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Abstract

This thesis focuses on experimental characterization, understanding and mod-
elling of nickel-based alloy 718, for a large range of loading conditions. Alloy 718
is the most widely used nickel-based superalloy, due to its high strength, high
corrosion resistance and excellent mechanical properties at high temperatures.

In this work, the mechanical behavior and microstructure evolution of this al-
loy during high strain rate deformation is investigated. Compression tests using a
Split-Hopkinson pressure bar (SHPB) device were performed and the microstruc-
ture of the deformed sample was observed using optical microscope (OM) and
scanning-electron microscope (SEM) coupled with electron back-scattered diffrac-
tion (EBSD) technique. The microstructural evolution according to the deforma-
tion conditions was characterized. For high deformation temperatures (1000 ◦C
and above), recrystallisation is identified as the main deformation mechanism.

A physics-based model was employed to simulate the deformation behavior of
alloy 718. This type of models accounts for the microstructural mechanisms taking
place during deformation. Knowledge about the deformation mechanisms of alloy
718, acquired experimentally and from literature, enables to formulate mathemat-
ically the microstructural phenomena governing the deformation behavior of the
alloy. The proposed model includes the effects of strain hardening, grain bound-
ary strengthening (Hall-Petch), solid solution strengthening, phonon and electron
drag and recovery by dislocation glide and cross-slip. It is calibrated and vali-
dated using data obtained from mechanical tests, as well as values captured by
the microstructural analysis.
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Chapter 1

Introduction

1.1 Background and motivation

In the aerospace industry, components are required to be as efficient, durable
and lightweight as possible. They must endure extreme conditions of pressure
and temperature as well as possible impacts. Thus, being able to predict their
behavior in such conditions is of high interest, and those predictions are based on
the mechanical properties of the components before they are put into use, which
are inherited from their manufacturing.

Metallic materials experience a wide range of thermo-mechanical loads during
manufacturing processes. These conditions influence the final mechanical and mi-
crostructural states of the work piece, which in turn determine the performance
and service life of the structural component. Therefore, it is of highest importance
to use robust and accurate models and numerical implementations to predict the
microstructural and mechanical evolution during the manufacturing processes.

Traditionally, engineering models are used to simulate manufacturing of a ma-
terial and predict its final mechanical state. This type of empirical models do not
account for the underlying microstructural phenomena taking place during defor-
mation, thus limiting their range of validity. In order to improve the accuracy
of the simulation and prediction capability of a manufacturing process, as well as
a chain of several processes, physics-based models are developed. These models
consist of equations describing the microstructure evolution and its effect on the
mechanical behavior of the material.

In order to accurately model the evolution of the microstructure and mechanical
properties of a material, a deep understanding of the microstructural mechanisms
governing the deformation is required. The properties, microstructure and defor-
mation mechanisms of the material have to be characterized for a large range of
strain rates and temperatures encountered during the actual manufacturing pro-
cesses.
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This research project focuses on both the experimental material characteriza-
tion and the development of a physics-based model for manufacturing simulations.

1.2 The ENABLE project

The European Network for Alloy Behavior Law Enhancement (ENABLE) project
aims to predict the final mechanical state of a metallic structure at the end of
the manufacturing chain by using new solutions for simulation and prediction of
the processes. This new approach enables to link the metallurgical and mechan-
ical response to the microstructure. It is multi-physic, by coupling the thermo-
mechanical and microstructural effects, and multiscale, from microscopic to macro-
scopic scales. The effects of the microstructure evolution on the mechanical be-
havior are included in a material behavior law, also referred to as material model.
This base model is applied to different metallic alloys and used in the simulation of
several manufacturing processes, such as machining, additive manufacturing and
welding.

1.3 Scope and method of the thesis

The present thesis work is part of the above-mentioned ENABLE project. It aims
to characterize and model the behavior of a nickel-based superalloy, alloy 718,
during high strain rate and high temperature deformation, conditions encountered
during manufacturing. The research questions are:

• What are the mechanisms governing the microstructural evolution and me-
chanical behavior during high strain rate deformation of alloy 718?

• How can the microstructural mechanisms taking place during deformation
of alloy 718 be accounted for in a material model?

The research work presented in this thesis consists of an experimental char-
acterization of the deformation behavior of alloy 718, including both mechanical
tests and microstructural observations, and the formulation of a physics-based ma-
terial model for this alloy. The scope and method of this thesis are represented
graphically in Figure 1.1.

First, mechanical tests are performed by high speed compression of alloy 718,
for a wide range of temperatures. From these tests, data describing the evolution of
strain, stress and strain rate in the material during deformation are obtained, and
they can be visualized using stress-strain curve diagrams. These results provide
valuable information concerning the mechanical state of the material, as well as
indications about its deformation mechanisms.
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Then, the microstructure of the deformed samples is observed using different
types of microscopic technologies. Important microstructural features, such as the
grain size, are quantified. In addition, the evolution of the microstructure with
respect to temperature and strain rate are characterized, which allows to identify
the mechanisms governing the plastic deformation of the material.

Finally, knowledge about the deformation mechanisms of alloy 718, acquired
both experimentally and from literature, enables to formulate mathematically a
physics-based material model for this alloy. This model includes several parameters
which are calibrated using the data obtained from the mechanical tests, as well as
values captured by microstructural analysis. The material model is then validated
using experimental results from additional mechanical tests.

Figure 1.1: Scope and method of the thesis
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Chapter 2

Plastic deformation of metals
Under an external load, metallic materials deform as a consequence of their

microstructure, mechanical properties and loading conditions. As opposed to elas-
tic deformation, plastic (or inelastic) deformation is permanent and remains even
after removal of the applied forces. During manufacturing, materials are deformed
in the plastic domain in order to give them the desired shape. Thus, understanding
the plastic behavior of metallic materials enables us to improve their processing.

During deformation, the behavior of a material is described by the evolution of
the flow stress in this material. The flow stress is defined as the instantaneous value
of stress required to continue plastic deformation of the material. It is also referred
to as the yield stress as a function of strain. It depends on the microstructure and
processing conditions.

This chapter presents a literature review of the plastic deformation mechanisms
in metals and alloys and their effects on the flow stress.

2.1 Crystalline defects

The majority of metals and alloys are polycrystalline solids. They are composed
of many crystals in which their constituents, atoms or molecules, are arranged in
a highly ordered structure with a pattern that is repeated in all directions. This
structure is known as the crystal structure or crystal lattice, and the pattern is
referred to as a unit cell. Crystals in a solid material are usually called grains.

Plastic deformation of a crystalline material is controlled by the defects of the
crystal lattice. Those defects are defined as disruptions in the crystal structure
and they can be divided into four categories, depending on their spatial dimension:
point, line, planar and volume.
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Point defects
These defects correspond to small localized disturbances where an atom is

missing (vacancy), is at an irregular place in the lattice structure (interstitial) or
has been replaced by a different atom (substitution). Figure 2.1 illustrates the
different types of point defects.

Figure 2.1: Point defects

A point defect is qualified as self-interstitial when the element at an irregular
place is an atom or molecule from the crystal lattice. When the interstitial defect
is an element different from the crystal’s atoms, the defect is said to be an inter-
stitial impurity.

Line defects
Line defects correspond to dislocations. They can be of two types: edge or

screw. An edge dislocation is an extra half plane of atoms in the crystal lattice
whereas a screw dislocation is a disruption where one part of the crystal moves to
the left and the other part moves to the right. A representation of these two types
of dislocation is shown in Figure 2.2.

The dislocations propagate in a slip plane, or glide plane, along the slip direc-
tion. Screw dislocations can cross-slip to another plane whereas edge dislocations
always move in the direction perpendicular to the extra half plane. The Burgers
vector b is used to characterize a dislocation. It corresponds to the magnitude
and direction of the lattice distortion resulting from a dislocation. The magnitude
of b corresponds to the unit distance traveled by the dislocation. For an edge
dislocation, the Burgers vector is perpendicular to the dislocation plane, whereas,
for screw dislocations it is parallel to the dislocation plane.
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Figure 2.2: Edge and screw dislocations – red arrow: shear force – blue arrow: Burgers
vector – red ellipse: extra half plane of atoms

Planar defects
Planar defects are disruptions in the stacking sequence of the crystal lattice.

They can be stacking faults or boundaries.
A stacking fault is an interruption of the normal staking sequence of the atomic

planes. It generally occurs in closed-packed crystal structures, face-centered cubic
(FCC) and hexagonal close-packed (HCP) structures. Figure 2.3 shows a stacking
fault where the FCC staking sequence changes to an HPC stacking sequence.

Figure 2.3: Stacking fault
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A boundary is defined as the interface between two regions of different crystal
orientations. Boundaries can be classified according to the misorientation, that
is, the mismatch in orientation across the two sides of the boundary. Low angle
boundaries (LABs) are characterized by a misorientation angle of less than 15
degrees. High angle boundaries (HABs) have a misorientation angle larger than
15 degrees. Among them, grain boundaries separate two regions of different ori-
entations in a polycrystal and phase boundaries separate two regions of different
structure or chemical composition. Twin boundaries have a misorientation angle
around 60 degrees. They separate two portions of the crystal lattice with an orien-
tation in mirror symmetry resulting from twinning, which is discussed in the next
section. Figure 2.4 shows twin and grain boundaries.

Figure 2.4: Twin and grain boundaries

Volume defects
Volume defects are three-dimensional and they are usually of a much larger

scale than the previously described defect types. These defects include cracks and
pores in the bulk material, as well as voids and precipitates. The latter correspond
to small regions of a different phase in the material and they significantly influ-
ence the deformation behavior of materials. In numerous alloys, precipitates are
intentionally allowed to form in order to increase the strength of the alloy, as it is
explained in section 2.3.
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2.2 Deformation mechanisms

Plastic deformation in metals occurs mainly by the propagation of dislocations.
Several deformation mechanisms can be identified [1] and they can be active si-
multaneously.

Dislocation slip
When the applied shear stress exceeds a critical value, dislocations propagate

through the lattice along the slip directions, making parts of the crystal lattice glide
along each other. Edge dislocation always glide in the direction perpendicular to
the dislocation plane, thus they stay in one slip plane. Screw dislocation can cross-
slip to other slip planes. Figure 2.5 shows the propagation of an edge dislocation.

Figure 2.5: Edge dislocation glide

A slip system describes the set of symmetrically identical slip planes and slip
directions for which dislocation move easily, using the Miller index notation [1].
More specifically, slip takes place in close-packed planes along close-packed direc-
tions, where the atomic density is the highest. Thus, the slip systems have different
orientations from grain to grain. Dislocation slip is the predominant deformation
mechanism at low or moderate temperature (T < 0.5Tm, where Tm is the melting
temperature, with T and Tm expressed in Kelvin).

Dislocation climb
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Climb is a thermally activated mechanism driven by the diffusion of vacancies
through the crystal structure, to or away from the site of dislocation. It allows
edge dislocations to move in a direction perpendicular to the slip plane in order
to overcome obstacles, as illustrated in Figure 2.6. Being a diffusion process, the
importance of this mechanism increases with the temperature.

Figure 2.6: Dislocation climb

Twinning
Contrary to dislocation glide and climb, twinning is not a dislocation-based

mechanism but a process occurring at the crystal level. It corresponds to the re-
orientation or rotation of a portion of the crystal lattice into an orientation with
mirror symmetry relative to the parent lattice, as it is presented in Figure 2.4. It
is important to note that twinning refers to the deformation mechanism while twin
boundaries described in section 2.1 and Figure 2.4 correspond to the boundaries
created during twinning.

Twinning is promoted at low temperature and high strain rate, as well as in
materials with a limited number of slip systems, such as hexagonal close-packed
(HCP) structures (there are only two slip systems in HCP structure, whereas FCC
structure has 12 slip systems). Twinning occurs very rapidly (in a few microsec-
onds). It is considered as a secondary mechanism, since the induced strain is very
small. However, it can affect other deformation mechanisms, such as promoting
slip by the reorientation of the crystal lattice.
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The three different inelastic deformation mechanisms, slip, climb and twinning,
can be competitive and it is useful to summarize which of the mechanisms is
dominant for given loading conditions (stress, strain-rate and temperature). For
this purpose, Frost and Ashby [2] have developed deformation-mechanism maps.
A typical deformation-mechanism map is shown in Figure 2.7. Creep mechanisms
are related to long-term exposure to high stress and thus do not come under the
scope of the current study, which focuses on manufacturing processes.

Figure 2.7: Deformation-mechanism map as a function of stress and temperature

2.3 Hardening processes

Plastic deformation is controlled by the movement of dislocations, which can be
impeded by obstacles. These obstacles correspond to defects in the crystal lattice
(see section 2.1) and they contribute to strengthen the material.

Strain hardening

A major factor controlling the movement of dislocations in the material is
the interaction between dislocations themselves, which impede each other’s paths.
When plastic deformation progresses in the material, the density of dislocations
and their interactions increase, making their movements more difficult. Thus, the
resistance to slip increases and higher shear strain is required to maintain motion,
inducing a rise in flow stress.

There are two types of dislocation interactions: (i) dislocation pile-up, when
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dislocations in a same plane pile-up at barriers in the crystal lattice; and (ii)
dislocation intersection, when a dislocation cut through another dislocation located
in a different plane.

The presence of obstacles in the microstructure can slow down the dislocation
propagation by pinning or by acting as a barrier for dislocation pile-up. Obstacles
include, among others, grain boundaries, precipitates and solutes.

Grain boundary strengthening

Grain boundaries are strong dislocation barriers. Hence, a fine microstructure,
with small grain size, increases the material strength, as the grain boundary area
is large. This phenomenon, also known as Hall-Petch effect, is described by the
homonym equation,

σ = σ0 +
k√
d
, (2.1)

where σ (MPa) is the flow stress in the material, d (m) is the average grain size,
σ0 (MPa) is a material constant corresponding to the resistance of the lattice to
the motion of dislocations, and k (MPa m1/2) is a material constant.

Grain boundaries affect significantly the properties of polycrystalline materi-
als. As a consequence, the grain size is an important material parameter and has
a significant impact on the deformation behavior.

Solid solution strengthening

Solid solution strengthening consists in adding atoms of an element (solute) in
the crystal lattice of the base material. Depending on the size of the solute atoms,
two types of solid solutions can be obtained, shown in Figure 2.8. A substitutional
solid solution is obtained when the size of the solute atoms is similar to the size
of the atoms of the material. In an interstitial solid solution, the solute atoms are
smaller than the atoms in the base material.

Figure 2.8: (a) Substitutional solid solution (b) Interstitial solid solution
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Precipitation hardening (or strengthening)
Precipitation hardening is the introduction of fine second phase particles (pre-

cipitates) throughout the material. Usually, those precipitates are additional
phases. When precipitates are small enough, they are regarded as shearable and
dislocations cut through them. For larger unshearable precipitates, dislocations
bow around them, forming an Orowan loop, as it is illustrated in Figure 2.9.

Figure 2.9: (a) Dislocation shearing through a precipitate (b) Dislocation bowing around
a precipitate - Orowan process

Precipitation is induced by heat treatment in metallic alloys and it is a well-
established method to increase the strength of these materials.

2.4 Softening processes

When a material undergoes deformation, energy is stored in its microstructure.
During plastic deformation, this energy is mainly carried by the dislocations.
Softening occurs in a material when its stored energy is reduced by removal or
rearrangement of defects in the microstructure.

It is generally accepted that there are three types of softening processes: re-
crystallization, recovery and grain coarsening [3]. Recrystallization is associated
with the formation and migration of HABs while recovery includes all softening
processes that do not require movement of HABs. Grain coarsening involves the
movement of grain boundaries, but its driving force is only the reduction of the
grain boundary area itself.

At high temperature, diffusion of atoms promotes dislocation movements, mak-
ing their rearrangement easier. Thus, hot deformation is highly influenced by the
softening mechanisms. Recovery and recrystallization are usually considered as
dominant deformation mechanisms at high temperature and are discussed in de-
tails in the following sections.
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2.4.1 Recovery

Recovery is associated with a reduction of the dislocation density in the material,
by annihilation of dislocations and their rearrangement in cell structures or sub-
grains, through dislocation glide and climb, in order to reduce the local energy
level [1].

Recovery can be static or dynamic. Static recovery occurs after the deforma-
tion, when there is no applied load, thus the movement of dislocations is due to
interaction stresses between the dislocations themselves. Dynamic recovery takes
place during deformation and occurs under the effect of both the applied stress
and the interaction stresses. As a softening mechanism, recovery is triggered by
heat, thus occurring during hot deformation or annealing.

During hot deformation, strain hardening and dynamic recovery occur simulta-
neously. The accumulation of dislocation due to strain hardening is moderated and
the evolution of the microstructure results from the two concurrent mechanisms.

2.4.2 Recrystallization

Recrystallization is the replacement of deformed grains by a new defect-free grain
structure in a strained material by formation and migration of HABs [3]. It leads
to a complete evolution of the microstructure and controls the material grain
size. Therefore, this mechanism is of particular interest for the thermo-mechanical
processing of metallic alloys.

While recovery can only be static or dynamic, three types of recrystallization
were observed: static, dynamic and meta-dynamic. Similarly to recovery, static
recrystallization takes place after deformation, during annealing, whereas dynamic
recrystallization occurs during straining at high temperatures and can be followed
by post-dynamic recrystallization, or meta-dynamic recrystallization, on account
of the residual thermal energy in the material after the hot deformation process
is completed. Dynamic and meta-dynamic recrystallizations have the advantage
to produce smaller grains compared to static recrystallization [4]. Those three
mechanisms are represented in Figure 2.10.

Dynamic recrystallization (DRX) plays a major role during hot deformation of
metallic materials. It is considered as an industrial tool to control and optimize
key parameters of the microstructure, such as the grain size [6].
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Figure 2.10: Schematic representation of static, dynamic and post-dynamic recrystal-
lization (adapted from [5])

A typical flow stress curve (flow stress vs. strain) during hot deformation of a
material exhibiting DRX is composed of three stages, as shown in Figure 2.11:

Figure 2.11: Schematic representation of a typical stress-strain curve for a material
undergoing recrystallization (adapted from [7])

• Stage 1 - hardening, when the flow stress increases to a maximum value
(peak stress), corresponding to a critical dislocation density;
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• Stage 2 - softening, when the DRX mechanism occurs, leading to a reduction
in dislocation density and to a decrease in flow stress;

• Stage 3 - steady-state, corresponding to a balance between strain hardening
and recrystallization process.

The principal parameter influencing the DRX behavior is the stacking fault
energy of the material. Materials with low to medium SFE (∼ 10−2J/m2, [4])
exhibit discontinuous dynamic recrystallization (DDRX) and materials with high
SFE (∼ 10−1J/m2, [4]) exhibit dynamic recovery (DRV) and continuous dynamic
recrystallization (CDRX).

Discontinuous Dynamic Recrystallization
Low SFE promotes the formation of wide stacking faults, increasing dissocia-

tion of dislocations. These dissociation reactions hinder the movement of dislo-
cations (slip or climb), making the DRV difficult. Thus, the dislocation density
increases to a high level until new grains can nucleate [8]. The recrystallized grains
are usually formed at the previous grain boundaries, forming necklace structures.
Therefore, the recrystallization occurs heterogeneously and the microstructure ex-
hibits clear sites of nucleation and growth, which makes the process discontinuous.
The DDRX process generally leads to a grain refinement, but it can occasionally
result in grain enlargement [9]. Figure 2.12 shows a schematic representation of
the necklace structure formation and the grain refinement during DDRX.

Figure 2.12: Schematic representation of grain refinement during DDRX and formation
of necklace structures

In the case of DDRX, the hardening phase is followed by a peak stress relatively
pronounced in the stress-strain curve. The first recrystallized grains appear at a
critical strain slightly lower than the strain corresponding to the peak stress [4, 10].
In the case of low strain rates and elevated temperatures, the peak stress is fol-
lowed by several oscillations of decreasing amplitude before before entering the the
steady-state domain [4]. In addition, the steady-state flow stress can be reached
for small deformation (ε < 1). The steady-state flow stress and microstructural
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parameters are not dependent on the initial grain size, however a coarse initial mi-
crostructure contains less grain boundaries, which are sites for nucleation of new
recrystallized grains. Thus the DDRX kinetics is expected to be slower for a large
initial grain size. Furthermore, it has been observed that twinning is an important
mechanism for the nucleation of new grains during DDRX [8].

Continuous Dynamic Recrystallization
In high SFE materials, the stacking faults are narrow and most of the disloca-

tions do not dissociate, allowing perfect glide and climb so the DRV occurs readily.
Then, the accumulation of sufficient dislocations for DDRX is prevented and in-
stead, new grains are formed by the progressive increase of LABs misorientations.

The peak stress for CDRX is less marked than for DDRX, but the steady-state
flow stress and microstructure are also independent of the initial grain size. LABs
are formed at low strain, but their transformation into HABs occurs at relatively
large strain (ε ∼ 1). In this case, the steady-state is reached for large strains
(ε > 1), usually produced during shear or torsion loading. This makes the kinetics
of CDRX slower than the kinetics of DDRX.

A third type of DRX has been identified, the geometric dynamic recrystalliza-
tion (GDRX). This mechanism involves a modification in the shape of the initial
grains as well as an increase in the area of those grains. It usually occurs simulta-
neously with DRV and CDRX in high stacking fault materials [3, 4].

It should be noted that there is no strict dividing line between the different
types of DRX behavior. Grain boundary mobility is susceptible to determine which
type of DRX is occurring in a material, thus transition between DDRX and CDRX
may be observed in a given material when changing its purity, its initial grain size
or the loading conditions (temperature and strain rate) [5]. The main differences
between CDRX and DDRX are summarized in Table 2.1.

CDRX DDRX
(i) high SFE materials (i) low to medium SFE materials

(ii) progressive transformation (ii) nucleation and growth
of LABs into HABs of new grains

(iii) strong DRV (iii) weak DRV
(iv) slow kinetics (iv) fast kinetics

(v) steady-state reached for ε > 1 (v) steady-state reached for ε < 1

Table 2.1: Characteristics of CDRX and DDRX
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Increasing the deformation temperature results in a faster DRX kinetic, a larger
recrystallized grain size at steady-state as well as a lower steady-state flow stress
[6, 8]. It is explained by the fact that dislocations and grain boundary mobility is
facilitated at high temperature due to diffusion.

2.5 Effect of temperature and strain rate

Generally speaking, it is expected that increasing the temperature results in higher
diffusivity and annihilation of the dislocations, thus reducing the dislocation den-
sity. Therefore, it leads to a decrease in the flow stress of the material. The strain
rate has the opposite effect on the deformation behavior: a rise in strain rate leads
to a higher dislocation density, thus increasing the flows stress.

At high strain rates, there is little time for the heat generated by plastic de-
formation to transfer to the surroundings by conduction or radiation, therefore
the temperature rises in the material. It is referred to as adiabatic heating and
it induces thermal softening in the material. This can lead to strain localization,
known as adiabatic shear bands, as the material is softer in the zone of adiabatic
heating, and it can result in material failure.

Finally, for specific range of temperatures and strain rates, dynamic strain aging
(DSA) can influence significantly the flow stress behavior of the material. This
effect corresponds to the interaction of mobile dislocations with diffusing atoms or
point defects. It can manifest through different form, including an inhomogeneous
plastic deformation, referred to as Portevin-Le Chatelier (PLC) effect, which is
characterized by a serrated flow stress curve [11].
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Alloy 718

3.1 Microstructure and properties

Alloy 718, or Inconel 718, is a nickel-chromium superalloy. It was developed in
the 1960s and is nowadays one of the most widely used superalloy due to its
high strength, high corrosion resistance and good mechanical properties at high
temperature. It also presents good fatigue, creep and wear resistance. It is mainly
used in the aerospace and oil industries, in the hot parts of gas turbine engines
and in containment structures.

The chemical composition of the material used in this study, obtained from
energy-dispersive X-ray spectroscopy (EDS), is presented in Table 3.1 in weight
percent (wt. %). However, EDS works as best as only “semi-quantitative” in
capability [12], therefore it is used only to give an idea about the composition, as
information from the manufacturer were lacking. It can nonetheless be noted that
this composition is consistent with the recommendations for a standard alloy 718
[13].

Element Ni Fe Cr Nb Mo Ti Al

wt. % 49.62 17.58 17.18 4.75 2.58 1.08 0.43
± 1.35 ± 0.49 ± 0.49 ± 0.20 ± 0.12 ± 0.06 ± 0.05

Table 3.1: Chemical composition of alloy 718 material used in this study measured by
EDS analysis

Alloy 718 is a precipitation hardening alloy classified among the γ-γ′-γ′′ nickel-
based superalloys. Thus, it is composed of a Ni-Cr matrix, the γ phase, and two
main precipitates, γ′ and γ′′, as well as δ-phase precipitates. The characteristics
of the different phases in alloy 718 are presented in Table 3.2.
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Phase γ γ′ γ′′ δ

Composition(a) Ni(Fe,Cr) Ni3Al(Ti,Nb) Ni3Nb(Ti,Al) Ni3Nb(Ti,Al)

Crystal face-centered face-centered body-centered orthorhombic
structure(b) cubic cubic (L12) tetragonal (D022) (D00)

Lattice aγ = 3.52 Å aγ′ = 3.57 Å aγ′′ = 3.62 Å aδ = 5.11 Å
parameters cγ′′ =7.4 Å bδ = 4.24 Å

cδ = 4.54 Å

Relation with - coherent semi- incoherent
the matrix coherent

Particle - spherical disc thin plates
morphology << 1 µm ≤ 1 µm length

≤ 20 µm
thickness
∼ 1 µm

Precipitation - 650 ◦C to 620 ◦C to 650 ◦C to
temperature 850 ◦C 900 ◦C 1000 ◦C(c)

(a) Chemical elements in brackets substitute randomly the element before the brackets
(b) L12, D022 and D00 correspond to the Strukturbericht notation [14, 15]

(c) depending on the Nb content [16]

Table 3.2: Characteristics of the different phases in alloy 718 [16, 17]

Although alloy 718 has both γ′ and γ′′ precipitates, it is considered that γ′

precipitates have only a minor effect on the material properties and that most of
the hardening effect comes from the γ′′ phase [18, 19]. Two nucleation mecha-
nisms for δ precipitates have been identified, intergranular and intragranular [20].
The first one refers to the formation of δ-phase at the grain boundaries during
heat-treatment up to 1000 ◦C [16]. The presence of δ precipitates at the grain
boundaries allows to control the grain size by limiting grain coarsening [21]. The
second mechanism is the transformation of γ′′ precipitates, which are metastable,
into δ precipitates when reaching a critical size, above which the structure is not
stable anymore [17, 22]. This transformation occurs at relatively high temperature,
when growth of precipitates is promoted. Precipitation of δ phase is considered to
occur mainly through transformation of γ′′ precipitates up to 900 ◦C, after which
γ′′ precipitates are dissolved. The transformation of γ′′ precipitates into δ phase
usually induces a decrease in strength, as the δ precipitates replace the hardening
γ′′ precipitates. Hence, it is considered as undesirable [20]. This transformation
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can occur from around 650 ◦C [22], which is thus set to be the upper temperature
limit for the operational conditions of alloy 718 [21, 22].

The size of the precipitates can be controlled by heat treatment [16, 23]. Two
time-temperature-transformation (TTT) diagrams of alloy 718 are presented in
Figure 3.1 [20, 24]. It has been observed that the precipitation and dissolution
mechanisms can be different depending on the initial material [20]. All the precip-
itates are dissolved at approximately 1000 ◦C, depending on the niobium content
[16]. Above this temperature, the alloy becomes a single-phase material with ad-
ditional elements in solid solution [25].

Figure 3.1: TTT diagrams of alloy 718 reported by Oradei-Basile and Radavich [24]
(left) and De Jaeger [20] (right)

The hard particles of this alloy are responsible for its good mechanical proper-
ties but also for its poor machinability. Therefore, it is of high interest to deeply
understand its deformation behavior in order to better predict, model and optimize
its manufacturing.

3.2 Deformation behavior

The hot deformation behavior of alloy 718 is significantly influenced by processing
parameters, grain size and precipitates.

During compression at temperatures up to 900◦C, the material deformation is
dominated by strain hardening [26] although recovery is expected to take place
simultaneously. Lee et al. [27, 28] observed that increasing the strain rate and
decreasing the temperature result in a rise in flow stress, yield strength, strain rate
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sensitivity and temperature sensitivity.
The deformation behavior at very high temperature (above 950◦C) is domi-

nated by dynamic recrystallization (DRX) behavior. Being a relatively low stack-
ing fault material, discontinuous dynamic recrystallization (DDRX) is expected to
be the main restoration process. However, depending on the deformation tempera-
ture and strain rate, continuous dynamic recrystallization (CDRX) can also occur
[25, 29, 30]. Azarbarmas et al. [31] have investigate the occurrence of DDRX and
CDRX in alloy 718 in the low strain rate domain (up to 1 s-1) and they found
that CDRX is promoted at higher strain, higher strain rate and lower tempera-
ture. However, DDRX stays the dominant deformation mechanism, especially at
low strain [30, 31]. Montheillet and Thomas [29] have observed that the DDRX
kinetic in this alloy is relatively low and its nucleation occurs through three mech-
anisms: (i) twinning, (ii) “continuous nucleation” (generation of high angle grain
boundaries by the progressive rotation of subgrains, leading to the formation of
nuclei) and (iii) nucleation by bulging. Twinning has been proven to accelerate
the DRX process, as twins decrease the boundary energy of growing grains, thus
being a preferred site for nucleation [29, 31, 32].

In the high strain rate domain (∼1000 s-1), DRX has been reported under
dynamic shear loading [33, 34], as the temperature in the shear bands reaches very
high levels (above 1000 ◦C [34]). Having a high strength at elevated temperatures,
alloy 718 is susceptible to form adiabatic shear bands during machining, which
requires very high strain rate and temperature, leading to DRX during this process
[33, 35, 36].

Dynamic strain aging (DSA, see section 2.5) has been observed in alloy 718
for deformation temperatures between 200 and 750 ◦C, for both low and high
strain rates [11, 37–45]. This effect is attributed to diffusion of interstitial carbon
atoms at low temperatures (200 to ∼450 ◦C), whereas in the high temperature
domain (∼450 to 750 ◦C), it is caused by diffusion of Cr, Nb or Mo substitutional
atoms, the exact nature of the atoms involved in this phenomena being a source
of controversy [11, 40, 46, 47].

In general, the deformation behavior of alloy 718 is highly dependent on its
precipitation state. In the industry, this alloy can be found in annealed state or
in an aged state. Different aging procedures can be performed, depending on the
type and amount of precipitates desired in the material. The state of the material
is selected based on the final application. Asala et al. [22] and Pereira et al.
[48] have compared the behavior of aged and solution heat-treated alloy 718. The
aged one exhibited higher strength and hardness than the annealed one, but also
a greater susceptibility to strain localisation, adiabatic shear failure and cracks.
Alloy 718 in annealed state shows higher strain hardening rate, elongation and
ductility.
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Material characterisation
Experimental characterization of alloy 718 is performed in order to improve

knowledge of the microstructural phenomena taking place at high temperature
and high strain rate deformation, conditions encountered during manufacturing.

This chapter presents an overview of the experimental method used. Additional
information about the experiments and results can be found in paper A.

4.1 Material

As mentioned is chapter 3, the heat-treatment undergone by the material plays a
significant role for the development of hardening precipitates. In the present study,
two states of alloy 718 have been selected: an annealed state and an aged state.
The aging treatment was performed at 760 ◦C during five hours. Thus, according
to the TTT diagrams presented in Figure 3.1, γ′′ precipitates have formed in the
material during this procedure.

For both the annealed and the aged material, cylindrical samples with a diam-
eter of 9.5 mm and a thickness of 4 mm were used for the mechanical tests.

4.2 Mechanical tests

Compression tests at high strain rates were performed using a Split-Hopkinson
pressure bar device coupled with an induction coil [49]. This device consists of two
long cylindrical bars, namely, the incident bar (3 meters long) and the transmitter
bar (2 meters long), as well as a striker bar inside an air gun. The sample is placed
in the induction coil and sandwiched in between the incident and transmitter
bar. When the striker bar is shot, it hits the incident bar and a one-dimensional
compressive wave propagates along it. At the interface with the sample, part of
the wave is transmitted and another part of it is reflected into a tensile wave.
Strain gauges on the incident bar measure the incident and reflected signals, and
strain gauges on the transmitter bar measure the transmitted signal. Those three
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signals are translated into strain, stress and strain rate in the sample according to
the Split-Hopkinson theory [50, 51].

Bars in maraging steel and aged alloy 718 were used for the tests. Their
properties are presented in Table 4.1. The strain rate was controlled by the pressure
in the air gun, the initial distance between the striker and the incident bar and
the length of the striker. It must be noted that the strain rate is not constant
throughout the test, thus, an average value is given for the results presented in
this thesis.

Material Diameter Density Young’s modulus
[mm] [kg/m3] [Pa]

Maraging steel 25 7990 2.07 · 1011

Aged-hardened alloy 718 22 8220 2 · 1011

Table 4.1: Properties of the Split-Hopkinson bars used in the present study

The tests were conducted at 20, 400, 800, 1000 and 1100 ◦C for both states of
the material and strain rates between 1000 and 4000 s-1 were obtained. Immedi-
ately after the tests, the samples were quenched in cold water.

4.3 Microstructural characterization

The microstructures of the as-received material and of the samples deformed at
high strain rates were observed using optical microscope (OM) and scanning-
electron microscope (SEM). The samples were cut in order to observe both the
top (circular surface perpendicular to the compression direction) and the cross-
section (rectangular surface parallel to the compression direction). They were
then hot mounted in hard resin and polished. For the optical microscopy, the
samples were etched in order to reveal the grain boundaries. With the SEM, both
energy-dispersive X-ray spectroscopy (EDS) and electron back-scatter diffraction
(EBSD) analysis were performed. The former gave information about the chemical
composition of the alloy (Table 3.1) and the latter allowed to obtain quantitative
data about the microstructure, such as the grain size, the fraction of high angle
grain boundaries and the recrystallized grain fraction.
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Flow stress model
Flow stress material models are used to predict the evolution of the flow stress

during plastic deformation. In this project, a dislocation density-based model for
alloy 718 has been further developed, based on the work by Lindgren et al. [52,
53], Fisk et al. [26] and Malmelöv et al. [54].

This chapter presents the basic concepts of the model. A more detailed pre-
sentation of the model and its parameters can be found in paper B.

5.1 Flow stress calculation

The different contributions to the resistance against plastic flow, i.e. the flow stress
σy, are assumed to be additive. These contributions are split into long-range stress,
σLR and short-range stress, σSR [55, 56]:

σy = σLR + σSR. (5.1)

Plastic deformation is due to the movement of dislocations in the material. In
order to drive dislocations across the grains, the applied stress must exceed first
the long-range stress. Contributions to the long-range stress include:

• Strain hardening, which corresponds to the resistance to movements of dis-
locations due to interactions with other dislocations, [57, 58]

σG = αMGb
√
ρ̄i, (5.2)

where α is a calibration factor, M is the Taylor orientation factor (equal
to 3.06 for face-centered cubic metals [2]), G is the shear modulus, b is the
magnitude of the Burgers vector and ρ̄i is the mean density of immobile
dislocations.

• Hall-Petch effect, which corresponds to the effect of grain size on the material
behavior (see section 2.3), [53]

σHP = kHP
G

GRT

1√
ḡ
, (5.3)



28 Flow stress model

where kHP is the Hall-Petch factor, GRT is the shear modulus at room tem-
perature and ḡ is the average grain size.

The short-range term corresponds to an excess stress which drives mobile dislo-
cations through the lattice and past short-range obstacles. This stress contribution
can be assisted by thermal activation. It includes:

• Interactions between gliding dislocations and discrete obstacles, [2, 53]

σdisl = fDSAsdislG

(
1−

(
1

fDSAAdisl

kBT

Gb3
ln

(
ε̇ref
ε̇p

))1/q
)1/p

, (5.4)

where fDSA is a parameter related to the effect of dynamic strain aging (see
sections 2.5 and 3.2), sdisl, Adisl, q and p are calibration parameters, kB is
the Boltzmann constant, T is the absolute temperature, ε̇ref is a constant
equal to 106 [2] and ε̇p is the plastic strain rate.

• Solid solution strengthening due to substitutional and interstitial solutes in
the crystal lattice, [59]

σss =

(∑
i

σ
3/2
ss,i

)2/3

, (5.5)

σss,i = σss0Mexp

(
− 1

C1

kBT

Hsol

ln

(
ε̇ss
ε̇p

))
, (5.6)

where σss0 is a factor related to the size and shear modulus misfits of the
solute i in the matrix, C1 is a calibration factor, Hsol is the energy barrier
to be overcome and ε̇ss is a constant set to 105.

• Electron and phonon drag, which corresponds to the interactions between
mobile dislocations and phonons and electrons at high strain rates, [2]

σdrag = GM2

(
Be/Bp + T/300

B0

)
ε̇p, (5.7)

where Be, Bp and B0 are calibration parameters.

Additional contributions to the flow stress can be added, depending on the
material (e.g. contribution of precipitates).



5.2. Dislocation density evolution 29

5.2 Dislocation density evolution

The immobile dislocation density ρ̄i contributes to the calculation of the long-range
stress, as a variable for the Taylor hardening, Eq. (5.2). Its evolution is associated
to hardening and softening effects and is expressed as

˙̄ρi = ˙̄ρ
(+)
i − ˙̄ρ

(−)
i , (5.8)

where ˙̄ρ
(+)
i and ˙̄ρ

(−)
i are the evolution of immobile dislocation density associated

with hardening and softening effects, respectively.
The hardening effect is related to an increase in the number of immobile dislo-

cations (see section 2.3), [53]

˙̄ρ
(+)
i =

Mε̇p
b

(
1

ḡ
+

1

s̄

)
, (5.9)

where s̄ is the average subgrain size.
The softening effects include:

• Recovery by glide [56]
˙̄ρ
(−)(gl)
i = Ωdrρ̄iε̇p, (5.10)

where Ωdr is a temperature- and rate-dependent recovery function [53, 56,
60].

• Recovery by cross-slip of screw dislocations (see section 2.2),

˙̄ρ
(−)(cs)
i = Ωcs

15d̄SFE
Lcs

( σG
MG

)2
ϑDexp

(
− Qcs

kBT

)
ρ̄i, (5.11)

where Ωcs is a calibration parameter, d̄SFE is the mean width of the stacking
fault, Lcs is the length of the initial cross-slipping dislocation segment, ϑD
is the Debye frequency of the material and Qcs is the activation energy for
cross-slip.

The different parameters of the model are taken from the literature or calibrated
using a MATLAB-based optimization tool.
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Chapter 6

Summary of appended papers
This chapter presents a summary of the appended papers and specifies the

author’s contribution.

Paper A: High strain rate deformation behavior

and recrystallization of alloy 718

This paper presents an experimental characterization of the deformation behavior
of alloy 718 at high strain rates. Compression tests using a Split-Hopkinson pres-
sure bar device were performed on alloy 718 in annealed and aged states, for strain
rates between 1000 and 4000 s-1 and temperatures from 20 to 1100 ◦C. The mi-
crostructural evolution of the material was characterized using optical microscopy
and scanning-electron microscopy coupled with electron back-scatter diffraction
(EBSD) technique.

The stress-strain curves show that the aged material presents a higher yield
stress and flow stress level than the annealed one up to 1000 ◦C. The microstruc-
tural analysis gave evidence that recrystallization is taking place during and after
deformation at 1000 and 1100 ◦C, for both the annealed and the aged states. In
addition, the fraction and size of recrystallized grains increase with the tempera-
ture.

Author contribution: mechanical tests - microstructure analysis - analysis
of the results - writing of the manuscript
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Paper B: Physics-based flow stress model for alloy

718

This paper presents a dislocation density-based model for the deformation behavior
of alloy 718. It includes the effect strain hardening, grain size effect, dynamic strain
aging (DSA), solid solution strengthening, phonon and electron drag, as well as
recovery by dislocation glide and cross-slip. The model is calibrated for alloy 718
in annealed state according to stress-strain curves for room temperature to 800
◦C, for strain rates between 10-3 and 103 s-1, using experimental results from a
previously published study [26] as well as the results presented in paper A.

The predicted flow stresses are in good agreement with the experimental results.
DSA, solid solution strengthening and phonon and electron drag are proven to be
satisfactorily accounted for in the model.

Author contribution: parameter optimization - analysis of the results - writ-
ing of the manuscript
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Conclusions and perspectives

This chapter summarizes the work done and gives some perspectives for the
continuation of the project.

Experimental characterization of alloy 718 have been carried out for high strain
rate and high temperature deformation, which are loading conditions encountered
during manufacturing. This study is the focus of paper A and deals with the first
research question established in chapter 1.

The microstructural analysis proved that recrystallization took place in the
material when deformed at 1000 ◦C and above. However, considering the litera-
ture review presented in chapter 2, this phenomenon should induce a decrease in
flow stress, which is not visible on the obtained stress-strain curves. Therefore,
it is postulated that recrystallization is due to both dynamic and meta-dynamic
mechanisms, thus developing both during and after the deformation (and before
quenching). Further experimental investigations on the occurrence of dynamic
and post-dynamic recrystallization for high strain rate deformation would provide
a better understanding of these phenomena, as well as valuable information regard-
ing the effect of cooling time after the deformation. This study is to be carried
out following this thesis work.

A flow stress model for the deformation of alloy 718 has been proposed, in-
cluding several microstructural phenomena, such as strain hardening, recovery,
grain size effect, dynamic strain aging, solid solution strengthening, drag effect
and recovery by glide and cross-slip. This study is related to the second research
question. Paper B presents the proposed material model. The parameters were
calibrated according to the experimental results, for low to high strain rates and
for temperatures up to 800 ◦C.

For deformation at 900 ◦C and above, recrystallization significantly influences
the microstructure and mechanical behavior of the material. Therefore, this mech-
anism is to be included in the material model in order to obtain more accurate



34 Conclusions and perspectives

results regarding the high temperature deformation of the alloy.
In addition, the model was calibrated and applied for alloy 718 in annealed

state, which contains a limited amount of precipitates. However, as mentioned in
chapter 3, this alloy is widely used in its aged state. Therefore, including the effect
of precipitates would be a valuable addition to the model.

Finally, the model is to be implemented in a finite element software in order
to conduct large scale manufacturing simulations.
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[47] B. Max, J. San Juan, M.L. Nó, J.M. Cloue, B. Viguier, and E. Andrieu.
Atomic Species Associated with the Portevin–Le Chatelier Effect in Super-
alloy 718 Studied by Mechanical Spectroscopy. Metallurgical and Materials
Transactions A 49.6 (2018), pp. 2057–2068.

[48] J.M. Pereira and B.A. Lerch. Effects of heat treatment on the ballistic im-
pact properties of Inconel 718 for jet engine fan containment applications.
International Journal of Impact Engineering 25.8 (2001), pp. 715–733.

[49] J. Kajberg and K.G. Sundin. Material characterisation using high-temperature
Split Hopkinson pressure bar. Journal of Materials Processing Technology
213.4 (2013), pp. 522–531.

[50] G.T. Gray. Classic Split-Hopkinson Pressure Bar Testing, in: ASM Metals
Handbook: Mechanical Testing and Evaluation. ASM Handbook 8 (2000),
pp. 462–476.

[51] B.A. Gama, S.L. Lopatnikov, and J.W. Gillespie. Hopkinson bar experimen-
tal technique: A critical review. Applied Mechanics Reviews 57.1-6 (2004),
pp. 223–250.

[52] L.E. Lindgren, K. Domkin, and S. Hansson. Dislocations, vacancies and so-
lute diffusion in physical based plasticity model for AISI 316L. Mechanics of
Materials 40.11 (2008), pp. 907–919.

[53] L.E. Lindgren, Q. Hao, and D. Wedberg. Improved and simplified dislocation
density based plasticity model for AISI 316 L. Mechanics of Materials 108
(2017), pp. 68–76.
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