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Introduction

Introduction

The Aluminium extrusion is a high temperature process used to produce semi-finished
products in the form of bar, strip and solid sections as well as hollow sections. Extrusion
processing includes a plastic deformation in which a billet, typically cylindrical, is forced by
a stem to pass through a die with a cross section generating the shape of the extruded piece.

Due to the severe processing conditions and complex mechanical loading, the die is
considered as the most critical element of the extrusion equipment.

The thermo-mechanical loading and the continuous contact between the tool and the
aluminium enhance the risks wfear and fatigue failuresThe alternation of tensile and
compressive stresses, acting on specific zones of the die, such as sharp corners and/or section
changes, represents one of the most common causes of the fatigue failure. A second
significant failure is associated to friction damage on the bearing surfaces which is defined as
a progressive wear of the die material.

Different researches have been performed with the objective to increase die life and reduce
the connected ratidie cost/kg extruded. Improving die stability can also generate significant
profit through process reliability and productivity increase as well as product quality
stabilization (surface, dimensions).

A so-called Modular’ extrusion die was designed by Hydro Aluminium and prototypes
were tested. For this innovative die, the part subject to strong thermo-mechanical (First
module) loading was made withNickel-based SuperalloyNi-SA) whereas in the bearing
zone (Second Module), the insert was manufactured with a wear resistant material (such as
high speed tool steel, hot working steel or precipitation hardened steel) optimised by the
application of a specific coating. In particular, Inconel 718 was selected as the appropriate
candidate material for the bulk structure, able to combine excellent tensile, fatigue, creep and
rupture strength in the range of temperature where the die operate (almost 550° C).

The aim of this PhD work is to contribute to the development of die materials for
aluminium extrusion, for a continuous improvement of the productive capabilities of Hydro
Aluminium to achieve a leadership in industrial products within a global market.

Even tough the “Modular Extrusion Technology” has recently shown important benefits and
good results in extrusion practice, this application is still at an early stage of its potential
exploitation. The originality of the present work stands on the development of an optimized
Inconel 718 alloy, with thermo-mechanical and microstructural tailored properties for a
specific application, that is bulk material for extrusion die.

From this point of view, two possible research strategies can be explored:

- The investigation of the impact of the extrusion process such as extrusion speed,
billet length, thermo-mechanical loading on the mechanical behaviour of the bulk
material, the so calleMaterial Extrinsic Parameters. The cyclic alternate tensile
and compressive stresses are simulated using isotheawaCycle FatigugLCF)
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tests giving information on the various damage mechanisms occurring in the die.

- The optimization of the Inconel 718 properties to improve its strength under
extrusion loading. This second objective could be achieved by modifying the
Material Intrinsic Parameters such as grain size, precipitates morphology through
thermo-mechanical treatments in order to adapt the material to the specific
conditions imposed by the extrusion process.

The manuscript is organized in five sections.

Chapter | discuss the fundamentals of the extrusion process, focusing on the die technology
and presenting in detail the concept of “Modular Extrusion die”.

A literature review about Inconel 718 is reported in Chapter Il to give a synthetic
description of the wide variety of researches that have been previously carried out on this
material. This preliminary chapter is considered as a pertinent support for the interpretation
of the experimental results that will be reported in the second part of the manuscript.

Chapter Il includes a detailed description of the research strategies adopted for the
metallurgical optimization of the alloy. A presentation of the different experimental methods
used for the metallurgical and mechanical characterisation of the alloy is reported.

The fatigue behaviour of Inconel 718 is analysed in Chapter IV under various LCF
conditions. Different examples of tests are carried out in order to define a cyclic model prone
to evaluate the stress-strain state in an extrusion die. In addition, a series of strain-controlled
low cycle fatigue tests is conducted to investigate the impact of various parameters on the
behaviour of the material. Namely, focus is placed on the influence okxtissic
parameterssuch as the cycle frequency, the strain rate, the holding time under load and the
stress relaxation. A fractographic method, based on microscopical investigations, is proposed
in order to predict the crack growth rate of prevalent cracks under LCF conditions.

Alternative heat treatments, in addition to the standard procedure, are proposed in Chapter
V where their mechanical properties have been assessed by tensile tests. Each modified
thermal treatment is defined by a series of parameters (time, temperature, cooling rates),
whose choice is related to a detailed study of the correlation between microstructure and
mechanical properties. This investigation is based on the understanding and modelling of the
various steps of the heat treatment process, taking into account the evolution of the so-called
material-intrinsic parameters.

Finally, some concluding remarks are reported in order to resume the main results of the
research focused on the understanding and the improvement of the mechanical behaviour of
the tool bulk material (Inconel 718). Specific suggestions and additional outlooks, from a
scientific and industrial point of view, are discussed in order to further increase die life,
process stability and later on press productivity.
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Chapter |

State of the art and scope of the
research work

" Una volta aver provato I'ebrezza del volo, quando sarai di nuovo coi piedi per
terra, continuerai a guardare il cielo."

Leonardo da Vinci
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Chapter I: State of the art and scope of the research work

II Fundamentals of Extrusion

1.1 Introduction

Aluminium extrusion is a high temperature process used to produce semi-finished products
in the form of bar, strip and solid sections as well as hollow sections. The technology is
based on a relatively simple concept of material forming, but it may be influenced by a series
of failures that could affect the quality of the product and the efficiency of the process. For
these reasons, the extrusion process is developing rapidly with the intent to lower the cost of
production and simultaneously improve productivity.

During the last ten years an important research work was done regarding process control: a
particular attention was given to the optimisation of the metal flow and to the development of
new alloys able to show improved extrudability and secure higher mechanical properties.
Today, research is also directed towards die technology: an important effort is made both to
understand friction phenomena between dies and materials to extrude and test the benefit of
employing alternative bulk die materials.

This first section discusses about the fundamentals of the extrusion process, focusing on
the die technology and presenting a new concept of tooling that becomes a motivating
challenge for this industry.

1.2  The Hot Extrusion Technology

Extrusion processing includes a plastic deformation in which a billet, typically cylindrical,
is forced by a stem to pass through a die with a cross section generating the shape of the
extruded piecdSaha,2000] Generally, the extrusion technology can be divided into two
main type:

* Thedirect extrusion where the billet is forced to pass through a die with a defined
accurate shape.

» Theindirect extrusion(or backward extrusion) where the die is pushed through the
metal in order to form the extruded product.
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Ram cross head

Die slide

Dummy block

Container

Backer
Die ring
Sub-bolster

Platen pressure ring Extruded section

Figure I. 1 : Schematic representation of the Extrusion process. [Dwight,1999]

As described before, the stem gives the required pressure to force the metal to flow
through the cavity of the die. Its movement, normal to the die surface, is controlled by a
cylindrical piece of steel, thdummy blockwhich is put on the top of the ram in order to
transfer the full press force to the billet. Before being formed, the material passes through
heated cylinders, calledontainers surrounded by layers of induction coils to control the
billet temperature (Figure 1. 1) [Bauser et al.,2006]

Tooling is of primary importance for the overall quality of the extruded profile. There are
two types of extrusion tooling, depending on the cross section dimensions of the final
product:

* Flat dies they are employed for direct external shape extrusion concerning all
extrudable metallic alloys (Figure 1. 2). These dies can be equipped with a feeder
plate; consisting of a solid tool put in front of the flat die and designed to produce a
section larger than the billet. The extrusion process is then divided into two
successive steps: in the first step, the billet is moved from the container to the
feeder plate where it is expanded; in the second step the material is forced to pass
through the die to achieve the final shape [Bauser et al.,2006]

Pressure
ring

Tool holder
(cassette)

Platen Tool holder Container

@) (b)

Figure I. 2 : Assembly of the tool set (a) for the production of solid sections and example of flat extrusion
die (b) with three shape forming apertures for the extrusion of aluminium alloys. [Bauser et al.,2006]
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« Hollow dies they are used for the production of hollow sections and thin wall tubes
characterized by long lengths (Figure 1. 3). In this case, the billet is divided into
several metal streams, under the application of high pressure, and then joined
together in a specific part of the die surrounding mhendre| called welding
chamber The hollow die consists of two pieces: an upper part and a lower part. The
upper part Portholg, characterized by the presence of a mandrel, takes part in the
formation of the inner shape of the extruded section, and the loweDpaRlate
serves to generate the external profile. The mandrel is joined to the porthole by
bracket supports calletridges [Xianghong et al.,2006] The die geometry is
designed in order to minimize the path of the material streams to avoid any
atmospheric contaminations.

(@) R (b)

Figure 1. 3 : Single cavity two parts porthole (a) die with six ports to produce aluminium hollow sections
[Bauser et al.,2006] and schematic representation (b) of the welding chamber of a hollow die
[Saha,2000].

In general, the extrusion die is located ihadder designed with a specific diameter as a
function of the die dimensions. For the production of solid shapes, it is better to employ a
backer as a support tool in order to reduce the risk of fracture or collapse.

All types of dies have a bearing surface onto which the profile takes its final shape. The
geometry and the surface conditions of the bearing influence significantly, together with
other parameters, both product quality and extrusion productivity. It is obvious that these
zones are subjected to high tribological loading those results in die loss of performances.

The extrusion parameters, such as ram speed and billet pre-heat temperature are directly
dependent on the type of alloy. Sdlsmha,2000]gives an example of typical extrusion
parameters for common aluminium alloys (Table I. 1). It is important to underline that the
extrusion conditions, especially the exit speed and surface quality, are fully dependent on the
complexity of the shape. A detailed control of each parameter can reduce the defects in the
final product; such as blisters or cracking.
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_ Billet temperature Exit speed
Alloy Type °F RC ft/min m/min
1060 Non-heat-treatable 788 420 164-328 50-100
1100 Non-heat-treatable 806 430 164-262 50-80
3003 Non-heat-treatable 842 450 98-230 30-70
5052 Non-heat-treatable 842 450 16-33 5-10
5154, 5254, 5454 Non-heat-treatable 860 460 20-49 6-15
6061 Heat treatable 806-932 430-500 16-82 5-25
6063 Heat treatable 896-932 480-500 115-262 35-80
6066 Heat treatable 797-860 425-460 66-115 20-35
6101 Heat treatable 896-932 480~-500 115-262 35-80
6463 Heat treatable 896-932 480-500 115-262 35-80
7003 Heat treatable 824-977 440-525 16-69 5-21
7005 Heat treatable 824-977 440-525 16-46 5-14

Table I. 1 : Typical values of billet temperatures and extrusion speed of extruded aluminium alloys.
[Saha,2000]

Practically, the die and the tooling supports (backer and holder) must be pre- heated in
specific ovens located in the vicinity of the extrusion press (Table 1. 2). This practice has two
main objectives: the first one is to avoid any heat loss at the beginning of the extrusion
process, the second is to achieve a specific toughness to avoid early fracture. The following
table reports some examples of preheating parameters employed in extrusion processing.

After pre-heating, the die is quickly transported and assembled into the holder of the
extrusion press. After extrusion of a specific profile, especially for hollow dies, the tool is
removed and uniformly cooled before being cleaned in a bath of hot caustic soda.

Tool size

diameter, mm

From

To

Solid section

Extrusion die and backer

with die holder

Hollow section

Porthole die

Bridge die with die holder

Time, h Temperature, °C Time, h Temperature, °C
A 300 2.5-3 420450 3-4 440-460
300 500 34 420-450 4-5 440-460
500 700 4-5 420-450 5-6 440-460
Over 700 5-6 420-450 6-8 440-460

Table I. 2: Preheat temperature and times for aluminium extrusion tooling. [Bauser et al.,2006]

These preliminary remarks on the fundamentals of the extrusion technology highlight the
importance and the complexity relative to the choice and design of an extrusion die. A well
defined hot working material and a specific heat treatment must be employed to ensure a
long service life validating some specific requirements such as:

* Toughness at high temperature;

High mechanical resistance at high temperatures (Yield strength, creep and fatigue

resistance);
Hot wear resistance;
Thermal conductivity;

Corrosion and oxidation resistance.

The validation of these specific requirements guarantees an optimal extrusion speed and an
appropriate quality of the product based on a dimension stability and shape accuracy.
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1.3 Hot work steels for extrusion dies: state of the art.

Due to severe processing conditions and complex mechanical loading, the die is
considered as the most critical element of the extrusion equidiReggiani et al.,2010]
Significant focus and attention is paid in die development activities. From a material point of
view, the hot work tool steel grades are still today considered to represent 90% of the total
extrusion die consumption. The expressibiot working tool steels”cover a large class of
alloyed steels which are dedicated to different industrial applications for the hot working of
metallic materials. In general, AISI H11 and H13 steels and their related grades are
employed for aluminium extrusion toolifGutovskaya,2003] These steel grades belong to
the class of 5% chromium hot work steels. Chromium confers to the material good
hardenability and temper resistance at the high working temperatures. The composition of the
steels, traditionally employed for extrusion tooling, is reported in Table I. 3 :

Steel Designation Alloying Elements

[DIN] W.Nr [AISI | C Si Mn Cr Mo Ni \Y

X36CrMoV5-1 | 1.2340| H11 | 535 | 0.35 0.36| 5.06 1.25 0.06 0.49

X37CrMoV5-1 | 1.2343| H11 | 0.37| 0.92 0.49 5.08 1.2 0.20 047

X40CrMoV5-1 | 1.2344| H13 | 0.40 1.0 0.4 5.3 1.3 - 1.0

X55NiCrMoV7 | 1.2714| L6 | 0.55| 0.25 |5 g 11 0.5 1.65 0.1

Table I. 3:Chemical composition of Hot Work Steels. [Delagnes,1998]

AISI H11 steels are used because they exhibit high tensile strength at elevated temperature
and a good fracture toughness as well as thermal conductivity (26-28KWrmat 200-
600°C).

X55NICrMoV7 steel is characterised by high fracture toughness and an elevated ductility
at high temperatures (mechanical shock resistance). Its application, anyway, is limited by the
hardness decrease at temperature closed to 400-500°C.[Oudin,2001]

The alloying elements, such as Mo and V are employed to obtain the required high
strength at the working temperatures, limiting softening mechanisms. In general, these
elements react with the carbon to form carbides lik€MM,3Cs, MgC and MC, where M is
the metal alloying element. The distribution of carbides, especially at grain boundaries, must
be carefully controlled to achieve a uniform toughness through the bulk of the tool. For this
reason, the production methods for hot working steels have been improved by the use of the
electro-slag remelt steel-making process (ESR) which ensure, on top of a good control of
impurity levels, a fine and uniform grain structure.

The basic operations of heat treatments of hot work steels are divided into four specific
stages: annealing, austenitization, quenching and tempering. The heat treatment is the most
important and correlatively the most complex step in the manufacturing of an extrusion die.
Whereas solid extrusion dies are commonly manufactured from heat treated steel blanks,

15



Chapter I: State of the art and scope of the research work

hollow dies can be rough-machined from annealed hot working steels.[Bauser et al.,2006]

For this reason, an annealing treatment is performed at a temperature prone to release
residual stresses and obtain a uniform distribution of globular carbides before manufacturing
starts.[Delagnes,1998]

Afterwards, an austenitization temperature in the range 990-1030°C is employed to ensure
a complete transformation of the ferritic structure. Cooling from the austenitizing
temperature must be quick enough to minimize the formation of bainite that tends to
embrittle the material causing a premature cracking. After quenching, the structure is
unstable and brittle: steels must be tempered to achieve the targeted mechanical properties
(such as toughness). A two-stage tempering is commonly employed for the hot work steels.
The first stage is run at a temperature in the range 550-600°C in order to induce a complete
transformation of the residual austenite in secondary martensite and an increase in the
toughness. The second tempering temperature (higher than the first one) is chosen according
to the required hardness: this process guarantees the thermal stress release and the
precipitation of uniformly distributed secondary carbides prone to improve the mechanical
properties. Note that in the case of X55NiCrMoV7 only one tempering is performed as the
material shows a continuous decrease of hardening during this final treatment.

Table I. 4 and Table 1. 5 report, respectively, the heat treatment procedures selected for the
traditional hot work steels and the resulting mechanical properties measured at room
temperature.

Steel Austenitization| First Tempering Second Hardness (HRC
tempering

X55NiCrMoV7 | 875°C/1h/OIL | 605°C/3h/ AIR - 42
875°C/1h/OIL 511°C/2h/ AIR - 47
900°C/1h/AIR | 550°C/2h/ AIR| 625°C/2h/ AIR 42

X37CrMoV5-1 | 900°C/1h/AIR | 550°C/2h/ AIR| 610°C/3h/ AIR 44
900°C/1h/AIR | 550°C/2h/ AIR| 601°C/3h/ AIR 47
900°C/1h/AIR | 550°C/2h/ AIR| 590°C/2.4h/ AIR 50

Table I. 4 : Table: Typical heat treatment for traditional hot work steels. [Delagnes,1998; Oudin,2001]

Steel Rp0.2 [MPa] UTS [MPa] Hardness (HRC)
X55NiCrMoV7 1100 1280 42
1100 1333 42
X37CrMoV5-1 1200 1451 44
1335 1584 47
1431 1733 50

Table I. 5 : Room temperature mechanical properties of hot work steels [Delagnes,1998].

Today, all extrusion dies are subjected to surface hardening and treatment in order to
obtain a more uniform bearing surfaces and reduce wear damage. Nitriding is used since
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many years to increase surface hardness. It consists in a simple diffusion of nitrogen at the
surface of the die: the thickness of the diffusion zone range between 130 anen160
depending on the composition of the alloy.

Recently, CVD or PVD coatings, with titanium and chromium carbide as well as
aluminium oxide, applied on the surface of extrusion tooling, have significantly improved die
life. [Bjork et al.,2001]

1.4 The extrusion cycle and die loading

The direct extrusion is the most frequently employed extrusion process. The material is
loaded as form of billet and put into the container where it is pushed, by the ram, through a
stationary die.

During a typical extrusion cycle, the ram force can be split into two components:

1. The Frictional Load (RR): that is consumed to overcome the container friction.

2. TheForming Load (f): governed by section shape and die design and employed
to form the material.

The last one could be considered stable over the ram stroke, whereas the frictional load
varies with the ram position. Depending on the billet length, the container friction force is
typically 30-40% of the maximum ram force [Oftedal,1998]

Total Extrusion Force Ry+ Fr

The load displacement graph, reported in Figure I. 4, shows that a significant extrusion
load is needed to start the cycle, due to the shear stress along the whole length of the billet.
As the stem moves forward, the area over which the friction acts is reduced as the billet
becomes shorter. The reduction of the frictional component, over the press cycle, represents
the reduction of the press force, as shown in Figure I. 4 (red curve).

Fram

cortaner
friction

die face pressre

Ram Position

- T — - — — — — =R
1

Figure I. 4 : Ram Force variation over the stroke.[Oftedal,1998]

Although the forming load is considered constant during an extrusion stroke, the stress
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distribution through the tool is not uniformly distributed. For this purpose, finite element
analyses of hollow dies were carried out by Hydro Aluminium in order to point out the strain
and stress response of the tool. All calculations were obtained using an isotropic hardening
model and considering an evolution of the cycle with time. The “Beginning of the cycle”
represents the instant when the billet starts flowing through the die, the “End of the cycle” is
the extrusion of the final part of the billet and the “Dead cycle” stands for the unloading
process time. Figure I. 5 shows that the deformation mode, emphasized by a bending
behaviour, seems to be quite similar at the beginning and at the end of the cycle. The
deformation is dominated by the billet pressure exerted on the porthole: this loading
predominantly acts on the portholes bridges generating a bending moment (red and black
arrows) which is subsequently transferred to the die plate creating high forces in the web area
(blue arrows).[Dossin,2010]

Start of the cycle End of the cycle Dead cycle

Figure 1. 5 : Deformation behaviour during Extrusion cycle. [Dossin,2010]

Figure I. 6 reports some calculations experienced on the porthole at the beginning (a) and
at dead cycle (b). These analyses demonstrate that during the cycle (start and end cycle), the
zone of transition between the bridges and the mandrel exhibits stress concentrations well
above the yield strength of the material (called “Hot Spots”) generating a plastic deformation.

During the dead cycle, Figure I. 6 (b), the plastic strained hot spots are compressed when
the tool is unloaded due to the elastic energy stored in the adjacent material. [Lange,1998]
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Figure 1. 6 : stress distribution in die at the “Start” of the cycle (a) and at the “Dead of the cycle” (b)

These fluctuating stresses (tension/compression) become cyclic when multiple billets are
extruded. In general, the extrusion stroke corresponds to cumulative loading/unloading cycles
at a frequency 1-5 billets shaped every 10 min. For these reasons, the die is submitted to a
typical low-cycle fatigue regime at a temperature that remains generally stable in the range
450-580°C. The extrusion tooling is then subject to a combination of thermal and mechanical
loads that enhance the occurrence of damaging processes, namely low cycle fatigue and
creep[Reggiani et al.,2010]

The cyclic alternate tensile and compressive stresses are simulated using Low Cycle
Fatigue (LCF) tests conducted in a reversed total strain control. In such a way, the
mechanisms of cyclic plasticity; enhanced by softening mechanisms at peak stress, can be
evaluated in order to be close to the loading conditions of dies in service.

A trapezoidal waveform (Figure I. 7) was adopted as reference signal. The symmetric
cycle is provided with an holding time (150s), at maximal strain, to assess for the extrusion
loading conditions and a steady time (20s), at minimal strain, to take the unloading into
consideration. The results of the experimental tests will be discussed in Chapter IV.
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Figure 1. 7 : Schematic representation of the reference cycle for LCF tests under extrusion conditions.
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[1.5  The failure mechanisms of the aluminium extrusion dies

Fracture is one of the principal failure modes for extrusion dies and tooling: as mentioned
before, the thermo-mechanical stresses act in a cyclic way, while the aluminium friction on
the die surface induces wear damage on the bearing area. For this reason, the most common
modes of in-service failure are fatigue, wear and deflection.[Qamar et al.,2008]

A statistical study about the relationship between die profile and modes of failure,
presented by ArifArif et al.,2003], led to the conclusion th&atigue fractureis the main
failure mode for all die shapes.

Typical fatigue failures are located at high stress concentration zones such as sharp
corners, section changes or porthole bridges which are the most critical parts in the die. In
this case, fracture initiation is not necessarily related to macroscopic defects in the material,
but it is instantaneously followed by a rapid crack propagation. Specific microscopic
investigations, reported by Hydfbange,1998] pointed out that this kind of “in service” die
fracture lead to a sudden change of the wall thickness on the last extruded profile. The hot
stress cracks extend as a network under the tool surface: this crack propagation is aided by
the temperature differences between the core and the surface of the die that occur during the
extrusion cycle. The presence of high stresses, combined with high stress-concentrations,
lead to crack propagation and failure.

The second most significant failure is associatedritiion damage, on the bearing
surfaces, which is defined as a progressiear of the material. The exposure to high
temperature combined with friction between the extrusion material and the die enhances the
development of adhesive and abrasive wear mechanisms. The formation of an adhesive layer
is due to the high tendency of the aluminium to adhere on the steel surface, especially when
the temperature increases. The layer is particularly rich in magnesium, aluminium, iron and
silicon: the production of Fe-Al intermetallic compounds induces a continuous dissolution of
the tool and a consequent failure.[Gutovskaya et al.,2004]

Other kinds of extrusion die failures include theflection of the tool due to an excessive
plastic deformation: the bending forces, acting on the hollow die, could lead to a
displacement of the mandrel pole which can induce for instance an eccentricity defect on the
rounded tube profile.

III The modular extrusion die: a new concept of extrusion
tool

As discussed above, there is large variety of failure modes that can strongly limit the life
and the efficiency of the extrusion tools. In the last few years, different developments to
improve extrusion die performance were proposed by Hydro Aluminium, addressing the
damage mechanisms of the die from a material selection and surface treatment point of view.
Surface treatments for die bearing address mostly wear issues employing specific CVD
system in use since more than ten years. Over the last five years, different activities were ran
with the objective to improve die performance considering both failure modes from a die
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bulk material and surface treatment selection point of view. The main objective of these
activities is to increase die life and reduce directly the connected ratio die cost/kg extruded.
Improving die stability can also generate significant profit through process reliability and
productivity increase, as well as product quality stabilization (surface, dimensions).

In 2004, Hydro Aluminium Automotives Structures proposed a solution to limit the
frequent failures of dies employed to extrude the 7000 series aluminium alloys. This
innovative approach was based on the employment of various materials, with specific
tailored properties, in different parts of the fRasqualon,2010]

A so-called Modular’ extrusion die was designed and prototypes were tested. For this
innovative die (see Figure I. 8), the area with strong thermo-mechanical (First module)
loading was made with Blickel-based Superalloy (Ni-SA) whereas in the bearing zone
(Second Module), the insert was manufactured with a wear resistant material (such as high
speed tool steel, hot working steel or precipitation hardened steel) optimised by the
application of a specific coating.

Figure I. 8 : Modular Concept of Extrusion Die.

The introduction of this new concept of die brings various industrial and technological
benefits. The employment of a stronger material, in the load carrying body parts, improves
the die life and allow a higher productivity for extremely complex extrusion profiles and hard
to extrude alloys. The application of hard coatings on wear affected parts reduces the die
maintenance actions and improves the surface quality of the extruded product, due to the low
roughness of the bearing surfaces and to the improved flow characteristics.
[Kindlihagen,2008]

For large section of 7000 series all@gveral thousands of billetein be extruded with the
same die. This result induces significant savings through die cost/kg massive reduction (die
purchasing), scrap rate reduction (process capability improvement), die maintenance and
cleaning cost reduction (die shop force and caustic cost) and a first contribution in
productivity improvement through speed increase for all dies running.
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The modular die was initially employed for the extrusion of automotive components. This
industrial sector is characterised by an important volume of given sections which values long
lasting extrusion dies.

In 2010, the modular die concept was employed, for the first time, in the Hydro Precision
Tubing division to produce aluminium round tubes. Significant die life increase as well as
process stability improvement have been achieved.[Pasqualon,2010]

The use of superalloys stands for a critical aspect of the Modular Die idea: these materials
show high mechanical performances (creep and fatigue) at high temperature and good
corrosion and oxidation resistance. For these reasons, they are known to be superior to the
traditional hot work tool steels.

In particular, Inconel 718 was selected as the appropriate candidate material for the bulk
structure: this alloy is the main wrought superalloy used in various industry
[Gutovskaya,2003] It is able to combine excellent tensile, fatigue, creep and rupture
strength in the range of temperature where the die is operating (almost 5889eCial
Metals]. Inconel 718 is also less expensive than different other superalloys such as
Wespalloy and Udimet mostly because of its extensive worldwide usage in the Aeronautic
and oil and gas fields. However some challenges are existing: manufacturing of Inconel 718
is very difficult and its thermo-chemical resistance to Al corrosion is low which forces the
choice of another material for the bearing area.

The mechanical performances of this material will be investigated in this work and a
particular study of the fatigue properties will be reported in Chapter IV.

1.1 Investigation of a real case of tool fracture

The service life of an extrusion die has a strong impact on the quality, efficiency and cost
of a given extruded profile. The number of maintenance interventions (Die correction,
Welding repair, die scrap), caused by tool defections, contributes to the commercial viability
of the production. Generally, a die failure is declared when the tool has become completely
inoperable or when it is unable to ensure its specific functions due to an advanced
degradation: for this reason, the analysis of failure cases is a very important way for
improvements in process economics and operating procefiKiezsnowski,1998; Akhtar
et al.,2010]

Figure I. 9 shows a detail of the fracture of an Inconel Modular extrusion die which was
employed by Hydro Aluminium for the hot-extrusion of thin walled car bumpers of high
strength aluminium alloys, from the A7000 series. A preliminary crack initiation was
detected after the extrusion of 585 billets has been completed, the die was weld repaired and
a new repair was required following the extrusion of 120 billets more, before being
considered “out of service *“.
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XTRUSION
DIRECTION

Figure I. 9 :: The fractured part of the die

The tool exhibited a large crack in the transition bridge to the mandrel, where the bulk
material is subject to high stress concentration, which induces a localised plastic deformation.
As reported by previous investigatif@utovskaya,2003] the crack propagated along 40 to
60 mm and it was stopped by the increased width of the bridge closed to the mandrel, where
the stress concentration is lower.

The crack was opened in order to investigate the fracture surfaces. A preliminary
macroscopic analysis showed a flat surface with no necking, whereas a more detailed
microscopic examination, performed by SEM, revealed the presence of fatigue striations with
an average spacing of about 0,3-0,5 [Kazanowski,1998]
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Figure 1. 10 : SEM investigation of the fracture surface showing typical fatigue striations.

Considering the principal stress vectors, reported in Figure I. 11 and calculated by FEA in
the die zone closed to the crack, it is assumed that the crack grew in length along a direction
inclined by 45 degrees (high shear stress planes) with respect to the principal stress vector
(Red arrows §.
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Figure I. 11 :

This last detail confirms the hypothesis of a fatigue failure: the crack propagates long
direction of fatigue propagation in Stage |. No evidence of intergranular fracture, possibly
related to the coupled effects of the cyclic loading with the service environment, was
detected.

The present investigation points out that fatigue is the relevant failure mode for Hollow
extrusion die. The adoption of the modular concept has strongly delayed the occurrence of
fatigue damage, considering that in some traditional steel dies only 25 billets were extruded
before fracture initiates. However, the cyclic tensile/compressive mechanical loading is still a
limiting factor for the die life.

For this reason, an important research activity, focused on the understanding and the
improvement of the mechanical behaviour of the tool bulk material (Inconel 718) will be led
in order to further increase die life, process stability and later on press productivity. A
detailed description of the research objectives is given in the next paragraph.

IV Outlooks and Objectives of the project

In a traditional aluminium extrusion process, the tool is subject to extreme working
conditions that strongly influence its service life: the variety of loading components, in terms
of thermo-mechanical loading, and the continuous contact between the tool and the
aluminium enhance the risks of wear and fatigue failures. The process of hot fatigue damage,
during the extrusion operations is due to the alternation of tensile and compressive stresses,
acting on specific zones of the die. This represents one of the most common cause of die
failure, having detrimental impacts on the process efficiency especially through die cost
[Subodh,2004].

In this economical challenge, the Modular Extrusion die is an innovative idea prone to
improve die life and simultaneously reduce the directly connected costs. The application of
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high performing material, Inconel 718, with thermo-mechanical and microstructural tailored
properties stands for the technological step change. Even tough the technology has recently
shown important benefits and good results in extrusion practice, this application is still at an
early stage of its potential exploitation.

A more detailed knowledge on the mechanical behaviour of the bulk material, under
extrusion conditions, might support further improvements of performances ensured by the
modular die. From this point of view, two possible research options can be explored:

1. The investigation of the impact of the extrusion process such as extrusion speed,
billet length, thermo-mechanical loading on the mechanical behaviour of the bulk
material, the so callellaterial Extrinsic Parameters.

2. The optimization of the material properties to improve its strength under extrusion
loading. This second objective could be achieved by modifying Miagerial
Intrinsic Parameters such as grain size, precipitates morphology through thermo-
mechanical treatments in order to adapt the material to the specific conditions
imposed by the extrusion process.

The material development becomes the first step in increasing productivity and efficiency
of an extrusion die. This represents the main objective of this study that will be addressed by
a multidisciplinary approach including metallurgical, chemical and mechanical experiments.

In the last fifty years, considerable studies have been performed to address the cyclic
behaviour of Inconel 718. This material, is employed in various industrial applications
because of its high performances at elevated temperature.

The originality of the present work is based on the development of an optimized Inconel
718 alloy for specific applications, that is bulk material for extrusion die: which represents a
technological jump in the employment for this superalloy in the field of tools.

From the scientific point of view, the isothermal Low Cycle Fatigue (LCF) tests are
considered as the most representative testing facilities of the thermo-mechanical loading
acting on the tool: various LCF conditions (strain amplitudes and strain rates) were so
examined in order to address the various damage mechanisms occurring under cyclic
solicitations.

The objective of this PhD work is to contribute to the development of die materials for
aluminium extrusion for a continuous improvement of the productive capabilities of Hydro
Aluminium to achieve a leadership in industrial products within a global market.
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Chapter Il

Microstructure and mechanical
properties of Inconel 718 alloy

“La bibliographie se fait aprés et non avant d'aborder un sujet de recherche”
Jean Perrin
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Chapter lI: Microstructure and mechanical properties of
Inconel 718

VI Introduction

Nickel-based superalloys have been developed during the last 50 years in order to satisfy
the different service requirements concerning, above all, the aeronautical and energy
applications.

The aim of this literature review is to give a synthetic view of the wide variety of
researches that have been previously carried out, in order to understand the mechanical and
microstructural properties of the alloy. This preliminary chapter is considered as a pertinent
support for the interpretation of the experimental results that will be reported in the second
part of the manuscript (Chapter IV and Chapter V).

In thefirst part of the chapter, attention is focused, prevalently, on the review of the main
microstructure dependent effects relative to:

» the alloying elements;
* the secondary phases and their strengthening effects;
* the thermal treatment parameters.

Thesecond partleals with the mechanical properties of the alloy, with a particular interest
on the cyclic behaviour. An examination of the main microstructural degradations associated
to cyclic loading will be discussed in details, pointing out their effects on the global fatigue
performances.

In the description of the different topics, a particular attention will be given to the
alternative solutions (alternative thermal treatments, composition changes, forming
processes) that were proposed by previous works in order to extend the domain of application
of Inconel 718.

VII The nickel based superalloys

The nickel base superalloys represent a class of material that were developed to fullfill a
need for stronger and more corrosion resistant alloys for high temperature applications.
These superalloys associate a good workability (castability, thermal treatment sensitivity,
machining, coating...) to a high mechanical strength at elevated temperature, typically above
540°C, where the standard hot work materials (Steels, Titanium alloys, copper..) fail to
operatdGuedou,2009]

These outstanding properties are obtained by a structural hardening within a FCC solid-
solution matrix mainly strengthened by the addition of Aluminium, Titanium, Tantalum
combined with nickel forming intermetallic phases (L). The nickel chromium matrix is
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very beneficial as nickel, in contrast to iron and titanium matrices, does not show allotropic
transformations that might destabilize the structure, especially at high temperatures. The
trend to form adherent thermally growth oxide (TGO) guarantees a good resistance against
environmental attack by harmful elements such as oxygen and sulfur.[Decker,2006]

The hardening’ phase shows a rapid and homogeneous growth imattge of 12-300
nm: the slight lattice mismatching with the matrix increase the resistance to the dislocation
movement, limiting the deformation process under high loads. In addition, the face-centred-
cubic (fcc) crystal structure generates multiple slip systems assuring a good ductility and
formability with minimum texturing. [Decker,2006]

Typical application of nickel base superalloys is the aerospace, industrial gas turbine and
marine turbine industry, where the service temperature is closed to the melting point of the
material. In addition, their high strength, coupled with a good corrosion resistance, allows
their application in the biomedical field.

The future development of the nickel base superalloys will be focus on the optimisation of
their general properties to fit a specific application or profl@éesachie,2002] this is the
challenge that we are concerned with, for the present work, in order to optimise the material
to the specific solicitations imposed by the extrusion process.

VIII Metallurgy and composition of Inconel 718

Inconel 718 is a nickel base superalloy initially introduced by Herbert Eiselstein in 1959.
Concerning chemical composition, this material differs from the other Ni base alloys as it
contains iron (18%), which influences the precipitation process and some Nb (5%), which
contributes to the hardening mechanisms [Alexandre,2004]

The alloy composition (Table Il. 1) is based on a variety of alloying elements, each of them
have a specific role to adjust material properties. Some elements, such as Nb, Al and Ti, take
part in the formation of hardening phases. Others, like Cr, contribute to the oxidation
resistance, whereas Mo enhances the mechanical resistance of the austenitic matrix at room
temperature, but also at high temperat[8&ama et al.,2000]

Element Ni C Cr Fe Nb Mo Ti Al
[%0]

Min Base 0.02 17.00 15.00 4.75 2.80 0.75 0.30

Max Base 0.08 21.00 21.00 5.50 3.30 1.15 0.70

Table Il. 1 : Chemical composition of Inconel 718 alloy (% weight).

The strengthening effects are ensured by the precipitation gf fifleases, NiNb, with a
body centred tetragonaD(,,) crystal structure and an average size in the range 206-600
(Figure 1. 1). The precipitates are coherent disk-shaped particles that form with an
approximate thickness of 50-99. In Inconel 718, the main contribution to hardeniag
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related to the coherency strains betweérand the matrix. The crystal parameter misfit
becomes more significant (~3%) along the tetragonal axis, as compared to the strain obtained
on the plane of the disk (~1%). This element provides a higher strength than that associated
to a traditional L4 precipitate such ag. The precipitates have the following orientation
relationship with the matrix: (0], // [110],» and (111)// (112)» where the c axis of the
tetragonal cell could be aligned along the three <001> directions of the matrix. In such a
way, three variants of” can be detected in agreement with the following orientations:
Variant 1: [001], //[001},; Variant 2: [001}, //[010},; Variant 3: [001}, //[100}, [Strond|

et al.,2008; Niang,2010]Figure Il. 1 illustrates the morphology of the three variantg’ of

phases Figure Il. 1(b).
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Figure Il. 1 : Unit cell of DO,;,structure (y"-Ni sNb) structure and arrangement of atoms in the (111)
plane (a) [Sundararaman et al.,1994], various variants gf’ phases detected in Inconel 718
microstructure (b) [Alexandre,2004].
The strengthening mechanism is completed by the presence of phase , which is
common to all nickel based superalloys, displaying a primitisestructure (Figure Il. 2)
with Aluminium atoms at the cube corners and Nickel atoms at the centres of the faces.

el a e e ¢ e e e

® Ni
O Al Ti e RE
Figure II. 2 :Unit cell of LI , (y') precipitates and distribution of atoms on the (111) close packed plane (a)
[Andrieu,1987], TEM image in dark field conditions ofy’ and y” particles (b) [Bor et al.,2010].

In the austenitic superalloys, theandy” (A3B) precipitates, due to a stacking sequences
similar to that of the matrix, are the only phases prone to exhibit a homogeneous and
coherent precipitation. The alloy contains about 15%’ @ind 4% ofy’: the y” precipitates
ensures a high resistance to the shearing, providing higher coherency hardening, but they are
less stable at high temperature whérprecipitates form, with same composition {Nib).
This phase is based on a orthorhombic structure agand precipitates for temperatures
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ranging between 700°C and the solvus temperature (990°C) (Figure Il. 3). Delta phase
generally appears in the shape of plate, although the occurrence of a globular morphology
was reported in previous workBonnelle,2001] In generalp phase shows an intergranular
precipitation at grain or twin boundaries, which contributes to control the grain size.
However, an intragranular precipitation may occur in association with the pre-existing
precipitates. [Azadian,2004]

oo
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Figure 1l. 3 : Unit cell of DO, (6 —Ni3NDb) structure (a) [Sundararaman et al.,1994], needle-like
morphology of delta precipitates at the grain boundaries (b).

The atomic cell associated dophase, where the (010) plane is the closed padeee,p
shows a rectangular arrangement of niobium atoms identical to that obtained fdr the
structure. However, whereas tiieprecipitates displays a stacking sequence ABCABE(
phase structure shows a two layers stacking sequence ABABAB. KifKiaman et
al.,1970] reported that the nucleation of the intragrandlgnatelets could be connected to
the occurrence of stacking faults in the metastablstructure. These conditions can be
associated to the shearing mechanism operated by the motion of dislocations on every
alternate (111) plane, which results in the creation of ABABAB type layers, characteristic of
the crystal structure of thephase. This mechanism enhances the nucleationravnthgof &
through several™planes.

In addition to the hardening phases, the alloy is enriched with some carbides which
precipitate during the heat treatments. The solubility of carbon in the austenite is limited by
the high content of carbide forming elements (such as W, Ti, Mo and Nb). The high niobium
content improves the formation of the Nb rich MC phases. Those carbides appear as globular
and irregularly shaped particles (average size ¥, generally, at grain boundaries or
along incoherent segments of twin boundaries. An over-aging treatment or an extended
service exposure at high temperature induces their transformation into secondary carbides
(such as MC or Mp3Cswhere M is the metallic element), which continue to precipitate at the
grain boundariefPonnelle,2001]

Earlier investigations have demonstrated that carbides do not enhance the hardening
mechanism. Nevertheless, there is some evidences that carbide precipitates strongly influence
the fracture mode of the alloy, promoting an intergranular damage through micro-cracking at
the interface between the carbide and the matrix.[Sundararaman et al.,1997]

To complete this description of the Inconel 718 metallurgy, it is worth to mention the
possible presence efand p phases, brittle intermetallic precipitateish wregular globular
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shapes, resulting in detrimental effects on the mechanical properties. The volume fraction of
these phases has to be thoroughly controlled during the metallurgical processes: for
aeronautical applications their precipitation is strategically avoided. [Donachie,2002]

IX Secondary phases and strengthening effects

The mechanical properties of Inconel 718 alloy are based on a precipitation strengthening
mechanism which is controlled by the size, the morphology, the volume fraction and the
distribution of the hardening phaseg,(”). These microstructural features could be
optimized by an appropriate choice of thermal treatment parameters, having a strong impact
on the mechanical properties.

The nickel based superalloys are particularly sensitive to the effect of the thermal
treatment. A double steps process, including a solution annealing followed by a precipitation
ageing process, is generally used for the optimisation of these materials.

The solution annealing consists in dissolution of the second phases in order to prepare the
alloy to the subsequent ageing. The dissolution could be partial or total as a function of
temperature and the holding time used for the treatment. In the case of Inconel 718, the main
objective of this preliminary step is an optimization of the content gliNiwhich may
precipitates ag” or & phase. The annealing process is followed by a rqpahching which
contributes to retain, at room temperature, the supersaturated solid solution. Traditional
cooling methods include oil and water quenching, as well as various forms of inert gas or air
cooling. Inconel 718 is usually solution annealed near the delta solvus: as reported before,
these precipitates are used to control the grain size in wrought alloys by a pinning mechanism
of grain boundaries. For this reason the choice of the annealed conditions (temperature, time
and cooling rate) is associated to the applications and to the required mechanical properties.
In the aeronautical field, Inconel 718 is used for its high mechanical strength and fatigue
resistance. For this scope, a solution treatment of 1 hour at 955°C, slightly below the delta
solvus, ensures high mechanical properties by a specific control of the delta phase content
and morphology.

After solution treatment, a two stages ageing is commonly applied. The ageing procedure
contributes to the strengthening of the alloy by a precipitation anhd y” phases from the
supersatured matrix. The precipitation temperatures determine not only the type but also the
size distribution of the precipitates. A double ageing treatment is usually applied to wrought
superalloys in order to control the morphology of the strengthening phases and the carbides
size.

In Inconel 718, the precipitation is based on a double ageing procedure with sequentially
lowered temperatures. A preliminary step, at 720°C for 8 hours, induces a significant
precipitation of the strengthening phases. The second ageing at 620°C for 8 hours,
contributes to optimise the precipitates size. A cooling cycle at 50°C/h is employed between
the two isothermal processes.

The procedure, schematically drawn in Figure Il. 4, constitutes the standard cycle of
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thermal treatment used for Inconel 718. In the industrial practice, the precipitation treatments
are selected in order to find the better compromise between the microstructural adjustment
and the industrial costs.

A

Temperature [°C] 955°C/1h

720°C/8h

50°C/h
620°C/8h

AIR

\ 4

N—

\

~

Solution Heat AGING

treatment

Figure Il. 4 : Standard cycle of thermal treatment adopted for Inconel 718.

Figure II. 5(a) shows the microstructure obtained by the application of this treatment. The
average grain size is in the range 10-12 um. Needle}lidease precipitates decorate grain
boundaries whereas primary carbides (NbC and TiC) are randomly distributed through the
matrix (Figure 1. 5(b)).

- 200kv@0 BB674x BSE 99 1pc

Figure 1. 5 : Microstructure of Inconel 718 obtained by a standard treatment (a), SEM micrograph of a
Niobium carbide (b).

The double ageing treatment does not affect the grain size or the ameuphade, but
strictly controls the distribution of’ and y”. Previous works reported that the preliminary
ageing step (at 720°C) induces a continuous growth of ®o#nd y” particles, whereas
during the second ageing stops growing, whiley’ size continues to increase. Figure Il. 6
reports the TTT diagram of the Inconel 718 alloy, pointing out the effects of the different
parameters (time, temperature, cooling rate...) on the precipitation.

During the last 20 years, new modified heat treatments have been developed for Inconel
718. The main objective is to introduce a tailored microstructure in order to obtain a good
compromise between grain size, grain boundary structure, specific mechanical performances
and thermal stability.

Koul [Koul et al.,1988] has developed a damage tolerant microstructure able to reduce the
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elevated temperature creep and fatigue crack growth rates. This heat treatment consists in a
solution treatment at 1032°C followed by a holding time at 843°C for 4h in order to obtain a
serrated grain boundary structure around acicéilgshase precipitates. The material is
partially solution treated at 926°C for 1 hour to dissolve the intragragmufaecipitates and

is then subject to the conventional double ageing treatment. The resulting microstructure,
showed in Figure Il. 7(a), improves the resistance of the grain boundaries to the sliding
mechanism induced by the high applied loads. As a consequence, the risks of intergranular
damage, mainly due to the interaction between the mechanical solicitations and the
environmental conditions (oxidation), is drastically reduced.
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Figure Il. 6 : Time-Temperature-Transformation (TTT) diagram of Inconel 718 [Lingenfelter,1989].

The development of alternative thermal treatments was carried out by J@dmlou et
al.,1994] who investigated the possibility to extend the Inconel 718 applications at
temperatures above 650°C. The author proposed the application of an over-aging step at
750°C for 50 hours, as a modification of the standard treatment, in order to obtain an
improvement of the crack propagation resistance above 650°C. This alternative procedure
offers clear benefits in terms of damage tolerance through an increase of the precipitates size
and a modification of the grain boundary morphology, tending to roughen as previously
identified by KouI[KouI et aI ,1988]

Figure 1. 7 : Serrated grain boundary morphology obtained by an alternative treatment [Koul et
al.,1988] (a) , neck lace structure of a Direct Aged Inconel 718 alloy [James,1986] (b).
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For highest strength levels, an alternative thermal treatment, called Direct Age (DA), was
developed. Material is subject to larger forging reduction at low temperatures (980°C), is
then water quenched and finally directly aged.

By performing forging reduction below the delta phase solvus, a small volume fraction of
this phase is fractured and dispersed in the matrix during the deformation process thus
providing resistance to grain boundary migration which allows controlling the final grain
size. Omitting the conventional solution treatment step increases the hardening rate within
grains, contributing to the improved strengthening of the alloy. The deformation substructure
is then stabilized by traditional aging steps, ensuring a 10-20% increase of the tensile
strength as compared to conventionally processed material.[Warren et al.,2006]

As previously defined, the Direct Age treatment consists in a thermo-mechanical process,
based on a hot deformation of the material. Under these conditions, Inconel 718 develops a
dynamic recrystallization during hot working. The evolution of the dynamic recrystallized
microstructure (DRX), in polycrystals, starts with an initial nucleation at grain boundaries
which extends into the non-recrystallyzed volume. The DRX proceeds via a regular
nucleation at the interface between recrystallized and non-recrystallyzed grains. The process
results in a non-uniform distribution of dislocations in the microstructure, where regions of
high dislocation density coexist with almost dislocation free zones.[Horvath et al.,2001]

The final microstructure consists in a “necklace” structure (Figure II. 7(b)) with large
warm-worked grains surrounded by very small grains.[James,1986]

IX.1 Effect of alloying elements on the precipitation behaviour.

Conventional Inconel 718 alloy is characterized by a large volume fraction of plaié-like
precipitates and a supplementary precipitatioy’ ¢Figure 1l. 8) which determines the high
mechanical performances of the material. The fraction of these strengthening phases depends
on the content of the main alloying elements, such as Al, Ti and Nb, which play an important
role in the precipitation behaviour. [Xie et al.,2010]

Figure 1. 8 : Morphology and distribution of the intermetallic hardening phasesy’ and y” [Ter-
Ovanessian,2011].
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Aluminium is the most important element in the formatiory’gsfhases. Thermodynamics
calculations, reported by H&u et al.,2009] showed that increasing Al content results in an
increase of the’ solvus temperature. However, an excessive amoltiti® element could
favour the formation of the phases which degrades the alloy stability. For th&son, an
optimum Al content is fixed in the range 0.5-1%.

Titanium plays also an important role in the definition of fiecomposition and
morphology. This element promotes the transformation of the globufgAlINii) in long
plate-like particles that form, in some cases, as Widmanstatten structure. An increase of the
Ti content, as shown for AFu et al.,2009] induces a decrease of the volume fraction of
delta phase with no clear modification of the solvus temperature.

As previously reported, Inconel 718 differs from the other Nickel-base superalloys as it
contains Nb. This element, essential for strengthening, must be carefully controlled as, at
high concentration, it enhances the formationdéophase as the expense gf This
microstructural fluctuation involves a loose of the mechanical properties (mainly tensile
strength). From this point of view, the optimum content is limited at a maximum of 5.5%.

In addition to the precipitates hardening, the matrix can be strengthened by a solid solution
through the addition of W and Co, which do not show a strong impact on the volume fraction
of v’ or 8. According to the previous considerations, the sifithe main alloying elements
(Al+Ti+Nb), for a traditional Inconel 718, is in the range 5.5-6 at% which corresponds to a
ratio, (Al+Ti)/Nb, equal to 0.7. [Xie et al.,2005]

In 1973, Cozar and PinedCozar et al.,1973]designed a modified Inconel 718 alloy
where the ratio (Al+Ti)/Nb was fixed in the range between 0.9 and 1%. This alternative
composition transforms the strengthening precipitates into a compact morphology which
improves the thermal stability of the alloy. Cube shapgxarticles are coated with+é thin
shell on each of their six faces (Figure II. 9).

Figure 1. 9 : y’-y” compact morphology in a modified Inconel 781 alloy [Cozar et al.,1973].

Conversely to the traditional Inconel 718 behaviour, the compact morphology is prone to
limit the continuous coarsening of thé particles during over-aging (Figure 1l. 10). The
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growth of they” particles is mechanically blocked by the other tvasiants of precipitates.
This specific morphology confers to the material a better stability at high temperature,
widening the applications of the allfije et al.,1998]
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Figure Il. 10 : Effect of ageing time on hardness (a) ang’ morphology of standard and modified Inconel
718 (b) [He et al.,1998].

IX.2 The precipitation behaviour in Inconel 718

Inconel 718 derives its high mechanical properties from a fine dispersion of ordered
precipitates within a face centred cubic matrix. The understanding of the precipitation
behaviour is essential to a better optimisation and development of the material.

The microstructural evolution of the alloy is based on three parameters:
1. The y andy” precipitates volume fraction and morphology;
2. The grain size;
3. The carbides distribution.

Considering that the strengthening phases form in specific temperature ranges, a careful
choice of the heat treatment parameters ensures the control of the quantity and size of these
precipitates. The nature of the precipitations strongly depends on the initial conditions of the
material. The degree of residual stress, the amount of delta phase after the solution treatment
and the segregation of Nb are the main variables to take into consideration. [He,1994]

The nose of the TTT curve (Figure Il. 6) relative to delta phase shows that the precipitation
occurs at 950°C for much less that 0.2 h. Kirman [Kirman et al.,1970] reported that the delta
phase grows, as laths, along {111}pe small mismatch between the two close-packed
planes, (01@) and (111) is accommodated by an array of interfacial dislocst The delta
precipitates are initially plate-like particles which progressively increase their thickness as
they consume Nb. Azadian [Azadian et al.,2004] showed that, for a given ageing time, the
mean plate thickness increases with temperature, while it remains constant with time.

The presence of delta precipitates does not contribute to the hardening of the alloy, but it
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leads to a depletion of’. The TTT diagram shows that thé phase precipitates during
isothermal ageing in the range 550-900°C. The incubation time for the ongét of
precipitation is the shortest (7 minutes) for temperatures closed to 760°C [He,1994].

In a conventional Inconel 718, and y” are characterised by a random distribution.
Different types of precipitates nucleate independently and the strengthérphgses are
rarely in contact with’y

When a double step ageing is applied to the material, it is difficult to determifie if
precipitates prior thary’. The microstructural investigations, reported imapter V, in
perfect agreement with other works, will point out a simultaneous precipitation of the two
phasesy(’ and y) during the isothermal ageing.

The isothermal coarsening gt controlled by niobium volume diffusion in the mat is
the most relevant limit for the application of the material at high temperature. At the
beginning of the ageing process (600 s), the precipitates display a cubic shape which
becomes elliptical with the increase of the ageing time[He,1994].

SundaramanfSundararaman et al.,1994]reported that the average half-length of these
particles is linearly related to the cube root of the ageing time. These results are in agreement
with the coarsening theory presented by Lifshitz, Slyozov and Wagner (LSW Theory), which
is hypothetically based on a volume diffusion growth. Following these mechanisms, two
different scenarii are defined: in the case of short ageing period, the dengifyretipitates
increases with the aging time, whereas in the case of long period, the density tends to
decrease.

In the conditions of high precipitates density, coalescence occurs along the tetragonal axis
of the particles belonging to the same variant. Han and He [Han et al.,1982; He,1994]
observed that, during the growing mechanism ythiater-particle distance is progressively
reduced: The contact between the two boundaries induces the formation of a “neck” which
causes the coalescence of the two particles and the formation of a new one. The coarsening
behaviour, which induces a loss of coherency (Figure Il. 11) between the precipitates and the
matrix [Devaux et al.,2008], has a detrimental effect on the mechanical properties and it
limits the application of the Inconel 718 alloy at a temperature above 650°C.

06
gie & This study
0'5___‘______|__ _____________________ oHanetal. [7]
LYY o Slama et al. [21]
| oty a Sundaraman et al. [22]
= 04t
@ J
n
o 0.3
0.2 4
0] 50 100 150 200

L {(nm)
Figure Il. 11 : Morphology evolution of y” precipitates [Devaux et al.,2008].
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X Deformation mechanisms in Inconel 718

As discussed above, in Inconel 718, thend y” particles are dispersed in the alloy to
create a strain field that produces some residual micro stresses acting as barriers to the
dislocation motion, limiting the plastic deformation mechanismsyHgarticles, the residual
stresses derive from the differences in terms of elastic modulus between the precipitates and
the matrix, whereas foy” particles, as consequence of its tetragonal siracta specific
distortion of the atomic lattice inducing a significant strengthening of the alloy occurs.

After solution annealing, the material includes a fine a dispersion of solute atoms in the
austenitic matrix. During subsequent ageing, activating the diffusion of the solute atoms, the
formation of second phases occurs by nucleation and growth of precipitates. This process
results in a continuous variation in the particles sizes and inter-particles distances which
influences the deformation behaviour. A basic understanding of the mechanical performances
of Inconel 718 is possible on the basis of the interactions of dislocations with the dispersed
strengthening particles. For these reasons, the gliding dislocations must overcome a potential
energy barrier mainly related to the distance between precipitates.

The dislocations movement can progress following different configurations: Figure II. 12
reports the evolution of the critical resolved stress as a function of the precipitates diameter,
showing a shear mechanism below a critical diametgrgdd a by passing process, above
the critical distance, due to the formation of the Orowan loops.
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Figure 1l. 12 : Shear stress evolution as a function of hardening precipitates diameter [Hornbogen et
al.,1981].

This latter condition can be achieved by an over ageing treatment. The dispersion size
exceeds the critical distance and continues to increase with the evolution of the ageing time,
causing a modification of the stress-strain behaviour.

Considering the limited size of thé precipitates, the shearing mechanism is considased
the main deformation process in Inconel 718. A specific flow stress, equal to the resolved
shear stress, is required to initiate slip into the grains promoting the following mechanisms

[Mendoza et al.,1989]
» Creation of new dislocations sources and increase of the dislocations density;
« Activation of dislocations movement along specific slip systems;

e Unlocking of the pinned dislocations from obstacles (precipitates, grain
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boundaries...)

These mechanical properties are directly connected to the material microstructure. During
the solidification, all grains nucleate and grow in different directions causing an individual
mismatching of each grain with respect to its neighbours. The slip mechanism starts in grains
favourably oriented in terms of Schmid factor of dislocations slip systems. Slip is
consequently spread over a series of adjacent grains when dislocations pileups form,
predominantly at the boundaries, creating a stress concentration which allow the unlocking of
the pinned dislocations. The dislocations continue moving through the microstructure of the
material, expanding towards the boundary and moving out.

In FCC lattice, dislocations slip takes place in {111} planes and <110> directions: this
mechanism evolves into concentrated slip bands, with a thickness of few thousands of atomic
distances, that causes the reorganisation of the grain by grain sliding, rotation (twinning),
fracture or compaction. When the yielding point is overcome, new dislocations sources are
activated, increasing the dislocation density. The dislocation movement is impeded by the
interaction with the new formed dislocations which cause a pinning at the interior points,
inducing a work hardening process.

During the slip evolution, the dislocations are expected to interact with the strengthening
phasesy(’) in different ways:

1. Shearing operated by perfect dislocatiomsthis case only the” variant, whose c-
axis is parallel to the [001] directions of the austenitic matrix, allows the passage of
paired dislocations (a/2 [110]) which restore the order along the slip plane and limit
the high energy anti-phase zongxie et al.,2010] For the other variants
[Sundaraman et al.,1993] deformation may occur by the passage of quadruplets of
dislocations (of the type a/2 [110])) which shearyhparticles restoring the order.
This mechanism avoids the creation of stacking faults, but it is difficult to activate.

Figure 1l. 13 : Schematic representation of the shearing process ¢f precipitates operated by
quadruplets of dislocations [Sundaraman et al.,1993].
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2. Shearing operated by partial dislocatiorthis mechanism was initially highlighted
by Kirman and WarringtorjKirman et al.,1970] who studied the dissociation of
perfect dislocations into two partials separated by a region of stacking faults whose
width is dictated byy” staking faults energy. Considering a dissociatanthe
dislocation, at the” interface onto Shockley partials, following the chanism a/2
[110] => a/6 [211] + a/6 [12 ], a geometric staking fault is generated on the (111)
plane of a [001} variant . In such a way, the, Bayer of the D@, stacking sequence
AB.C; AB,C, AB:C; AB,C, is transformed into MB1CABC A1CA;
B1Ci1A.B,. This mechanism induces the formation of four successive layers
(C,A1C.A 1) which corresponds to thesAtacking sequence of the delta phase, which
nucleates by the growth of these faults into the matrix, replacing the pre-existing
particles [Sundararaman et al.,1994(Figure 1. 15 (a)).

7 g TETRAGONAL ABCDEF

O  ORTHORHOMBIC AB*A

[ - slight distortion]

Figure Il. 14 : y" precipitates shearing operated by partial dislocation where the a/6 <112>- type shear of
layer C transform the y” stacking into & stacking [Kirman et al.,1970].

3. Deformation twinning: a slip to twin transition occurs in the mode of precipitates
shearing when the material contains coay8ephases (Figure Il. 15(b)). This
mechanism is another example of interaction between partial dislocations and
precipitates: the passage of Shockley partials on every {111} plane would generate a
twin orientation with respect to the original crystal lattice. The majority of twins is
located within the precipitates without any propagation effects into the matrix. The
value of the critical resolved shear stress (CRSS), required for a twinning to occur, is
lower in the BCT structurey) than in the austenitic phasg (Fournier et al.,1977;
Sundararaman et al.,1994]
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Figure Il. 15 : Staking faults within y” particles produced dislocations (a), dark field micrograph showing
distribution of microtwins (b) [Sundararaman et al.,1994].

The deformation mode in Inconel 718 is strongly influenced by the size of”the
precipitates. The CRSS displays & Riependence where the three deformation mechanisms
depend on the precipitate radii (Figure Il. 16). The diagram exhibits a critical size, about 10
nm, where a slip to twin transition could happen. It is important to point out that the CRSS,
required for deformation twinning, is lower than the stress associated to the Orowan
bypassing mechanisms. These considerations justify the profuse and rapid deformation
twinning of y”, especially when long aging treatments, induciagtiples size increase, are
applied to the material.
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Figure 1. 16 : Calculated values of shear stress as a function gf particle radius. [Sundararaman et
al.,1994]
Depending on the applied loading, the material experiences a specific deformation
behaviour which has a direct impact on the mechanical performances of the alloy. The
following sections will focus on the effects of the deformation mechanisms on the tensile and

fatigue behaviour of Inconel 718.
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X.1 Tensile behaviour

The large variety of applications for Inconel 718 derives mainly from its outstanding
mechanical performances at high temperature. The evolution of these properties is anyway
influenced by the in-service temperature which can induce structural chafmgesli( 17).
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Figure 1. 17 : Evolution of the mechanical properties of Inconel 718 as function of temperature
[Zemzemi,2007].

On the other hand, the mechanical behaviour, for a specific time at a fixed temperature,
can generate time dependent or time-independent mechanical properties due to the different
interactions between dislocations and strengthening phases. The microstructural
investigations reported by ClaviTlavel,1980] on fractured specimen after tensile tests at
room temperature, pointed out a deformation mechanism based on a planar slip where the
slip lines are regularly distributed inside the grains.

The mechanical static properties are directly dependent on the thermal treatment which is
initially applied to the material. The distance between precipitates must be optimized by an
appropriate choice of parameters (solution temperature and ageing time) in order to increase
the number of barriers acting as obstacle to dislocation motion.

Decreasing the solution treatment temperature, without changing the ageing time,
decreases the amount of alloying elements available for the precipifpenrdoza et
al.,1989] Slama[Slama,1993]investigated the effects of the ageing treatment on the tensile
properties of Inconel 718 in the temperature range between 550-750°C and a holding time
between 4 and 100h. The evolution of the yield strength (0.2% Y.S) is similar to the ultimate
tensile strength (U.T.S). For a temperature below 680°C, the Y.S increases with an increase
of the ageing time and temperature. Fixing an ageing time of 4 hours, the above mentioned
mechanical properties (Yield strength and Ultimate tensile strength) clearly increase when
the temperature is raised from 680°C to 750°C (Figure Il. 18), enhancing the material
toughness.
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Figure 1l. 18 : Room temperature tensile properties as function of the aging time at 750°C (a) and 680°C
(b) [Slama et al.,2005].
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In addition to the above considerations, the application of a thermo-mechanical treatment,
like Direct Age, consisting of ageing right after forging and quenching, provides a significant
improvement in strength (Figure 1l. 19) as compared both to the standard treatment (STD)
and to a modified DA treatment (HS). Inconel 718, in direct age conditions, keeps higher
mechanical properties over the full range of tensile tests temperatures. This is due, mainly, to
its smaller grain size and to work hardening effects.
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Figure 1l. 19 : Mechanical tensile properties of Inconel 718 at different processing conditions: DA, direct
age; HS, high-strength processed; STD standard heat treatment [Krueger,1989].

X.2  Cyclic Deformation behaviour of Inconel 718

Fatigue is defined as the damage occurring in a material subject to conditions of cyclic
stresses and strains possibly leading to complete fractusic B&rmation on the cyclic
stress-train ehaviour are provided in the form of hysteresis loops, where the plastic strain
range, Ag, can be determined as the maximum loop width (Figure 1l. 20).
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Figure 1. 20 : Stable hysteresis loop associated to a cyclic loading [Velay,2003].

During fatigue loading, particular transient cyclic phenomena can occur: depending on the
initial state, material shows either full stability, softening or hardening.

» Strain hardenings considered as an increase of stress amplitude, with time, during
constant strain controlled tests. In case of stress controlled tests, this mechanism
leads to a decrease of the plastic strain amplitude increasing the number of cycles.

» Strain softeningconsists of a stress reduction with time during constant strain
controlled test. The magnitude of the maximum and minimum stress in the
hysteresis loop is progressively redug¢€tavel et al.,1982]

Under cyclic loading, the deformation microstructure consists in spaced arrays of planar
deformation bands. XiapXiao et al.,2008]reported the existence of two groups of bands
that lie on (1L1) and (1L1) slip planes. This mechanism is enhanced by the low stacking
fault energy (SFE) in the FCC structure which induce the formation of extended dislocations,
reducing their tendency to operate cross-slip into other slip planes. In the case of Inconel 718,
the activation of an array of planar bands is based on a simultaneous activation of multiple
slip systems, which intersect each others, giving the typical saturated-diamond shaped
deformation structure in the fatigued specimens (Figure II. 21).

(b)

Figure Il. 21 : Group of planar slip bands exhibited in cross section areas of deformed Inconel 718
specimens respectively at room temperature (a) and 920 K (b) [Xiao et al.,2008].

The origins of this heterogeneous deformation process were studied by Worthem

48



Chapter II: Microstructure and mechanical properties of Inconel 718

[Worthem et al.,1990]who investigated about the development of new dislocation bands at

a given strain or stress. These studies showed that the complexity of the dislocations
arrangement, in contrast with the results obtained for copper, strongly depends on the applied
strain and not on the number of cycles. The nucleation of a new dislocations bands occurs
when a previous one is locked on obstacles. In terms of energy, it is easier for the system to
activate a new band rather than progress the deformation along the pre-existing bands.

Although as the slip bands penetrate the entire grain area, a distribution of dislocations
sources is detected along the boundaries. They include few compliant sources and a great
number of stiff sources, able to operate at low and high stresses. After nucleation,
dislocations are distributed along the bands. As the strain accumulation is progressively
increased, the movement of dislocations becomes difficult, due to the interaction with the
precipitates dislocations pile-up). Furthermore, the interaction mechanisms between
dislocations and dislocation debris enhance work hardening process based on the
accumulation of forest dislocations. The hardening effects is explained as a competition
effect between precipitate shearing, which induces a material softening, and the increase of
slip bands density, that contributes to the work-hardening of the alloy.

The cyclic stress response curves, reported in Figure Il. 22(a), display at room temperature
a short period of cyclic hardening at the beginning of the test, especially at higher strain
amplitudes A > 0.8%). On the other hand, the comparison betweemyblic behaviour of
specimens, tested at different temperature, is reported in Figure Il. 22(b). The stress evolution
is clearly different from the room temperature conditions, exhibiting a strong softening from
the first cycle.
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Figure Il. 22 : Evolution of the cyclic tensile stress with the number of cycles at room temperature for
different plastic strain (a) and high temperature for a plastic strain amplitude of 0.42% (b) [Fournier et
al.,1977].

Under cyclic loading, the cyclic strain proceeds through the formation of intense slip bands
which progressively shear th€ precipitates at room temperature and also at &eva
temperatures. This process of particles shearing is repeated several times. They'size of
phases is continuously reduced, limiting their interaction with dislocations (Figure Il. 23(a)).
For this reason, the stress required to shear the smaller particles is reduced as the number of
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cycles increases. The deformation bands are depleted with precipitates, establishing a
preferential path for dislocations (Figure Il. 23(Pj)ao et al.,2005

v,

(b)
Figure II. 23 : Dark field micrographs showing sheared precipitates (a) and precipitates-free bands (b) in
a Inconel 718 specimen deformed at 650°C[Xiao et al.,2005].

The most common mode to analyse the LCF test results is to plot the plastic strain range at
half life Agp against the fatigue life (N). This type of relation is known as the Manson—Coffin
relation written [Coffin,1968]

Ae, | c
_2p =¢&'i (2N) Eq.ll. 1

Where:

Agp 12 is the plastic strain amplitude;
* &' is a constant known as tfetigue ductility coefficient
* Nis the number of cycles to failure;

e c is an empirical constant known as tfagigue ductility exponentcommonly
ranging from -0.5 to -0.7 for metals.

At high temperature, the fatigue life is extremely complex because of the occurrence of
intergranular oxidation effects. Figure Il. 24 compares the Manson-Coffin relation evaluated
at different temperatures, showing a strong reduction of the fatigue performance in the range
500-650°C.
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Figure 1. 24 : Manson —Coffin relation for Inconel 718 at different temperatures. [Clavel,1980]

At room temperature, the heterogeneous deformation, just discussed above, is revealed by
a bilinear Manson coffin relatiorifBhattacharyya et al.,1997] where the fatigue ductility
exponent is higher for elevated strain than for low strain (Figure Il. 25). These effects were
noticed not only at room temperature but also in the range 125-43af@ders et al.,1981]

This dual slope is an effect of strain localization. The amplitude of the plastic strain directly
depends on the heterogeneity of the deformation. When very high strain amplitude is applied
to the material, deformation homogeneously evolves through the microstructure, whereas it
tends to be more localized for lower strain magnitéesirnier et al.,1977] In the first

regime (high strain amplitude) Inconel 718 exhibits evidence of twinning, which influences
the hardening effects limited to the early cycles. However, at higher strain amplitude,
twinning is replaced by the propagation of planar slip bands whose density increases with the
applied plastic strain amplitude. The heterogeneous nature of the deformation, in contrast
with the results reported for Waspalloy, is maintained up to 650°.[Clavel,1980]

10 -

Plostic Sirgin Amplitude

o ! 1 |Il||||_ L IR S [
1000 10000

Nf

Figure Il. 25 : Dual slope Manson-Coffin relationship for Inconel 718 at room temperature.
[Bhattacharyya et al.,1997]
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XI Fatigue damage

The fatigue damage is one of the primary degradation mechanism that limits the service
life of Inconel 718 components. In general, the application of a cyclic loading generates the
initiation of cracks resulting from the interaction between the material microstructure and the
service conditions loading.

The fatigue process occurs over a period of time, but the consequent failure can be very
sudden, even if the involved mechanism has been operating since the preliminary phases of
the component service. This damaging process tends to be localised in specific zones rather
than through the entire structure of the material. These areas exhibit higher stresses and
strains concentrations due to external load transfer, changes in geometry, temperature
gradients and material defects. The ultimate cause of fatigue failures is associated to the rapid
crack propagation once, for the specific stress considered, the critical crack size is reached
(that is the material toughness is reached.

Generally speaking, the fatigue resistance is affected by the progression of different stages
of damage, which can be resumed in the following ones [Ellyin,1997]

- Sub-structural and microstructural deformation mechanisms causing the nucleation
of microscopic cracks (Crack Initiation

- Stable propagation of the dominant craCkack Propagation, generally modelled
by the Paris law;

- Structural instability as critical crack size is reached and/or complete fracture.

It is important to point out that the fatigue life, under LCF conditions, is divided into two
defined sequences: the crack initiation and the crack propagation. The material, as a function
of its tailored microstructure obtained by a careful choice of the composition and thermal
treatment, may favour a good craukcleation resistancer a good microcrack /macrocrack
growth resistancebut not necessarily both.

The characteristics of each stage of the fatigue process differently develops as a function of
the applied load (tension-compression, holding time, strain rate) and the “service” conditions
(temperature, environment...). The following sections will focus on the causes and
mechanisms related to the activation and development of the fatigue damage of Inconel 718.

XI.1 Crack initiation

This specific stage of the fatigue process was defined by Jacfilaslquelin,1983]as the
number of cycles needed to propagate the prevalent crack up to a dimension similar to the
grain size.

In the LCF range, it is well known that the crack initiation mechanisms are often
associated with slip band emergence at the free surface of the compdiiechaise et
al.,2002] This process is based on an irreversible dislocations movement under cyclic
loading. Dislocations agglomerate into bundles within the matrix, leading to a localised
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deformation along persistent slip bands (PSB). The density of these bands increases with the
cyclic loading and may fill the entire volume of the microstructure, generating a significant
inelastic strain.

The space between the PSB and the matrix is characterized by a high strain gradient due to
the difference of compliance of the two parts. This process results in high shear stresses
related to the intrusion and the extrusion of the edges of these slip bands. In the case of
polycrystals superalloys, cracks initiate at the stress concentration zones produced by the net
extrusion effects, leading to a transcrystalanack initiation.

This mechanism of crack initiation, as reported in Figure Il. 26(a), is characterized by a
crack initiation along the plane of maximum shear stress (Stage I): this growth is quite
limited, usually on the order of some grains, then it becomes predominantly controlled by the
maximum tensile stress range (Stage Il). [Stephens et al.,2001]
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Figure 1. 26 : Stage | and Stage Il of the crack propagation in Inconel 718 as a function of the tensile
stress direction (black arrows) (a) [Jacquelin,1983], crack initiation along slip bands (b) [Fournier et
al.,1977].

The number of cycles required to initiate a crack may be estimated by several methods: the
equation derived by Tanaka and Myifanaka et al.,1981] particularly suitable for crack
initiation in Stage | on grains, establishes the dependence between the microstructure of the
material and the strain amplitude [Alexandre,2004]

N = _ Toadd Eq.ll. 2

Where ArdeliS a constant, d is the grain size atagithe amplitude of the plastic strain.

It is clear that the time scale of the Stage | is particularly affected by the grain size and the
amplitude of the plastic strain.

In addition to these considerations, previous works discussed the role of carbides on the
crack initiation. SpatfiSpath et al.,2001]Jobserved the presence of some failures originated
from carbides near the surface or within the specimen. The effect is common when the
carbides become as large as the grain size. In some cases a competition for crack initiation
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processing can occur between carbides and grain boundaries. This phenomenon may be
observed in the alloy treated by Direct Age, where the high resistance could favour a crack
initiation on particles.

Other authors have studied the role of carbides in the determination of LCF life of notched
Inconel 718 specimens. At lower temperature (20° C and 290° C) the initiation on carbides is
relevant leading to multiple micro-cracks in the vicinity of the notch because of the
brittleness of the particles [Bhowal et al.,2005]

This mechanism of fatigue initiation, on second phase patrticles, is particularly significant
at high temperature, because of the oxidation effects on NbC and TiC. During thermal
exposure, the onset of NbC oxidation occurs at the outer surface and propagates within the
carbides. In the case of TiC, oxidation rarely extends into the carbide. However, oxidation
rate still increases with increasing oxidation time and temperature. Considering the Gibbs
free energy associated to the oxidation reactions, NbC exhibits a lower value which explain
its strong facility, compared to TiC, to transform into the oXideng et al.,2005] Pure
NbC, in the range between 490°C and 600°C, is extremely prone to fos@®,Nbat is
polymorphic and potentially observed in various crystalline (orthorhombic and monoclinic)
and amorphous forms. These mechanisms are characterised by a volume expansion in the
range 1.96-2.3§Connolley et al.,2000] appreciated by the Pilling Bedworth ratio. The
mismatching stresses due to the volume change are sufficiently high to cause plastic
deformation of the surrounding matrix, forming a plastic zone ranging from 1.6 to 3.4 times
the particle radius. These mechanisms create local strains high enough to initiate cracks. In
such a way, the crack surfaces provide a path to further diffusiev@rds sub-surface
particles. These primary carbides evolve forming bulge-like defects on the material surface
(Figure II. 27), limiting the fatigue performances of the alloy.

10um
Figure 1. 27 : Bulge-like defect causing crack initiation in alloy 718 [Connolley et al.,2003].

In other cases, when primary carbides intersect the surface, the volume expansion results
in an eruption of the particles on the faces of the specimen (Figure Il. 28(a)), as a result of a
lamellar oxidation. The oxide/carbide interfaces, temporarily created, act as preferential
oxygen diffusion paths, enhancing the oxide layers, hence initiating a fatigue crack. The
eruption phenomena depend on the temperature and exposure time as reported in Figure II.
28(b).
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Figure II. 28 Eruption of oxidised (Nb,Ti)C (a) [Connolley et al.,2003], dependence of thermal exposure
and temperature on carbides eruption phenomena[Hong et al.,2005].
These results confirm the evidence that a volume expansion of oxidising primary carbides
constitutes a mechanism of environmentally assisted crack initiation, that affects the fatigue
life of Inconel 718.

XI.2 Crack propagation

Once a crack initiates, it may grow as a result of extended cyclic loading. As discussed
early, the propagation path shows a transition from a growth mechanism along the active slip
direction (Stage 1) to a deviation on a non-crystallographic plane (Stage Il) which occurs over
few grains. The stage Il is often considered as corresponding to a continuum mechanism
which influences the fatigue performances of the alloy. The study and the understanding of
the mechanisms of Fatigue Crack propagation (FCP) are critical steps in the optimisation of
the material. A large number of research programs have been carried out over the last fifty
years, in order to investigate the influence of various parameters on the crack growth.

The grain size plays an important role not only for crack initiation, but also for damage
propagation: PedrofPedron et al.,1982]compared the FCG behaviour of three different
microstructures, using a trapezoidal signal with a hold period of 300 seconds at 650°C
(Figure II. 29). More precisely, the author compared a fine grained microstructure (ASTM 6-
8) with a coarse grained microstructure (ASTM 3-4) and a necklace microstructure (ASTM
3-4 and 8-10). Results showed that the necklace structure gives the best properties while the
worst situation is encountered with the fine grain structure. This last structure is considered
as the most sensitive to the environmental effects: grain boundaries, as it will be discussed in
the next section, are considered as oxidation paths prone to accelerate the intergranular
rupture of the alloy. These considerations were confirmed by a series of tests performed
under vacuum where all materials exhibited similar behaviour.

The observations on the necklace resistance to crack propagation are in perfect agreement
with the studies reported by Lyn¢hynch et al.,1994] who compared the behaviour of a
direct age Inconel alloy to a standard treatment. Figure 1l. 30(a) shows that the direct age
structure exhibits a higher resistance to the crack propagation, when tested under creep-
fatigue conditions. The limited effects of frequency on this specific material derive from its
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Figure 11. 28 Eruption of oxidised (Nb,Ti)C (a) [Connolley et al.,2003], dependence of thermal exposur
and temperature on carbides eruption phenomena[Honet al.,2005].
These results confirm the evidence that a volunpaesion of oxidising primary carbides
constitutes a mechanism of environmentally assistadk initiation, that affects the fatigue
life of Inconel 718.

XI.2 Crack propagation

Once a crack initiates, it may grow as a resulextended cyclic loading. As discussed
early, the propagation path shows a transition feognowth mechanism along the active slip
direction (Stage 1) to a deviation on a non-crystaaphic plane (Stage Il) which occurs over
few grains. The stage Il is often considered asesponding to a continuum mechanism
which influences the fatigue performances of tHeyalThe study and the understanding of
the mechanisms of Fatigue Crack propagation (F@ttical steps in the optimisation of
the material. A large number of research program&tbeen carried out over the last fifty
years, in order to investigate the influence ofouas parameters on the crack growth.

The grain size plays an important role not only doack initiation, but also for damage
propagation: PedrofPedron et al.,1982]compared the FCG behaviour of three different
microstructures, using a trapezoidal signal witihadd period of 300 seconds at 650°C
(Figure II. 29). More precisely, the author comphaefine grained microstructure (ASTM 6-
8) with a coarse grained microstructure (ASTM 34 a necklace microstructure (ASTM
3-4 and 8-10). Results showed that the necklacetsiie gives the best properties while the
worst situation is encountered with the fine grsiructure. This last structure is considered
as the most sensitive to the environmental effegn boundaries, as it will be discussed in
the next section, are considered as oxidation ppthee to accelerate the intergranular
rupture of the alloy. These considerations werefiooed by a series of tests performed
under vacuum where all materials exhibited sinbknaviour.

The observations on the necklace resistance t& grapagation are in perfect agreement
with the studies reported by Lyn¢bynch et al.,1994] who compared the behaviour of a
direct age Inconel alloy to a standard treatmeigiurié Il. 30(a) shows that the direct age
structure exhibits a higher resistance to the cra@pagation, when tested under creep-
fatigue conditions. The limited effects of frequgran this specific material derive from its
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high resistance to the crack propagation undeipefaiggue conditions.

da/dN (l_:nm cycle"')
T

1 ‘ ! # T ‘ 1
L o i
®
0o° oo® ¢
10| ®° @ v V‘&
o ® ® v v R ¢
- A 4 .
¢ v ¢
’ v oe? 5
107~ v e AT
v o}
i v ¢ VXOOO 1
v L4 Xz Y
v
10 ¢ w870 _
- O%OO
N ® _
L4
-4
10 . . -
O, ¢ necklace structure;
- v, ¥, coarse-grained structure 1
0, ®, fine-grained
-5
10 ! i ! I ! i 1

10 20 30 40 50
2K (MPa Vi)

Figure 1. 29 : Effect of microstructure and environment on the FCP at 650°C: open symbols vacuum,

full symbols air [Pedron et al.,1982].

The negative effects of the microstructure on tteagation process, particularly noticed
for the standard grade, could be limited by a cdhrebntrol of the grain boundaries
morphology. For this purpose, an innovative thertresitment (DT 718) was developed by
Guedou[Guedou et al.,1994]in order to improve the crack-propagation resistaat high
temperature 700-750°C. This procedure, based covanraging treatment at 750°C for 50
hours, subsequent to a standard treatment, leadsmarostructural alteration. The grain
morphology is more serrated as a result of therbgémeous distribution of the delta phase at
the grain boundaries. Figure Il. 30(b) reports tasult obtained by the application of a
fatigue-creep loading with a dwell time of 90 sed®nit is clear that the benefit of using DT
718 increases with temperature. The superior cpacgagation resistance of the modified
heat treated materials is due to the presencerddted grain boundaries which suppress
grains sliding as confirmed in earlier studigsoul et al.,1988] In addition, a double
precipitation/coarsening of andy” phases leads to a more homogeneous slip defamati
which limits the oxygen penetration along the akecgrains. Consequently, the oxidation
effects at the crack tip, which contribute to haghacking rates, are prevented.
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Figure 1. 30 Crack propagation rate evolution as tinction of different microstructures (a) [Lynch et
al.,1994] and alternative thermal treatments (b) [Gedou et al.,1994].

The previous considerations have pointed out tHe od the microstructure on the
initiation and propagation of cracks. It is obviotlst the microstructure has also an

important impact on the fatigue performances ofath@y. Figure II. 31 illustrates the effects
of the grain size at 350°€Spath et al.,2001]
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Figure Il. 31 : Variation of the fatigue life with microstructure. LCF test realised at 350°C at low
frequency (1 Hz) [Spath et al.,2001].

These results highlight that a fine grain structunethe range ASTM 10-12, leads to a
substantial fatigue life increase if compared tooarse grain structure. When the initiation
sites are localized on grains, the material extidihigher fatigue life, in contrast to a particle
initiation which degrades the mechanical properiebiconel 718. It can be concluded that
if high fatigue resistance is required for a spec#pplication, then fine grains must be
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preferred.

XI1.3 Environmental effects

The environmental effects on the fatigue behavafunconel 718 occur in several ways,
causing an embrittlement of the material. The masiresults, reported for description of the
crack growth behaviour, have shown a particulatuerfice of the environment on the
propagation rate. The detrimental effects of threeavironment are largely documented in
the literature. The observations of the fatiguefamas of specimens, reported by Pedron
[Pedron et al.,1982] have shown that oxygen, at 650°C, is respon$ibléhe occurrence of
brittle intergranular fractures. Tests carried oatler vacuum exhibit a fracture surface fully
transgranular with the presence of local defornmtiat grain boundaries.

The intergranular nature of the crack path, assedito a high growth rate, depends on a
oxidation mechanism which reduces the ductilitythe grain boundaries. These effects are
considered as a strong interaction between the anéxdd behaviour and the environment,
supported by the occurrence of an oxidation phemomeThis is considered as a diffusional
process, mainly influenced by time and temperafline. oxygen activity could be identified
in terms of short or long range interactipdndrieu et al.,1992] The first mechanism is
responsible for the growth of an oxide layer at titack tip, whereas for the second
mechanism, the oxygen penetrates along slip plandsgrain boundaries. These processes
lead to an inhibition of sliding and a migrationtbe grain boundaries reducing their ability
to release the local stresses deriving from therd&idtion evolution. MolingMolins,1995]
showed that the oxidation process in Inconel 718ased on two different stages. Oxidation
tests, performed in-situ at 650°C, have shown #@nhe preliminary homogeneously
distributed nuclei of (Ni,Fe)O form, at the earbages of the process on the grain surfaces.
On the inner subsurface, chromium oxidéhfomia Cr,O3) homogeneously forms. The
coalescence of the oxide nuclei leads to the faomaif a continuous layer with parabolic
kinetics. The porous morphology of FeO and NiO esidgtands for a selective path for
oxygen diffusion, promoting chromia formation.

Previous works[Andrieu et al.,1992; Molins et al.,1997; Bache etal.,1999]
investigated the effect of the oxygen partial puessPQ" on the preferential formation of
oxides. A transition pressure, independent from riechanical loading, was detected in
Inconel 718 alloy as a function of the alloy chramicontent. At the lowest pressures (lower
than 10° Pa) chromia oxide initially forms, inhibiting theevelopment of a continuous layer
of nickel oxide on the outer surface. However, whiam oxygen partial pressure is higher
than 1 Pa, a nickel rich oxide forms. As discudseire, the oxidation process is influenced
by time. At atmospheric pressure, the timg (equired to activate a passivation process
(formation of a continuous layer of £k) is estimated to be in the range 5-8 min (Figlre |
32)[Andrieu et al.,1992] When these conditions are satisfied, no furtlxggen penetration
can take place along the affected grain boundattysp&igure II. 32 reports the suggested
mechanisms for grain boundary oxidation as a fonatf time.
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The transition found in the oxidation process affébe crack growth rate of the alloy. The
formation of the “wedge-shaped” oxide layers aldhg crack front, followed by their
subsequent rupture at the boundary intersecti@rsjncrease the crack growth rate. Figure
Il. 33 illustrates the impact of oxygen partial gsare on the FCP. At pressures lower than
PO, the crack growth rate is independent of the pressunereas, beyond this critical value,
the crack propagation rate increases with the pres3he material embrittlement could be
explained considering the oxidation kinetics. Wk cracks propagate faster than the time
required to form chromia, NiO nuclei appear onfilesh crack surfaces. During the growth
mechanism of the nickel oxide, the outer diffusadriNickel cations Ni* is associated to a
inner flux of vacancies which can not be annihda# the oxide/metal interface, because of
the coherency relationship between the oxide aedrtétal. The diffusion process promotes,
then, the formation of vacancies at the crackTie embrittlement of the alloy results from
the condensation of vacancies at the grain boueslavhich reduces the crack propagation
resistance. The stress relaxation at the crackstgssociated to a plastic strain. It can be
noticed that the environmental effects are activi this deformation is positive, due to the
interaction between dislocations and oxidation gsses[Ponnelle,2001]
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Figure II. 33 : Fatigue crack growth as a functionof the oxygen partial pressure. [Molins et al.,1997

It is clear that the material sensitivity to thevieonmental effects is strongly dependent on
its utility to release the stress at the crack Epr this reason the application of modified
thermal treatments, is discussed in the sectioncded to the crack propagation, is
considered as a promising solution. The aim is talifg the microstructure in order to
optimise the creep properties of the alloy and ensu fast relaxation of stresses. The
application of an over-ageing is a good comprondsguarantee a high crack propagation
strength without affecting the static and dynamiechmanical properties (yield strength and
creep resistanc¢olins,1995]

Xl.4 Effect of the loading cycle on the fatigue pro  perties of
Inconel 718

In industry, materials are usually loaded in comghkgigue conditions including variable
holding time under stress/strain, cycle frequestigss/strain ratio, resulting in a wide range
of loading wave shapes. In many applications thehaeical components is subject to
fluctuating and steady loadings, deriving from sfiem-service conditions.

It is found that at high temperature, the materaistance degrades when a hold period is
included in the load cycle. The amplitude of the$fects depends on the duration of the
steady state, the thermo-mechanical history (switgerhardening...) and the location of the
holding period within the cycle (Tension and/or @yession period).

The loading waveform has an important effect onfdtiggue crack propagation. When a
holding time is applied, especially at maximal lpadtime dependent behaviour may be
introduced. The material tends to be damaged traDghdiffusion which decreases its
resistance to cracking. The variations in the tigpent at peak stress affect the fracture
profiles and the crack growth rates. Ponngflennelle,2001]showed that the application of
steady period of 300 seconds at maximal loadingeas®es the crack growth rate by a factor
7.5 at 550°C, 50 at 600°C and 100 between 650°GaBAC (Figure II. 34).
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Figure 1. 34 : Effect of the application of a holdng time of 300 s on the crack propagation rate dhconel
718 at high temperature. [Ponnelle,2001]

During the holding time an interaction betweenda# and creep effects can be assumed.
The introduction of holding period in strain conled fatigue tests generates a conversion of
the elastic strain to plastic strain, due to thesst relaxation effects (Figure Il. 35) . The level
of the relaxed stress is proportional to the lengjtithe holding period. The inelastic strain
range associated to each fatigue cycle is baséd@nomponents:

_ Eq.ll. 3
En = Ep + Ecp

Where:
* Agpis determined by the hysteresis loop without thid time
* Aggpis related to the stress relaxation during holdimg by the following equation:
£, :Aar/E Eq.ll. 4
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Figure 1l. 35: Stress relaxation during the applicdion of a holding time. [Min et al.,1978]
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The effects of the holding time on the fatigue parfances depends on the test conditions.
At temperatures below that defining the creep regioh the material, the holding time
application has no effects on specimen life. Figlre6 illustrates the effect of different
dwell times at 649°C under a continuous fatigueavedur.[Korth,1991]

Since the amplitude of the hysteresis loop is priomaal to the plastic strain range, the
relaxation rate is influenced by the conversiorelafstic strain to plastic. Considering the
importance and the impact of the crack closuregs®ecit is clear that a compressive holding
period is less damaging than a tensile one. Thekcctosure effect decreases with the
increase of the inelastic strain, where the crackth, during tensile relaxation, becomes
significant.[Coffin,1968]

10’
0 h Hold 649°C
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Figure Il. 36 : Effect of different holding times an the fatigue behaviour of Inconel 718 at 649°C
[Korth,1991].

Frequency is also observed to impact cycle lifentyan the low-cycle regime. The results
reported by Clavel and Pineftlavel et al.,1978]showed that, at 550°C, the fatigue growth
rate is almost independent of frequency in the eaGp Hz to 20Hz. However, when
frequency is decreased below 0.5 Hz, the crackggaion rate is strongly increased as
compared to the case of higher frequencies.

Focusing on the deformation structure, the autpoisted out a strong inhomogeneity in
the plastic deformation, shown, at low frequengyth® occurrence of twinning. Conversely,
at room temperature, the material exhibits a homeges plastic zone where the
deformation occurs through planar slip even at logitk propagation rates (da/dN > 0.01
um/cycle). It is clear that temperature plays anangnt role in the deformation mechanism
enhancing the impact of frequency on the mechapicgderties.

Figure Il. 37 reports the evolution of the stresghtude versus fatigue for tests performed
at 3 cycles/minute and 0.3 cycles/minute. A lowentéiency corresponds to a fast softening
which leads to a decrease in the fatigue life.
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Figure 1. 37 : Evolution of the stress amplitude ®a LCF test with strain rate at 550°C.[Fournier et
al.,1977]

Pedron[Pedron et al.,1982]studied the effects of frequency on the fractudile. The
graph, reported in Figure Il. 38, shows the existeaf two regimes: a first reginfeycle
dependerit, at high frequency, where the fracture is fullgnsgranular and independent of
the test frequency, and a second one , so cdllete dependerit, at low frequency, where
the propagation becomes intergranular and increasds decreasing frequency. These
effects are further emphasized by an increasestrtdéenperature.
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Figure Il. 38 : Variation in the Fatigue Crack growth with the test frequency and temperature for
Inconel 718. [Pedron et al.,1982]

The influence of the frequency on the fatigue ¢ifdnconel 718 was explained by Andrieu
[Andrieu,1987] as resulting from a direct interaction between agimy mechanisms and
environmental effects . The oxides formation, ghhiemperature, is strongly influenced by
the localisation of the plastic strain. When maileis homogenouslgeformed, the presence
of multiple slip bands at the crack surfaces enbartbe diffusion of Cr, facilitating the
instantaneous formation of a chromia layer. In sactvay, the mechanical properties of the
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grain boundaries are not affected by the oxidaporcess, reducing the crack propagation
rate[Molins,1995]

However, when the deformation mechanism becoheterogeneoysespecially at low
frequencies, a transient embrittlement occurs tjinothe activation of an intergranular
oxidation process (NiO) which accelerates the cracipagation and delays the passivation
procesgMolins et al.,1997]

All the assumptions have pointed out the dependefdde material behaviour on its
specific microstructure. Advanced applications ighttemperature are often limited by the
tensile, creep, and fatigue mechanical propertfethe alloy. These mechanical properties
vary with the size, shape and quantity of the gfiteening precipitates. It is therefore
important to quantify these precipitate parameters relate them to mechanical properties.
For these reasons, a detailed description of tHwidual effects of the precipitates on the
mechanical behaviour of the alloy is reported & nlext section.
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XII Influence of the intergranular precipitates and solute
atoms on the mechanical behaviour

XIl.1 Delta phase impact on the mechanical behaviou r

Delta phase has an important effect on the miarostre and the mechanical resistance of
Inconel 718. In general, precipitates are discamusly distributed at grain boundary under
normal heat treatment conditions. In some casela [Pphase was observed within grains
showing a cluster appearance with several ori@maglationships.

As reported in sectioiX, Inconel 718 is subject to a deformation proceased on the
dislocations movement along primary slip bands (P$Bevious works have shown that
Delta phase usually precipitates along {llp}anes which correspond to the main slip
systems. In these circumstances, the heterogeands, whose width is about 0.4-Qu,
are extended into needle-likeparticles at grain boundaries, which delays ttrainslation.
These mechanisms are not associated to the occaroérvoids or cracks at the intersecting
points ofé phases and slip ling¥uan et al.,2005]

DesvalléegDesvallées et al.,1994investigated the effect of delta phase on theileens
properties of Inconel 718: the author comparedanttard thermal treatment alloy”, where
particles are only present at grain boundarieantalternative material with a microstructure
characterised by a high amount (10% volume fragtdmntergranular/transgranulamphase.
The results showed a detrimental effect of thegaes of delta phase on the yield strength of
the alloy, reduced by 10%.

A specific control of the microstructure, of thestibution and morphology of the delta
phase is essential to improve the cracking registaof the alloy. As described before
(ParagrapiXl1.2), the coupled effects of mechanical loading anvironmental attack lead to
an intergranular crack propagation. In this cadead#hase plays a role as obstacle able to
block the grain boundary propagation. Guided bgehgarticles, crack follows a zig-zag path
(Figure 11. 39 (a)). These considerations were mapd by the studies reported by[Li et
al.,1994]who analysed several microstructures obtained diyegt ageing treatment. All the
tests were carried out at a 650°C under creeptfatgpnditions. Results confirmed that a
high amount of delta phase decreases the craclagatipn rate of the alloy (Figure 1l. 39

(b)).
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Figure 1l. 39 : Role of delta precipitates on therack propagation mechanisms (a) [Ponnelle,2001Jrack

propagation rates at 650°C as a function of the ammt of delta precipitates (Treatment A contains mee
delta phase than treatment B) (b) [Li et al.,1994].

The improvement of the fatigue resistance, esggaalhigh temperature, is associated to
the interaction between the precipitation of thestergranular particles with the other
strengthening phases. Delta phase formation is diffiision control process. Ofteéhphase
is surrounded by a zone depleted in Nb, freg’ girecipitates and particularly ductile. These
areas, as illustrated in Figure II. 40, still contg’ particles, especially when ageing is
carried out at temperature below tjiesolvus [Sundararaman et al.,1994] The ductile
regions can rapidly release the stress concentrattograin boundaries, delaying crack
propagation and limiting the environmental effects.

Figure 1. 40 : TEM micrograph of the precipitates-free zone aroundd precipitates [Burke et al.,2000].

During forging, the material is subjected to sel/étarmo-mechanical operations leading
to a microstructural orientation of the delta phasd carbide particles. PonndlRonnelle et
al.,2001]analysed the role of these Forming Induced Arrarege (FIA) on the propagation
resistance of Inconel 718. The various crack frehépes and propagation rates were
explained as a function of the interaction betwten crack tips and the delta phases. An
increase in the growth rate is associated to craakpagation between th& phase
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alignments. It is important to point out that thedignments act as preferential path for the
oxygen diffusion, increasing the embrittling effeatf the environment. However, when

crack front is normal to the delta arrangementiglaminationmechanism is activated. This

process decreases the stress triaxiality leadiag¢aluction of the crack propagation rate.

The delta phase has also an important effect indéfénition of the microstructural
features, acting as an effective barrier to staticrystallization. The particles tend to
precipitate heavily in strained grains at 990°C balow and resist to grain boundary
migration even if such particles are a spheroiéien the temperature is well above 990°C,
i.e., 1010 to 1025°'C, delta particles dissolutiom aapid grain growth occlyRadavich et
al.,1989]

When the material is processed by a Direct Agetrireat, multiple hot deformation
process act on the microstructure of the alloyroleoto ensure a dynamic recrystallization
(DRX). The plate-like delta phases, whose orieamatis not perpendicular to the
compression direction, are submitted to a contisuteformation breakage which leads to a
spheroidizatiorfZhang et al.] of the particles (Figure 1l. 41). In such a waiglacations are
accumulated around phases as strain increases. This mechanism iesrdhe rate of
dislocation nucleation, promoting Dynamic Recry&ation. The thermo-mechanical
process leads to an ultra fine structure providimgh mechanical propertiegVang et
al.,2009]

.her_él o ph

$ -

Figure II. 41 : Role of the delta phase in the dynmaic recrystallization (a) [Wang et al.,2009], disdation
breakage and creation of globular delta particleslf) [Zhang et al.].

XIl.2 The Dynamic Strain Aging (DSA)

Previous sections have shown that the LCF behavwsoaften influenced by various test
parameters like frequency (strain rate), wave fand holding time under stress.

In addition to the time dependent mechanisms, tyeabic strain aging is considered as a
process, typical of many superalloys, prone taigrilce the cyclic behaviour of Inconel 718.
DSA is a time dependent process based on an ititardmetween solute atoms and mobile
dislocations during plastic deformation. In ternfsdeformation behaviour, this particular
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mechanism is associated to a progressive decrdade strain rate sensitivity parameter
(SRS) which becomes negative in a limited rangemiperature and strain rate:

oo Eqll. 5
——=[T.&, q.1l.

ologe,

SRS=

Whereo is the flow stress, T the temperatuggthe plastic strain and, the applied strain
rate.

Different manifestation of the DSA mechanism cambgced, such as yield stress plateau,
reduced tensile elongation, sharp upper yield poiabhd serrated stress-strain curves
generally associated to Portevin-Le Chatelier (Pé&fi)cts.

This phenomenon, generally considered as a plastability, is based on an intensive
interaction between diffusive processes of soltena and mobile dislocations. Three types
of plastic heterogeneities are identified (FigukedR): continuously propagating Type A,
intermittently propagating Type B and random nuttepand propagating Type C. Previous
works showed the activation of type C serratiom,lfonel 718, in the temperature range
798-923 K. It's interesting to point out that edolhd drop, in monotonic tensile stress, can
be accompanied by acoustically identified emissauréng testingHale et al.,2001]
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Figure Il. 42 : Various types of serrated flow obsered in stress-strain curves of Inconel 718 (a), pical
tensile tests of Inconel 718 at various temperatuseshowing plastic instabilities. [Hale et al.,2001]

The aspect of the PLC bands is influenced by trsocktions dynamics and work
hardening, and is further complexified by the preseof different diffusion mechanisms
[Klose et al.,2003] According to Cottrell theofZottrell,1949], strain-aging results from an
interaction between moving dislocations and foreagmms diffusing with a velocity of the
same order of magnitude. This classical approablssd on &ng range diffusiorof solute
atoms towards dislocations, forming the “Cottréthasphere” around each dislocation edge.
The interstitial atoms, having a size lower thaat tf the matrix atoms, can diffuse towards
the compressive part of the stress field of didiooa, while the substitutional atoms, with
diameter greater than that of the matrix atoms, difase towards the tensile zone of the
stress field of dislocations.

The kinetic aspects of the serrated flow can beresged according to an Arrhenius
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relationship. Activation energy calculations, ewdéd for Inconel 718 Type C serrations,
suggest that plastic instabilities result fromitattdiffusion of substitutional solutes, likely
Cr, at high temperatures. These fast diffusing atdiock the mobile dislocations until the
stress is high enough to release its pinning pdetsveen mobile and forest dislocations.
With an increase in stress, the forest dislocatensity increases. The larger amount of
diffusion paths improve the efficiency of DSA rdsuj in stronger pinning and increased
jumps. A critical value of inelastic strain is réal to activate the PLC mechanisms. This is
a necessary condition to increase the vacancieseotmations, produced by the dislocations
glide, enhancing diffusiofiMulford et al.,1979]. Jiang[Jiang et al.,2007]reported that
solute concentration decreases with increasingnstaée. Solute is usually localised around
dislocations, but its presence tends to be moretedil when elevated strain rates are
considered. However, at lower strain rates thetsaancentration reaches its saturated value
and dislocations are pinned and immobilized.

The influence of the DSA on the mechanical properof Inconel 718 is schematically
represented in Figure Il. 43. In general, the eff@an be synthesised in a decrease of the
yield stress, an increase in the yielding rate fli@meten of the Hollomon laws =¢") and
a decrease of ductility. DSA occurs also in thdicyadeformation in the form of serrations in
stress-strain hysteresis loops over a wider ranfjetemperature than in monotonic
deformation. The degree of inhomogeneity of stiduning cyclic loading is enhanced and
strain is localised in regions characterised byradtive high and low amplitudes of
dislocation movements. The DSA process inhibitp stiotion and limits the plasticity
associated to the fatigue loading. The result deereased crack propagation rate and an
improvement in the fatigue resistance by dynamiclé@ing.[Lee et al.,1995] LCF tests
carried out at 723 and 823 K, for PE-16 superallsii®wed an increase in fatigue life with
an increase of the strain rate from 3%10 3x10°s™* [Valsan et al.,1994]
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Figure 1. 43 : Evolution of the mechanical properies as function of the dynamic strain aging (DSA)
[Graff,2006]

An interesting discussion about the interactionMeen PLC serrations and the fatigue
rupture mode was reported by Gaf@arat et al.,2008] In particular, the author showed
how the Portevin-Le Chatelier (PLC) effects playi@portant role in the inhibition of the
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intergranular crack propagation. As a matter oft,fabe crack initiation sites and the
nucleation zones of strain serrations are locatetie same regions of the polycrystal. Strain
rate becomes a discriminating factor for the atitiveof the PLC mechanism. As reported in
Figure II. 44, at 550°C, two regimes are proposgdhe authors. At very low strain rate
(lower than 3x10 s') the PLC effects are not activated and the fatidaiture is
intergranular, while at high strain rate (highearth3x10* s*) strain jumps occur and the
failure mode is fully transgranular.
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Figure 1. 44 : Influence of the PLC effects on theupture mode of Inconel 718 [Garat et al.,2008].

Probably, the PLC bands participate to a redistiobuof the local stresses and they
simultaneously reduce the flux of embrittling sgesciTer-Ovanessigfer-Ovanessian et
al.,2008]showed that PLC serration tend to trap interstiidute atoms in the zones where
the dislocations are pinned. In such a way, theraation between oxygen and interstitial
atoms is avoided at grain boundaries and interdmarailure is inhibited. This assumption
permits to conclude that the DSA have a strongcefba the fatigue behaviour of Inconel
718 especially at high temperature.
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XIII Conclusions

The nickel base superalloys are a class of masedi@aleloped to fulfil a need for stronger
and more corrosion resistant alloys for high terapge applications.

Inconel 718 belongs to this class of high perfognimaterials, ensuring high mechanical
properties at temperatures up to 650°C. These prepeare based on a precipitation
strengthening mechanism which is controlled by dize, the morphology, the content and
the distribution of the hardening phase¢sifd y”). The microstructure is completed by the
presence of thé phase, which limits the grain expansion withoutirtg part in the
strengthening mechanisms and other primary carlsidels as NbC and TiC.

The nickel based superalloys are particularly $emesito the effect of the thermal
treatment. A double steps process, including atisol@annealing followed by a precipitation
ageing, is generally used to optimise the matefiaé volume fraction of the strengthening
phases depends on the content of the major all®tergents, such as Al, Ti and Nb, which
play an important role in the precipitation behawvio

The mechanical behaviour is strongly dependenterirt-service temperature which can
induce structural changes.

Under cyclic loading (fatigue regimeparticular transient cyclic phenomena can occur.
Depending on the initial state, material can shihee full stability, softening or hardening.

At elevated temperature, Inconel 718 exhibits gfreaftening from the first cycleéhe cyclic
deformation proceeds by the formation of intengelsnds which progressively shear {fie
precipitates, establishing a preferential patrdisiocations.

The wave form, associated to the loading signallccmfluence the fatigue performances
of the material, especially when the frequencyasrdased or a holding time is included in
the cycle activating time-dependent mechanisms.

Under these conditions, the material tends to lmeag@d by the simultaneous interaction
of the deformation mechanisms and the environmelggtadation. The diffusion of oxygen
at grain boundaries decreases the mechanicalaesesaffecting the fracture profiles and the
crack growth rates. Crack propagation could bedeiinto two regimes: a first regime
“cycle dependeit at high frequencies, where the fracture is cotepletransgranular and
independent on the test frequency, and a seconddefieed as'time dependerit, at low
frequency, where the propagation becomes intertaarand increases with decreasing
frequency. These effects are further emphasizatidincrease of the test temperature.
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Chapter Il

Strategy for Inconel 718
microstructure design and
experimental methodology

“Que la stratégie soit belle est un fait, mais ez pas de regarder le
résultat”

Winston Churchill

79



Chapter lll: Strategy for Inconel 718 microstruetatlesign and experimental methodology

80



Chapter lll: Strategy for Inconel 718 microstruetatlesign and experimental methodology

Chapter IlI: Strategy for Inconel 718 microstructur e design
and experimental methodology

I Introduction

The study of the LCF behaviour and the optimisatbbthe microstructural features needs
the application of a large variety of experimentaéthods appropriate to the range of
magnification needed for the understanding of déffik phenomena.

The material optimization, focused on the improvetmef the extrusion die properties,
could be achieved through the integration of défgmresearch and testing methodologies.

In this way, a series of order of magnitudes areded to move from the macroscopic
structure (Extrusion Die) to the atomic arrangemémter-metallic phases size and
morphology).

The understanding of the mechanical behaviour headlamage mechanisms are based on
the relationships between different analysis methagles. The results combination permits
a multi-disciplinary approach based on mechanieatst and simulations, metallurgy and
solid-state physicmvestigations (Figure Ill. 1).
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Figure Ill. 1 : Multi-disciplinary approach for mat erial investigations.

This chapter is divided into two parts. The firsirfpis focused on the presentation of the
microstructural features associated to the standemde of Inconel 718, adopted for the
preliminary LCF tests. This sequence includes aaildet description of the research
strategies adopted for the metallurgical optimaatiof the alloy, introducing some
alternative thermal treatments that will be consdefor the mechanical tests reported in
chapter V. The last part is dedicated to the ptasien of the different experimental methods
used for the metallurgical and mechanical chareeon of the alloy.
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II Microstructure of standard Inconel 718

.1 Composition

The material investigated for all analyses is acoirel 718 alloy. The elaboration was
based on a double melting process (VIM-Vacuum itidnamelting and VAR Vacuum Arc
Remelting) ensuring a high metallurgical quality.

The material is received in the form of 20 mm ditandorged bars from which all
samples are extracted, for fatigue tests and megathl investigations are extracted.

The alloy composition is reported in Table I1I. 1:

Element Ni C Cr Fe Nb Ta Mo Ti Al

[% weight] | 53.5 | 0.024 17.8 18.8 5.28 0.01 2.98 0.89 0.50

Table I1l. 1 : Weight percent analysis of the standrd grade of Inconel 718.

The alloy is characterized by a high amount of niob and a limited content in
aluminium, to promote the precipitation gfand y” phases. As described in the literature,
the variation in Al content can change the preatmwnh behaviour: the thermodynamic
calculations reported by Hiru et al.,2009]showed that Al addition (>2 wt.%) leads to a
strong increase i volume fraction, but promotes the formationcoénd Laves phases that
degrade the alloy microstructure. For this reasiwe, alloying elements are carefully
balanced in order to limit the embrittlement andhaamrce the material stability. A reduced
carbon amount (0.04 wt.%) is also an important irequent to limit the carbides
precipitation.

1.2 Thermal treatment

Samples from the as received Inconel 718 are edptws@ conventional heat treatment
(Figure IllI. 2) following the ASTM B637 specificain:

- Solution thermal treatmenat 954°C for 1 hour and air-cooling to room tenapere.

- Ageing treatmentat 718°C for 8 hours, furnace cooled to 621°C haeld at 621°C
for a total ageing-time of 18 hours followed by-emoling to room temperature.

A
Temperature [°C] 955°CHh

720°C/8h

50°C/h

620°C/8h
AIR

—~—

Solution Heat AGING

treatment

Figure 1ll. 2 ; Standard thermal treatment for Inco nel 718 following ASTM B637 specification.
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It is important to point out that the solutionizitemperature, expressly chosen below the
delta solvus, inhibits a fast grain growth and \@oa controlled precipitation of the
intermetallic phases, in order to attain the rezpliproperties.

1.3 Microstructure

The microstructure of the material, resulting frahe conventional thermal treatment,
consists of fine equiaxe grain (ASTM 12). Grains decorated with a clear presence of delta
phase, in the shape of thin platelets, preferdytimrmed at grain boundaries with an

3

Figure 1ll. 3 : Microstructure of Inconel 718 after conventional heat treatment [Taina et al.,2010].

A number of MC type primary carbides (Figure Ill), 4nhomogeneously distributed
throughout the structure, is observed. They cordistypical NbC or TiC carbides that
exhibit irregular or quadrangular shapes showingpua contrasts, on etched cross-sections,
depending on their composition (orange for TiC grely for NbC).

o AT 5
(b)
Figure 1. 4 : Typical examples of TiC (a) and NbC(b) particles detected by SEM investigation in INI8.

Figure 1ll. 5 reports the EDS spot analyses obthirespectively for deltadf phase and
MC particles. These phases exhibit a primary pesio@ated to Nb, while Ti and C show
lower contents.

The Delta phase pattern, on the contrary, revesak9relative to Nb and Ni, but it shows
also the presence of the main matrix alloying el@seuch as Cr, Fe, Ti and C.
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Figure Ill. 5 : EDAX spot patterns evaluated for Ddta phase (a) and MC carbides (b) particles.

High resolution diffraction experiments, carriedtday Synchrotron XRD, give more
information on the hardening phases. The high sitgrassociated to the synchrotron leads
to the detection of andy”.

In general, the precipitates size is too small & detected by conventional X ray
diffraction experiments. Synchrotron XRD ensurelsester resolution for identifying these

nanometric particles, improving the microstructunalestigation.
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Figure 1. 6 : DRX-Synchrotron patterns evaluated on Standard Inconel 718.
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Diffractograms in Figure lll. 6, evaluated in thenge BP=2-6°, exhibit high intensity
peaks associated to the matm (Figure 1ll. 6(a)), and low intensity peaks asated to the
intermetallic phases(y’ andy”) (Figure Ill. 6(b)).

The X-ray Synchrotron diffraction experiments, adld® the SEM investigations,
constitute a valid support to analyse the micrastmal evolution upon thermal treatment.

1.4 Tensile strength

The static mechanical properties are measuredrisjieetests carried out at 550°C with a
strain rate of 18 s'. The tensile curve, reported in Figure . 7, éaids a Portevin-Le
Chatelier effect as indicated by stress serratioiis amplitudes ranging between 100 and
200 MPa.

As confirmed by previous studies, the stress daespsdue to the localisation of strain in
the form of deformation bands, as a consequencenofheterogeneous plastic flow
[Rodriguez et al.,1995] The mechanism originates from fast diffusing solatoms that
block the mobile dislocations until the stress ighhenough to overcome the obstacle.
According to Garat and RodrigugRodriguez et al.,1995; Garat et al.,2008]these
serrations can be defined as type C Portevin-Ladlleabecause they appear as load drops
below the general level of the stress-strain curve.

At the test temperature, the solutes diffusivityhigh enough to recapture the mobile
dislocations during the motion, initiating stresstabilities. Each load drop is associated to
an acoustic emission during the test. With an esedan stress, dislocations density increases
resulting in some work hardenifiglose et al.,2003]

The tensile curve shows that stress serrationaaneated by a critical plastic strain, 0.25
%, where the stress/strain concentrations enhdwecapgpearance of the jerky flow.

The alloy is characterised by a high Yield Stren@88 MPa) which delays the plastic
flow ensuring high performances at high temperaftiable Ill. 2).

1400
1200

1000 ’l’ ﬂr’
I

500 —H : f
600

400
200 ~I
D T

a 0.02 0.4 0.08 0.03
Strain [mm/mm]

Stress [MPa]

Figure 1. 7 : Typical stress-strain relation for a uni-axial tensile test at 550°C.
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HEAT TREATMENTS PARAMATERS TENSILE TESTS DATA
Heat Treatment T4 (T) Tr1(T) try (M) Tr2 (T) tra () YS [MPa] E [MPa] | UTS [MPa] A [%]
STANDARD 955 720 8 620 8 998 163216 1228 35.3

Table Ill. 2 : Experimental parameters and mechanial properties of standard Inconel 718 grade.

III Alternative Inconel 718 grades

As described in Chapter |, one of the main objedtivof this work consists in the

optimisation of the material properties to improw® strength under extrusion loading.

Generally speaking, materials are characterisedelgral parameters, intimately related to
their microstructures, which are difficult to modifThese are the intrinsic properties
depending on the atomic bonds and arrangementghéOcontrary, other properties could be
considerably optimised by a change in compositiothe application of appropriate thermal
or thermo-mechanical treatments. By a proper cbrtfgorocessing parameters, specific
microstructures can be achieved in order to enhtemsle and fatigue properties.

The starting point of our optimisation consist istandard grade of Inconel 718, heat treated
following the conventional process described abdWe general approach, employed for the
achievement of tailored microstructural properiseschematically reported in Figure 1ll. 8 .

Standard
Inconel 718

/ [ Scientific field ]\ l /[Illdllstl‘iﬂlﬁeld ] \

Improve Increase press Extrusion
mechanical fatigue Performance
behaviour pe— — with extrusion speed

of Inconel 718

. s Die life
Microstructure sProcess stability

optimisation — N
for specific loadings STRATEGY sExtrusion speed

RESULTS B> Die life increase

N /

improvement in LCF A

K performances /

Optimised
Inconel 718

Figure 1. 8 : General approach adopted for the opimisation of Inconel 718.

The material development is organized considerimgth bindustrial and scientific
requirements. The magpalsof this approach consist in the improvement offtigue life

of Inconel 718 that directly impact on the durapilof the extrusion dies. As a result, the
appliedstrategyis based on the microstructural optimisation @ #tloy in order to reduce
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the risks of failure under extrusion conditions @mdure the process stability. The design of
alternative thermal treatments, prone to improve tICF resistance of Inconel 718
constitutes the mairesultof this PhD work.

Donachigl[Donachie,2002]described the thermal treatment #ge“logical consequence of
the processing requirements as well as the logacatursors for the generation of optimal
properties. Following this definition the thermal treatmerdn be defined as a valid way to
transform the standard Inconel 718 alloy into aenat specifically adapted to the extrusion
conditions.

Figure lll. 9 illustrates the experimental approafopted for the optimization of the
material heat treatment. Two investigation diretdi@an be considered: the first consists in
the optimization of the heat treatment parametsra &unction of the required mechanical
properties, while the second is base on the adogiidhermo-mechanical processes where
not only the heat treatment, but also the forgiragedure is refined.

Considering the heat treatment optimization, thecedure used for standard Inconel 718
follows a series of requirements contained in tI&rM B637 specificatiofASTMB637].
This document, designed for precipitation hardenmgkel alloys, recommends specific
range of temperature and time for each stage oh#a treatment, prone to ensure high
mechanical properties.

The reported recommendations are the following:
Solution treatment
- Solution temperature: 924°C < T < 1010°C.
- Solution Time: 0.5 h minimum, cool at rate equivdl® air cool or faster.
Ageing Treatment

- First ageing: T = 718 £ 14 °C, holding at tempematior 8 hours, furnace cooling
to 621 + 14 °C.

- Second ageing T = 621 + 14 °C holding until totaqgpitation heat treatment time
has reached 18h and then air cooling.

Following the constraints applied by the specifmat we opt for a heat treatment
optimization where the specific parameters are @hdsllowing two strategies:

1. Intra-specification designthe solution treatment temperature are selected
in the range reported by ASTM B 637 (924°C < T 4Q1).

2. Extra-specification designhigh solution treatment temperatures, above the
specification range (T> 1010°C).

This approach allows the consideration of a larggety of process parameters that can be
adopted separately or combined, in order to imptbeematerial efficiency. Two alternative
Inconel 718 grades (Tr. 990 and Tr.1000) are ddffo#owing an intra-specification design,
whereas a further heat treatment procedure (APli§Aptimized by an extra-specification
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approach. Finally, the thermo-mechanical approachased on the application of a direct
ageing (DA) procedure which has been presentdukifiterature review (Chapter II).

These alternative strategies will be describeckitaitlin the following sections.

(DA)

Thermo-Mechanical
Treatment

7

L INCONEL 718 J

1L

Thermal Treatment

1% 1

[ EXTRA ASTM B&37 } [ INTRA ASTM B&37 }

design design

il

API 6A
G

Figure lll. 9 : Adopted strategies for Inconel 718thermal treatment optimization.

1.1 Intra-specification heat treatment design

The optimization of the heat treatment parametersnsured by the application of the
Taguchi method. This approach is an efficient timol the design of experiments (DOE)
based on orthogonal array experiments that pro@ideduction of the number of activities
with an optimum control of the individual parametmntributions. During the extrusion
cycle, the mechanisms of cyclic plasticity is camcated in specific zones of the tool (hot
spots), where the fatigue damage occurs, limitiegdie life.

For this reason, the current study considers Y&length and Ultimate Tensile Strength
as the optimization criteria. The purpose is to iméze Y.S in order to reduce plasticity and
improve the fatigue behavior of the alloy. The afithis work is not only to point out the
contributions of individual parameters, but alsouiderstand the relationships existing
between them.

Eight process parameters are selected for desigmdgarrying out an experimental plan.
The employed method is a stable Taguchi L8 matrimckv consists of five columns of
process parameters and eight lines representifegefit process conditions (Table Ill. 3).

The design parameters of this study are:

88



Chapter lll: Strategy for Inconel 718 microstruetatlesign and experimental methodology

1. The solution treatment temperature oXT four levels of solutioning
temperature are considered (955, 980, 990 and ©)00°he range recommended
by the ASTM specification. Specimens are hold atperature for 1 h and air
cooled to room temperature.

2. The first ageing temperature {i): two levels of temperature are
considered (720 and 750 °C).
3. The first ageing time £t): two levels of time are chosen (4 and 8 h). The
furnace cooling rate between the first and the se@@meing is fixed at 55°C/h.
4, The second ageing temperaturedTit is fixed at 620°C.
5. The second ageing timet two times are chosen (4 and 8 h).
HEAT TREATMENT PARAMATERS TENSILE TESTS DATA
-
EXPERIMENT| Ta (C) |T g1 (T) | try ()| T r2 (T) |tro ()] YS [MPa]| E [MPa] [ UTS [MPa]| A [%]
1 955 720 4 620 8 980 165200 1214 33,8
2 980 750 8 620 8 1097 165500 1297 38
3 990 720 8 620 8 1078 164500 1271 36
4 1000 750 4 620 8 1116 165600 1297 34,6
5 955 750 8 620 8 1010 163200 1264 33
6 980 720 4 620 8 995 167700 1224 33
7 990 750 4 620 8 1060 165800 1283 38
8 1000 720 8 620 8 1085 163100 1297 40

Table Ill. 3 : Experimental design using a TaguchL8 orthogonal array and outline results.

Each line corresponds to a specific thermal treatnmyestigated by a conventional tensile
test carried out at 550°C. U.T.S and Y.S along \Ethnd A% are the output values of the
tests.

Figure Ill. 10 shows the average effect of eacltampater on yield strength. The analysis,
limited to the main parameterd,( Tr; and ki), gives the optimal conditions that are:
solution treatment at 1000°C and first ageing &°#6r 8h.

1120

1100 -

1080 -

& Ta
® TR1
AtR1
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Y.S [MPa]

1040

1020 -

1000 +

980

Figure Ill. 10 : Individual effects of heat treatment parameters on Yield Strength.

The diagram points out the effect of the annealargperature which has the maximum
contributions on the mechanical properties of tleya

Another important aspect to explore is the impdcthe two-fold interactions on the
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response (Y.S). These analyses are representedinmadf linear graphs where the average
output values are reported (Figure Ill. 11). The4parallelism of the plots indicate that an
interaction exists between the two factors. Frogufe Ill. 11(b) it can be seen that a quite
strong interaction exists between the first agammperature and the holding time. An
ageing process carried out at 750°C for 4h is #st bolution to optimize the Y.S value.

Interactions between Solution Tr. Temperature and A geing
Temperature

1150

1100 -

& 750
= 720

1050 +

1000 -

Yield Strenght [MPa]

950

950 960 970 980 990 1000 1010
Ta [C]

@)

First ageing Temperature and Time effects

1100

1050

¢ 750
=720

1000 -

Yield Strenght [MPa]

950

Time [h]

(b)

Figure 1ll. 11 : Two-ways interactions between soltion and ageing process parameters.

As described above, current study considers Yielcen§th ad the discriminating
parameter for choosing alternative thermal treatmen

Following these considerations, two heat treatmehts number 3 and 4, are selected as
alternative solutions to be tested under LCF camult The experiment N°4, renamed “Tr.
1000” (Table lll. 4), is a particular optimizatioof the standard process where all the
parameters, except those relative to the secondgdeve been refined. This treatment has
ensured the maximum Y.S value and their parametegsin perfect agreement with the
interactions analysis reported above.

Experiment N° 3, defined as “Tr.990“(Table Ill. 43,another powerful process which is
based on a single variation of the standard cyChe increase in solution temperature
ensures a significant improvement of the mechampoaperties and justify its choice for the
fatigue investigations.
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HEAT TREATMENT PARAMATERS TENSILE TESTS DATA
Heat Treatment | Ta (T) | Tri(T) [ tri(h) [ Tro(C) | tra(h) | YS[MPa] [ E[MPa] |UTS [MPa]]l A [%]
Tr.990 990 [1h] 720 8 620 8 1078 164500 1271 36
Tr.1000 1000 [1h] 750 4 620 8 1116 165600 1297 34.6

Table Ill. 4 : Summary of the selected thermal treéments associated to the intra-specification design

1.2 Extra-specification heat treatment design

In this case the selection of an alternative thétneatment is based on the adoption of a
process largely employed in the Oil & Gas industry.

Inconel 718 possesses the attributes of aquealibigh temperature corrosion resistance,
added to weldability and formability that are neskd®r this application. The actual
tendency of the Oil and Gas application is to ojesaith higher pressures and higher
temperature corrosive fluids that increase thesrisk hydrogen embrittlement and stress
corrosion crackingBarbadillo de et al.,2010]

For these severe service conditions, the high-gthercondition, ensured by the
conventional heat treatment, are not desirablenfaximum yield strength material, but a
specific thermal treatment is required to optimzerostructure for toughness and corrosion
resistance.

The Oil and gas industry is governed by NACE stathd®R-0175/AP1 6A
[NACE/MRO0175] for sour service applications, where the heattrimreat is performed in
agreement with the following procedure:

- Solution treatment at a temperature from 1021°00&R2°C during 1 to 2.5 hours.
- Cooling in air, water, polymer or oil to ambientieerature.

- Age hardening at a temperature of 774°C-802°Cifotcseight hours, followed by an
air cool or faster to ambient temperature.

In this frame and for our applications, the heaatment procedure and the relative
mechanical properties are reported in Table Ill. 5:

HEAT TREATMENT PARAMATERS TENSILE TESTS DATA
Heat Treatment | Ta (T) [ Tri (T) | tri(h) | Tro(T) | tro(N) | YS[MPa] | E[MPa] |UTS [MPa]l A [%]
API 6A 1030 [1.5h] 785 6 / / 755 162700 996 46
STANDARD | 955 [1h] 720 8 620 8 998 163200 1228 35.3

Table Ill. 5 : Experimental parameters and mechanial properties of APl 6A treatment.

The alloy is characterized by a 37 HRC hardness exfibits a very low delta phase
content, due to the high solution temperature ngian important grain growth (ASTM 5-7).
All microstructural investigations will be reportedChapter V.

Beyond the relative microstructural evolutions, ttleoice of this alternative thermal
treatment is justified, from an industrial point\waéw, by technico-economic reasons. This
alternative use of Inconel 718 is facilitated byaege availability of stocks opportunely
treated in accordance with the APl 6A specificatidn such a way, the material could be
found in large quantity and purchased with an aye®0% cost reduction.
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I11.3 Thermo-mechanical treatment

The literature review, reported in Chapter II, skovthat mechanical properties of Inconel
718 are closely related to the microstructure whiltontrolled by processing and heat
treatment.

In general, Thermo-mechanical processing is thetjoea of exploiting temperature and
strain interactions to enhance specific mechamicgberties such as:

- Tensile strength and ductility;
- Fatigue/strength, life;

- Crack growth rate;

- Fracture Toughness

- Creep stress rupture

The final optimization of the alloy is usually anspromise between some of the above
listed properties, through a good control of thieeractions between chemical composition,
solidification and hot working.

The strategy adopted for the thermo-mechanicatnreat consists in the maximization of
the cyclic capability and tensile properties thidouge application of a direct ageing (DA)
procedure.

The material elaboration is carried out in collatimm with Aubert & Duval (Les Ancizes)
by a specific control of the forging proceduresnperature, deformation, strain rate) and the
quality of the in-put material (composition andigrsize).

Material, in the form of double melted ingot (VIMAR), is thermo-mechanically
processed by open die forging to a final pancak&6fmm diameter and 80 mm height. The
process involves a multiple step forging procesthefwork-piece, in a range of temperature
between 985-1040 °C, to achieve the final diamatera sufficiently fine grain size. Forging
temperature is usually selected to limit the dgltease dissolution in order to ensure a
minimal quantity of these phases prone to pin tleeindaries of the new dynamic
recrystallized grains, limiting grain growth.

The general procedure consists in rotating the wpoeke (through 45° to 90°C, for
instance) at the end of each pass in order torobtiiomogeneous cross section. Pancake is
then water quenched after hot working, preservivgggartially recrystallized structure and
avoiding a re-arrangement of dislocations in lowrgg configurations.

The product exhibits a resulting grain size of ASB\® at the surface and ASTM 12-13
at the center where material is partially recryztadl. Pancake is finally treated in Direct
Age conditions with the omission of the solutiomatment and the application of the
traditional double step ageing (720°C/8h and 628RL/

Two tensile specimens are extracted from the homamées zones of the pancake and tests
performed at 550°C. Table Ill. 6 reports a commaribetween the Direct age material and
the standard material.
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HEAT TREATMENT PARAMATERS TENSILE TESTS DATA

Heat Treatment | Ta (T) | Tri(T) | tri(h) [ Tra(T) | tra(h) | YS[MPa] | E[MPa] |UTS [MPa]| A [%]

DIRECT AGE
(DA) / 720 8 620 8 1133 165500 1280 33
STANDARD | 955 [1h] 720 8 620 8 998 163200 1228 35.3

Table Ill. 6 : Experimental parameters and mechanial properties of Direct Age Inconel 718.

Results show a yield and tensile strength improveré respectively 15% and 6% over
the conventional grade. In particular the closaueslof Y.S and U.T.S, due to the work-
hardening effects of the thermo-mechanical prodasg,plastic strain mechanisms.

Horvath [Horvath et al.,2001] showed that dynamic recrystallization leads toom n
uniform distribution of dislocations where regioofshigh dislocations density coexist with
dislocation free areas.

The high value of the yield strength, associateDitect Age treatment, is an indication of
the inhomogeneous arrangement of dislocations awsefést cooling after hot forging. The
onset of plastic deformation is based on the matibthese pinned dislocations that require
the application of increased stress levels.

These high mechanical responses associated toiteet Bge process, justify the use of
this alternative treatment for extrusion die bulkterial, assuming that its high mechanical
properties could ensure, under cyclic loadingsglaydin crack initiation and propagation.

The investigation of the as-forged microstructiassvell as a detailed understanding of its
cyclic behavior will be reported in chapter V.

IV Thermo-mechanical investigation

One of the major goal of this work consists in artho-mechanical characterisation of
Inconel 718 alloy. For this reason, a large amaumaxial low cycle fatigue tests is carried
out at 550°C, using different loading wave-formsdétailed description of the tests method
will be reported in the following paragraphs, focigson the test equipments and procedures.

IV.1 Low cycle fatigue test method

All LCF tests are conducted using a uni-axial BDSchenck fatigue machine coupled
with an induction heating device. Figure lll. 1fudtrates a LCF specimen placed in the
fatigue machine and surrounded by the inductioh @bie specimen tying consists in water
cooled screwed grips. An alignment system placeédden the force detector and the upper
grip ensure the alignment of the sample.

A digital controller allows the connection betweble personal computer and the machine.
Three input signals could be collected: straingdoand piston displacement. The evolution
of a LCF cycle is monitored and progressively measwia the Testaf2software developed
by MTS, whereas the temperature regulation is eusby an Eurotherm 900K Rontroller.
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Induction

Coil

Figure 1. 12 : Low cycle fatigue test meyhod

IV.1.A Induction heating

Specimens are induction heated with a Celes highuency power supply. A specific
water cooled induction coil is designed and martufac to ensure uniform temperature
along the isothermal gauge of the specimen. Thactnmh coil is calibrated by a specific
sample equipped by 9 thermocouples spot welded tensurface. Longitudinal and
circumferential thermal gradients, along the galeggth, are respectively within 15°C and
5°C ensuring the isothermal conditions over the tes

During the cyclic loading application, thermocoiwgpéee not spot welded on the specimen,
to avoid early crack initiation closed to the walgliocations. A flatted 0.2 mm diameter K-
type thermocouples is half wounded around the spatiin centreline. This thermocouple
monitors the thermal cycles via the Eurotherm tempee controller (Eurotherm). To avoid
any accidents, a security temperature controllaiss installed in order to cut off all signals
to the inductor generator in case of over-shodhermocouple failure.

IV.1.B Strain measurements

The strain measurement is achieved by a longitl@girensometer properly adapted to
high temperature tests. This extensometer, providid a gauge length of 10 mm, is
provided with a cooling fan that ensures that tbhdybtemperature stays below 150°C. The
system is equipped of two high purity alumina raglspse extremities are in contact with the
sample and allow the transmission of the strairth® sensor. The system is accurately
calibrated before every test campaign using a Bpeailibrator.

IV.1.C Specimens

Solid smooth cylindrical specimens wi#=9 mm diameter and 15 mm cylindrical
calibrated gauge length are used to perform tdsguie Ill. 13). All the specimens are
manufactured from forged cylindrical bad<20mn) and polished to achieve an inner and
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outer surface roughness ofsR0.015um. Polishing procedure includes the use of emety Si
papers (80 to 1200 grade) and a finishing operatlatained using 6, 3 andpm diamond
suspensions.

B8N 1.5

L2 X A4S

Figure 1. 13 : LCF test sample [Delagnes,1998].

IV.1.D LCF test procedure

All the tests are carried out in air atmosphereplemng the following launching
procedure:

1. Thermal stabilization of the system (specimen, msdeneter, grips) at 550°C.
2. Determination of the thermal expansion coefficient

3. Evaluation of the elasticity modulus to check iethystem and the sample are
operating as expected.

4. LCF test starting.

Fatigue life is commonly defined as the numberyafles at which the maximal stress or
stress range drops sharply with a percentage qgidbedo stabilised stress.

As it will be reported in Chapter 1V, Inconel 718osvs, at 550°C, a decrease of the cyclic
stress with the number of cycles. However, the rratexhibits a pseudo-stabilised stage
where stress amplitudes are approximately condtamtthis reason, tests were stopped at a
stress drop of 10% of the stabilized stress rawfeh is normally achieved between 11 and
25 cycles. The test interruption, before final wrpt avoids additional oxidation effects and
preserve the morphological features of the fracsuréaces.
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IV.2 Low cycle fatigue test conditions

As mentioned in the preliminary chapter, the cytbiading experienced by an extrusion
die could be different as function of the profileognetry, the extruded alloy and/or the
extrusion speed. For this reason, various LCF tesiditions are examined in order to
experimentally reproduce the loading of a largeergrof extrusion dies.

Two types of isothermal (550°C) fatigue tests aadqymed, respectively in reversed total
strain:

Simple cyclic tests

Simple cyclic tests are conducted employing a tyuder symmetrical waveform (R= -1).
The total strain amplitude is varied in the rangerf £0.6 to +1.65%, whereas frequency is
held constant at 1 Hz. The aim of this preliminaagmpaign is to investigate the cyclic
behaviour of Inconel 718, focusing on the damagehaeisms and on the softening
behaviour of the alloy.

Dwell cyclic test

The response of the material under extrusion |lgadonditions is investigated by the
application of trapezoidal wave-forms with totatagh amplitude ranging from £0.8 % to
+1.50%. The reference loading signal is illustrate@hapter I. Tests are initially run with a
strain rate of 5-Ifs* which reproduce the usual extrusion rate.

The employed loading waveforms are defined by dlaelihg times, in seconds, at maximal
and minimal strain. The standard cycle, for examgaracterised by a dwell time of 150 s
at maximal strain and 20 s at minimal strain, cdugddefined as 150-20. In a second time,
two extra durations for the tensile dwell period aonsidered: 45 and 300 seconds. The time
spent at minimal compression strain is hold at&0is order to isolate the influence of the
holding time in tensile conditions.

The impact of the extrusion extrinsic parameterdheninconel 718 fatigue behaviour is
completed by the studyof two alternative straiesatespectively equal to 5% and 5-10

4S-l.

IV.3 Tensile test conditions

Isothermal tensile tests are performed using theesaduction heating device and push-pull
fatigue machine employed for LCF tests. Identicabsth cylindrical specimens are adopted.
A K-type thermocouple is spot welded at the basthefsample to ensure a better control of
the thermal gradient. All tests are carried oubtal strain control, with a strain rate equal to
10°st,

V  Microstructural investigation

An important component of the materials characéion involves the knowledge of the
structure of materials which has an important effecits mechanical behaviour.

Several characterization techniques allow the wstdeding of the relationships between
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material structure and mechanical behaviour. Eaethadology is used for a specific
application, as a function of the resolution andathgrgical interests.

Figure 1ll. 14 illustrates the different analysethwas with their respective applications
and magnification ranges. It is important to padot that all the methodologies could be
applied both for the microstructure optimisationl datigue fracture investigations.

INCONEL
718
Grdin Size Delta Phase vy " Precipitates
Optical Microscopy e
(OM) SEM TEM
Resolution 100-10 pm 10-1 pm 102107 pm >
XRD-Synchrothron
Fracture surface Fatigue striations +fy " Precipitates identification

Figure 1. 14 : Representation of the microstructual investigation methods used for Inconel 718.

In the following paragraphs, the different charastgion techniques will be presented
with a particular attention to their technical nughentations and applications.

V.1 Hardness measurements

Hardness measurements are carried out on an Ifistester. The Vickers hardness is
measured on polished samples, using 30 kg loateast three measurements are evaluated
across a surface.

V.2 Optical Microscopy

The study of the macrostructural appearance ofdigeed material is carried out by a Leica
LEITZ DMRX instrument. Samples are prepared by angical etching in a bath containing
hydrochloric acid (15 cc), Glycerol (10 cc) andicitacid (5 cc).

V.3 Scanning Electrons Microscopy (SEM)

Microstructural investigations are performed bya®ing Electron Microscopy (SEM-
FEG XL 30) provided with secondary and back sciteelectrons detectors. The system is
also equipped with an energy dispersion spectranfEAX DX4) that defines the X-ray
emission pattern of the investigated zone.
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Analyses are carried out following two main direas:

Post mortem specimen investigatioAsdetailed examination of the fracture surfacés o
the fatigued samples are conducted in order tostiyate the different damage stages, that
are crack initiation, crack propagation and finatastrophic fracture. Considering crack
initiation, post-mortem samples are investigatewbugh an accurate observation of the
longitudinal cross-sections. Generally, at the ehthe LCF test the specimen is fractured,
by a tensile loading, in two parts. One of thentasserved for further analyses, while the
other part is cut along the sample axis and prepfmefailure analysis. SEM investigations
are then conducted on these longitudinal sectianerder to point out the effect of the
microstructure on the crack initiation. Fracturefaces are finally analysed to investigate the
crack propagation path as well as the crack prdmagamode (transgranular or
intergranular).

Microstructural evolution investigationsthe optimisation of the thermal treatment
parameters is strongly examined by a main invesbigaof their single effects on the
microstructural properties. Results are reportedhapter V where particular attention is
given to the impact of solutionizing temperaturetio@ content of the delta phase and on the
evolution of the grain size.

V.3.A Metallographic samples preparation

Samples for SEM investigations are mounted in cotiwdg thermosetting resins and
ground down under running water using a seriesliobs carbides papers finishing on 1200
grit. Polishing is carried out using 6, 3 andridiamond pastes.

An electrolytic etching at 2.5 V potential in a batontaining 10 ml 50O, in 100 ml of
water is used to reveal microstructural details.

V.4  Transmission Electron Microscopy (TEM)

The transmission electron microscopy (TEM) is aroscopy technique whereby a beam
of electrons is transmitted through an ultra thpe@men, interacting with it and revealing
the finest details of the material structure. Beseathe wavelength of electrons is much
smaller than that of photons (where wave-lengtiresponds to the visible region of the
spectrum), the optimal resolution attainable folMI'Enages is many orders of magnitude
better than that from a light microscope

Sample preparation is a necessary prerequisifge@fi thickness is required to allow the
electrons transmission through the sample.

The first step consists in sectioning the matentd thin wafers, approximately Oum in
thickness. This operation determines the oriematd the sample in the microscope,
especially when the crystallographic orientatiomisestigated.

The sample is then submitted to a mechanical polisemploying SiC disks driven by
motors of adjustable speed. Polishing begins witltcoarse abrasive and carries on
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progressively with finer abrasive grains. This proes a surface of decreasing roughness and
homogeneously eroded.

The specimen, consisting in thin plate of 30 pntkhess, is then subjected to an
electrolytic thinning with a STRUERS Tenupdl-Bquipment. The electrolytic bath consists
of a solution of 900 ml of methanol, 100 ml of gdoric acid and 200 ml of Butyl
Cellosolve. The procedure is carried out at —150@lyang a current ranging between 500
and 600 mA. Dissolution takes place on both fac®&d the specimen is perforated. The
voltage is turned off to avoid further dissolutiointhe hole thin edges. The specimen, placed
on a support microscope grid, is ready to be oleskrv

Investigation are performed at CEMES-CNRS laboyaitorToulouse using a JEOL-JEM
2010 microscope equipped with a single crystal LéiB6nent and an accelerating voltage
equal to 200kV. This system ensures a better brggst than a common Tungsten filament
and a high resolution imaging with 0.23 nm poirsiolation.

V.5 Image Analysis

The image analysis is an analytical technique ptorexploit the information contained in
pictures. The main objective associated to this houwlogy consists in a specific
modification of the picture to quantify the relevamformation.

For our researches, the technique is used forreastgical analysis of the deltd)(phase in
order to quantify the surface fraction and the rotpgy of the precipitates. The employed
methodology is based on a series of operationsl@senathematical concepts. Analyses are
performed using ApheliGhsoftware: every stage of the study is considenénl & specific
algorithm composed of four main operations. Thelipieary stage is based on a pre-
treatment/ filtering operation prone to increase timage quality through a contour
smoothing and contrast enhancement. The imagentegatis followed by a contrast
inversion and binarization (Figure Ill. 15). Delpaecipitates are then isolated from the
background (matrix) and the procedure is conclubgda morphological characterisation
prone to describe their sizes and shapes througititative parameters. The algorithm
contains also a specific function which allows énesion of all particles having connections
with the image edges.

Two parameters are associated to the circularity @longation of each precipitate: the
relative values range between 0 and 1.

Circularity (called C(x)) is defined as the ratietlween the equivalent area circle perimeter
divided by the actual particle perimeter. When C£#) the particle is perfectly circular.
Conversely, when the circularity value is closedz&vo, the precipitate exhibits irregular
edges.

Elongation (called R(x)) is calculated from one usrnthe ratio between the ellipse axes
(major axis L and minor axis |). Considering a petfcircular particle (L=l), elongation is
equal to zero.
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Figure 1. 15 : Image analysis - original picture (a) and relative binarization (b).

V.6 Synchrotron X-ray diffraction

Synchrothon XRD represents an advanced method for tetermination of
macromolecular structures that are unsuitable tectlesing conventional XRD sources.

In this study, measurements are made at thepBaro Synchrotron Radiation technique
(ESRF, Grenoble, France) where the radiation cbeldccessed at 30 beam-lines. All tests
have been carried out using the ID15 line whiatledicated to the high energy diffraction.

The interest of these studies is the exploitatibthe high intensity and penetration depth
of the synchrotron radiation for the intermetafliitases detection in Inconel 718. The photon
energy used is equal to 87 keV, correspondinggamiivelength of 0.141A.

The technique involves a direct collection of diffted patterns in digital form, using a
high resolution CCD camera. All the diffraction aatre collected in one measurement: the
ring-like pattern, produced on a plane normal ®ititident beam, is then acquired using an
X-ray image intensifier. The number of completdrdittion rings is optimised by choosing
the appropriate distance between the sample and@iiecamera.

The radial integration of the ring intensity, arduthe entire radius, gives a conventional
one-dimensional pattern which can be exploitedheysame method used for XRD.

V.7 Thermo-analytical techniques

Thermal analysis stands for a group of techniqoneshich the properties of the alloy are
monitored as function of time and temperature. &dli, methods of thermal analysis allow
the study of chemical/metallurgical processes dénatassociated to heating or cooling.

The aim of this work is to characterize the mianestural evolutions of Inconel during the
thermal treatment. For this purpose, as indicatedrigure Ill. 16, the thermo-analytical
methods improve the knowledge provided by the imaghniques (SEM, Image analysis
and TEM) monitoring the phases transformations raeidms and their kinetics.
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Figure 1lI. 16 : Analytical techniques for the study of structural evolutions.

V.7.A Differential Thermal Analysis (DTA)

Differential thermal analysis (DTA) measurements eonducted with a Setaram SETSYS
16/18 system. The test specimen, whose weightusaldq 0.1 g, is situated in high purity
recrystallized alumina crucible that is suspendeunfthe top of the vacuum resistance-
heated furnace. The heating ramp is fixed at 10hCimorder to provide a good resolution
in the peaks observation. All tests are carried under helium atmosphere to reduce the
oxidation risks. Prior to the first run, the DTAllsewere completely purged with the inert
gas. this methodology is applied to the study ebirel 718 by the aim to define the solvus
temperaturew of the various intermetallic phaseg @ndy”),

V.7.B Thermal Expansion measurements

Comparative measurements to DTA are carried ouh vah horizontal push-rod
dilatometer (Netsch DIL 402 C) with a resolutiontoB nm/digit.

The dilatometer consists of a double wall aluminhet an alumina push rod and a
movable furnace (Figure 1ll. 17). The inner aluminée contains the sample support, the
thermocouple and guides the push-rod, while therowtbe acts as vacuum chamber. The
alumina push-rod is balanced by a counter weiglatvtod pressure on the sample, while the
change in length are inductively measured by a L\&#p3temHermann et al.,2003]

Cylindrical samples, with a diameter of 8 mm andeagth of 8 mm, are used.
Measurements are performed with heating and coddites equal to 10°C/min, under helium
atmosphere.

Figure lll. 17 : Schematic representation of the datometer.

Thermal expansion measurements provide providerndton to the DTA data,
investigating, in detail, the microstructural eva of the alloy under the effect of the
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thermal treatment.

V.8 Thermal treatments method

In order to characterize the microstructural evohg of Inconel 718 and the effect of
microstructure on the fatigue behaviour, differém@rmal treatments are conducted, as it will
be reported at the end of the chapter.

Two modalities of tests are considered as funatidihe specific objective:

Microstructural characterisationall heat treatments are performed in a laborateryical
furnace under an argon atmosphere. Small cylinds@aples = 18 mm and I= 25 mm),
extracted from the LCF specimen heads are considerethese treatments. Assumption is
made that no changes occurs in this parts of sgeciuring the thermo-mechanical tests
thanks to the water cooled fixtures that enableower-heating of the material. All samples
are cooled in air at the end of thermal treatment.

Material optimisation for fatigue testsn this case all treatments are carried out in an
industrial furnace in collaboration with Thermi-®ane in Toulouse. The solutionizing
treatments are carried out under vacuum at diffammperatures using an irradiation heating
system and employing oil or air quench, dependiamfthe treatment specification . Ageing
treatments have been conducted under convectivenheahich allows a better control of
temperature especially at low temperature (belovd°8% Temperatures are strictly
controlled by the use of a thermocouple placedhathieart of a reference sample of Inconel
718.

V.9 Isolation and determination of the lattice misf it of
intermetallic phases

Chemical matrix dissolution

A 4

Centrifugation

Precipitates

XRD : cristallography

P- y : chemical composition
ICP-OES : chemical composition ICP-OES P

Figure Ill. 18 : Experimental method adopted for intermetallic phases extraction and determination.
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V.9.A Precipitates extraction

Intermetallic precipitatesi(y’ andy”) are extracted using anode selective electralyBis
determine the conditions under which the procesdgeslectrolytic extraction should be
conducted, the anodic polarisation curves have l@tuated. Adequately prepared heat
treated samples are immersed, at a temperatur® 6€C2in an electrolyte solution whose
composition is confidential. A three electrodexetechemical cell using Inconel 718 sample
as the working electrode, while a platinum auxylimlectrode and a Calomel reference
electrode. Typically, one hour of electrolytic dikgion leads to a precipitates extraction of 6
g/l. The solution is then centrifuged during 40 atgs with a Beckman Coulter Avanti J-30I
centrifugal machine equipped with a JA-30.50Ti rofbhe adopted radial acceleration is
approximately 110 000G. After centrifugation, theengler is ultrasonically cleaned and then
placed in a vortex mixer. Afterwards, a second rieigation under the same experimental
conditions is performed. After three cycles, thavger is dried at 65°C for 12 hours.

V.9.B X-ray diffraction

In our specific studies, XRD is employed for theentfication of the extracted
intermetallic phasess(y' and y”) and for the study of the relative experimentattite
parameters.

The XRD analyses are carried out by a Philips X-PERfractometer equipped of a Cu
anticathodeXc,=0.154 nm) whereas the exploitation of the diffiactpatterns is realised by
X'PERT High Scor& software developed by PANalyti¢al

The experimental configuration, used for all testseported in Figure I11. 19.

X-Ray detector

Soller slit

/ Monochromator
: Anti-scattering

slit

X-Ray Source
Soller slit

Divergence
slit Beam

mask

ample

Figure 1lI. 19 : Experimental configuration for XRD analyses.

In our specific studies, XRD is employed for theentfication of the extracted
intermetallic phasess(y' and y”) and for the study of the relative experimentattite
parameters.

V.9.C Crystallographic lattice parameters evaluation

The XRD patterns obtained from individual precif@t extraction give important
information about the size and the shape of thé calis, which determine the relative
position of the diffraction peaks.
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According to Bragg law) = 2d sind, it can be written:
1 _ 4sin®$
dth2 /12

Eq. Il 1

In such a way, through the study of the properlgeikred XRD patterns, the lattice
parameters can be evaluated combining the Braggvliwthe plane spacing equation.
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VI Conclusions

The chapter has been dedicated to the descriptithe @xperimental methods used for the
research studies. Three types of investigationnigcies are considered: thermo-mechanical,
microstructural and thermo-analytical methods.

A detailed description of the standard grade obihat 718 has been reported in the second
part of the chapter. A particular attention hasnbgigen to the microstructure features and to
the standard heat treatment process. Finally, &ifgpeexperimental approach for the
microstructural optimization is presented. Altermathermal treatments have been designed
in order to maximize the mechanical propertieshefdlloy.

Table Ill. 7 reports the alternative grades of m&lo718 that will be considered for the
microstructural and thermo-mechanical charactedmat carried out in Chapter 1V (standard
grade in various LCF test conditions) and in Chaytéalternative grades under LCF typical
of extrusion conditions).

HEAT TREATMENT PARAMATERS TENSILE TESTS DATA
Heat Treatment | Ta(T) | Tri(T) [ tri(h) | TR (T) | tro(h) | YS[MPa] | E [MPa] |UTS [MPa]|l A [%]
STANDARD | 955 [1h] 720 8 620 8 998 163216 1228 35.3
Tr.990 990 [1h] 720 8 620 8 1078 164495 1271 36
Tr.1000 1000 [1h] 750 4 620 8 1116 165596 1297 34.6
APl 6A 1032 [1.5h]] 785 6 / / 755 162691 996 46
DIRECT AGE
(DA) / 720 8 620 8 1133 165500 1280 33

Table 1ll. 7 : Summary of Inconel 718 thermal treatments
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Chapter IV

Fatigue performances of standard
Inconel 718: the influence of
material-extrinsic parameters

“Seule la paresse fatigue le cerveau”.

Louis Pauwels
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Chapter IV - Fatigue performances of standard Inco nel
718: the influence of material-extrinsic parameters

I Introduction

The aim of this chapter is to assess the fatigiaweur of Inconel 718, at 550°C, under
various LCF conditions. The first part deals witie tcyclic behaviour of the alloy. Different
examples of tests are carried out in order to @edircyclic model prone to evaluate the stress-
strain state in an extrusion die. Some parametersised to describe and characterize the
cyclic behaviour of Inconel 718. Secondary, aesenof strain-controlled low cycle fatigue
tests is conducted to investigate the impact ofouar parameters on the behaviour of the
material. Namely, focus is placed on the influen€dhe extrinsic parametersuch as the
cycle frequency, the strain rate, the holding tiomeler load and the stress relaxation. A
detailed characterisation of the fatigue-inducegture surfaces is performed to analyse the
role of the alloy microstructure on the mode ofc&raropagation. In order to account for the
time dependent effect of the mechanical responseecdlloy, the Portevin-Le Chéatelier effect
and the oxidation behaviour of the material areussed. Results are analysed in terms of
Manson-Coffin plots to discriminate the relativepact of the various tested parameters on
the stress/strain response and the fatigue liteeofaterial.

Finally, a fractographic method, based on microsadpnvestigations, is proposed in order
to predict the crack growth rate of prevalent ceaghder LCF conditions.
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II Cyclic behaviour of Inconel 718

During hot extrusion, dies experience thermo-medahnloading, whose magnitude
depends on the working conditions (extrusion speatlp, ) and the billet material. The
critical regions of the tools are generally edgesition changes and areas under high stress
triaxialities and large accumulated inelastic sigaiThe failure usually originates from a
combination of different factors, like an arisirgcél overload, material defects, wear at the
contact surface tool-billet, as well as creep-iatigamage.

The extrusion industry tries to accelerate the rfeanturing process by increasing the billet
temperature and by accelerating the press spe@&seTparameters contribute to modify the
loading conditions which have a negative impacttioa service life of the tools. As a
consequence, each component of the extrusiondaml!lfacker, container and dummy block)
must be carefully designed in order to find optimpracess conditions and reduce the risks
of failure. Numerical simulation seems to be adégua provide the strain-stress response
induced at different locations of the tool and twwmpare different operatingonditions
(extrusion speed, die design, billet mater{&s)mphals et al.,2010]

Most of today's Hydro Aluminium extrusion die demgients are based on numerical
simulations performed using static material mogt(opic hardening model based on 550°C
tensile test results) to provide the strain-stresponse at different locations of the tool. The
progressing use of Inconel 718 to manufacture siirudies has provided significant
increase performance and profitability in assoorativith high die cost. It is of interest, in
some clear cases, to have the possibility to sitmulee actual behaviour of the die material
towards Creep-Low Cycle fatigue. The die experierbés type of loading through extrusion
cycles and a progressive, non-linear plastic defion leads to the loss of extruded profile
tolerances. For these reasons, it could be critcalssess the "lifetime potential” of a given
die design by Finite Elements (FE) analysis usirfgymamic material model” The output
may simplify the decision to manufacture the dimgsuch design.

Some prerequisites are, however, mandatory to eehhese results. First, a cyclic elasto
plastic behaviour model has to be identified frome odimensional fatigue tests. The
complexity of its formulation depends on the coesddl thermo-mechanical loading
conditions. Finally, the model will be integrateda a FE code in order to perform dynamic
calculations at the scale of the extrusion diesuRe provided by these analyses can be
compared to the stress-strain level and die dédleatyclically measured on the extrusion
dies and calculated by the traditional FE simutatibhese topics will be described in the next
sections, with a particular attention to the add@eperimental procedure.
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1.1  Experimental procedure for behaviour model ide  ntification

An optimized test procedure has been developedirwitie ICA laboratory in order to
reduce the number of test specimens and to decneaspower and time required for model
parameter identification.

Strain controlled fatigue tests including differsirain rates, tensile and compressive dwell
times will be performed. These tests play an imgudrtrole in the assessment of the
Baushinger effects, cyclic softening, strain raesstivity and stress relaxation during holding
time. All tests have been performed using LCF speas treated with the Tr.990 procedure.

All parameters of these tests have been carefalgcted in order to represent the typical
loads expected in dies giving a general validityhef model whatever the extrusion process.
Figure IV. 1 illustrates the experimental procedame the related identification methodology
considered in this study.

Y - : g - NE -
T Ac, =408 412 £15%  Te, =10"5" & =107s" g, =105
E-,T E-,T
Time Time
&
Ao/2 Isotropic component Kinematic component
identification identification

Drag Stress Back stress ‘

L J

Number of Cycles
Figure IV. 1 : Experimental tests and related idenfication methodology [Velay,2003].

The fatigue test procedure is defined by a symuatiotal strain push-pull test with a
fixed strain rangeA&; and a constant strain rate. The adopted total strain range is varied
from +£0.8% to +1.5%. The number of cycles is sid to reach a cumulative plastic strain
close to 3 for each applied strain range. Then,mtie pseudo-stabilised cycle (linear
softening) is reached, cyclic tests are performel s variation of strain rate. Three levels of
strain rate are consideret:=107%s™?, £, =107s™and £, =10™s™. For all the tests, only
one level of temperature T=550°C is investigatembl@ IV. 1 illustrates the different fatigue
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test conditions.

Strain range Strain rate Stabilised cycle
Ag; [%] £ [sY
Test 1 +0.8 10° 350
Test 2 +0.8 10° 300
Test 3 +1.2 10° 150
Test 4 +1.2 10° 150
Test5 +1.5 10° 80

Table IV. 1 : Experimental LCF test conditions.

Figure IV. 2- Figure IV. 5 present some experimergaults. Figure IV. 2 and Figure IV. 3
show that no significant effect of the strain ret@bserved, cyclic plasticity induced in both
tests is very close. The viscous effect can benasdunegligible. Moreover, an increase of the
strain amplitude applied leads to a more importadic plasticity and higher stress levels
(Figure IV. 4). This phenomenon can also be obskovethe stabilised cycle (Figure IV. 5).
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Figure 1V. 2 : Strain controlled fatigue tests witha total strain amplitude of £0.8% (T=550°C).
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and +1.5.% (T=550°C).
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[I.2 Identification and validation of a cyclic elas  to-plastic model

The considered material model is a rate-independersion of the nonlinear kinematic
hardening model proposed by Chabodhemaitre et al.,1987; Chaboche et al.,1994;
Ponnelle,2001; Velay,2003]whose formulation, according to the von Misedecion, is
expressed as:

F= (30 - )3 -a)) -R=0 R

Where R is the isotropic hardening a{m} the kinematic hardening.

NP

According to the normality rule, the associateavflule becomes:

E }:jé_Fé;.M

P oo} 2 o

€q

Wherel is the plastic multiplier.

The development of the internal back-stress tendr represents a strain-induced
anisotropy. The evolution c{fa} is related to the Bauschinger effect via the disptaent of
the midpoint of the elastic range, the so callewtkiatic hardening.

As a consequence, the back stress is definedwgseg®sition of two kinematic hardening
models:

{a.}={a}+{a,} Eq. IV. 3

Where{al} represents the fast nonlinear kinematic hardeaingw inelastic strain and
{a,}describes the slower hardening with inelastic steailarger deformatiomé,>1%).

The kinematic hardening evolution is defined as:

{”} =5C {f°pl}-%{ai}h

WhereC; and y; [{i = 1,2)are temperature and material dependent parameters.

Moreover, the plastic multiplier can also be naisd

A= %{g.pl} : {gopl} =&l s

The increaseR) of the initial elastic limit K) describes the expansion of the elastic range,
the so called isotropic hardening
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In such a way, the isotropic hardening varialdieg stresytakes the following form:

Eq. IV. 6

0 O
R=k+Rent+R,|1-€"

Where k is the elastic limit,Ry,,R,and b are temperature and material dependent
parameters.

To be more precis®reflects the linear softening of the materiatharacterizes the rate of
isotropic hardening with the cumulated inelastraists,, and R the asymptotic value

L
assumed bR wheree, — o (Cyclic softening).

The whole model includes 9 parameters to be debteani4 parameters to define the
isotropic componentk( Ry, R, andb) and 4 parameters to define the kinematic compo@gent
and y;(i = 1,2). The Young moduludH) is also required.

The identification process requires a calibratibthe coefficients based on the raw data of
the isothermal LCF tests. Solutions are obtainedgusptimization algorithms (such as
Levenberg-Marquardt algorithm in Z-set softwaredl adopting a step by step procedure. In
this way, the coefficients associated to the kineraw are identified analyzing the pseudo-
stabilized cycles obtained from the LCF tests peném at different strain rates.

Then, the previously calibrated parameters repteaegood base for the next steps,
allowing good quality solutions for the isotropioetficients. The method consists in a
minimization of the error function which represettie difference between the experimental
and the simulated data. The calibrated valuesrasepted in Table IV. 2.

E k Cl Y1 Cz 2 Ro R°° b
[MPa] | [MPa] | [MPa] [MPal] [MPa] | [MPa]

160200 670 223140 1000 38510 14% -13.25 -190 +3.41

Table IV. 2 : Identified model behaviour parametersfor Inconel 718 at 550°C.

Figure IV. 6 presents the comparison between exyrtial and calculated strain-stress
responses for the stabilised cycle, selected atifeglfor three different strain ranges (£0.8%,
+1.2% and +1.5%). Figure IV. 7 shows the evolutainthe maximal stress at each cycle
versus the cumulated plastic strain. The behavinadel is able to take into account the

cyclic softening of the material.
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Figure 1IV. 7 : Cyclic softening for various strainranges; comparison of simulation and experiment.

Finally, once the constitutive parameters have beéentified, the model needs to be
validated for various mechanical conditions. Exmpemtal fatigue tests carried out at 550°C
by the application of a trapezoidal signal in totfain control (extrusion conditions
simulation (see chapter 1)), are considered andstiess-strain responses are compared with
those assessed by the elasto-plastic model. Tleetasel lifetime tests include total strain
amplitudes ranging between 1.0 and 1.5 % at anstaaé of 5x10 s*. Figure IV. 8 reports a
comparison of the simulated and experimental ssgas responses respectively evaluated
at the first cycle (a), during preliminary softegistage (10 cycle) (b), and at the half-life
(stabilised stage) (c).
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Figure 1V. 8 : Stabilised stress-strain response®f various total strain (+1%,+1.2% and +1.5%) at
different stages of the LCF test. Dotted lines: exgrimental; Continuous line: simulation.

(a) first cycle; (b) preliminary softening (10" cycle); (c) stabilized cycle (half-life)
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It is evident that the model is able to provide @ycegreement with all experimental
evidences. The use of a cyclic behaviour modelbegs identified as a valid alternative to
describe mechanical loadings close to those indurcdte extrusion dies. It allows describing
the Baushinger effect through a kinematic compoaedtthe cyclic softening of the material
through a linear-non linear isotropic componentwdeer, viscous effects, like strain rate
effects or stress relaxation during holding timenaiximum strain, are not considered in the
model formulation. Moreover, the present model lsanntegrated in a Finite Elements code,
prone to predict the stress-strain distributioditierent locations of an extrusion die.

1.3 The application of the Dynamic Modelling to an industrial
case: the Inconel 718 base tube extrusion die.

[I.3.A Case description and model integration

The base tube die is a modular extrusion tool trsgadoduce large volumef high strength
Aluminium alloy D x t = 25 x 2 mm extruded tubegkre 1V. 9 shows the details of the die
and its relative assembling configuration in th&wsion press (Longitudinal section view). A
die plate insert bearing ring made of a heat rasistaterial (C) and a plate holder (D) is
fitted into the die holder (A). A mandrel ring (B) tightly adjusted on pole (E) on the holder
[Pasqualon,2010]

(b)

Figure IV. 9 : Details (a) and assembling (b) of &ase tube die for base tube extrusion.

Usually, the die holder (A) is made of H13 hot-wadbl steel as well as the plate holder
(D). Most of manufacturing tolerances of the digeirt diameters are0,01mm.

In extruding high strength alloy, a large prescéois needed and repeated dies deflection
lead to permanent centrifuge displacement of thendm pole (E) leading to Al-tube
eccentricity defect. Out of tolerance tubes foremtdcity cannot be allowed in subsequent
drawing process steps, low life die holders are #erapped at significant cost.

Figure 1V. 10 shows a x50 magnified displacemendiefholder cross-section (upper part)
showing the radial outward displacement of the jgodnd attached ring B.
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Radial Imwards.

Figure 1V. 10 : Magnified displacement (50x) of bas tube die during early stage of press cycle shovgn

outwards movement of the mandrel pole and ring.

A Ni-superalloy Modular Extrusion Die (Hydro Alumim patent pending) including a
holder (A) made of Inconel 718 was designed in otdemprove life by controlling above
rapid growing permanent displacement observed ir8 Hdol. The die assembling is
completed by a simple bolt locking the mandrel ihaad a backer die made in H13 steel (G).

To compensate the deflection of the poles, a matapate shift of 0.05 mm was introduced
on the Inconel 718 holder.

Eccentricity assessment is performed on Al-tubesndtof each production run, following
the practice illustrated in Figure IV. 11. Maximweucentricity defined as the tube thickness
difference in 6 and 12 o’clock positions is pickiesl each of the 6 cavities and plotted.
Maximum permitted eccentricity being 0.2 mm.

1Zh

9h

Gh

Figure IV. 11 : Tube eccentricity assessed by measment of tube thickness at end of each production

run. Measurements are performed at 6 and 12 o’cldcpositions along die radial axis.

The eccentricity evolution is the direct conseqeent continuous deformation acting on
specific zones of the die. For this reason, a fipdaiowledge of the stress/strain distribution
through the tool during the extrusion process cdaglch valid support for an optimisation of
the tool design and the enhancement of the progluality. In such a way, the elato-plastic
model presented in the previous section could tegrated into a Finite Elements (FE) code
in order to perform dynamic calculation at the eaafl the base tube extrusion die for the first
25 cycles. All calculations were performed by a Hyd\luminium external partner using
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Ansys Software, taking into account the hydrostptessure die distribution, friction loading
at the contact surfaces between die and alloyefapplied directly on the die by container
during press cycle. Appropriate overall model syrmneare considered to optimize
calculation time and simulation applies on a 1/p2* shape section of the tool stack.

Figure 1V. 12 shows output of the FE Analysis ass pihastic strain distribution on a single
cavity of the base tube holder respectively forftrst and twenty-fifth cycle.

Cycle 25th

Cycle 1st

Ae,~0.89%| e =0.8%

FER XTRES(M dymamic material FER XTREZ504 dymamic matarial

|Ae,=1.48%| |Ae,=1.2%)

Figure 1V. 12 : FE simulation obtained by the applcation of the Dynamic Modelling: Inelastic strain

representations through the extrusion die for the ¥ and the 25" cycle.

Pictures demonstrate that zones of transition kertwiee bridge web and the mandrel pole
exhibits highest stress concentration, called “Hpbts” (see chapter 1), well above the yield
strength of the material generating a plastic aeé&tion. Additional results of the FE
simulations are reported in Appendix A.

These analyses corresponds to a specific instatfieoéxtrusions cycle, called ‘End of the
press cycle”, which corresponds to the extrusiotheffinal part of billet. This moment in the
cycle corresponds to maximum deformation inducedcbmbined loading effects on the
holder.

Figure IV. 13 displays the evolution of the totallastic and elastic strain acting in the most
critical hot spot as a function of the number ohglated extrusion cycles. A significant
enhancement of the plastic and total deformatioexisibited during the very first cycles,
followed by a pseudo-stabilized stage where thiagtie strain increases much more slowly.
As a result, the elastic strain, which is definadtlze difference between the total and the
plastic deformation, progressively decreases froenfirst cycle till assuming an asymptotic
value.
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—a— Total Strain —a— Plastic Strain —a— Elastic Strain

STrain [%]

Extrusion Cycles [Cycles]

Figure 1V. 13 : Evolution of the total, plastic andinelastic strains, predicted by FE in the most ctical hot
spot, as a function of the extrusion cycles

This specific strain evolution can be explained dydetailed investigation of stress
distribution in the die. In addition to the simudsis reported in Appendix A, that show the
“o01” (S1) stress assessment for all extrusion cycle25), Figure IV. 14 displays the
evolution of the equivalent stress (Von Mises)ha most critical hot spot.

‘—0— Equivalent Von Mises Stress

1100

1050 -
1000 -
950 -
900 -

Stress [MPa]

850 -
800 -

750 T T T T T
0 5 10 15 20 25

Extrusion Cycles [Cycles]

Figure IV. 14 : Evolution of the equivalent Von Mises stress, predicted by FE in the most critical hatpot,
as a function of the extrusion cycles.

As expected, these regions exhibit a preliminaffestng stage, where a severe decreases
of the stress and an increase of the plastic stetur, followed by a “pseudo stabilized-
stage” where strain and stress amplitudes are aippately constant.

As reported in Chapter I, the cyclic responseha imaterial is related to microstructural
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evolutions. The shearing 9T particles, operated by partial dislocations, lissely related to
the preliminary fatigue stage. The precipitatestiogtdecreases the apparent mean area
intercepted by dislocations along their slip plangising rise to a strong decrease of the
applied stress. When the accumulated plastic strareases, the deformation structure
becomes more and more heterogeneous. Plasticagssciated to the deformation of intense
deformation bands, identified by Fourn[€ournier et al.,1977] as twins, which control the
pseudo-stabilized stage. The mechanical shearitigeqgfrecipitates, associated to a reduction
of their size, is the main explanation for cycladtening[Kalluri et al.,2004].

[1.3.B Dynamic model validation

The results obtained by the integration of the dyisamodeling into a FEA code needs to
be confirmed experimentally. Also it is interestitg compare this material model with a
simpler kinematic hardening model. For this pugg@®o approaches could be followed:

- FE benchmark with static model the results provided by the dynamic modelling
are compared to those obtained by the traditioBahralyses performed on the same
die design using a isotropic hardening material @h@ensile test data).

- Industrial benchmark: the most limiting aspect associated to the babe tie
consists in the centrifuge displacement of the melngole leading to Al-tube
eccentricity defects. In such a way, the FE resarésan important support to predict
the mandrel deformation, cycle by cycle, and thesegquent eccentricity produced on
the extruded profile. As consequence, a direct lr@acking between the predicted
values of eccentricity by the dynamic modelling idgrfirst few cycles and the
reference data measured on tubes, for a brand newhalder, shall increase
confidence in the correctness of the material mddehulation to simulate the
behaviour of dies. This verification is on-going nwoat Hydro Aluminium.
Preliminary observations show a good correlationvben macroscopic deformation
(eccentricity) provided at 25 cycles and the finstlustrial production base on
assessements at a larger number of cycles. Eaagntrieasurements at each of the
first 25 cycles on a new die is planned.

In the following section, the FE benchmark withtistanodel is described in detail.

11.3.B.1 Experimental approach — FE benchmark with static el

The first task to check the output of the Dynamigddlling consists in a direct benchmark
of the results obtained by this new method withséhprovided by the traditional approach.
This latter is based on the integration of an gutr hardening model, calibrated on Inconel
718 tensile test data evaluated at 550°C, in adele.c

Figure IV. 15 compares the two approaches apptigtie case of the base tube extrusion die.
The predicted inelastic strains in the hot spod @re in good agreement.
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Traditional

" |Dynamic Model
approach

Cycle 1st

WL |

Ae,=0.2% Ae,=0.2%

e, =0.89%] [ne,=0.8%) | Ae,=0.8%] |Ae,=0.7%]
FEA HTRZ504 dynamic material | HTR2054 die - Fef.Case Static |
Figure IV. 15 : Comparison of the FE results obtaied by the traditional experimental approach (isotrgic
hardening law) and the Dynamic Model (elasto-plasti model).
Table reports the values of the predicted valuedubk thicknesses and the relative
eccentricity calculated for both methods.

Experimental approach K [mm] Tour[mm] Eccentricity [mm]
Dynamic Modelling (i cycle) 2.156 1.994 -0.161
Traditional Approach 2.153 1.997 -0.157

Table IV. 3 : Comparison of the predicted tube ecadricity obtained by the two experimental methods.

The calculations carried out by both methods arelai. However, the traditional approach
does not take into consideration the evolutiorheflbading state that takes place, through the
die, cycle by cycle. In such a way, the resultsyjgled by the FE analyses are in agreement
with the Dynamic Modelling only for the first cyclaut they do not implement the transient
mechanisms (such as the Inconel 718 softening)ronguduring the following cycles.

1.4 Partial Conclusions

The first part of this chapter has been dedicatethé study of the cyclic behaviour of
Inconel 718. A cyclic behaviour model has beenbcated and validated by numerous
comparisons with data obtained from LCF tests. Thasidered model is a strain rate
independent version of the non-linear kinematicdeamg model proposed by Chaboche
[Chaboche et al.,1994] The constitutive equations have been integrated FE code to
predict the evolution of the stress-strain statannextrusion die. Good control of the cyclic
behaviour and deformation mechanisms through thee igli of primary importance for
extrusion product quality. The application of the called “Dynamic Material Modelling”
constitutes an important alternatives to the caatlgt time-consuming trials and errors in die
design based on the know-how acquired throughuheiet practicgFiétier et al.,2009]

The model has been applied to the industrial caseder to simulate the loading state of
the “Base tube extrusion die” used by Hydro Alummi to produce large volumef
Aluminium high strength alloy extruded tube. A largress force needed to produce the
extruded profile induces a permanent centrifugeldeement of the mandrel pole leading to

124



Chapter IV: Fatigue performances of standard Ink@b&: the influence of material-extrinsic paramste

Al-tube eccentricity defect.

A first benchmark with reference practice was mamlecompare the simulated results
obtained by the “dynamic model” with those repraetliby the traditional isotropic hardening
model based on tensile test data at 550C.Firsedyehchmark delivers similar results for
both dynamic and kinematic hardening model showimgt integration of the dynamic
material model in ANSYS provide comparable outputhwcurrent simpler modelling
approach.

Verification of the delivered macroscopic displaegrmby the dynamic modelling is on-going
at Hydro Aluminium. The model seems to be able tedgt eccentricity measured on

production parts at a larger amount of cycles, hame some practical geometrical
consideration of the Model itself need to be disedsfurther prior to definitive conclusion.

Practical measurements of the tube eccentricity thesfirst 25 cycles will be practiced in a
soon future at Hydro Aluminium.
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III Fatigue life of Inconel 718 under isothermal LCF
conditions

I11.1 Introduction

The isothermal LCF properties of Inconel 718 arseased by strain-controlled tests at
550°C carried out on samples treated accordindpneéostandard heat procedure. Results are
presented in the form of Manson Coffin and Basgelationships.

[ll.2 Fatigue life assessment

Low cycle fatigue is defined as the damage occgrafter a limited number of cycles,
typically lower than 10,000, as a consequence @if Biresses resulting in significant plastic
strain at each cycle. This type of fatigue mustbesidered when designing many industrial
components, especially when, because of geomesiogllarities for instance, high stress
can concentrate in specific locations. GeneralBagmg, the LCF results are assessed by the
following two power laws:

1. Manson-Coffin law:

As Eq. IV. 7

Tp =& L2Ng)°
Where:
« Agis the plastic strain amplitude at half life;
+ &' is an empirical constant known as thggue ductility coefficient
« Ngris the number of cycles to failure;

« cis an empirical constant known as thggue ductility exponentommonly
ranging from -0.5 to -0.7 for metals.

2. Basquin Law:

A Eqg. IV. 8
70 = Ce EQNR)p

Where:
+ Ao is the stress amplitude at half life;
« Ngris the number of cycles to failure
+ Cgsandpare empirical constants depending on material estoconditions.

A first approach to the fatigue life of Inconel 7i8based on a first series of tests carried
out, in total strain control at 550°C, considermgdriangular loading (R=-1) and a frequency
of 1 Hz.

Figure 1IV. 16 shows the Manson Coffin relatioratele to these type of tests compared to
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a series of tool steels with various hardness.sltyge of the straight line for Inconel 718, in a
bi-logarithmic plot, is equal to —0.58, in good egment with the previous description.

h X36CrMoV5-142 HRC - X36CrMoV5-1 50 HRC
. X37CrMoV5-1 44 HRC v X36CrMoV5-147.5 HRC
A  X37CrMoV5-1 47 HRC v X36CrMoV5-1 44 HRC
& X3I7CrMoV5-1 50 HRC A X36CrMoV5-1 46 HRC
—&—Inconel 71846HRC~ ===-=-- Master Curve
& X32CrMoV3-3 46 HRC
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Figure IV. 16 : Manson coffin diagram for LCF tests at 550°C/1Hz : comparison of Hot Work steels
[Delagnes,1998; Velay,2003; Bergstrom et al.,200&)d Inconel 718 results.
The diagram reports a direct benchmark of the datigroperties of the main hot work
steels reported in literature. All data are deriviein LCF tests carried out at 550°C at a
frequency of 1 HfDelagnes,1998; Velay,2003; Bergstrom et al.,2006]

In agreement with Bergstrom, a unique “Master faidife curve” can be drawn in the
Manson-Coffin diagram with the aim to predict, witasonable accuracy, the average fatigue
life for different grades of steels. In such a wengonel 718 shows better properties that the
traditional hot-work steels. For a similar appliadlastic strain4e;) the superalloy exhibits a
longer fatigue life than steels. The “Master curieévaluated by a linear regression method
that considers all the experimental results reigrtd steels: the slope of the Manson-Coffin
law, in the bi-logarithmic diagram, is equal to 6D.and it is closed to the fatigue ductility
exponent (-0.58) characteristic of Inconel 718. Thets may be considered as parallel,
assuming an average exponent (c) equal to —0.668udh a way it is possible to define a
factor R, that corresponds to the ratio between the twgdatiives as function of a similar
plastic strain amplitude:
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1
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the numerical application gives:

€t (INCONEL) Eq. 1.2

Fp, = 665

It is important to point out that the Sfactor is independent of the fatigife.

We can conclude that the use of Inconel 718 un@# tonditions improves fatigue life by
a factor of 6.65 as compared to traditional hotkuool steels.

+  X36CrMoV5-150HRC ¥ X36CrMoV5-144 HRC
v X36CrMoV5-147.5 HRC e X36CrMoV5-142HRC
4 X36CrMoV5-146.6 HRC —=—Inconel 718 46 HRC
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Figure IV. 17 : Basquin diagram for LCF tests at 58°C/1 Hz: comparison between Hot Work steels and
Inconel 718 results.

Figure IV. 17 reports the Basquin laws relativelrtoonel 718 and steels, where the half
stress amplitudeAg/2) is plotted as a function of the number of cgcte failure. This
representation reflects the material behavior ghtaycle fatigue (HCF) situations, where the
deformation is primarily elastic and more tharf t9cles are required to failure. In these
conditions (T=550°C), when the applied stress amnnidis are lower than the yield strength,
the material does not ensure similar performancekeufatigue loading as compared to the
hot work steels. Recall that LCF is typically defihby stress amplitudes between yield and
ultimate strength, and cyclic lives betweerf 10 cycles. As a consequence, the Manson-
Coffin diagram (Figure IV. 16) has pointed out thgh fatigue strength of Inconel 718 when
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large inelastic strain amplitudes are applied. €hresults point out that at 550°C, Inconel 718
exhibits a strong fatigue efficiency at high pieisg (LCF conditions), whereas it becomes
less performing when deformation is primarily eagtiCF conditions).

To better understand the different inelastic bebraof the alloys, Figure 1V. 18 exhibits the
same results reported in Figure IV. 17, where thess amplitude/Ao/2) is normalized as
function of the Yield Strength at room temperat(Reo 9. In this case, for a similar applied
ratio, Inconel 718 exhibits a better fatigue life.

4 X36CrMoV5-1 50 HRC ¥  X36CrMoV5-144 HRC
v X36CrMoV5-147.5 HRC n  X36CrMoV5-142 HRC
A X36CrMoV5-146.6 HRC —=—Inconel 718

Basquin Laws at 550°C/1Hz
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Figure 1V. 18 : Basquin diagram for LCF tests at 58°C/1Hz: stress amplitude is normalized as functionf
the Yield Strength at room temperature.

A detailed examination of the fracture surfacesheffatigued samples is conducted with a
particular attention to the different damage stagjest are crack initiation, crack propagation
and final catastrophic fracture. Clavel and Pin¢@lavel et al.,1982] showed that the
mechanism of crack initiation is closely relatedtibe development of intense deformation
bands formed by twinning which look like the soledlslip-band extrusion. In our case, the
crack initiation is investigated through a detailedservation of the longitudinal cross-
sections of each sample. Figure IV. 19 shows tlse @d a sample loaded with a strain
amplitude of 1.5%. This is a common Stage | intiatsite: The crack propagates until it is
decelerated by a microstructural barrier such gsm boundary, inclusions, plate-like delta
phase, which cannot accommodate the initial craolwthp direction The number of initiation
sites is function of the amplitude of the plastiais.
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Figure IV. 19 : SEM investigation of a typical crak initiation of a secondary crack under LCF test &
550°C

The crack propagation is shown in Figure 1V. 20evehfatigue striations are clearly revealed
on the fracture surface.

T~

Figure 1V. 20 : Scanning electron micrographs of facture surfaces after LCF tests at 550°C using a
triangular signal at 1Hz.

1.3 Cyclic stress-strain response

During fatigue loading, particular transient cychbenomenon can occur. Depending on the
initial state, material can show full stability,feming or hardening. Following the considerations
reported by Delagnefelagnes,1998] different behaviors may be identified kagure 1V. 21
where the half stress amplitude, showing differesntiations, is plotted versus the number of
cycles.
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a) Preliminary softening + Stabilization;
b) Preliminary softening + Continuous softening;
c) Preliminary hardening + Softening + Stabilization @ continuous softening;
d) Preliminary Hardening + Continuous softening

Figure IV. 21 : General cyclic stress responses [[2gnes,1998].

In general, a further distinction can be reportadsome cases, a pseudo stabilized stage is
shown after a preliminary softening (Figure IV. )( whereas, in other cases, materials
exhibit a secondary softening, less significanintiiae preliminary one, that progressively
develops until the propagation of a macroscopiclcocurs.

The cyclic stress curves, established for the cytelst results at 550°C/1Hz are reported in
Figure IV. 22. Materials show, whatever the applie@l strain is, a shargoftening from the
very first cycles, inducing a strong decrease efdyclic tensile stress with the number of cycles.
This preliminary softening is followed by a stabdd stage where the stress amplitude
remains constant.
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Inconel 718/550C/1Hz
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Figure 1V. 22 : Evolution of the stress amplitude \ith the number of cycles at 550°C for different toal
strain amplitudes.

Based on the cyclic stress curves, three stagelecdafined for Inconel 718:

- Preliminary softening stagea severe decrease of the stress occurs duringetiidfirst
cycles, associated to a significant enhancemethiegplastic strain.

- Pseudo stabilized stageghe plastic strain and stress amplitudes are cxppately
constant while the material is continuously defadnsong the hysteresis loop. This
region of cyclic saturation extends over the magt of the fatigue life.

- Macro-cracking stage the drop in tensile stress is directly related the rapid
propagation of macro-cracks within the monitoredggalength.

Figure IV. 23 shows the evolution of the relatedsgic strain during a LCF test carried out
at 550°C.

Inconel 718/550C/1Hz

Inelastic Strain

0,600/0 T T T T T T T
0 100 200 300 400 500 600 700 800
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Figure 1IV. 23 : Evolution of the inelastic strain during a LCF test at 1 Hz Ag=+1%).

Results dealing with the softening behavior mayplo&ed using the ratrzﬂ, whereAoi
1
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corresponds to the instantaneous stress amplitudida@l to the stress amplitude at the first
cycle, according to the number of cycles. (Figwed4). Accordingly, it can be pointed out
that for all strain amplitudes, the preliminaryteoing stage shows a similar softening rate
independently of the applied strain, giving riseatstress reduction of almost 15% in relation
to the first cycle.

Inconel 718/550°CHHz
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Figure IV. 24 : Normalized stress responses durinthe preliminary softening stage for different apllied
total strains at 550°C.
Figure IV. 25 reports a modeling approach by a pdas, showing good results. In such a
way, a unique master curve may be plotted for tifferdnt applied total strain amplitude,
leading to an qualitative prediction of the prehiauiy softening of Inconel 718 at 550°C.
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Figure IV. 25 : Modeling of the preliminary softening stage for different applied total strains.

As described in the first part of the Chapter, ¢lelic softening of Inconel 718 is mainly
associated to the mechanical shearing ofythprecipitates limiting their interaction with
dislocations.

In addition to the benchmarking analyses, repoftadfatigue life in Figure IV. 16,
between hot-work tool steels and Inconel 718, gt 26 exhibits a similar comparison in
terms of cyclic stress response based on literagsudts{Mebarki,2003].
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Stress Softening at 550C
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Figure 1V. 26 : Comparison between X38CrMoV5 (42 HR) and Inconel 718 stress responses during a

test at 550°C/1Hz using a total strain amplitude o£1%.

In this case it is still possible to describe afetégnt behavior between the materials:
X38CrMoV5 steels show a different softening meckaniwhere a preliminary strong
accommodation is followed by a continuous lineaftesong that extends until the macro-
cracking stage. This mechanism is due to a contisuarrangement of the dislocations
entanglement, formed as a consequence of the gugndhteatment. The dislocations
annihilation, due to cross slip at high temperatwentributes to lower the dislocations
density[Delagnes,1998]

In addition, the increase of the precipitates,saehigh temperature, enhances the cyclic
softening. As a result, the coalescence of carbidetuces the strengthening mechanisms
obtained by a fine precipitation during the ageireatment, improving the mobility of the
dislocations. At equal total applied strain, stem@sequently exhibit faster softening than
Inconel 718.

1.4 Representation of extrusion loading by LCF te  sts

One of the aim of this PhD work is the simulatidriree extrusion die loading by LCF tests.
As anticipated in chapter I, the loading state barapproached by a trapezoidal waveform
provided by a holding period of 150 s at maximahistand 20 s at minimal strain. Tests are
carried out at 550°C, in total strain control, wétlstrain rate of 5xIs™. This latter value is
chosen in order to be representative of the readify ramp considered for the extrusion
operations.

The results are reported in a Manson Coffin diagaaih compared to the data associated to
triangular waveform at 1 Hz with no holding timeiglre IV. 27). It is clear that the
application of a trapezoidal signal induces a rédaof the fatigue life of Inconel 718.
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Manson Coffin Inconel 718 550°C
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Figure 1IV. 27 : Effect of the trapezoidal signal orthe fatigue performance of Inconel 718 at 550°C.

According to the expression reported in the prewisection, the fatigue life ratio between
the application of a cyclic triangular signal ard & trapezoidal signal (150 _20 s) can be
evaluated considering the two relationships asllpastraight lines:

{ Ae, j
- 1
F = NR(CycIicIZIle) _ 2|1‘f(C)/C“C'j“*Z) —_ gf(Trapezoiddil]BO_ZOs) ¢ Eq. IV. 9
pe, — - T - V.
* Ni(rrapezoidarso_20s) A s €t (cyclicaHz)
p
2 Il‘f (Trapezoid&[150_20s)

In such a way, following an average slope as c&%).%e obtain:
Fae, = 339

Figure IV. 28 shows the cyclic response of the mteluring a test carried out at a total
strain amplitude of 2%: the extrusion cycle terml®mhance the cyclic softening, especially
during the pseudo-stabilized stage. Furthermomehminary crack initiation associated to

the severity of the extrusion cycle, could be cdestd as a possible explanation of the rapid
softening.
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Cyclic Stress response

—a—+1% 150_20 s —~— +1% Cyclic 1 Hz
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Figure 1V. 28 : Evolution of the cyclic stress amptude with the number of cycles at 550°C for a cyat (1
Hz) and a trapezoidal (150_20 s) signal§=+1%).

Figure IV. 29 shows the evolution of the plastiaism amplitude at half life as a function of
the total strain. The trapezoidal waveform increatbee plastic strain amplitude due to the
visco-plastic effects at 550°C. A possible explamatcan be proposed considering the
holding time effects as a time dependent problene Stress relaxation, occurring at cylle
while holding at constant strain, results in a dase of the material yield strength leading to
an increase of the plastic strain at cyidlel. This instantaneous process, operating at each
cycle, is characterized by a stress drop betweeanti080 MPa in the hysteresis loops, and
produced a global effect that can be noticed bynarease of the plastic strain at half life.

+ Holding 150_20 sec = Triangular 1 Hz
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Figure 1V. 29 : Relationship between the total stran and the plastic strain for LCF tests at 550°C uder
triangular signals at 1 Hz and trapezoidal waveforns (150 s holding time).

The effect of the stress relaxation on the inatastiain is showed in Figure 1V. 30, where a
triangular cycle is compared to a trapezoidal cyoléerms of stress-strain response. Both
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tests are carried out with total strain amplitudaat to 2%.
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Figure IV. 30 : Stress-Strain curves exhibiting thestress relaxation effects induced by a holding timat

tensile stress Ag=+1%).

The post mortem observation of the longitudinakisecof a typical specimen (Figure IV.
31 (a)) shows a transgranular crack propagatiorsemiondary cracks extending over a
distance of one or two grains. Considering cradpgagation, the fracture surfaces (Figure IV.
31 (b)) exhibits predominant transgranular propagat

Figure 1IV. 31 : SEM investigation of the longitudiral section (a) and fracture surfaces (b) of a post
mortem specimen submitted to a trapezoidal (150_2f) fatigue signal at 550°C.

It is obvious that the application of a trapezoifédigue cycle has a detrimental effect on
the fatigue life. However, the application of haolgitimes is not the only parameter that plays
a significant role. The chosen strain rate (5%&®) is lower than the value considered for the
triangular cycle: the decrease in the fatigue priogeecould be attributed to the simultaneous
impact of the strain rate and holding times ontmageformation. The individual influence of
these parameters is analyzed in the next sections.
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[11.4.A Effects of holding time on the fatigue behaviour

Although the effect of the holding time is well wrdtood for fatigue crack propagation,
further work is required to identify the mechanisbyswhich the application of the holding
time influences the fatigue life performances. Tieoduction of holding periods to a low
cycle fatigue test at high temperature can be densd as a frequency-related problem,
which requires investigating the interaction betwdatigue and creep, using trapezoidal
cycles. They are defined by the loading timeseicoads, at maximal and minimal strain. For
example, 150-20 indicates a wave-form with a h@dime of150 s at maximal strain and 20
s at minimal strain. All tests are carried out @tat strain controlled mode with an R ratio
equal to —1 and a strain rate of 5°&F. The investigation of the effect of holding timasha
strong interest for understanding the extrusiorcgse: the selection of different holding times
allows the simulation of different billet lengthe be extruded. For this reason, only the
holding time at maximal load, which represents éxé&usion time, is varied in the range
between 45 and 300 seconds, whereas the time telishianal loading is kept constant (20 s).
Results are presented in Figure IV. 32: it is ingpolr to point out that extending the holding
time, from 45 to 300 seconds, does not further e the number of cycles to failure. All
data satisfactorily fit a “Trapezoidal Master curvevaluated for the results obtained for
trapezoidal cycles, and located below the stralgi® of 1 Hz tests, performed with the
triangular cycles.

® Trapezoidal 300_20s = ====- Master Curve Trapezoidal
€ Trapezoidal 150 _20 s --O- - Cyclic1 Hz
A Trapezoidal 45_20s
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Figure 1V. 32 : Effect of holding time on fatigue ife of Inconel 718 at 550°C.

Figure IV. 33 focuses on the stress response.olivstihat a variation of the holding time
does not induce significant differences in softgnithe three curves exhibit a similar
behaviour leading to approximately same fatiguediv
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Figure IV. 33 : Cyclic stress response curves at B5C for various holding times Ag=+1%)..

The similar behaviour for the different fatiguersads may be explained analysing the stress
drop associated to the holding time. Figure IV.sBébws the relaxation behaviour during a
holding time at maximal load, occurring at halfelifRelaxation can be divided into two
different stages. A sharp stress decrease occulgnvihe first 25 seconds while a second
linear softening prevails from 40 s till the endloé steady stage.

Stress Relaxation during Holding Time

Stress [MPa]

Time [g]

‘—0—1—1.5% Tr STD 150s —+—+1.5% Tr STD 45s —e—+1.5% Tr STD 300s ‘

Figure 1V. 34 : Evolution of the stress relaxatiorduring holding time at maximal stress Ag=+1.5%).

Considering that stress relaxation is fully comgdetvithin 40 seconds, almost no further
effect is expected while holding specimen for lantyme under maximal strain. This explains
the similar behaviour under LCF conditions betwdba three different loading cycles
(holding time of 45, 150 and 300 seconds).

[11.4.B Strain rate effects on fatigue behaviour

The fatigue life of Nickel based superalloys atvated temperature is directly affected by
strain rate. As reported by previous stugdMannan,1993; Valsan et al.,1994; Fournier et
al.,2001; Hong et al.,2005]this parameter plays an important role in thedehtion process
leading to a series of changes in damage mecharssiis as slip modes, oxidation and
dynamic strain aging (DSA). Generally speaking, tthee related factors, such as hold time,
strain rate and wave shape, may influence fatigaesither synergistically or independently
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[Valsan et al.,1994] The application of a trapezoidal cycle, to sinmilthe extrusion cycle,
results in more extended damages than for triangujales at 1 Hz, associated to the
simultaneous application of a reduced strain rateaatensile/compression holding time.

The preliminary approach to study the strain rdfects is based on the analysis of a
triangular signal, in total strain control, usingteain rate equal to the extrusion loading rate,
5x10° s*. Figure 1V. 35 shows the results relative to thesdiminary tests. The influence of
the strain rate, between 5x18* and 1 Hz, where strain rate ranges between 66510
(respectively forAeo=+1.65%) and 2,4xI0s* (respectively forAe,=+0.6%), results in a
decrease in fatigue life as confirmed in previcuslies[Clavel et al.,1982]
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Figure 1IV. 35 : Influence of strain rate on the cytes to failure for Inconel 718 ( Manson-Coffin cure
obtained at 550°C for a fully reversed cyclic sigri

The fatigue life ratio for a similar inelastic stranay be expressed by:

{ Ae,

SR 1
N - 208 cyoi £t (cyciemaosh |°
FAS — R(CycliclHz) - (CycliclHz) — f (Cyclic5x10™°s") Eq. IV. 10
* N

1

= E .

c f (CyclicHz)
Ag,

R(CyclicBx103s!)

2L&

f (Cycliclx1073sh)
Assuming same slopes for both plats,-0.562 the fatigue ratio is:
Fae, = 328
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The cyclic stress responses are reported in Fiyurd6é for a cyclic test conducted with a
total strain amplitude of £1%. The softening is monportant at low frequencies, as noticed
for the tests performed for the dynamic modelingpeeially in the pseudo-stabilized stage
where the curves tend to slightly separate.
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Figure 1V. 36 : Cyclic stress response at 550C fdatifferent strain rates (Ag=+1%).

The investigation on the strain rates effects imgleted by a second series of test carried
out with the trapezoidal (extrusion) cycle.

Two alternative strain rates, equal to 5883 and 5x10¢ s*, are considered in addition to
the standard one (5x2&™). Results are reported in Figure IV. 37
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Figure 1V. 37 : Fatigue life variation with strain rate, at 550°C, for a trapezoidal signal.

The Manson-Coffin diagram, associated to the trajoet wave-form, shows that a higher
strain rate corresponds to a longer fatigue life.

Figure IV. 38 compares the half life hysteresig®associated to different strain rates for a
fatigue test carried out at strain amplitude oG%4.
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Figure IV. 38 : Cyclic stress-strain response at Halife for different strain rates: (a) 5x10?s?,
(b) 5x10%s?, (c) 5x10*s™ (Ag=%1.5%).

Clear unstable stress serrations can be notecipléstic domain of the stress-strain curve
associated to the highest strain rate (5x&®). As reported in literaturéMannan,1993;
Valsan et al.,1994; Chihab,2004]these plastic instabilities play an importanterad the
damaging mechanisms associated to fatigue loadihtsurprisingly, this macroscopic
mechanical effect has been associated to a miaodste evolution. Kirman and Warrington
[Kirman et al.,1970] have reported that the mechanisms of deformatiomnconel 718
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induce the formation of stacking faults within steengthening precipitateg’). Those faults
locally reproduce the crystallographic sequencieb phase.

Clavel and Pinea{Clavel et al.,1975]have proposed a post deformation heat treatment,
including a 80 hours holding at 770°C, prone toagde the size of thi&phase nuclei. These
precipitates, localised along the slip lines, allavbetter observation of the plastic strains
lower than about 1%. In Figure IV. 39 the effectdh® post deformation treatment can be
appreciated. The' => § transformation is used to compare the differefeot$ of strain rate.
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Figure 1V. 39 : Comparison of the deformation mechaisms observed under 150s/20s (1.5% Total applied
strain) trapezoidal load at different strain rates: 5x10*s* (a), 5x10°s™ (b) and 5x10°s™ (c).

For low strain rates (Figure 1V. 39 (a), (b)) gsaicontain multiple deformation bands that
are delineated by a pronounced presencepbfase (white contrast) indicating the occurrence
of two activated slip planes. These slip lines,dleping gradually during the softening of the
alloy, are similar to the thin and long twins diéel by Fournier in previous investigations
[Fournier et al.,1977]

Figure IV. 39 (c) details the deformed microstruetabserved for a high strain rate. In this
case, the density of slip lines drastically deaesams a consequence of a softening process
and a further increase of inhomogeneity of fatigarmation. Figure 1IV. 38 has showed that
for high strain rate, Inconel 718 exhibits Portevia Chatelier (PLC) effects occurring
through plastic serrations in stress-strain lodgssreported in Chapter Il, this phenomenon
results from the locking of mobile dislocations dybstitutional solute atoms. As reported by
Mannan[Mannan,1993] the regions between the slip bands contain umifdistribution of
dislocations: the dislocation velocities within thands are too high to allow the solute-
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dislocation interactions. In such a way, the PL@a$§, exhibited at high strain rate, derive
from the solute locking of the dislocation that rmawiore slowly between slip bands. The
enhancement of strain inhomogeneity, associatethigh strain rates, derives from the
differential movement of dislocations within andween the slip bands.

The variation of fatigue life as a function of straiate could be explained by a detailed
investigation of the interaction between deformatioechanisms and the fracture modes.

This particular point could be studied by observihg fracture surface with a particular
attention to the two involved stages of the fatiguseture, which are crack initiation and
propagation.

11.4.B.1 Initiation of fatigue cracks

For the different applied strain rates, micro-csatiktiate along the slip bands connected to
the specimen surface. This hypothesis is basedh@mgeneral assumption that fatigue crack
initiation is related to the formation of intensdresion-intrusion bands associated to intense
shear stresses. Fourni&ournier et al.,1977] showed that this crack initiation mechanism
takes place whatever the loading frequency is.

However, the increased density of slip bands, @stsutto low strain rates, results in the
multiplication of crack initiation sites, localizest the intersection between slip bands and
surface. Consequently, the crack initiation lifedduced.

11.4.B.2 Propagation of fatigue cracks

Figure IV. 40 reports the aspects of fracturesas@$ for two different strain rates.
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Figure IV. 40 : Scanning electron micrographs of facture surfaces after LCF tests at 550°C: high stia
rate (5x10°sY) (a) and low strain rate (5x10's?) (b).

At low strain rate (5x10s?), a simultaneous appearance of transgranularraedyranular
cracking is observed along the crack propagatioection, especially at the edge of the crack
propagation zone, where the strain rate is the sowe

Conversely, at high strain rate (5%18%), transgranular propagation is found on the
fracture surfaces. This result is in perfect agreetmwvith the studies of Fournifffournier et
al.,2001]who clearly showed that the occurrence of PLCainiities in alloy 718 avoids the
intergranular crack propagation. The Portevin-Leat€her effects lead to specimen
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unloadings that modify the interactions betweerlodations and interstitial-solute atoms.
Garat [Garat et al.,2008] proposed that the nucleation sites of strain juraps the
intergranular crack initiations are located in siaene areas of the material microstructure.

These assumptions could be integrated considénetgthe evidence of the intergranular
propagation features are the result of the enviemtprand more specifically oxygen.

Oxidation occurs preferentially along the intensefodnation bands causing the
embrittlement of these zones by oxygen diffusiod awidation. It has been demonstrated
that for dynamic (at the crack tip) and static eittibment (stress free) the direct intergranular
diffusion of oxygen is the dominant procg¥¢oodford,2006]. The most common reactions
include gas bubble (CO-Gformation, as a result of oxidation of carborcarbides, and the
oxidation of oxide forming impurities or minor ajimg elements. These mechanisms induce
the formation of localised cavitation that leadsatointergranular propagation, reducing the
ability to accommodate stress concentrations dingjigrain boundaries.

Following these considerations, Ter-Ovaness[@er-Ovanessian et al.,2008]have
investigated the effect of the interstitial speas@sicentrations on the rupture mode. These
studies demonstrated that the flow instabilities a@ontrolled by the interstitial content of
alloying elements such as carbon, nitrogen and exydhe planar slip mechanism is
responsible for the intergranular oxidation in Ineb718: oxygen may react with interstitial
carbons brought by dislocation at grain boundaf@$ning gas bubbles. On the other hand,
the occurrence of the PLC effects is based on gtmoteractions between dislocations and
interstitial carbons: the atoms are localized am dltes where they pin dislocations and the
intergranular oxidation is avoided. In such a waylependently of the deformation
amplitude, the stress serrations (PLC) lead, syieaily, to a transgranular ductile
propagation.

These considerations point out the main roles pldyg the strain rate on the fatigue
behaviour. Results have clearly shown the effest®@ated to the PLC mechanisms which
act, mainly, on the stress-strain response, onnti@mogeneity of deformation mechanisms
and on the resistance to intergranular crackingt@ssby oxidation.

IV Quantitative analysis of fatigue crack growth by
fractographic investigations

IV.1 Introduction

The microscopical investigations performed on freetsurfaces have shown that fatigue
striations can spread, in transgranular fractusesr the major part of the flaw surface. The
most interesting quantitative information assocdidte a fatigue fracture surface is related to
striations. The description of fatigue cracks byuantitative micro-fractography approach
offers a potential basis for the reconstitutiontloé crack growth kinetics. According to
previous studies, it is assumed that one striat@responds to one cycle in ductile materials:
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the distance between two striatiomgsi§¢ related to the instantaneous crack propagatts
da/dN at a given crack lengtla)( Fracture surfaces, characteristic of post mortedir
specimens, are investigated using SEM measureroériggigue striation spacing along the
crack propagation direction. Different mechanicppr@aches and fractographic techniques
are implemented for the analysis of the experimetd#a: the results of the fractographic
reconstitutions are presented and directly comptrede crack growth rate published in the
literature. The aim of this section is to investegthe crack propagation process. First, a brief
review of the process of fatigue striation formatis presented, then, the experimental
approaches used for the fractographic reconstitwdind their relative results are discussed in
detail.

V.2 Fatigue striations formation

The crack propagation process has been widely estunii the past fifty years with a
particular attention to its microstructural aspe&sfore focusing on the investigation of the
fracture surfaces, it is important to remind thenowon features of a typical fatigue failure. As
shown in Figure IV. 41, the fracture surface exiiltwo distinct regions. The cross section
area corresponds to the fatigue crack region, velsettee coarse zone at the top of the final
catastrophic failure is the remaining cross sedfian survived to the fatigue damage.

5 Initiation
i

Figure IV. 41 : Typical appearance of a LCF fracture surface of IN718 at 550°C.

Initial cracks are observed close to the outernpeter of the fatigue specimen: cracks
develop with an angle of about 45° over a few mmerbefore propagating perpendicular to
the axial longitudinal loading. Higher magnificatiobservations, performed along the crack
propagation direction, show the presence of wavigataand lighter bands that are commonly
called “beach marks”. These marks contain thousahtigtriations” assumed to be individual
steps of crack propagation, with inter-distance tiegpends on the stress/strain range. Specific
researches on the mechanism of fatigue striaticgre warried out by Laird and Smith and
later by Neumann and Pello{Relloux,1970; Neumann,1974]The authors showed that in a
high-strain loading cycle, crack extension is asged to a sliding off mechanism with
blunting of the crack tip during loading and consemj re-sharpening upon unloading.

This mechanism, called “plastic blunting”, plays iarportant role in the damage process
relative to the Stage Il of the crack propagatkigure 1V. 42 reports a schematic attempt for
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representing the different phases of the phenomesader the application of the tensile load,
metal plastifies plastically due to the high stresacentration. Plasticity is located along the
slip planes of maximum shear stress (b) and crigckltints occur under further increase of
the tensile load. This mechanisms leads to thdatisment of the crack tip (c). Finally, when
loading is reversed, the crack tip returns to apslwnfiguration through the opening of
newly created surfaces. This results in the foromaif striation (d and e). Making the
assumption that the compression loading is noticseft to fully annihilate the crack tip
blunting, a net crack growth occurs during the sgent tensile load.

£y

7 7.

(a) (d) \\\

% 7 %
© % ' 0

Figure 1V. 42 : Plastic blunting process due to fague crack propagation in the Stage Il mode, consgting
a vertical stress axis. [McEvily et al.,2010]

This process of fatigue crack growth, via striasidormation, leads to the propagation of a
fatigue crack on a cycle-by-cycle basis. As rembrty Cai[Cai et al.,2001] the crack
extension occurs upon each single load cycle asnaegcuence of cyclic slip occurring at
crack tip.

These assumptions are considered in detail forfiaetographic investigations of the
fatigue surfaces as reported in the next sections.

IV.3 Fatigue striations spacing (FSS) assessment

The relationships between microstructure and eleging properties represent one of the
primary goals of this research work. Focusing digéee mechanisms, the understanding of
the quantitative effects of various microstructdegtures on crack inititation and propagation
is limited by the localized nature of the damagecima@isms. In the previous section, the
presence of fatigue striation has been relatedaonsgranular crack propagation, able to
inhibit the development of time-dependent mechasigpenerally associated to intergranular
propagation).

In addition to these features, a fractographic\stftthe fatigue surfaces is prone to allow
the identification of the failure process histoiy,particular the description of fatigue crack
growth as a function of time and space (distanoenfthe initiation site)Levaillant et
al.,1982]

The first step to the quantitative analysis of fuae profiles is based on the measurement of
the fatigue striation spacing. The method, used,l@mnsists in measuring the numbey ¢f
striations intercepting a reference straight limetH{ length Ly) lying along the direction
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normal to striations.

In such a way, the average center to center spagirgetween two adjacent striations, is
expressed by the following ratio:
Specimens are placed in the SEM with the planeaatdre accurately perpendicular to the

electron beam axis. This configuration is an esakeméquirement because angular mis-
orientations can be a source of significant €i@mmnors,1994]

Eq. IV. 11

The measurements are carried out in a directiomabto the striations orientation, that is
essentially grain-dependent (Figure V. 43(a)). Dhained values must be recalculated by
projecting them on the crack propagation directi@®D) (Figure IV. 43(b)). The random
distribution of the parallel striations requirese thntroduction of a correction factor.
Underwood and StarkdUnderwood,1979] studied the specific geometrical relations
concerning the striation spacing. They observed wieen striations are randomly oriented
with respect to the direction of propagation, arection factor (evaluated following the
geometrical relationship between the CPD and tligu@ striations orientation) of 2/is

required. In this case, the striation spacing @essed by:
Eq. IV. 12

(b)

Figure IV. 43 : Methods of measurement of fatiguetsation spacing on fatigue surfaces: (a) measurenms
normal to striations, (b) measurement normal to marmoscopic direction of propagation [Chermant et
al.,1979].

IV.4 Fractographic reconstitution methodology

The fractographic methodology, described abovapgied for the reconstitution of fatigue
cracks of failed LCF specimens. In general, onsaemeral cracks grow simultaneously in a
direction perpendicular to the loading axis urtié tcomplete rupture of the sample occurs.
The fracture surface is then assessed by SEM aligars.

Measurements are carried out on three specimebgcstio LCF tests under cyclic loading
(1 Hz) at different total strain amplitudes (+1%.,.2%, and +0.6%). As illustrated in previous
sections, the applications of this type of loade®gs to a transgranular fracture characterized
by significant striation.

The fracture surface in the region of the predomtinerack is characterized by three
different zones (Figure 1V. 41):
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- Stage I: crack initiation and preliminary propagan zone (free of striations);
- Stage II: ductile propagation zone (with striate)n
- Stage llI: final propagation zone

The first zone corresponds to the Stage I: fatguations are not observed in this zone at
least along distance lower than 25-50 um from th&erosurface of the sample (crack
initiation site).

These observations are in agreement with the seseported by Jacquelin, for Inconel 718,
[Jacquelin,1983]who defined the crack initiation onset as the nendf cycles required to
obtain a crack length close to the grain size. §thedard microstructure, examined for these
analyses, shows a small grain size, close to 20thah,is in agreement with the extent of
crack initiation stage.

The largest part of the fatigue fracture surfageesponds to Stage Il of crack propagation,
where ductile striations are detected perpendiclahe direction of the loading axis. The
striation spacing increases with the advance ofcthek length &). Figure IV. 44 reports a
gualitative comparison of the striation spacing for differerdack depths, for a sample loaded
with a total strain amplitude of 1.0%.

Finally, stage lll is related to unstable crackvgtto that is controlled by static modes of
failure and is very sensitive to the microstructload ratio, and stress state (plane stress or
plane strain loading).
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Figure 1IV. 44 : SEM investigation of fracture surfaces at different crack length: a=22,3 um (A), a=22@m
(B) and a=512,9 um (C)
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Quantitatively, the results of these preliminaralgees are summed up in Figure IV. 45
where (i) is plotted against (a).
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Figure 1V. 45 : Typical examples of striation spaaig as function of the crack length under various L&
conditions (&=22,3 pm, @69 pm and §=680 pm) .
All specimens show a similar behaviour based oeethtifferent regimes associated to
specific crack length ranges, that can be descilsed

1. Stage Iwhere0 < a < ayg: Once initiated, a fatigue microcrack 20 pum) propagates
at the surface of the specimens along high sheasssplanes. This zone is very
limited as compared to the final crack depth. Hosvetie crack initiation, followed by
a short crack growth stage, (free of fatigue sore) is a very long process which
leads to a propagation rate of few Angstroms pelegBathias,1979]

2. Stage Il where @< a < ar: this stage is mainly characterized by the formatén
fatigue striations on the fracture surface. Twdedént zones can be pointed out by a
detailed study of the striation spacing:

a) The preliminary fatigue striations wherg<a < a.: the crack growth follows a

nearly constant rate. The presence of this “stestdje” may be explained
considering two hypothesis:

- Fatigue striations are extremely fine and SEM mesamsant is not accurate
enough to detect such slight variation in striaspacing.

- In the early stages of the crack propagation, kent of plastic deformation at
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the crack tip is generally small and the associategks intensity factors do not
induce rapid crack propagation.

b) The continuous crack propagation wherg<aa < a; : the crack propagation
continuously increases with the crack length upht complete fracture of the
specimen.

Following these assumptions and as generally agldniite can express the fatigue life as
the sum of the initiation fatigue life Ni and theopagation fatigue life NP:

Ni= N;+ Np Eq. 1.3

Following the results reported by Oudidudin,2001], the propagation mechanism can be
described in two steps:

1. Np1: the number of cycles required to propagate thekcfromag to ac under the effect
of a nearly constant crack growth ratg (

2. Np2: the number of cycles required to propagate thekcfromactoas with increasing
rate following a specific law.

The number of cycles corresponding to the regimerwhcrack propagation remains
constant is:

_(a.—a) Eq. .5

N, ="—""—"
vV
On the other hand, propagation fatigue life canebaluated considering the striation

spacing as an input for the relation proposed bglddgNedbal et al.,2008]
1 da
p2 ~ I—

D(i) h(a) Eq. 1.6

ac

Where a corresponds to the final crack length,rapresents the crack length from which
striation spacing starts progressively to increas D(i) is the ratio between striation spacing
(i(d)) and macroscopic crack growth rate @a/dN [D=V/i]

The latter factor reflects the local microscopiogasses that take place at the crack tip
during the growth of the macroscopic fatigue craldkese phenomena are influenced by the
heterogeneous microstructural features and by éntmus redistribution of the externally
induced stress and strain fields.

In order to simplify the estimations and referrtogesults reported by de Matfukee Matos
et al.,2005] all integrations are carried out using D=1. Ielsa way we conclude that the
distance between two striationd (s specifically related to the instantaneous krgmowth
rate at a given crack depth) (

Following these assumptions, the numerical intégnabf the experimental striations
spacing curves is based on these assumptions:
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- The knowledge of one pair of data,(&);
- D=v/i=1

For each case, the couple of data is derived fitoentatal number of cycles spent under
LCF conditions (N and the final crack length that is assessed on fracture surfaces by SEM

investigations.
Calculations provide the number of cycles neces$arycrack propagation ()l As a
consequence of these results, fatigue initiatiée dan be evaluated as the complementary

fraction of the fatigue life:
Eq. IV. 13

Ni = Nf-Np

Results are showed in Figure IV. 46 whered\related to the number of cycles to failure

N¢ evaluated by the experimental LCF tests.

The diagram illustrates, for high strain amplitudesrack initiation process that represents
the major part of the fatigue life, ranging betwé&d&% and 90%. Results are closed to that
reported by Jacquelfdacquelin,1983]for Inconel 718 LCF tests performed at 20°C.

| —&— Taina [11] - -A- - Jacquelin [83] I
Inconel 718/ 550°C 1Hz

105: T e

Nf [Cycles]

1000 E

100 T e
4
100 1000
Ni [Cycles]

10°

Figure 1V. 46 : Correlation between crack initiation life (N;) and total fatigue life (N

In agreement with OudifOudin,2001], N; and N, could be represented as a function of the

applied mechanical strain range as reported inr€igd. 47. For both cases, data follow a
power law type that is similar to the Manson-Coff@hationship commonly used to represent

LCF data (N).
In such a way we can conclude that the initiatatigtie life is slightly improved when the
applied strain is lowered, as a consequence ofntlmmized stress/strain concentrations

acting to promote crack initiation.
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Figure 1V. 47 : Mechanical strain range as functionof Np, N, fraction livesand N;fatigue life.

IV.5 Crack growth rate assessment

Low cycles fatigue is impacted by a large varietynoechanical and microstructural
parameters. As described in the previous sectioa, fatigue behaviour is based on an
extended fatigue crack initiation followed by a ichpporopagation mechanism which
determines the final fracture. The crack propagatimde determines the crack propagation
rates: intergranular propagation (respectivelyggaanular) is associated to high growth rates
(respectively low growth rates).

The propagation behaviour, under cyclic loadirsgrealated to the crack size and to the
mechanical behaviour of the damaged material. Ljg&€isnens exhibit one or more prevalent
small cracks that are significantly larger than $inee of the local zone of plasticity. In this
case, the Linear Elastic Fracture Mechanics (LERM)ich characterizes the growth of a
linear elastic crack, can not be used, and ancefdastic approach is required because
plasticity is not restricted in a delimited zone.

The aim of this section is to propose a methodpfedicting crack growth rate under LCF
conditions. This study is based on the partitiothefproblem into three distinct tasks that can
be solved independently:

1. Microstructural analysis of the main crack: the first problem consists in developing
a fractographic study of the fatigue surfaces atlgwhe identification of the failure
process history.

2. Calculation of key fracture parameters once the explicit fractographic analysis is
assessed, a failure criterion to evaluate the lo@alk-tip properties (stress, plasticity,
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displacement) is required.

3. Crack propagation rate prediction: once the fracture parameters are available, the
final step consists in establishing the relatiopshbetween the microstructural
investigations and the engineering properties presly evaluated. In such a way, a
prediction of the crack propagation rate underowsiloading conditions (different
total strain amplitudes) can be assessed.

Previous sections focused on a detailed analysteeofracture surfaces based on fatigue
striations spacing measurement. The calculatidhekey fracture parameters is discussed in
the next sections. Finally, a direct comparisorihef predicted crack propagation rates with
the experimental results published in the litemiarpresented.

IV.5.A Relationship between Low Cycle Fatigue properties rad crack
growth rates

The Linear Elastic Fracture Mechanics is genemadlgd to predict fatigue life of laboratory
fatigue specimens crack propagation tests. Thetielasress intensity factorAK) is
considered as the key fracture parameters in fatigack growth under elastic conditions and
when the plastic zone around the crack tip is sowthpared to the crack lengthK reflects
the stress field near the crack tip, but also thstity occurring in this region.

If the above requirements are not met, the cyelielgral, in the frame the Elastic plastic
Fracture mechanics (EPFM) may be employed. Thisoagh was introduced in order to
evaluate crack growth rate where deep cracks age [alasticity are achieved. This method
accounts for the stress intensity field at the lcrap by evaluating the energy dissipated
during fracture per unit of newly created fractateface (strain energy release rate). This is a
basic concept of fracture mechanics: the energyired) by a crack tip to grow must be equal
to the amount of energy dissipated for the creattdnnew surfaces and for inelastic
mechanisms to operate. The J-integral approachiqe®va better understanding of the
physical parameters of fracture for a dynamic crépkin the case of extended plastic
deformation.

From a theoretical point of view, the J-integraf defined by RicegRice,1968] is
acceptable only for monotonic loadings. This mettlods not take into account the effects of
the residual plasticity in the case of a cyclicdiog applied to an elastic-plastic material. For
this reason, Dowling and Begl¢®owling et al.,1976]proposed a correction to the standard
approach in order to transform JAQ.

This approximated solution assumes that fatiguekcr@opagation consists in a crack
growth within a plastic zone and that the fatiguecfure behaviour of this specific area is
similar to that of an LCF sample.

The AJ expression may be deduced from its original defm corresponding to a
monotonic loading, introducing the total appliedast and stress rangede( and Aoc).
Following these assumptions, thdcy integral can be expressed as the sum of an elastic
(AJe)) and a plasticAJ,) components related to the LCF data:
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Adcyel = Adei + Ay Eq. IV. 14

Both terms of the relationship are subsequentlynéxed paying attention to their scientific
meaning and physical expression.

Focusing on the linear elastic componend.f, the J integral corresponds to the strain
energy rate. When the plane strain conditions hadgothermal test conditions are fullfilled,
the J-integral may be expressed as following:
el = E
(The modulus of elasticity (E) being deduced fréva tensile test carried out at 550° C).

AJd

The previous equation can be transformed into:

1 Eq. IV. 16
Al = E [Y?rr[alho?

WhereAo is the applied stress range and Y is a geometarakction factor, calculated by
the approach described above.

The evaluation of this parameter for cylindricahqmnent, such as fatigue specimens, is a
complex problem that requires a three-dimensioppi@ach.

According to Yang resultfyang et al.,2006] the evolution of the crack shape may be
approximated by an elliptical curve, as reportedrigure IV. 48, where 2b is the major axis
and 2a the minor axis of the ellipse. As observeather authorg¢Branco et al.,2008] the
early propagation is sensitive to the initial cradnfiguration. For the semi-circular (a/b=1)
and elliptical tip (a/b<1) the crack advances ma@dly towards the centre of the specimen
than along the free surface. This is due to theimam stress intensity factor attained at the
deepest point of the crack. As a consequence réfak ront tends to become curved and the
aspect ratio a/b increases.

Figure 1V. 48 : Geometrical configuration of a semielliptical crack in a round bar [Yang et al.,2006]

A mathematical correction approach, based on gpduifte element analyses, was defined
by Yang as a function of the relative crack lengdspectively estimated at different locations
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on the crack tip:

2 3 4 Eq. IV. 17
Y = 0906- 12302 |+ 059002 | +12002 | 112002
D D D D

Where D is the specimen diameter.

In such a wayAJ can be calculated for every point along the crggkftom the deepest
point of the crack and assuming a semi-ellipticamgetry.

Similarly to AJe, the plastic componemJ, can be calculated using a reference stress
approach that follows the general relationship psag by LiuLiu et al.]:

Ae, Eq. IV. 18
AJ, = 27iY? jangJ
0

The integration factor corresponds to a cyclic ststgin relationship that respects a power
hardening law:

. Eq. IV. 19

o=Cy,

Where G andn* are material dependent constants that can bliaed from the tensile
loading portion of the cyclic hysteresis loop cepending to each LCF cycle.

Substituting the latter equation in thé, relationship, we obtain:
Ae, Eq. IV. 20
A, =27%a | Cog," de,
0

- Eq. IV. 21
(Co)(De,)

A, = 2¥a—2—P~
@+n)

A second form of the relationship can be expresssdming the hardening equation of the
cyclic stress/strain curve as:

Ao 2=k (e, 12)

Eq. IV. 22

where k' and n are material constants that careladed to Gandn* following Mowbray
suggestiongMowbray et al.,1976] The authors considered the loading portion of the
hysteresis loop equal to the cyclic stress/stranves when the latter is expanded by a scale
factor of 2. In such a way material constants aspectively:

n*: n and CO — (2)1—n' k' Eq V. 23

Based on these considerations, the cyclic J inteigraestimated by the following
relationship:

AJ — 2m2a|:t(A0.2 /2E) + (21—n' ku(AEp)n'+1 /(n|+1)J Eq. IV. 24

Cyclic
whereK’, n’, 4epanddop are related to LCF experiments.

For this reason, a different interpretation of fiteetographic results may be considered, in
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the form of a crack propagation curve that relabescrack length to the number of cycles
(Figure V. 49). The crack depth is measured by SB\stigation as the distance between
the crack initiation site and the edge of the fatigtriations zone.
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Figure 1V. 49 : Fatigue crack history reconstitution for a fatigue test carried out with a total stran
amplitude of £0.6 %.

Following the fractographic reconstitution of crackowth with time, a=a(N), and
analysing the stress-strain response under LCFitommsl associated to each cycle, it is
possible to evaluate all the parameters includetthenJ-integral relationship. In such a way,
AJcyel IS estimated at the crack tip as a function ofiticecasing crack lengtla),

Finally, the J-integral is used to predict the tetioal crack growth rate following the
relationship proposed by Sadanaf@adananda,1984]

(|

WhereA andm are two constants relative to the material Bnslthe Young modulus.

Eq. IV. 25

Consequently, the crack growth rate curves may [ssessed by using the
/&, E parameter as a Fatigue Crack Growth Rate (FCGRYicm.

The general algorithm, considered for the fractphi@ reconstitution by the J-integral
method, is reported in Figure V. 50.
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Figure 1V. 50 : Algorithm for fractographic reconstitution by the J-integral approach.

The fractographic results, associated to\ljiECyC,E parameter are reported in Figure IV. 51.
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Figure IV. 51 : Crack growth rate reconstitution by striations spacing using the J-integral approach.

The crack growth parameters obtained for the thf& tests used in this investigation are
presented in Table IV. 4. A general Master curvplagted by the aim to predict the average
crack propagation rate for increasiqg;\JCyc,E parameters.

Aé&tot A m
+0.6% 2.36 x 18 2.27
+1.0% 1.10 x 18 1.77
+1.2% 2.56 x 10 1.65

Master Curve 8.69 x 10 1.91

Table IV. 4 : Summary of the crack rate parametersobtained for different applied total strains under

LCF conditions.
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IV.5.B Comparison with experimental results

The final step of our investigation consists inil@ct benchmarking with the experimental
crack growth results, published in the literat{itames,1986; Ghonem et al.,1993; Xie et
al.,1997]and evaluated on Compact Test (CT) specimens.eTieésrence data are plotted as
a function of the stress intensity factakK evaluated by the Linear Elastic Fracture
Mechanics (LEFM). In such a way test performed waittbad control at temperatures closed
or equal to 550°C have been selected even if ttepirameters (such as frequency (f) and
stress ratio (R)) differ from our standard LCF se$tigure IV. 52 compares the literature data
with the crack growth rates predicted by a J-iraegpproach.
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Figure 1V. 52 : Comparison between the experimentatrack growth rates, evaluated by a fractographic
reconstitution of LCF tests, and the literature dat obtained on C.T specimens.

Compared with elastic-plastic crack growth expentak data, this alternative approach
shows good correspondence: the scatter is limitedthe results are satisfactorily similar.
The crack growth constants associated to the arpeatal results reported in literature, are
listed in Table IV. 5.
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Source T[°C] A m (d%N) for K = 50MPay/m
d [ =
( dN)J—Method AJCVC'E SOMPa\/ﬁ
[James,1986] 538 | 1.82x 10 |2.17 0.6
[Ghonem et al.,1993]| 538 | 6.42 x 18 | 3,19 1.1
[Xie et al.,1997] 550 | 3.2x18 |2.58 05
J Method-Master 550 | 8.69x 10 |1.91
Curve 1.0
Table IV. 5 : Summary of the crack rate parametersassociated to the experimental FCGR tests reported
in literature.

Furthermore, the Table reports a ratio between pteglicted crack propagation rate
obtained through standard CT specimens, availabléerature, and our crack growth rate
obtained by fractographic analysis of LCF specimiensa value ofAqulAJCyC,E equal to
50MPay/m.

The values assumed by this ratio, ranging betwegm@d 1.1, justifies the validity of the
theoretical model and points out a close link betwe¢he LCF properties and the FCG
behaviour. The J-integral approach provides a gowdelation between crack growth and
crack length, in the case of extended plastic deddion.

However, the robustness of the method has to essesd on other test data obtained under
various loading histories (as well as frequencyaist stress and temperature) in order to
precisely determine where it can be generalized.

As described above, fatigue crack growth produoasiracture surfaces, some striations
that can help in understanding the location of ¢h&ck origin and the directionality of
propagation. The practical approach proposed fer ftactographic reconstitution of the
fatigue crack growth provides complementary infaiorato that obtained from classical LCF
tests, reducing the costs directly related to prexignens preparation and to the realization of
extensive FCG test campaigns.
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\'"/ Conclusion

In the preliminary part of this chapter, attentisrgiven to the cyclic behaviour of Inconel
718 under various LCF test conditions. A cyclic é&bur model is proposed in order to
predict the stress-strain response typical of skirudies. The considered model is a strain
rate independent version of the non-linear kinecniadéirdening model proposed by Chaboche
[Chaboche et al.,1994]The constitutive equations are integrated in A E&de to simulate
the evolution of the stress-strain state in an eRpntal extrusion die. The good agreement
between the simulations and the experimental datiégined by direct measurements on
production presses, indicates that the Dynamic Miadeprovides satisfactory estimates of
the evolution of the loading state (stress-strairihe tool

Attempts were made to compare the simulated esigiing the material dynamic model
used by Hydro. Comparisons show that the dynamideiis able to predict the evolution of
loading state cycle by cycle, taking into consitierathe different transient phenomena (such
as softening) which are not assess by the traditiorethod. In such a way, the so called
“Dynamic Material Modelling” may represent an irgsting alternative to high risk and cost
trial and error approach for design of Ni-base saipwy dies.

In the second part of the chapter, the fatigue désessment of Inconel 718 at elevated
temperature (550°C) is presented. Two LCF fatigignads are considered. A cyclic
symmetric waveform (1 Hz) is considered as a piielny approach to the fatigue life
behaviour, then, a trapezoidal signal (150 20 lsyyacterised by holding times in tension
and compression, is used to reproduce the dierigadate during the extrusion cycle. Fatigue
life curves are plotted using the so-called Man€offin relationship, identifying the relation
between inelastic strain and fatigue life.

In both cases, a similar cyclic behaviour is det@ctmaterial exhibits a continuous
softening from the very first cycles. This mechamigesults in a continuous stress decrease
coupled to an inelastic strain enhancement.

Comparisons between Inconel 718 and the traditiblwl Work tool steels are proposed,
for similar LCF tests conditions, assessing thetebeperformances of the superalloy.
Differences in terms of stress-strain response ideatified: after a preliminary stress
decrease, steels show a continuous linear softaeigigne, while Inconel 718 exhibits an
apparent stability of the stress amplitude (psestdbtilized stage). It can be concluded that as
a better cyclic behaviour is obtained, the lifediof an extrusion die, using Inconel 718 as a
bulk material, will be longer that that of traditial steel dies.

The effects of different mechanical parametershenfatigue life behaviour of Inconel 718
are investigated in details. The following conatus can be derived:

- Effect of Holding Time

The application of a holding time at maximal anchimial stress provokes an average
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decrease of the fatigue life by 33% as comparatidbobtained with a cyclic signal (1
Hz). This effect may be explained by the incredasthe plastic strain amplitude at half
life due to the stress relaxation during holdimgeilnvestigating effect of holding time at
maximum strain is corresponding to the influencextfusion cycle length. The die will
be submitted to maximum loading as soon as thespresamp-up starts and will be until
billet extrusion is completed. Among parametergdihg cycle duration, we especially
shall consider the actual billet length, the ranpptime (time to reach max press force)
and deceleration time (extrusion speed decreasgydie stop). These parameters are
prone to fluctuate for process control reasons itusl commonly accepted that overall
cycles are spanning from 45s and 300s. Being aoniaoycle length effect on die life
may be critical and selecting both die design patars and extrusion process control.
Three different wave-forms were considered to céker45-300 s interval (holding time
45 s, 150 s and 300 s). The increase of the expdsue at maximal strain does not
further decrease the fatigue life. As a matter aut,f material exhibits a rapid stress
decrease during the first 40 seconds of the staauy, followed by a linear relaxation
which has limited effects on the inelastic strdinis then understood that over 40s of
extrusion cycle and within 300s. no large die tiiference should observed which allow
to conclude that Inconel 718 die may not need desltanges due to selected cycle
duration selected by press team.

- Strain rate

At 550°C, low cycle fatigue behaviour is strongtfluenced by the strain rate. A strain
rate o610°s™, defined as the average die loading rate assesshd press, has been
adopted as the reference value for the extrusictesimulation. LCF tests carried out
at this strain rate §(10°s™) exhibit, on stable hysteresis stress-strain lp@pess
instabilities associated to the Portevin-Le Chatekffects (PLC). In other words,
changes in fatigue behaviour are due to the inieraof cyclic deformation and time
dependent processes that act concomitantly on tiesssstrain response, on the
heterogeneity of the deformation mechanisms andthen resistance to oxidation-
assisted intergranular cracking. In terms of migtagural evolution, the reduction in
fatigue life, at low strain rate, is attributed tie acceleration of fatigue initiation,
associated to the increased density of planar ,skpsl to the change of crack
propagation from a transgranular to a mixed moge.ty

Following these assumptions, it can be concludatigtrain rate and holding time have
a significant impact on fatigue life, although aeffects are detected on the cyclic
behaviour at 550°C. Generally speaking, we canrpné¢ these effects asme-
dependent phenomentne application of a holding time or the variatiof strain rate
act on the frequency of the fatigue cycle. Slowleyenhance the interaction between
mechanical loading and environmental effects produeixed or intergranular brittle
fractures. In such a way, the total cyclic timeeaf§ the deformation mechanisms,
which have a direct impact on the fatigue behavi®esults reported in this chapter
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demonstrate that the total cycle time, as welhaddading frequency, can influence the

fatigue life of Inconel 718, contributing to its&l fracture mode. These assumption are
confirmed by previous studig&honem et al.,1993Jfocused on crack growth rate, as

reported in Figure IV. 53. At frequencies below10Hxz the fracture behaviour becomes
“Time—dependent” and the fatigue crack growth ratreases as cyclic frequencies

decrease. On the other hand, for frequencies ab@\éz, the material becomes totally

“Cycle-dependent” leading to crack growth ratest thee independent of frequency.

Different mechanisms of crack growth are associate@ach regime. Transgranular

propagation, with striation formation, is generatpserved in the cycle-dependent
regime, whereas intergranular crack growth is tlegilpminant mechanism observed in

the time-dependent regime.
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Figure IV. 53 : Effects of cyclic frequency on allg 718 tested at high temperature [Ghonem et al.,18%

The reference extrusion cycle, determined by aihgldime of 150 seconds at
550°C (1/T=0.0012 K), could be defined as an equivalent frequency .60% Hz.
These data, opportunely associated to the diageported in figure, defines the
aluminium extrusion as a process affected by araction between a mixed and a time
dependent damaging mode. Holding time and straeawe two mechanical parameters
that increase the risks associated to these tipendient phenomena. In particular, the
strain rate which corresponds to the die loading heas an important influence on the
mechanical performances of the tools. Results sighat an increase of the loading
rate may improve the extrusion die life limitingetmaterial softening and delaying the
fatigue crack nucleation.

Practically at the press, this would mean thabiild be of interest to discuss the
possibility for the hydraulic piloted ram to havénigher loading rate capacity. Clearly
some press construction limitations are expectedeomet. On the other hand, a
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reduction of this loading rate (excessive reductidrdie loading from50107°s™ to
510™s™) may lead to negative change of die life (die téeuction by a factor of 3)
and shall consequently brought to attention touskdn managers using Inconel 718
dies.

- Fatigue crack growth

A fractographic reconstitution of the fatigue cragpbwth is proposed in the last part of
the chapter. The fracture surface examination basethe classical fatigue striation
counting method is used to determine the crack tiroate as a function of the crack
length. This approach supports the applicabilityttd empiric relationship between
macroscopic crack growth rate and striations sgacas established by previous
experimentgLevaillant et al.,1982; Oudin,2001; de Matos et al2005]

The crack growth rate assessment is achieved bydbeof the cyclic J-integral that

takes into consideration the elastic and inelasffiects at crack tip. The obtained crack
growth curves are compared to data for Inconel dai& extracted from the literature.
The fractographic reconstitution method is provede efficient for the reconstitution

of the crack kinetics history providing growth lasimilar to that proposed by Paris.

Finally, the life of a LCF sample or an extrusiae ¢ composed of a crack initiation
and a crack propagation time. The above methodead to estimate the extension of the
two regimes. Comparable results are observed féerent strain amplitudes, showing
that crack initiation governs the fatigue life ottbnel 718, ranging between 75-80% of
the total life.

This alternative approach provides complementafgrmation to that obtained from
classical fatigue tests, reducing the costs dyecdlated to the CT specimens
preparation and to the realization of extensive R€% campaigns.

All these assumptions represent a support for &segd of alternative Inconel 718 thermal
treatments, as it will be described in Chapter \he Toptimisation of the material
microstructure must be carried out in order to ammthe time dependent damage associated
to the extrusion cycle (such as the material reélaraduring the holding time at maximal
strain). Finally, the prevalence of the crack atitin time over the crack propagation requires
a tailored microstructure able to further delay tis&s of crack initiation associated to the
localisation of the plastic strain in specific aegas well as in the hot spots of an extrusion
die.
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Chapter V

Relationships between tailored
microstructure and fatigue life of
Inconel 718

" Les sentiments sont des métaux. Il importe d@maitre la densité. Il
importe également d'en connaitre la températuraudmn *

Francis Dannemark
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Chapter V — Relationships between tailored microstr  ucture
and fatigue life

I Introduction

“The heat treatment of nickel base alloys is arf EBtms et al.,1972]

Alternative heat treatments, in addition to thendtad procedure, have been proposed in
chapter 1l where their mechanical properties héeen assessed by tensile tests. Each
modified thermal treatment is defined by a seriepavameters (time, temperature, cooling
rates), associated to the various steps includédeirprocess (solution annealing, quenching
and ageing). The choice of these parameters itedeta a detailed study of the correlation
between microstructure and mechanical propertidds Tnvestigation is based on the
understanding and modelling of the various stepthefheat treatment process, taking into
account the evolution of the so-called materialiisic parameters that are the grain
structure and the morphology and content of preatigs §, y' andy”). This approach may
lead to a better control of the heat treatmentrdento optimize the alloy microstructure and
adapt Inconel 718 to the specific conditions impldsg the extrusion process.

Finally, the microstructure and fatigue propertresulting from the modified heat treatments,
will be discussed providing specific recommendatitor the service conditions.

I Structural characterization of heat treated Inconel 718

.1 Cooling rate effects
Solution treatment is generally followed by quenchiprone to maintain, at room
temperature, the super-saturated solid solutiofifei2nt cooling methods may be used
Minimum hardness is obtained by cooling rapidlynirthe annealing temperature in order to
avoid the precipitation of strengthening phaseseiboier et al.,1984] studied the effects
of the cooling rate on the microstructural and naical effects of Inconel 718. The authors
showed that each cooling method may be charactebyean instantaneous cooling rate,

defined as Yoo( V5o, = T ;ZOO

) which typically varies from 50 to 20C/h.

Figure V. 1 shows the impact of the cooling ratetlusy material hardness after quenching
at 950°C. It is noticeable that harness, in thelagmdition, does not exhibit a variation as a
function of the adopted quenching method. In gdneraen vy is higher than 0.5 °CT5
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the material is not affected by the cooling ratee Bame assumptions could be made for the
mechanical performances at room temperature (Fijure®). The tensile properties of
Inconel 718 are insensitive to the cooling ratégrainnealing, when Xy is higher or equal

to 0.25 °C s™.
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Figure V. 1 : Variation in Vickers hardness with quenching rate for Inconel 718, annealed at 950°C,
based on Loier [Loier et al.,1984] data.
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Figure V. 2 : Variation in the mechanical properties four double aged Inconel 718 with the initial
quenching rate, based on Loier [Loier et al.,1984]ata.

The experimental results reported by Slaffdama et al.,1997] associated to the
continuous cooling rate diagram reported in Figur&, complete the study on the effect of
the cooling rate in Inconel 718, with a particuddirention to the structural transformations.
At first sight, we can deduce that for cooling ratgher than 100°C78the alloy retains an
austenitic microstructure.
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Figure V. 3 : Continuous Cooling (C.C.T) diagram f@ Inconel 718 [Slama et al.,1997].

However, for 5<Vo< 100°C/s", the delta § phase precipitation is identified. In these
conditions the hardness of the quenched matera@instant. Finally when the cooling rate is
slowest than 5 °C7$ an additional precipitation of the strengthenirtages /y") takes
place leading to a progressive hardening effect.

The quenching rate could be experimentally optichisg&ing a wide range of technological
equipments. However, for heavy sections, the cgalate can change along the profile as a
function of the shape and the local thickness. these reasons, it is recommended to use
limited quenching rate so as to reduce the resisimesses which induce early fatigue crack
initiations.

The common cooling conditions, for Inconel 718 )unie:

- water quenchingwith Vo> 28 °C &;

- oil guenchingwith V7o~ 8 °C 8;
- air cooling with Vg0~ 1.25 °C &,

To conclude, the common quenching methods offetimgpaates which induce similar
structural transformations in the material and égaaulting mechanical properties. As a
result, the cooling rate will not be consideredhie study of thermal treatment procedure and
no further test will be performed to complete hierre results.
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[.2  Structural evolution of Inconel 718 during heat  ing process

The microstructural optimisation of the alloy arne tdesired high temperature properties
require multi-stage heat treatments that lead ¢onticleation or dissolution of secondary
phases. Differential thermal analyse (DTA) has besed as an indirect method for
examining the characteristic temperatures and diare@ of phase transformations in Inconel
718. A heating rate of 10°C/min has been appliedoider to ensure thermodynamic
equilibrium so that the observed temperature islase as possible to the “true” reaction
temperature. Figure V. 4 reports the DTA thermogestablished for Inconel 718 in the “as
received” conditions (rolled at 980°C). The onsétany reaction may be defined at the
temperature at which the DTA curve deviates from ltse line (dotted line). The general
profile of this thermogram is in agreement with dboreported in literaturfCao W.D
Kennedy R.L,1991; Slama,1993]
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Figure V. 4 : D.T.A analyse on continuous heatingfdhe “as received” Inconel 718.

A preliminary exothermic peak is noticed for tengiare ranging between 650°C and
740°C and is associated to a simultaneous pretguitaf o, y andy” phases. However, it is
difficult to separate the domains of precipitatminthe three different phases. In general, at
700°C the coherent precipitation ¢f coupled with the formation of a small amountygf
prevails.

An endothermic peak is detected in the range betwé&d-910°C corresponding to the
solvus of the coherent andy” phases.

A second endothermic peak in the range 920-1066°@lated to the dissolution of the
delta precipitates. Beyond, the FCC solid solui®ifree of precipitates. In agreement with
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these assumptions, two types of thermal treatmgemnerally used for Inconel 718, can be
defined as a function of the solution annealingcpss:

- Sub-solvus solution annealingperformed at a temperature below the delta solvus

- Super-solvus solution annealingerformed at a temperature above the delta solvus

The sub-solvus treatment retains the small graze $10-12 ASTM) provided by the
thermo-mechanical processing of the alloy, holdangertain amount of delta phase within
the microstructure. Conversely, the super-solveattnent may induce an over-growth of the
grains. This microstructural evolution dependstmn¢hemical homogeneity of the alloy and
on the energy stored through out the entire thameohanical processing. In this case, the
enhanced dissolution of delta phase further prosntite precipitation of the strengthening
phaseg’ andy” due to the high availability of Nb within the mixt Conversely, the largest
grain size decreases the strength and fatiguetaeses of the alloy. The application of the
super-solvus treatment to wrought nickel basedyali@quires a detailed understanding of
the thermo-mechanical and metallurgical historyhefalloy in order to avoid localised grain
growth and heterogeneities in mechanical properties

The effects of the solution annealing on the micumsural features of the alloy (delta
phase and grain structure evolution) will be disedsin the next section.

.3  Delta phase and grain structure evolution

The & precipitates play an important role in controllittte grain size of Inconel 718.
However, a high volume content of this phase, aapguiobium, causes a lower Nb content
within the matrix and limitg” precipitation. As a consequence, the microstmgcand the
mechanical properties could be significantly akelcby the variation of th& phase volume
fractions. DesvalléefDesvallées et al.,1994$howed that an increased presence of delta
phase has a detrimental effect on yield strendiPo(df reduction as compared to a standard
Inconel 718 grade) because it induces a lagK.of

Considering these assumptions, the study of theoldison kinetics ofé precipitates as
function of time and temperature, is extremely im@at to evaluate the microstructure
development during the heat treatment processud¢h s way, various solution annealing
experiments have been carried out on specimerancutachined to 15 mm diameter and 10
mm height. After annealing for 1 h, all specimeasébeen air quenched and prepared for
SEM investigations. Figure V. 5 exhibits the midrostural evolution in Inconel 718 after
solution treatment at 924, 955, 990, 1010 and 103@°is important to point out that these
temperatures are in the range defined by the ASBBI/Bspecification.

The change of the volume fraction of stable phases function of the temperature, could be
addressed by a specific 2D image analfsgure V. 6shows the calculated surface fraction of
delta phase for different annealing temperaturigmiffant 5 phase precipitation results from the
lower solution temperatures of 924°C and 955°C bseaf the high equilibrium content &f
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phase at these temperatures. Limited changéplrase structure are noticed at 975°C , whereas
at 990°C a partial precipitates dissolution occubscertain amount of delta phase still exists at
1010°C, while the dissolution process finishesG8QPC giving an austenitic microstructure free
of precipitates.
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T,=/990°C T,=/1010°C T,=10580 °C

Figure V. 5 : Effect of the solution treatment temgrature on the microstructure of Inconel 718.
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Figure V. 6 : Evolution of the delta phase surfac&action as a function of the solution annealing
temperature (t= 1h).

The dissolution process in Inconel 718 is contbliy the diffusion of Nb atoms within the
matrix that is influenced by temperature and cotredion gradients. This latter parameter
decreases gradually with the evolution of the diggm process. Temperature has also a strong
effect on the diffusion process. As listed abotie,dissolution rate increases with the increase of
the temperature, due to the high solubility of Ndon@s in matrix. The high delta phase
dissolution is associated to a rapid grain sizevgro

In general, two morphologies of delta precipitatesy be detected: spheroidal and plate-like
particles.Figure V. 7shows the effects of the solution annealing teatpee on thed phase
shape, as a function of the circularity factor,tth@nges between 0 (irregular and long
particle) and 1 (perfect round particle).
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Figure V. 7 : Morphology evolution of the delta phae as function of the solution annealing temperatex.

At low annealing temperatures, 924-975°C, Incori8 éxhibits plate-like delta phase that
plays an important role for limiting grain growtHowever, spherical delta particles are formed
as the temperature increases.
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The factors controlling the morphology of thghase are multiple and complex. Previous
works[Cai et al.,2007; Huang et al.,2007proposed a relationship between the solubility of
the secondary phases and their shape. Plate-like pleases have a larger surface energy
than the globular particles and tends to transfomm a more blocky morphology prone to
attain a lower surface energy. Focusing on the loeefle-like delta particles, the solubility
at the tip is higher than on the other faces. Tthesdiffusional process alters the equilibrium
state of Nb atoms within the phase interface, causi further dissolution o phase. A
second explanation is related to the presence lograin boundaries or high dislocation
density zones through precipitates which enhance the dissolution profesgire V. 8). As
a consequence, particles dissolve gradually amduira along their defect zones, losing their
orientation relationship with the matrix. In suckvay, the plate-lik& phase transforms into
a blocky/globular morphology.

J ]phasc J phase J phase
<7 T\ 7 ~) &O L —
Matrix e Matrix ——> Matrix
<\ 7 > oD S O =

Figure V. 8 : Schematic representation of dissolutin and fracture process ob phase in Inconel 718 [Cai
et al.,2007].

The effects of 1-h annealing at various temperatorethe grain size is reported in Figure
V. 9 and investigated by image analysis (Figurd@®).
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T,=990 °C T,= 1050 °C
HV30= 236 HV30= 230 HV30= 161

Figure V. 9 : Effect of the solution treatment temggrature on the grain size of Inconel 718.
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The grain size exhibits a strong increase betw®&0 And 1050°C due to the progressive
dissolution of théd phase. The grain growth is accelerated by theutieol and loss of these
secondary particles at the grain boundaries, pmgnbut that needle plate phase is more
efficient to prevent grain growth than spherdidssvallées et al.,1994]
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Figure V. 10 : Evolution of the grain area as a fuation of the solution annealing temperature.

Figure V. 11 compares the microstructures obtaefeel solution annealing at different
times and temperatures. These pictures allow atigaiive measurement of the delta phase
content and morphology, as reported in Figure V. 12

Focusing on the particles morphology, Figure V. rEports the evolution of the
precipitates circularity as a function of time atemperature. In general, for a given
annealing time, the mean circularity increases w&mperature, whereas for a given
temperature it remains nearly constant with timesdme cases, notably after 4h at 955 and
980°C, the particle shape tends to be similar. dlbgence of a cleatelta phaseevolution
within the investigated range of timedse to the low nucleation and coalescence rateeset
temperatures.
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0.5
Figure V. 11 : Effect of the solution treatment terperature and time on the microstructure of Inconel718.
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Figure V. 12 : Evolution of the delta phase fractia surface as function of the solution annealing
temperature and time.
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Figure V. 13 : Evolution of delta phase morphologys a function of the solution annealing time and
temperature.

I.4  Aging effects on the structural evolution

In the optimisation of the alloy, a pertinent aggmio is to develop a tailored microstructure
based on a specific dispersion of partickés(dy”) prone to act as efficient obstacles to the
dislocation motion. The finer the dispersion, fbe tsame amount of particles, the stronger
the material. A particular heat treatment procedin@uld be developed to give this required
distribution and quantity of precipitates withinethmatrix. Generally speaking, the
precipitation is achieved by aging the alloy apadfic temperature and for a suitable time.
The main objective consists in obtaining stablecipitates prone to ensure an extended
service at elevated temperature and the targetedhanesal properties. The precipitation
temperature determines not only the type but dlgosize and distribution of precipitates.
DonachiglDonachie,2002]reports the main factors that influence the seleatf the ageing
steps and precipitation time-temperature:

- Type and number of precipitating phases;

- Required precipitates size;
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- Combination of strength and ductility

This section deals with the study of the phasesiitation resulting from an isothermal
aging performed after quenching. Different expentak analyses have been performed
using Dilatometry and Differential Thermal Analygi3TA) techniques prone to point out
the microstructural transformations occurring dgrthe heat treatment process. Specimens
have been first solution annealed at 955°C for arhthen air cooled and submitted to
different isothermal treatments.

In such a way, two reference aging treatments @ngidered (Figure V. 14): the first one
(a) represents the standard ageing process ddindlde ASTM B637 specification while,
for the second profile (b), a higher ageing temppeeaof 750°C has been chosen. Both
treatments show the same second ageing at 620 &hifours.

' A

LRY - T [°C
720°C/ 8h Cooling rel 750°C/ 4 Cooling
50°C/h 50°C/h

620°C/ 8h 620°C/ $h

Time Time

@) (b)

Figure V. 14 : Reference aging treatments consideddor analytical investigations.

Figure V. 15 shows the dilatometric analyses cdroet for the first ageing. Samples have
been heated with a heating ramp of 10°C/min and hblthe ageing temperature. In both
cases, the curves exhibit a slight preliminary espan, occurring during the first 20
minutes, followed by a continuous shrinkage.

As reported by SlamfSlama,1993] this expansion is due to the inertial error o th
measurement equipment during the heating process.

Otherwise, the thermal shrinkage is coupled withgrecipitation of different phases. The
rejection from the austenitic matrix of alloyingerlents such as Nb, Ti and Al, which
interact to form the strengthening phases is thia cause of the dilatometric variation.
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Figure V. 15 : Dilatometric curves for isochronousageing treatments at different temperature.

The precipitates growth rate is influenced by th#usion rates of the constitutive
elements, which are strongly affected by the teatpee. Following these assumptions we
can suggest that the preliminary phase of theatiiatric shrinkage (from 0 to 2h aging) is
based on a decreasing nucleation rate of the haglgrarticles, provided by diffusional
processes. Conversely, the rest of the structuvaluBon may be associated to the
morphology evolution of the nucleated phases. Brsvivorks/Han et al.,1982; Devaux et
al.,2008]have pointed out that the sizeydfprecipitates increases with increasing aging time
during isothermal aging. In such a way the hardgrmphases change their shape from
globular particle, for short aging time, to ellipgal disc shaped particles, as shown at the
end of the heat treatment process. As it will becdbed at the end of the chapter, the elastic
energy minimization is believed to explain this lenion in particles morphology .

Figure V. 16 exhibits the dilatometric analysested to the second aging and carried out
respectively after a preliminary aging at 750°C780°C. The slight difference in terms of
dilatometric shrinkage shown between the two cungeassociated to the effects of the
previous aging process. In general, high tempezatadopted for the first aging enhance the
structural evolution associated to the second ageifihe dilatometric variation
corresponding to 620°C, independently from the faging, is then less important, in terms
of amplitude, as compared to the first aging stepcent studie$Bor et al.,2010] have
reported that the second subsequent 620°C ageieg) it alter the morphology of thé
phase but leads to the growth of thehases, increasing their diameter. In such a way
can conclude that most of the structural transfoiona take place during the preliminary
ageing, whereas the subsequent step has an imporipact on the size and morphology
refinement of the precipitates.
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Figure V. 16 : Dilatometric analyses during secondging, subsequent to different preliminary aging
steps.

Figure V. 17 shows, the hardness evolution durigmm@ following the two selected
ageing conditions.
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Figure V. 17 : Hardness evolution as a function dhe ageing time.

Both curves exhibit a sharp slope, between 0 artd #where hardness progressively
increases followed by a plateau, between 4 andadhbre hardness remains constant.

Moreover, Kirman and Slamiirman et al.,1970; Slama et al.,2005showed that an
over-ageing effect, associated to the replacemeyitlwy a coarser dispersion of the stable
particles within the grain , could occur after loaging (100h) leading to a loss of hardness.
In such a way, the constant hardness level, exdidior 720 and 750°C in the range 4-8
hours, may be explained by the high resistancheftloy to the coalescence of the partially
coherend laths.

In agreement with the dilatometric results, theirgeat 750°C shows a faster hardening
kinetics as compared to that occurring for the daath one (720°C). This is the result of an
increased volume fraction of precipitates that exbka the hardening effects.

Finally, the hardness evolution during the secayeiray step is reported in Figure V. 18.
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Both thermal cycles shows a similar final hardng®$5 HV30), obtained after 8 hours
ageing. In such a way, the first ageing does netns® have any effects on the hardness
evolution during the second ageing. This last dtepvever, results in an average increase of
the material hardness of 45 HV30 in addition to hiaedening ensured by the preliminary
ageing.
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Figure V. 18 : Hardness evolution as a function ahe ageing time, for second ageing treatments.

The microstructural investigations, described is #ection, provide a valid support for the
careful selection of the variables used in the Thgplan reported in Chapter Ill. A wide
variety of options are available and many issuestrna considered with the aim to improve
the mechanical properties of the alloy.

Four different solution annealing temperatures (%80, 990 and 1000°C) above the delta
solvus, have been considered in order to retaiert@io amount of delta precipitates and
avoid early grain growth. Considering the ageingcpdure, the heat treatment variables
chosen in this study are based on data from previaoalytical testings (DTA and
dilatometer) and on recommendations provided byliteeature for the heat treatment of
nickel base superalloys. In such a way, two altereaageing procedures (750°C (4h) and
720°C (8h)) have been performed in order to endifferent distributions and morphologies
of the strengthening phases, impacting the fatigeeln addition, it was assumed that there
would be no significant benefit of varying the sedoageing step (considering its slight
impact on hardening), that has been hold at 626f@ hours.

II Fatigue behaviour of Inconel 718 alternative grades

As previously mentioned, one of the main object¥¢his PhD work consists in the study
of the microstructure influence on the mechaniaalpprties of the alloy under extrusion
loading conditions. For this purpose, a series ©F ltests is carried out at 550°C using the
reference trapezoidal signal with a strain rateabtu5x10°s ™,

In the design of the alternative thermal treatmesmsimportant distinction has been made
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between the “Intra-specification” and “Extra-spetion” Inconel 718 grades. Likewise, the
fatigue performances associated to the alternatiwatments are discussed in the next
sections and directly compared to the data obtawigdthe standard grade (Chapter V).

Finally a detailed analysis of the cyclic respomdethe alloy (stress relaxation under
loading, inelastic strain evolution and softening) reported in order to explain the
differences in terms of fatigue behaviour noticetieen the various heat treatments.

1.1 Intra-specification thermal treated grades

Following the tensile tests data obtained by thglieation of the Taguchi method, two
alternative thermal treatments (Tr. 990, Tr. 1086@ye been chosen to be tested under
extrusion conditions. It is important to remindfttiiae selection was conducted considering
the static mechanical properties (Y.S and U.T.Shagliscrimining parameters.

Figure V. 19 shows the Manson-coffin relationshopshese alternative grades of Inconel
718. The directs comparison with the standard gexdphasizes the better performances
shown by Tr.990, especially at high strain ampksidConversely, Tr. 1000, which was
selected for its capability to provide tensile prdpes, exhibits a very slight improvement of
the fatigue resistance at high strain amplitudes iatbecomes, further on, less efficient at
low strain amplitude.

—&— Tr 990 —— Tr 1000 —— Tr Standard
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Figure V. 19 : Manson Coffin diagram for intra-spedfication Inconel 718 thermal treatments.

Similar considerations can be deduced from Figur€® where the number of cycles to
failure is plotted as a function of the total stramplitude.
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Figure V. 20 : Total strain vs. fatigue life diagran for intra-specification Inconel 718 thermal treaiments
as a function of the applied total strain.

1.2  Extra-specification thermal treated grade (API 6A)

This alternative grade of Inconel 718 has been emo®ssentially, for its techno-
economical advantages, contributing to lower thé&usion die cost. As anticipated in
Chapter 1ll, the Oil and Gas (APl 6A) treatment nones the alloy toughness but it
negatively affects its mechanical properties (Yn8 6.T.S).

The grain size and morphology are shown in Figur@/ The Oil and Gas grade exhibits
a significant grain growth, as a consequence ohtpk solution annealing temperature and
the absence of delta phases along the grain baesdahis is the main cause of the decrease
of the tensile strength and the increase of théldyof the alloy.

¥ 5
200kv 3.0 100x  SE_ 123 15API6A

Figure V. 21 : SEM investigation of the microstructire obtained by the API 6A thermal treatment.
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The fatigue performances associated to the APIréAtment are reported in Figure V. 22.
The Manson Coffin diagram points out the limitedigae resistance of this alternative
treatment through out the entire range of appliealrss.
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Figure V. 22 : Manson-Coffin diagram for Inconel 78 APl 6A grade.

In addition, the cyclic response of Inconel 718aported in Figure V. 23, showing the
dependence of the stress amplitude on the numbeyctds. In this case, the alloy shows a
different behaviour as compared to the standardegra preliminary hardening is noticed in
the first 25 cycles, directly followed by a contous softening up to the complete fracture of
the specimen. This is the consequence of a dirgeraction between dislocations and
precipitates whose size and inter-particle distarare determined by this specific thermal
treatment. However, we can suppose that the ovang@pplied to the alloy, is responsible
for a significant coarsening of thé phases. This has a direct impact on the defoonati
process: a delayed shearing mechanism can be s$edgdge to the larger size of the
strengthening phases which hinders the dislocatiomgment.

As described for other alloy§lain,1992] new dislocations sources are activated,
increasing the dislocation density. In such a whg tlloy experiences a preliminary
hardening until the deformation mechanisms arevaietd along specific slip systems. Slip is
consequently spread over a series of grains eni@nitie unlocking of the pinned
dislocations which induces a progressive shearinlges” phases.

The detailed microstructural investigations repdrtat the end of this chapter will
facilitate the understanding of this particularatefation behaviour
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Stress Amplitude Inconel 718 at 550C
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Figure V. 23 : Cyclic stress response for Inconel Al 6A grade at 550°C.

1.3 Thermo-mechanical treated grade (DA)

The direct age technique (DA), belonging to thesglaof the thermo-mechanical
treatments, is a way to further exploit the allaseisgth ensuring a good combination of
tensile, creep and low cycle fatigue propertiess Hiternative Inconel 718 grade is based on
the common idea that a fine grain microstructurgpressly hardened by high forging
reductions, provides better LCF resistance .

Before identifying the fatigue performances relatedthis treatment, it is important to
examine the specific forging process and the ap@igerimental procedure.

Inconel 718 used in this present investigation been produced by Aubert & Duval as a
form of a forged pancake of 300 mm in diameter &dmm in height. The chemical
composition of the disk is reported in Table V. 1.

Element Ni C Cr Fe Nb Ta Mo Ti Al

[% weight] | 53.6| 0.027 17.8 18.7 5.23| <0.01 3.09 0.917 0.503
Table V. 1 : Weight percent analysis of the Inconel18 Direct Age grade.

The alloy has been forged at a temperature clo98Q8C and directly water quenched.

The forged pancake has been divided into two f&itpure V. 24): a first part has been
treated following the “Tr.990” procedure, wherels second one has been directly aged
using the standard duplex ageing. All the fatigaimgles used to study the fatigue properties
of the Inconel 718 standard grade were obtained fiot rolled bars. Consequently, the idea
to consider two different thermal treatments far thrged pancake is based on the interest to
define a new reference for the Tr. 990 grade agpbea forged material (Tr.990 forged). In
such a way, the fatigue performances of the dagetd material can be directly compared to
that of the reference alloy, focusing on the effexftthe single heat treatment and excluding
the contributions of a different forging process.
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DIRECT AGE

N°2 Samples LCF.
(DA 5- DA 6)

/ N°2 Samples for Tensile Tests \

Microstructural Analysis

N°4 Samples LCF (DA 1- DA 4)

N°4 Samples LCF (ST 1- ST 4)

o 3, ‘ . 31 o
N°2 Samples for Tensile Tests Tr. 990 Forged

N°2 Samples LCF.
(ST 5-ST 6)

Figure V. 24 : Experimental procedure for the extration of LCF samples in the forged pancake.

Two tensile samples have been extracted from eadhopthe pancake: the results of the
tensile tests performed at 550°C are reported bielnd. 2.

Heat Treatment Y.S [MPa] U.T.S [MPa] A [%] Z [%]
Test 1 1212 984 21 43
Test 2 1199 981 23 41
Standard Average 1206 983 22 42
Test 1 1273 1148 19 43
Test 2 1287 1118 20 45
Direct Aged Average 1280 1133 20 44

Table V. 2 : Tensile properties at 550°C of the fgyed material treated following the “Direct Age” andthe
“Tr. 990" procedure.
Inconel 718 Direct Age shows a 15% of improvemarthe yield strength compared to the
reference (Tr.990 Forged), and close values of ah® U.T.S, due to the work-hardening
effects of the thermo-mechanical process.

The metallographically prepared macro-section, aex¢d form the D.A part, has been
investigated by optical microscopy (Figure V. 25Jhe pancake exhibits certain
heterogeneity of structure, with the presence o fdck areas” in the top and bottom zones
where a low temperature and a reduced strain ratiupe a non recrystallized structure with
large grains (ASTM 5).

The microstructural investigation of the zone whgpecimens have been extracted shows
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a recrystallized structure, consisting of reguleairgs, (ASTM 11-12), surrounded by finer
grains (ASTM 13).

This is the result of a dynamic recrystallizaticeused by the generation of subgrains
which dictate the size of the recrystallized graiRsevious studiefHorvath et al.,2001;
Guest et al.,2005have shown that if the strain rate is low, theod®fation taking longer
time, gives to the grain boundaries more time tgrate than during deformation at high
strain rate. Following these assumptions, it cdagdsuggested that the centre of the forged
pancake is subject to a large amount of strain lvmduces the progression of the dynamic
recrystallization.

Figure V. 26 exhibits SEM investigations performedpecific zones of the pancake. The
images are used to better characterize the distib@and morphology of the delta phase
particles. In “the lock areas” delta phase is umiy distributed along the grain boundaries
in the shape of fine plate like particles. In thegions at the centre of the pancake,
precipitates show a more discontinuous distribytexhibiting a different size and a more
globular morphology. This is the result of a diffet distribution of the strain amplitude
within the pancake. Liu and Codieiu et al.,1997; Coste,2003Fktudied the effects of the
deformation mechanisms on the thermodynamical iequin of the delta phase. During
deformation, at a sub-solvus temperature, the géltese precipitates progressively dissolve
and tends to re-precipitate in the regions wheee dignamic recrystallization progress.
However, the strain rate seems to have no influendhe precipitation rate.
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1cm

Figure V. 25 : Microstructural investigation of the pancake macro- section treated following the DirgcAge process.
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Figure V. 26 : SEM investigations of the delta phasdistribution and morphology in the Direct Age parcake.:
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The study of the LCF performances associated tdhitemo-mechanical treatment have
been performed using samples extracted from theecas well as from the periphery of the
pancake in order to evaluate the heterogeneitiégigue behaviour.

Figure V. 27 shows the SEM micrographs of dire@dagpecimens (Figure V. 27(a)) and
the reference specimens “Tr. 990 forged” (Figure2Y(b)). However, no clear differences
can be detected between a forged and rolled ((&iur27(c)) microstructures treated
following the Tr.990 specification. Material exhibian equiaxe grain structure with a large
presence of delta phase laths which act as graindasies pinning points.

R,

Figure V. 27 : Typical microstructure of LCF samples, respectively obtained by “Direct Age” (a), “ Tr.
990 forged” (b) and “Tr. 990" (rolled) (c).

The LCF results obtained at 550°C under extrusmmditions are reported in Figure V.
28. The “Manson Coffin” diagram points out the betberformances of the forged samples
as compared to the rolled ones. Comparing theteesfithe DA and “Tr 990 forged”, the
diagram indicates that the two heat treatmentstyguieally similar except for high plastic
strains, where the Direct Age lives become sligltthger. These results are substantially due
to the high yield strength associated to the diaget process, which delays and reduces the
inelastic effects. Finally, tests have ambiguoushown the limited scatter in fatigue
performances between the centre and the edgesaiimdj a satisfactory degree of process
stability and a good isotropy throughout the paecak
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—l— Tr 990 (Rolled) —x— Direct Age
—— Tr Standard - -&--Tr. 990 (Forged)
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Figure V. 28 : Manson-Coffin diagram of the DirectAge Inconel 718 grade.

IITI Comparative study of the fatigue life for alternative
Inconel 718 grades

The LCF results reported in the previous sectioagehshown a strong sensitivity of
Inconel 718 to the thermal treatment that simulbaiséy acts on both its microstructure and
mechanical behaviour.

Since the fatigue property enhancement is the wigjiective of this PhD work, it is useful
to review the material response under extrusioditmp(trapezoidal cycle), with a particular
attention to the environment conditions and intéoas. A typical list of item, by which the
various Inconel 718 grades can be compared includes

- The Low Cycle Fatigue (LCF) life;
- The fracture surfaces investigation;
- The stress relaxation under load;

- The material softening.

The impact of each parameter on the fatigue lifdiggussed in details in the following
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sections in order to define the most efficient thairtreatment for extrusion die applications.

.1 Low Cycle Fatigue life

The Manson Coffin diagram, shown in Figure V. 2§arts all the results relative to the
LCF tests performed under extrusion conditionstfe various investigated Inconel 718
grades.

—l—Tr990 —&— Tr Standard —x— Direct Age
—&— Tr 1000 —&— Tr API 6A

Plastic Strain [%]

0,7 r

0,6 | |

100 1000
Nr [cycles]

Figure V. 29 : Manson Coffin diagram for the altermative Inconel 718 grades.

Differences in terms of fatigue life can be notic@dble V. 3 reports a comparison of the
fatigue performances considering two different ltod@plied strains. For similar test
conditions, it is possible to define a fatigue dafiN/Nr; standard that compares the relative
fatigue life of each alternative thermal treatmestcompared to that obtained from the
Standard Inconel 718 grade.

The Direct Age and Tr.990 process exhibits betegfgpgmances within the entire range of
applied total strains. Conversely, the “APl 6A”amment exhibits low fatigue durability at
high strain amplitudes, while it ensures similarf@enances to that of the standard grade at
low strain.
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N(Alternative rade/)N(Tr.Standard)
Thermal Treatment  Ag=*1.2 % Agi=+0.8 %
Tr.990 1.67 1.15
Tr.1000 1.44 0.81
API 6A 0.75 0.93
Direct Age (DA) 2.12 1.53
Table V. 3 : Effect of the alternative thermal trza;rgo?.ts on the fatigue performances of Inconel 718t

I11.2 Fracture surfaces

Fractographic observations are conducted on specimaeture surfaces after low-cycle
fatigue at 550°C (Figure V. 30).

The specimens show a similar characteristic in $eainfracture morphologies. Typical
fatigue fractures with fatigue striations and sighglastic deformations are observed in all
specimens. However, some traces of intergranuéaksr probably due to the environmental
interactions, are noticed.
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Figure V. 30 : SEM investigations of the fracture srfaces of LCF samples tested at 550°C for various
Inconel 718 grades: Tr.990 (a), Tr.1000 (b), API 64c) and Direct Age (d)
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1.3 Stress relaxation under high loading strain

Another strategy to compare the macroscopic regpohthe different Inconel 718 grades
is based on the study of the stress relaxationrumidé strain loading. During the holding
time, the application of a constant total straiduices a continuous stress relaxation. Figure
V. 31 compares the relaxation behaviour of theotariheat treatments under the application
of a deformation amplitude of 1.5 % . Stress reiaxais expressed as a dimensionless ratio
(oilo(=0)) between the currens;( and the initial stress;-o).

Stress Relaxation during Holding Time

0,975 ff %=

= 1.59% DirectAge

T 005 —— 1.5% APIBA
g ——1.5% Tr 1000
o 0,925
8 —=— 1.5% Tr990
08 —— 15% Tr STANDARD

0,875

0,85 .
0 50 120 50

Time [s]

Figure V. 31 : Stress relaxation during loading tine at maximal strain for different Inconel 718 grade at
550°C.
The stress relaxation curves point out the resistan Tr.990, Tr. Standard and Direct Age
to stress relaxation.

In addition, during the holding time a conversidntloe elastic strain into plastic strain
occurs, due to the stress relaxation. Figure V.r&§ibrts the plastic strain evolution, as
function of the holding time, for the various tmeants and strain amplitude of +1.5%.
Tr.990 and Direct Age continue show better perforces, exhibiting inelastic strain
amplitude, at the end of the holding time, simitathe standard grade.

The higher resistance to the plastic deformatiaheumolding time conditions contributes
to explain their better fatigue performances urederusion conditions.
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Plastic strain evolution
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Figure V. 32 : Plastic strain evolution during loadng time at maximal strain for different Inconel 718
grades at 550°C.

1.4 Cyclic softening

In addition to the previous results, Figure V. 3Bibits a similar comparison in terms of
cyclic stress repose for a LCF test performed wotial amplitude of +1.2%. Cyclic stress
amplitude (6max- omin)/2) is plotted as a function of the number of egcl

inconel 718/ 550C

1250
g 1150
< 1050 ——1.2%Direct Age
i) —=—1.2% Tr 990
£ 950
o ——1.2% Tr.1000
E 850 .
* —e—1.2% Tr. Standard
§ 750
? 650 A

0 100 200 300 400 500
N [Cycles]

Figure V. 33 : Cyclic stress response at 550°C faiifferent Inconel 718 thermal treatments.

The various thermal treatments result in a diffefeshaviour that is influenced by the
Yield Strength (Y.S) associated to each microstmgctIn general, a higher Y.S leads to
higher stress amplitude along the LCF test.

For these reasons, a dimensionless ratio betweemn#tantaneous stress ratio and the
stress amplitude at the first cycleo, /Ao, can be plotted as a function of the number of
cycles (N) (Figure V. 34).
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Figure V. 34 : Normalised cyclic stress responsesrfvarious Inconel 718 grades under extrusion
conditions (trapezoidal signal 150_20g=%1.2%).
In such a way, slight differences in terms of saftg can be noticed between the various
grades. The microstructural investigations, rembite the next sections, could provide a
possible explanation for these specific behaviours.

The cyclic response of the “APl 6A” grade has jbsen considered above due to a
different behaviour based on a preliminary hardgfatiowed by a continuous softening.

I11.5 Partial conclusions

The purpose of this investigation was to analyseitfiuence of the heat treatment on the
fatigue performances of Inconel 718 under extrusionditions. The properties of the alloy
have been notified and optimized using various treatments. The LCF tests have proved a
significant influence of the alternative heat treahts on the alloy’s fatigue durability at
550°C, the Direct Age grade exhibiting the higHasigue performances. This results should
be related not only to the change of the heatrtreat process, no solution annealing, but
also to the application of a thermo-mechanical ifayghat gives to the material residual
work hardening. Within the “Intra- specificationesigned grades, the Tr.990 variant
exhibits superior fatigue properties as compareddth the standard grade and to the
alternative Tr.1000 grade whose behaviour, undelicyoading, does not reflect the high
tensile properties measured at 550°C. FinallyAR&6A grade has shown a different cyclic
response in which a preliminary hardening processits during the very first cycles (20-25
cycles), directly followed by a rapid and continsosoftening until the final fracture
develops. The reason for lower fatigue durabilitpder extrusion conditions, of the heat
treated specimens in variant Tr.1000 and API 6A lmarexplained by a different behaviour
exhibited under the application of a holding tintensaximum strain. The remarkable and
rapid stress relaxation exhibited by these Incatié variants, which increase the plastic
strain amplitude associated to each cycle, camohsidered as a limiting factor under LCF
conditions.
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However, a detailed investigation of the influengie the thermal treatments on the
microstructure, reported in the next section, hesnbcarried out to better understand and
compare the mechanical behaviour of the alterndtivenel 718 grades

IV Comparative analysis of the microstructure of
alternative IN718 grades

The previous sections have investigated the eftd#dise alternative thermal treatments on
the fatigue life and on the mechanical respons¢hef material under typical extrusion
loading. Experiments have shown that changes imostizicture leads to a variability of the
mechanical properties of the alloy. As a consegeietite investigation and comparison of
the different microstructures provide a detaileérgiew of the microstructure changes and
their correlations with the mechanical propertiesigh temperatures.

Figure V. 35 shows a SEM investigation of the nmstmoctures corresponding to the
alternative thermal treatments. The “Intra-speatftn” grades (Tr. Standard (a), Tr.990 (b)
and Tr 1000 (c)) exhibit very similar microstrualfeatures except for the morphology and
content of the delta phase that decreases and timwelsds a needle-plate morphology as the
annealing temperature increases (Tr.1000 (b)). &hesults are consistent with the
experimental investigations reported in the fiestt®ns of this chapter. However, the most
significant microstructural changes are associtiatie“Extra-specification” procedures. As
reported above, the Direct Age (c) treatment ipoasible for necklace microstructures with
a limited amount of fine and elongated delta phasicFinally, the “API 6A” (d) grade shows
a pronounced evolution of the Inconel 718 micradtite, where the absence of the
intergranular delta phase particles induces a pree@rain growth and an increase of the
superalloy ductility.

@

205



Chapter V: Relationships between tailored matémtaihsic parameters and fatigue behaviour

@

Figure V. 35 : SEM observations of the microstructee of the alternative Inconel 718 grades, respectly:
Tr.990 (a), Tr.1000 (b), Direct Age (c) and API 6Ad).

IV.1 Intermetallic phases morphology

As described above, the aging treatments leadiftereht distributions ofy’ and y”
precipitates that evolve through homogeneous nticfealn such a way, transmission
electron microscopy (TEM) observations have beefopeed in order to characterize the
morphology of the intermetallic phases as a fumctbthe specific thermal treatment. Dark
field observations of samples have been carriedising diffraction pattern corresponding to
the [001] zone axis of thg matrix. The analysed diffraction pattern, reporiedrigure V.
36(a), exhibits intense spots associated to therbmég) while the other faint spots
corresponds to the strengthening precipitatear{d y”). The indexed patterfNiang,2010]
(Figure V. 36(b)) shows the presence of three waggiaf precipitates in addition to the
specific spots of the gamma prime phase as labelltte figure.
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Figure V. 36 : Selected Area Diffraction (SAD) [00]L, zone axis for Inconel 718 (a) and corresponding
indexed key pattern [Niang,2010].

The <0013 zone axis pattern confirms the orientation retafops between the matrix
andy” precipitates, previously reported in the literatu

- Variant 1: [001], //[001],
- Variant 2: [001], //[010},
- Variant 3: [001], //[100},
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As reported by other authofBaulonis et al.,1969; Slama et al.,1997; Niang,20J1 the
adopted experimental approach consists in firsthecting first the g=100 diffraction spot
allowing the simultaneous identification ¢f and y”. Then, the g= %10 spot is chosen to
isolate they” variant from the rest of the precipitates. Thenparison of the two bright field
images leads to the individual analyse of the sipglases. However, theparticles are too
small to be clearly imaged in transmission electroaroscopy. For this reason, only the g=
100 selected area diffraction patterns (SADP) viié considered to investigate the
precipitates morphology.

Figure V. 37 to Figure V. 40 compare the dark fieldhmination obtained with g=100 for
all thermal treatments. Generally speaking, fheprecipitates are uniformly distributed
within the austenite grains showing fairly high giépn In particular, the standard treatment
(Figure V. 37) shows a significant precipitationvalry fine and globular particles, whereas

Figure V. 37 : Dark field (a) and bright (b) field TEM micrographs showing the intermetallic precipitates
in Inconel 718 Standard grade.

Figure V. 38 : Dark field (a) and bright (b) field TEM micrographs showing the intermetallic precipitates
in Inconel 718 Tr.990 grade.
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100 nm R 100hm

Figure V. 39 : Dark field (a) and bright (b) field TEM micrographs showing the intermetallic precipitates
in Inconel 718 API 6A grade.

i \ L 100/
Figure V. 40 : Dark field (a) and bright (b) field TEM micrographs showing the intermetallic precipitates
in Inconel 718 Direct Age.

The bright field micrographs show the typical “déatobe” contrast that reveals the high
coherency strain associated to tjieprecipitates. In agreement with Slani@lama et
al.,1997] the length (L), width (e) and the (e/L) ratioydfparticles may be determined from
electron microscopy using the dark field technidtige results, corresponding to the average
of measurements carried out on 15 particles, arediin Table V. 4.

Heat Treatment L [nm] e [nm] e/L
Standard 13+3 5+1 0.38
Tr. 990 14+ 3 6 +1 0.42
APl 6A 33+3 7+1 0.21
Direct Age (DA) 233 71 0.30

Table V. 4 : Intermetallic y” precipitates morphology (L (size) ande (width)) corresponding to the
average of TEM measurements carried out on 15 paxles for each thermal treatment.

Note that the “API 6A” grade exhibits a change Image of they” precipitates that have
grown during the over-aging at 785°C for 6.5 houfs a consequence of this evolution, a
more elongated morphology occurs: particles preatpias long disk-shaped with an average
size of 33 nm. Figure V. 41 reports the changeeih)(ratio as a function of the precipitates
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size (L) for the investigated thermal treatmentse Experimental data show, fgr sizes
ranging between 10 and 35 nm, a direct (quasi f)n@@pendence of the (e/L) ratio to the
precipitates length (L).
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Figure V. 41 : Evolution of the (e/L) ratio, for they” precipitates, as a function of the particles siz€L).

The growth or coarsening mechanisms observed ®fTh APl 6A” is associated to a
decrease of the density @f phases increasing the width of the precipitates-fzones
(Figure V. 39). These zones are subject to plalabands development occurring during
the deformation process. Consequently, preferepadihs, showing a lower critical shear
stress for dislocation slip, are established dutiregprogressive deformation. As a result, it is
suggested that the morphology of the strengthepimases have a direct impact on the
deformation mechanisms in Inconel 718.

IV.2 Extraction and analysis of the intermetallicp  hases

Alternative and complex thermal treatment have h@emfiormed on Inconel 718 in order
to obtain the required mechanical properties, siell strength and fatigue resistance. The
properties are the result of a through optimisatbrhe volume fraction, the size and the
morphology of the strengthening phases. Previaudiet have revealed that the composition
of the different phases is largely affected by thermal treatment. For this purpose,
advanced experimental methods are required to rditer crystallographic structures,
chemical composition of precipitates and matrixwel as the precipitates molar fractions.
The approach adopted in this PhD work consistdenidentification of the different phases
contained in the austenitic matrix using an eldygti® extraction coupled with an X-ray
analysigBellot et al.,2011; Carniel et al.,2011]

Preliminary electrolytic extractions have been gernfed in the solution annealed
conditions in order to identify the delta phaseteanh right after quenching. Figure V. 42
reports the X ray patterns obtained from the ressdurhe peaks associated to the delta
phases proves that during the electrolysis thesesqsh have totally transferred to the
electrolyte. Conversely, no tracesydfor y” have been detected after the solution annealing
process.
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Figure V. 42 : Comparison of X-ray diffraction spectra of the extractive residues obtained, for the
alternative IN718 grades, corresponding to the sotion annealed conditions.

The investigations have been completed by therelgtt extractions performed on the
aged material as shown Figure V. 43, where, thepeoison of various X-ray diffraction
spectra of the extractive residues is reporteduResllow a complete identification of the
precipitated phases, pointing out the presengé ahd & phases. The extraction method has
allowed, therefore, the isolation of theand 6 particles, that will be analysed in terms of
shape and quantity in the following sections. Hogvewt is important to remember that a
certain amount of’ phase is present in all samples, but it has m@nbextracted by this
selective electrolysis. A direct comparison of ilensities of the XRD leads to a qualitative
investigation of the phase contents for the difietbermal treatments. As a result, Tr. 1000
and Tr. APl 6A exhibit a large amountgfas compared to the other grades. However, this
increase in strengthening phases content is assdci@ a limited amount of delta
precipitates, as described in the first part ofghaeagraph.
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Figure V. 43 : Comparison of various X-ray diffraction spectra of the extractive residues obtained fmo the alternative IN718 grades.
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The observed line broadening associated to they)pemks can be used to estimate the
average size of the intermetallic phases. In pddic they” size (D) is estimated from the
single peak (200) using the Scherrer equdtsmerrer,1918; Patterson,1939]

0.9/

- Eq.V. 1
[ cosd a

Where:
A is the wavelength;
0 is the diffraction angle;

B is the peak width measured at half maximum intgn@WHM) and expressed in
radiants.

The apparent” sizes, calculated from the XRD data, are comparedhose previously
obtained by TEM for all Inconel 718 samples (Ta¥l&).

v’ Sizes
Thermal Treatment XRD Scherrer TEM [nm]
[nm]

Tr. Standard / 13+3
Tr.990 19+1 13+3

Tr. 1000 27+ 1 /
API 6A 38+1 33+3
Direct Age 24+1 23+3

Table V. 5 : Comparison between predicted (XRD pa#rns) and measured (TEM investigationsy” sizes
for various Inconel 718 grades.

Small difference between the results of both expental approaches is shown.

In such a way, the Scherrer equation allows thdigtien of they” sizes associate to Tr.
1000 grade that was not assessed by TEM investigati

Precipitates extraction has allowed the identiiozat of the various intermetallic
precipitates, produced by the application of a isuafje treatment, and their relative
estimated sizes.

The average composition of thenatrix, as measured by ICP-OES on the solutiod e
precipitates extraction and containing all the citainelements remaining in the matrix, is
reported in Table V. 6.
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Elements [weight %]
Ni Cr Mo w Al Co Ti Nb Fe
Tr.
Standard| 54,7 | 19,32 | 2,91 0 057 | 042 | 067 | 0,87 | 2052
Tr. 990 | 54,04 | 19,26 3,01 0 0,53 0,33 0,63 1,18 20,98
Tr.1000 | 54,16 | 194 2,99 0 0,527 0,32 0,603 1 20,97
API 6A | 5399 | 19,72 2,96 0 0,488 0,33 0,535 0,83 21,14
Direct
Age 54,57 | 19,61 2,98 0 0,529 0,06 0,709 | 0,943 | 20,62
Table V. 6 : Average chemical composition of thg matrix after each thermal treatment determined by

ICP-OES.

These results indicate that the composition teodwtlve as a function of the formation of
the various precipitates’(and?).

Figure V. 44 reports the evolution of the Al, TidalNb contents as a function of the
adopted solution annealing temperature. In pedgotement with previous studidgiller et
al.,1999; Burke et al.,200Q] the levels of Al and Ti show a continuous decaeeas the
solution annealing temperature increases. Conwerded Nb content does not show a direct
dependence from the annealing temperature, bepimds on the whole (annealing + ageing)
treatment. In agreement with the qualitative infation reflected in Figure V. 44, it is
suggested that an increase quantityy’oprecipitates, as mentioned for Tr1000 and APIGA
grades, is associated to a decrease in Al andnfenbwithin the matrix. In such a way these
elements are expected to enhanceytlamdy” precipitation during the ageing process.

The other alloying elements (Ni, Al, Co, Cr and Bepw a constant content whatever the
solution annealing is.
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Figure V. 44 : Niobium, Aluminium and Titanium average weight content in they matrix as a function of
the solution annealing temperature.

Focusing on the extracted precipitates, Table kepbrts the experimental weight fractions
of the isolated particles, for the various IN718adgs, calculated by the following
relationship:

=)
c W
m AwTOt

Eq.V. 2

Where W corresponds to the weight of the extracted pretgs §+y”) and AW™
represents the difference in weight of the sampamfthe beginning (t=0) and the end of the
selective electrolysis. In addition, the surfacaction of delta phase, calculated in the first
part of the chapter, is reported in the same table.

Figure V. 45 shows the evolution of the experimemtalar fraction as a function of the Nb

Thermal Dissolved Extracted Precipitates | Delta phase
treatment Inconel 718 | precipitates | (6+y”) weight surface
weight [g] | weight [mg] | fraction [%] | fraction [%]
[AW ] (W] [Fr]
Tr. Standard 2.58 303 11.7 5
Tr. 990 2.6 209 8 3.8
Tr.1000 2.696 282 10 2.9
API 6A 2.696 341 12 0
Direct Age 3.231 362 11 3.7

Table V. 7 : Molar fractions of (y"+ &) precipitates for the different Inconel 718 grades
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content in the matrix.
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Figure V. 45 : Evolution of the experimental weighffraction of extracted precipitates ¢+y”) for various

Inconel 718 grades as a function of the Nb contaietained in matrix.

According to the data reported in Table V. 7, vasidwypothesis relative to thé and 6
weight fraction may be formulated. They are dethilmdividually for each Inconel 718
grade, as follows:

Tr. Standard: the image analyses carried out on this grade Is&aosvn a high
content of delta phase due to the applicationlofvasolution annealing temperature
(955°C). In addition, the levels of Nb remainingsilution are too low to form high
content ofy” phases. The DTA analyses, reported in the pralamy section of this
chapter have suggested thatforms after thed precipitates. In such a way it is
suggested that a high contentdfformed after quenching, limits the subsequent
precipitation ofy” particles.

Tr. 990: Solution annealing at temperature (990°C) highan the standard grade
limits the volume fraction of delta phase, but entes the content of Nb remaining
in solution. However, the first ageing at 720°Cni able to provide a complete
precipitation ofy”: this suggestion is confirmed by the high Nb @snitpresent in
the matrix after the ageing process. Tr.990 gradbkan characterized by a moderate
content of delta ang’ particles.

Tr. 1000: in accordance to the previous case, it is sugdesiat solution annealing
at 1000°C further increases the Nb level retaimethé super-saturated solution. In
addition, Tr 1000 exhibits a lower content of dgitaase but an increased molar
fraction of extracted precipitates as compared t®9D. As a consequence, the
volume fraction ofy” phase is suggested to be higher than for Tr 38 is due to
the high ageing temperature (750°C) that enharfees” tprecipitation. However,
the short ageing time does not maximize {t@ecipitation and limits the molar
fraction of intermetallic phases.
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- APl 6A: SEM observations have pointed out the absencg pdirticles for this
Inconel 718 grade. For this reason, the high cardéimtermetallic precipitates is
exclusively associated to thephases. This is the result of the applicatiom ¢figh
solution annealing and ageing temperature: anrgeain1030°C maximizes Nb
level remaining in the matrix, while ageing at 785produces a widespread
distribution of large (33 nmy” particles through the matrix.

- Direct Age (DA): this grade exhibits a delta phase surface fractionlar to the
Tr.990 grade. However the extracted weight fract®higher. This means that the
complementary content of is increased. In this way, the Direct age gradsy iine
classified in an intermediate position between 90.and Tr. 1000

These qualitative considerations provide a micuxstiral explanation for the different fatigue
lives associated to the various Inconel 718 grableparticular, the y” volume fraction is
assumed as discriminating for the description:

- Low weight fraction of y” phases this is the case of the standard treatment winere
material exhibit good fatigue performances everthgy show substantial possible
improvement.

- Moderate weight fraction of y” phases this microstructural arrangement provides the
best results in terms of fatigue life. The residdalta particles limits grain growth,
while the moderate content gf ensures an efficient strengthening of the allbyis is
the case of Tr. 990 grade where fatigue life isnojzed. Direct age (D.A) may be
classified in thig” range. However the impact of the precipitatestenton the fatigue
life is strongly influenced by the work hardeningrigting from the thermo-mechanical
treatment (in the case of DA grade).

- High weight fraction of y” phases the excessive precipitation of the strengthening
phases reduces, as shown Tr. 1000, the fatiguadilompared to the standard grade.
These detrimental effects are not exclusively dased to they” volume fraction, but
also to the precipitates size that influences th@rdhation mechanisms as it will be
described in the following sections. These aspawtsfurther emphasized in APl 6A
grade where the absence of delta phase assoociatad éxtensive precipitation @f
leads to a large reduction of the fatigue life.

In addition to this pertinent information, the sgudf the relationship between
microstructures and fatigue life of Inconel 718 nimey integrated by the analysis of the
particles shape and their relative effects on thBorthation mechanism. This topic is
discussed in the following sections.

IV.2.A Shape evolution of the intermetallic phases

Inconel 718 is strengthened by a high volume foactf intermetallic phases’(and y”)
whose morphologies, after standard and altern#timenal treatments, have been observed by
TEM investigations. These phases causes strengthémiough the generation of coherency
strains, associated to internal stresses which dtnplae high temperature mechanical
behaviour of the alloy and its microstructural exmn during service. Previous studies have
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unambiguously related the mismatch value to theurwence of precipitate shape changes
during precipitation or ageing treatmerjtdazotte,2009]

The experimental lattice parameters of the matpabd they” precipitates, measured by
the x-ray diffraction presented in chapter Ill, aeported in Table V. 8. The low intensity
peaks relative to thg” phases associated to the standard treatment tloallow the
calculation of the experimental lattice constants.

Experimental y Experimental y” lattice
lattice parameters parameters
Treatment| % =0, =01Al | a, =b,[Al| ¢ [A]
Standard 3,5981 / /
Tr. 990 3,6034 3,603 7,406
Tr.1000 3,6024 3,612 7,421
API 6A 3,6034 3,616 7,418
Direct 3,6038 3,602 7,397
Age

Table V. 8 : Experimental lattice parameters evaluted by XRD performed on the remaining powder after
matrix dissolution for alternative IN718 grades.

The misfit value relative to each thermal treatmentording to the formalism adopted by
previous authorfCozar et al.,1973; Slama et al.,199/is defined as:

a,. —a
g =€ = A Eq.V. 3
ay
C
(j -4, Eq.V. 4
gc — 2 Y
p-—
a

where ais the lattice constant of thrematrix and @ and ¢- the lattice parameters of the
precipitates.

The resulting coherency strains (misfits), assediab the change from the FCC cell of the
matrix to the BCT cell of the” precipitates, are listed in Table V. 9. Data aoenpared to
those obtained by XRD synchrotron, performed omdssdmples, where precipitates are not
isolated but hold within the matrix. A good accamde between the two experimental
techniques is shown.
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Dissolution Synchrotron
Nasfit 4"/ o Nashat 7/
Heat Treatent ,5-; [%4] 5-; [%4] ,5-; [%4] ,5-; [%4]
Tr. 990 0,01 2,69 0,03 2,02
Tr.1000 0,26 2,91 0,35 2,58
APIGA 0,35 2,85 0.4% 2,37
Direct Age 0,05 2,56 ! !

Table V. 9 : Evaluated lattice mismatch fory” precipitates corresponding to the various alternagive IN718
grades.

The presence of a lattice misfit induces an elastiss field, often called coherency stress
field, which is responsible for the arrangement amatphology of the” precipitates. Hazotte
[Hazotte et al.,1996]pointed out that the final microstructure depeorshe minimization of
the coherency strain through the precipitate mdggies evolution. In this way, the final
shape results in the minimisation of the sum of iterfacial and elastic energy. The
spherical shape minimizes the surface energy, $uhe mismatch increases, the change to
plate-like morphology minimizes the elastic energy.

Considering the TEM investigations, the APl 6A gradvhere a larger mismatch
(&,,=2,85%) with the matrix is shown, exhibits the jrese of elongated” particles
(e/L=0,22) as compared to the Tr.990 where a smisfit (¢, =2,69) leads to more spherical
intermetallic particles ((e/L=0,45).

When a second phase particle is introduced into nilagrix, different particle-matrix
interface configurations can be formed: fully cargr partially coherent or incoherent. Cozar
[Cozar,1973] reported that coheremt phases have a misfit with the matrix equal ordow
than 1%. This is confirmed for all alternative Inebgrades, where the discrepancy in lattice
planes is expected to be accommodated by elastio.sElip planes can align and interfacial
edge dislocations can eventually form at the part@herent interfaces in order to relieve
the elastic strains. As a result, the coherentipitates provide strengthening through a size
misfit and a particle shearing.

However, the Tr.1000 and API 6A grades exhibitrgda mismatch that reflects a reduced
coherency between matrix and intermetallic phaseshese conditions, it is suggested that
slip can not be easily transferred between matiik @article due to the misalignment of slip
planes.

Figure V. 46 compares the alternative Inconel 7isdg as a function of their relative
misfits with the matrix and the fatigue lives asated to an applied total strain amplitude of
1+1.2%.
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Figure V. 46 : Evolution of the LCF performances umler extrusion conditions (trapezoidal signal 150 20
s), (T=550°C andAg=+1.2%), for the alternative IN718 grades as a furteon of the lattice mismatch
between they” phases and the matrix.
It is evident, in both cases, that an increasehef lattice mismatch, in the <100>
directions;. and <001» direction, leads to a reduction of the fatiguef@enances of the
alloy under extrusion loading (trapezoidal signad 120 s).

The reduced coherency exhibited by #figghases in the APl 6A grade and the increased
size of these particles (Figure V. 40) suggest #hakislocations pile-up could occur as a
cluster of dislocations unable to shear or crosssttengthening phases.

During the subsequent deformation of the matetted, generation of new dislocations
occurs, increasing the dislocation density andrdseilting flow stress. Consequently, this
mechanism could be considered as mainly respon&ibléhe preliminary work hardening
exhibited by the APl 6A grade during the first @&lunder extrusion conditions. At a
sufficiently large applied stresses, the barrierdislocations movement are overcome and the
rate of work hardening is reduced.

IV.3 Effect of y” precipitates size on the deformation mode

The precipitation strengthening is ensured by s#cphase particles. These particles
impede the movement of dislocations throughoutl#itiice. Physically, this strengthening
effect can be attributed to both size and moduftects and to interfacial or surface energy
effects. Within the alloy, consisting in a disperspf hard precipitates in a fairly soft matrix,
two distinct modes of deformation are observedtigdas shearing and particle bypassing
resulting in the creation of dislocations loopsusr the particles.
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In general, the precipitation hardening mechanigpedds on the size of the precipitates
bypassing. Cutting is the dominating process forlkmarticles, while for larger size,
bypassing is assumed to be the major preliminafgroh@tion mechanism. For this reason, a
rough estimation of the required stress to initedeh process can be assessed following the
models proposed in the literatyfundararaman,1988; Perrut et al.,2011]

In such a way, the functional relationship betwednear stress and particles size is
expressed as:

17%
r} 4T Of EL[EJEJZ

AT = —
Shear |: ﬂ[r 3A

Eq.V.5

[Sundararaman,1988]
Where Atsheqar IS the shear stress increment due to particlerisiiggd” is the antiphase
boundary (APB) energy of the ordered precipitéites the Burgers vector of the cutting
dislocation , f is the precipitate volume fractiand T is the dislocation line tension, which is

assumed to be approximately (:%EUEEJZ) whereyp is the shear modulus of the matrix. All

the calculations are performed considering th@recipitates as the primary strengthening
phases in Inconel 718. In such a way, the otharpaters included in the equation have the
following meaning:L corresponds to the length of the major axis of dfgtical y”
precipitates and\ is the ratio between the majdr) @nd minor €) axes A=L/e). These latter
parametersl( ande) have been extracted form the microstructural stigations carried out
by TEM as indicated in Figure V. 41 where the etioluof the €/L) ratio as a function of the
precipitates sizel() for the investigated thermal treatments is shown.

Shear stress calculations have been obtained evmgjdhe following values (Table V. 10)
for the individual parameters:

Parameters Value
[Sundararaman,1988]
b [nm] 0.25
TN] 2,19-10°
' [mJ/m?] 296
f 0.15

Table V. 10 : Input parameters [Sundararaman,1988for Shear Stress calculation.

The critical residual shear stress (CRSS) caladlbateusing Eq.V. 5 is plotted in Figure V.
47, as a function of the" precipitates size. All results have been assessedidering a
constant volume fraction of thé particles equal to 0.15, focusing exclusivelytbe effects
of the particles size.
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Figure V. 47 : Claculated values of Shear Stress asfunction of they” particles size.

As previously anticipated, the stress associatdde@articles bypassing tends to decrease
with increasing particle size. From a microstruatypoint of view, at a constant volume
fraction ofy”, an increase in the precipitate size leads t@rcemitant increase in the free
spacing between the particles. As a result, thesstrequired for the activation of the
bypassing mechanisms may be expressed by the fofjawlation:

AT, = 085utb C AL

2(1—I/)y2 ZL{l—ﬂC} TT, Eq.V. 6

2A

[Sundararaman,1988]

Where4rg is the stress associated to the bypassing procésghe Poisson ratio for the
matrix andn is the dislocation core radius that has been densdl equal to the Burgers
vector (@ = b)

The values assumed for the different parametgsifig in Eq.V. 6 are reported in Table
V. 11:

Paramaters Value

[Sundararaman,1988]

1 [GN/m?] 70
v 0.33
7o [nm] 0.25

Table V. 11 : Input parameters [Sundararaman,1988for Bypassing Stress calculation.

In addition, C is expressed as:

C:[(f DA)”+(7—ZT—%JH DA} EQV. 7

[Sundararaman,1988]
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Focusing on the particles shape, as describedéoshiearing mechanisms, the aspect ratio
(A), varies as a function of thé particles major I() and minor €) axes. The aspect ratfois
assumed to range between 1 (for L= 5 nm) and 7.&d80 nm).

Figure V. 48 reports the evolution of the bypassstigss calculated with Eq.V. 6. The
shearing and bypassing plots intercept at a crisize (¢) equal to 12 nm. For precipitates
size larger thamlc the stress required for bypassing is lower that tteeded for shearing.
Conversely, at smaller particles size the situasaeversed.

—— Shear ——Bypassing
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Figure V. 48 : Calculated values of Shear and By-g&ing stresses.dcorresponds to the critical particle
size at which the deformation mechanism changes fnoshearing to bypassing.

The experimental value assumed by the criticaligarsize, ranging between 10 and 15
nm, is in good agreement with the theoretical vakieulated with the following expression:

d, = (”—[ﬂ’j EEl+ 15 E{/Ej Eq.V. 8
r T

[Sundararaman,1988]

Previous works have pointed out that additionadbaing effects (coherency hardening)
could be added to the previous precipitates sthemjtg mechanisms. These coherency
hardening processes, due to the lattice misfitgvdet the matrix and the precipitates, are
associated to the elastic stresses in the vicofithe particles. The contribution of coherency
strain hardening to the overall yield stress wdpdnd on the number and spacing of the zones
or precipitates, and also on the degree of streodyced by each. In general, longer ageing
times result in larger, more widely separated jpitaties, each having a larger strain field.
Coherency strain hardening reaches a maximum wreeaverage zone spacing is similar to
the limiting radius of dislocation curvature.

In general the presence of these coherency sigds ftends to increase the slip stress: as a
result, the critical particle sizedd12 nm) could be further decreased.

The previous calculations have suggested an atteenenterpretation of the interactions
between the precipitates size and the mechanioglepiies. This represents a valid support
for a further comparison of the alternative Incorn&8 grades, in order to obtain information
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about the interaction between the precipitat&garticles and the moving dislocations.

The TEM observations, carried out for the “Tr. Stard” and “Tr 990” Inconel 718 grades,
have shown mean sizes fotparticles closed to 13 nm.

This value corresponds to the critical particleedihat has been assessed by the model,
described above. However, both the experimentaroagpes, such as the critical size
determination and the TEM image analysis, are stixleto experimental errors due to the
different approximations. In such a way, the caitiparticle size may not be considered as a
certain value but it subject to an uncertainty mn{n accordance with these assumptions and
considering the” size associated to these Inconel grades, itggested that the deformation
process exhibited by these microstructures, ungeliccloading, is based on a shearing
mechanism. In addition, the previous studies fodusethe lattice misfit betweeri particles
and the matrix, have revealed the coherency oktlengthening particles associated to the
“Tr.990” grade. These results confirm the hypotbesi they” particles shearing, which
contributes to the strengthening of the alloy lingtthe dislocations motion.

In addition, it has been demonstrated that gh@i@ation of the “Oil and Gas” treatment to
the Inconel 718 alloy has given rise to a strongelese in the mechanical properties: such as
the yield strength at 550°C and the fatigue pertoroes achieved under extrusion conditions.
The increased size associated toyiparticles (33 nm) and the larger free inter-spaceng
them could be associated to a bypassing mechaAsma.result, these changes in mechanical
behaviour can be consistently explained on thesbakithe variation in the mode of the
y'dislocation interaction. Again, these assumptione aconfirmed by the previous
microstructural investigations that have pointededuces of coherency of th& particles
associated to the API 6A Inconel 718 grade

The effect of microstructure on the deformation eahd fracture behaviour of age-
hardened alloys has been largely investigated e literature [Pineau,1969; Jiang et
al.,2005] Pineau showed, on over-aged Waspalloy, a cleamngghof deformation behaviour
due to microstructural variations (large partidzes). In a similar way, Figure V. 49 shows
the SEM investigations of the slip distribution rado the longitudinal sections of two
deformed fatigue specimens relative to the “Trn8&ad” (a) and “API 6A” (b) grades.

.
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Figure V. 49 : SEM observations of the longitudinaleformed (at 550°C forAgr=+ 1%) LCF specimens

showing different slip distribution : Innomogeneousslip distribution associated to shearing mechanism

for Inconel 718 “Tr. Standard” grade (a) and homog@eous distribution based on bypassing process for
Inconel 718 “APIl 6A” grade (b).
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In the standard Inconel 718 grade, where the uradgrd conditions are achieved,
precipitate shearing gives rise to an inhomogenelstsibution of slip which tends to be
localised into shear bands. Conversely, in theamyent conditions, associated to the APl 6A
grade, the homogeneous slip distribution is assatito the occurrence of precipitates by
passing.

This effect, together with changes in microstrugtugrain size, influences the tensile
properties, fatigue properties, and fracture behaviof the alloy. In particular, the
homogeneous distribution of slip, associated toprezipitates bypass, should result in the
multiplication of crack initiation sites, localizest the intersection between slip bands and
surface. However, additional observations, in tnassion electron microscopy, carried out
on deformed specimens, are necessary to give mmdogmation on the strengthening
mechanisms.

All the assumptions, reported in the present sectitave emphasized the role of the
deformation mechanisms on the fatigue performantésconel 718. The alloy have shown a
strong microstructural sensibility to the effectstbe thermal treatment: as a result, any
variation in the heat treatment procedure can #fterinteraction between the strengthening
phases and the dislocations. These assumptiongd aid the effect of the deformation
mechanisms on the fatigue performances, have emapkathe importance of the thermal
treatment on the optimisation of the mechanicapprties of the alloy.

IV.4 Partial Conclusion

The strategy adopted for the optimization of thatheeatment parameters is based on
several detailed microstructural investigations amhsiders the Yield Strenght as the
optimization criterion for the material mechanigabperties. This approach derives from a
specific study of the loading conditions in theragion die where the mechanisms of cyclic
plasticity are concentrated in specific zones ef thol (hot spots) and lead to a premature
failure of the tool. However, the previous inveatigns under LCF conditions have pointed
out the importance of other secondary propertiech(sas the resistance to the stress
relaxation and to the fatigue crack initiation)tthave to be optimized as a function of the
material workability (forging, weldability, machimgj...).

Generally speaking, it exists a specific Incone8 fhicrostructure, able to provide an
optimal combination of the required properties @mdure the best performances under the
severe loading conditions imposed by the extrupimtess. The aim of this work is not only
to point out the contributions of individual paraers, but also to understand the relationships
between them.

The microstructural investigations have providesl itiput data for the design of alternative
thermal treatments. In addition, the Taguchi methasl been adopted, in Chapter Ill, in order
to reduce the number of tests and investigatenttigidual parameter contributions.

First, the Yield strength has been adopted as ig@ntinating parameter for the selection
of alternative Inconel 718 grades. Additionally,aocordance with the assumptions reported
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by HornbogerfHornbogen,1969] a second property was considered to limit théoopt In
such a way, as a function of the thermomechanmadstigations reported in Chapter IV, the
fatigue life, under a specific total applied strai® retained as the secondary property to
consider for the material optimisation.

In such a way, the combination between the diffepeoperties has to be studied in order to
define a specific application domain for each Iredoil8 grade under specific loading
conditions (Extrusion loading).

The diagram reported in Figure V. 50 constitutesef@rence map prone to range the
various Inconel 718 grades as a function of itshraaical properties. The alternative Inconel
718 grades have been classified as a functioneaf Yheld strength at 550°C and their fatigue
performances associated to an extrusion loadiagatal strain amplitude of +1.2%.
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Figure V. 50 : Variation of the fatigue life underexperimental extrusion conditions as a function ofhe
Yield Strength at 550°C for various Inconel 718 grdes.
A “limit curve” has been plotted in order to deiina large domain, characterised by
different combinations of fatigue resistance anceld&i Strength, under which all the
alternative tested Inconel 718 grades, obtained f@led conditions can be situated.

An optimal Yield Strength (Y.&y), which corresponds to the maximal fatigue lifelen
extrusion conditions (Fdg), has been defined. The microstructure associadedhis
reference value ensures a strong resistance tfatilgee crack initiation and a limited stress
relaxation under holding time at maximal strain,jckhcorresponds to a limited plastic strain
cumulated cycle by cycle.

Finally, a prominent position is occupied by thedot Age grade which exhibits better
properties in terms of static and cyclic loadingse do the application of the thermo-
mechanical treatment. This is the result of a $jgeaptimisation of both microstructure and
forging process which differentiate this gradesifrihe others reported under the limit curve.

In addition to this diagram, Figure V. 51 proposesorrelation between the specific
mechanical properties and the various investigatiedostructures.
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Figure V. 51 : Microstructural reference map showirg a correlation between the specific mechanical

properties and the various investigated microstruatral domains.

This “microstructural map” can be firstly dividedto different macro-areas corresponding
to the approach adopted for the design of theraltese Inconel 718 grades (intra and extra
specification, thermo-mechanical treatment).

Each macro-area can be further divided into specimains that will be described as

follows:

Extra-specification area

1.

Region 1 (Extra-specification desigis) characterized by low mechanical strength
associated to the increase in the material dyctilihese properties derive from
strong variations of the microstructural featurg® quasi total dissolution of the
delta phase leads to an excessive grain growthhwias a negative impact on the
material strengthening. The above described miarcsire is obtained by the
application of a high solution annealing tempemat(r> 1020°C) followed by a
rapid quenching (water or oil) and an overagingp.st€éhe limited fatigue
performances are the direct results of the weadileestrength and stress relaxation
resistance exhibited by these microstructures @tG5the This could be explained
by the specific microstructure obtained by the eaged conditions. A wide
precipitation ofy” phases, characterized by a lower coherency, sdouiting their
strengthening effects. In addition the increase® sif these particles leads to a
precipitates bypassing mechanisms which have andettal impact on the
mechanical properties.

Intra-specification area

2. Region 2corresponds to the microstructure achieved byaymglication of the

standard thermal treatment. This has been consideydhe starting point for the
microstructural optimisation of the alloy. A lowlsbon annealing temperature
(955° C) limits the dissolution of the delta ph@8% surface fraction) and provides
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4.

a good tensile strength. However, the low contént @hases does not ensure the
maximal strengthening to dislocation slip bands d&atigue life is n already
optimised.

The microstructure associated to the optimal Ysttegngth (Region)3is defined
by equiaxial grains whose size is limited by a nratke content of plate-like delta
phase (4% surface fraction), as compared to thedatd grade. A moderate and
coherent precipitation of’ phases occurs, exhibiting small particles siZ& riin).
This microstructure, obtained following the “Tr.99Beat treatment procedure,
ensures a limited stress relaxation under holdimg tat maximal strain, which
corresponds to a limited plastic strain cumulateclecby cycle. As a results, the
fatigue performances are optimized.

Region 4is characterised by high values of Yield stren@imilar conditions are
achieved adopting solution annealing temperatuwsed to 1000° C. In this way,
the delta phase content is further reduced (3%aserfraction). As a result a large
amount of elements (such as Ni, Ti and Nb) arelavia for they and y”
precipitation during the ageing process. Howeves,lower fatigue lives than those
associated to Region 2 and 3 have been explainea fasiction of a limited
coherency exhibited by the strengthening particléss is the result of the high
aging temperature (750°C) which leads to over-agexditions, where theg”
weight fraction is too high and the particles sze large.

Thermo-mechanical treatment area

5.

Finally, the Region 5belongs to microstructures provided by the thermo-
mechanical treatments, such as the Direct Age psoc&he better fatigue
performances and tensile strength associated e theocedures derive, mainly,
from the residual work hardening retained by theyalln addition, a necklace
structure, where little grains are surrounded bngda one, induces a further
strengthening of the alloy.

In conclusion, the diagram proposed in Figure VaBaws a detailed interpretation of the
mechanical properties as a function of the micuastiral features. In this way, a specific
thermal treatment procedure, associated to an @adrmmicrostructure, may be chosen in
order to satisfy the combination of the requirecchamical properties (fatigue life and yield
strength) for the extrusion application.
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\'"/ Conclusions

V.1 Inconel 718 microstructural evolution

The microstructural optimisation of the alloy are tdesired high temperature properties
require multi-stage heat treatments that lead & mnhcleation or dissolution of secondary
phases. These particles act as efficient obstdolebe dislocation motion: the finer the
dispersion, for the same amount of particles, ttanger the material. As a result, a particular
heat treatment procedure is needed to give thiginext) distribution and volume fraction of
precipitates within the matrix.

The choice of the thermal treatment parameterse(titemperature, cooling rates), which
define the various steps of the process (solutiorealing, quenching and ageing) has been
assessed by a detailed study of the microstrucewralution that leads to the following
conclusions:

Significantd phase dissolution results from high solution atinggemperatures (T<955°C) , due

to the high solubility of Nb atoms in matrix. Thiéssolution is accompanied by a rapid grain
growth accelerated by the evolution and loss of these ngkay particles at the grain

boundaries.

The second step of the Inconel 718 thermal treatw@msists in amsothermal aging right after
guenching. Differential thermal analyses have palraut

The solution annealing has a strong impact on tleeostructural evolution of the alloy,
especially for the delta phase and grain size d¢wolu Various solution annealing
experiments have been carried out for temperatmgimg between 924°C and 1050°C. in
order to investigate the microstructural evolutadrthe alloy. These temperatures are in the
range defined by the ASTM B637 specification.

Significantd phase precipitation results from the lower soluttemperatures of 924°C and
955°C because of the high equilibrium contené phase at these temperatures. Limited changes
in & phase structure are noticed at 975°C, whereaSGfC9a partial dissolution of precipitates
occurs. A certain amount of delta phase still ieshat 1010°C, while the dissolution process is
completed at 1050°C giving an austenitic microstmecfree of precipitates.

Concomitantly, grain strongly grows between 100@ 4950°C due to the progressive
dissolution of theéd phase. The grain growth is accelerated by theugieol and loss of these
secondary particles at the grain boundaries, pwntiut that needle plai® phase is more
efficient to prevent grain growth than spherdidssvallées et al.,1994]

The second step of the Inconel 718 thermal treatroensists in ansothermal aging right
after quenching.Experimental analyses have been performed usingtdbietry and
Differential Thermal Analysis (DTA) techniques peorio point out the microstructural
transformations occurring during the heat treatnpeatess. Two reference ageing treatments
have been applied on specimens solution anneated iour at 955°C. The first one (720°C
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for 8h) represents the standard ageing processetdeby the ASTM B637 specification
while, for the second profile, a higher ageing temagure of 750°C for 8h has been chosen. A
similar second ageing at 620°C for 8 hours has lapptied for both treatments. All thermal
expansion tests have shown a continuous thermahksige due to the precipitation of
different phases. The rejection from the austemitatrix of alloying elements such as Nb, Ti
and Al, which interact to form the strengthenintermetallic phases is the main cause of the
dilatometric variation. The precipitates growther& influenced by the diffusion rates of the
constitutive elements, which are strongly affedigdhe temperature. As a consequence, the
preliminary stage of the dilatometric shrinkag®iffirO to 2h aging) is based on a decreasing
nucleation rate of the hardening particles, prodildg diffusional processes. Conversely, the
rest of the structural evolution may be associat®dhe morphology evolution of the
nucleated phases.

Finally, the investigations carried out on the setageing steps have concluded that most
of the structural transformations takes place duthe firdt ageing, whereas the subsequent
step has an important impact on the size and mtvghoefinement of the precipitates.

The microstructural investigations, described i fihst part of the chapter, provide a valid
support for proposing alternative thermal treatraeAt wide variety of options are available
and many issues must be considered with the aimpgmve the mechanical properties of the
alloy.

Four different solution annealing temperatures (&0, 990 and 1000°C) above the delta
solvus, have been considered in order to retaiertio amount of delta precipitates and
avoid early grain growth. Considering the ageingcpdure, the heat treatment variables
chosen in this study are based on data from previanalytical testings (DTA and
dilatometer) and on recommendations provided byliteeature for the heat treatment of
nickel base superalloys. In such a way, two altereaageing procedures have been
performed in order to ensure different distributicand morphologies of the strengthening
phases, impacting the fatigue life. In addition,wias assumed that there would be no
significant benefit in varying the second ageingpsiconsidering its slight impact on
hardening), that has been maintained at 620°C fanss.

V.2 Correlation between microstructural features an d
mechanical properties

The study of the microstructure influence on theclnamical properties of the alloy, under
extrusion loading conditions, represents one the rabjective of this PhD work. For this
reason, the adopted strategy, reported in Chapiters|isupported by the microstructural
results described in the first part of Chapter V.

Two strategies of optimization have been followed:

1. Intra-specification design the solution treatment temperature are seleictettie
range recommended by ASTM B 637 (924°C < T <10)0°C

2. Extra-specification design high solution treatment temperatures above the
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specification range (T> 1010°C).

The alternative Inconel 718 grades, introduced hager Ill, have been tested under
extrusion loading, by a series of LCF tests, cdrrat at 550°C, using the reference
trapezoidal signal (150 _20s).

The microstructural sensitivity exhibited by the teral under the effect of the heat
treatment has been confirmed by the differencefatigue performances associated to the
different thermal treatments.

Focusing on the intra-specification design, tweralative Inconel 718 grades have been
selected to be tested under fatigue conditionse first, labeled “Tr. 1000”, is a particular
optimization of the standard process where all ghmmeters, except those relative to the
second ageing, have been refined. The second,edefis “Tr.990% is another powerful
process which is based on the increase of theisolainnealing up to 990°C keeping the
standard ageing procedure.

The direct comparison of the fatigue performanegat) those of the standard grade has
emphasized the better performances shown by Tr@&88gcially at high strain amplitudes.
Conversely, Tr. 1000, that was selected for itsabdjpy to provide high tensile properties,
has exhibited a slight improvement of the fatigwsistance at high strain amplitudes
showing, further on, less efficiency at low stramplitude.

In the case of extra specification design, a paldicpractice, based on the NACE standard
MR-0175/AP1 6A specification[NACE/MR0175] and largely used for Oil and Gas
applications has been adopted. The choice of tiesnative thermal treatment has been
justified, from an industrial point of view, by tagico-economic reasons. This alternative use
of Inconel 718 is facilitated by a large availalyilof stocks opportunely treated in accordance
with the API 6A specification. In such a way, thaterial can be found in large quantity and
purchased with an average 30% cost reduction. Faamicrostructural point of view, The
APl 6A grade exhibits significant grain growth, asconsequence of the high solution
annealing temperature and the absence of delteeplaleng the grain boundaries. These
microstructural features contribute to improve #tley toughness but they negatively affect
its mechanical properties (Y.S and U.T.S). As aseguence, the Manson Coffin diagram
associated to this alternative grade has pointédt®limited fatigue resistance in the entire
range of applied strains.

Finally, the strategy adopted for the thermo-memantreatment consists in the
maximization of the cyclic capability and tensileoperties through the application of the
direct Age (D.A) procedure.

This alternative grade, largely used for the aemtioal applications, is based on the
common idea that a fine grain microstructure, esglsehardened by high forging reductions,
provides better LCF resistance. The close valué $fand U.T.S, due to the work-hardening
effects of the thermo-mechanical process, limitglastic strain mechanisms.

LCF specimens have been extracted form a zoneeahdhrt of forged pancake where a
recrystallized structure, consisting of regularigga (ASTM 11-12) surrounded by finer
grains (ASTM 13), is shown. A second part of theqake has been treated following the “Tr
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990" procedure just discussed above. The idea nsider two different thermal treatments
for the forged pancake is based on the interedétime a new reference for the Tr. 990 grade
applied to a forged material (Tr.990 forged). Icls@a way, the fatigue performances of the
direct aged material can be directly compared &b ¢ the reference alloy, focusing on the
effects of the single heat treatment and excludivg contributions of a different forging
process. The comparison of the fatigue resulth@®fA and “Tr 990 forged” indicates that
the two heat treatments give similar performance®gt for high plastic strains, where the
Direct Age lives become slightly longer. Howevédre tManson Coffin” diagram has pointed
out the better performances of the forged gradesapared to the rolled ones (Tr. Standard,
Tr 990 and Tr.1000 and APIGA).

An additional study the macroscopic response ofitfierent Inconel 718 grades, based on
the study of the stress relaxation under highrsiading, has been proposed. Chapter IV has
pointed out that during the holding time, the aggtiion of a constant total strain induces a
continuous stress relaxation that negatively infoes the fatigue life.

The reason for lower fatigue durability, under agton conditions, of the heat treated
specimens in variant Tr.1000 and API 6A can bearpl by a different behaviour exhibited
under the application of a holding time at maximsimain. The remarkable and rapid stress
relaxation exhibited by these Inconel 718 variamsich increase the plastic strain amplitude
associated to each cycle, can be considered asteg factor under LCF conditions.

The investigations have been completed by therelgtit extractions performed on the
aged materials. The lattice misfit calculated fog precipitates provides further information
on the strengthening mechanism associated to th@ugamicrostructures. In such a way, the
largey”"/y mismatch shown by the API 6A and “Tr.1000” gradeggests a possible loss of
coherency between the matrix and the intermetahiEses. In these conditions, slip can not be
easily transferred between matrix and particles tduthe misalignment of slip planes. The
modified interaction between dislocations and piégies is considered as the main cause of
the decrease of fatigue performances exhibitedhéset alternative grades.

These comments regarding the microstructural ¢iemwf Inconel 718 and the results of
the LCF tests have provided important indicationeut the microstructure suitable for the
severe loading conditions associated to the extnusycles. This microstructures consists in
a balanced distribution of the different intermiatgbhasesd, y’ andy” phases). A moderate
presence of delta particles is needed to limitgren size whereas cohereyitphases are
required to increase the strength of the alloy.siith a way, the Tr.990 procedure is
recommended as the specific thermal treatmennfmriel 718 extrusion dies.
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Conclusions

This present work is a contribution to an extensigeelopment study, promoted by Hydro
Aluminium, in the field of the damage mechanismextfusion dies from a material selection
point of view. In a traditional aluminium extrusigmocess, the tool is subject to extreme
working conditions that strongly influence its deev life. The fluctuating stresses
(tension/compression) and the continuous contativden the tool and the aluminium
enhance the risks of fatigue and wear failures.

In 2004, Hydro Aluminium Automotives Structures posed a solution to limit the
frequent failures of dies used to extrude the 78&@es aluminium alloys. This innovative
approach was based on the application of variousmabs, with specific tailored properties,
in different parts of the die. A so-calledMbdular” extrusion die was designed and
worldwide patent application has been submitte2l0h0 (patent pending).For this innovative
die, Inconel 718 is adopted as bulk material the zone subjectedh¢o strong thermo-
mechanical loading in order to prevent the risk§adtire and scrap. This alloy is considered
as an alternative material to the conventionalvortk tool steels (H13) because of its high
mechanical resistance under cyclic loading at ttteusion service temperature (550°C). In
addition, for the bearing zone, the insert is maoufred with a wear resistant material (such
as high speed tool steel, hot working steel or ipi@ation hardened steel) specifically
optimised by the application of a specific coatifipe Modular Extrusion die represents an
innovative idea prone to improve die life and sitankously reduce the directly connected
costs. The service life of an extrusion die hasreng impact on the quality, efficiency and
cost of a given extruded profile. The number of mtenance interventions (die correction,
welding repair, die scrap), caused by tool defestiompact the commercial viability of the
production.

Microstructural investigations carried out on dddiextrusion die revealed thi@tigue is
the relevant failure mode for the modular tool. Hu®ption of the modular concept strongly
delays the occurrence of fatigue damage. Howeter cyclic mechanical loading is still a
limiting factor for the die life. As a consequentiee understanding and the improvement of
the mechanical behaviour of the tool bulk matefiatonel 718) is considered as the most
efficient way to further increase die life, procesability and later on press productivity. This
represents the main objective of this study tha Ibeen addressed by a multidisciplinary
approach including metallurgical and mechanicalkeixpents as well as behaviour modelling.

The originality of the present work is based on deselopment of an optimized Inconel
718 alloy for specific applications that is bulk tevéal for extrusion die. A detailed study of
the Inconel 718 cyclic behaviour is proposed in finst part of Chapter IV. A cyclic
behaviour model is developed in order to predietdtiess-strain response typical of extrusion
dies. The constitutive equations are integrated iRinite Elements code to simulate the
evolution of the stress-strain state in a base @xeision die. The good agreement between
the simulations and the experimental data, obtamedirect measurements on production
presses, indicates that the so called Dynamic Miadgbrovides satisfactory estimates of the
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evolution of the loading state (stress-strain) tigfothe tool.

In addition the different transient phenomena tieen in consideration. Results are
explained as a function of the material cyclic hetar and its microstructural evolution. The
Dynamic Model represents a valid alternative tohhigsk and high cost trial and error
approach for the design of Ni-base superalloy dies.

The fatigue life assessments of Inconel 718 aextrusion service temperature (550°C) are
also investigated. A cyclic symmetric waveform (2)tdre considered to compare the fatigue
performances of Inconel 718, the new bulk mateioal extrusion die, with those of the
traditionally used Hot Work tool steels, assessimggbetter performances of the superalloy.

From the scientific point of view, the isothermaivi. Cycle Fatigue (LCF) are considered
as the most accurate method for testing the themechanical loading acting on the tool.
Various LCF conditions (strain amplitudes and stra@tes) are examined in order to address
the various damage mechanisms occurring undercdgading. Based on the results provided
by the Finite Elements Analyses, a trapezoidal Wwawe in total strain control mode, are
adopted as the reference signal for tests. The griotycle is provided with an holding
time (150s) at maximal strain to assess the extnukiading conditions, and a steady time
(20s) at minimal strain to take the unloading iotmsideration. Some results obtained while
simulating the actual thermo-mechanical loadingextfusion are used to explain the stability
to failure exhibited by the new die concept. In grah, the application of a holding time at
maximal and minimal stress provokes an averageedser of the fatigue life by 33% as
compared to that obtained with a cyclic signal @).HFor this reason, a particular attention is
given to the influence of the holding time at maainstrain. This parameter allows the
experimental simulation of different billet lengtttsbe extruded. As a matter of fact, material
exhibits a rapid stress decrease during the fdssetonds of the steady time, followed by a
linear relaxation which has limited effects on thelastic strain. It is then understood that
over 40s of extrusion cycle and within 300s no #icgnt die life difference should be
observed which allow concluding that Inconel 718 mhiay not need design changes regarding
to cycle duration selected at the press.

However, the fatigue life of Nickel based superngl@t elevated temperature is directly
affected by the strain rate. The LCF results, sugpodoy microstructural investigations, show
that changes in fatigue behaviour are due to ttexantion of cyclic deformation and time
dependent processes that act concomitantly on tlesssstrain response and on the
deformation mechanisms. From an industrial pointiew, the strain rate corresponds to die
loading rate assessed at the press. Results sufgest could be of interest to discuss the
possibility for the hydraulic piloted ram to havénigher loading rate capacity. Clearly some
press construction limitations are expected to leé @n the other hand, a reduction of this
loading rate (excessive reduction of die loadirgmr5C10°s™ to 500“s™) may lead to
negative change of die life (die life reductiondjactor of 3) and shall consequently bring to
attention to extrusion managers using Inconel 7&8.d

Focusing on these results, it can be concluded gtnain rate and holding time have a
significant impact on fatigue life, although anyeets are detected on the cyclic behaviour
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(hysteresis loops) at 550°C. These effects arepraw@ted atime-dependent phenomena
where the interaction between mechanical loadirdyenvironmental effects produce mixed
or intergranular brittle fractures.

The study of the mechanical behaviour of Incone8 Tihder extrusion conditions are
completed by the introduction of a fractographicmoe for the reconstitution of the fatigue
crack growth. Generally speaking, the life of a L&nple or an extrusion die is composed of
a crack initiation and a crack propagation peridte above method has been used to estimate
the extent of the two regimes. Comparable resut®bserved for different strain amplitudes,
showing that crack initiation governs the fatigiie bf Inconel 718, ranging between 75-80%
of the total life (for fatigue life ranging betwe&00 and 5500 cycles).

All these considerations, reported in Chapter Bfyresent the “Input Data” for the design
of an optimized Inconel 718 to provide longer lifie¢ to extrusion dies. The optimisation of
the material microstructure must be carried oubrder to limit the time dependent damage
associated to the extrusion cycle (such as thermktelaxation during the holding time at
maximal strain). Finally, the prevalence of the cg&rainitiation time, over the crack
propagation, requires a tailored microstructureeatd further delay the risks of crack
initiation associated to the localisation of thagpic strain.

A specific strategy for the microstructural optiation is first presented in Chapter Ill. The
development of the so called standard Inconel #h8ley used for all the fatigue tests, is
organized considering both industrial and scientiiquirements.

Two investigation approaches are considered. Tisedine consists in the optimization of
the heat treatment parameters as a function ofetpgired mechanical properties, while the
second is based on the adoption of thermo-mecHapioaesses where not only the heat
treatment, but also the forging procedure is refikr@om the macroscopical point of view, the
choice and/or design of new heat treatment proesdare made with the aim to contain
cyclic plasticity concentrated in specific zoneshd# tool, considered as the main cause of the
fatigue failure of the extrusion dies. The gen@w@pose consists in maximizing the Inconel
Yield Strenght in order to reduce plasticity ancprove the fatigue behaviour of the alloy.
However, the previous investigations under LCF @oos point out the importance of other
secondary properties (such as the resistance tettbgs relaxation and to the fatigue crack
initiation) that have to be optimized as a functiohthe material workability (forging,
weldability, machining...).

The design of an optimized heat treatment procetarsebeen influenced by the strong
sensitivity of the alloy to the thermal profile. dliollowing experimental evidences, about
this microstructural evolution, are collected andlgzed:

1. The solution annealing has a strong impact on therostructure of the alloy,
especially for the delta phase precipitation angingsize evolutionSignificant §
phase precipitation results from the lower solusimy temperatures of 924°C and
955°C because of the high equilibrium conteni phase at these temperatures. Limited
changes ird phase structure are noticed at 975°C, wherea80&C9partial precipitates
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dissolution occurs. A certain amount of delta phsasll exists at 1010°C, while the
dissolution process is completed at 1050°C givingaastenitic microstructure free of
precipitates.As a consequence, the grain size exhibits a stiocigase between
1000 and 1050°C due to the progressive dissolatidghes phase.

2. The adoption of a high solution annealing tempeeatwhich causes partial delta phase
dissolution, is associated to the increase of tr@emtof alloying elements, retained
within the matrix, such as Nb, Ti and &tat interact to form the strengthening
phases. The precipitates growth is influenced bg thffusion rates of the
constitutive elements, which are strongly affedigdhe ageing temperature. A low
diffusion (under aging, due to short ageing times (t<4h) and/or low Bagei
temperatures (T< 720°C), induces the formatioroofdmall particles to impede the
dislocation motion. Conversely, the application ligh ageing temperatures
(T>720°C) and/or long ageing times (t>8h) incretmediffusion rate and give rise
to over agingconditions, where the strengthening particles msstoo large sizes
(>30 nm) and lose their coherency with the matffikis microstructural evolution
has a negative impact on the fatigue propertieshef alloy that cannot block
anymore the grain boundaries.

In agreement with these assumptions, various neatments are formulated. To validate
the efficiency of these procedures, LCF tests, ueaéusion conditions, are carried out to
compare the cyclic response of the alternativeriet@18 grades.

These results, added to the microstructural ingastns, are a specific Inconel 718
microstructure, able to provide an optimal comhorabf the required properties and ensure
the best performances under the severe loadingtomorslimposed by the extrusion process.
This microstructure consists in a balanced distribuof the different intermetallic phases (
vy and y” phases). A moderate presence of delta partideseeded to limit the grain size
whereas coherent phases are required to increase the strengtheddlitoy.

These microstructural features may be providedrbgliernative thermal treatment, labeled
“Tr.990", which is the result of our experimentahadyses. It consists in choosing an
intermediate solution annealing temperature (990469 a standard ageing temperature
(720°C for 8 hours, furnace cool to 620°C and hdat 620°C for a total ageing-time of 18
hours followed by air-cooling to room temperature)

The “Tr.990” heat treatment is based on an incredsbe solution annealing temperature
as compared to the reference Inconel 718 gradeS(@ndard) which was adopted to treat the
preliminary Hydro Modular Dies, whereas the agaiagditions remain the same.

The direct comparison of the fatigue performanegis the standard grade has emphasized
the better results shown by Tr.990, especiallyigth Btrain amplitudes where the fatigue life
is increased by a factor 1.7.

For this reason the “Tr.990” procedure has beenlemented in the Hydro production
practice as the new standard procedure for thenlereatment of the Inconel 718 extrusion
dies.
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Further work

Although the experimental investigations carried aod described in this PhD work, have
provided encouraging results, there are some @haasequire further investigations. Three
research approaches can be explored. They aréylsighmarized as follows:

1. Investigation of the thermo-mechanical behavioud arediction of loading state in
extrusion dies;

2. Quantitative approach for microstructural analysis;

3. Industrial approach for technico-economic issues alternative materials and
surface treatments selection.

The three orientations are described in detaiéfollowing paragraph.

1. Investigation of the thermo-mechanical behaviour ad prediction of loading
state in extrusion dies:

- The uniaxial Low Cycle Fatigue (LCF) tests have roem®nsidered as the most
accurate method for testing the thermo-mechanazdihg acting on the tool. However,
further investigations are needed to better repredhe cyclic loading of the die. In such
a way, particular attention should be paid to tlesigh of multi axial fatigue test to
simulate the tri-axial loading acting in the mostical part of the tool (such as sharp
corners, section changes or porthole bridges)dtitian, considering that the aluminium
flow tends to limit the oxygen content retainedtle bearing region of the die, these
thermo-mechanical experiments should be carried under controlled atmosphere
(vacuum or low oxygen content) in order to bettbaracterize the influence of the
environment on the macroscopic response of Incéh®) such as in the stress relaxation
and fatigue damaging.

- The Finite elements simulations carried out by th&egration of the Dynamic
Modeling have pointed out its efficiency in predigt the evolution of the die loading
state cycle by cycle. Despite a good set of regutigided by this experimental approach,
there exists substantial possible technologicaravwgment. A further development could
be achieved for calibrating and validating the maarethe results provided by the multi-
axial fatigue tests, described above. In additiorggreement with the results reported by
Krumphals[Krumphals et al.,2010] appropriate parameters could be integrated ierord
to characterize the tool damage evolution (lifeetioconsumption) in the zones under high
stress tri-axialities and large accumulated inalastrains (hot spots). Finally specific
dynamic models could be defined for all alternativeonel 718 grades developed by this
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PhD work. In such a way the model will represenie#ficient support to investigate the
effect of the material microstructure on the serviesponse of the extrusion die:
especially analyzing the influence of each gradehencyclic effects (softening, profile
eccentricity increase) that are believed to beirdetntal for its efficiency. Namely, the
influence of each grade on the detrimental andicyeffect, such as softening and
deflection, will be addressed.

2. Quantitative approach for microstructural analysis

- The microstructural optimization has represented sbcond main objective of this
work. Although the experimental investigations égwovided important information
about the microstructural evolution under the dffet the thermal treatment, further
studies are needed to confirm our findings. Inipaldr, a quantitative anlysis of the
strengthening phases could be developed. In addttothe results provided by the
precipitates extraction, reported in Chapter V, noical analyses carried out by
Inductively Coupled Plasma Optical Emission Speungtyy (ICP-OES) may be used to
determine the composition of the matrix and thermietallic phases. The results provided
by this technique will be a valid support for thetetrmination of the molar fraction of the
single precipitates. In such a way, the alternagjiraeles could be compared as a function
of the strengthening phases’ quantity, pointing th& effect of this parameter on the
mechanical properties of the alloy. Finally, a plolssapproach to study the intermetallic
phases’ evolution (thermal stability, morphologize$ consists in the application of in-
situ Synchrotron diffraction technique during theah treatment processing. This
experimental method could give further informationaddition to the results reported in
Chapter V, about the evolution of the strengthemhgses as a function of thermal profile
(time and temperature).

3. Industrial approach for technico-economic issues iralternative materials and
surface treatments selection.

- In addition to the microstructural optimizationgetladoption of a surface treatment
could be suggested as a further improvement ofrtaterial fatigue performances. It is
considered that industrial processes such as ctiomah shot peening or Laser shock
peening may be used to further improve the mechamooperties of the alloy. In
particular, the compressive residual stresses ettlat the surface could increase the ratio
of initiation life to propagation life in comparisdo unpeened specimens. The application
of this surface treatment is, anyway, influencedh®sycomplex geometry of the extrusion
dies and the process temperature (550°C) that @wddice relaxation of the residual
stresses. The thermo-mechanical investigation®opeed on Inconel 718 and the longer
lifetime service exhibited by the Hydro Modular slisave confirmed the efficiency of this
alloy as bulk material for extrusion dies. Howeveome challenges still exist:
manufacturing of Inconel 718 is very difficult aitd rough cost is elevated, even if it is
minimized by the longer die life. The trend is &lext the lowest-cost material to meet

248



Conclusions and further work

design requirements for the application. The rawenm cost is strongly influenced by
the Nickel cost, which fluctuates significantly Wwitime. In addition, Differences in
working, and other processing costs, which can wlestantial, significantly impact
product cost. For these reasons, Inconel 706 reptesa promising alternative for our
specific industrial applications. Compared withdMI718, from which it was developed,
this material has a chemical composition with nolyibdenum, reduced niobium,
aluminium, chromium, nickel, carbon and increaseshium and iron. A balanced content
of nickel, chromium and aluminum in alloy 706 pm®$ good hardenability and
resistance against oxidation and corrosion. As sallreghe elemental material cost is
reduced by a factor 1.5 as compared to Inconel Th&.lower alloying content associated
to a more uniform structure lead to a better mangibehaviour which can be performed
by the application of conventional machining tecfusis used for iron based alloys. High
cutting speed can be adopted, thanks to the abseineeork hardening during the
machining operations, resulting in an additionatcaving. From the scientific point of
view the recommendation of this alloy is not cohéneith the strategy adopted for the
material optimization: Inconel 706 shows lower gistrength at 550°C that leads one to
think that the lifetime of the extrusion die wik Ishorter than that of the Inconel 718 dies.
However, on the industrial side, the adoption afolmel 706 could further minimize the
ratio die cost/kg extruded.
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I Dynamic Model application : equivalent stress (Von Mises) distribution
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FEA XTR2504 dynamic material

Figure A. 1 : Equivalent stress (Von Mises) distrilation
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II Dynamic Model application : inelastic strain distribution
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FEA XTR2504 dynamic material
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FEA XTR2504 dynamic material

Cycle 25

Figure A. 2 : Inelastic strain distribution
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III Traditional experimental approach

Appendix A

XTR2054 die — Ref.Case Static

Figure A. 3 : FE simulation by the traditional expeimental approach (linear isotropic hardening): equvalent stress distribution (Von Mises) (a) and
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Study of scatter in strain-life
Manson Coffin laws
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Appendix B: Study of scatter in strain-life Manson Coffin
laws

Fatigue testing is considered as the main basithefrelationship between the fatigue
resistance of a given material and the applicatioam cyclic loading.

The results of these cyclic tests have been platteéchapter IV and Chapter V on graphs
relating the applied loading ( plastic or totabst) and the number of cycles to failure.

Generally speaking, the LCF results are assess#telyianson-Coffin law:

Ae, c Eq.B. 1
= - & L(2Ng)

Where:
« Agis the plastic strain amplitude at half life;
« &' is an empirical constant known as thggue ductility coefficient
+ Ngis the number of cycles to failure;

« cis an empirical constant known as faggue ductility exponentommonly
ranging from -0.5 to -0.7 for metals.

In this way, results are traditionally plotted witha log-log diagram witliog (dep) as the
y-axis andlog N as the x-axis. The standard approach consistssonang the parameter
plotted on x-axis as the independent variable &ad plotted on the y-axis as the dependent
variable.

The parameters of the Manson-Coffin lasw,and m, are estimated by ordinary linear
regression. The method usually used to estimatesldpe and the intercept coefficients is
called “least squares estimation”. As a result,wakies assumed by the coefficients tend to
minimize the sum of the squared deviations of theeoved values of log N from those
predicted by the fitted line. The parameteandm correspond respectively to the intercept
and slope of the so called “mean” line.

When the Manson Coffin law is used to predict tadghe life, a systematic scatter
between experimental and calculated results ocoliss.an example, the estimated vs.
experimental fatigue life diagram is reported, igufe B. 1, for a sample of 50 experimental
tests. Data are divided in two main classes: thst tne is associated to the fatigue tests
described in Chapetr IV, focused on the fatigue iifvestigation of Inconel 718 at 550°C,
whereas the second group reflects the results eofekperimental tests carried out on the
alternative Inconel 718 alloys. As a results, Bbse fatigue data come from the study of
various cases, such as the application of diffehetding time or strain rate (Chapter IV) or
the adoption of alternative microstructure (Chapferall performed at 550°C. Fatigue lives
(Ncarculateg may be calculated by using the Manson-Coffin pest@rical relationships that

269



Appendix B

have been determinated for each specific test case.

O ChapterV A Chapter IV

1000

N Calculated

100

100 1000
N Experimental

Figure B. 1 : Estimated vs. experimental fatigue fé diagram obtained applying the Manson-Coffin
relationship for Inconel 718 at 550°C.

The diagram shows a general linearity of the retethip between the variables

It can be observed that predictions fall withinearor band of factor 1.3, independently of
the experimental fatigue life. This proves the fhett, for Inconel 718 at 550°C, the Manson
Coffin law is able of correctly describing the nrék fatigue behaviour under tension-
compression independently of the applied signallileg amplitude or microstructure.

However, the accuracy of the Manson Coffin modey ba reflected via the residuad)(
calculation, which is obtained by subtracting tieserved response gh) from thepredicted

response (dhio) (Eg.B. 2).

3 Eq.B. 2
e - NCaIcuIated_ N Experimerdl!

Residuals are considered as elements of variatierplained by the fitted model.

The standardized residual of the regressive madgiven by the following equation
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) Eq.B. 3
_e-e
© S

Wheree is the mean value and s the standard deviatioesoduals.

Finally, agraphical method is suggestéal examine residuals. The histogram, reported in
Figure B. 2, is a frequency plot obtained by plgdime residuals in regularly spaced cells and
plotting each cell frequency versus the centehefdell. A normal density function, defined
by the mean value and standard deviation if retsgduaas been superimposed on the
histogram. As a result, the diagram shows an aqpedely normal distribution of residuals
obtained by using the Manson Coffin law as a ptezhanodel for fatigue life.
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Figure B. 2 : Approximately normal distribution of the residual obtained by using the Manson-Coffin lev
as a prediction model for fatigue life
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Optimisation of micrustructure and fatigue properties of Inconel 718 for extrusion die applications

This present work is a contribution to an extensive development study, promoted by Hydro Aluminium, in the
field of the damage mechanisms of extrusion dies. The originality of the present work is based on the
development of an optimized Inconel 718 alloy as bulk material for extrusion die., which corresponds to a new
application of this alloy in the field of tools: The investigation of the impact of the so called “Material Extrinsic
Parameters”, such as extrusion speed, billet length and thermo-mechanical loading on the mechanical behaviour of
the material is proposed. The cyclic tensile and compressive stresses, acting on the die, are simulated by
isothermal Low Cycle Fatigue (LCF) tests. Results show that strain rate and holding time have a significant impact
on fatigue life. These considerations represent the “Input Data” for the design of an optimized Inconel 718 in
order to adapt the material to the specific conditions imposed by the extrusion process. This objective is achieved
by modifying the “Material Intrinsic Parameters” such as grain size or precipitates morphology through the
formulation of alternative thermal treatments. Additional LCF tests, are carried out to compare the cyclic
response of the alternative Inconel 718 grades. One of this treatment, elaborated by a multidisciplinary approach
including metallurgical, chemical and mechanical experiments that has been implemented in the industrial

production practice as the new standard procedure for the thermal treatment of the Inconel 718 extrusion dies.

Keywords : Inconel 718, Extrusion, Die, Thermal treatment, Microstructure, Intermetallic precipitates, LCF
fatigue, Thermo-mechanical behaviour

Optimisation de la microstructure et des proprietés en fatigue de ’Inconel 718 pour ’application de
filiére d’extrusion

Ce travail est une contribution a une étude de recherche et développent, proposée par Hydro Aluminium, dans
le domaine des mécanismes d'endommagement de filiéres d'extrusion et. L'originalité du travail de thése est basée
sur le développement d'un alliage Inconel 718 optimisé pour l'application spécifique de filiere d’extrusion, ce qui
représente un saut technologique dans l'emploi de ce superalliage dans le domaine des outils. L'impact des
parametres du procédé d'extrusion, appelés paramitres exctrinseques, - tels que la vitesse d'extrusion, la longueur de
billette, le chargement thermo-mécanique - sur le comportement mécanique du matériau a été analysé. Les cycles
traction-compression sont simulés a l'aide d’essais isothermes de fatigue oligocyclique (LCF) qui donnent des
informations sur les différents mécanismes d'endommagement survenant dans la filiere. Du point de vue
scientifique, la sollicitation de fatigue oligocyclique isotherme (LCF) est considérée comme la plus représentative
des conditions thermomécaniques agissant sur l'outil. Les résultats montrent que la vitesse de déformation et de
temps de maintien ont un impact significatif sur la durés de vie en fatigue. Le développent du matériau, enfin, a
été atteint en modifiant les paramitres intrinséques au matériau - tels que la taille des grains et la morphologie des
précipités intermétalliques. Des traitements thermiques alternatifs, permettant d'adapter le matériau aux
conditions spécifiques imposées par le procédé d'extrusion, ont été formulés. Des essais de fatigue LCF
supplémentaires, ont permit de comparer la réponse cyclique de ces nouvelles nuances a celle du traitement
original. Un de ces traitement, élaboré au travers d’une approche pluridisciplinaire incluant les aspects métallurgie,
chimie et mécanique, a été retenu comme la nouvelle procédure standard pour le traitement des matrices
d'extrusion en Inconel 718.

Mots-Clés : Inconel 718, Extrusion, Outillage, Traitement thermique, Microstructure, Précipités
intermétalliques, fatigue oligocyclique (LCF), Comportement thermomécanique
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