists of four nodded tetrahedral elements with linear interpolation

functions. The tetrahedral element with its nodes is given in Figure C.2.

Figure C. 2 Tetrahedral Element
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APPENDIX D

TECHNICAL DRAWINGS OF THE PROPOSED PREFORM AND
FINISH DIES
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Figure D. 1 Technical Drawing of the Upper Preform Die
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Figure D. 2 Technical Drawing of the Lower Preform Die
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Figure D. 3 Technical Drawing of the Upper Finish Die
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Figure D. 4 Technical Drawing of the Lower Finish Die
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APPENDIX E

TECHNICAL DATA OF 1000 TON SMERAL MECHANICAL PRESS IN
METU-BILTIR CENTER

Figure E. 1 1000 ton Smeral Mechanical Press in METU-BILTIR Center
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Nominal Forming Force
Ram Stroke

Shut Height

Ram Resetting

Rod Length

Crank Radius

Number of Strokes at Continuous Run
Press Height

Press Height above Floor
Press Width

Press Depth

Press Weight

Die Holder Weight

Main Motor Input

Max. Stroke of the Upper Ejector (without die holder)

Max. Stroke of the Lower Ejector (without die holder)

Max. Force of the Upper Ejector

Max. Force of the Lower Ejector

139

: 10 MN

: 220 mm

: 620 mm

: 10 mm

: 750 mm

: 110 mm

: 100 min™'
: 4840 mm
: 4600 mm
: 2540 mm
: 3240 mm
: 48000 kg
: 3000 kg

: 55 kW

: 40mm

: 50 mm

: 60 kN

: 150 kN



APPENDIX F

HEAT TREATMENT PROCESS

In the study the forging die sets are heat treated in vacuum furnaces available at
a private company in Izmir [53]. As it can be seen from Figure F.1, the dies are
heated to austenitizing temperature of 1000°C under 5 bar Nitrogen gas.
Afterwards the dies are cooled rapidly. Then the tempering process is applied. In
tempering, toughness of the material is increased by reducing the hardness that
is introduced by austenitizing in an optimum level. First tempering process is
applied for about 4 hours at 580 °C, second tempering is applied for about 4
hours at 610 °C and the last tempering process is applied for about 3 hours at
580 °C. The hardness value is measured as 46 HRc after the heat treatment is

completed.

1000 =C

580 °C 610 °C

Temperature °C

1. 2 3
Temperitig Tempering Tempering
4 hours 4 hours Shows  Time

Figure F. 1 Heat Treatment Process
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