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Abstract

Today aerospace industry is growing fast on developing the mechanical
component for the hot section part of {eeengine The prediction of the
dynamic behavior of metals usuallyinvestigatedby phenomenological
models. In this study, weedcribel the hot deformation behavior bysing
different approaches foconstitutive modelHansel and spittleequation
Garofalo equationand basic modellingln the present PhDvork, three
different metalsvere usedinconel 718, Ti6Al-4V and AA2024 T3) which

are extensively used in the aerospace industhasic model was applied to
pure Ni and then to a singfghase superalloyn the case ofi-6Al-4V alloy,

the hot deformatiobehaviorwas studied by hot compression tesb jphase
domain. The effects of hot deformation parameters (deformation temperature
and strain rate) on flow stress were analyzed. A phenomenological model
based on the Hansel and Spittel equation was used to olafaite accurate
description of the flow curves for processing temperatures between 1010 and
1150 °C and strain rates of 100 and 0.60'fe model used gave ancurate
excellent experiments resulThe high temperature deformation of the
superalloy,a lution treated IN718, was investigated by torsiesting in

a hightemperature regime (1000100 °C).The peakflow stress dependence

on strainrate and temperature was described dyphysicallybased
constitutive equations, which took in&zcount both dislocation hardening
and solid solution strengtheningnd represents a substantial advancement
over phenomenological models, although, in the present form, it cannot give

the full shape of the flow curves



The creep response fohkA2024-T3 alloy produced by a friction stir
processing (FSP)as beennvestigatedthe samecreep modeling basesh
thetheoretical approacfThe hardnesgariation with creep duration was used

to quantifythe particlestrengthening term
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Chapter 1.

Introductio n

1.1. Thermomechanical Modelling

Flow behavior of the metals during hot forming process is often complex.
The hardening and softening mechanisms are both significantly influenced
by many factors such as strain, strain rate, asthihg temperature.

A given combination of thermmechanical parameters yields a particular
metallurgical phenomenon (microstructure evolution); on the other hand,
microstructure changes of the metal during the hot forming procéssin
affect the mechanical characteristics of the metal such as the flow stress, and
hence influence the forming processes.

Understanding the flow behaviors of metals and alloys at hot deformation
condition has a great importance for designers of metalifig processes

(hot rolling, forging and extrusion) because of its effective role on metal
flow pattern as well as the kinetics of metallurgical transformation (for
example, static, dynamic, and metadynamic recrystallization behaviors).
In the industrial practice with the help of the FEM simulation,
the distribution of stress and strain during the deformation can be analyzed

in any part of the workiece.



To obtain accurate simulations and goedults, the materials flow stress
has to be determined in reliable basic experiments. Some tests like torsion
tests, compression tests, etc. have been developed with the aim to
characterize the materials flow stress.

The constitutive models are the matfaical representation of the flow
behavior of materials, which used to describe the plastic flow properties of
the metals and alloys, which are divided into three categories, including the
phenomenological and physicalbased models, and descriptions by
artificial neural networks. The constitutive models are used as input to FE
code for calculating the material 6s
conditions. The success of the numerical simulation to accurately reproduce
the flow behavior, depends on haecurately the constitutive equation
represent the deformation behavior of the metals.

Nonetheless, numerical simulations can be truly reliable only when
a proper constitutive model is built. Therefore, based on the experimgentall
measured data, a number of research groups have made efforts to develop
constitutive equations to describe the hot deformation behaviors of metals
and alloys. in meanwhil@a number of constitutive models have been
proposed or modified in recent yearsdiscribe the strain rate, stain and
temperaturalependent flow behavior of metals and alloys. These models
all show that increasing the straiste and decreasing the temperature can
both enhance the resistance of plastic deformation and cause a rise of th
flow stress. For the original constitutive models, there are always some

limitations when the authors firstly proposed for their studied materials.

e



1.2. Project Aims

The aim of this thesis is to investigate the prediction of the dynamic behavior
of metals by using a constitutive model (basic creep modelling, Hansel and
spittle equation andsamfalo equation, in orderto describe the hot
deformation behavior. For this purpose, three different metals were
consideredThelnconel 718 (agehardenable nickdbased super alloy), the
Titanium Tr6AI-4V and the commercial AA20283/ Al-Cu-Mg 2024
aluminum alloy. In order to investigate the mechanical response of these
metals in dynamic conditions, different experimental tephes were
developed and used, microstructural analysis is performed.
The experimental data were analyzed through different procedures with the
aim to provide consistent methodologies suited to extract sets of model

parameters.

1.3.Thesis Outline

Chapter 2 is a review of the literature discussing the metallurgical
background of IN 718 Superalloy, titanium (T6Al-4V.) and AA2024
T3 aluminum alloys which included: applicatioradloy classification,
features andcharacterization of each alloyworkability and hot

deformation behavior.

Chapter 3 discusses the constitutive modeling on fiteansus of TH6AI-
4V alloys at high temperatures and strain rates. The hot compression test

was used to investigate the high temperature deformation.



Hensel and Spitteéquationwas used, peakflow stress dependence on
temperature and strain rate aiscussed using classic phenomenological
approach (Garofalo and Arrhenius equatiofi$)is Chapter thus outline
ones of the classical phenomenological approaches commonly used to
describe the high temperature response of advanced materials.

Chapter 4 discusses the hot workability of solution treated for IN718
superalloy A basic model was applied to pure Ni and then to a sipigése
superalloy Hot torsion teswereused to investigate the high temperature
deformation of the superalloy and a soluticeated IN718An alternative
physicallybased approacldeveloped for creep of fcc metals, was used

a pure Ni and then to a singhdase superalloy.Microstructure
characterization of the torsioned sampldisiocation hardening and solid

solution stragthening are all discussed.

Chapter 5 discusses the physical modeling of the creep response for the
AA2024-T3 aluminum alloy produced by friction stir processing (FSP).
The sameconstitutive model based on a theoretical approach have been
discussed to describe the creep respasfs¢éhis multiphase material
Microstructural evolution during creep, hardness variation with creep
duration, creep rate dependence on applied stresteady state and the

dislocation mobilityM are all discussed.

Chapter 6 documents the key conclusions from this work.






Chapter 2.

Literature Review

This chapter begins with an introduction to the high temperature materials
(IN718,titanium and its alloyandAluminumalloys), thatverethe subject

of this work. Featuresand characterizations,workability and hot
deformation behavior for each alloy has bdmtussedThe second section

discusses the constitutive descriptions fotatseand alloys in hot working.

2.1.High Temperature Materials

The subject of high temperature materials is a very broad topic indeed.
Whena material is used at elevated temperatures, its strength, as reflected
in tensile strength, stress rupture libe fatigue life, is of prime importance.

It is also likely that corrosion processes affect strength; therefore,
high temperature corrosion resistance is critiddle most demanding
applications for high temperature materials awenfl in aircraft jet engines,
industrial gas turbine and nuclear reactor. However, many furrdices)g

and electronic and lighting devices operate at such high temperature.
High temperature materials are mainly used in aircraft engines components,
where Ti and Ni basesuper alloysare important materialto beused for
manufacturing the blades and dig{f?].Their excellent mechanical
properties, even under extreme conditions, come from theikphase

optimizedmicrostructures



Refractory metals have high strengths at 1200 °C, but oxidatiotaress

is poof1][2]. Nickel and cobalbase superalloys have good strengths up to
1000°C with reasonable oxidation resistgBgeTitanium alloysand some

steels can be used to temperatures of about 600 to [AQOAIUMINUM

alloys cannot be subjected to high loads at temperatures much above about
- 200°C, but fiberreinforced aluminum has flexalrstrengths as high as 300

to 400 MPa at 300°(5].

2.2.The need for hightemperature materials

High-temperature technology is of major importance in many industries
including primary metal and nonmetal production, material processing,
chemical engineering, transportation and power generation. For many
of these industries the pricéfael is a major component of overall operating
costs. Materials that allow operation at high temperature are essential for
industrial competitiveness because the efficiency of fuel conversion and use
is related to operating temperature. Current operatémgperatures in
various applications are shown in Fig. ,2thgether with the melting
temperatures of selected materi@p However, no material is capable of
operatingapproximatelyabove 4000C and thermal ablation must be used

at these temperatures. Many industries cdatahefit from still higher
operating temperatures. Themgerature of supdneater tubes for steam
raising boilers in power plants is currently 5€%) if this could be increased

to 650°C, efficiency would increase from 35% to 36.5%. This would result

in a savingapproximately8.5 x 10° ton of coal per year, i.e. 4% of the total
coal used in the United Kingdom for power generafidme use of ceramies
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in diesel engine development in the itdd States has allowed higher
operating temperatures, thus improving efficiency (an increase from 38%
to 65% appears possible) and reducing exhaust pollution. Higher
temperature operation has a powerful effect on the performance of the gas
turbine engine For example, an increase @60 °C in turbine entry
temperature combined with elimination of internal air cooling of turbine
components can give an improvement of around 6% in gas generator
thermal efficiency. This order of benefit led to the progressexelopment

of nickel superalloys for gas turbine applications and more recently led to
the search for materials with higher temperature capability than the

superalloyg1][2].
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| ‘ Sic i
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Figure 2.1: Typical operating temperatures in higgmperature

environmentg] .



2.3.0perating environment

High-temperature materials operate in environments with a wide spectrum
of mechanical and chemical conditions. The temperature may be relatively
constant (e.g. in continuously operated Hesditment furnaces) or subject
to severe cycling (e.g. in jet emgis where the thin edges of turbine blades
can experience temperature changes of more than D@ seconds).
The operating stress can vary from very low stress levels in furnace heating
elements, for example, to high combined centrifugal thedmal stresses
in a gas turbine disld][2]. Some measure of inherent oxidation resistance
is an essential chacteristic of hightemperature materials; however, many
applications involve significantly more complex corrosive environments
than simpleoxidation. In certain types of coal gasification, the atmosphere
may be reducing to some extent; thus, alloys thigtan chromium oxide
scales for protection do not perform as wellahsminumoxide forming
alloys. Oxidation igurther modified by atmospheric and fuel contaminants
as in, for example, the use of lower grade fuel such as residual fuel oil,
instead of higher fractions such as keroseanendustrial turbines, and
boilers. The lower grade fuels contain larger amounts of impurities such as
vanadium,Sulphurand sodium which accelerate corrosion. Erosion is an
important factor in applications sl as fluidizeebed coal combustion.
The required life can range from minutes for rocket motor, through 50000
to 100000Hor industrial steam and gas turbines, to more than 20 y for large
steam turbine installations. Operational stress has a nwdjoence on
temperature capability, with the limit being 0.7 to 0.9 of the melting
temperaturesTm, in unstressed applications and 0.3 to QwAnTstressed
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applications Table 2.1. On the basis of the/Tm factor,aluminumalloys

can be considered dightemperature alloys. Although they can operate up
to 300 °C, comparedwith 58C°C for low-alloy steels, this represents
aTy, / Tmfactor of 0.45 compared with 0.37 for low alloy steels. The broad
stresstemperature operational regimes of various materials in stressed
applications are illustrated in Fig. £22. The strength is based on the 0.2%
proof stress for metals and an appropriate proportion of the flexure strength
for ceramics and composites. Specgtoength Fig. 2] is an important
property in materials for rotating maaokery[1][2].

Table 2.1: Temperature capability of higtemperature material systems

2].

Material Approx. max. use Tu/Tm Application
temp., Tu (°C)

Aluminium (RR350) 300 0.45 Stressed
Low-alloy steel 580 0.37 Stressed
Austenitic steel (A286) 600 0.4 Stressed
Nickel superalloy 1000 0.77 Stressed
(MarM002)
Nickel (Brightray H) 1250 0.9 Unstressed
Alummina 1850 0.9 Unstressed
Tungsten 2500 0.74 Unstressed
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Figure 2.3: Specific strength comparison of hitgmperaturealloys[2] .
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The superior sprfic strength of titanium relative to steel and nickel
superalloys provided the motivation for its development for aerospace
applications. Major progress has been achieved in increasing the
temperature capability of titanium alloys. A recent alloy, IMI328n be
used up to 600 ~ some 250 ~ higher than the early4Taloy Fig. 2.42]
Despite the fact that the, T Trm factor for IMI1829 of 0.36 is similar to that

for low-alloy ste€]1][2].

IMI550
5007 Ti6-4 -
, IMI685

400 - N
¢
S 300+
§ \ IMI829

100 (MI1 59

(CPTI) Ti6:2-4:2
200 300 400 00 600

5
Temperature('Poc)

Figure 2.4: Typical 0.1% / 100h creep strength for various titaniaitoys
[2].
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2.4.Constitutive descriptions for metals and alloys in
hot working

Flow behavior of materials under the hot deformation protessvery
complexaffair. Many factors such as strain, straater and deformation
temperature significantly influence the hdening and softening
mechanisms. During hot deformation, the microstructure clsagel this

in turn affecs the mechanicalesponsef the material Understanding the
flow behaviors of metals and alloys at hot deformation conditiorthess

a great imprtance for designers of metal forming processes (hot rolling,
forging and extrusion) because of its effective role on metal flow pattern as
well as the kinetics of metallurgical transformaf@jfi’].The flow
properties of the metadmd alloys are described by the constitutive relations
that can be used in a computer code to model the forging response of
mechanical part members under prevailing loading conditions. So, the
numerical simulations can brly effectiveonly when a propesonstitutive
model is built. Thereforemmuch workwas done by many researchers to
developreliable constitutive equations, to describe the hot deformation
behaviors of metals and alloy=g.2.5a.shows the typical true stress strain
curves obtained frorthe hot compression of 42CrMo si&l The figure
shows thatthe effects of the temperature and stiate on the flow stress

are significant for all théested conditions. At small strairthe true stress
strain curves exhibit a peak stresige4y, while the stress level decreases
with increasing deformation temperature and decreasing strainyjate (

The flow curvesobtained from experinmts consist of four different stage,

13



as shown irFig. 2.9[8]. stage | (Work hardening stage), stage Il (Transition
stage), stage lll (Softening stage) ataps 1V (Steady stag¢g] .
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Figure 2.5 (a) Typical true stregstrain curves for 42CrMo steel under the
different deformation temperatures withstrain-rate  0f0.01s!;

(b) typical flow stress curv8] .

Some constitutive models have been modified, to describe the strain rate,
strain, temperature and flow behavior of metals and allGyse

constitutivemodels arelivided intothree categorie®][10][11]:

1. Phenomenologial constitutive models.They consist of some

mathematical functions, that provide the definition of the flow stress
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depending on empirical observations. So, this kind of model is used in
a limited applications fields which coverintggtlimited ranges of strain rate
and temperature and they exhibit the reduced flexibilitgt, since
phenomenological models are easy to handle, still form the backbone of the
libraries of material properties in FEM coflE3].

2. Physicatbased constitutive moded. This type of model takes into
account the physical aspects of material behaviors. The majority of the
models are based on thieermallyactivated dislocation movement theory.
Compared to the phenomenological modedy allow an accurate definition

of material behavior under wide ranges of loading conditions with some physical
assumptions and large number of the material constemtzddition, they are
reasonably affective for simple microstructures, but become incgbasmmplex

for alloys in which severahicro mechanismeoexist, which is the normal case in
practicg12].

3. Artificial neural network (ANN). This approachsolves the problems
that are very difficult to solve by aormal methds Therefore, it can
provide a different approach for materials modeling than a statistical or

numerical methdd2].

2.4.1.Arrhenius equation

The Arrhenius equatiorsiwidely usedespecially at high temperature to
describe the relationshifpetween the strainrate, flow stress and
temperature The effects of the temperatures and streate on the
deformation behavior can béhen represented by Zeriddollomon

paramete(Z) in apowerlaw type equatiofi2].
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The hyperbolic law in Arrhenius type equation gives better approximations

between ZenéHollomon parameter and flow stress.

‘ (e

© 6" Agb Ny P
5 ApB
O - vy §:3
O 6 Ao b 0 h &
0 ” Q rY"Y I ” T[hp C
. 0 0w .
O 6 AGPAADE — | . plt c8
Y'Y
O ! 3ENWE Aoy — Al (2.5)

whereyis the strain rate (g, Ris the universal gas constant
(8.3145Jmol" )K" 3}, Tis the absolutetemperature K), andQis the
activation energy of hot deformation rtbl' 3, A,n Mjandnare the
materials constantslis stress multiplier, a-! defined asd) = fdr alln Nj
stress levelEq. (2.1) can be represented sisown in Eq.2.5Then, the flow
stresdican be written as a function Afparameter, considering the

definition of the hyperbolic law given as,

-1 1- - P (2.6)

The lower the ZenéHollomon parameter is, the larger the extent of flow
softening becomes. Moreover, the higher the Zdteltomon parameter,
the lower the powatissipation rate is. Flow instability occurring under high

Zenei Hollomon parameter manifest itself as flow localization.
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In the recent years, investigatidii8][14][15] established the flowehavior

of different metals and alloys during hot deformation by the Arrhenius
equation. Lin et g6],for example,revised the models to describe the flow
behaviors of 42CrMo steel over wide range of forming temperatures and
strainrates bycompensation of strain and stramte. They found that the
values ofQ, A, nandUshould be expressed as polynomial functions of

strain Eq.2.7

Q=E+E U0 EBG+Es3+EsG+Es 3
U &+CGU0 U+CGEB+C0+GC 0 (2.7)
n:Do+D10 D'zl?+D3G+D4G+D5@

INA=Fo+ FiU+ F3+F 0+ Fa3+ Fs 3

In order to accurately predict the flow behavior of the 42CrMo steel, the
Zenei Hollomon parameter should be compensated by multiplying both
sides of Eqg.(2.2) by(B® Then, the modified Zerigdollomon
parameterZ Nj, can be expressed as,

o Y

'TA@DfY &)

Fig. 2.6[12] shows the comparisons between predicted and measured flow
stress curves of £xtMo steel. It can be easily found that the proposed

deformation constitutive equations can gives an accurate and precise
estimate of the flow stress for 42CrMo steel, and can be used for the analysis

problem of metal forming processes.
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Figure 2.6:Comparisons between predicted and measured flow stress
curves of 42CrMo steel under straiates of (a)0.01s! and (b)50s[12].

The proposed modifications by Lin et[@].was verified by Mandal et
al.[15] and Samantaray et §.4]. Mandal et a[15] modified the material
constants by incorporating fourtitder polynomiafunction of strains, and
their model can accurately predict the higinperature flow stress of a-Ti
modified austenitic stainless steel. Samantaraj{&4].modified them with
third-order polynomial functiorof strains, and their modified constitutive
model is effective for describing the hitgmperature flow behaviors o
modified 9Ci 1Mo (P91) steelln addition, this modification method by
strain compensation is also useful for the aluminum &ll8y The examples
mentioned above are typical of empirical models developed to describe

a single material, which can be useful for the specific &segre of little
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interest when one considers different alloygwen the same material with

a different microstructure.

2.5. The material for high temperature application:
what is the superalloy?

A superalloy, or higiperformance alloy, is an alloy that exhsbian
excellent mechanical strength, craepistancegood surface stability, and
corrosionresistanceThe facecentered cubic is the crystal structure, some
examples for such alloys akastelloy, Inconel, Waspaloy, Rene alloys,
Incoloy, MP98T, TMS alloys, and CMSX single crystal alldyaperdoys
develop high temperature strength through solid solution strengthening.
Precipitation strengthening is an important strengthemiaghanism, which
forms secondary phase precipitates such as gamma prime and carbides.
Aluminum and chromium give a goocbrrosion resistance, so this mean
that the primary applications for such alloys is in the hot sections parts of
the aircraftenginegl][16].

2.5.1. Classification of superallog

The Superalloys are classified into threstegories, dependiran themain
metal present in the alldi6] [17]

1 Iron-based superalloys

1 Nickel-based superalloys

1 Cobaltbased superalloys
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25.1.1. Iron-based superalloy

Irons-basesuper alloysvere developedrom austenitic stainless steels and
are based on the principle of combinmglosedpacked FCC matrix with
both solidsolution hardening andprecipitate forming elements.
The austenitic matrix is based on nickel and ironhvat least 25% Ni
needed to stabilize the FCC ph4%&]. Other alloying elements, such as
chromium, partition primarily to the austemifior solid solutionhardening.
These alloys aréess expensive than cobalt and niekaked superalloys,
and can be classified into three typaboys that can be strengthened by
a martensitic type of transformation, alloys tha¢ ansteniticand are
strengthened by a sequence of hot and cold working (usually, forging at
10933 to 11488 °C followed by finishing at6488 to 8711°C) and
austenitic alloys strengthened by precipitation hardefiinglast group can
be considering aa superalloy the otherare usually categorizeas high
temperature andligh strength alloys. The martensitic types mainly used
at temperatres below537.7 °C and the austenitic types are usdmbve
537.7°C [17][18].
The AISI 600 series of superalloys cornsist sixsubclasses of irehased
alloyq16]:

1 601 through 604: Martensitic loadloy steels.

1 610 through 613: Martensitic secondary

hardening steels.

1 614 through 619: Martensitic chromium steels.
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1 630 through 635: Senaustenitic and
Martensitic precipitatiorhardening stainless
steels.
7 650 through 653: Austenitic steels
strengthened by hot/cold work.
1 660 thraugh 665: Austenitic superalloys;llA
grades except alloy 661 are strengthened by
seondphase precipitation.
Iron-basedsuper alloysgive a good high temperatues well & room
temperature strength and resistance to creep, oxidation, corrosion, and wear
The wear resistance increases by the carbon contkoys411, 612, and
613,have a maximum wear resistangRich are used in higtemperature
aircraft bearings andliding machinery partsThe martensitic chromium
steels, particularly alloy 616, are used for stearbine bladesAustenitic
alloys are mordlifficult to machine than martensitic typeshich can
be better machineth the annealed conditioithe most of the martensitic
steels are difficult to weld because of the crack sensitiVibese alloys
should be annealed or tempepebr to welding;also,pre-heating and post

heating are recommendgld/][18].

2.5.1.2. Nickelbase superallog

Nickel-base superalloys avery complex, widely used for the hottest parts,
and, for many metallurgists, the most interesting of all superflldys
They currently constitute over 50% of the weight of advanced aircraft

enginegl9].
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The high phase stability of FCC nickel matrix gives a principal characteristic
and the capability to be strengthened byaaiety of direct and indirect
means. So, chromium and aluminum are improve the surfealgiliy of

nickel [20]. Ni c k e | Obased superall opase ar e
industry, for the manufacture of gas turbingsmilitary and commercial
aircraft, due to their high corrosion resistance, high strength and long creep
life at elevated temperatygd]. Ni-base superalloys can be divided into
three typef. 6]:

Solid solution strengthened allgy&ich as Haynes 230 arthstelloyX,

which usually contains the following alloying elemen®, Co, Cr, Mo,

W, Ti, Nb and Al. Among these Al, Cr, W and Mo are potential $olid
solution strengtheners because of different atomic radius as compared
to Ni. They are more suitable for pessing, for exampl&by welding

and can also be manufactured into complex geometries from powders
using laser melting techniques.

Precipitation (age) hardened allpysuch as In718, 738, 939 and
Waspalloy. Usually they contain Al, Ti, Ta and sometimes Nb that
facilitate the formation ddNj aN)N] p r e c i pmatriba Frandiguren t h e
2.7[16], it is evident that precipitation hardened alloys possess higher
strengths compared to solid solution strengthened alloys and are widely
used in high teaperature applications.

Oxide dispersion strengthened (ODS) allay®y arealloys that contain

fine oxide particles of Y203 about 0.5 to 1%

22
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Figure 2.7: Tensile strength of superalloys at different temperature

range$16].

Nickel-based superalloysan be subdivided imanycategoriesdepending

on their composition, below are listed the types and some of the
application§l6]:

Inconel Alloy 600 (76Nil5Cr8Fe), used for construction of nuclear
reactors & chemical industry

Nimonic alloy 75 (80/20 nickethromium alloy with additions of titanium
and cabon), used in gas turbine and h#atitment equipment

Alloy 601. Lower nickel (61%) content with aluminium and silicon
additions, used aerospace, and power generation
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Alloy X750. Aluminium and titanium additions for age hardening.
Usedin gas turbines, rocket engines and aircraft structures

Alloy 718. (55Ni+21Cr5Nb-3Mo). Niobium addition to overcome cracking
problems during welding. Used in aircraft and Horaded gas turbine
engines and cryogenianks;

Alloy X (48Ni-22Cr18Fe9Mo +W). High temperature flatolled product
for aerospace applicatians

Waspaloy (60Ni-19Cr4Mo-3Ti-1.3Al). Proprietary alloy for jet engine
applications

ATI 718Plus. A lower cost alloy which exceeds the operating temperature
capability of standard 718 alloby 100 F° (55 C°) allowing engine
manufacturers to improve fuel efficiency

Nimonic 90. (Ni 54% min Cr 1:21% Co 1521% Ti 23% Al 1-2%) used
for turbine blades, discs, forgings, ring sections andnuoking tools

Rene' N6.(4Cr-12Co1Mo-W6 -Ta7- Al5.8 - Hf 0.2 - Re5 BalNi) 3rd
generation single crystal alloy used in jet engines

TMS 162 (3C¥ 6Co-4Mo-6W-6Ta6Al-5Re6Rubalance Ni) 5th generation
single crystal alloy for turbine blades.

2.6. Application of Superalloys

Thesuperalloys are mainly used in the high temperature applications,
including components for aircri?0]. Fig.2.8. shows the materials for
the aircraft enginethe hugeusedof this alloyare in (a)gas turbines;
like disks, combustion chambers, bolts, casingshdades (b) space

vehiclesand rocket engine parts) (Nuclear applicatiorj22].
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Figure 2.8: Cross sectiorof the RollsRoyce jet engineektensive use of

nicketbased superalloys in the combustor and turbine segfins

2.7. Physical metallurgy of nickel and its alloys

Nickel is one of themostwidely used elemeston earth and has a Face
Centered Cubic (FCC) crystal structure as shown in F{L&; it belongs

to the family of transition metals and exists in the form of five stable
isotopes. The elements that are alloyed with Ni to form superalloys and the
phases they contribute to also is mentioned in the FiQ[18]. The melting
temperature is 1455 °C and has a density of 8907 %@fmroom
temperature. The low diffusion rate in FCC metals givegood

microstructural stability even at very high temperat{itgs
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Figure 2.9: Face Centered Cubic (FCC) crystal structiir@].
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Ni based superalloys belong to the family of austenitic nickel chromium
basednaterialghat typically contains 80% Ni and 20% Cr. Several alloying
elements are included in different percentadepending on the need to
achieve better mechanical properties. Ni based alloys are usually
strengthened by precipitation (age) hardeners, they may be wrought or cast
depending on the application antbmposition involved[17].The
microstructue consists of different phaseBhe important ones such as
gamma phase), gamma primed), gamma double primeY), delta phase

() and various carbides and borides are explained bdpwhe gamma
phase q): The gamma phase is the matrix phase of nibkekd superalloys

in which the other phases rediti¢16].

It exhibitsanFCC crystal sucture and its composition mainly consist of Ni
with other elements such as Co, Cr, Mo, Ru, Re, RJFE5].

Gamma primegNj¥orms the precipitate phase, which is usually coherent

with theo-matrix and is the main strengthening precipitataigkelbased

superalloys. Similar to thephaseoNj] hav e an ostalsteucteed FCC cry
oNj mainly consi s teNSBAILTN1][16].Al , Ti, and Ta

Gamma double primeljN§)a:strong coherent metastable precipitate with
a body center tetragonal (BCT) structure, it is the primary strengthening
precipitat¢1][16].

TheoNjNj uni t c eel Ni3Nbpcorsist ofgNi ané Nbeis shown in
Fig.211[16], is wsually found in NiFe superalloys. At higher temperature

oNjNj become wunstabl ephas§l]fiélcan transform in
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Delta phasel): is a norhadening precipitate usually present at grain
boundaries. The loss of hardening is due to depletiaNpf]. The structu
is orthorhombic and thé phase improves the creep rupture and grain
boundary sliding resistance. It is composed mainlyNgf Nb and Ti.
Carbides and boride€arbide usually forms when carbon reacts with Ti, Ta
and Hf and result in MC carbideshere M represents elements such as Cr,
Mo, Ti, Ta, or Hf. The MC carbides brealown during service to other
species, such as HCs, MsC, M;Cz, and MB.. These decomposed
compounds usually reside in thegrain boundaries. Borides are found in
superalloy in the form of MB>, having a tetragonal unit cell. Which is also
present in grain boundaries and improve the creep rupture nesisté

superalloyglL][16].
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2.8. Incondl 718 Features and characterization

Inconel 718 alloy is an ageardenabldi-Cr-Fe based wrought superalloy,

itis extensively used in the aerospace industry diig liagh corrosion and
oxidation resistance, high strength and long creep life at elevated
temperatureg[23]. Inconel 718 has a good machinability and welding
capability in comparison with other superalldy$. Fig 2.12 shows the
comparison of creep strength for all thtyees of superalloys with different
type of strengthenirj@][16]. Nickel based alloys, have a relatively high
yield (700 1200 MPa) and tensile (900600 MPa) strength at room
temperature, the most remarkable property is that they maintain their
mechanical properties within a wide range of temperat(upso 600’ 800
°C)[16][17]. The mechanical properties (Table 2.2) depend on the chemistry
and the microstructural features, such as grain sz&o si ze
and distribution, carbide and boride size and content, and grain boundary
morphology. The metastable phase nfiaglly transform into the stable
phaseu (NisNb) at temperatures above 650 °C after long term thermal
exposurfl].During the hot forming process, the hitgmperature
deformation behavior of metals or alloigsgenerally very compld&0].

It is well known that the hot defovation behavior is sensitive to the thekrmo
mechanical parameters, such as the deformation temperature (T), strain rate
(y) and strain ¥)[24][25].Complex deformation mechanismsjch as the
work hardening (WH), dynamic recovery (DRV) and dynamic
recrystallization (DRX), often occur in the metals or alloys with low

stacking fault energy during the hot deformafi2@].
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For the multipass hot forming process, the staintl metadynamic
recrystallization behavior also occurs. At the beginning of hot deformation,
the obvious work hardening behavior can often be observed for the low
stackingfault energy alloy. So, actually the high temperature deformation is
a competitive process of the strain hardening and dynamic softening
mechanismsTherefore, developing the suitable constitutive relations to
describe the complex strain hardening and dyinasoftening behavior of

metals or alloys are significaf0].

T T Terel S )
at temperature
21°C 540 °C 760 °C 21°C 540 °C 760 °C 21°C 540 °C 760 °C
Ni based
Astroloy 1415 1240 1160 1050 965 910 16 16 21
Inconel 587© 1187 1035 830 705 620 605 28 22 20
Inconel 600 660 560 260 285 220 180 45 41 70
Inconel 718 1435 1275 950 1185 1065 740 21 18 25
Nimonic 75 745 675 310 285 200 160 40 40 67
Nimonic942© 1405 1300 900 1060 970 860 37 26 42
René 95 1620 1550 1170 1310 1255 1100 15 12 15
Udimet 720 1570 X 1455 1195 X 1050 13 X 9
cCSnbA o
! TTHY C 1005 905 440 725 605 430 25 19 19
Alloy 901 1205 1030 725 895 780 635 14 14 19
Incoloy 801 © 785 660 325 385 310 290 30 28 55
Incoloy 909 1310 1160 615 1020 945 540 16 14 34
Co based
Haynes 188 960 740 635 485 305 290 56 70 43
MP159 2025 X X 1620 X X 10 X X

Table 2.2:Mechanical properties depending on temperature for selected

Fe-, Ni- and Co based superalld$$[16].
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2.9. Workability and hot deformation behavior of
IN718

The hot deformation behavior of IN7i8Busually investigateldy using hot
compressionand torsiontests[26][27][28]. Several models lave been
proposed in the form of a hyperbeBng29], an exponential and a power
law for hot compression of IN71®0]. Experimental databtainedby J.M.
Zhang et gB1], who analyzedthe shape of the flow stressurves

vs. deformation parametets develop a mathematical model.
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Recently, M.Z. Hussain et 82] proposed a constitutive relationship
for thermemechanical processing of IN718 through double multivariate
nonlinear regression. Considering hot deformation of IN718, it is worth
noting that it is essential to develop comprehensive equations for a wide
range of temperatur@) and stran rate( ¥ The mechanical properties of

the alloygenerally dependn themicrostructurevhich is controlled by hot
deformation parameters such as temperaturginstandstrain rate

So, the Arrheniugype equatiorand processingiapcould play important

roles incharacterizatiownf flow stress behavior, optimagon of process
parameters and microstructure control for metals and alloys during hot
deformation. Tan adl[20] studied the hot deformation behavior of fine
grainedinconel718 superalloy.The flow stress values predicted by the
developed Arrheniugype constitutive equation were in reasonable
agreement with the experimental values, and optimum process parameters
were determined based on the estabtigirecessing map$he hot working
characteristicef Ni-Cr-Mo-based C276 superalloy based on the flow stress
curves ad microstructure were investigated by Zhang et[21].

Fig. 2.13[28] shows he true streg§srue strain curves obtained from the

Gleebletests.
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Figure 2.13: The true streggrue strain curves of IN718 at various strain
rates: (a)(#0.001s ! (b)(:0.015 ! (c)*0.1s * (d)1 s 428].

Fig. 2.14[28]. Shows thethe relationship between iy and InUandthe
relationship between In(sinli(§)) and InUthat are analysed within a value
of n,, bandn; are 6.6, 0.0247 and 4.9, respectiveljhe value of the
activation energyQ@) was429.56 KJ/molFig. 2.155) [28].
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Figure 2.14: The dependence of the peak stress on strain raiéfatent
temperatures: (a) I, versus InJ ) Gy versus INJ(€) In(sinh({ §) versus
In U[28].
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