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Abstract
VDM Alloy 780 is a novel, gamma prime (γ′) strengthened, wrought Ni-base su-
peralloy that is getting wide attention in the aerospace industry for applications
requiring high-temperature stability. The specially tailored composition offers a
combination of the properties of Waspaloy and Inconel 718, two well-established
Ni-base superalloys, eliminating their drawbacks regarding high-temperature insta-
bility and difficult-to-forge properties. The microstructure of VDM 780, like all
other alloys, is highly dependent on its thermal history. Previous studies on this
alloy show that a heat treatment method that enables the formation of γ′ phase and
a high-temperature phase to tailor the microstructural properties has already been
developed. However, the reasoning behind the heat treatment parameters was not
elaborated upon. For this reason, an isothermal heat treatment study was performed
under different conditions, and the findings were used to understand the standard
heat treatment.
The first objective of this thesis work was to perform isothermal heat treatments and
evaluate the microstructural evolution. The heat treatments were performed under
48 different conditions, consisting of 2 initial material states, six isothermal temper-
atures ranging from (a) °C to (f) °C and four heat treatment durations ranging from
1 to 16 hours. The results of the isothermal heat treatments were based on different
studies found in the literature, simulations, and various material characterization
methods performed at GKN Aerospace.
The second objective was to understand the necessity of the long duration of the
standard heat treatment. Therefore, each step in the standard heat treatment is
studied individually in the isothermal heat treatment study. Therefore, the findings
of that study are used to understand the standard heat treatment steps. It has been
concluded that the isothermal heat treatment conducted at (c) °C for 8 hours is the
most efficient one to maximize the hardness. This is related to the size and volume
fraction of the "gamma" phase precipitation in the same condition.
Furthermore, each step of the standard heat treatment was confirmed to have a
critical role in the precipitation of the high-temperature phase and γ′ phase.

Keywords: VDM 780, isothermal heat treatments, gamma prime phase, high tem-
perature phase, microstural evolution.
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1
Introduction

This master thesis work was conducted at the GKN Aerospace Sweden AB facilities
in Trollhättan. Hence, this chapter will briefly introduce the company, give a back-
ground to this thesis work and propose the problem statement, as well as the study’s
scope and constraints and lastly give an outline of the structure of the thesis.

1.1 GKN Aerospace

GKN is a multinational engineering firm established in the south of Wales in 1759,
and its foundations can be linked all the way back to the onset of industrializa-
tion. GKN’s success has been recognized by many countries and companies over the
course of 260 years, and they have become a world-class technology company which
is actively working in 30 countries with approximately 58,000 employees. Although
GKN was initially an ironworks and steel manufacturing company at the birth of
the industrial revolution, with the advancements in their understanding of different
technologies, they have started to focus on many different areas of engineering. To-
day, there are three main divisions that GKN has: Aerospace, Powder Metallurgy,
and Automotive. [1]

GKN Aerospace is a prominent tier-1 provider of airframe and engine structures,
landing gear, electrical interconnection systems, transparency, and aftermarket ser-
vices for both commercial and military aircraft throughout the world. GKN Aerospace
has become one of the world’s largest suppliers to the aviation industry, with over
15,000 employees on 38 different manufacturing sites in 12 countries. Aerostructures,
engine components, and unique items requested from the customers are among the
commodities. The production site at Trollhättan, which is also the main head-
quarters for the subdivision of Engine Systems, has approximately 2000 employees.
Apart from the site in Sweden, GKN Aerospace Engine Systems has production
plants in the USA, Norway, and Mexico. Figure 1.1 represents the different product
positions that GKN Aerospace has a significant role in. [1]

1



1. Introduction

Figure 1.1: GKN Aerospace products. [1]

1.2 Background
The success of aerospace industry has always been dependent on novel developments
and technologies that will allow for increased fuel efficiencies. Aerodynamically im-
proved wings, increased use of composite materials and new alloys, and novel fabri-
cation methods all contributed to weight reduction in new aircraft models, which is
a direct factor in fuel efficiency. Aside from these crucial structural components, the
gas turbine engine (GTE) holds great value to maximize efficiency. Engineers seek
to maximize this efficiency by trying to increase the maximum service temperature
that GTEs can operate under before reaching the crucial temperatures. Developing
new materials becomes a key factor at this point.
One of the most active phases of research is for high-temperature performing materi-
als that can be placed into service in critical sections of engines, which have improved
high temperature applications and contribute to increased engine efficiency. In the
first few decades of the 20th century, stainless steels were frequently employed in
contexts that required them to withstand high temperatures. However, this class of
materials was unable to meet the temperature and corrosion requirements imposed
on them; as a result, designers were forced to create novel alloy compositions with
greater high-temperature capabilities.Because of the widespread use of "superior al-
loy compositions," a new category of materials known as "super-alloys" for use in
environments with high temperatures has been developed.
A superalloy is defined as "material developed for high temperature conditions and
put into areas of application where a tendency for severe mechanical loading has
been observed and there is a need for high surface integrity" [2]. This class of mate-
rials was created to be used at temperatures above 540 °C. Many superalloys have
been researched over the years in the lengthy history of superalloy development and
application, but only a few have been used in the aerospace sector [3, 5].
Although it has been decades since nickel superalloys have been developed and

2



1. Introduction

adopted by the industry, there is still room for improvements to optimize the high
temperature stability of these alloys while maintaining their manufacturability.

1.3 Problem Statement
GKN Aerospace has been constantly looking for new materials that can be beneficial
to boost the performance of the GTEs as well as keep the manufacturability and
forming process of the components as feasible as possible. Inconel 718 (IN718)
and Waspaloy are two of the most established high-temperature superalloys in the
aerospace industry. However, each has their own drawbacks. Phase stability is
relatively poor in IN 718 at the operating temperatures above about 650 °C due to
the transformation of the metastable γ′′ phase to the more stable δ-phase which has
limited strengthening effect [9]. On the other hand, Waspaloy is stable above 650
°C but the fine grain forging window is extremely tight. This makes the formability
of this alloy difficult. Compared to these well-known alloys, the novel nickel-based
superalloy VDM Alloy 780 has shown promising results in the previous studies in
terms of high temperature stability of its main strengthening phase, gamma prime
(γ′) phase, and having a wider fine grain forging window than Waspaloy, which makes
it possible to achieve similarly fine grains as in IN718 [23]. The thermal background
via successful heat treatment of the material holds the key to achieving both of these
desired properties. There is a fairly standard heat treatment process developed
for this alloy in the literature, however, the selection of different parameters like
heat treatment temperature and time is not covered in depth to allow a proper
understanding of how the microstructure changes under different conditions. Hence,
the intended work for this thesis, is to provide insight into the microstructural
evolution of VDM Alloy 780 under different isothermal heat treatment conditions.

1.4 Goal
The first goal was to investigate the microstructure of VDM 780 under various
isothermal heat treatment conditions, characterize the main strengthening phase,
γ′, and the high temperature phase, and correlate their precipitation kinetics to
hardness measurements on the samples. The second objective was to understand
the standard long heat treatment cycle for this alloy by using the insight gained
from the isothermal heat treatments.

1.5 Limitations
• Different cooling rates from the isothermal heat treatments will not be looked

into and only water quenching will be done after each heat treatment since the
main objective is to freeze and observe the microstructure developed at that
exact isothermal temperature and time.

• Due to the limited time frame of this thesis work, mechanical properties of the
heat treated samples such as creep and tensile strengths will not be studied.
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• The exact temperature values for the isothermal heat treatments will not be
given due to the confidentiality agreements with GKN Aerospace.

1.6 Thesis Structure
This report is divided into 6 chapters; Introduction, Theoretical Background, Meth-
ods, Results and Discussion, Conclusion and lastly Future Work.
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Theoretical Background

This chapter presents the essentials that are required to comprehend the project un-
derstanding. A general background of the working condition of a gas turbine engine,
followed by the current knowledge of superalloys, VDM Alloy 780 and the isothermal
transformations are presented in this chapter.

Typical gas turbine engines work with the same principle, including four main stages.
The process commences with air being suctioned by turbo-fans on the engine’s rear
side. The airflow is then routed to a compressor in the engine’s midsection, which is
squeezed by rotors and stators, raising the system’s temperature. The compressed
air is mixed with fuel and fired in the combustion chamber, where its combustion
and expansion are later used for thrust. The engine’s last portion comprises turbines
that rotate using the expanding gases from the combustion chamber. The spin of the
turbines is subsequently transmitted to the front of the engine by a shaft, resulting
in the rotation of the front turbo-fans, allowing the process to continue.[4]

An important point to consider is the rise in temperature that takes place from
the beginning to the end of burning the fuel and passing it through a series of tur-
bines. The engine is split into two distinct categories as a direct consequence of this
temperature rise. Because of this, the engines are typically separated into a cold
section and a hot section, as seen in 2.1, with each section having its own unique
set of needs and, consequently, its own set of materials.
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2. Theoretical Background

Figure 2.1: Two different sections in terms of temperature and materials in a gas
turbine engine.

The impact of the turbine engines’ design on the aircraft’s overall performance is
incomparable to any other structure since it directly affects how the fuel is used[5].
Hence, one of the most critical aspects of the aerospace industry is the ongoing
research and development of new turbine engine designs and materials that will en-
hance the performance of these new engines. As the part of the engine responsible
for determining how efficient the whole system is, the service temperature of the hot
section in which it operates is a significant consideration during the design process
of these engines. As a result of the fact that the service temperature of this section
is inversely proportional to the amount of fuel that the engine consumes [6], there is
a persistent attempt on the part of the industry to elevate that temperature. When
the operating temperature of the turbine engine is raised, the requirements that
each component must fulfill to function correctly are rethought. These new require-
ments concern the mechanical properties of the component, as well as its resistance
to corrosion and thermal stability.

Different types of materials, such as superalloys based on nickel, have been cre-
ated and put to use in the industry as a means of conforming to these standards.
These alloys are distinguished by their superior performance at high temperatures
as well as their resistance to the debilitating effects that are brought on by operating
in such conditions. In addition, they are distinguished by the difficulties that their
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manufacturing procedures entail to achieve the desired end-product component de-
sign. These alloys must strike a compromise between the desired qualities and the
capacity to manufacture the component; as a result, there is little potential for the
alloys to advance in their quality.

2.1 High-Temperature Materials and Superalloys
The "high-temperature materials" material group is notable for its capacity to pre-
serve its functionalities even when subjected to elevated temperatures [7]. These
materials make an excellent choice for the components in the hot section of the
GTEs. To a certain extent, the performance characteristics of these applications are
constrained by the operating conditions that the materials employed can withstand.

There are three important characteristics desired from a high-temperature mate-
rial [7]:

• an ability to withstand loading at an operating temperature close to its melting
point, often in excess of 0.7 of the absolute melting temperature, Tm

• a substantial resistance to mechanical degradation over extended periods of
time

• tolerance of severe operating environments
Superalloys are an essential group of high-temperature materials utilized in the sec-
tions of jet and rocket engines that experience the highest temperatures, reaching
temperatures between 1200 and 1400 degrees Celsius [8]. Because of their high
thermo-mechanical fatigue resistance, high creep strength, and high hot corrosion
and erosion resistance, this group of materials has emerged as the materials of choice
for high-temperature applications.

Based on the primary alloying element in the matrix or on their fundamental
strengthening mechanisms, superalloys can be divided into three central systems:
iron-nickel, nickel, and cobalt base alloys which are discussed in the following Sec-
tions 2.1.1 to 2.1.3 [9, 10].

2.1.1 Iron-Nickel-base Superalloy
Iron-nickel-base superalloys are types of superalloys that contain 25-60% Ni and
15-60% Fe [11]. These alloys are also classified as precipitation and solid-solution
strengthened alloys. Strengthening and increasing the performance of these super-
alloys can be achieved by intermetallic phases:

• Precipitation of gamma prime phase (γ′) during heat treatment
– Coherant, ordered Ni3(Al, T i, Nb) FCC structure

• Nucleation and coarsening of gamma double prime phase (γ′′) on (γ′) particles
and in the matrix.

– Coherant but misfitting, ordered metastable Ni3(Nb, Al, T i) BCT struc-
ture

• Strengthening of grain boundary carbides
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Although Fe-Ni-base superalloys provide high creep strength with the possibility
of fine grain forging, which makes the forming processes more manageable, the
application temperatures are limited. In the case of IN718 under the extended
duration in temperatures beyond 650 °C, the metastable γ′′ phase transforms into
the more stable δ phase. This phase is an incoherent, orthorhombic nickel and
niobium-rich phase that precipitates as a needle-like structure. The transformations
between γ′′ and δ phase lead the main strengthening phase to become brittle; hence
it causes a significant decrease in the creep strength. [12]

2.1.2 Cobalt-base Superalloys
Cobalt-base superalloys are metals whose significant mass fraction is cobalt, and
it is generally alloyed with elements such as chromium, tungsten, nickel, and iron.
Typical compositions for this class of superalloy consist of 40-60% Co, 20-30% Cr,
around 20% Ni, and the rest can be W, Mo, and C [10].

Compared to other superalloys, cobalt-base alloys are not strengthened by a co-
herent, ordered precipitate. Instead, they are distinguished by a minor amount of
carbides scattered throughout a solid solution strengthened austenitic (FCC) ma-
trix. Below 417 °C, cobalt crystallizes in the HCP form. Higher temperatures cause
it to change into FCC. Almost all cobalt-base alloys are alloyed with nickel to sta-
bilize the FCC structure between ambient temperature and the melting point to
prevent this transformation throughout the operation. [13]

Cobalt-base superalloys are corrosion, wear, and heat resistant. Compared to Ni-
base superalloys [14], they exhibit superior weldability and thermal-fatigue resis-
tance [15]. On the other hand, they are more prone to precipitate undesired plate-
like σ and TCP phases than nickel-base alloys, which have a high tolerance for
alloying elements in solid solution.

2.1.3 Nickel-base Superalloys
Ni-base superalloys are the most intricate and frequently employed for the compo-
nents located in the engine’s hot section. Currently, they make up more than 50%
of the weight of modern aircraft engines. [16]

These superalloys are solution- and precipitation-strengthened alloys that contain
various alloy elements. The solid solution mechanism strengthens the alloy by dis-
solving one element in another, which causes a disturbance within the crystal lat-
tice and hinders the movements of dislocations, decreasing the rate of plastic de-
formation. In the case of precipitation strengthening mechanism, these complex
engineered materials involve the precipitation of intermetallic phases, similar to Fe-
Ni-base superalloys. A precipitated phase develops when the soluble atoms move
by diffusion to concentrate at locally favorable locations or specific crystallographic
planes. When the first precipitate occurs, it is coherent with the matrix, and this
coherence leads to internal strains. Coherency strains trap dislocations, hardening
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the alloy. [17]

The precipitated phases are gamma prime (γ′), gamma double prime (γ′′), car-
bides such as MC (rich in Ti and Mo), M23C6 (rich in Cr) and other carbides such
as M6C and M7C3. These micro constituent phases are largely responsible for these
alloys’ excellent strength, strong oxidation, corrosion resistance, and creep qualities.
The (γ′) phase is coherent with the gamma matrix (γ) and is the main contribu-
tor to the strength. At the same time, the carbides can be observed in the grain
boundaries and intergranular in these alloys, incoherent to the matrix [7]. While
the alloying elements determine the composition and the phases that can form, the
properties of the superalloy can be optimized by heat treatment. Table 2.1 shows
the contribution of the most alloyed elements in Nickel-base alloys.

Table 2.1: Effect of alloying elements in Nickel superalloys. [6, 18]

Elements Main Contribution to Microstructure

Ni Stabilization of γ phase
Formation of the hardening precipitates

Cr Formation of carbides and solution hardening

Co Contributes to amount of precipitation
Raises γ′ solvus temperature

Al Precipitation of γ′ phase
Suppresses the precipitation of η phase

Ti Precipitation of γ′ phase
Mo-W Formation of carbides and solution hardening

Nb Formation of carbides and solution hardening
Precipitation of γ′′ and δ phases

Ta Formation of carbides and solution hardening
C Forms carbides

B-Zr Suppresses the precipitation of η phase

2.1.3.1 Heat Treatment of Ni-base superalloys

The first step in developing an alloy with the desired properties is to design its el-
emental composition. According to this elemental composition, specific phases will
form and precipitate in the microstructure after the correct heat treatment is per-
formed on the material. It is vital to manage the microstructure through the use of
precipitated phases to derive the high-temperature strength and characteristics of
the material when it is subjected to conditions of service [18]. Fedorova et al. have
studied the invention and development of the alloy system that later took the name
of VDM Alloy 780 [22,23,24]; therefore, this study will not evaluate the discussion
further around the design of the elemental composition.

The next step is to design a proper heat treatment to tailor the microstructure.
The term "heat treatment" refers to the process of heating metal without allowing it
to approach its molten, or melting, state and then cooling the metal in a manner that
is under controlled conditions in order to select desirable mechanical characteristics.
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In Ni-based superalloys, the precipitation of the main strengthening phases and the
secondary phases are controlled with this heat treatment. Because they offered the
ideal mix of characteristics for both room temperature manufacturing and elevated
temperature service, Ni-based superalloys are often provided in solution-treated [9].
On the other hand, a properly designed heat treatment cycle that is specific to the
alloy makes it feasible to accomplish:

• Precipitation of strengthening phases
• Precipitation of carbides
• Control of grain growth

Figure 2.2 shows a representative schematic of the heat treatment cycle of Haynes
282 [9], which is fairly new Ni-based superalloy.

Figure 2.2: Schematic diagram of heat treatment steps in Haynes 282.

The first step of solution treatment between the temperature range of 1050 °C to
1200 °C ensures the dissolving of all strengthening phases such as γ′ and carbides
except for the stable MC carbides [9]. The first step of the dual-stage aging process
for γ′ is the carbide stabilization process, whereas the second step completes the
precipitation of the γ′ phase. It should be noted that the 3 step heat treatment shown
in this figure is particular to Haynes 282. Generalization for all Ni-base superalloys
should not be made because the heat treatment steps can be changed depending on
what is desired from the final microstructure and the property requirements for the
application.

2.1.3.2 Phases in Ni-base Superalloys

Successful completion of the heat treatment process will result in the phases of γ, γ′,
and carbides. MC carbides form from melt due to the strong segregation of C and N.
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The carbides present at the grain boundaries contribute to the creep strength and
ductility by inhibiting grain boundary sliding [9]. However, after heat treatments
and long operating duration, it has been observed that they decompose to other
types of carbides. Most common reactions include [19]:

• MC + γ −→ M23C6 + γ′

• MC + γ −→ M6C + γ′

Table 2.2 describes the phase details, crystal structure and morphology of the ob-
served phases.

Table 2.2: Phases observed in Ni-base superalloys. [5, 20]

Phase Crsytal
Structure Morphology

γ FCC Matrix phase of Ni-base superalloys. It is a solid
solution austenitic phase of the alloying elements.

γ′

Ni3(Al, T i)

FCC
(ordered

L12)

Variation in shape from spherical to cuboidal.
Size varies with aging time and temperature.
In recently developed Ni-base alloys gamma prime
has cuboidal morphology.

MC Cubic Globular, irregular shaped particles.

M23C6 FCC Can precipitate as films, globules, platelets and cells.
Commonly precipitates at grain boundaries.

M6C FCC Discrete, platelet.

2.2 VDM 780
VDM®Alloy 780, represented as VDM 780, is a novel wrought Ni-base superalloy
family developed in 2014 specifically for high temperature applications (above 650
°C) while keeping the good workability of IN718 [19]. Although this alloy was ini-
tially promoted as "a new 718-type superalloy", the only similarity between IN718
and VDM 780 is the good workability. Apart from that, VDM 780 inherits its high
strength from γ′-Ni3(Al, T i) precipitation, whereas IN718 gets it from γ′′ precipi-
tation. It is essential to understand the difference between the main strengthening
phase. Because the intended application temperatures of VDM 780 are beyond 650
°C and at these temperatures, the main strengthening γ′′-phase of IN718 becomes
unstable and results in loss of the alloy’s strength [12]. Due to this reason, it can
be said that this alloy is more similar to another γ′-strengthened alloy, Waspaloy,
which also has similar application temperatures. VDM 780 also eliminates the main
disadvantage of Waspaloy, which is the very limited formability of the alloy due to
its tight grain forging window between γ′ and M23C6 solvus temperatures, which is
around 15 °C [23]. The developers of VDM 780 have studied many different com-
positions [23,24] and came up with the composition in Table 2.3 that enables both
stability at elevated temperatures and fine grain forging:
In addition to the main strengthening phase of γ′, there is also a high-temperature
phase for grain refinement. The initial studies on VDM 780 interpreted this phase
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Table 2.3: VDM 780’s chemical composition (wt%) compared with Waspaloy’s and
IN 718’s.

C Cr Ni Mn Si Mo Ti Nb Fe Al Co
VDM 780 0.021 17.95 Bal. 0.01 0.03 2.91 0.3 5.39 0.47 2.19 25.08
Waspaloy 0.07 19.5 Bal. 0.03 - 4.3 3.0 - 1.2 1.4 13.5

IN 718 0.04 18.5 Bal. 0.09 - 3.0 0.9 5.1 18.5 0.5 -

as the δ-Ni3Nb phase with D0a crystal structure. However, recent studies with high-
resolution transmission electron microscopy (HRTEM) analysis suggest that it is an
ordered type of η-Ni6AlNb phase and layered structure within individual particles,
consisting of η and δ phases [25,26,27]. This high-temperature phase was noted to
be sluggish compared to the main strengthening γ′-phase, which means a longer
duration of heat treatment will be necessary if precipitation of this phase is desired
[28]. It is important to note that no mention of carbides in any study related to
VDM 780 was made. Therefore a sufficient amount of precipitation for the high-
temperature phase is necessary after the heat treatments if the grain boundaries are
to be strengthened and grain growth to be hindered.

2.2.1 Standard Heat Treatment

VDM 780 is still an alloy in development, it has not been adopted by industry, and
the heat treatment process is a development field. A couple of studies [26, 27, 28]
have applied different heat treatments by varying the temperature, time, and cooling
rate of the heat treatment steps, and the most established one seems to be the heat
treatment cycle that can be seen in Figure 2.3. This heat treatment is studied in
this thesis work as the second objective, and the results are presented in Section 4.4.
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Figure 2.3: Schematic diagram of the standard heat treatment cycle in literature
[28].

This "standard" heat treatment cycle consists of 4 stages; 2 at high and two at low
temperatures. According to Bergner et al, (2018). [28] the initial stage at 900 °C for
11 hours is required to precipitate a sufficient amount of the high-temperature phase
at grain boundaries. This precipitation will prevent grain growth in further stages
of heat treatment and during the actual operating environments. The second high-
temperature stage at 955 °C for 1 hour is applied to dissolve any existing γ′, and the
third and fourth stages at 800 °C and 600 °C for 8 hours each are used to precipitate
γ′ while not resulting in any morphological change in the high-temperature phase.
After this complete heat treatment cycle, the resultant microstructure consists of
a bi-modal distribution of γ′ precipitates with heterogeneous distribution of the
high-temperature phase along the grain boundaries.
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Figure 2.4: VDM 780 sample subjected to full heat treatment cycle and etched
with Canadas etchant (γ′ and high-temperature phases are etched away).

As it can be observed in Figure 2.4 after the complete heat treatment cycle, the
resultant morphology of the high-temperature phase is plate and needle-like. For the
bi-modal precipitation of γ′, the coarse precipitates are cuboidal or almost cuboidal,
whereas the fine precipitates are in spherical morphology.

2.3 Isothermal Transformations
The microstructural features forming as a result of superalloys’ heat treatment are
metastable, meaning that their percentage amount and structure will change with
the variations of time and the heat treatment temperature [9]. Isothermal heat
treatment is performed by controlling either time or the temperature and changing
only one of these variables in this heat treatment. The result of the microstruc-
tural evolution after the isothermal heat treatments shows the phases and their
percentage amounts after each isothermal heat treatment are completed. When the
transformation data about the phases are collected for each temperature and time,
a time-temperature-transformation (TTT) diagram can be plotted. These diagrams
are generated from percentage transformation vs. time measurements and help un-
derstand the transformations of an alloy at elevated temperatures. Understanding a
TTT diagram is a basis for understanding the design behind a complete heat treat-
ment cycle and can further open the way to optimize them.

In the case of the isothermal transformations in VDM 780, only one study [28]
has studied the isothermal transformations by varying the temperature from 850 °C
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to 975 °C and the time from 1 hour to 16 hours. However, this study does not fully
reveal what happens in each specific temperature and time studied and only gives a
general understanding. Hence, a TTT diagram is also not available for VDM 780.
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3
Methods

This chapter describes the design of the heat treatment process, sample prepara-
tion and characterization. Metallography steps have been conducted at the GKN
Aerospace Sweden AB facilities in Trollhöttan. Polishing, etching and imaging
with Optical Microscopy has been performed at both University of West and GKN
Aerospace.

3.1 Simulations
Computational simulations were done before starting the experimental procedure
to determine; the solvus temperatures of the phases from equilibrium diagrams,
the time and temperature required to precipitate each phase from TTT curves,
and the amount of each phase forming at each isothermal temperature from phase
evolution diagrams. This work was carried out using JMatPro, simulation software
that estimates alloy characteristics and is especially powerful in multicomponent
alloys.
In the user interface of the JMatPro software, after entering the material compo-
sition of VDM 780 as an input, which can be found in Table 2.3, three different
modules will be used to obtain the simulation results.

3.1.1 Equilibrium Diagram
The phase content of the alloy can be calculated at any temperature and composition
using "equilibrium diagrams," also known as "constitutional and phase diagrams."
When the alloy is heated and cooled under equilibrium conditions, when every pro-
cess in the system is reversible, they make it possible to see the phase changes.
Equilibrium diagrams for VDM 780 were obtained from "Step Temperature" calcu-
lations under the "Thermodynamic Properties" module of JMatPro. This selection
automatically considers the phases that can be obtained from this elemental com-
position. However, based on the literature, only four phases are expected to be
observed: γ, γ′, a high-temperature phase containing both δ and η [26, 27], and
a liquid phase. Even though carbides were not mentioned in the previous studies,
an option for MC, M23C6, and M7C3 carbides was still turned on to see if the
simulation matched up with the data from experiments.
According to Figure 3.1, the microstructure lacks carbides, which correlates with
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Figure 3.1: Equilibrium diagram from JMatPro for VDM780 composition.

the literature data. Even though both δ and η phases were chosen to represent the
high-temperature phase, according to the JMatPro database, only δ phase appears
to be forming.

3.1.2 TTT Diagram
A TTT diagram is necessary to predict the temperature and time necessary for
transforming γ′ and the high-temperature phase under the isothermal conditions.
A TTT diagram was obtained from JMatPro’s "Quick TTT/CCT diagram" cal-
culation under the "Phase Transformations" module, and the results are presented
in Section 4.1. However, in these calculations, only the δ phase is considered the
high-temperature phase since the calculations did not generate an η phase.

3.1.3 Isothermal Heat Treatment (IHT)
The last section of the simulations focuses on the thermodynamic evolution of the
phases under certain isothermal heat treatment conditions. Phase evolutions for γ′

and δ phases at each IHT temperature are calculated, and the respective diagrams
are obtained from JmatPro’s "Isothermal" calculation under the "Phase Transforma-
tions" module. The results from these simulations are shown in Section 4.1.3, and
then they are compared to the experimental results in Section 4.3.3.1.
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3.2 Material
The starting material was a wrought VDM 780 that was rolled into the plate form.
The detailed material composition can be seen in Table 3.1. The size of the as-
received state plates was 60 mm x 300 mm x 3 mm, which was above the size
limits of the heat treatment furnace. The condition of the as-received material was
identified as solution annealed in the material specification sheet. However, the tem-
perature of the solution annealing process was not specified. Therefore, a consensus
regarding if the γ′ phase was completely dissolved or not could be established. For
this reason, the received group of materials consisted of 4 plates divided into two
groups; two remained in the as-received initial state, and for the other two, a solu-
tionizing heat treatment (SoHT) prior to the IHTs was performed. The details of
this solutionizing heat treatment will be given in Section 3.3. Overall, the plates
were subjected to two cutting sequences before the IHTs; the first one to reduce the
size of the 2 plates subjected to the SoHT, and a second one for all the plates with
both as-received and solutionized initial states where they were cut into squares of
30 mm x 30 mm. The material cutting process in Grand Premium X-series model
water jet cutter by WJS.
Each sample was individually heat treated under different isothermal conditions
(time and temperature). After the completion of the IHTs, samples with the initial
state of as-received and solutionized were compared. Microstructural characteri-
zation and hardness evaluations were done on all samples to determine the phase
change introduced during different conditions of the IHTs.

Table 3.1: Complete element compositon of VDM 780.

VDM 780 Chem. wt.%
C S N Cr Ni Mn Si Mo

0.021 0.0005 0.008 17.95 45.56 0.01 0.03 2.91
Ti Nb Cu Fe P Al Mg Pb
0.3 5.39 0.01 0.47 0.01 2.19 0.0006 0.0002
Sn Ca V Zr W Co B As

<0.0010 0.002 0.01 <0.01 0.02 25.08 0.003 <0.0010
Ta Se Te Bi Sb Ag O
0.01 <0.0003 <0.00005 <0.00003 <0.0005 <0.0001 0.001

3.3 Heat Treatments
As previously stated, two heat treatments were performed in this study; a SoHT for
half of the samples and IHTs for all samples. SoHT was performed at 1050°C for 30
minutes. Following that, the IHTs were performed on samples with an initial state
of as-received and solutionized. As a result, after the completion of IHTs, two sam-
ples with both initial states were obtained for each isothermal condition. Schematic
illustrations of complete heat treatment cycles for samples with two initial states
can be observed in Figures 3.2 and 3.3
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Both SoHT and IHTs were performed in a calibrated Muffle furnace, Nabertherm
s/n 2401209, at GKN Aerospace. This furnace is accurate to within 10°C between
600°C and 850°C and within 8°C between 850°C and 1140°C.

Figure 3.2: Schematic illustration of complete heat treatment
cycle with ’solutionized’ starting condition.

Figure 3.3: Schematic illustration of complete heat treatment
cycle with ’as-received’ starting condition.

3.3.0.1 Isothermal Heat Treatments

The IHTs were performed between the temperature range of 600 °C and 1000 °C.
The holding time ranged from 1 hour to 16 hours. Table 3.2 contains the complete
list of IHT parameters defined for this study and the nomenclature for the samples.
The samples were labeled as follows:

• In the first letter, the solutionized initial state of the material is identified with
"S", and the as-received initial state of the material is identified with "A".
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• In the following letter, the six different IHT temperatures are identified with
letters from (a) to (f) in the systematically increasing order between the range
of 600 and 1000 °C.

• The last one or two letters show the heat treatment duration. For 16 hours,
both numbers were necessary; otherwise might have been confused with 1-hour
heat treatment.

Table 3.2: IHT conditions.

Temperature (°C) Holding Time
1 hour (1) 4 hour (4) 8 hour (8) 16 hour (16)

(a) S(a)1
A(a)1

S(a)4
A(a)4

S(a)8
A(a)8

S(a)16
A(a)16

(b) S(b)1
A(b)1

S(b)4
A(b)4

S(b)8
A(b)8

S(b)16
A(b)16

(c) S(c)1
A(c)1

S(c)4
A(c)4

S(c)8
A(c)8

S(c)16
A(c)16

(d) S(d)1
A(d)1

S(d)4
A854

S(d)8
A(d)8

S(d)16
A(d)16

(e) S(e)1
A(e)1

S(e)4
A(e)4

S(e)8
A(e)8

S(e)16
A(e)16

(f) S(f)1
A(f)1

S(f)4
A(f)4

S(f)8
A(f)8

S(f)16
A(f)16

In addition to the 48 samples described in Table 3.2 there are two more samples:
A000, and S000. These two specimens are sample cuts from the original as-received
and solutionized plates, which have not been subjected to IHTs for reference and
comparison purposes. The grain size and hardness measurements with the analysis
on the γ′ phase for these two samples will be discussed in Chapter 4.

3.3.0.2 Cooling Rates

The selection of the cooling rate carries as much importance as the selection of
the heat treatment temperature and the duration. The cooling rate is vital in
tailoring the precipitates’ microstructure, size, and volume fraction. Suppose a slow
cooling such as furnace cooling is applied. In that case, the heat treatment will
continue because the heat surrounding the material will continue its effect on the
phase transformations. In order to observe the microstructure as it was at the IHT
temperature, the cooling needs to be swiftly performed with water quenching. This
will freeze the microstructure as it was during the heat treatment and reveal the
correct microstructural to be observed. Hence, in this study, only one type of cooling
method, water quenching, was preferred for all IHTs, and the other cooling methods
were not studied.
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3.4 Metallographic Preparation

All heat-treated samples were cut down into smaller square sizes of 15 mm x 15 mm
to fit them into a 30 mm diameter mount. The process was operated on a Struers
Secotom-50 precision cutting machine with a 30A15 cutting wheel. Subsequently,
the pieces were mounted with PolyFast according to Struers’ instructions. This type
of mount is selected since it is electrically conductive; therefore, Scanning Electron
Microscopy (SEM) evaluation for high-resolution imaging is possible. The following
grinding and polishing steps were performed on the Struers Tegramin-30 machine,
but a program adapted from Buehler’s instructions [30] was used. The consumables
and the selected parameters during these steps can be seen in Table 3.3.

Table 3.3: Sample preparation procedure for Ni-base superalloy specimen.
Adapted from Buehler’s instructions [30].

Sample Prep.
Step Equipment(s) Consumable Parameter

Cutting Water-jet
cutting machine

Mounting Citopress 30 Polyfast Struers’ program

Grinding and
Polishing Tegramin 30

MD-Piano disks 3A27
#150 & Grinding water

500
micron

MD-Dur & 9-micron
diamond abrasive 5 min 30 N 100/150

Comp.
MD-Dac & 3-micron

diamond abrasive 4 min 30 N 100/150
Comp.

MD-Nap & 1-micron
diamond abrasive 3 min 30 N 100/150

Comp.
MD-Nap & 0.2-micron

diamond abrasive 1 min Hand
held 100 rpm.

Etching was done using two techniques: electrolytic etching with 10% Oxalic acid
and immersion etching with Canadas etchant, see Table 3.4. Using two etchants
was to observe and analyze different microstructural features. Electrolytic etching
with Oxalic acid is a well-established method to reveal γ′, γ′′ phase, and carbides by
etching off the matrix. However, no particular study shows the effect of revealing the
high-temperature phase. For this reason, immersion etching with Canadas etchant,
suggested by VDM-Metals, was used to reveal the high-temperature phase and γ′

phase. However, these phases are revealed by phase removal because of the hydroflu-
oric acid in Canadas etchant’s composition. Therefore, Canadas was efficient since
it revealed more high-temperature phase compared to etching with Oxalic acid and
helped visualize the morphology of this phase. However, to reveal the elemental
composition of the specific phases with energy-dispersive X-ray spectroscopy (EDS)
analysis, SEM images obtained from etching with Oxalic acid were used.
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Table 3.4: VDM 780 etchants.

Etchant Compostion Method Parameters

Oxalic Etching Solution 10 g Oxalic acid,
90 ml H20 [28] Electrolytic 2.5 V and max current

for 2 seconds

Canadas Etchant
80 ml distilled water,
20 ml H2SO4,
20 ml HF, 10 ml HNO3

Immersion
Immerse fully for 10-15
minutes
Etchant should be fresh

3.5 Characterization Methods and Hardness
This section will systematically discuss the various material characterization meth-
ods used during this study. These methods include grain size measurements, the
precipitate size and volume fraction of the γ′ phase, qualitative study of the high-
temperature phase, and hardness measurements.

3.5.1 Light Optical Microscopy (LOM)
LOM images obtained from the Nikon Eclipse LV150 model microscope were uti-
lized to observe the microstructure, including carbides and precipitation of high-
temperature phases that fall under the LOM range. The grain size measurements
were performed using the Zeiss Axioscope 5 model microscope images.

3.5.1.1 Grain Size Measurement

The measurements on samples were performed with Jeffries planimetric method
according to the ASTM E112 standard, and NIS Elements software was used to
enhance the image digitally and count the grains. In this method, a circle with
a known area, denoted as A, is inscribed on the LOM image. While doing this,
the magnification of the image should be adjusted so that at least 50 grains can
be counted in the field. The images were captured in 100x magnification for this
purpose. The number of grains that fall entirely inside the circle is then counted,
denoted as NInside, followed by the number of grains that intercept the circle, denoted
as NIntercepted. Figure 3.4 shows an example of this process.
After that the following Equation 3.1 is then used in the ASTM standard to calculate
grain size, NA:

NA = NInside + 0.5 ∗ NIntercepted

A
(3.1)

A minimum of three images from each sample were taken for an accurate grain size
calculation, and the average of these three results was the final ASTM grain size for
the sample.

3.5.2 Scanning Electron Microscopy (SEM)
The size of the γ′ precipitates is so small in the nano-scale that even the highest
magnification in LOM cannot give an image that can lead to quantitative analysis.
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Figure 3.4: Grain size measurement of S000 with Jeffries planimetric method. Left
is the original OM image of the sample electrolytic etched with Oxalic acid and on
the right is the processed image by using NIS Elements software.

Therefore, SEM was utilized to obtain microstructure images at various magnifica-
tions. For the γ′ precipitate size and volume fraction measurements, images were
captured at 50000x and 20000x magnifications. Next, these images are used as an
input for MIPAR and ImageJ, two image processing software, and precipitate size
and volume fractions of the γ′ phase are analyzed. Furthermore, the elemental com-
position of each phase was identified by an elemental micro-analysis with an EDS
probe by Oxford Instruments, which was integrated into the SEM machine that
directly transfers the data to software AZtec to be analyzed.

3.5.2.1 MIPAR and ImageJ

MIPAR and ImageJ are both powerful image analysis software. With the operation
of two different software packages, the capabilities of both software and the results
obtained from these analyses could be compared. As shown in Figures 3.5 and 3.6,
both software uses a premade recipe that includes cropping the image, adjusting the
contrast, having an adaptive threshold, and so on. The preparation of a recipe makes
the batch analyses faster. However, depending on the original image contrast and
the resolution obtained from SEM, these values in the recipe needed an update, so it
was not a constant recipe for all images. In order to have an accurate measurement,
five SEM images from each sample were analyzed, and the average results of these
five analyses for both γ′ precipitate size and volume fraction were taken as the final
values.

3.5.3 Hardness
The hardness of the samples was measured with a Vickers type macro hardness test
with 10 kg of load according to the ASTM E384-17 standard. The testing equipment
was a calibrated Vickers Armstrong Pyramid Hardness Tester. This test machine
was also calibrated with test blocks before each use to ensure the reliability of the

24



3. Methods

Figure 3.5: Left is the original image input during MIPAR recipe construction,
while right is the processed image highlighting the γ′ precipitates.

Figure 3.6: Left is the original image input during ImageJ macro-code develop-
ment, while right is the processed image highlighting the γ′ precipitates.

results. Since the machine was manual, not digital, the diagonal lengths of each
indentation were measured, and the average of the two diagonal lengths was used to
calculate the average diagonal length for that indentation. The following Equation
3.2 is used to obtain the hardness value in Vickers for a single indentation. P is the
load applied, and d is the average diagonal length of the indentation.

HV = 1.8544 ∗ P

d2 (3.2)

Hardness measurements were taken from 2 indentations at each corner and the
center, resulting in 10 indentations, as seen in Figure 3.7. The average of these
measurements was the accepted hardness of the sample.
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Figure 3.7: Schematic representation of hardness indentations and the minimum
distances.
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4
Results and Discussion

This chapter summarizes the most important findings from the experiments. The
section simply includes the most important data and tables, with the appendix serving
as a supplement.

4.1 Simulation Results

The equilibrium diagram previously shown in Figure 3.1 is important for two pa-
rameters; the solvus temperature of the phases and the amount of wt% of the phase
at room temperature (RT) can form after sufficient heat treatment. In Figure 4.1,
these two values are marked for both γ′ and δ phases. As previously stated in Sec-
tion 3.1.1, simulation was not producing an η phase, which, along with the δ phase,
constitutes the high-temperature phase in VDM 780. Therefore, in the following sec-
tions related to the simulations, δ phase will represent the high-temperature phase.

4.1.1 Equilibrium Diagram

In the equilibrium diagram, the wt% of γ′ phase for each temperature from 600 °C
to its solvus temperature is drawn with the grey line. The δ phase is represented by
the orange line. The solvus temperatures for these phases are visible from the inter-
section points of the grey and orange lines with the x-axis. The solvus temperature
of the γ′ phase is 1014 °C, while it is 1048 °C for δ phase. Furthermore, the wt% of
these phases at RT is 27,8% for γ′ phase and 5,6% for δ phase in the γ matrix.
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Figure 4.1: Equilibrium diagram highlighting the solvus temperature of the se-
lected phases and their wt% at RT.

4.1.2 TTT Diagram

The TTT diagram in Figure 4.2 displays the time required to start the transfor-
mation of both phases between the 600 and 900 °C temperature range. For the γ′

phase, the transformation starts promptly after 7 minutes when the temperature is
around 840 °C. Above and below this temperature, the time it takes to start the
transformation increases. A similar trend is also seen for the δ phase, but on con-
trary to the γ′ phase, the precipitation kinetics of the δ phase is much slower, which
is referred to as "sluggish" in the literature [25]. The minimum time to start the
transformation is almost 12 hours at 790 °C.
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Figure 4.2: TTT diagram for γ′- and δ-phases in VDM 780.

4.1.3 Phase Evolution Diagrams
The IHT simulation results are presented in phase evolution diagrams, which show
the amount of phase forming in atomic percentages (at.%) for the γ′ and δ phases at
each isothermal temperature. In these diagrams, the x-axis displays the time passed
from the start of the heat treatment, and the y-axis displays the fraction (at.%) of
the phase forming. The results of these calculations are presented in Table 4.1. The
IHT at (a) °C in Figure 4.3 shows the highest at.% of the γ′ phase after the most
prolonged heat treatment duration of 16 hours with 31,39%. On the other hand, the
maximum at.% for δ phase is reached after the IHT at (b) °C for 16 hours with 9,5%
in Figure 4.4. The rest of the phase evolution diagrams can be found in Appendix
A.1.

Table 4.1: Amount of precipitating phase at each isothermal heat treatment tem-
perature.

Isothermal Heat
Treatment Temperature °C

Atomic Percent of
γ′-phase (at.%)

Atomic Percent of
δ -phase (at.%)

(a) 31,39 1,02
(b) 28,87 7,08
(c) 26,72 9,08
(d) 23,58 8,34
(e) 18,91 6,72
(f) 11,94 4,72

Simulation automatically generates the phase fraction in the at.% unit. In order to
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compare these results with the experimental results, they need to be converted to
the weight percentage (wt.%). This transformation is calculated using the atomic
weight (at. wt.) and the at.% values obtained from the simulations. The results
of these calculations will be shown in comparison to experimental results in Section
4.3.3.1.

Figure 4.3: Phase evolution at
isothermal temperature at (a) °C.

Figure 4.4: Phase evolution at isother-
mal temperature at (c) °C.

4.2 Initial States
Before the IHTs were performed, two initial states of the material were introduced;
the as-received and the solutionized state. In Section 3.3.0.1, it was stated that the
samples for these materials without any heat treatments were made under the names
A000 for the as-received state and S000 for the solutionized state. The results of
the microstructural evaluation of these samples are presented in this section.

4.2.1 As-Received State
4.2.1.1 Grain Size Measurement

The grain size measurement using the LOM images of sample A000 indicated that
the material in the as-received state has a grain size of 4,5 ASTM.

4.2.1.2 γ′ Phase Analysis

The microstructure of the sample A000 was observed with SEM. However, none of
them showed noticeable precipitates of γ′ phase. Figure 4.5 shows one of the taken
images. A few white particles can be noticed from this image, but they are found
to be remains of the etchant that could not be cleaned away, and they should not
be misinterpreted with γ′ precipitates.
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Figure 4.5: SEM image of microstructure of initial as-received state before IHTs.

4.2.1.3 Hardness Measurement

The hardness for the sample A000 is measured to be 340 HV.

4.2.2 Solutionized State

4.2.2.1 Grain Size Measurement

The grain size measurement using the LOM images of the sample S000 indicated
that the material in the solutionized state has a grain size of 4,5 ASTM, the same
as the as-received state.

4.2.2.2 γ′ Phase Analysis

The analyzed SEM images for the sample S000 did not show any precipitation of
γ′ phase, as can be seen in Figure 4.6. This was expected as the material was
subjected to the SHT beyond γ′ solvus temperature, which should dissolve any
precipitate inside the matrix.
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Figure 4.6: SEM image of microstructure of initial solutionized state before IHTs.

4.2.2.3 Hardness Measurement

The hardness for the sample S000 is measured to be 216 HV.

4.2.3 Comparison of Initial States
In both initial states, the grain size was measured to be 4,5 ASTM, and, as a result of
the microstructural observation on both samples, γ′ precipitates were not observed.
However, there is a significant difference in the hardness values; 340 HV in the as-
received initial state and 216 HV in the solutionized initial state. This difference
between the two values indicates that γ′ precipitates are present in the as-received
state. However, their size is so small that the resolution of SEM cannot capture
these precipitates.

4.3 Isothermal Heat Treatments
The microstructural characterization to understand the effect of different IHT con-
ditions on VDM 780 are in five sections:

1. Grain size measurement from the LOM images.
2. Hardness measurements for all samples.
3. Analysis of γ′ phase with the SEM images.
4. Qualitative analysis on the high-temperature phase with LOM and SEM im-

ages.
5. Elemental study of the phases with EDS.
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4.3.1 Grain Size Measurements
The grain size measurements were possible after the electrolytic etching of the sam-
ples with Oxalic acid, as shown in Figure 4.7 (a) for sample A(c)1. This technique
revealed the grains by etching off the grain boundaries. Although this technique
worked well for some of the samples, this was not the case for all of them, such as
for the sample A(c)16 in Figure 4.7 (b). The only difference between Figure 4.7 (a)
and (b) is the heat treatment duration of 1 hour and 16 hours. In most cases it is
seen that the samples which were subjected to IHTs above the temperature of (c)
°C for more than 1 hour did not react in the same way to the etching as the rest of
the samples because the grains were not distinguishable even after the image quality
was enhanced with NIS Elements software. This issue can be visually understood
in Figure 4.7. Regrettably, for these samples, a new etching method could not be
studied due to the limited time frame of the thesis. Thus, the grain size measure-
ment could only be performed for a few samples. These measurements are plotted
in Figures 4.8 and 4.9 where the x-axis represents the IHT duration in hours, and
the y-axis represents ASTM grain size. In these plots, the black lines show the grain
size of the initial states, and their value is not changing with increasing duration
since they were not subjected to the IHTs. The red, green, and purple lines are for
IHT temperatures of (a), (b), and (c) °C, respectively.

Figure 4.7: Electrolytic etching of the two samples with the same etching param-
eters that can be seen in Table 3.4.

The grain size measurements show that the grain size fluctuates around 4,5 ASTM
until the IHTs at (c) °C for 1 hour. Although the trend suggests that the remaining
IHTs also result in the same ASTM grain size, it cannot be said that the rest also
have the same grain size without the correct measurements. However, to relate the
influence of γ′ precipitates and their effect on the hardening of the alloy after the
IHTs in Section 4.3.3.2, an assumption of no change in the grain size must be made.
Otherwise, the hardening of the material can be related to a change in the grain
size, which will limit the correlation between hardening and the γ′ phase.
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Figure 4.8: Grain size measurement of samples
that have the initial state of as-received.

Figure 4.9: Grain size measurement of samples
that have the initial state of solutionized.

4.3.2 Hardness Measurements

The hardness of the as-received and solutionized initial states was stated in Section
4.2. The hardness of the samples that were subjected to the IHTs was measured using
the same method. Their results are presented with a line plot in Figure 4.10. The
x-axis of this plot represents the increasing IHT duration in hours, while the y-axis
represents the range of hardness values in Vickers units. In these plots, the solid and
dashed black lines show the hardness of the initial states, and their measurements
are not changing with increasing duration since they were not subjected to the
IHTs. The red, green, blue, purple, cyan, and yellow lines constitute IHTs at the
temperatures of (a) °C, (b)°C, (c) °C, (d) °C, (e) °C and (f) °C, in the same order.
While the solid lines are for the samples with an initial state of as-received, the
dashed lines are for the samples with an initial state of solutionized.
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Figure 4.10: Hardness versus time for samples with different IHT conditions. Solid
lines indicate samples with an as-received initial state, and dashed lines indicate
samples with the solutionized initial state.

From Figure 4.10, it can be seen that the IHTs at (a) °C, (e) °C, and (f) °C for any
IHT duration resulted in higher hardness values for the samples that have an as-
received initial state compared to the samples that have solutionized initial states.
However, for the IHTs at (b) °C, (c) °C and (d) °C, the samples with the initial
state of solutionized showed greater values than the as-received ones. The highest
hardness results are obtained from the solutionized samples subjected to IHTs at
(b) and (c) °C for 8 and 16 hours. Further increasing the IHT temperature beyond
these two temperatures resulted in decreasing hardness. Furthermore, below (d) °C,
there is a trend of increasing hardness values with the increasing heat treatment
duration. However, above this heat treatment temperature, the hardness values
decrease after 1, 4, and 8 hours for IHTs at (f) °C, (e) °C and (d) °C, respectively.
These findings indicate that at around (c) °C, the main hardening phase, γ′ phase,
is being optimized so that its precipitation size and volume fraction results in the
highest hardening of the material. A more precise correlation between hardness and
γ′ phase is discussed after the results of the γ′ precipitation size volume fraction are
presented in Section 4.3.3.2.

4.3.3 Analysis of γ′ phase
The SEM images were captured at magnifications of 20000x and 50000x and an-
alyzed using MIPAR and ImageJ. The volume fraction and the size of the γ′ pre-
cipitates were measured separately. The image analysis focused on two aspects:
precipitation size measurement and the phase volume fraction at each IHT condi-
tion.
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In Figures, 4.11 (a) to (d), the results of γ′ precipitation size and volume fraction
analysis are plotted. Figures 4.11 (a) and (b) are for the samples which have the
initial material state of as-received, whereas Figures 4.11 (c) and (d) are for the
samples which have the initial material state of solutionized. In both sets of plots,
the x-axis represents the IHT duration in hours, and the y-axis represents the pre-
cipitation size in nanometer scale for the plots on the left and the volume fraction
(%) for the plots on the right. For all plots, the red, green, blue, and purple colors
constitute IHTs at the temperatures of (c) °C, (d) °C, (e) °C and (f) °C, sequentially.
The solid lines represent the results obtained from the MIPAR analyses, while the
dashed lines represent the ImageJ analysis results.
In Figures 4.11 (a) to (d), the analysis results starting from the IHT at (c) °C for 4
hours could be presented, while this analysis for any IHT at (a) °C and (b) °as well
as (c) °C for 1 hour could not be shown because the precipitate size and volume
fraction in these conditions could not be analyzed. The precipitate sizes were very
small, and the image resolution was not suitable due to the SEM resolution limita-
tions on the very small precipitates, which led to further image processing producing
undependable results.
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Figure 4.11: Gamma prime analysis results visualized in line plots for precipitate
size and volume fraction of γ′ under different IHT conditions. Solid lines are repre-
senting the MIPAR results and dashed lines are for ImageJ results.

It is observed that as the IHT duration and the temperature increase, the precipitate
sizes also increase, which is displayed in Figures 4.11 (a) and (c). The difference be-
tween the solid and dashed lines in these figures indicates that the image processing
with ImageJ gives marginally larger precipitate sizes than MIPAR analysis. The
precipitate sizes range from 25 nm at (c) °C IHT to 150 nm at (f) °C. The samples
with the initial as-received material state show slightly but not significantly larger
precipitate sizes compared to the solutionized initial state. Furthermore, a morpho-
logical development from sphere precipitates to almost cube-like precipitates can
also be observed, as exemplified in Figure 4.12 as the IHT duration increases. The
rest of the SEM images displaying the γ′ precipitation varying to IHT temperature
and time and to the initial state of the material can be found in the Appendix A.3.1
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Figure 4.12: Observation of γ′-precipitates for solutionized and isothermally heat
treated samples at (f) °C for 1-16 hours.

For the volume fraction analysis of the γ′ phase, Figures 4.11 (b) and (d) are used.
These figures demonstrate that an opposite trend to precipitate size is valid for the
volume fraction as the IHT temperature increases. The volume fraction of both
as-received and solutionized initial state samples is decreasing. For both as-received
and solutionized initial state samples, the highest volume fraction of nearly 40% was
obtained after IHT at (c) °C for 8 hours. Similar to the precipitation size analysis,
MIPAR and ImageJ results are slightly different. This is assumed because, as the
precipitate size gets smaller and the volume fraction gets larger, the identification
and separation of features in the microstructure become more complicated for the
software. Hence, this variation in the results is due to the software’s capacity.

4.3.3.1 Comparison of Simulation and Experimental Results

The VDM 780 is a novel alloy; therefore, the database of the thermodynamic and
kinetics simulation software might not be capable of giving reliable results that
correlate with the experimental data. However, the results acquired from those sim-
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ulations might still give a trend line that might match the experimental results. In
Table 4.2, calculated at.% and wt.% of γ′ phase results from simulations that were
previously presented in Section 4.1.3 are compared with the experimental volume
fractions as a result of image analyses.

Table 4.2: γ′- precipitate volume fraction comparison for simulation and experi-
mental results.

According to the IHT simulation results, the highest wt.% of γ′ phase is obtained
at (a) °C with 36,5%. According to the experimental results, the highest volume
fraction for samples with a solutionized initial state is 38,43% at (d) °C. The highest
volume fraction for samples with an as-received initial state is 37,97% at (c) °C. The
experimental results for the volume fractions at (a) and (b) °C could not be obtained
due to the previously mentioned problem with image analyses in Section 4.3.3.
This difference indicates that, as was predicted, JMatPro is not yet fully capable
of predicting the actual phase transformation kinetics of VDM 780. Instead, the
current simulation result is based on the general Ni-base alloys database. For the
software to correctly predict the phases appearing on the equilibrium diagram and
the phase evolution diagrams, the database created from the experimental results
on the VDM 780 by studies such as this work should be introduced to the software’s
systems.

4.3.3.2 Relationship between γ′ Precipitate Size, Volume Fraction and
Hardness

The most important finding from this study has been the correlation between the
γ′ phase precipitate size, its volume fraction, and the hardness results of the corre-
sponding IHTs. In order to visualize this correlation easier, the γ′ precipitate size
and volume fraction line plots that can be seen in Figure 4.11 in Section 4.3.3 are
transformed into heat map plots by using the measurements obtained from MIPAR
analyses. At the same time, the hardness measurement in Figure 4.10 in Section
4.3.2 is transformed into a heat map of Time-Temperature-Hardness (TTH). These
new heat maps for isothermal heat treated samples with both initial conditions of
as-received and solutionized are illustrated between Figures 4.13 and 4.18.
The heat maps for the γ′ precipitate size and the volume fraction are presented
in the Figures 4.13, 4.14, 4.16 and 4.17. In these figures, above the white dashed
line shows the results of measurable data, and below this line, analysis results were
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inconclusive. Hence measurements could not be presented. However, infinitesimally
small values were still entered to substitute these inconclusive measurements to plot
the heat map so that all heat maps, including TTH, have the same y-axis range,
which is the IHT temperature, and an x-axis that is the duration of the IHT.
The TTH plot, as seen in Figures 4.15 and 4.18, shows that the highest hardness
results are seen at the end of the IHTs at (c) °C for 8 hours and 16 hours. The
8-hour IHT at this temperature resulted in 406 HV for as-received and 409 HV for
solutionized initial states. Whereas the 16 hours gave slightly higher results of 412
HV for as-received and 415 for solutionized initial states. Although increasing the
duration from 8 hours to 16 hours results in a gain in the hardness values, this gain
is minimal compared to the energy spent for eight more hours of heat treatment.
As a result, IHT at (c) °C for 8 hours, as indicated by a blue circle in Figures 4.15
and 4.18, is determined to be the most efficient heat treatment for achieving desired
hardness levels. But the question at this point is how does this relate to the γ′

precipitate size and volume fractions.
In the Figures 4.13, 4.14, 4.16, and 4.17, the precipitate size and volume fraction
measurement results that correspond to IHT at (c) °C for 8 hours are also marked
with red circles.At this IHT condition, the precipitate size is measured to be 27 nm
for both as-received and solutionized initial states, and the measured volume frac-
tions are 37% and 39%, respectively. These values show that at this IHT condition,
almost the smallest precipitate size is measured as this size only reaches 1,14% of the
measurement ranges for the as-received and 2,93% for the solutionized initial states
in their group whilst reaching nearly the highest volume fraction percentages with
the as-received sample reaching 92,56% and solutionized sample reaching 97,42% of
the analysed range group.
Samples with both initial states reached similar hardness values with the same IHT
condition of (c) °C for 8 hours. However, the solutionized samples reached a higher
result with 409 HV than the as-received 406 HV. The main reason for this increase
in hardness is that, although both initially stated samples have the same precipitate
size of 27 nm, the volume fraction for the solutionized sample is 2% more than the
as-received sample. Ali et al., 2020 have shown that the size and volume fraction
of γ′ precipitates significantly impact the material’s hardness and that, at a given
constant precipitate size, the volume proportion of γ′ precipitates directly affects
hardness [32]. The concept of precipitation hardening can also explain this phe-
nomenon. The precipitations strengthen the material, γ′ precipitation in this case,
as the dislocation traveling inside the γ matrix cannot enter the γ′ phase without
the formation anti-phase boundary (APB). This APB holds energy, representing a
barrier that needs to be overcome if particle cutting occurs. Therefore, dislocations
must travel through the γ/γ′ structure in pairs, with a second dislocation removing
the anti-phase boundary introduced by the first. This overcoming of the APB energy
by the second dislocation indicates that substantial ’order strengthening’ is expected
[7]. Consequently, as the γ′ precipitate size remains the same for both initial states,
the higher volume fraction in the solutionized sample will require more energy to
be applied to the sample to overcome the APB energy by the second dislocation.
Hence, the hardness of the solutionized sample increases.
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Figure 4.13: Heat map of γ′ precipi-
tate size for sample with initial state of
as-received.

Figure 4.14: Heat map of γ′ volume frac-
tion for sample with initial state of as-
received.

Figure 4.15: Heat map of TTH relation
for sample with initial state of as-received.
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Figure 4.16: Heat map of γ′ precipitate
size for sample with initial state of solu-
tionized.

Figure 4.17: Heat map of γ′ volume frac-
tion for sample with initial state of solu-
tionized.

Figure 4.18: Heat map of TTH relation
for sample with initial state of solution-
ized.
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4.3.4 Qualitative Analysis on the High Temperature Phase

The importance of the high-temperature phase becomes evident after careful obser-
vation of the microstructure with LOM and SEM. In general, the microstructure of
VDM 780, particularly the grain boundaries, lacks the important MC, M6C, and
M23C6 (where M stands for metallic elements) carbides found in Ni-base superalloys.
Grain boundary carbides are essential because they can reduce or eliminate grain
sliding effects, improving the alloy’s creep properties [33]. As VDM 780 is lacking
these carbide precipitations and, in addition to the high temperature phase, only the
γ′ precipitation is observed at the grain boundaries, as seen in Figure 4.19, which
will not create enough resistance to prevent grain boundary sliding under stress,
therefore the precipitation of the high temperature phase in a substantial amount
is necessary.

Figure 4.19: SEM image of grain boundary γ′ in sample A(f)8.

The morphology of the high-temperature phase is studied from both LOM and SEM
images in Figures 4.20, 4.21 and 4.22. The rest of the LOM images displaying the
high-temperature phase can be found in the Appendix A.2.1. The precipitates’
morphology appears needle-like primarily, but they also appear in small globular
and almost triangle-like forms. The major identification method is the signature
precipitation-free zone (PFZ) around this phase. In the next Section 4.3.5, EDS
analysis on all phases will be presented. Its results will support that precipitates in
this morphology are the precipitates of the high-temperature phase.
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Figure 4.20: Observation of high-temperature phase with LOM in the as-received
and heat-treated samples.

After the IHTs, the high-temperature phase was only observed for 8 and 16 hours of
heat treatments at (e) °C and (f) °C. This requirement for the long heat treatment
duration corresponds with the one obtained from the TTT diagram in Figure 4.2.
However, the simulation in the TTT diagram predicted that transformation to the
high-temperature phase denoted as the delta phase in that calculation should also
occur at lower temperatures. It is previously indicated in Section 4.3.3.1 that the
database of JMatPro is not yet ready to make exact predictions for VDM 780 but to
eliminate the uncertainty for the high-temperature phase, the samples were etched
twice. The first etchant, Oxalic acid, was well known to reveal the γ′ phase by etch-
ing off the γ matrix, but no study showed that it revealed all the precipitates of the
high-temperature phase. Therefore, Canadas etchant was utilized. The SEM images
showing the precipitation of the high-temperature phase revealed with both etchants
are seen in Figures 4.21 and 4.22. Although this new etchant visualized a comparable
amount of high-temperature phase by removing the precipitates of the high temper-
ature and γ′ phases from the matrix, it didn’t reveal any high-temperature phase in
the IHT temperatures lower than (e) °C. Although quantification of this phase was
not possible due to heterogeneous precipitation along the grain boundaries, IHTs
at temperatures ranging from (e) °C to (f) °C for 8-16 hours were found to be nec-
essary and the only option to obtain a sufficient amount of the high-temperature
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phase precipitation in the microstructure.

Figure 4.21: High-temperature phase
in sample A(f)16 revealed with Canadas
etchant.

Figure 4.22: High-temperature phase
in sample A(f)16 revealed by etching with
Oxalic acid.

4.3.5 Elemental Analysis

Performing the elemental analysis was a necessary step of this thesis because with-
out finding what elements constitute the precipitates being observed, confirmation
regarding the phases cannot be done just by looking at their morphology. Therefore,
EDS analyses were performed on the SEM images. This investigation was carried
out in specific areas, shown in Figure 4.23 and the results of this analysis are shown
in Table 4.3.
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Table 4.3: Elemental composition of specific phases and VDM 780 composition.

Figure 4.23: EDS analysis on different phases.

The concentration of the elements found in the specific spectrum clarifies which
phases exist in the microstructure of VDM 780. First, it was previously mentioned
that some carbide particles were observed inter and intragranular but in inadequate
volumes. As the elemental study on Spectrum 21 in the Figure 4.23 shows a high
concentration of carbon and niobium, and the shape of this carbide appears to be
blocky and discrete, it can be confirmed that this is an Nb-rich MC carbide. Sec-
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ondly, elemental composition at Spectrum 6 shows high concentrations of nickel and
comparatively high concentrations of Al and Ti. This data, morphology, and high
volume concentration of this precipitate prove that this is a γ′ precipitate with a
composition of Ni3(Ti, Al).
Furthermore, Spectrum 4 reveals that this precipitate has a medium concentration of
titanium and high concentrations of cobalt, nickel, and niobium. This data matches
the EDS analysis performed in previous studies [26,29], indicating that this precip-
itate is a high-temperature phase composed of δ, Ni3Al, and η, Ni3Ti phases. The
last elemental analysis was performed on the matrix in Spectrum 19 to see if the
composition of VDM 780 given in the material data sheet matches the EDS results.
As the data shows in Table 4.3, the two compositions match almost entirely, except
for the carbon concentration from Spectrum 19. The reason for this is presumably
because of the carbon pick-up that is left from the sample preparation. With this
analysis, the elemental study of the phases observed in the microstructure of VDM
780 is completed.

4.4 Standard Heat Treatment

The second objective of this study is to understand the STH of the VDM 780 alloy.
This section will first present the results of the STH and afterward show the necessity
of the long duration of STH by using the findings from Section 4.3.

4.4.1 Results of the Standard Heat Treatment

4.4.1.1 γ′ Analysis

The STH cycle on the four samples, of which the conditions of these samples can be
seen in Table 4.4, resulted in a bi-modal distribution of the γ′-precipitates. There
are finer and coarser precipitates coexisting in the microstructure simultaneously. A
significant difference is observed when the cooling method from the second stage of
the heat treatment is changed from air cooling to furnace cooling, as seen in Figure
4.24 which is also shown in the study by Bergner et al. [28], which presents the
same result.

Table 4.4: Sample descriptions for the standard heat treatment.

Sample Starting Condition of Samples
Prior the Heat Treatment Cooling of Second Stage

1.1 As-Received Air Cooling
1.2 As-Received Furnace Cooling
2.1 Solutionized Air Cooling
2.2 Solutionized Furnace Cooling
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Figure 4.24: Resulting microstructure and the bi-modal γ′.

The quantification of γ′ precipitate size and the volume fraction was performed with
only ImageJ software, and the results are presented in the bar graphs seen in Figures
4.25 (a) and (b). Some of the SEM images that were used in the measurement for
each sample can be seen in the Appendix A.3.2. In Figure 4.25 (a) the average size
of the bi-modal γ′ precipitation and (b) the average volume fraction of γ′ phase are
presented. In both figures, there are two sets of bars, one for the samples with the
initial state of the as-received state and the other for the solutionized state. These
states are again divided into two depending on the cooling method used in the STH’s
second step. The blue bars show the results of the air-cooled sample, and the orange
bars show the results of furnace-cooled samples.
It is essential to consider that the size analysis gives the average size of the bi-modal
distribution. Separate size analysis was not performed. Results indicate furnace
cooling from the second stage of the heat treatment leads to a larger average size of
the bi-modal γ′ precipitation with around 78 nm for as-received and 71 nm for so-
lutionized initial states, while air cooling results in an average of 45 nm for samples
with both initial states.

The volume fraction analyses also give similar results, with a higher volume fraction
observed for the furnace cooling. The highest volume fraction of γ′ with approxi-
mately 55% in the sample with the initial state of as-received, while the solutionized
sample’s volume fraction is around 50%. The results from the air cooling give around
48% volume fractions for both initial conditions.
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Figure 4.25: γ′ size and volume fraction measurements for the standard heat
treated samples.

4.4.1.2 Hardness Measurements

The hardness results of samples after the STH are presented in Figure 4.26 with
the same plot setting as 4.25. Results indicate that both air and furnace cooling
give high hardness values above 400 HV. Nevertheless, the air cooling leads to higher
results than the furnace cooling, and the solutionized state gives the highest hardness
results with 446 HV compared to the sample with an initial material state of as-
received, which gives 432 HV with the air cooling. When the furnace cooling is
applied after the second heat treatment stage, hardness measurement results in a
hardness of around 402 HV regardless of the initial state.

Figure 4.26: Hardness measurements of the standard heat treated samples.
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4.4.2 Understanding the Necessity of Long Heat Treatment
VDM 780 has a reasonably long STH procedure, as represented again in Figure 4.27,
with 28 hours of furnace heat treatment for just 1 sample without including the time
required for cooling between the different stages. It is essential to fully comprehend
and show the necessity of each heat treatment step in this STH by relating them
to the findings of the microstructural evolution study under IHT conditions. Any
future study that tries to develop a shorter standard heat treatment cycle should
refer to this reference.

Figure 4.27: Schematic diagram of the standard heat treatment cycle in literature
[28].

The first step is heat treatment at 900 °C for 11 hours. According to Section 4.3.4,
long heat treatment of more than 8 hours at high temperature is required to pre-
cipitate the sluggish high-temperature phase. It is known that this phase will be
critical to prevent grain growth in the remaining heat treatment steps and further
in the application, hence, allowing fine grain forging. That is why precipitation of
the sluggish high-temperature phase becomes the first step of this heat treatment
procedure. The SEM and LOM images of the high-temperature phase observed after
the STHs can be found in Appendix A.2.2 and A.3.3.
The second step is a one-hour heat treatment at 955 °C. Bergner et al., 2018 [28]
suggest that this step ensures the dissolving of any remaining γ′ precipitate in the
microstructure. The γ′ phase and hardness measurements after the IHTs in Sec-
tion 4.3.3.2 showed that solutionizing the material prior to the IHTs resulted in a
higher amount of γ′ volume fraction and higher hardness values. The solutionizing
temperature for the IHT study was selected to be at 1050 °C, but it was based on
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the equilibrium diagram obtained from JMatPro, and now it is known that these
simulation results are not accurate. Therefore, a heat treatment at 955 °C can still
be above the solvus temperature of the γ′ phase and can be enough to dissolve the
remaining γ′ precipitates in the matrix.
The third and the last steps are heat treatments at lower temperatures of 800 and
650 °C for 8 hours each. Third step is understood to be, correlating to the similar
temperature results of Section 4.3.3.2, for the γ′ phase precipitation in relatively
small size and high volume fraction, leading to comparatively high hardness results.
The fourth step is most likely to precipitate the secondary γ′ precipitates that, in
the end, create the bi-modal distribution of γ′ precipitation throughout the observed
microstructure in Figure 4.24. As a result of this bi-modal distribution, the hardness
results showed around 30 HV higher measurements compared to the IHTs.
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5
Conclusion

In this thesis microstructural evolution of VDM Alloy 780 under different isothermal
heat treatment condition was performed and standard long heat treatment proce-
dure is understood. Based in the results and analysis obtained in this work, the
following conclusions can be made:

• Simulation tools are not giving accurate results to predict precipitation kinetics
of VDM Alloy 780 yet, and this should be taken into account for any further
study.

• Grain size of the starting material, in both as-received and solutionized initial
state, was ASTM 4,5. The grain sizes could be measured until the IHT temper-
ature of (c) °C, and the grain sizes remain unchanged for these measurements.
However, the same cannot be confirmed for the heat-treated samples above
this temperature.

• The hardness of samples subjected to the IHTs changed from 241 HV at (a)
°C to 419 HV at (b) °C. The most efficient IHT to maximize the hardness
value was at (c) °C for 8 hours because of the γ′ precipitate size and volume
fraction obtained in these isothermal conditions.

• The starting condition of the wrought material, either used in an as-received
state or solutionizing prior to heat treatments, has an effect on the results after
the heat treatment, as seen in the hardness and γ′ characteristics observed.
Solutionizing the material before starting the IHTs resulted in higher hardness
values after the IHTs were completed compared to using the material in an
as-received condition.

• Heat treatment of a minimum of 8 hours at higher temperatures, above the
temperature of 900 °C is necessary to obtain a sufficient amount of high-
temperature phase along the grain boundaries, which will inhibit grain growth
and grain boundary sliding.
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6
Future Work

This chapter suggests and points out the areas that can be explored in future studies
on VDM Alloy 780 and how the works in this thesis work can be improved:

• The grain sizes could not be measured for all the isothermal heat-treated sam-
ples due to the etching effect in different samples. One can work on identifying
the best performing etching recipe for this alloy and then measure the grain
sizes for the remaining samples. The findings will most likely suggest how the
grain size changes at higher heat treatment temperature since we expect to
find the high-temperature phase there, and this phase’s main role is to prevent
grain growth, so there must be a variation.

• Since an understanding of the long standard heat treatment is formed, a future
study can work on a shorter heat treatment cycle which can open the way to
the industrialization of this alloy.

• In this thesis work, apart from the hardness measurement, no mechanical
property is tested. Understanding the mechanical properties of this alloy with
the isothermal phase evaluations can be performed in the future.

• VDM Alloy 780 is also produced in the powder version. Comparing the prop-
erties of wrought and AM products can be an area of interest.

55



6. Future Work

56



Bibliography

[1] GKN (Accessed: 5 April, 2022.) http://www.gkn.com
[2] S., Stoloff, N. F., Sims, C. T., Hagel, W. C. (1987). Superalloys II. Wiley.
[3] Pollock, T. M., Tin, S. (2006). Nickel-Based Superalloys for Advanced Turbine

Engines: Chemistry, Microstructure and Properties. Journal of Propulsion and
Power, 22(2), 361–374. https://doi.org/10.2514/1.18239

[4] Ancona Orozco, D. (2021). Heat treatment optimization for nickel-based cast
superalloy. Heat Treatment Optimization for Nickel-based Cast Superalloy. Re-
trieved July 4, 2022, from https://hdl.handle.net/20.500.12380/304113

[5] Donachie, M. J., amp; Donachie, S. J. (2002). Superalloys a technical guide.
ASM International.

[6] Gudmundsson, S. (2013, September 20). Selecting the power plant.
General Aviation Aircraft Design. Retrieved July 4, 2022, from
https://www.sciencedirect.com/science/article/pii/B9780123973085000076

[7] Reed, R. C. (2006). 1-Introduction. In Superalloys - Fundamentals and Appli-
cations (pp. 1–3). essay, Cambridge University Press.

[8] Woodhead Publishing. (2014, March 27). Aerospace materials: Past, present
and future. Introduction to Aerospace Materials. Retrieved July 4, 2022, from
https://www.sciencedirect.com/science/article/pii/B9781855739468500029

[9] Joseph, C. (2018). Microstructure evolution and mechanical properties of
Haynes 282 (thesis). Göteborg.

[10] Campbell, F. C. (2008). Elements of metallurgy and Engineering Alloys. ASM
International.

[11] Sims, C. T., Stoloff, N. S., amp; Hagel, W. C. (1987). Superalloys Ii. Wiley.
[12] Collier, J. P., Selius, A. O., amp; Tien, J. K. (n.d.). On

Developing a Microstructurally and Thermally Stable Iron-
Nickel Base Superalloy. TMS. Retrieved July 4, 2022, from
https://www.tms.org/superalloys/10.7449/1988/Superalloys_1988_43_52.pdf

[13] Tewari, R., Sarkar, N., Harish, D., Vishwanadh, B., Dey, G., Banerjee, S.
(2017). Intermetallics and Alloys for High Temperature Applications. Mate-
rials Under Extreme Conditions, 293–335. https://doi.org/10.1016/b978-0-12-
801300-7.00009-7

[14] Cobalt-based alloys. Bortec. (2019, January 2). Retrieved July 4, 2022, from
https://bortec.de/en/blog/cobalt-based-alloys

[15] Coutsouradis, D., Davin, A., amp; Lamberigts, M. (1987). Cobalt-based super-
alloys for applications in gas turbines. Materials Science and Engineering, 88,
11–19. https://doi.org/10.1016/0025-5416(87)90061-9

57



Bibliography

[16] Akca, E., amp; Gürsel, A. (2015). A review on Superalloys and IN718 nickel-
based Inconel Superalloy. Periodicals of Engineering and Natural Sciences
(PEN), 3(1). https://doi.org/10.21533/pen.v3i1.43

[17] Chander, J. (2013, July 18). Hardening mechanism and corrosion resistance of
nickel-base alloys: A Review. Taylor amp; Francis. Retrieved July 4, 2022, from
https://www.tandfonline.com/doi/abs/10.1179/cmq.1964.3.1.57

[18] Klarstrom, D. L., Tawancy, H. M., amp; Rothman, M. F.
(1984). Structure/property relationships in solid-solution strength-
ened superalloys. Superalloys 1984 (Fifth International Symposium).
https://doi.org/10.7449/1984/superalloys_1984_553_562

[19] Andersson, J. (2011). Weldability of precipitation hardening superalloys - influ-
ence of microstructure (thesis). Chalmers University of Technology, Goteborg.

[20] G. Vander Voort and H. James (1985), Wrought heat-resistant alloys. ASM
International, ASM Handbook., vol. 9, pp. 305-329

[21] Yonezawa, T. (2020). Nickel-based alloys. Comprehensive Nuclear Materials,
319–354. https://doi.org/10.1016/b978-0-12-803581-8.00676-7

[22] Rösler, J., Hentrich, T., amp; Gehrmann, B. (2019). On the development con-
cept for a new 718-type superalloy with improved temperature capability. Met-
als, 9(10), 1130. https://doi.org/10.3390/met9101130

[23] Fedorova, T., Rösler, J., Klöwer, J., amp; Gehrmann, B. (2014). De-
velopment of a new 718-type Ni-Co superalloy family for high temper-
ature applications at 750◦C. MATEC Web of Conferences, 14, 01003.
https://doi.org/10.1051/matecconf/20141401003

[24] Fedorova, T., Gehrmann, B., Klower, J., amp; Rosler, J. (2014). Invention of
a new 718-type ni-co superalloy family for high temperature applications at
750°C. 8th International Symposium on Superalloy 718 and Derivatives (2014).
https://doi.org/10.7449/2014/superalloys_2014_587_599

[25] Rösler, J., Hentrich, T., amp; Gehrmann, B. (2019). On the development con-
cept for a new 718-type superalloy with improved temperature capability. Met-
als, 9(10), 1130. https://doi.org/10.3390/met9101130

[26] Ghica, C., Solís, C., Munke, J., Stark, A., Gehrmann, B., Bergner,
M., Rösler, J., amp; Gilles, R. (2020). Hrtem analysis of the high-
temperature phases of the newly developed high-temperature ni-base super-
alloy VDM 780 premium. Journal of Alloys and Compounds, 814, 152157.
https://doi.org/10.1016/j.jallcom.2019.152157

[27] Sharma, J., Nicolaÿ, A., De Graef, M., amp; Bozzolo, N. (2021). Phase
discrimination between and phases in the new nickel-based superal-
loy VDM alloy 780 using EBSD. Materials Characterization, 176, 111105.
https://doi.org/10.1016/j.matchar.2021.111105

[28] Bergner, M., Rösler, J., Gehrmann, B., amp; Klöwer, J. (2018). Effect of
heat treatment on microstructure and mechanical properties of VDM Al-
loy 780 premium. The Minerals, Metals amp; Materials Series, 489–499.
https://doi.org/10.1007/978-3-319-89480-5_31

[29] Solís, C., Munke, J., Bergner, M., Kriele, A., Mühlbauer, M. J., Chepti-
akov, D. V., Gehrmann, B., Rösler, J., amp; Gilles, R. (2018). In situ char-
acterization at elevated temperatures of a new ni-based superalloy VDM-

58



Bibliography

780 Premium. Metallurgical and Materials Transactions A, 49(9), 4373–4381.
https://doi.org/10.1007/s11661-018-4761-6

[30] Vander Voort, G. F. (2003). Metallography of Superalloys. Industrial Heat-
ing, 40–43. https://www.buehler.com/assets/solutions/technotes/Superalloy_
Metallography_IH-10-03.pdf

[31] Lippold, J. C. (2015). Welding Metallurgy and Weldability:
Vol. Appendix D (1st ed.) [E-book]. John Wiley Sons, Inc.
https://onlinelibrary.wiley.com/doi/pdf/10.1002/9781118960332.app4

[32] Ali, M. A., López-Galilea, I., Gao, S., Ruttert, B., Amin, W., Shchy-
glo, O., Hartmaier, A., Theisen, W., Steinbach, I. (2020). Effect of
γ′ precipitate size on hardness and creep properties of Ni-base single
crystal superalloys: Experiment and simulation. Materialia, 12(100692).
https://doi.org/10.1016/j.mtla.2020.100692

[33] Furillo, F., Davidson, J., Tien, J., Jackman, L. (1979). The effects of grain
boundary carbides on the creep and back stress of a nickel-base superalloy. Ma-
terials Science and Engineering, 39(2), 267–273. https://doi.org/10.1016/0025-
5416(79)90065-x

59



Bibliography

60



A
Appendix

In this section it is possible to find complementary information, including graphs,
tables and images, in relation to different aspects mentioned in the report.

A.1 JMatPro Isothermal Heat Treatment Diagrams
This section displays the phase evolution diagrams for each IHT temperature.

Figure A.1: IHT at (a) °C Figure A.2: IHT at (b) °C

Figure A.3: IHT at (c) °C Figure A.4: IHT at (d) °C
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Figure A.5: IHT at (e) °C Figure A.6: IHT at (f) °C

A.2 Light Optical Microscopy Images

A.2.1 High Temperature Phase- IHTs

This section presents LOM images of samples where high temperature phase is
visible after IHTs.

Figure A.7: A(f)8 - x50 Figure A.8: A(e)16 - x50
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Figure A.9: A(e)16 - x100 Figure A.10: A(e)16 - x100

Figure A.11: S(e)16 - x100 Figure A.12: S(e)16 - x100

Figure A.13: S(f)16 - x100 Figure A.14: S(f)16 - x100

A.2.2 High Temperature Phase- SHTs
In this section OM images where high temperature phase can be seen along the
grain boundaries are presented. The images are only for the samples 1.1 and 1.2.
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Figure A.15: Sample 1.1 - x100 Figure A.16: Sample 1.2 - x100

A.3 Scanning Electron Microscopy Images

A.3.1 Isothermal Heat Treatments

This section puts forward the SEM images of samples subjected to IHTs. Each
figure presents 8 images at one IHT temperature. These images vary according to
the heat treatment duration, on x-axis, and the initial state of the material prior to
heat treatments, on y-axis.

Figure A.17: SEM images of IHT at (a) °C.
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Figure A.18: SEM images of IHT at (b) °C.

Figure A.19: SEM images of IHT at (c) °C.

Figure A.20: SEM images of IHT at (d) °C.
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Figure A.21: SEM images of IHT at (e) °C.

Figure A.22: SEM images of IHT at (f) °C.

A.3.2 Standard Heat Treatment

This section shows one SEM image from each STH condition that was specified in
Table 4.4.
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Figure A.23: Sample 1.1 - x50000 Figure A.24: Sample 1.2 - x50000

Figure A.25: Sample 1.1 - x50000 Figure A.26: Sample 1.2 - x50000

A.3.3 High Temperature Phase- SHTs
This section displays some of the SEM images showing precipitation of high tem-
perature phase in the samples that were subjected to the standard heat treatments.

Figure A.27: Sample 1.1 - x22000 Figure A.28: Sample 1.1 - x35000
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Figure A.29: Sample 1.2 - x29000 Figure A.30: Sample 2.2 - x30000

Figure A.31: Sample 2.2 - x40000
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